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SUMMARY

The work is divided into four main sections. Chapter 2 it was performed compression and 
bending tests, with the use o f a dye sequence technique. The tests were carried out to detect 
and measure microdamage development after reaching the fracture, taking into account 
different stresses within cross sections o f whole bones. The ovine whole bones were scanned 
with the use o f DXA technique for Bone Mineral Density levels information (BMD), for 
which comparisons between the bones microdamage developments and their mechanical 
endurance towards applied stresses, with the addition o f the distribution o f  cracks regarding 
BMD levels could be performed. Compression tests in bovine bone specimens gave 
microcracks developed in bones cycled towards the fracture with the application of 
considerably high fatigue stresses; bending tests in whole ovine radiae gave microcracks 
developed under differing stresses and BMD levels, the stresses taken within the bones cross 
sections.

The microdamage data obtained in the tests presented in chapter 2, with data from works 
published by researchers who kindly agreed to provide with their original crack length 
measurements which had not appeared in their publications, permit to do statistical analyses 
o f microdamage developed in vivo and in vitro conditions. These statistical analyses are used 
for the development o f chapter 3, in which it is studied the behavior o f microcracks regarding 
bone types and species, with the addition o f how microcracks evolve with differing applied 
stresses and the course o f fatigue periods, obtaining the ranges o f the values microcracks will 
be taking to cause the fracture in bones.

A new theoretical model is developed to involve important factors in the mechanical 
properties o f bones such as applied stress, volume o f specimen and number o f  cycles to 
failure in a single equation. The microdamage information obtained in chapter 2 is used for 
the development o f the mentioned model. Experimental results from references are correlated 
with the model for its validation, and important hypotheses such as the influence o f volume in 
the fatigue endurance o f same types o f bones, and the questioning estimating bones o f larger 
animals to be stronger than those from smaller animals, are clarified in the presentation o f 
this theme in chapter 4.

The model developed in chapter 4 is employed for the relation o f BMD level variations with 
the mechanical properties o f bones. The statistical analyses performed in chapter 3 for the 
description o f microcracks developed in bones fatigued until fracture, with the addition of the 
microdamage differences appearing in bones for varying BMD level regions, help describe 
the mechanical properties o f bones regarding their composition. This theme is developed in 
Chapter 5, and enables to elaborate fatigue endurance predictions o f bones integrated by 
considerably low amounts o f matter, such as affected by osteoporosis. Fatigue fractures 
evolve into more serious affections and life risk injuries, for this reason the theoretical model 
may be employed for the developing o f clinical treatments and prevention o f fatigue fractures 
caused in humans affected by this disease.
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CHAPTER 1

INTRODUCTION

1.1. Bone Biology

1.1.1. Bone biological structure.

Bone is a highly specialized type o f  connective tissue, characterized by the presence o f  cells 

and intercellular amorphous and fibrillar matrices in which the tissue fluid circulates. It 

differentiates from other connective tissues as it is hard, within a soft organic matrix, o f a 

complex mineral substance, composed mainly o f  calcium, phosphate, carbonate, and citrate. 

All bones as a whole form the skeletal tissue; its rigidity and hardness provides support and 

protection to the brain and thoracic organs and to maintain the shape o f  the body. Skeleton in 

human adults is formed with approximately 1.2 kg o f  calcium, which is 99.9% o f the body’s 

total content (Ferguson 2004). Bones are a reservoir o f calcium that can be mobilized into the 

blood according to the body’s needs. It is a highly specialized supporting tissue and 

characterized by its rigidity and hardness. Its four main fiinctions are to provide mechanical 

support, allow locomotion, give protection, and to act as a metabolic reservoir o f  mineral 

salts.

Bone is formed by:

•  Supporting cells (osteoblasts and osteocytes).

• A matrix o f  collagen and non mineral osteoid.

• Inorganic mineral salts.

• Remodelling cells (osteoclasts)

Bone is formed and destroyed constantly under the control o f  hormonal and physical factors. 

This process is slow in adults while very high in children. Bone contains a specialized 

extracellular matrix called osteoid. This osteoid is a supportive collagenous tissue formed by 

collagen type I, surrounded by a gel o f  specific glycoproteins that bind calcium strongly. The 

deposition o f  mineral salts in the osteoid gives bone its characteristic rigidity and functional 

resistance.
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Bone is a self repairing structural material, composed o f the following cells:

• Osteoprogenitor cells: They are the precursors of osteoblasts and do not act in the 

resorption or bone formation.

• Osteoblasts: Synthesize collagen, which is then mineralized, producing matrix 

vesicles and enzymes that are essential for mineralization; they are large cells and 

metabolically active only when new osteoid deposition is necessary. When inactive, 

they are located on the bone surface. When active, osteoblasts produce osteoid 

(organic portion of the bone matrix) at a rate o f 1 |o,m/day (Martin et al. 1998).

• Osteocytes: Former osteoblasts within the bone matrix and are responsible for cellular 

maintenance. Osteocytes communicate with each other and with osteoblasts via 

processes passing through tunnels called canaliculi, these of about 0.2-0.3 |j.m in 

diameter (Cooper et al. 1966).

• Osteoclasts: Multinucleated cells, highly mobile, capable o f eroding the mineralized 

bone. They are cells in charge o f bone resorption (removal o f bone) (Ravaglioli et al. 

1991).

Osteoprogenitor cells are a population o f stem cells that can be differentiated into more 

specialized bone forming cells (osteoblasts and osteocytes). In actively growing bone, as in 

fetal bone, osteoprogenitor cells become larger and more numerous, with oval, voluminous 

nuclei which then become active cubic osteoblasts. In mature bone, osteoprogenitor cells turn 

into fusiform cells covering the bone surface, sometimes being called inactive osteoblasts.

Osteoblasts and osteocytes produce and maintain the osteoid, in which they deposit the 

inorganic mineral salts that make it rigid and hard. Formed bone is constantly remodelled by 

osteoclasts. When osteoblasts finish an osteoid production outbreak activity, most o f them 

return to inactivity, while some others are surrounded by the mineralizing bone matrix and 

kept confined to small cavities or gaps in bone. When this happens the cell is called an 

osteocyte. Osteocytes may communicate with each other over long cytoplasmic prolongations 

located in narrow channels. Each osteocyte maintains a narrow zone o f osteoid in its 

surroundings. Osteocytes receive enough nutrients to survive through their interconnected 

cytoplasmic prolongations. Osteocytes can detect microdamage (Cowin 2001), and play the 

role in the restructuring processes of bone mass that constitute regulation o f mineral and 

architecture. In general, the larger the animal the lower the density o f osteocytes (Mullender
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et al. 1996). Osteoblasts work in the maintenance o f the mechanical organ, while osteoclasts 

work in the maintenance o f the mechanical integrity o f  the skeleton. In summary, osteoblasts 

will be in charge o f controlling bone formation, osteocytes will allow the calcium absorption 

into the bone and osteoclasts will be controlling bone resorption.

There are two main types o f bone;

• Cortical or compact bone: Appears at the bone surface and its compact constitution 

makes it harder.

• Trabecular or cancellous bone: Is located in the long bones and inside small and flat

bones. It is a network of bone material in the form o f three-dimensional cells, called

trabeculae; these connected trabeculae give rise to a porous appearance.

Almost 80% of the skeletal mass is composed of cortical bone and it is responsible for the 

main support and protection of the body. The remaining 20% is trabecular, formed mostly in 

the inner parts o f the bones. Porosity varies from 5 to 30% in cortical bone when 30 to 90% 

in trabecular bone, though if the porosity is less than about 50%, then trabecular bone 

becomes difficult to distinguish from compact bone. The mechanical properties between 

these two types o f  bone also vary considerably (Miles et al. 1992). It is estimated that cortical 

bone has a mean age o f 20 years, trabecular approximately lives for 1 to 4 years (Parfitt 

1983).

The pores o f compact bone consist of:

• Haversian canals, aligned to the long axis o f the bone.

• Volkmann’s canals which are short, transverse canals connecting the Haversian

canals.

• Resorption cavities, which are the temporary spaces created by osteoclasts in the 

initial state o f the remodeling.

A typical adult bone consists o f  a central cylindrical shaft, or diaphysis, and two wider and 

rounded ends, the epiphyses. The diaphysis is composed mainly o f cortical bone, while the 

epiphysis contains mostly o f trabecular bone with a thin shell o f cortical bone. Figure l.I  

shows the diaphysis and epiphysis with cortical and trabecular bone in the longitudinal 

section o f a femur.
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Figure 1.1: Cortical and trabecular bone in a femur.

Four bone types are separated at the microscopic level:

• Woven bone: It is the most disorganized type o f bone tissue as it doesn’t need to form 

on existing bone or cartilage tissue. It is bone tissue during the embryo development 

where the osteocytes are distributed more or less at random. It is later resorbed and 

replaced by lamellar bone at age 2 and 3 years. Woven bone is laid down very 

quickly, more than 4 fim a day (Currey et al. 2002), and it is found in very young 

growing skeletons under the age o f 5, and in the adult skeleton in cases of trauma or 

disease.

• Plexiform bone: Like woven bone, it is found in cortical and trabecular bone of 

growing young animals, and adults after bone injuries. It differs from woven bone as 

it is structured in a “brick-like” structure and it can offer increased mechanical 

support for longer periods o f time. Each "brick" in plexiform bone is about 125 [xm 

across (Martin et al. 1998).

• Lamellar bone: Appears as a replacement o f plexiform bone when fully matured. This 

type o f bone is laid down much more slowly than woven bone, less than I )4,m a day 

(Boyde 1980), and its collagen fibrils are well oriented in one direction or in layers 

called lamellae. These unit layers (lamellae) are 3 to 7 p.m thick, in circular rings 

surrounding a longitudinal vascular channel to form osteons or Haversian systems, 

and in several layers extending uninterrupted around the circumference to form the 

circumferential lamellae. It is mechanically strong and the alterations it suffers 

surrounding the blood channels are very mild. Bovine lamellar bone consists o f a 

series o f plates o f about 200 |am thick; each o f these lamellae has its thickness in the
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radial direction. At the centre o f each o f these lamellae is a two-dimensional network 

of blood vessels inserted between layers.

• Haversian bone: Corresponds to the mature human cortical bone and its function is to 

accommodate arteries, veins and capillaries.

During fetal phase (bone between 19 and 26 weeks) it’s mainly woven bone, with a rather 

orientation o f the fibrils, with considerable spaces between successive layers (Su et al. 1997). 

Fetal bone is about one half to one eighth in composition than that o f mature cortical bone. In 

young animals, the first type o f bone that appears is plexiform, and eventually capillaries 

forming Haversian systems constituted by osteons are created. Plexiform bone is formed 

when osteoblasts produce osteoid rapidly, and collagen fibres are deposited in an irregular 

way, interlaced loosely. Its composition is unarranged, consisting o f fibrils 0.1-3 |im in 

diameter, arranged fairly randomly (Boyde et al. 1980; Boyde et al. 1998). Plexiform bone is 

formed in adults when the new bone formation is very fast, as in the repair of a fracture. This 

type o f bone is mechanically weak, and after a fracture, remodelled and lamellar bone is 

deposited. Osteocytes are distributed more or less at random, and it’s less organized and 

shorter- lived than lamellar bone. “In plexiform bone it is not provided a stable relationship 

between the mineral and collagen content, whereas in Haversian and lamellar bones this is 

related permanently depending on the species” (Nordin et al. 1980).

Haversian and lamellar bone are presented simultaneously in the bones o f animals and 

humans, with lamellar bone being the most common among mammals. As was explained 

previously, with maturation, plexiform bone becomes lamellar, and likewise, the mature 

lamellar bone turns into Haversian bone. For the formation of Haversian bone, lamellar bone 

is modified with the formation o f Haversian systems. In this process the bone existing around 

blood vessels is reabsorbed, and the elongated cavities stay and get refilled with lamellar 

bone, which at the same time now stays facing the direction o f the blood stream. With this 

process the Haversian system remains as the resulting structure from a blood vessel with its 

associated lamella (Knudson 2003).

In general, bone tissue is composed of a mineral phase, water and collagen extracellular 

matrix; its hardness and rigidity is due to the presence o f mineral salt in the matrix o f the
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osteoid. This salt is a crystalline compound o f  calcium and phosphate hydroxides called 

hydroxyapatite [Caio (P04)6  (OH)2] (Miles et al. 1992).

Regarding its conformation, bone is composed o f  the following five main structures:

1) Macrostructure: Composed by cortical and trabecular bone. Cortical bone is arranged 

into regular cylindrical lamellae (osteons) (Cowin 2001), whereas the compaction in 

trabecular bone is made up o f  irregular convolutions o f  lamellae.

2) Microstructure: Composed o f  the mineral filled collagen fibrils arranged in a three 

dimensional structure (lamellae). When the lamellae wrap themselves into concentric 

layers, they form the osteon or Haversian system.

3) Sub- micro structure: This level is formed by the individual lamellae. Collagen fibres 

are arranged parallel arrays in each lamella, and each lamella is wrapped around a 

central canal, with a thickness around the 3 -  7 )j,m (Marotti 1993).

4) Nanostructure: Composed o f  collagen fibres, the platelets are ordered within the 

collagen forming the mineralized collagen fibril.

5) Sub -nanostructure: Small plateshaped crystals, collagens and non- collagenous 

organic proteins compose this structure, a few hundreds o f  angstroms long and wide 

and some 20 to 30 angstroms thick (Weiner et al. 1992).

Each o f  these levels has very different mechanical properties within each other. This 

structural organization o f  bone is shown in figure 1.2:

Collagen
molecule

Cancellous bone

Collagen
fibrilCollagen

fiberLamella
Cortical bone

Bone
CrystalsOsteon Haversian 

canal \

H  I nm
10-500 nm

Microstructure Nanostructure

Macrostructure Sub-microstructure Sub-nanostructure

Figure 1.2: Organization o f bone regarding its five main structures (Rho et al. 1998)
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1.1.2. Osteons and Haversian bone.

The unit o f structure o f compact bone is the Haversian system, or osteon, which consists o f 

formations o f 20 to 30 concentric lamellae approximately 70 to 100 ^m thick, surrounding a 

central channel. Lamellae appear with the process of remodelling, as surviving fragments of 

bone units being partially resorbed. It is an irregularly cylindrical and branching structure, 

with thick walls and a narrow lumen, the Haversian canal, oriented in the long axes of the 

bones (McLean et al. 1968). These structures conforming compact bones are shown in figure 

1.3; the organization o f its composition can be observed in figure 1.3a, and the osteonal 

structure of ovine radiae in figure 1.3b, this picture taken from tests presented in the current 

work (chapter 2):

' Capillary 
PB riosteum  
.. Interstitial 

[ ,  ;  lamellae
ConcBtTtric

,::̂ <̂ ĵ /,1aniEllae

CircumferBncial̂ ?̂“̂ ® ji j  
lam ellae n k

; \  ' i r ^ J E S E iP erfo ra tin g  
f ib e rs  I'--.,

Psteons

Interstitial

lamellaeU rteriole T rab ecu la r
bone

Figure 1.3: Osteonal composition in compact bone (1.3a) (Martini 2006); and structure in 

ovine radiae (1.3b)

As mentioned recently, osteons are formed in fiilly matured bones; woven bone for instance, 

as being the first type o f tissue conforming bones, will be more distinguished by what it lacks 

more than what it contains, for which won’t be containing osteons and will be consisted 

mainly o f osteocytes. Osteons begin to form in lamellar bone, appearing as concentric rings 

o f bone tissue that surround a central blood vessel. This type is called primary osteons and is 

formed from mineralization o f cartilage, being formed where bone was not present. Primary 

osteons won’t contain many lamellae and will be stronger than the called secondary osteons. 

Secondary osteons appear with the process o f remodelling, and will consist the main structure 

o f Haversian bone. Secondary bone or Haversian systems, replace bone which existed 

previously and is surrounded by a cement sheath, whereas primary osteons are not. During
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adulthood, most bone is composed o f secondary bone, which will appear as a considerably 

matured type o f tissue, weaker than primary bone (Currey 2002).

The Haversian bone osteons are fundamentally different geometric configurations o f the 

same material. Osteons are separated from the interstitial bone tissue by a thin layer of 

amorphous substance deficient in collagen, called a cement line (0.5 to 1 |j.m) (Schaffler et al. 

1987), which is the boundary layer between old bone and new bone formed. This osteonal 

system composition forms approximately two thirds o f the cortical bone volume; the 

remaining one third is interstitial bone composed o f the remnants o f past generations of 

osteons. There are collagen fibres that interconnect each lamella with the other; this 

arrangement o f fibres between the osteons considerably increases the resistance o f bone to 

mechanical stresses. A typical osteon is around 200 to 250 |_im in diameter, and it is found 

arteries or veins in the centre o f each osteon (figure 1.3). These arteries and veins at the same 

time are connected by transverse channels which are the previously mentioned Volkmann's 

canals (Getty 2000).

A distinctive characteristic o f secondary osteons then is the appearance o f cement lines. 

Cement lines appear with the process of remodelling in the point in which bone resorption 

ends and bone formation appear. It has been studied and reported in publications the effect 

that osteons have in the appearance of cracks in bones, and it has been reported osteons 

primarily arrest the development cracks growth, causing the appearance between 80 and 90% 

of the total in the interstitial matrix and serve as barriers for the growth o f cracks (O’ Brien et 

al. 2005); this mentioned publication explains with the use o f young bovines that osteons act 

as microstructural “barriers” for cracks to grow, showing evidence that cracks no longer than 

100 fim stopped growing after encountering with a cement line, cracks no larger than 300 |im 

grew surrounding the secondary osteons, and only microcracks above 300 |j.m in length when 

encountering osteons were able to penetrate the cement line.

After several remodelling processes, cement lines will have lower mineralization and higher 

localized strains will appear in the osteon, for which these newer osteons "will behave more 

like pores in the matrix, tending to attract cracks into the cement line, more than rejecting 

them” (Kennedy et al. 2008). Secondary osteons are developed in older and weakened types 

o f bones, and the tendency of the cement lines to attract cracks will cause a quick crack
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growth accumulation with the addition of slow remodelling processes compared to the rates 

o f generating cracks, inducing the development o f diseases such as osteoporosis. An 

illustration o f the cement line borders can be observed in figure 1.4:

Cement Line 
(exaggerated)

Figure 1.4:

2006).

1.1.3. Collagen

Collagen is the most abundant protein existing in the human body. The basic biological unit 

o f collagen is tropocollagen, which is a structure of three chains called alpha, composed in 

helixes, which simultaneously make up another helix from three o f each of these. Each o f 

these triple chains o f tropocollagen has a diameter between approximately 1.4 to 4 nm and a 

length o f approximately 300 nm (Proubasta et al. 1997; Holmes et al. 2001). These fibres can 

be polymerized into longer collagen fibres. In articular cartilage, the fibres have a diameter of 

25 to 40 nm, although this measurement is very variable, it has been seen that some o f these 

fibres reach diameters up to 200 nm.

Water makes up 4% of the total weight o f the bone, being the fractions for mineral content 

and organic matter 72 and 24% respectively. Mineral component is composed o f phosphates, 

calcium carbonates, fluorides, magnesium, and mainly hydroxyapatite. In volume, water 

consists o f 8% of the total, being mineral content and organic matter 54 and 38% respectively 

(McLean et al. 1968). Collagen is presented in many types o f tissues, calcified and non 

calcified tissues. A third o f the weight of the organic portion o f compact bone consists o f dry 

fat, while the rest is divided 90 to 95% of collagen protein fibres (Ravaglioli et al. 1992), the 

rest 5% is composed of numerous proteins and proteoglycans (Hastings et al. 1984).

bUra-QitcCFn
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Haversian
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Cement lines surrounding an osteon with its Haversian canal (Huang et al.
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1.1.4. Remodelling and BMU’s

The skeleton is most receptive to mechanical stimulation during growth (Kannus et al. 1995). 

New bone formation begins in young individuals as early as 48 hours after injury. Osteoclasts 

and osteoblasts work together in teams in the resorption and absorption of bone, these teams 

of bone cells are called basic multicellular units, or BMU’s.

Concepts involving the processes in bone:

• Bone formation: Development o f new bone controlled by osteoblasts.

•  Bone resorption: The removal o f bone by osteoclasts.

•  Bone remodelling: The regeneration of bone, repairing micro fractures.

•  Bone turnover: The combination o f bone resorption and formation.

Fracture healing consists in the repaii ing o f the bone cortices by the osteons by remodeling 

along the cortex. This process o f healing o f bone occurs first in an inflammatory phase, 

where a hematoma forms and progenitor cells called mesenchymal stem cells differentiate 

into osteoprogenitor cells. These cells create rapidly woven bone to give form to a 

mineralized hard callus in a lapse called reparative process (Sandberg et al. 1989). This callus 

with time will calcify considerably and blood vessels will penetrate its matrix, to cause a 

resorption process and replacement by woven bone now formed by osteoblasts, to begin the 

remodeling phase.

Remodeling consists in the replacement o f primary and old bone, occurring by resorption, by 

repairing microfractures and being followed by the formation o f new lamellar bone. The 

process o f remodeling creates Haversian systems (secondary osteons) and interstitial 

lamellae, Haversian bone being the most classic result o f the process o f remodeling. Where 

the central blood vessel branches, a lateral branch o f the osteon is formed to surround it; 

some of these become the Volkmann canals, and continue until they reach the final diameter, 

of about 20 microns.

A BMU (Basic Multicellular Unit) is defined as the “operational group o f bone cells that 

accomplishes one quantum of bone turnover” (Cowin 2001); they originate on periosteal or 

endosteal bone surfaces, or along the walls o f Haversian canals. A BMU consists o f about 10 

osteoclasts and several hundreds o f osteoblasts.
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BMU life process:

• Resting: Surfaces remain inactive with respect to bone remodelling.

• Activation: Chemical or mechanical signal causes osteoblasts to form. Resorption 

activity forms, partly occurring in response to biomechanical stimulations.

•  Resorption: Osteoclasts appear resorbing volume of bone. Osteoclasts in this process 

erode the bone, forming cavities. This process takes around 3 weeks in humans.

•  Formation: Osteoblasts differentiate from mesenchymal cells and begin to deposit 

layers o f bone matrix to develop new bone, taking around three to six months in this 

performance to a final creation o f Haversian systems in cortical and trabecular bone.

The BMU moves at about 40 ^m per day (Martin et al. 1998), and the total remodeling period 

is about 4 months. In humans, humerus and forearm bones unite in three months; femur and 

tibia usually require six months.

1.2. Bone mechanical properties 

1.2.1. M echanical properties of materials

Solid materials possess many properties, such as mechanical, chemical, thermal, acoustic, etc. 

and being able to use almost all o f them in biomedical applications. Among these, some of 

the most important are the different types o f forces applied (mechanical) and reactivity 

processes (chemical). It is well known that the dependence o f mechanical properties on the 

micro structure o f materials is so great, that one o f the main objectives used in materials 

science is to control the mechanical properties by modifying their microstructures.

A very important aspect in the analysis and design o f structures is the study o f deformations 

caused by appHed loads. Different mechanical properties o f materials exist, being among 

others:

• Tensile Strength: The maximum force that can be applied to a material for a test that 

is pulling the material under tension.

• Ductility: Ability o f certain materials to undergo large deformations before breaking.

• Toughness: Work or energy required to yield or fracture the structure. It’s a concept 

that can be described as the one that is resistant to the propagation o f a crack, so the 

material is not being weakened by small cracks and it is able to absorb a great amount 

of energy before it breaks (Ashby 1999).
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• Hardness: The resistance o f the material to be penetrated through its surface (White 

1999).

• Stiffness; Load required to deform the structure a given amount. Compliance is the

reciprocal o f stiffness, is a measure o f the case o f deforming the structure.

1.2.2. Types of mechanical tests

The forces and moments can be applied to a structure in various directions. Different types o f 

mechanical tests may include the following:

• Tension: equal and opposite forces apply out o f the material being tested.

• Compression: equal and opposite forces are apphed into the material being tested. The

compressive stress can be thought o f as small forces directed down into the surface o f 

the material structure. The maximum compressive stress occurs in the plane 

perpendicular to the applied load. In the case o f bone at microscopic level, the failure 

mechanism o f bone tissue leads to become oblique, breaking the osteons.

• Shear: Load is applied parallel to the surface o f the stmcture.

• Bending: The loads are applied to the structure so as to cause a doubling on its axis.

Here the material is subjected to a combination o f compression and tension forces. 

These types o f fractures are more commonly developed in long bones.

• Torsion: The load is applied to the structure so as to cause it to spin on its axis, 

causing a torque on the structure. When subjecting a material under torsion stresses, 

shear loads are distributed over the whole structure, and the magnitude o f these 

stresses is proportional to the distance o f neutral axis.

• Combined Loads: These are combinations o f the just mentioned types o f loadings.

The bones are mostly subjected to these loads (Miles et al. 1992).

Stress -  strain

The basic experiments to determine the mechanical properties are tension and compression. 

In 1678 Hooke showed the relationship between stress and deformation o f a material being 

nonlinear, with a section showing a linear tendency (Hooke’s law). Young’s Modulus is the 

slope o f the lineal tendency section o f this relationship, and the yield point is defined as the 

point where the stress- strain curve becomes to be non- linear (Hvid et al. 1984). The 

extension o f a given load varies with respect to the geometry o f the object submitted, as well
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as its composition. It is very difficult to analyze the resistance to loads in structures with 

complex shapes. To solve this, deformation and load can be normalized.

1.2.3. Bone mechanical properties and stress fractures

A stress fracture is defined as a “partial or complete fracture o f bone due to its inability to 

withstand nonvisible stress applied in a rhythmic, repeated, sub threshold manner” (Guten 

1997). The threshold level and the mechanism responsible for initiating stress fractures still 

haven’t been exactly defined (Bloomfield et al. 1995). It is believed that the excessive forces 

are transmitted to bone when the surrounding muscles become fatigued. The muscles 

concentrate forces across a localized area o f the bone, causing mechanical oppression and 

contributing to stress fractures.

Stress fractures occur due to the accumulation o f stress-induced microcracks. They begin as 

microfractures and become larger with repetitive stresses, until they reach a macrofracture 

size which is o f approximately 1 mm, the size needed to result into a true fracture through the 

bone cortex.

Stress fractures occur often in military recruits, 0.91% of male recruits and 1.09% of females 

suffer from stress fractures, 3.7% occur in athletes. The most common sporting activities that 

have resulted in stress fractures are running activities, especially track and distance running. 

Between 4.7% and 15.6% of all injuries to runners are stress fractures (Guten 1997). In figure 

1.5 it is shown the elevated percentage in which stress fractures are developed by running in 

comparison with other triathlon sports.
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Figure 1.5: Triathlon fracture development per sport (Collins et al. 1989).

Stress fractures o f the tibia and fibula are the most common fractures in long distance runners 

(Garrett et al. 2000). Classical ballet, aerobics, tennis, basketball, football and volleyball 

athletes predominantly sustain stress fractures of the tibial shaft. The tibia is the most 

common site o f stress fractures because it bears five to six times the body weight (Garrett et 

al. 2001), followed by metatarsal and tarsal bones, in a percentage o f 40.3 to 49.1% in 

comparison to rib (15.8%), metatarsal bone (9.7%), ulnar olectranon (8.2%), pubic bone 

(5.6%)) fibular shaft (4.6%), tibial medial malleolus (4.1%>) and other types o f bones (11.8%). 

The relatively lesser muscle mass around the tibia, may explain the abundance o f tibial stress 

fractures (Iwamoto et al. 2003).

Fatigue in bone can occur in two ways: creep or crack accumulation. During creep, the 

specimen of bone is deformed by a constant load that is not large enough to break it at once, 

and the specimen firstly deforms almost instantaneously, producing a strain and stress. After 

this, there is a period o f increasing strain, but the rate o f increase o f strain decreases with time 

(primary creep). As a result, if the load is less than some determined value, the bone will 

hardly deform any more, and the bone and load will be in equilibrium. If  the load is greater 

than this value, it will be provoked an increasing in strain at a constant rate to finally, the 

strain rate be increased until the specimen breaks (tertiary creep).

(Caler et al. 1989) reported bone fractures in 5 days in tension and 45 days in compression at 

2 Hz applying a stress o f 50 MPa. At 60 MPa (-3000 ^e) this reduced to 3 days in tension
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and 4 days in compression in human bones from 69 yr old people. 25 yr old human bone 

suffered fracture at approximately one million cycles applying 70 MPa (Carter et al. 1985). 

Failure within 10  ̂ cycles is predicted at strains similar to those measured in equine 

metacarpal bone at racing speed (higher than 4000 |j.£) (Nunamaker et al. 1990; Taylor et al. 

1998); and Burr et al. 1996 calculated 1500 |j.8 to be the approximate strain developed in 

humans during normal running.

(An et al. 2000) classify bone architecture for mechanical tests into five different levels: 

Whole bone level, architectural level, tissue level, lamellar level, and ultrastructural level. 

Each structural level contributes distinct mechanical properties. Whole bone level tests 

measure properties o f  the entire bone, including trabecular and cortical bone. These kinds o f 

tests are the ones that approximate the behavior o f bone in vivo. Applying bending stresses to 

whole bones, the bone is weaker under tension so fractures propagate from the tensile side to 

the compressive side until shear forces acting on a 45” plane become high enough to result in 

a butterfly component on the compressive side o f the bone as seen by (Ebacher et al. 2007). 

Boyce et al. 1998; O ’ Brien et al. 2000; Diab et al. 2005 observed developing o f linear 

microcracks in the compressive loading side and diffuse damage in the tensile loading side. 

Linear microcracks developed in the interstitial tissue regions tend to stop at the osteonal 

boundaries.

The fatigue life o f human cortical bone specimens (architectural level) is significantly greater 

under cyclic compression than under cyclic tension (Carter et al. 1977; Caler et al. 1989; 

Zioupos et al. 1996). In tension there are generally three distinct regimens o f behavior with 

increasing numbers of cycles: the first is an initial reduction in modulus, the second is a 

plateau, and the third is a rapid modulus reduction before failure. Under compression, on the 

other hand, the modulus diminishes very slowly at first, but at an ever increasing rate until 

failure. The compressive strength is only about one half to one third the tensile strength 

(Jeronimides 1980) and shear lines appear under compression, at large stress concentrators 

such as blood channels, forming an angle o f 30° to 40° with the long axis, forming small 

cracks.

Porosity increases from periosteal to endosteal zones and is greater near the endosteal surface 

because o f the higher remodeling rates. Porosity is inversely and exponentially related to
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bone strength and modulus. Bone fatigue data fits accurately in a semi-log curve (Choi et al. 

1992), and several studies suggest a cubic relationship between apparent density (related to 

porosity) and elastic modulus for both cortical and trabecular bone (Smith et al. 1959).

The osteons and collagen play an important role in bone mechanics, since mechanical 

properties may vary considerably according to their arrangements (Ravaglioli et al. 1992). 

The osteons, whose collagen fibres are oriented longitudinally, have higher resistance to 

compressive loads.

•  When the fibres are oriented transversely, a reduced resistance to compression is 

developed and microdamage is more highly generated.

•  When fibres are oriented without a definite direction, they resist considerably any 

compression and bending forces.

Anisotropy o f the bone has big implications for its structure. It is intuitive that the 

compressive strength and stiffriess o f bone are greater in the direction o f the collagen fibres, 

lamellae and blood vessels, which tend to be oriented in the longitudinal direction. Any other 

angle in which compression stresses are applied will have less resistance than the longitudinal 

direction; in fact it will be weaker as the angle increases, going from the longitudinal 

direction at an angle o f 0° to the transverse direction at an angle o f 90° (Proubasta et al. 

1997).

An important difference is found between lamellar and Haversian bone when loaded under 

compression stresses. Haversian bone behaves as an isotropic material (compressive strength 

equal in all directions), while lamellar bone behaves as an anisotropic material (compressive 

strength different in longitudinal and transverse directions). Figure 1.6 shows the differences 

between lamellar (a) and Haversian (b) bone compositions for transverse and longitudinal 

directions (Nordin et al. 1980).
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Figure 1.6: Conformation o f lamellar (a) and Haversian bone (b).

When doing monotonic compression tests, the strain rate strongly affects the stress-strain 

curve. At greater strain rates, the bone behaves more rigid and resistant towards the fracture 

(Silver et al. 1999; Knudson et al. 2003). When doing compression tests on cortical bone, the 

plane o f isotropy is taken as the transverse plane o f the long bone and the direction of 

reference will be that corresponding to the long axis o f the bone.

1.2.4. Conservation of bones for mechanical studies

Mechanical properties vary considerably between in vitro and in vivo testing, depending on 

how fresh the tissue is and the method used for preservation. Different methods are used to 

analyze the changes in the properties with these two ways o f studying, using the most 

appropriate to measure properties such as density, mineral content, elasticity and resistance.

The most recommended method is to keep the sample under freezing temperatures. Freezing 

the sample doesn’t alter the mechanical properties of bone considerably; (Linde et al. 2003) 

indicated there is no change in stiffriess with storage by freezing, and (Nazarian et al. 2009) 

concluded that stiffriess, modulus o f elasticity, yield load, yield strength, ultimate load and 

ultimate strength of frozen specimens were not different from fresh specimens. It is 

recommended to freeze the bones at a temperature o f about -20 ° C for at least an hour after 

being exposed to room temperature. The mechanical properties o f bone vary when being 

allowed to dry for a considerable time, and doesn’t affect significantly if done for a short 

time.
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The procedure that is mostly used for the conservation o f bone at room temperature is to keep 

it in a saline solution. After drying, the Young’s moduli and strength o f bone will generally 

increase, but its toughness will decrease (Cowin et al. 2001). For accurate testing results, it is 

best to test bone in its hydrated condition.

1.3. Remodeling 

1.3.1. Damage and repair

The remodelling process removes and replaces fatigue damaged regions in compact bone 

(Frost et al. 1960; Martin et al. 1989; Schaffler et al. 1990; Martin et al. 1992; Lee et al. 

1998). With the process o f remodelling, osteons are weaker and softer (Rho et al. 2002; 

Zioupos et al. 2005; Huja et al. 2006) and cause an increase o f porosity in the bone. 

Remodelling is not too important during growth, it becomes more important after skeletal 

maturation and it refers to the turnover o f bone, the old bone is resorbed and replaced with 

new bone (Davison et al. 2006). This process o f remodelling involves detection and repairing 

o f fatigue damage, in which osteoclasts tunnel and remove damaged regions o f bone, this 

tunnel being 0.2 mm width and some millimetres in length.

Studies performed by (Carter et al. 1977) indicate Haversian bone has lower fatigue strength 

than lamellar bone, this being caused by increased heterogeneity, mineral variations and 

increased porosity, all o f this caused by remodelling activity. This process o f increased 

turnover and remodelling makes it a risk factor because o f its effect on bone mineral density 

and mass loss changes (Heaney 1993). The effect o f remodelling makes Haversian bone to be 

more than one and one half times weaker than systems of lamellar tissues (Currey et al. 

1975).

Accumulation o f microdamage in bone affects in the development o f fatigue fractures, and is 

highly associated with the process o f  aging and osteoporosis. When damage accumulation is 

too high for the repair process, it elevates considerably the level o f microdamage in bone 

(Frost et al. 1991; Burr et al. 1997). Studies done by Currey et al. 1996; Mashiba et al. 2000; 

Burr et al. 2003 agree that microdamage accumulation caused by suppression of remodelling 

at higher levels as used for clinical purposes, is associated with a high reduction in bone 

toughness without a reduction o f strength, showing that damage accumulation in bone will 

have greater effects on bone's resistance to fracture (toughness) than its strength.
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Bone strength is determined by both volume and microarchitectural organization, with the 

addition o f the degree o f matrix mineralization. This mineralization process consists o f 

primary deposition o f mineral substance on the calcification front, following an increase in 

mineral deposition (secondary mineralization). An imbalance between bone resorption and 

formation results in osteoporosis, causing bone loss and microarchitectural deterioration. 

Women with menopause suffer from these changes by the increase in the activation 

frequency o f remodelling units (Frost et al. 1985; Reid et al. 1987; Grynpas et al. 1993).

Studies done by (Carter et al. 1976; Schaffler et al. 1989) showed the mutual influence of 

material density, porosity and mineral content on bone fatigue strength. At the same time, 

examinations done in femoral neck fractures indicated the failure site for these types of 

fractures to be related to mineral changes due to osteonal remodelling (Crofts et al. 1994).

When loading under high stresses in physiologic limits, failure of bone occurs in increased 

bone fragility associated with aging and osteoporosis, where the combination of high stresses 

and decreasing o f bone repair leads to the accumulation o f the matrix damage and weakening 

ofbone (Parfitt et al. 1983; Schaffler et al. 1995).

It has been also determined that microdamage accumulation reduces fracture toughness 

significantly and decrease fracture resistance (Brown et al. 1996; Norman et al. 1998). (Burr 

2003) found osteoporosis treatments that reduce activation frequency cause the skeleton to 

become more fragile and increase fracture risk. In a few words, microdamage accumulation 

in bone decreases bone strength (Burr et al. 1997) and too low or high levels ofbone turnover 

will be associated with lower bone strength as well (Weinstein 2000).

The way in which remodelling units detect the damage areas of bone to begin the process of 

repair is still not understood. (Taylor et al. 2003) proposed a failure mechanism in which 

broken cell processes release cellular material into the extra cellular matrix, diffusing 

afterwards through the matrix, causing this to be detected and allowing BMU formation and 

bone deposition. It is proposed as well if osteocytes can detect strain, and signal the presence 

of strain levels higher than normal physiological values, this could be used to detect the 

presence o f cracks and to distinguish between cracks o f different sizes. Other studies include 

the ideas o f micro-streaming potentials generated in association with crack propagation
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(Martin et al. 1982) and microcrack damage to osteocyte canalicular processes (Frost et al. 

1985; Bentolila et al. 1998). One additional idea of this type of detection is damage reception 

by osteocytes, as these types o f cells are highly responsive to mechanical loading (Skerry et 

al. 1989; Lanyon et al. 1993), these cells may be affected by processes that damage the bone 

matrix. This idea formed after results showing the lack o f these cells in areas o f considerable 

microcrack accumulation in aging human bone (Qiu et al. 1997), and induction o f death of 

osteocytes by radiation (Mellanotte et al. 1961). The thought hypothesis is based on the idea 

that osteocytes surrounding the microcracks are injured and cause a cell disintegration 

process (apoptosis). This is detected by osteoclasts and the remodelling process begins.

1.3.2. Bisphosphonates

There are a number o f drugs being used to reduce osteoporosis, included in two main groups: 

those that inhibit bone turnover and those that stimulate bone formation. A drug that inhibits 

bone turnover is more effective to increase bone mass. It takes place on the surface o f the 

bone and thickens cortical bone, without enhancing the strength provided by trabecular bone, 

which will continue to lose mass at the same rate (Garrett et al. 2000). Inhibitors provide a 

good solution to the problem o f osteoporosis because o f  their ability to “reduce bone loss and 

increase o f bone mass” (Ferguson 2004).

Bisphosphonates are considered to be inside the inhibitor types o f drugs, used to reduce the 

action o f osteoclasts, reducing the depth o f erosion cavities created in the normal process o f 

bone remodelling. They are clinically used as a class o f drug that prevents the loss o f  bone 

mass, and as recently mentioned, are useful to prevent diseases such as osteoporosis. Reduced 

number o f activated bone remodelling sites will cause the reduction o f overall bone 

remodelling activity (Kanis 1996). This drug has its effect in bone resorption by entering into 

the osteoclasts, altering their permeability to calcium, and having dominance at the resorption 

binding sites, which reduces the potential for resorption.

Bisphosphonates increase bone mass, but do not alter bone structure or bone strength. The 

action o f this drug seems more to maintain, rather than to increase bone strength. Besides 

increasing bone mass, it has been found that they decrease fracture risk in postmenopausal 

osteoporotic women, by suppressing bone remodelling, but also they prevent the repair o f 

microdamage (Black et al. 1996; Ensrud et al. 1997; Fleisch et al. 1997; Eastell et al. 1999).
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Failure o f bones depend more on crack growth than crack formation; when turnover is 

suppressed, cracks accumulate but also some of these will tend to grow to critical size, after 

being present in the bone for a longer period. The tendency of the cracks to be more able to 

grow with turnover suppression makes crack length the important variable to be determined 

for fracture o f bone under fatigue stresses. In a study done by (Mashiba et al. 2000) an 

increasing of mean crack length o f 69 to 85% was found when remodelling was suppressed 

by 53 to 68% after 12 months o f bisphosphonates treatment (p<0.01).

The application o f bisphosphonates have been in use considerably until nowadays to decrease 

the loss o f bone mass, with the objective o f decreasing the fracture risk formed by severe 

diseases such as osteoporosis. Besides this, it is still unknown the exact determination in 

order to give acceptable suppression levels for clinical use, because of the large crack 

accumulations developed with this process.

Several studies give information that help show the way bisphosphonates act in human bone, 

such as the one done by (Mashiba et al. 2000) in which it was reported that suppression of 

bone turnover by bisphosphonates caused microdamage accumulation, and reduced bone 

toughness in cortical bone o f dog ribs. Osteoclasts are cells in charge o f bone resorption 

(removal o f bone), the action of bisphosphonates is to prevent bone resorption over the 

osteoblasts action in elderly humans although, this process will simultaneously prevent bone 

remodelling (regeneration o f  bone, repair o f microfractures) and will cause microdamage 

generation with fatigue even if the removal o f bone mass is reduced. (Allen et al. 2006) 

analyzed the use o f bisphosphonates for one year treatment, using the same doses used for 

post-menopausal osteoporosis; a significant accumulation o f microdamage was found in 

female beagles vertebra, although no increases were found in bone volume and 

mineralization, because there were no significant differences in the mechanical properties.

(Mashiba et al. 2001) used much higher quantities in bisphosphonate treated rib cortex of 

dogs than in control animals, finding that suppression of bone remodelling allows 

microdamage to accumulate. In this same study it was seen that suppression o f trabecular 

bone turnover in high doses o f bisphosphonates is associated with increased vertebral 

strength, although finding a significant microdamage accumulation. In this mentioned study 

much greater doses were used over a 12 month period o f treatment, and it was specifically 

found that there was accumulation o f microdamage increasing significantly by 75 to 80%, the
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crack lengths didn’t differ significantly between groups, and vertebral strength was increased. 

These last results supported the studies done with the use o f alendronate and risendronate 

(Karpf et al. 1997; Cummings et al. 1998; Watts et al. 1999) which reported these two drugs 

significantly decrease vertebral fracture risk for women with osteoporosis. In this mentioned 

study, greater doses than clinical purposes were applied with the objective to determine the 

relationship between remodelling suppression, microdamage accumulation, and mechanical 

properties of bone. Nevertheless, the results given by the mentioned references give a 

decrease in bone toughness. Other researches supporting these types o f results are the ones 

obtained by (Black et al. 1996; Cummings et al. 1998; Delmas et al. 2004) in which the 

decrease o f fracture risk with the use o f these drugs was well acknowledged.

Microcrack density does not affect considerably the risk to cause bone fracture, this is more 

induced by a small amount o f cracks that grow towards critical lengths. Nevertheless, it is 

still unknown the determination o f the exact acceptable levels of remodelling suppression to 

be used for clinical purposes, because crack accumulation still causes a higher probability o f 

some cracks to grow to considerably dangerous lengths. It is necessary to establish safe levels 

of application o f bisphosphonates, in order to prevent the reduction o f bone toughness for 

clinical uses.

1.4. Microdamage in materials

Microdamage development analyses have been performed in diverse types o f materials. 

These types of studies have been performed in materials such as metals, alloys, ceramics, 

rocks and polymers, nevertheless, a very big field o f research is still open for studies to be 

developed to clarify the way in which microcracks appear, grow and cause the fracture o f the 

material in each case. Below are explained the different types o f examinations performed 

regarding developing o f microcracks, and their influence on materials under submitted 

fatigue stresses.

Microdamage observations are presented in several publications regarding microstructural 

transformations in novel alloys. Correlations between microstructures and mechanical 

properties are presented, although neither microcrack statistical examinations, nor theoretical 

modelling proposals are given in these types o f studies; some o f these are the ones presented 

by (Glowacka et al. 2003; Xu et al. 2006; Xiao et al. 2008; Zhang et al. 2008). The objectives
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of the mentioned pubhcations are centred towards mechanical properties after mechanical 

tests and phase transformations are performed, microcrack observations are shown, though no 

statistical analyses or microdamage development examinations are presented.

Evidence o f microcracks appearing in the initial stages o f fatigue crack formation in 

commercial aluminium alloys are observed in the work done by (Payne et al. 2010), under 

experimental conditions designed to mimic the behaviour o f fastener holes in the lower wing 

covers o f military attack aircraft. Tensile tests were performed in aluminium alloy specimens; 

the findings o f total crack length and maximum crack length through the thickness and along 

the length of the notch after 500 fatigue cycles are described in the investigation.

Experimental measurements o f microdamage evolution in Al alloys were performed by (Bai 

et al. 1992; Han et al. 1997). Other types o f publications done with the objective of 

performing microscopic observations, and fatigue crack observations and propagations in 

aluminium alloys, were the ones performed by (Grosskreutz et al. 1969; Bowles et al. 1973; 

Morris et al. 1977; Morris et al. 1978; Morris et al. 1980).

An examination done by (Han et al. 1997) presents a statistical formulation to determine 

growth rate o f microcracks, including experimental measurements and statistical analyses 

with numerical densities in phase space. The behaviour is described with the use o f the 

equation

# will be the numerical density o f microcracks; ijo is number density o f microcracks in two 

dimensional phase space; /"is the growth rate o f microcracks with current size a and original 

size Oi, while /7a? represents the nucleating rate, ao is the average stress, t generalized time and 

^  the minimum nucleation size o f all microcracks.

The observation o f microcracks and the application o f statistical microdamage mechanics, led 

(Bai et al. 1991; Bai et al. 2001) to determine the general evolutionary equation for the 

number density o f microcracks:

( 1 . 1 )

( 1.2 )
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Giving numerical density o f microcracks # in an I dimensional phase space.

is the numerical density o f microcracks in the volume dpi, dp2, ... dp,.
dpi

t]n and tja constitute the nucleation and annihilation rates o f microdamage, respectively.

Attempts at fatigue predictions o f fatigue life in metals, taking into account crack formations, 

were performed in studies done by (Makkonen 1999; Makkonen 2001; Makkonen 2003 ) in 

which it was stated the fatigue limit could be predicted by estimating the largest expectable 

crack depth. Work done by (Makkonen 2009) explains a way o f total fatigue life estimation 

o f a component, taking into consideration the crack initiation life, and the critical crack size, 

with the use of the Paris law (Paris et al. 1963):

—  = CoA/C”
dN  (1.3)

The meaning of the symbols in this equation is:

a: Microcrack length

N: Number of cycles

AK: Range of stress intensity factor

Co and m\ material constants.

This equation is highly used in examinations regarding growth of cracks in many types o f 

materials. In the case o f the presented publication, the author obtains accurate ways of 

predicting fatigue crack initiation lives in metal components and structures, with the use o f 

concepts such as distribution functions and Weibull Probability distribution fits with crack 

initiation life experimental data.

When cracks get sufficiently close to their neighbours, the stress intensity along the irmer 

portions gives rise to an interactive effect. The result o f this will be the acceleration o f the 

cracks towards each other, until they meet, establishing a newly formed single crack with a 

convex shape (Kishimoto et al. 1989). This same process continues all around the specimen, 

and leading to its final rupture. The examinations done by (Huang et al. 1997; Dzenis et al. 

2001; Haiying et al. 2006; Li et al. 2010) affirm that there are numerous interacting 

mechanisms at work during the damage evolution process, initiating in the crack formation, 

continuing in their growth, conflating their neighbours, forming new cracks which at the
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same time will grow towards the formation of cracks in a “macroscale level”, until the 

ultimate material failure.

During the process of microdamage development, while applying a fatigue process, a fatigue 

crack first nucleates at the location o f a microscopic defect, growing further from microscale 

to macroscale. This mentioned transition can only be explained with multiscale theories; for 

this fatigue accumulative damage theories are used which depend greatly on fatigue test data. 

A study performed to link microscopic and macroscopic scale o f  fatigue crack growth in 

cable steel wires in a suspension bridge was performed by (Li et al. 2010), separating the 

fatigue process into two parts: fatigue crack initiation period and fatigue crack propagation 

period.

Fatigue crack growth rate studies in polymers have been performed by (O’Connell et al. 

1995; Bemal-Lara et al. 2004; Sih et al. 2007). In (Sih 2007) it is indicated crack growth data 

in polymers has to be interpreted and separated into two regions: microcracking and 

macrocracking. Other attempts o f describing the mechanism o f coupling micro and 

macroscopic damage evolution are reported in the studies performed by (Curran et al. 1987; 

Lemanska et al. 1997; Zhou et al. 1997)

Studies using analysis o f histories o f damage micromechanisms, with the usage o f acoustic 

emission analyses in graphite/epoxy composites were performed by (Dzenis et al. 2001). 

Microdamage experimental results with the use o f scanning electron microscope (SEM) and 

acoustic emission (AE) examinations were obtained to observe the growth and nucleation of 

microcracks, and their domination towards the failure and macroscopic mechanical properties 

in rocks (Horii et al. 1985; Wong et al. 1985). Other fiarther studies with the objective of 

developing theoretical models with the usage o f microdamage developments with the use of 

SEM observations in the formulations were performed by (Moss et al. 1982; Nemat-Nasser et 

al. 1982; Costin et al. 1983).

Another example of microcrack lengths distributions is the one published by (Botvina 2008) 

who used distribution curves o f microcracks and acoustic emission signals to give similarities 

in the kinetics of the damage processes between different scales: kinetics o f damage 

accumulation in low carbon steels with respect to those happening in earthquakes and 

volcanic eruptions (amplitude distribution o f acoustic emission signals during tension and the

25



magnitude distributions o f seismic events), suggesting with these similarities the capability to 

use small specimens to model the kinetics on multiscale interpretations (damage evolution on 

different scales), and establish general laws for the predictions o f global level fracture 

patterns, such as the ones ruling earthquakes and volcanic eruptions.

Microdamage analysis was performed to see the fatigue crack growth under cyclic rotating 

bending and steady torsion to axles and shafts used for transportation industry and railways 

(Freitas et al. 2010). Regarding observations o f microcracks in rocks, (Nara et al. 2006; Nara 

et al. 2006) presents observations after double torsion tests are performed, with the objective 

o f investigating relationships between crack paths and crack growth behaviour. (Nasseri et al. 

2005) studied five granites to study the relationship between fracture toughness values and 

their microstructural properties; the studies give as conclusion that microcrack density and 

microcrack lengths are major contributors to obtain the fracture toughness in the tested types 

o f rocks. An example o f cracks observed under a fluorescent method is illustrated in figure 

1.7:
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 ^  axis-.^

Figure 1.7: Example o f  cracking developed in granite (Nara et al. 2006)

Other examples o f developed microcracks are found in the investigations done by (Van 

Boven et al. 2007), where increasing levels o f compressive and tensile residual stresses on the 

surface and through the thickness o f  pipelines steels were applied, with the objective o f 

measuring the order in which these microcracks penetrate into the steels towards the fracture 

o f the specimens. Figure 1.8 gives microcrack growth under three point bending tests, in 

which the author presents a comparison o f the growth of microcracks in superalloys (turbine 

disc materials) manufactured under microstructural variants. Longer fatigue lives are
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developed for differing compositions; LG states for large grain variant whereas LP for a large 

intragranular coherent precipitate variant.
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Figure 1.8: Microcrack growth with cycling periods o f superalloys with microstructiiral 

variants (Pang et al. 2008)

Regarding examples o f  microdamage developments in biomedical materials, almost no 

examinations have been published and a very large field o f  research is required in this area. 

The almost only available publications are presented in microcracks presented in sintered 

hydroxyapatite (HAp), with similar density and chemical composition to the enamel o f  

human teeth (Bajaj et al. 2008). In this article, the author gives fatigue crack growth examples 

o f  hydroxyapatite with the use o f  the formerly introduced “Paris Law”. Considering 

microdamage development in hip replacements, a detailed study was performed in cement 

layers by (M cCormack et al. 1999) to determine how damage accumulation occurs, 

accurately modelling the damage accumulation process when manufacturing these types o f 

cement layers, in order to prevent at maximum the fracture o f  the hip replacements once 

implanted. An example o f  these microcrack developments can be observed in figure 1.9:
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Figure 1.9: Percentage o f  cracks per load cycling (a) and sum o f  total crack lengths per 

specimen against load cycling (b) fo r  microcracks developed in cement layers o f  hip 

replacements (McCormack et al. 1999)

1.5. Microdamage in bones

One o f the main reasons for attempting to develop mathematical models for the performance 

of bone is because o f evidence o f its nonlinear behaviour, due to significant damage 

processes caused mainly by the development o f microcracks throughout its composition. 

Accumulation of microdamage causes decrease in the resistance to fracture or fracture 

toughness (Agarwal et al. 1980), and fracture o f bone by fatigue is caused by “impact or 

growth of a dominant crack that grows in conformation to the progress of fatigue loading” 

(Zioupos et al. 2006). These types o f microcrack developments have been studied by several 

researchers, in studies done in vivo (Frost 1960) as well as in vitro (Wright et al. 1976; Carter 

et al. 1997; Carter et al. 1977) just to mention a few of them. Other types of studies focused 

on microdamage, formed naturally in compact and trabecular bones o f nonathletic humans 

are included in (Schaffler et al. 1995; Wenzel et al. 1996; Muir et al. 1999).

Microdamage presented in bone distributes preferentially in older areas in weak interfaces 

(Schaffler et al. 1989). These microcracks have a length between 50 and 100 |^m, and the 

majority are distributed around the interstitial bone in a percentage approximating 80 to 90%, 

the other smaller percentage is found within the cement lines as first observed by (Schaffler 

et al. 1995; Norman et al. 1997; O ’Brien et al. 2005). This occurs because the interstitial bone 

has a higher tendency to fracture under applied fatigue stresses compared to the osteonal 

regions (Piekarski et al. 1970; Conrondan et al. 1986). (Burr et al. 1988) indicated
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microdamage initiates first in the matrix because interstitial bone is more mineralized and 

more brittle than the cement line.

Young bone develops fatigue damage in a very different way than does old bone, some 

studies in this theme have been published by (Wank et al, 2001; Diab et al. 2005; Norman et 

al. 2008). (Schaffler et al. 1995; Norman et al. 1997; Fazzalari et al. 1998; Zioupos et al. 

2001b) indicated linear microcracks increase in number with age. One main reason for the 

higher accumulation in older bone is because osteonal and lamellar bone portions inside the 

interstitial bone will be remnants o f older tissue put in among recently remodelled osteons. 

This older tissue after losing important properties with time will accumulate greater amounts 

o f microdamage over a considerable life span. Specifically, older bone tissue will reduce 

considerably its capacity to “repair” damage with the action o f osteoblasts, and bone 

resorption will prevail, producing more microdamage accumulation.

The way in which microcracks distribute in bone will be caused by an initial accumulation o f 

small microcracks, which grow and spread a little way and stop because even though the 

cement lines have weak interfaces that act as sites for crack initiation, they include also low 

stiffiiess interfaces that limit the propagation o f the microcracks under fatigue processes 

(Schaffler et al. 1990). These small cracks will be unlikely to cause others at the initiation o f 

fatigue process; if  the loadings are increased, new cracks will be formed in other regions in 

the bone, and after a considerable number o f cracks are formed, a small increase in load will 

generate considerable quantities o f weak regions and reduce considerably the mechanical 

properties o f the bone, although its final fracture will be generated by a distinctive crack that 

will grow towards a specific length. Considerable accumulation o f cracks may cause their 

combination, increasing their length towards longer cracks and, one o f these will grow 

towards a characteristic length that will produce the fracture o f the bone. This crack initiation 

and growth will also depend on the size and number of fibres in the material; interfaces 

between fibres and the mutual matrix are weak and can initiate cracks, these forming cracks 

will tend to “remain small and follow the fibres instead of propagating across the structure” 

(Martin et al. 1998).

Regarding differences in types o f stresses being apphed, cracks tend to run from one vascular 

channel to another when compression is submitted, whereas cracks will tend to remain in the 

interstitial matrix or osteonal cement lines under tension (Carter et al. 1977). Types of
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damage can be separated into two main categories: linear microcracks and diffuse damage. 

Linear microcracks are located in lamellar and cement line interfaces. Diffuse damage is 

identified as “focal areas of diffuse staining, with or without apparent damage between them” 

(Norman et al. 2008), and was firstly observed by (Schaffler et al. 1994; Boyce et al. 1998) 

being defined in the mentioned publications as regions of increased uptakes o f basic fiichsin. 

(Diab et al. 2005; Diab et al. 2007; Norman et al. 2008) observed diffuse types of damage 

forms preferentially in young bones, whereas linear microcracks tended to form in larger 

quantities in older bones and due to this, one may be the precursor for the other. When 

loading in vitro, tensile loads promote diffuse damage and compressive loads promote linear 

microcracks (Boyce et al. 1998; Sobelman et al. 2004; Diab et al. 2005; Diab et al. 2005). 

Considering physiological conditions, axial compression stresses cause long bones to buckle 

(Garcia et al. 2004); and the stresses developed in the midshafts of most long bones are 

primarily the result of bending, transmitted about the bone's longitudinal curvature (Biewener 

et al. 1991). This bending effect will cause tension and compression stresses along the 

midshafts regions of the bones. By the shape of the bone, in the case of canine femur Burr et 

al. 1998 calculated compression in the posterior side, whereas tension in the anterior side, 

measuring the corresponding microdamage development for the side in case. Figure 1.10 

illustrates these types of cracks; 1.10(a) illustrates a linear microcrack taken from 

compression tests performed in bovine sheep presented in chapter 2, whereas 1.10(b) 

illustrates a diffusely damaged region.

L i n e a r
micPDcrack

Figure 1.10: Examples o f linear microdamage in bovine bone (a); and diffuse damage in 

adult rat ulna (b) (Bentolila et al. 1998j
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Bone has the capacity to remodel itself, which helps to repair fatigue microcracks (Martin et 

al. 1982; Mori et al. 1993). The concept which states that the accumulation o f microcracks in 

bone acts as a stimulus for bone remodelling was proposed by (Frost 1985). (Burr et al. 1985) 

studied development o f linear microcracks formed in dog forelimbs under three point bending 

between in vivo conditions and low strains (1500 |o,s), where it was noticed that fatigue 

microdamage was a significant factor in the initiation o f intracortical bone remodelling. 

Remodelling is a repair process to reduce and prevent microdamage accumulation caused by 

effects o f fatigue loadings, and increases the capacity of bones to resist for longer fatigue 

lives. It has been reported that fatigue stresses will cause the initiation o f remodelling in 

compact bone, and several studies have been performed regarding this proposal such as the 

one published by (Martin et al. 1982), where it was observed lamellar structure of osteons 

arrest and trap microcracks produced by cyclic loading, and repair o f damaged areas by 

secondary osteons prevents the accumulation o f microdamage. (Martin et al. 1992) published 

a theoretical study of accumulation and repair o f fatigue damage in osteonal bone, compared 

with the previous experimental analyses achieved by (Burr et al. 1985). (Johnson et al. 1996; 

Muir et al. 1999) studied this idea o f fatigue stresses provoking remodelling in bone, being 

applied in racing and extreme training regimes.

Elevated bone turnover proceeds with increase in the remodelling process o f bone, producing 

intracortical porosity, and causing as well stiffness decreasing and increased local stress, 

promoting the initiation and considerable propagation o f microcracks (Martin et al. 1980; 

Schaffler et al. 1990). The uses o f  drugs that inhibit bone turnover are implemented for 

clinical purposes as introduced in section 1.3.

Predictions in failure o f bones with the usage o f microcrack lengths distributions have been 

reported as well in published researches; models in order to predict fracture of bone taking 

into account damage accumulation, and concepts such as theoretical approaches to predict 

crack location and their propagation between simulated osteons and cement lines can be 

observed in the works o f (Griffin et al. 1997; Griffin et al. 1999; Huang et al. 2006). These 

just cited publications don’t incorporate theories or equations involving experimental crack 

sizes in their structures, the works done by (Vashishth et al. 1997; Malik et al. 2003; 

Vashishth et al. 2004) give relationships in which stress intensity factors are related to crack 

length growth o f specimens with previous induced side grooves or notches. More novel
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approximations regarding predictions of the mechanical properties of bones involving 

microcrack lengths are observed in the work done by (Kruzic et al. 2007) and the ones 

published by (Taylor et al. 1997; Taylor et al. 1997; Taylor et al. 1998). These last cited 

authors present a simple and very innovative way to predict fatigue microcrack growth rates, 

taking into account spacing of microstructural barriers:

Taking into account range of stress intensity (AA ;̂

\ (1.4)

Being F  a geometric constant, Aa applied stress range and a crack length

With the use of the previously introduced Paris Law, now with the presence of a threshold:

(1.5)
dN

With the encountering of microstructural barriers, two regimes of behaviour appear: short 

crack growth which rules the growth rate for lengths below this barrier, and long crack 

growth ruling growth rate for lengths over the barrier, for v/hich a general rule for microcrack 

rates is presented: 

da (  da \  (  da ^
dN dN

+  
y long

= C { /^  -  AK„ y  + C {A K Y  [{d -  a ) / d Y  (1.6)
J s h o r l

C and C ' are rate constants used in the prediction of crack growth, whereas % and m are 

exponents used in the prediction of crack growth rate, d  will be the spacing between 

microstructural barriers

1.6. Osteoporosis
The skeleton gives the shape of the body, protects the vital organs and gives strength to the 

body. It contains 99% of the body’s calcium (Woolf et al. 1988) and it is carried out under an 

intensive metabolic activity, in which if a fracture is caused, it has the ability to repair itself. 

This metabolic activity will decrease intensely with age, under these conditions atrophy will 

be created in the bone. Atrophy is defined as deficient formation of new bone matrix. The 

development of atrophy in the bone will create a decrease in the rate of bone formation and 

increase in the rate of resorption. This physiologic atrophy in bone tissue is caused because of 

disuse or osteoporosis.

32



Osteoporosis is another way in which stress fractures are commonly evolved. It is defined as 

a “progressive systemic skeletal disease, characterized by low bone mass and micro- 

architectural deterioration o f bone tissue, with a consequent increase in bone fragility and 

susceptibility to fracture that relies on the measurement o f bone mass, which is a reliable 

predictor of bone strength, and can be determined by the bone mineral density (BMD)” 

(Ferguson 2004). Bone density is the major factor linked to the biomechanical functioning of 

bone with osteoporosis (Giannoudis et al. 2007), and it’s a condition found in patients 

responsible for a reduction in bone mass sufficient to compromise normal function. World 

Health Organization (WHO) defines osteoporosis as a bone mineral density more than 2.5 

standard deviations below the mean peak value in young adults. It is caused due to an 

increasing in porosity and a decrease in the hard portions o f bone substance and increase in 

the soft portions.

Bone remodeling happens entirely during lifetime with formation and resorption of 

osteoclasts and osteoblasts. During youth, growth formation exceeds bone resorption, causing 

bones to be healthier and stronger; this is reversed after the age o f 40 and 50, when bone 

resorption begins to exceed bone formation. This reversion causes a gradual decrease o f bone 

content. Osteoporosis is caused by a simultaneous reduction in cortical and trabecular bone, 

this loss being quicker in trabecular bone, although more dangerous in cortical bone and leads 

easier towards mechanical failure. It’s caused mainly in women after menopause and men 

after andropause; cortex becomes porous and very brittle, happening in about one in every 

four women and one in ten men of seventy five years old (McLean et al. 1968). Another 

important factor in osteoporosis formation would be a lesser bone production during 

adolescence (Heaney et al. 1995).

Under osteoporosis there is a serious decrease in bone strength, leading to the fragility o f the 

skeleton and a considerable greater risk o f fracture. Due to osteoporosis, nine in every ten hip 

fractures in the elderly are associated with falling, when in vertebral fractures one in every 

ten are caused when lifting heavy objects and four when falling (Dawson-Hughes 1999). 

Menopause begins in women more or less at the age of 45, although it increases considerably 

after the ages o f 60 to 80. In the UK, fractures caused by osteoporosis figure as high as 

200000 fractures a year, worldwide the number o f fractures runs into the millions and is 

predicted to rise to 6 million within 50 years. The lifetime risk o f a fracture in a white woman 

with menopause is in the region o f 30-40% and in men is 6-11%. Hip fracture is associated
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with a mortality o f 20% in the first year and more than 50% will fail to regain their full 

functional mobility to lead an independent life (Ferguson et al. 2004). It is estimated to cost 

about $10 billion per year and the world wide hip fractures will increase fi'om 1.7 million in 

1990 to 6.3 million in 2050, reaching an annual cost o f $131.5 billion in the year 2050 (O' 

Brien 2000; Cowin 2001). It is known as well that between 2.5 and 12% of people aged 65 or 

over will suffer a fracture by falling and a third of women and one in 12 men over 50 years 

will suffer an osteoporosis fracture at some time in their life (Campbell et al. 1999).

Two types of osteoporosis exist, according to examinations done by (Urist et al. 1963; Urist 

et al. 1964): Physiologic osteoporosis is caused after the age o f 50, and comes due to a failure 

in the retention o f bone mass occurring in proportion to reduction in muscle mass; in this type 

o f osteoporosis properties o f the axial and appendicular skeletons are reduced considerably in 

density, being subject to fracture from accidental falls and external forces. Pathologic 

osteoporosis is caused gradually from approximately 55 towards 70 years in humans; in this 

type bones o f the axial skeleton are much more affected than the appendicular skeleton, 

causing multiple fractures spontaneously and almost with no significant external forces.

Osteoporosis at the same time can be measured with the determination of bone mass, which is 

a reliable predictor o f bone strength, given by the bone mineral density (BMD). It is a scale 

developed by the World Health Organization (WHO) based in a comparison o f a patient’s 

BMD with that o f a healthy young adult and previous history o f a fracture. The scale is 

divided into four categories based on the standard deviation under a T-score test. It is seen 

how much BMD of a normal and a diseased bone, or a bone with the presence o f a fracture 

vary between them. These divisions are shown in table 1.1:

Definition Criteria

Normal Value o f BMD within 1 SD of the young adult reference mean

Low bone mass 

(osteopenia)

BMD value o f more than 1 SD, but less than 2.5. SD below the 

young adult reference mean

Osteoporosis BMD greater than 2.5 SD below the young adult reference mean

Established (severe) 

osteoporosis

BMD more than 2.5 SD below the young adult reference mean 

plus one or more fragility fractures

Table 1.1: Criteria fo r  BMD content fo r  normal and osteoporotic bones, information 

acquiredfrom (Ferguson et al. 2004)
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Regarding genetic influence, factors such as inherited gender, ethnic origin, skin type, body 

size and family history will affect in the grade and age in which osteoporosis can begin to 

affect in humans. At the same time, factors such as alcohol consumption, lack o f  physical 

exercise and cigarette smoking also affect in the increasing rate o f  osteoporosis risk. Smoking 

reduces bone mass, weakening the strength o f  the bone. Alcohol and nicotine modify 

considerably the action o f  skeletal signaling peptides, affecting the activity o f  bone cells and 

increasing bone resorption o f  osteoclasts and reducing the osteoblast activity.

1.7. Thesis main Objectives

The work being presented is centered towards the experimental analysis o f  microdamage 

developed under two applied fatigue stresses: compression and bending. The obtaining o f 

microdamage data is used for the determination o f  the following objectives:

1. The effects that variations in applied stresses and bone mineral density levels (BMD) 

have in the development o f  microdamage in bones under fatigue.

2. Establish whether the generation and growth o f  microcracks provoke the fracture o f 

bones, and give the experimental and statistical conditions for these affirmations.

3. Elaboration o f  a new theoretical model involving important factors in the mechanical 

behavior o f  bones, such as number o f  cycles to failure, volume and applied stress, 

with the use o f  statistical and theoretical descriptions o f  microdamage development in 

bones.

4. Theoretical description o f the mechanical behavior and endurance towards the 

development o f fractures o f bones regarding BMD diversities, integrating as well the 

influence o f  considerably low mineral density levels and osteoporosis, when fatigued 

under excessive fatigue stresses.

35



CHAPTER 2

FATIGUE BEHAVIOR OF BONE UNDER COMPRESSION AND 

BENDING: MICRODAMAGE ANALYSIS

2.1. Introduction

2.1.1. Compression tests

Compressive failure can occur in life and is likely to result from fatigue. Shear lines appear at 

large stress concentrators, forming an angle o f 30° to 40° with the long axis (Currey 2002). 

Bone is a material in which cracks are easily started, but find it difficult to grow. The cracks 

tend to remain small and follow the fibers instead of propagating across the structure (Martin 

etal. 1998).

During the process o f fatigue, slipping processes occur along crystallographic directions, 

followed by crystal fragmentation that rupture the atomic bonds, giving space to the 

formation o f microcracks. A microcrack can be defined as a fissure in the hydroxyapatite 

matrix, and studies directed to the analysis o f microcracks development in bone as well as 

different types o f materials, have been performed in a considerable number o f investigations. 

(Frost 1960) proposed the staining technique based on staining bulk sections o f  bone before 

thin sectioning, where in vivo microdamage was first detected in human ribs; (Burr et al. 

1985; Burr et al. 1990) were publications that continued the study o f microdamage developed 

in vivo conditions with this mentioned staining technique. (Schaffler et al. 1989; Schaffler et 

al. 1990) showed that fatigue loading o f compact bone at low physiological stresses or strains 

resulted in generation o f microcracks similar to those observed by (Frost 1960). The 

separation o f in vivo microdamage from microcracks detected under mechanical loading was 

first affirmed by (Burr et al. 1990).

2.1.2. Staining

The most used technique to observe microcrack development in bones is transmitted light 

microscopy, although other techniques such as the use o f basic fuchsin and chelating agents 

have been used extensively, and have been confirmed to be very effective for these types o f 

studies. These three techniques can be used mutually, and their collective use has been 

reported in numerous studies. As mentioned recently, one o f the first studies with the use o f
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basic fuchsin to detect microcracks in vivo was reported in the work (Frost 1960), other 

examples for the use o f this method are using bulk staining in 1% basic fuchsin with 

sequential staining percentages o f ethanol (Burr et al. 1990; Burr et al. 1995; Muir et al. 

1999). Examples o f this technique applied to in vitro conditions can be observed in the works 

(Forwood et al. 1989; Akter et al. 1993).

In order to label cracks formed in vivo as well as test induced microcracks formed during 

stresses applied in vitro, chelating agents are applied. Chelating agents bind to exposed 

calcium ions and absorb energy in the form of light o f a short wave length and release light of 

a longer wavelength. Energy absorption causes electrons to move into higher energy shells, 

when returning to lower energy shells; this energy is dissipated as coloured light. 

Epifluorescence microscopy transmits light at the excitation maximum, and strikes the agent 

causing its emission to a fluorescence emission maximum.

A study to observe the differences between the application o f basic ftichsin, transmitted light 

and epifluorescence microscopy was performed by (Lee et al. 1998); the author concludes in 

his work that the use o f this fluorescence technique simplifies identification o f cracks by 

screening out the ones being unstained or partially stained. (Lee et al. 2000) did an 

examination to differentiate between in vivo and test induced microcracks. They used basic 

fuchsin and five chelating agents: alizarin complexone, calcein, calcein blue, oxytetracycline 

and xylenol orange, applied randomly in rib sections from 10 donors, having the objective to 

look at the differences between applying basic fuchsin with application o f chelating agents. In 

this case it was observed that the density as well as length o f cracks, didn’t differ 

significantly with the apphcation o f the chelating fluorochromes with respect to the 

apphcation o f fuchsin (p=0.81 and 0.93 respectively). This is reported as the first study in 

which chelating fluorochromes are used sequentially to label microcracks in vitro, however it 

is reported as well the transition from one stain to another to be not clear cut, and dye 

measurements o f crack growth to be imprecise as the dye substitution order affects the 

effectiveness o f labeling microcracks: dyes substitute others if not used in a determined 

sequential order. This was corrected and reported by (O’ Brien et al. 2002) with the use o f ion 

chromatography tests.
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The use o f this label sequence has been applied and reported in further publications (O’ Brien 

et al. 2003; Mercy et al. 2004; O ’ Brien et al. 2005; Kennedy et al. 2008) A brief summary of 

these performed tests is given as follows:

Microcracks begin to form under compression forces at 60 MPa as seen by (Taylor et al. 

2003). In tests done by (Mercy 2004) it was seen that applying a stress o f 50 and 60 MPa to 

ten specimens o f the cortical zone of the tibia of bovine bone there was no indication of 

failure after 300,000 cycles, when applying a stress o f 70 MPa, 3 o f 9 specimens failed 

between approximately 120,000, 450,000 and just after reaching the million cycles. (O’ Brien 

et al. 2007) found that after applying 80 MPa bone fractures at an average period of 88,380 

cycles. Microcracking develops under a range of 50 to 100 microns before reaching the 

fracture stress. Results obtained by (O’ Brien et al. 2005) explain the development of 

microfractures under different cycling periods and different stresses. In vivo microcracks 

were measured to be around the 60 microns in length and microcracks grew to around the 96 

microns after reaching 50,000 cycles, and increasing again to around the 116 microns for the 

rest o f the cycling until the bone fractured.

The number o f cracks per square millimetre and the microns o f crack length per square 

millimetre were also measured by (Mercy 2004) giving similar results between the authors. 

For the number o f cracks per square millimetre (O’ Brien et al. 2003) report an initial value 

o f 0.04 for cracks developed in vivo, increasing to 0.2 during the first 50,000 cycles and 

increasing finally to 0.39 for the rest of the fatigue tests under 80 MPa. (Mercy 2004) found 

with 70 MPa these cracks per square millimetre values to be around 1.73 at the 200,000 

cycles and increasing to 1.95 at the 300,000 cycles.

(O’ Brien et al. 2003) report values for the microns o f crack length per square millimetre to 

be around 3.4 for cracks developed in vivo, increasing to 21.5 until at 50,000 cycles and 

increasing finally until almost 49.7 microns per square millimetre under 80 MPa o f stress. 

(Mercy 2004) found these results to be around 133 during the first 200,000 cycles and 

increasing to 150 microns per square millimetre at 300,000 cycles applying a stress o f 70 

MPa.
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2.1.3. Bending tests

Most common types o f bending tests submitted to bones are in rectangular parallelepiped 

beams, manufactured with different dimensions and loaded under three and four point 

bending, although the application o f bending stresses to whole bones have been implemented 

in several publications. Bending tests in the current work were separated into applied 

monotonic and fatigue stresses, for which examples o f publications using each of these types 

of tests are shown as follows:

Examples o f tests under monotonic stresses can be found in the study performed by 

(Cristofolini et al. 1996) who performed four point bending stresses on whole human femurs, 

with the objective to characterize the stiffness o f the femur being taken as a whole under 

fatigue stresses. Other whole bone tests were performed by (Stromsoe et al. 1995; Schriefer et 

al. 2005); and (Martin et al. 1997; Reilly et al. 2000; Ebacher et al. 2007) performed these 

same types o f stresses on beam-shaped specimens.

Bending fatigue tests have been used in publications with the objective to find the mechanical 

properties o f bones under these types o f stresses and microdamage developments formed 

after considerable cycling periods. Examples o f these type o f tests have been performed by 

(Boyce et al. 1998; Sobelman et al. 2004; Diab et al. 2005; Diab et al. 2006), these 

publications reporting tests on parallelepiped beams; giving place to practically the only 

existing fatigue examinations performed using bending stresses to whole bones, the ones 

published by (Burr et al. 1997; Burr et al. 1998).

Bending tests include a combination of tension and compression on each side and these two 

will not be equal. Whole bone level tests measure properties of the entire bone; these kinds of 

tests are the ones that approximate the behavior of bone in vivo. The bone is weaker under 

tension so fractures propagate from the tensile side to the compressive side until shear forces 

acting on a 45° plane become high enough to result in a fracture, with the type o f a butterfly 

component on the compressive side (Ebacher et al. 2007). An example o f these results can be 

observed in figure 2.1:
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Tension
1 mm
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Figure 2.1: Example o f  buttetfly component in cortical bone specimen (a) and whole tibia 

(b). Showing the initial fracture in the tensile side, and propagating towards the compressive 

side (Ebacher et al. 2007^

Ideas suggesting the better performance o f the use of four point bending when performing 

fatigue stresses have been discussed deeply in publications; four-point bending in the cortical 

bone beam produces regions o f both tensile and compressive strains in gradient fashion. The 

loading environment in four- point bending eliminates transverse shear strains in the midspan 

region and provides axial strains that are nominally unvarying with location between the 

inner loading sites (Boyce et al. 1998). Damage in three point bending is also concentrated 

near the point o f load application, the flexural strain at the point of load contact is four times 

that o f four point bending and at the same time the application o f four point bending stresses 

avoid an unphysio logic stress concentration (Griffin et al. 1999).

2.1.4. O bjectives

1. Compression tests done in the current work have to be compared with previous tests 

performed by the current research group, as complementary tests were required to 

analyze the influence o f  stresses in the development o f microdamage under fatigue 

stresses, with the application o f dye techniques in varying loading periods.

2. Three point monotonic bending tests have to be performed, to relate differences o f 

bone mineral densities (BMD) with bone strength, in order to determine the 

relationships that describe the variations of BMD with respect to the capacity o f bones 

to withstand loads towards their fracture. Three point bending assures stress 

concentration near the point of load application, which increases the probability of 

fracturing the bone where the load is applied.
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3. Four point fatigue bending tests have to be performed at a constant load, to look at the 

microdamage development in different cycling periods, observing the influence in the 

development o f microcracks taking into account BMD differences. Four point 

bending produce regions o f both tensile and compressive strains in gradient fashion, 

avoiding as well unphysiologic stress concentrations.

4. Differentiation between the four point bending fatigue load being applied, and the 

stresses submitted in specific regions within the bones has to be performed, in order to 

observe the diversities o f microdamage developments that are originated for each 

stress, as well as the microcracking differences regarding BMD levels generated in 

each stress in case.

5. Compression tests are performed in samples from cortical zones o f bovine tibiae, in 

order to analyze the microdamage development in bones cycled to fracture; bending 

tests are performed in ovine radiae, having the objective o f analyzing the 

microdamage developed with diverting stresses and BMD levels.

2.2. Materials and Methods.

2.2.1. Compression tests

Mechanical behavior o f whole bones approximates most closely the behavior o f in vivo 

conditions, whereas the testing o f bone specimens at the architectural level will isolate 

effective properties o f  a single type o f architecture (An et al. 2000). Compression tests in 

cortical zones o f  bovine bones were carried out as part o f the present work. The obtained 

results were compared with the ones published previously by the current research group (O ’ 

Brien et al. 2003; Mercy et al. 2004; O ’ Brien et al. 2005). These bovine bone tests give 

microcracks developed in bones cycled to fracture, for which an extended analysis of microcrack 

generation and growth towards the fracture of bone is presented.

Manufacture of the specimen

Samples o f cortical bone were removed from the mid- diaphysis o f bovine tibiae using a band 

saw, cutting pieces 40 mm of length from the mid- diaphysis o f each bone. Having irregular 

bone shapes after being cut with the band saw, they were placed in small steel boxes 

(50X25X25 mm) pouring plaster over them, leaving them to set overnight allowing the bone 

to be fixed. A coring tool (Peranko Ltd., Dublin) that can withstand heat by distributing it up 

the length o f the tool was used to obtain cylindrical specimens. The tool was slowly moved
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downwards into the bone in a depth o f 35 mm applying a coolant to both the specimen and 

tool throughout the machining process to ensure dehydration not to occur.

With this process 10 cylindrical specimens o f 35 mm o f length and diameter o f 7 mm were 

obtained. The specimens were then placed in a VS 450 CNC machine lathe to waist the 

centre regions. The CNC program turned the centre region of the specimen to a gauge 

diameter of 5 mm and a gauge length of 7 mm. The specimens were frozen to -20°C after 

each of these processes (mechanical properties may be reduced after several thawing 

processes and could introduce microdamage, in the case o f the present tests extreme care was 

taken to unfreeze the bones the least times possible). Figure 2.2 shows the measurements o f 

the specimens, with the addition of the way the specimens were placed in the testing 

machine. A plastic sheath was placed around the specimen, to contain the visualisation dye 

while the fatigue cycling was in process.

Gauge
leng^

-35.00—  

-7 .0 0 —I

R5.56

Specimen
Sheath

Instron

Figure 2.2: Measurements and shapes the specimens took after their preparation, as well as 

the way o f placing in the machine.

Compression test process

The samples were subjected to compressive fatigue tests using a dye sequence application as 

specified by (O ’ Brien et al. 2002). This consists in the application o f different fluorochromes 

to look for microfractures while increasing the number o f cycles under a fatigue test under 

compressive stresses. In this work three dyes were used: Alizarin Complexone, Xylenol 

Orange and Calcein, the three o f them in 0.0005M of concentration. The solution was 

prepared by slowly adding the appropriate amount o f the agent to deionised water on a 

stirring plate and adjusting to pH 7.2 - 7.4 with HCl or NaOH pellets. A staining time of 30
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minutes is suggested to be allowed for maximum bonding to occur between chelating agents 

and calcium ions.

The specimens were initially labelled with one of the fluorochromes to label damage in vivo. 

The specimen was first allowed to thaw and placed overnight in the vial of 0.0005M Alizarin 

Complexone, in a vacuum desiccator. This ensured the penetration o f the stain in the 

specimen. Having stained with Alizarin Complexone, the sample was subjected under the 

compressive fatigue forces staining with Xylenol Orange, as the experiment progressed the 

Xylenol was removed from the bath, and the bath and the specimens were rinsed with 

distilled water prior to refilling the bath with the subsequent dye in the sequence (Calcein).

An Instron 8501 servo-hydraulic testing machine was used to apply cyclic axial compressive 

forces to the specimens. In this case the specimens were tested at a frequency o f 3 Hz with a 

stress o f 70 MPa, cycling between 11 and 81 MPa. This constant stress range was applied 

until fracture or reaching one million cycles. Specimens generally fracture when they suffer a 

reduction o f stifftiess o f 10% as seen by (O' Brien 2000); this was usefial indication when 

cycling towards the fracture, due to cracks that reduce its stifftiess.

The fluorochromes in the current tests were changed in the following order: Alizarin 

Complexone prior to testing (detect cracks in vivo conditions), Xylenol Orange between the 0 

and 50,000 cycles, and Calcein between the 50,000 cycles until failure or after reaching the 

million cycles.

Microfracture analysis

Preparation o f ground sections o f compact bone following the procedure by (Frost 1958):

The specimen was placed in a small clamp and slices o f approximately 250 )^m were 

cut using a diamond saw, three slides were cut longitudinally and other three 

transversally for each specimen (Struers Miniton, Copenhagen, Denmark).

A sheet o f No. 1200 silicon carbide paper was placed on a flat surface under running 

de-ionized water and the section was placed upon it. Another piece o f paper was 

wrapped around a glass slide and the section manually ground between the two pieces 

o f paper, using a circular motion and light pressure.
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The grinding was continued until reaching a thickness between 100 and 150 jam, 

measuring with a micrometer.

The specimens were agitated in 0.01% washing up liquid, being placed in a Coors 

porcelain funnel with fixed perforated plate and washed in de-ionized water to remove 

debris.

The specimens were finally air-dried and mounted in a mounting medium (DPX, 

Fluka Chemie, GmbH) under a glass cover slip.

Microcracking was observed using fluorescence microscopy, at xl25 o f magnification, using 

the next criteria for identifying microcracks in bone:

Green incident light (G-2A filter block, X=546 nm), the crack is intermediate in size 

and larger than canaliculi but smaller than vascular canals.

Green incident light (G-2A filter block, ^=546 nm), the crack has a sharp border, with 

fluorescence o f fluorochrome agent being evident within the crack borders.

UV incident light (A,=365 nm), the crack is stained through the depth o f the section. 

Microcracking was also observed using light microscopy, x250 of magnification. When the 

depth of focus was changed, the edges o f the crack could be observed to be more deeply 

stained than the intervening space.

The way in which microcracks were classified with the three chelating agents being applied:

In vivo microcrack: Stained with alizarin and will be a crack developed in vivo.

50,000 cycle microcrack: Stained with xylenol during the first 50,000 cycles o f test. 

Cease microcrack: Stained with calcein between 50,000 cycles and failure, or 

stopping o f the test after reaching million cycles.

Propagating microcrack: Microcrack stained with 2 or more agents.

The microcracks were measured in the following ways:

Mean number o f cracks occurring per section.

Crack numerical density (number o f cracks occurring per mm^).

Crack surface density (|im  o f crack length occurring per mm^).

Mean crack length.

Percentage distribution o f microcracks according to the mentioned classification.
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For the case o f  the presented microcrack measurements, statistical analysis in a point by point 

basis, using t-tests with a limit o f p = 0.05 for statistically significant differences, was 

performed for same cycling periods and differing stresses. In order to enforce these 

mentioned analyses, it was developed as well statistical analysis o f  regression lines between 

points in linear tendency portions:

H'. Mean value

/(n-2 ): Student’s t-distribution value for a 95% confidence level.

2.2.2. DXA and Bone Mineral Density

Osteoporosis is a disease, characterized by low bone mass and micro- architectural 

deterioration o f  bone tissue, with a consequent increase in bone fragility and susceptibility to 

fracture that relies on the measurement o f  bone mass, determined by the bone mineral density 

(BMD) (Ferguson 2004). Use o f X-ray absorptiometry (DXA) scanning is effective to obtain 

Bone Mineral Density (BMD) information. It is provided by the X-ray aimed towards the 

bone, and from which the amount o f mass present is given back into the photon counter o f  the 

machine. The scanning detects small changes in bone mass and gives information o f  Bone 

Mineral Contents (BMC) in grams [g] and the areas over where the scanning is performed. 

BMD is obtained from the division o f  these two and is defined as the amount o f  matter 

contained in the bone per unit area [g/cm^]. This technique has been used in several 

examinations where mechanical properties are analyzed with mineral density characteristics

For Y = xi + X2X

The calculation o f  linear regression is expressed as: 

y. = bx. + a

{ n - 2 )

95% confidence level for 1 2 '.

95% confidence level for x,i:
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integrating different type of bones. Important results regarding these properties have been 

published by (Stromsoe et al. 1995; Cody et al. 1996; Cheng et al. 1997; Biirklein et al. 2001; 

Armstrong et al. 2004).

The current research group conducted experiments involving a 12 month ovariectomised 

(OVX) process in sheep, in order to induce osteoporosis (Kennedy et al. 2007; Brennan et al. 

2008). A group of control and OVX treated ovine radiae were scanned to obtain Bone 

Mineral Density (BMD), with a fan-beam X-ray bone densitometer (QDR 4500™ Elite, 

Hologic, USA); scanning was performed by Dr. Nicholas Mahony from the Department of 

Anatomy, Trinity College Dublin.

For DXA scanning, the bones were subjected for BMD level analysis obtained in:

a) Bones scanned as a whole.

b) Bones scanned in six separate sections, in order to obtain the BMD content information for 

a specific section o f the bone.

These two ways o f scanning are shown in figure 2.3:

Figure 2.3: Scanning o f ovine radiae under DXA technique. As a whole (a) and in six 

separated sections (b).
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The results for the DXA scanning are shown in table 2.1 for control bones and table 2.2 for

the 1-year OVX treated bones:

AVERAGE R1 R2 R3 R4 R5 R6

ref
BMD

(gr/cm^) BMD BMD BMD BMD BMD BMD Length

No Mean Mean Mean Mean Mean Mean Mean mm
year 1 
control 1 0.98 1.05 1.17 1.08 0.92 0.75 0.87 195

2 0.99 1.05 1.30 1.03 0.96 0.79 0.82 190

3 0.92 1.07 1.27 0.99 0.84 0.63 0.72 196

5 0.83 0.96 0.99 0.87 0.79 0.64 0.76 205

6 0.86 0.88 1.01 0.89 0.84 0.71 0.79 185

7 0.81 0.85 1.01 0.94 0.81 0.62 0.68 195

12 0.89 0.92 1.07 0.98 0.92 0.72 0.76 201

13 0.85 0.80 1.05 0.90 0.83 0.67 0.80 198

16 0.88 0.87 1.00 0.94 0.86 0.76 0.81 193

17 0.78 0.66 0.93 0.82 0.83 0.68 0.71 189

20 0.82 0.82 0.99 0.95 0.84 0.63 0.70 204

22 0.85 0.90 0.99 0.90 0.87 0.72 0.76 207

27 1.01 1.17 1.25 1.08 0.99 0.80 0.88 213

28 0.74 0.76 0.90 0.85 0.73 0.58 0.68 202

29 0.77 0.72 0.90 0.82 0.80 0.66 0.71 202

30 0.86 0.99 1.07 0.90 0.81 0.70 0.76 194

34 0.76 0.73 0.96 0.87 0.78 0.63 0.60 199
Table 2.1: Results o f BMD levels with DXA scanning, year 1 control bones.

AVERAGE R1 R2 R3 R4 R5 R6

ref
BMD

(gr/cm^) BMD BMD BMD BMD BMD BMD Length
No Mean Mean Mean Mean Mean Mean Mean mm

year 1 
OVX 4 0.76 0.69 0.93 0.87 0.75 0.61 0.67 196

8 0.93 1.09 1.24 0.92 0.85 0.71 0.79 180
9 0.87 0.77 1.03 0.99 0.91 0.71 0.78 208

10 0.78 0.82 0.93 0.85 0.77 0.60 0.71 192
11 0.88 0.84 1.04 0.94 0.92 0.77 0.77 211
14 0.84 0.84 0.98 0.91 0.87 0.72 0.73 188
15 0.87 0.99 1.10 0.93 0.82 0.71 0.73 201
18 0.92 0.95 1.17 0.98 0.88 0.72 0.78 201
19 0.79 0.82 0.90 0.84 0.82 0.67 0.70 205
21 0.87 0.84 1.00 0.95 0.90 0.77 0.75 191
23 0.83 0.76 0.94 0.93 0.86 0.73 0.73 205
24 0.93 1.10 1.13 1.00 0.89 0.73 0.80 194

47



25 0.96 1.09 1.21 1.01 0.90 0.75 0.83 192
26 0.83 0.92 1.03 0.83 0.79 0.64 0.75 188
32 0.84 0.89 1.03 0.90 0.83 0.67 0.74 198
33 0.80 0.76 0.97 0.87 0.81 0.64 0.71 191

Table 2.2: Results o f BMD levels with DXA scanning, year 1 OVX bones.

These results were used for the selection o f the bones submitted under monotonic and fatigue 

whole bone bending tests, by doing separations between the minimum and maximum BMD 

values, and selecting from these a wide range to relate the amounts o f matter contained in the 

bones with their mechanical properties, as well as with the microdamage developments 

evolved from these density differences.

2.2.3. Bending monotonic tests.

A group o f four control, and four OVX treated ovine radiae were selected from the previously 

X-ray absorptiometry (DXA) scanned bones performed by the current research group: from 

tables 2.1 and 2.2 bones with numbers 2, 20, 27 and 29 from the 1-year control group, and 

bones 4, 18, 21 and 26 from the 1-year OVX group; this after doing a carefril selection o f 

bones to have equal separations o f BMD levels, from the lowest to highest levels. A 

separation o f three BMD levels was performed; separation o f low, medium and high BMD 

levels, being the selected range between 0.76 and 1.01 gr/cm^. The mean value o f the 

population was 0.86 gr /cm^, and the corresponding BMD level separations were established 

as:

High BMD level: 0.76 -  0.77 gr/cm^ (bones 2, 18, 27)

Medium BMD level: 0.82 -  0.87 gr/cm^ (bones 20, 21, 26)

Low BMD level: 0.92 -  1.01 gr/cm^ (bones 4, 29)

The bones were submitted under monotonic three point bending tests at a speed o f 1 mm/min 

until fracture, with the purpose to obtain information regarding bone mineral density levels 

with respect to the bending strength.

The use o f whole radiae was selected as it was shown by (Schriefer et al. 2005) to be the best 

bone to be used for mechanical testing under bending stresses, because o f its high aspect 

ratio, minimal measurement error, and low variability. The reason for the use o f three point 

bending in the current section was because o f the stress concentration near the point o f load 

application, which increases the probability o f fracturing the bone where the load is applied.
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The bones were submitted under three point monotonic tests until fracture, and the BMD 

levels were compared with the bending strength of the bones.

2.2.4. Bending fatigue tests.

The fatigue bending tests presented in ovine bones were performed to study the behaviour o f 

microcracks developed under a constant load, obtaining the information o f microdamage 

development for differing stresses within the bones cross sections, as well as BMD level 

differences. Ten whole ovine radiae from the same groups o f sheep used in section 2.2.2 were 

cycled under constant four point bending loads o f 0.9 kN, at 3 Hz to one million cycles. For 

realistic recreation purposes, the bones were cycled between 0 and 0.9 kN values regarding 

minimum and maximum applied loads (care was taken on the proper placement o f the bones 

in the machine during the whole testing process). The bones were placed for bending under 

one same orientation: anterior surface under tension and posterior under compression. Ten 

bones from tables 2.1 and 2.2 were selected for the current tests: five bones from the 1 -year 

control group, numbers 1, 3, 16, 17 and 28; and five from the 1-year OVX treated group, 

numbers 8, 10, 19, 23 and 25. In the current tests, an average o f BMD levels was calculated 

between regions R3 and R5, from the scan exemplified in figure 2.3(b), with the objective o f 

having accurate values of BMD levels relating the mechanical properties o f bone under four 

point bending stresses. The selected BMD region was inside the external points o f load 

application o f the current tests, and gave a better accuracy when relating BMD levels with 

respect to bone mechanical properties and microdamage distributions.

The BMD mean values along the zones between the regions R3 and R5 for the bones cycled 

in the current bending tests are specified in table 2.3:

Bone

number

1 3 16 17 28 8 10 19 23 25

BMD

(gr/cm^)

0.92 0.82 0.86 0.78 0.72 0.82 0.74 0.78 0.84 0.88

Table 2.3: BMD levels mean values for bones cycled under four point bending stresses. DXA 

scanning zones average between regions R3 and R5
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Three dyes were appHed: Alizarin Complexone, Xylenol Orange and Calcein to look for in 

vivo microfractures, as well as microfractures formed at 300,000 cycles and one million 

cycles.

After the ending o f the cycling, three cross sections were cut at the middle o f each bone, 

sections that were analyzed under epifluorescence microscopy to look for linear 

microdamage in the compressive and tensile sides. Separation o f in vivo, as well as cracks 

appearing at 300,000 and one million cycles was performed for each slice. Microdamage was 

measured as: mean number o f  cracks occurring per section, crack numerical density (number 

o f cracks occurring per mm^), crack surface density (|j,m o f crack length occurring per mm^), 

mean crack length. From the bones mentioned in table 2.3, it was performed a separation of 

high, medium and low BMD levels, with the purpose to observe the difference o f 

microcracks formed when taking into account difference in BMD levels. In this case, the 

population mean value was 0.82 gr/cm^, and the corresponding BMD level separations were: 

High BMD level: 0.86 -  0.92 gr/cm^ (bones 1,16, 25)

Medium BMD level: 0.82 -  0.84 gr/cm^ (bones 3, 8, 23)

Low BMD level: 0.72 -  0.78 g r W  (bones 10, 17, 19, 28)

Constant load 0.9 kN

Cross sections o f bones were scanned and transformed to the special format to be used with 

AutoCAD 2010 software. This software was used to calculate the area o f the sections, after 

having previously measured the original dimensions for each o f the bones with a vernier 

caliper, and transforming the scale o f the software to work with realistic dimensions. In the 

way just mentioned, microdamage analysis was performed and reported with respect to each 

BMD level separation.

It is explained fiirther the constant load was transformed into stress for specific areas within 

the cross sections o f the bones. Microdamage analysis could be performed in a similar way as 

done with the compression test specimens in section 2.2.1, for the whole bones cross sections 

taking into account the applied constant load o f 0.9 kN, as well as microdamage developed 

within the cross section areas where the selected stresses were applied.
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In addition, the application of bending fatigue stresses was selected to be submitted in the 

current tests since although the loading pattern o f a long bone is complex, bending and axial 

compression are the relevant loading modes for in vivo loading, and moreover the stresses in 

the midshafts o f the long bones are primarily the result o f bending, generated through the 

axial forces in the bone’s longitudinal curvature (Biewener et al. 1991; Garcia et al. 2004; 

Brianza et al. 2007), allowing to perform a microdamage development analysis for bones 

loaded in a way which is similar to that generated in real life.

Conversion o f load to stress

After doing a study o f microdamage development o f bone with different levels o f BMD at a 

constant load o f 0.9 kN under bending, over the area o f the whole cross section, the objective 

o f these analyses was to study this development in different stresses applied over the cross 

sections. AutoCAD 2010 software was used to take the second moment of area, or I value (7). 

These results were substituted in the equation describing the moment under bending stresses, 

depending on the selected stress in case (o), it is calculated the distance from cross-sectional 

centre of mass (c). A range o f approx. ±20% within each selected stress over the cross section 

o f the bones was taken as a region to observe the damage accumulated. Correlations between 

crack densities and stresses over the bones cross sections were obtained.

Bending stresses are described by the following formula:

_  Me _  Fpco

J I  (2 . 1)

<x Stress

M: Moment about the neutral axis

I: Second moment o f  area about the neutral axis (I value)

F: Appliedforce

co: Distance from  cross-sectional centre o f  mass 

p: length between outer and inner loading points.

The calculation o f stress for the whole bones was made assuming no change in the shape of 

the cross section during loading, and no twisting (torsion) o f the bone. Three stresses were 

selected; 40, 60 and 80 MPa, to examine the microdamage appearing within the regions in 

which these stresses were applied; these calculated stress levels being as well stress ranges 

(not stress maxima). The calculation o f the stress regions with the use o f the presented
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formula assure the zones in which microdamage develops, for each stress in case. For each 

applied stress, it was performed as well analysis o f microcracks developed with BMD level 

differences. With the culmination of these analyses, a separation of applied stresses was 

performed as well, by taking the total o f the cycled bones and doing a separation of 

microdamage development regarding difference in applied stresses, with no BMD level 

differentiations.

2.3. Results

2.3.1. Compression tests

From the 10 cycled specimens under cyclic compression stresses o f 70 MPa, four o f the total 

ten specimens fractured, the resting six specimens didn’t reach fracture and were stopped 

after reaching the million cycles. These results are shown as follows in table 2.4:

Specimen number Cycling cease (cycles) Fracture achieved Stiffhess loss (%)

1 1,123,593 No -

2 1,800 Yes -

3 24,807 Yes -

4 495,542 Yes -

5 1,060,000 No 6

6 116,675 Yes -

7 1,019,668 No 9

8 1,022,065 No 8

9 1,019,790 No 8

10 1,024,155 No 8

Table 2.4: Compression tests stopping periods; it is specified whether the fracture o f  the 

specimens was achieved, and the loss o f  stiffness fo r  the non-fractured specimens.

It can be observed two samples fractured after reaching the staining with calcein (after 

reaching the 50,000 cycles) whereas other two fractured while being stained with xylenol 

orange (before reaching 50,000 cycles). One o f them fractured at approximately 10 minutes 

o f cycling, suggesting the bone o f the animal may have had a considerable damage from in 

vivo conditions in the region from which the specimen was extracted, producing its fracture 

in a considerable short cycling period.
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After cycling, the specimens were analyzed under epifluorescence microscopy to obtain the 

corresponding microdamage analysis. It is shown in figure 2.4 an example in which 

microcracks appeared under a corresponding light o f incidence.

V
V

(2.4a)

(2.4b)

Figure 2.4: Microdamage development seen with fluorescence microscopy: (a) Green Filter; 
(b) UV incident Light; (c) Redfilter
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Accurate measurements o f crack lengths were performed in pictures taken from the 

microscope that captured the observation in case. The following figures 2.5 -  2.8 give the 

numerical and surface density distributions, each specimen taken by separate; slices cut from 

transverse and longitudinal orientations. The pictures illustrate the points in which the three 

dyes were changed for microdamage detection regarding the specified cycling period in case: 

in vivo conditions, 50,000 cycles and fracture or after reaching the million cycles, for the ten 

cycled samples.

♦— Specim en 1 

Specim en 2 

^specimens 

H— Specimen 4 

*— Specimen 5 

• — Specimen 6 

■♦— Specimen 7

—  Specim en 8

—  Specim en 9 

♦— Specim en 10

Figure 2.5: Mean numerical crack density V5. number o f  cycles fo r  70 MPa, transverse 

orientation slices.
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Figure 2.6: Mean surface crack density V5. number o f  cycles fo r  70 MPa, transverse 

orientation slices.
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Figure 2.7: Mean numerical crack density vs. number o f cycles fo r  70 MPa, longitudinal 

orientation slices.
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Figure 2.8: Mean surface crack density vs. number o f cycles fo r  70 MPa, longitudinal 

orientation slices.
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The results taking the corresponding averages are shown in tables 2.5 and 2.6, with the 

addition o f  the results obtained for mean number o f cracks as well as mean crack lengths:

Results Samples 1-10 Transverse orientation
total 
num ber 
o f  cracks

mean number 
of cracks per 
sample

crack numerical 
density (n/mm^)

crack surface 
density (nm/mm^)

mean crack 
length (fim)

In vivo 
microcrack 123 13.67 0.25 18.31 68
S.D. 13.15 0.27 20.25 24.1

50000 cycles 167 18.56 0.36 37.03 104.06
S.D. 22.46 0.56 54.66 38.92

50000-million 
or fracture 274 34.25 0.81 85.43 105.69
S.D. 23.94 0.73 79.38 20.13

propagating
microcracks 28 3.5 0.06 13.66 234.23
S.D. 2 0.06 14.54 106.04

Table 2.5: Final average results fo r  transverse orientation specimens.

Results Samples 1-10 Longitudinal orientation
total 
num ber 
o f  cracks

mean number 
of cracks per 
sample

crack numerical 
density («/mm“)

crack surface 
density (|am/mm“)

mean crack 
length (nm)

In vivo 
microcrack 16 4 0.03 2.0 58.79
S.D. 2.16 0.05 2.83 8.53

50000 cycles 37 5.29 0.11 22.87 222.63
S.D. 2.75 0.08 18.33 91.72

50000-million 
or fracture 40 5.71 0.14 32.33 230.69
S.D. 3.77 0.13 32.06 55.38

propagating
microcracks 11 1.57 0.03 13.55 409.07
S.D. 0.53 0.03 10.41 96.2

Table 2.6: Final average results fo r  longitudinal orientation specimens.
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Transverse sections relationships

The average values between the present results with the application o f 70 MPa, compared 

with the results obtained in the works (O’ Brien et al. 2000; O ’ Brien et al. 2003; Mercy et al. 

2004) give the following plots. Numerical densities are presented in figure 2.9; surface 

densities in figure 2.10; and mean crack lengths in figures 2.11-2.12:
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Figure 2.9: Mean numerical crack density vs. number o f  cycles fo r  70 MPa, transverse 
orientation slices. Comparison with 80 MPa (O' Brien 2000) and 70 MPa (Mercy 2004)
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Figure 2.10: Mean surface crack density vs. number o f cycles fo r  70 MPa, transverse 

orientation slices. Comparison with 80 MPa (O' Brien 2000) and 70 MPa (Mercy 2004)
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Figure 2.11: Mean crack length vs. number o f cycles fo r  70 MPa, transverse orientation 

slices. Comparison with 80 MPa (O' Brien 2000)
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Figure 2.12: Mean crack length vs. normalized cycling fo r  70 MPa, transverse orientation 

slices. Comparison with 80 MPa (O' Brien 2000)

Results obtained by (Mercy 2004) give apparent excessive high numerical as well as surface 

density values when compared with the results obtained in the recent tests for the same 

cycling periods; these differences appear due to the large differences in composition between 

bones, the tests were performed in bones from same animal species and considerably similar 

ages, although other factors such as feeding during the animal’s lifetime and bone mineral
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densities have to be considered as well. Such uncertainty is clarified with the use o f statistical 

analyses using t-tests with a limit o f p = 0.05 for statistically significant differences. Non 

significant differences appear for the values o f numerical and surface densities during the 

same cycling periods, for the same stresses o f 70 MPa. It is shown in tables 2.7 and 2.8 the 

corresponding p-values comparing the data between the current tests and the ones performed 

by (O ’ Brien et al. 2000; Mercy et al. 2004).

70 MPa (Mercy 2004)

Numerical density 200000 cycles p = 0.08 > 0.05

Numerical density 300000 cycles p = 0.054 > 0.05

Surface density 200000 cycles p = 0.15 >0.05

Surface density 200000 cycles p = 0.13 >0.05

Table 2 .7: Comparison o f  data between the present tests performed and (Mercy 2004), p- 

values obtaining fo r  statistical significance considerations.

80 MPa (O' Brien 2000)

Numerical density In vivo p = 0.05

Numerical density 50000 cycles p = 0.48 > 0.05

Numerical density Stopping of tests p = 0.20 > 0.05

Surface density In vivo p = 0.06 > 0.05

Surface density 50000 cycles p = 0.49 > 0.05

Surface density Stopping of tests p = 0.41 >0.05

Table 2.8: Comparison o f  data between the present tests performed and (O' Brien 2000), p- 

values obtaining fo r  statistical significance considerations.

Same non significant differences can be observed in table 2.9, when taking into account mean 

crack lengths between the present obtained results and (O' Brien 2000), suggesting similar 

crack lengths developing between differing applied stresses:

80 MPa (O' Brien 2000)

Mean crack length in vivo p = 0.85 > 0.05

Mean crack length 50000 cycles p = 0.54 > 0.05

Mean crack length Stopping of tests p = 0.48 > 0.05

Table 2.9: Comparison o f  data between the present tests performed and (O' Brien 2000), p- 

values obtaining fo r  statistical significance in mean crack lengths.
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Longitudinal sections relationships

Regarding microdamage development analysis for longitudinal sections of the bone 

specimens used in the current tests, figures 2.13-2.15 give the relationships o f numerical, 

surface crack densities and mean crack length distributions. The results presented having 

apphed a stress o f 70 MPa, are compared to the ones obtained and published by (O ’ Brien et 

al. 2000; O’ Brien et al. 2003) having applied a stress o f 80 MPa:
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Figure 2.13: Mean numerical crack density vs. normalized cycling fo r  70 MPa, longitudinal 

orientation slices. Comparison with 80 MPa (O' Brien 2000)
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Figure 2.14: Mean surface crack density V5. normalized cycling fo r  70 MPa, longitudinal 

orientation slices. Comparison with 80 MPa (O' Brien 2000)
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Figure 2.15: Mean crack length vs. normalized cycling for 70 MPa, longitudinal orientation 

slices. Comparison with 80 MPa (O' Brien 2000)

Statistical analyses give as well non significant differences between the applied stresses for 

the same cycling periods. Figures 2.13 and 2.14 give an increase in the values o f  the 

corresponding data when applying 80 MPa, at the stopping o f  the cycling, whereas figure

2.15 doesn’t give this apparent difference between mean crack length data.

Statistical analysis regarding the linear regression formed between the points in the linear 

tendency portion enforces the analysis carried out on a point by point basis. Linear regression 

analysis was developed between (0.05-1 N/Nf), to compare statistically the regression 

constants between the applied stresses 70 and 80 MPa on intervals o f  95% confidence level. 

This type o f  analysis was developed for the case o f  figures (2.12-2.15). To exemplify, figure

2.16 illustrates the regression o f  the obtained experimental data for the case o f  figure 2.13:
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Figure 2.16: Linear regression developed between 0.5 and 1 o f normalized fatigue life, 70 

and 80 MPa.

Intervals of 95% confidence level for case o f figure 2.12 gives for p:

70 MPa; (-175.07, 171.75); 80 MPa: (-135.72, 179.04)

For a:

70 MPa: (-41.44, 242.12); 80 MPa: (-49.29, 228.15)

Intervals o f 95% confidence level for case o f figure 2.13 gives for P:

70 MPa: (-0.25, 0.31); 80 MPa: (-0.34, 0.62)

For a:

70 MPa: (-0.15, 0.35); 80 MPa: (-0.33, 0.52)

Intervals of 95% confidence level for case o f figure 2.14 gives for P:

70 MPa: (-54.44, 76.44); 80 MPa: (-72.7, 168.3)

For a:

70 MPa: (-36.35, 79.01); 80 MPa: (-89.24, 123.2)
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Intervals of 95% confidence level for case of figure 2.15 gives for P:

70 MPa: (-293.65, 402.51); 80 MPa: (-276.85, 384.93)

For a :

70 MPa: (-148.46, 465.24); 80 MPa: (-119.27, 464.05)

Similar to the case on a point by point basis, non-significant difference is given in a 95% 

confidence level for the regression analysis between differing stresses (70 - 80 MPa).

The way in which microcracks distribute regarding mean number o f cracks, for the cycling 

periods in which they accumulate, can be observed for cracks developed in the transverse 

sections in figures 2.17, and for longitudinal sections in figures 2.18. Great amounts of 

microcracks will be generated at initial cycling periods (first 50000 cycles); most o f these 

will simultaneously be shorter than 100 |^m, as it can be observed in figure 2.19, where the 

length o f the great majority o f microcracks is below the 100 ^m. This tendency will be 

reduced drastically for further fatigue periods, where number o f  microcracks will be greatly 

reduced as lengths increase.

M icrodamage distribution Transverse orientation 
70 MPa

■ In vivo

■  first 50000 cycles

■ Cycling cease

■  Propagating

Figure 2.17: Percentage o f mean number o f crack distributions in the transverse orientation 
sections.
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■  In vivo

■  first 50000 cycles

■  Cycling cease

■  Propagating

Figure 2.18: Percentage o f mean number o f crack distributions in the longitudinal 
orientation sections.
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Figure 2.19: Histogram displaying number o f cracks against crack lengths, 70 MPa, 

transverse orientation slices.

2.3.2. Bending monotonic tests.

After submitting the eight bones under monotonic three point bending tests, the fracture was 

achieved in the total o f the bones, and relationships o f bending strength were obtained and 

compared with the BMD levels acquired with the use o f DXA scanning. Figure 2.20 

exemplifies the way the bones appeared when mounted in the Instron machine.
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Figure 2.20: Whole ovine radius under monotonic three point bending.

As mentioned recently, the fractures were achieved for the eight bones and developed in the 

tensile side, in the region in which the middle load point was applied. An example o f these 

types o f fractures can be observed in figure 2.21, being shown for the case o f two o f the 

bones used for the current tests; a butterfly component is generated as a result of the three 

point bending load.

Figure 2.21: Fractures developed under the three point monotonic stresses.

Previous results helped obtain values such as the second moment o f inertia (/), as well as the 

applied stress (Aa) with the usage o f AutoCAD 2010 software, and the equation describing 

bending stresses (equation 2.1). Table 2.10 shows these results, with the addition o f the
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bending strength (Fmax), distance from cross-sectional centre o f mass (cd), measured with a 

vernier calliper, and BMD levels o f each fractured bone:

Bone no. Fmax(N) (o(m) /(m") Aa(MPa) BMD (gr/cm^)
2 5390 7.53E-03 3.59E-09 195.23 0.99
4 3539 7.42E-03 2.52E-09 172.14 0.76

18 4479 6.94E-03 2.51E-09 157.74 0.93
20 4353 7.01E-03 2.15E-09 230.61 0.82
21 4510 6.88E-03 2.45E-09 236.77 0.87
26 3030 6.80E-03 2.03E-09 164.64 0.83
27 5232 7.76E-03 3.32E-09 205.07 1.01
29 3050 7.01E-03 2.13E-09 153.08 0.77

Table 2.10: Mechanical properties o f  the bones fractured under three point bending.

Influence o f BMD level differences in the mechanical properties o f bone are shown in figure 

2.22, where it is clearly observed a greater strength as BMD levels increase; the differences 

between BMD levels are clearly observed, forming a separation regarding bones of low BMD 

contents having the lowest strengths to fracture, increasing this tendency for bones o f 

medium BMD contents, and reaching the highest strengths in bones with high BMD levels.

♦  ♦  Low BM D

 ■----------------------------------------------
■  M edium  BMD  

k  High BMD

0.7 0.8 0.9 1 1.1

BMD{gr/cm^)

Figure 2.22: Maximum strength against BMD levels relationships, showing a separation in 

strength between high, medium and low BMD levels.

2.3.3. Bending fatigue tests.

The bones were stained in a similar way as the cortical bone samples from the current fatigue 

compression tests. The organic content was removed, with the use o f a periosteal elevator. 

The extremes were wrapped as well to prevent the pollution of the dyes. Figures 2.23 and
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2.24 show the ovine bones before and after staining with alizarin, before being submitted 

under the four point bending tests, and during the process o f fatigue, respectively.

Figure 2.23: Whole ovine radiae before, and after staining with alizarin complexone.

Figure 2.24: Whole ovine radiae during four point bending testing. Positioning o f bones 

under bending (2.24a); stained with calcein (2.24b); overview o f Instron machine (2.24c).

Microdamage analvsis whole cross sections: constant load 0.9 kN

The ten bones were cycled under a constant load o f 0.9 kN, stopping after reaching the 

million cycles. As explained in section 2.2.4, AutoCAD 2010 software was used to calculate 

the area o f the bones cross sections, as well as the second moment o f area, or I value (7). 

Examples o f the cross sections are shown in figure 2.25; cross section areas for the 10 bones 

are specified in table 2.11:
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G o n e  7Oo n e  5

B o n e  8B o n e

Figure 2.25: Cross sections o f  bones 5 to 8.

Area (mm )
Bone 1(16) 352.33
Bone 2(3) 312.91
Bone 3(17) 421.13
Bone 4(10) 367.90
Bone 5(1) 508.37
Bone 6(23) 400.95
Bone 7(19) 366.05
Bone 8(25) 455.87
Bone 9(8) 430.71
Bone 10(28) 417.42

Table 2.11: Cross sectional area calculated with AutoCAD 2010 software.

The obtained results regarding the analysis o f microdamage differences between the whole 

cross sectional areas, applying a constant load of 0.9 kN are shown in table 2.12:

In vivo
BMD
level

crack numerical 
density («/mm^)

crack surface 
density (j^m/mm^)

mean crack 
length (|j,m)

Bone 1 H 0.022 2.22 102.54
Bone 25 H 0.01 1.43 108.74
Bone 16 H 0.01 0.74 87.06
Bone 23 M 0.04 4.57 114.53
Bone 3 M 0 0 0
Bone 8 M 0.02 1.47 70.26
Bone 17 L 0.04 3.12 87.59
Bone 19 L 0.08 6.39 83.50
Bone 10 L 0.03 2.68 89.48
Bone 28 L 0.01 0.67 92.49
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300000 cycles
Bone 1 H 0.05 8.26 168.03
Bone 25 H 0.03 4.26 129.44
Bone 16 H 0.04 4.23 106.38
Bone 23 M 0.10 13.88 146.47
Bone 3 M 0.02 2.06 107.48
Bone 8 M 0.04 4.02 115.39
Bone 17 L 0.00 0.74 311.47
Bone 19 L 0.08 9.87 129.03
Bone 10 L 0.32 30.16 93.23
Bone 28 L 0.03 3.83 114.23

300000-million
Bone 1 H 0.21 27.99 132.98
Bone 25 H 0.38 42.40 111.09
Bone 16 H 0.24 22.67 95.07
Bone 23 M 1.37 155.66 113.89
Bone 3 M 1.02 117.87 115.26
Bone 8 M 2.81 258.18 91.98
Bone 17 L 0.14 13.75 98.13
Bone 19 L 4.32 403.38 93.39
Bone 10 L 5.59 519.05 92.88
Bone 28 L 5.27 507.34 96.26

Table 2.12: Microdamage development o f bones with three selected BMD levels fo r  whole 
sectional areas, 0.9 kN applied.

These results for numerical density, as well as for surface density are shown graphically in 

figures 2.26-2.27 Averages in BMD separations are shown in figures 2.28-2.29:

Specimen 1 

Specimen 2 

Specimen 3 

Specimen 4 

Specimen 5 

Specimen 6 

Specimen 7 

Specimen 8 

Specimen 9 

Specimen 10

Figure 2.26: Numerical density vs number o f cycles 10 cycled specimens constant load 0.9 

kN.
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Figure 2.27: Surface density vs number o f cycles 10 cycled specimens, constant load 0.9 kN.
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Figure 2.28: Numerical density vs. number o f cycles, constant load 0.9 kN. High, medium 

and low BMD levels
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Figure 2.29: Surface density V5 number o f  cycles, constant load 0.9 kN. High, medium and 

low BMD levels.

Conversion of load to stress
With the use of AutoCAD 2010 software, and the equation describing the moment under 

bending stresses (equation 2.1), figures 2.30 and 2.31 give the differences in areas over the 

cross sections in which the different stresses were applied, in two of the bones used for the 

current tests:

4 0  MPa 60  MPa

8 0  MPa
Applied
stress
areas

Bone 3

Figure 2.30: Bone 3, differences in areas fo r  40, 60 and 80 MPa.
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4 0  MPa BO MPa

Bone  7

Figure 2.31: Bone 7, differences in areas fo r  40, 60 and 80 MPa.

Microdamage analysis region 40 MPa
Tables 2.13 and 2.14 give the areas covered under 40 MPa, and microdamage analysis for 
three BMP levels, respectively.

Area (mm )
Bone 1(16) 42.49
Bone 2(3) 49.68
Bone 3(17) 57.32
Bone 4(10) 36.12
Bone 5(1) 135.67
Bone 6(23) 60.96
Bone 7(19) 44.86
Bone 8(25) 93.34
Bone 9(8) 73.61
Bone 10(28) 93.12

Table 2.13: Covered areas for the regions within 40MPa.

BMD
level

crack numerical 
density (n/mm^)

crack surface 
density (mm/mm^)

mean crack 
length (mm)

In vivo Bone 1 H 0.00 0.00 0.00
Bone 25 H 0.01 1.28 119.12
Bone 16 H 0.00 0.00 0.00
Bone 23 M 0.07 7.45 113.58
Bone 3 M 0.00 0.00 0.00
Bone 8 M 0.00 0.00 0.00
Bone 17 L 0.00 0.00 0.00
Bone 19 L 0.00 0.00 0.00
Bone 10 L 0.00 0.00 0.00
Bone 28 L 0.01 0.96 89.31
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50000
cycles Bone 1 H 0.01 0.80 108.10

Bone 25 H 0.02 1.99 92.83
Bone 16 H 0.00 0.00 0.00
Bone 23 M 0.00 0.00 0.00
Bone 3 M 0.00 0.00 0.00
Bone 8 M 0.00 0.00 0.00
Bone 17 L 0.00 0.00 0.00
Bone 19 L 0.00 0.00 0.00
Bone 10 L 0.14 13.84 99.96
Bone 28 L 0.05 6.42 119.60

Million
cycles Bone 1 H 0.27 28.77 108.44

Bone 25 H 0.15 21.13 140.84
Bone 16 H 0.00 0.00 0.00
Bone 23 M 0.30 36.72 124.38
Bone 3 M 0.18 27.13 149.73
Bone 8 M 3.91 362.38 92.62
Bone 17 L 0.00 0.00 0.00
Bone 19 L 3.72 348.92 93.73
Bone 10 L 3.49 322.97 92.57
Bone 28 L 5.20 508.02 97.74

Table 2.14: Microdamage development o f bones with three selected BMD levels fo r areas 
within 40 MPa

Results for numerical and surface density are presented graphically in figures 2.32 and 2.33:
40 MPa

High BMD 

Medium BMD

Low BMD

200000 400000 600000 800000 1000000

Figure 2.32: Numerical density vs. number o f cycles, region covered over 40 MPa. High,

medium and low BMD levels
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Figure 2.33: Surface density vs. number o f cycles, region covered over 40 MPa. High, 

medium and low BMD levels.

Microdamage analysis region 60 MPa

Similarly, results observed in tables 2.15 and 2.16 give the areas and microdamage covered 

over the cross sectional surfaces o f the tested bones within the region of 60 MPa. Figures 

2.34 and 2.35 give these results graphically.

Area (mm^)
Bone 1(16) 48.78
Bone 2(3) 99.72
Bone 3(17) 111.92
Bone 4(10) 82.04
Bone 5(1) 70.16
Bone 6(23) 106.88
Bone 7(19) 102.23
Bone 8(25) 122.55
Bone 9(8) 124.93
Bone 10(28) 121.31

Table 2.15: Covered areas for the regions within 60MPa.
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BMD
level

crack numerical 
density («/mm^)

crack surface 
density (mm/mm^)

mean crack 
length (mm)

In vivo Bone 1 H 0.14 14.38 100.88
Bone 25 H 0.01 0.70 85.70
Bone 16 H 0.02 1.91 93.27
Bone 23 M 0.00 0.00 0.00
Bone 3 M 0.00 0.00 0.00
Bone 8 M 0.07 5.06 70.26
Bone 17 L 0.00 0.00 0.00
Bone 19 L 0.01 0.86 87.58
Bone 10 L 0.01 1.03 84.45
Bone 28 L 0.00 0.00 0.00

50000
cycles Bone 1 H 0.20 31.80 159.33

Bone 25 H 0.02 2.18 89.22
Bone 16 H 0.12 15.10 122.79
Bone 23 M 0.09 14.62 156.29
Bone 3 M 0.04 3.70 92.21
Bone 8 M 0.06 6.91 107.89
Bone 17 L 0.00 0.00 0.00
Bone 19 L 0.10 10.43 106.68
Bone 10 L 0.45 40.32 89.41
Bone 28 L 0.06 6.64 115.15

Million
cycles Bone 1 H 0.41 67.45 163.16

Bone 25 H 0.64 69.47 107.76
Bone 16 H 0.74 75.79 102.69
Bone 23 M 2.68 287.45 107.42
Bone 3 M 1.49 174.33 116.67
Bone 8 M 3.28 301.74 91.94
Bone 17 L 0.03 2.42 90.39
Bone 19 L 4.23 404.25 95.67
Bone 10 L 8.11 731.38 90.23
Bone 28 L 5.16 529.52 102.61

Table 2.16: Microdamage development o f  bones with three selected BMD levels fo r  areas

within 60 MPa
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Figure 2.34: Numerical density vs. number o f cycles, region covered over 60 MPa. High, 

medium and low BMD levels
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Figure 2.35: Surface density vs. number o f cycles, region covered over 60 MPa. High, 

medium and low BMD levels

Microdamage analysis region 80 MPa

Results in tables 2.17 and 2.18 give the areas and microdamage covered over the cross 

sectional surfaces o f the tested bones within the region o f 80 MPa. Figures 2.36 and 2.37 give 

these results graphically.
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Area (mm )
Bone 1(16) 87.26
Bone 2(3) 3.84
Bone 3(17) 100.51
Bone 4(10) 100.67
Bone 5(1) -

Bone 6(23) 80.09
Bone 7(19) 98.39
Bone 8(25) 39.04
Bone 9(8) 57.53
Bone 10(28) 1.85

Table 2.17: Covered areas fo r  the regions within 80MPa

BMD
level

crack numerical 
density («/mm^)

crack surface 
density (mm/mm^)

mean crack 
length (mm)

In vivo Bone 1 H - - -

Bone 25 H 0.08 8.65 112.51
Bone 16 H 0.00 0.00 0.00
Bone 23 M 0.02 2.67 106.86
Bone 3 M 0.00 0.00 0.00
Bone 8 M 0.00 0.00 0.00
Bone 17 L 0.12 10.15 85.02
Bone 19 L 0.26 21.61 81.79
Bone 10 L 0.03 2.83 94.89
Bone 28 L 1.08 101.93 94.08

50000
cycles Bone 1 H

Bone 25 H 0.20 26.27 128.20
Bone 16 H 0.07 8.24 119.86
Bone 23 M 0.15 19.91 132.87
Bone 3 M 0.00 0.00 0.00
Bone 8 M 0.09 10.57 121.58
Bone 17 L 0.01 3.10 311.46
Bone 19 L 0.09 15.42 168.58
Bone 10 L 0.14 16.54 118.92
Bone 28 L 2.17 247.96 114.43

Million
cycles Bone 1 H

Bone 25 H 1.15 110.00 95.44
Bone 16 H 0.42 40.07 94.50
Bone 23 M 2.83 321.23 113.33
Bone 3 M 9.37 807.25 86.16
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Bone 8 M 1.34 109.13 139.52
Bone 17 L 0.18 22.69 126.69
Bone 19 L 3.25 315.01 96.85
Bone 10 L 3.00 283.71 94.57
Bone 28 L 32.50 3144.12 96.73

Table 2.18: Microdamage development o f bones with three selected BMD levels fo r  areas 

within 80 MPa
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Figure 2.36: Numerical density vs. number o f cycles, region covered over 80 MPa. High, 

medium and low BMD levels
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Figure 2.37: Surface density vs. number o f cycles, region covered over 80 MPa. High, 

medium and low BMD levels
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Microdamage analysis variation o f stresses for all cycled bones

Microdamage increases in numerical and surface density when increasing number of cycles, 

applied stresses and with reduction o f bone mineral density (BMD). In the following figures 

2.38 and 2.39 it is shown the way microcracks behave with variation o f applied stresses, 

taking into account the ten cycled bones (no BMD differentiation):
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Figure 2.38: Numerical density vs. number o f cycles with increasing o f applied stresses for  

ten cycled bones.
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Figure 2.39: Surface density vs. number o f cycles with increasing o f applied stresses fo r  ten 

cycled bones.
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2.4. Discussion

Fatigue mechanical tests were performed to samples o f cortical bovine tibiae and ovine whole 

radiae. Previous tests performed by (O ’ Brien et al. 2003; Mercy et al. 2004; O ’ Brien et al. 

2005) gave a reference for the compression tests submitted to the cortical samples o f bovine 

tibiae, as the specimens were o f same dimensions and the bones consisted o f same species 

and relatively same ages. Variations such as feeding during the animal's life as well as bone’s 

amount o f matter have to be considerably taken into account when comparing mechanical 

properties between animals; in the presented study feeding information was not able to be 

acquired. Mechanical properties vary significantly between bones from different animals, and 

factors such as the ones currently mentioned affect in the results o f the performed tests.

Uniaxial fatigue tests were performed using compression stresses with application o f three 

dyes at different cycling periods, in order to label microcracks appearing in vivo, after 50,000 

cycles and after the ft’acture o f the specimens, or achieving million cycles. Previous results 

obtained by (O' Brien 2000; Mercy 2004) gave a stress range between 60 and 80 MPa in 

bovine specimens. It was reported 60 MPa as a low stress to fracture the bovine specimens 

before million cycles, whereas with 80 MPa a mean average of 88,380 cycles attained the 

fracture o f the specimens. Applying 70 MPa, a number of nine specimens were tested, 

achieving the fracture o f only two o f them before attaining the million cycles; for this reason 

an additional number o f ten specimens were considered for the current work.

The objective o f labeling microcracks at the moment o f passing 50,000 cycles was to detect 

the amount o f cracks that appear at initial states o f fatigue cycling. The application of 70 MPa 

gave as a result the fracture o f four o f the ten specimens that were cycled, two o f them 

fracturing before the third dye (calcein) was applied for labeling. One of these two bones 

fractured at a considerably short cycling period, as the failure was achieved after 

approximately 1800 cycles, suggesting the zone o f the bone from which the mentioned 

specimen was extracted had a significant damage since in vivo conditions, causing its fracture 

in a such considerable short cycling period.

Results observed in figures 2.5 -  2.8 give the microdamage propagations for each sample, the 

variances in numerical as well as in surface densities with respect to cycling periods are 

given. When taking into account the averages o f numerical, surface densities, as well as mean
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crack length results, it is observed a well defined increase in the data with cycling periods. 

This agrees with the results published by the previously mentioned authors o f the current 

research group, concluding with this microcrack developments increase in numbers and 

densities, as well as in lengths, with the gradual increase in fatigue process despite the stress 

being taken into consideration. Tables 2.5 and 2.6 exemplify these conclusions. Figures 2.9 

through 2.15 also help clarify these conclusions graphically.

An important finding published by (Mercy 2004) regarding crack differences towards 

variations in applied stresses, was the increasing in quantities in numerical as well as surface 

densities when increasing applied stresses. The findings in the present work clarify these 

previous conclusions: in vivo microdamage was more elevated in the present work analyses 

than those published by (O'Brien et al. 2003), even though the application of 80 MPa gave a 

considerable higher tendency o f microdamage development at same cycling periods. 

Apparent differences appeared between the two studies in which 70 MPa were applied over 

the same cycling periods; this will be caused in a high tendency by the previously mentioned 

bone’s amount o f matter (bone mineral density) differences that have to be considerably 

taken into account when comparing microcrack data between bones submitted under fatigue 

stresses, as observed in figures 2.28 and 2.29. Even taking into account these variations, non 

significant differences are calculated between the values of these mentioned tests, as 

observed in table 2.7.

Results in mean crack lengths shown in figures 2.11 and 2.12 show similarities in the lengths 

o f the resulting cracks regardless the differences o f applied stresses. Findings o f crack 

developments for in vivo conditions, 50,000 cycles as well as point o f fracture give similar 

mean lengths between the different stresses, and as it can be observed in figure 2.12 after 

normalizing the cycling periods. The cracks at the moment o f the specimen fracture (80 MPa) 

or approaching the fracture (70 MPa) will have an inclination o f reaching mean values 

approximating 100 and 120 |am in length, in spite o f the apphed stress in case.

Same tendencies of numerical and surface densities increasing between different applied 

stresses can be observed in figures 2.13 and 2.14, for microcracks developed in longitudinal 

orientations. Figure 2.15 shows as well non significant differences appear in mean crack 

lengths between varying applied stresses, and furthermore the mean lengths at the moment of
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ceasing the fatigue processes will have a considerably similar value; this conclusion is 

enforced with the linear regression analysis, showing as well non significant differences 

between differing stresses. Results in microcrack distributions regarding the mean number o f 

cracks presented for transverse orientations (figure 2.17) and longitudinal orientations (figure 

2.18) help observe that great amounts o f cracks appear at initial periods o f  fatigue processes, 

and the tendency is reduced considerably for the following cycling stages. These findings 

agree with the conclusions given by (Martin et al. 1998) who reported cracks in bone are 

easily formed but find it more difficult to grow to critical size, and (Schaffler et al. 1990) 

where it was proposed microcracks distribute in bone by an initial accumulation of small 

microcracks, which grow and spread a little way and stop when facing with the cement lines.

Monotonic bending tests gave as a result an accurate relationship in which bone mineral 

densities are related with the bones strengths. It is observed in figure 2.22 the clear tendency 

in which bones with higher BMD levels will have higher bending strengths, due to the 

increased amounts o f  matter contained in these types o f bones, and displayed in an evident 

separation o f three BMU levels. Monotonic loads were submitted at a speed rate o f 1 

min/min, and the fracture was achieved in the total o f the eight bones, giving as well the 

development o f the fractures over the tensile side, proving this mentioned side to be the 

weaker, and in which the fractures will be generated under bending. As this mentioned side 

was the one in which fractures developed, it is shown in figure 2.21 fractures are generated 

next to the point o f load application under three point bending, resulting in a “butterfly” 

component type o f rupture. To conclude these tests, AutoCAD 2010 software was used with 

scanning pictures from the cross sections o f the bones, to obtain second moment o f inertia (/), 

as well as bending stress (Aa) (table 2.10).

Microdamage analysis was performed in cross sections o f  ten ovine radiae submitted under a 

constant fatigue load o f 0.9 kN until reaching the million cycles. Areas were calculated with 

the help o f AutoCAD 2010 software, analyzing crack densities development, for whole cross 

sections submitted under this constant load as well as with variation of stresses within the 

same cross sections. Reduction o f BMD levels with apphcation o f high stresses after a 

considerable number o f cycles will cause an increase in the number o f cracks appearing in the 

bones cycled. It is seen a tendency o f separation of these crack densities with the variation o f
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three BMD levels (high, medium and low) when increasing number of cycles, getting into a 

clear separation when reaching the million cycles.

Microdamage analysis for 40, 60 and 80 MPa in the cross sections o f the whole ovine bones, 

changing directly the distance from cross sectional centre o f mass, it was observed a 

considerable increase in crack densities when increasing applied stresses. Large differences in 

numerical as well as in surface crack densities are observed after million cycles when 

comparing the ten specimens separately, as seen in figures 2.26 and 2.27. These separations 

are due to differences in BMD levels, as seen in the results obtained in table 2.12 and figures 

2.28 and 2.29, when in vivo microdamage is similar between the three BMD levels, getting to 

a tendency o f separation when reaching 300,000 cycles, and separating considerably when 

reaching the million cycles. This type of behaviour will also appear when taking each stress 

separately within the bones cross sections; the crack densities will increase with decreasing 

BMD levels for each applied stress, as it can be seen in figure 2.32 when numerical crack 

densities at million cycles increase from high, medium and low BMD levels in 0.14, 1.46 and 

3.1 cracks/mm^ respectively, for an applied stress o f 40 MPa. These values also increase with 

the application o f higher stresses, as happens with 60 and 80 MPa, when from figure 2.34 

these same type of values increase from 0.6, 2.48 to 4.4 cracks/mm , and from figure 2.36 the 

values vary from 0.79, 4.51 to 9.7 cracks/mm^. It is important to mention that the great 

majority o f the bones were stained entirely by the dyes, although in isolated cases it may have 

happened that the dyes were not able to stain all the cracks in a determined bone, reason for 

which as it can be observed in figure 2.26, specimen 3 appeared way out o f line with the 

other low BMD specimens after reaching the million cycles, and causing simultaneously the 

high error bars in figure 2.28. The exclusion o f the mentioned specimen would secure a 

significant difference in numerical densities between the three different BMD levels; in the 

case o f the work being presented, it is taken into account the total o f the specimens for their 

inclusion in the development o f fiarther chapters’ objectives.

As it can be observed, the values o f crack densities with BMD increase at the same time 

when increasing the applied stress, obtaining lower crack density values for the lowest stress 

(40 MPa), and obtaining the highest numerical crack density value for the case o f  low BMD 

level with a stress o f 80 MPa. Values o f crack densities increase as well with stress when 

doing no BMD differentiation. These differences can be observed when including all the 

bones in one same group and looking at the variation with 40, 60 and 80 MPa. It is found a
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separation when reaching the million cycles, obtaining higher crack density values for higher 

applied stresses. This can be observed in figures 2.38 and 2.39.

2.5. Conclusions

1. Large amounts of short microcracks are developed at initial instances o f fatigue 

process under compression, tendency that is greatly decreased for subsequent periods 

without assuring the fracture o f the specimens, for which it is concluded the 

accumulation o f short microcrack densities don’t generate failure o f bone under 

fatigue.

2. Mean microcrack lengths will be similar at the moment o f fracture regardless the 

stress being submitted, for which it is concluded a certain characteristic crack length 

will generate the fracture o f bone, after growing towards a determined value. Further 

studies for this conclusion and calculations for this characteristic length are developed 

in following chapters.

3. Bone mineral density (BMD) is directly related with the capability of bones to 

withstand stresses applied in order to cause their fracture.

4. Higher loads resistance, as well as generation o f lower crack density populations, will 

be associated with integrations o f higher BMD levels. Analogously, bones with lower 

strengths, as well as integrated by lower amounts o f matter (lower BMD levels) will 

contribute with elevated microcrack accumulations.

5. Elevated quantities of short microcracks evolve from bones integrated with low BMD 

levels when applying stresses considered being in physiologic levels, without 

fracturing the bone after a considerable fatigue period (figs. 2.32-2.33), for which it is 

concluded fractures in bones are caused by a determined number o f cracks that grow 

considerably and cause its fracture, rather than elevated quantities o f  short crack 

formations.

6. Large differences in microcrack developments with BMD level variations, suggest a 

considerable relation with the mechanical properties of bones when cycling towards 

their fracture; elevated microcrack formations in bones integrated by exceedingly low 

BMD levels, such as bones with osteoporosis, will be strongly related among the main 

causes to provoke their fracture.
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CHAPTER 3

DISTRIBUTION OF MICROCRACK LENGTHS IN BONE IN VIVO

AND IN VITRO

3.1. Introduction

3.1.1. Microcrack lengths distributions

As developed in the previous chapters, stress fractures and fragihty fractures are a major 

cause for concern, especially in active individuals and those whose bone strength is 

compromised. It was mentioned previously that military recruits suffer high rates o f stress 

fractures during training (Bloomfield et al. 1995), and 5 to 15% of all injuries developed in 

runners are caused by stress fractures (Guten 1997). Fragility fractures occur predominantly 

in people suffering from osteoporosis: in the UK 200,000 such fractures occur each year and 

worldwide fracture rates are predicted to rise to 6 million within 50 years. Between 2.5 and 

12% of people aged 65 or over will suffer a fracture by falling, and a third o f women and one 

in 12 men over 50 years will suffer an osteoporosis fracture at some time in their life 

(Campbell et al. 1999).

It is well known that bone contains microcracks that are developed with external stresses 

being applied. Since the works done by (Frost 1958; Frost 1960) where it was indicated the 

appearance o f microdamage in bone and, due to this, the increasing of its fragility, several 

efforts have been done to look for a way of describing these developments. Fractures occur as 

a result o f fatigue mechanisms caused by the action o f cyclic stresses, which leads to the 

formation and growth o f microcracks. Bone is a material in which cracks readily form, but 

find it difficult to grow, and they tend to remain small and follow the direction o f easy 

growth, parallel to lamellae and osteons, which is approximately parallel to the longitudinal 

axis in the long bones (Martin et al. 1998).

Microcracks formed in vivo are constantly growing and being repaired, and if their growth is 

too rapid when the amounts o f matter integrating the bones are low, stress fractures are 

generated. When cycling in vitro under higher stresses, these microcracks populations grow 

faster fracturing the bones. Several attempts have been done to describe these behaviors by 

different researchers. Among these attempts have been the microscopic examinations of
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transverse sections cut from bones ex vivo or from test samples after in vitro cyclic loading. 

The parameters normally presented in publications are the numerical densities, surface 

densities and mean crack lengths, introduced in the previous chapter and reported in works 

such as (Norman et al. 1997; Fazzalari et al. 1998; Muir et al. 1999; Frank et al. 2002). Other 

researchers have attempted to observe and record the rates o f growth of individual cracks 

during cyclic loading (Akkus et al. 2001; Kruzic et al. 2008), though to date this kind of work 

has received little attention. There have also been some attempts to develop theoretical 

models and computer simulations o f their growth (Taylor et al. 2003). The threshold for crack 

formation and the mechanisms responsible for initiating microcracks are still poorly 

understood (Bloomfield et al. 1995), and this is a major limitation in the development o f 

theoretical models.

The normal description o f bone damage in terms o f the previously mentioned crack densities 

and mean crack lengths parameters, omit information regarding distributions o f crack lengths 

within the observed samples. Conclusions given in chapter 2 indicate that fractures in bones 

are caused by a determined number o f cracks that grow towards their fracture, rejecting the 

hypothesis that fracture could be generated by numerical densities accumulations o f short 

cracks. This extra information is required to understand the development o f microdamage and 

the failure caused by these, as well as in formulating theoretical models and simulations. The 

examinations presented in the current chapter include the hypothesis that the distribution o f 

crack lengths can be described by some standard form, such as a Weibull or Gaussian 

distribution. These distributions when done with the information obtained in crack lengths 

can be described by a small number of constants. The values o f these constants will 

characterise the state o f damage in the material, and the variations o f their values will depend 

on the type o f the bones used, the animals species and the loading conditions, whether in vivo 

or in vitro, such as the applied stress range and number o f cycles.

In the present work, the microcracks populations found in the tests performed in chapter 2, as 

well as in tests performed previously by the current research group and from authors who 

kindly provided data they obtained are studied in more detail. In the studies presented it is 

calculated a characteristic crack length needed to fracture bone, comparing the results with 

experimental data and simulations o f microcracks being stopped in both o f their tips by 

simulated osteons, marked as a limit to fracture a determined bone.
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3.1.2. Objectives

1. It has to be determined the way in which microcracks grov^h during fatigue processes 

will affect in the damage of bones, evolving towards their fracture. Statistical analyses 

o f microcrack lengths data are used for these purposes.

2. Distributions o f microcrack lengths found in vivo and in vitro can be accurately 

described by statistical distributions. Weibull and Gaussian distributions are 

compared, and the best fitting equations are used for studies regarding stresses 

applications, bones sizes, animal species, and cycling periods during fatigue 

processes.

3. Theoretical explanation regarding the process o f fatigue damage towards the fracture 

o f bones, taking into account the constants of the distributions and variations between 

bone type/species.

4. Give the conditions and values o f the statistical distribution constants for the regions 

in which microcracks grow to produce fracture in bones.

3.2. Materials and Methods 

3.2.1. Experimental data

We collected data on the lengths o f individual microcracks, using results obtained previously 

from our research group, consisting o f in vivo ovine bone data (Khan 2010), bovine bone data 

from the work published in (O’Brien et al. 2003) and bovine bone data obtained from new 

tests as described below. We also contacted other researchers, who had published work in this 

field (Burr et al. 1998; Gellasch et al. 2002) who kindly agreed to provide us with their 

original crack length measurements which had not appeared in their publications. These 

studies recorded crack lengths either from bones which had been subjected only to in vivo 

loadings or else bones (or test specimens made from bones) which were subjected to 

additional cyclic loading in vitro, at some specified range o f stress or strain for a specified 

number o f cycles. Table 3.1 summarizes the test conditions in each case. The definition o f 

microcrack length is the distance between the two tips o f the crack as seen on transverse 

sections. The range of stress or strain is defined as the difference between the maximum and 

minimum values in the cycle imposed.

87



Dataset Bone type Stress Number o f cycles Reference

I Canine
radius

In vivo In vivo (Gellasch et al. 
2002)

2 Canine
femur

In vivo In vivo (B urretal. 1998)

3 Canine
femur

2700 i ê approx. 426000 cycles (Burr et al. 1998)

4 Ovine rib In vivo In vivo (Khan 2010)

5 Bovine tibia In vivo In vivo (O’ Brien et al. 
2003); Present 
study

6 Bovine tibia 70 MPa 50000 cycles Present Study

7 Bovine tibia 80 MPa 50000 cycles (O’ Brien et al. 
2003)

8 Bovine tibia 70 MPa Million cycles non fractured Present Study

9 Bovine tibia 70 MPa Fracture av. 159700 cycles Present Study

10 Bovine tibia 80 MPa Fracture av. 88000 cycles (O’ Brien et al. 
2003)

Table 3. Summary’ o f  data sources

These data cover a useful range o f loading conditions, from in vivo loading, which typically 

includes strains up to 2000-3000|ie (Rubin et al. 1985), equivalent to a stress range o f 

approximately 40-50MPa, to in vitro testing at higher stress ranges up to 80MPa. Results 

obtained by (Burr et al. 1996) reported slightly less than 2000 |^8 when measuring tibial 

shafts o f soldiers during intensive training regimes. The highest strains registered in vivo are 

the results obtained by (Nunamaker et al. 1990), measuring compressive strains in racehorses 

ranging from 4400 to 5670 |as. In addition, one should remember that in vivo microdamage is 

being continuously repaired, whilst in vitro this is not the case, so there could be differences 

in the data for in vitro loading within the in vivo range, as in the tests o f Burr et al 1998 at 

2700)0,8.

3.2.2. Experimental Tests

New test data were obtained for bovine bone at a stress range of 70MPa. In this work we used 

the same protocol as described previously (O ’ Brien et al. 2003), the only difference being 

the stress level. Ten cylindrical samples o f bovine bone were obtained using a coring device, 

the longitudinal axis o f  the sample corresponding to the bone’s axis. The diameter of the 

sample was reduced in a central portion and the ends were inserted in metal caps to facilitate
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attachment to a servo-hydraulic testing machine. Cyclic loading was carried out in 

compression at a frequency o f 3Hz; the ratio o f the minimum stress to the maximum stress 

was 0.1. Three different coloured dyes were administered, to label microcracks at three 

stages: the start o f the test (i.e. in vivo cracks); after 50,000 cycles and after fracture or one 

million cycles, which ever happened first.

3.2.3. Simulations of microcrack distributions

In addition to obtaining experimental data on microcrack length distributions, we also 

attempted to simulate this data, in two different ways. In both cases the underlying 

assumption was that microcracks initiate in the so-called interstitial bone (i.e. in those regions 

o f bone which lie outside the osteons) and that cracks tend to stop growing when their tips 

reach the cement lines surrounding osteons. Given sufficient time and/or stress, these cracks 

may continue to elongate, but our previous work (O’ Brien et al. 2005; O ’ Brien et al. 2007) 

and that o f others (Schaffler et al. 1995) has shown that 80-90% of all cracks become 

dormant at an early stage. Thus we reasoned that an approximate simulation o f the 

distribution o f microcrack lengths, at least for the great majority o f cracks, might be obtained 

simply by measuring the distance between adjacent cement lines.

Two different simulations were carried out. In Simulation 1 we used images taken from 

transverse sections o f cortical bone. The measured osteonal density (mean ± SD = 19.6 ± 

I.4/mm^) was found to be within normal measured values (Mohsin et al. 2006). Grids of 

straight lines were placed over the images, the points o f  intersection with cement lines were 

marked and their separations recorded. Some workers have noted that cracks which pass 

close to osteons tend to be attracted towards the cement line: one explanation for this is that 

the osteon is less well minerahsed and so acts, to some extent, like a hole in the material, 

creating a local stress concentration (Kennedy et al. 2008). To simulate this effect, we judged 

a crack tip to have reached a cement line if it passed within 40 )im o f it. These measurements 

are illustrated in figure 3.1.

89



Figure 3.1(a): Vertical separations between cement lines are illustrated within the sections 

o f cortical bone. Grid spaces are separated by 40/um.

Figure 3.1(b): Horizontal separations in a higher magnification, displaying measurements 

between osteons in microns. Grid spaces are separated by 40pm.
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In Simulation 2 we used the same approach but instead of applying it to images of actual 

bone sections we used computer-generated images in which the osteons were represented by 

circles, placed at random locations, with diameters varying randomly between 100 and 

300)im. We chose the same osteon density as measured experimentally, 19.5/mm^, and the 

same method of determining the lengths of simulated microcracks.

3.2.4. Data Analysis and Statistics

For each case of experimental or simulated data, the results were plotted in terms of the 

cumulative probability as a function of crack length. The cumulative probability, which 

varies from 0 to 1, is the probability that a crack will be equal to or less than the specified 

length. For each set of data, theoretical curves were fitted assuming either a Weibull 

distribution or a Gaussian distribution.

For the two-parameter Weibull distribution, the relationship between cumulative probability 

P and crack length a is:

- 1  a /
P  = \ - e

(3.1)

Here ao and a  are constants.

In the case of a Gaussian distribution, the cumulative distribution function F(a) of crack 

length a is expressed as:

'  '  [  SD )  Sd 4 2 ^  (3-2)

Here P is the Cumulative Probability assuming a normal distribution; fj. is the mean value and 

SD the standard deviation.

The accuracy (i.e. “Goodness of Fit” ) between the data and these two distributions was 

assessed using the Anderson-Darling (AD) approach (NIST 2003). The AD parameter has a 

different fiinctional form depending on the distribution (Romeu 2003). For a Gaussian 

distribution the form is:



For the Weibull distribution the form is:

AD =
^ 1- 2/
,=i «

In 1 - e x p -
V̂ o y

a n + l - i - n

(3.4)

3.3. Results

Figure 3.2 shows an example o f  the data analysis, in this case for data relating to the in vivo 

cracks found in canine femora as reported in (Burr et al. 1998). The data are plotted on two 

probability density plots, in one plot the axes are chosen such that the data should lie on a 

straight line if they conform to a normal (i.e. Gaussian) distribution, whilst in the other plot a 

straight line indicates the Weibull distribution. In this example the slightly lower AD value 

indicates that the data are best described as a Weibull distribution. Table 3.2 shows AD 

values for all data examined; in all cases the Weibull distribution was found to be the better 

description.

Normal Probability Weibull Probability
G o o d n e ss  of Fit: AD = 0 .7 4 2  G o o d n e ss  o f Fit: AD = 0.711

^  6Q 
S  4 0  
o5 20

40

10 10010 60 110
m icrocrack length (m icrons) microcrack length (microns)

Figure 3.2: Example o f  dataset 2 (canine fem ur in vivo), showing cumulative probability P as 

a function o f  crack length a, on both Gaussian (i.e. Normal) and Weibull plots.

Therefore a linear relationship on the plot is obtained by rearranging the equation as follows: 

ln [ - ln ( l -P ) ]  = 4 ^ a  -In^oJ ( 3  5 )

Thus by plotting the left hand side o f  this equation against In a one obtains a straight line 

from which the two constants can easily be found. Fig 3.3 shows an example o f  this 

procedure for the case o f our bovine bone in vivo; note that there is a slight discrepancy 

between the data and the line for the smallest crack lengths. The figure also shows the 

original P versus a plot with a line corresponding to the Weibull equation. When plotted in
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this form the error at low crack lengths is less evident: in fact it is a small absolute error 

which appears magnified owing to the logarithmic plot. The high value on the linear plot 

(0.97) is another indication o f the accuracy o f the fit. values for all datasets are presented 

in table 3.2.
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Figure 3.3: Example showing the original linear P/a plot (on the right) and its replotting to 

give a linear relationship (on the left) fo r  the Weibull equation.

Dataset AD Gaussian AD Weibull Number of cracks R  ̂ linear plot
1 15.05 13.44 672 0.92
2 0.74 0.71 25 0.97
3 1.28 0.98 96 0.94
4 0.72 0.69 34 0.95
5 0.55 0.43 60 0.97
6 3.22 1.8 120 0.95
7 4.88 3.45 48 0.78
8 14.91 8.97 190 0.84
9 3.01 1.75 84 0.93
10 4.53 1.92 95 0.91

Table 3.2: Goodness o f f i t  (Anderson-Darling parameter AD) between experimental crack 

length distributions and the Gaussian and Weibull predictions; number o f cracks and 

values o f the Weibull distribution linearization are also shown.

It is found that the Weibull constants o f the different bones don’t differ too much between 

them, suggesting the possibility o f comparison between bone types, ao is characteristic length 

o f the analyzed bone type and a  the variability o f the plot. Figure 3.4 illustrates the similitude 

between two of these distributions.
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Figure 3.4: Probability vj'. crack length fo r  the in vivo data o f  canine bones, authors (Burr 

1998; Gellasch 2002) microdamage.

Table 3.3 shows the values o f the two Weibull constants for each dataset. Also shown in the 

table is the value o f crack length which corresponds to a P value o f 0.9, i.e. the length below 

which are found 90% of all cracks. This can be considered as a measure o f the largest crack 

present, adjusted to remove effects o f sample size. In what follows we will refer to this as 

<3max. In the current tests (datasets 6, 8 and 9), 6 specimens didn’t fracture, whereas 4 of them 

fractured with an average life o f 159700 cycles. Separation o f the non fractured and fractured 

specimens in table 3.3 shows no difference in a  but a greater increase in ao and amax with

number o f cycles for the fractured specimens.

<30 <^max (l^rn)
Dataset a (^im) (P=0.9)
1,2 3.2 69.7 90.1
3 3.1 78.5 102.8
4 4.1 95.0 116.7
5 3.0 88.9 116.9
6 2.4 113.1 159.9
7 2.2 108.7 158.5
8 2.3 113.8 163.5
9 2.3 126.0 181.1
10 2.0 129.4 198.5
Simulation 1 1.9 131.3 203.6
Simulation 2 1.4 113.1 205.2

Table 3.3: Weibull constants fo r  the various data sets, experimental and simulated; data fo r  

the two studies on canine bone in vivo were combined, as were those fo r  bovine bone.
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Figures 3.5-3.7 give a graphical display o f the values o f the three constants, plotted as a 

function o f number o f cycles, N  normalized by the number o f cycles to failure Nf. The in vivo 

data are plotted at a value N/Nf = 0; for the canine data A'/^was not known experimentally so it 

was estimated using methods established previously (Romeu 2003). The a  parameter is found 

to be relatively high for in vivo data and to fall with increasing number o f cycles in vitro. The 

two a parameters show the opposite trend.

4.5
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■ C anine~45M Pa

• Bovine 7 0  M Pa
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Ovine in vivo
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Figure 3.5: The Weibull parameter a  as a function o f  the normalized number o f  cycles to 

failure. Canine, ovine and bovine samples tested at different stress levels. In vivo data are 

shown at N/Nf = 0.
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Figure 3.6: The Weibull parameter Oo as a function o f  the normalized number o f  cycles to 

failure. Canine, ovine and bovine samples tested at different stress levels. In vivo data are 

shown at N /N f  =  0.
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Figure 3.7: The Weibull parameter amax cis a function o f  the normalized number o f  cycles to 

failure. Canine, ovine and bovine samples tested at different stress levels. In vivo data are 

shown at N /N f  = 0.
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Applying the t-test with a limit o f p = 0.05 for statistically significant differences shows that 

for both canine and bovine bone the crack length distributions in vivo are different from those 

obtained by testing in vitro. Furthermore, for the bovine data, where we have test results at 

two different numbers of cycles, in both cases these also showed significant differences in 

crack length distributions. Significant differences were found for in vivo data from different 

species: ovine, canine and bovine. On the other hand, the two in vivo datasets o f canine bone 

showed non-significant differences, as did the two sets of bovine in vivo data. In fact the high 

p values (0.65 for canine, 0.62 for bovine) suggest a reasonable degree o f similarity for data 

obtained by different researchers at different times. So these datasets were pooled to increase 

sample size and facilitate comparison with other groups. There were non-significant 

differences between the bovine data at the same N  value (50,000) at two different stresses 

(70MPa and 80MPa) and also non-significant differences between these two stresses when 

N=Nf. This last result is enforced similarly to the case developed in section 2.3.1, doing 

regression analysis between the two different stresses. Figure 3.8 gives the regression 

analysis for the case amox(P=0.9) against normalized fatigue life:

250

70 MPa 
y = 43.614x + 126.07 

= 0.8719

200

ST 150

♦ 70 MPa
100

■ 80 MPa

50 80 MPa 
y = 80.065x + 114.6 

R̂  = 0.9827

0.2 0.4 0.6

N / N f

Figure 3.8: Linear regression fo r  amax(P—0.9) against normalized fatigue life, 70 and 80 

MPa.

Regression statistical analysis for the case o f figures (3.5-3.7) gives non-significant 

difference in a 95% confidence level between differing stresses (70 - 80 MPa).
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3.4. Discussion

This is the first time that an attempt has been made to describe the entire distribution o f 

microcrack lengths in bone: previous studies have reported only the average length and the 

number density o f cracks. There have been some other descriptions in the literature o f  crack 

length distributions in other materials (e.g. (Botvina 2008)) but overall this approach has not 

yet been developed to any significant extent. Knowledge o f these distributions is potentially 

useful in understanding the mechanisms o f crack growth and eventual failure and in 

developing theoretical models and simulations o f material behaviour.

Here we showed that two-parameter Weibull distributions could accurately describe ten 

different sets o f data from three different species, recording crack lengths in vivo and after 

cyclic testing in vitro. O f the two parameters, ao is a kind o f average crack length: strictly 

speaking it is the crack length which corresponds to a fixed value o f the cumulative 

probability, o f 0.63, so it is slightly larger than the median value; it will reflect, more or less, 

the mean values reported by other workers. The param.eter a  is a measure of the amount o f 

scatter in the data: low values o f a , as found here in all cases, indicate large variability in 

crack length, and the difference between the highest value, 4.1 and the lowest, 2 represents a 

very considerable change. High values o f a  imply that most cracks lie close to the median 

length, with few being very small, or, more importantly, very large.

We found a large difference in the a  value for in vivo ovine bone, but this may have more to 

do with the difference in bone type, as the rib was used here whilst all the other data relate to 

limb bones. Ribs experience a very large number o f relatively constant loading cycles o f 

breathing whilst the leg bones experience more variable cycling, with occasional high 

loadings due to running etc. It is also interesting to note that there are relatively large changes 

in the values o f  a  and ao for the in vivo data, but smaller differences in the value of ^max- In 

fact the three Omax values are all the same to within about 15%. This may be important 

because it is to be expected that the value o f cfmax will be the primary indicator o f the risk of 

failure. The number density o f cracks in bone is relatively small, suggesting that failure 

occurs not by the accumulation and interaction o f many small cracks, as it does in some other 

materials such as engineering fibre composites. Rather, the likely failure scenario for bone is 

that one crack grows to become large enough to cause failure on its own. Some support for 

this scenario comes from the amax values for the bovine bone tested at two different stress
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levels, which are quite similar at N=Nf, and it is interesting that when we distinguished in our 

test data those samples that fractured from those that did not, the value o f  Omax was greater in 

the fractured group. For bone, control o f  amax is the key to prevent failure, and this can be 

done efficiently by selectively removing the longer cracks.

In vitro loading caused systematic changes in the Weibull constants as shown in figs 3.5-3.7; 

crack lengths Oo and a„ax increased, and a  decreased. This is to be expected as it shows that 

cracks were growing during the tests. Differences were found even in the case o f  the canine 

data which were cycled at a strain level within the normal physiological range -  in this case 

the major factor is presumably the lack o f  repair, implying that in vivo repair is targeted 

towards the longer cracks. The decrease in a  during cycling o f  both canine and bovine bone 

could have two possible explanations: new, small cracks could be initiating and/or some o f 

the existing cracks could be elongating, whilst others don’t.

Our attempts to simulate crack distributions resulted in relatively large crack lengths 

(especially Simulation 1) and high scatter (especially Simulation 2) though the results were 

quite similar to the data from bones tested to failure in vitro. This suggests that a simple 

model o f  microcrack growth, in which cracks extend until they meet cement lines, is a 

reasonable description. The simulations could be improved by reconsidering the requirements 

for crack arrest, which were chosen rather arbitrarily here.

Knowledge o f  these distribution fianctions will facilitate the creation o f  theoretical models 

and computer simulations which attempt to reproduce the mechanical behaviour o f bone. One 

interesting result seen in the bovine bone data is that whilst the constants change significantly 

with number o f  cycles, they are not affected by stress level, at least for the stress levels used 

here. O f course the numbers o f cracks present, and the num ber o f  cycles to failure, are both 

strong fiinctions o f  stress, but it seems that the distribution o f  lengths remains the same. This 

suggests that the distribution is largely controlled by the microscopic structure o f  the bone, 

especially the spacing o f  secondary osteons and other barriers to crack growth.

As an example o f  the potential use o f  this approach in theoretical modeling, we consider the 

effect o f  the total number o f  cracks present. For a given number density, larger bones (and 

bones in larger animals) will have more cracks. For a given distribution (i.e. given values o f
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a  and Oo) this implies that the largest crack will be longer, and thus the bone will be more 

likely to fail. Increased number o f cracks will be related with longer crack lengths; evidence 

of this can be observed by considering a relationship amax=f(n) with the use o f the 

experimental data presented in chapter 2, from the fatigue compression tests done to a set of 

ten samples from cortical zones o f bovine tibiae, applying a stress o f 70 MPa for each set of 

samples. Bones cycled under 70 MPa were stopped when fractured or after reaching one 

million cycles. A relationship between the number o f cracks and the maximum crack length 

was found in the form amax=f(n) for the cracks developed after the cease o f  cycling, and for 

cracks developed in vivo conditions, as seen in the next figures 3.9 and 3.10:

y = 84.391x°^5^®
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Figure 3.9: Relationship o f  maximum crack length against number o f  cracks per section, in 

vivo cracks.
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Figure 3.10: Relationship o f maximum crack length against number o f  cracks per section, 

after the point o f  fracture or reaching one million cycles, specimens cycled under 70 MPa.

Figures (3.9-3.10) show a tendency o f increase in the maximum crack length when the 

number o f cracks increases in a power-law correlation, as represented by the relationship 

amox=f(n), for in vivo and as well as microcracks formed at the fracture o f the specimens. An 

increasing tendency will be developed, although it is too inaccurate to develop theoretical 

predictions o f these behaviours directly from experimental data, due to bone is a highly 

heterogeneous material.

An alternative way o f describing the behavior o f maximum crack lengths related with number 

of cracks is developed with the use o f the Weibull distribution equation. Consider a number 

o f cracks, n, having a distribution according to the Weibull form (equation (3.1)). The 

probability that all these cracks will be less than some length a is:

n

(3.6)

r \ a  a

\ - e
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If we set this probability to 0.5 and rearrange the equation we can find the average length o f 

the longest crack, Oavmax

(3.7)

Figure 3.11 shows the function graphically using the constants found for canine bone in vivo.

140  [•

120

100

40

0 20 40 60 80 100 120 140 160 180 200

num ber of mlcrocracks (n)

Fig. 3.11: Relationship between a max and bone size, represented by the total number o f  

cracks, n, using the data from  in vivo canine bone.

This shows a large increase in the lengths of the longer cracks when there are more cracks 

present. Given that the stresses and strains in bones seem to be approximately constant over 

animals o f different sizes (Rubin et al. 1985), larger animals would need to compensate for 

this effect if their bones are to be as strong as those o f smaller animals. This might be done, 

for example, by reducing the number density o f cracks in large bones, or by increasing osteon 

density to reduce the distance between cement lines. This analysis thus suggests an avenue 

for future experimental work. There is already evidence for this compensation effect in some 

o f our previous work (Taylor 2000) which showed that, when considering test specimens o f 

equal size, bone from larger animals has higher fatigue strength than bone from smaller 

animals.
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3.5. Conclusions

1. Microcracks which naturally occur in bone in vivo have a distribution o f lengths 

which can be accurately described by the two-parameter Weibull equation.

2. Cyclic loading applied to bones in vitro alters this distribution; it can still be described 

by the Weibull equation, but with different constants.

3. The values o f the Weibull constants differ according to bone type/species, and vary in 

a systematic way with number o f cycles during in vitro testing. They do not appear to 

be affected by applied stress level, at least for the limited range of stresses 

investigated.

4. The description o f microcrack populations using this approach provides new 

information which can be useful in discussing the mechanisms o f  microdamage, 

repair and failure.

5. The more cracks are present, the more long cracks grow, so crack accumulation leads 

to failure.
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CHAPTER 4

MICRODAMAGE IN BONE: A NEW THEORETICAL MODEL IN

FATIGUE PREDICTIONS

4.L Introduction

4.1.1. Previous attempts and tests in modeling microdamage developments.

Several attempts have been done to find the way in which microdamage develops in bone 

under fatigue stresses to fracture. It was presented in previous chapters the way in which 

microcracks form and develop in a bone under fatigue, provoking its fracture by growth of a 

dominant crack towards a characteristic length.

In previous chapters it was presented several types o f works researchers have published 

attempting to find ways o f describing the developing o f microcracks in bones, descriptions 

involving their generation as well as their growth towards their implications in the cause of 

bone fractures. Additional works on theoretical predictions o f microdamage growth in 

cortical bone were studied by (Taylor et al. 1997; Taylor et al. 1998; Taylor et al. 1999; 

Taylor et al. 2000; Taylor et al. 2002; Taylor et al. 2004; Kruzic et al. 2008). Between main 

results from these mentioned researchers being the relationships stated in (Taylor et al. 1997), 

finding an equation to describe fatigue crack growth rate as:

^  = C(A/C -  AK„ Y  + C (A k Y  [(d -  a)/  </]"

First term applying for long cracks (larger than the microstructure), second term for cracks 

shorter than term d, being defined as average distance between microstructural barriers. In 

(Taylor et al. 1998) it is described a way o f obtaining the effect of different stress levels 

defining a standard fatigue equation for the number o f cycles to failure, Nf.

(4.1)
(A cTo)

C and X being constants
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Weibull analyses revealed an important size effect in bone in the work done by (Taylor 

2000). A probabilistic approach using the mentioned type o f analysis from data o f several 

authors helped to obtain a relationship o f stress with bone volume, which expressed the 

probability o f failure Pf  at a given applied stress Aa to cause failure in a specimen in a given 

number o f cycles to failure. The probability increase as the stress increases:

variability o f the plot. Vs and Vso represent the stressed volume and volume o f the specimen 

for which the constants were determined, respectively. In the mentioned article it is estimated 

a tendency for the fatigue strength to be lower in smaller animals, bone from mice being 

significantly weaker than that from human subjects. Considering a certain probability level at 

a determined number o f cycles to failure, the experimental fatigue strength constant is greater 

for larger animals. Results shown by (Currey 2002) reveal bovine bone to take about ten 

times as many cycles to reach the same reduction o f stiffiiess than deer antler bone. The same 

author indicating as well a considerable higher stress needed to fracture antler bone compared 

to human bone at the same number o f cycles. It is still unclear however what seems to make 

small animal's bone weaker and large animal's bone stronger. It has been hypothesized that 

one o f the reasons what makes bone in smaller animals weaker is because it has higher crack 

density in vivo.

Materials tend to accumulate microdamage from their resistance to crack growth rather than 

resistance to crack initiation (Currey 2003). Materials in which cracks are easily formed but 

find it more difficult to grow to critical size will be more resistant to fail by fatigue, this was 

seen by (Frost 1965; Martin and Burr 1998). Studies developed by (Zioupos et al. 2007) 

indicate that heterogeneity o f bone not only influences the initiation o f microcracks, but also 

their growth into larger cracks, which thus affecting the eventual fracture o f the bone at some 

point o f the fatigue process. Accumulation o f bone microdamage surely elevates fracture risk 

(Heaney et al. 1993; Burr et al. 1997), and microcracks begin combining with each other at 

some point making more critical the chance o f one of them to grow towards the fracture 

(Carter et al. 1981). From these conclusions it is seen that a large number o f microcracks are

(4.2)

Values for Aao* represent a characteristic stress o f the analyzed bone type and m the
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formed quickly during the first instances o f fatigue cycling, and a small amount o f this 

number o f microcracks will evolve to get critical lengths to cause the fracture o f the bone.

In chapter 2, four point bending tests on ten whole ovine radiae were carried out separated 

into three bone mass density levels (high, medium and low) from a measured range between 

0.72 and 0.92 gr/cm^. The bones were previously scanned using the DXA technique. The 

applied load was o f 0.9 kN, which the corresponding strains developed did not exceed 

considerably those experienced by most animals. (Rubin et al. 1982) indicated peak principal 

compressive strains experienced by most animals to be around 2000 and 3000 jae, which 

corresponds to a stress range o f approximately 40-50MPa. Results obtained by (Burr et al. 

1996) reported an approximate microstrain level o f 2000 |xs was not exceeded when 

measuring tibial shafts o f soldiers during intensive training regimes. The highest strains 

registered in vivo would be the results obtained by (Nunamaker et al. 1990; Grimston et al. 

1991), measuring compressive strains in racehorses ranging from 4400 to 5670 p.£.

The bones were stained with dyes to label microcracks formed under in vivo conditions, after 

50,000 cycles and one million cycles after stopping the fatigue tests. Microdamage analysis 

was performed under epifluorescence microscopy for the different cycling periods. Values o f 

numerical crack densities in the current results showed a very high crack accumulation in 

bones o f low BMD levels, when the crack lengths were considered low to cause the fracture 

of the bone. When cycling at in vivo conditions, stress levels at which bone is usually loaded, 

crack formation appears at the beginning o f cycling, although this damage does not usually 

progress to failure (Schaffler et al. 2000). Application of considerable higher loads in vitro 

conditions cause besides increasing the number o f cracks appearing within the bone, some o f 

these to be capable to grow towards the fracture.

Structures having large volumes have higher probabilities o f containing flaws than small 

volumes. Because o f this, large material volumes tend to fail at lower monotonic stresses. 

Small volumes o f cortical bone will have greater fatigue strengths and longer fatigue lives 

than large volumes (Taylor et al. 1998; Bigley et al. 2008). After their results it becomes 

difficult to compare strengths between specimens o f different volumes without taking into 

consideration the effect o f stressed volume. To address this it is developed a theoretical 

model to obtain predictions of bone fatigue, including the effect o f the volume o f specimen.
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with the addition o f apphed stress and number o f cycles to failure, included in one same 

equation. Microdamage analysis obtained from four point bending tests in ten ovine radiae 

and compression tests in ten cortical samples o f bovine tibiae presented in chapter 2 is used 

for the development for this model; in the case o f the ovine bones selecting different stresses 

applied in regions over the cross sections o f the bones, and doing the microdamage analysis 

over these selected regions. Weibull probabilistic calculations from the bovine bone tests are 

used as well in order to have the conditions for bones at the point o f fracture.

4.1.2. Objectives

1. A new theoretical model has to be developed for the obtaining o f predictions 

involving the effect o f microcracks, by their generation as well as their growth, to 

provoke fracture o f bones.

2. This theoretical model has to involve important factors such as the inclusion of 

applied stress, volume and number o f cycles to failure, in one same equation.

3. The model has to prove the influence o f the factors presented within the mechanical 

properties o f bones, all o f them supported by experimental data.

4. It is hypothesized bones o f  larger animals to be stronger than those from smaller 

animals, the use o f the model will give further proposals to help reaffirm this 

hypothesis, supported as well by experimental data.

4.2. Description of the model 

4.2.1. Model deduction

A sample o f bone, o f volume (V), contains a number o f microcracks, n, giving a microcrack 

density o f «/V. The lengths o f these cracks will have some statistical distribution. For 

experimental data, the results can be plotted in terms o f the cumulative probability as a 

function o f crack length. The cumulative probability, which varies from 0 to 1, is the 

probability that a crack will be equal to or less than the specified length. For each set o f data, 

theoretical curves can be fitted using a Weibull distribution, thus:

It was shown in chapter 3 that a Weibull distribution was appropriate to describe the 

experimental data obtained from the experiments presented in chapter 2, and also data from 

other researchers who kindly provided their original crack length measurements which had

(3.1)

107



2
not appeared in their publications. Linearization plots o f crack lengths distributions gave R 

ranges between 0.84 and 0.97, for the data used in the development o f the model presented 

(see chapter 3).

This distribution can be expressed in a relationship that depends on the stress range (Aa),
-5

number o f cycles (N), crack density («/mm ), characteristic crack length value (ao), and type 

of bone (animal species), presented as follows:

Given n cracks in a volume V, the length o f the longest crack, a^ax, will be some function o f 

n:

‘̂max -  or alternatively: ” ~ S(<̂ rmx)

The numerical density o f  cracks # is the number o f cracks per unit volume, so # = n/W.

At the same time numerical density is a power law relationship with number o f cycles (N):

#*' = pA' (4.3)

P will be a constant working as a function o f  Aa, for which the model will follow power-law 

behaviour for the predictions to be established.

Predicting Nf.

Numerical densities will be able to be expressed as one same fiinction relating number of 

cracks, apphed stress, number o f cycles and volume: 

n  = V(/iN)y  ̂ (4 4)

If failure occurs at some certain maximum value (omox), the number o f cycles to failure is 

found:

V (4.5)

Eq. (3.1) considers the probability P  o f one crack to be equal to or less than a specified 

length, the probability o f  n cracks to be less than some length a is:
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r \cc a

(p  = \ - e
(4.6)

In the formed case, the probabihty for one crack P  becomes a new probabihstic form {(p) 

which will express the microcrack development o f n cracks considered. This equation can be 

transformed into the following expression:

. ! / «  \ \ l / a

(4.7)

Expression (4.7) describes the behaviour o f cracks against maximum crack lengths in a 

specimen.

Converting equation (4.6) into:

In ^ = win \ - e
In (p

In \ - e

In this way n = ) is expressed:

( \

In \ — e

(4.8)

This last equation (4.8) can be used in equation (4.5) to obtain:
k

^ f  =
In^ In \ - e

(4.9)

This relates cp for n microcracks, in a relationship involving volume (F), number o f cycles to 

failure {Nj) and maximum crack length {omax) in one single equation.
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In order to establish an involvement of stress, stress intensity range (AK) is applied with the

use of {amaxY

AK = FActV^ ( 14 )

Failure occurs when this reaches some critical value AKmax (and assuming F=l), in this way 

the numbers of cracks are expressed in terms of the stress intensity range:

Equation (1.4) is expressed as:

a = IM:
n  Acr^

With expression: n = g { a ^  ) and substituting (1.4) in (4.5):

N f  = -

2 A
(4.10)

This can be expressed with the use of relationship (4.8)

k
N f  = -

\n(p
FlnO (4.11)

v  = \u(p
- [ i n ® ] -

Being: 

0  =

(4.12)

In this way, relationships involving volume, number of cycles and appHed stress are obtained, 

in which the use of constants p and AKmax will have influence on the predictions with respect 

to experimental data. Weibull constants are used for bones at the point of fracture. The 

linearization and obtaining of Weibull distribution give the corresponding constants for crack 

length data in use. In bovine bone applying 80 MPa it is found the following constants: a  = 

2.0, ao = 129.4 |a,m (inclusion of Weibull constants at the point of fracture, to assure the 

fracture involvement in the model). Experimental results obtained in chapter 2 and the 

constants acquired with the use of Weibull probabilistic calculations are presented in chapter 

3.
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4.2.2. Employment of experimental data in the model

Bovine as well as ovine microcrack lengths data are used in the current model, to show the 

variations between applied stresses and Weibull distribution constants obtained at the 

moment o f bone fracture. For the ovine radii, in which the fracture was not achieved during 

cycling, microdamage analysis was performed in different cross section areas, each 

corresponding to a certain applied stress, to observe the development of cracks in the 

determined region. In the case o f bovine bone, microdamage analysis was performed for one 

type o f stress, being cracks formed in vivo, during cycling and the moment o f fracturing the 

specimens.

The usage of microdamage development o f these two types of bones in the current model is 

due to: microdamage formed in the ovine bone tests gives data for different stresses, although 

not for cracks formed at the fracture o f bone; in the case o f tests performed in bovine bone, 

data o f fractured bones was obtained, although being found for one stress type only. Cracks 

formed in ovine bones is used to obtain differences in P, with the variations o f crack 

numerical densities with respect to the applied stress over the bones cross sections, whereas 

cracks formed in bovine bones give the information required for Weibull constants a  and ao 

formed at the fracture o f bones. Microdamage development is different between animal 

species, it is very likely that crack densities will be higher in species o f smaller sizes, for 

which these types o f  animals may have lower fatigue strengths than bone from larger animals 

(Taylor 2000). These differences make difficult comparisons o f microcrack analyses between 

different species and factors such as size differences among the species would have to 

essentially be taken into account, although it is important to mention that there is no evidence 

until nowadays o f experimental microdamage analyses in which important considerations 

such as data from animals o f same species, for considerable different numbers o f applied 

stresses, and microcracks belonging to fractured specimens, being taken into account in one 

same group. Nevertheless, the usage o f microdamage from ovine and bovine bones in the 

current model, from the fatigue tests presented in chapter 2, fit accurately the predictions with 

the acquired experimental data.

Microdamage analysis was performed in the characteristic region o f selected stresses in the 

cross sections o f the ovine bones introduced previously. Three stresses were selected for this
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analysis: 40, 60 and 80 MPa, to obtain the required constants for relationship (4.3). This 

process is developed by obtaining the linear fit o f the relationships log(«/mm^) vs. logA ,̂ in 

which the exponent o f the power-law relationship will be the slope o f the obtained linear fit. 

At the same time, constant (3 is the antilog value of the point of intersection o f logA  ̂with log 

(n/mm^) = 0. To exemplify this best-fit relationship, it is shown in figure 4.1 the case for data 

when 80 MPa is applied:

In (n/mm'^3) = 0.3697lnA/- 3.012 
R"= 0.8466L ineariza tion  SOMPa

InN

Figure 4.1: Linearization o f data fo r  applied stress o f 80 MPa. In (n/mm^)

presented.

This same case was calculated for stresses 40 and 60 MPa, and the corresponding constants 

o f the linearization were used to give the relationships o f = PÂ , for each applied stress. 

This is presented in figure 4.2, giving as well certain inaccuracy due to the reduced number of 

experimental data from which the linearization was obtained:
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Figure 4.2: Power-law predictions, directly from  the linearization o f  crack density against 

number o f  cycles experimental data.

From these relationships, it can be performed a slight adjustment to each constant, and very 

accurate predictions are obtained for each applied stress. Maintaining p or A: constant, and the 

other one allowing having differing values, will develop accurate predictions with the 

experimental data. Maintaining a constant value p o f 3.03x10'^ and allowing k to vary in 

0.45, 0.39, and 0.3 for 40, 60 and 80 MPa, respectively, will give accurate correlations with 

the experimental data nevertheless, the maintenance o f A: as a constant, and the variation o f P 

will give the necessary correlations for the model with the use o f equation 4.11 for 

predictions regarding the use of {Nf, V and Aa). Because of this, the maintenance of A: as a 

constant and varying p will allow the development o f three power-law relationships:

Power law 40 MPa: =  2 .6 x 1 0 ”  ̂ (4.13)

Power law 60 MPa: # °" '=  3.1 x 10"^ jV (4.14)

Power law 80 MPa: =  4 . 3 x 1 ( 4 . 1 5 )

These power-law predictions o f crack density against number o f cycles are shown in the 

following figure 4.3:
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Figure 4.3: Increasing o f volumetric numerical density vs. number o f cycles with stress.

Experimental data is acquired from references; (Seireg et al. 1969; Carter et al. 1983; Choi et 

al. 1992; Zioupos et al. 1996; Burr et al. 1998; Taylor et al. 1998; Taylor et al. 1999; Taylor 

et al. 1999; Taylor et al. 2002; Taylor et al. 2003; Sobelman et al. 2004; Kruzic et al. 2007); 

to obtain the experimental results required to fit with the predictions o f the model.

4.3. Power-law predictions

It is presented P=0.9 as a constant that gives a reasonable value to define AKmax- At the same 

time, the power-law definition correlates accurately with the data for relationships o f stress 

against number o f cycles to failure, number o f cycles to failure against volume, as well as 

stress against volume. The process to obtain the mentioned relationships is deduced in the 

following procedures:

4.3.1. Stress vs. Number of cycles to failure

Equation (4.11) is used to obtain plots o f stress vs. number o f cycles to failure. Plots o f the 

model are obtained for volumes = 10, 140 and 3000 mm^ in figure 4.4. Equation (4.11) 

appears as follows:

1

2.6x10 -6

In 0.9 
FbicD

0.4 .CD-I 129.4Mo-^
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Experimental data is plotted for different volume ranges in the same figure: volumes less than 

80 mm^, between 80 and 200 mm^, and volumes higher than 200 mm^. Using a constant 

value AKmax=2.20 MPa(m)‘̂ ,̂ it is observed in the theoretical predictions a clear tendency of 

reduction in fatigue resistance to fracture when volumes increase. The experimental data 

correlate these predictions; lower experimental values o f volume tend to correlate the model 

plotted for 10 mm , whereas higher experimental values o f volume correlate with the model
”3

when plotting at 3000 mm . The model obtained for 80 MPa fits accurately the experimental 

data obtained in chapter 2 for 140 mm^ and 88000 cycles.
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Figure 4.4: Stress V5. N f predictions o f  the model, fo r  three different volumes. Each model 

prediction correlates the corresponding experimental data.

4.3.2. Stress vs. Volume

Equation (4.12) is used to obtain predictions for Stress against volume, for varying constant 

number o f cycles to failure:

In̂ i?

(2 .6 x 10“®tV^}^'
[inO]"' Being:

AK„
n 2

129.4M cr

Figure 4.5 shows these relationships, plotting the predictions o f the mentioned equation, for 

three different constant numbers o f cycles to failure: 40000, 88000 and million cycles; these
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predictions are related with experimental data joined in groups for less than 32000 cycles, 

and more than 100000 cycles. It is observed a tendency o f data at low Ay values to correlate 

with the model for 40000 cycles; similarly experimental data for high values correlate with 

the model for million cycles. The model obtained for 80 MPa fits accurately the experimental 

data obtained in chapter 2 for 140 mm^ and 88000 cycles.
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Figure 4.5: Stress vs. V predictions o f  the model, fo r  three values o f  number o f  cycles to 

failure. Each model prediction correlates the corresponding experimental data.

/ /yIn this case the selected value o f AKmax=2.20 MPa(m) appears as well as the value that 

correlates accurately with the experimental value o f the specimen cycled in the tests 

presented in chapter 2. With the use o f equation ( 1.4), AKmax=2.20 MPa(m)‘̂  ̂ for an applied 

stress o f 80 MPa gives as a result a crack length of 250 |j,m.

The counting o f number o f cracks in the specimens cycled under 80 MPa give a total of 174 

cracks, which with the use of equation (4.7), the relationship appears as:

=a„(-ln (l-0 .9 '^”)y^« -129.4(-ln(l-0.9'^"))’̂ ^

The value o f 250 |im presented with the use o f equation (1.4) appears within the range of 

predicted values o f the relationship obtained with the use o f equation (4.7), as the maximum 

cimax value for the total counted number o f 174 cracks is 360 )im (microdamage analyses 

performed and presented in chapter 2, in the specimens cycled under 80 MPa).
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The selected value AKmax= 2.20 MPa(m)‘'  ̂ is also a parameter in realistic conditions. 

Measurements o f fracture toughness in bones help explain that in spite that this AKmax value 

for the model was selected as the best fit for the experimental data, it is within accurate 

reahstic regions for the development o f fractures in bones. Results o f stress intensity range 

growth in human cortical bone were reported by (Nalla et al. 2005) in a range between 

approx. 0.5 -  2.5 MPa(m)'^^. (Vashishth et al. 1997) reported fracture toughness range o f 

bovine bone among approx. 4 - 6  MPa(m/^^ and 1.5 -  2.5 MPa(m)''^^ for the case o f human 

bone. (Bonfield et al. 1976) pubhshed fracture toughness range between 2.2 -  2.6 MPa(mf^^ 

for bovine femur, and (Lucksanasombool et al. 2001) measured among 2.3 -  2.9 MPa(m)’''̂  

for this same type o f bone. It is clearly consequently observed that the value AKmax= 2.20 

MPa(m)'''^ is highly physically reasonable to be used for the development o f the model.

4.3.3. Number of cycles to failure vs. Volume

Predictions o f equation (4.11) fit the experimental data for relationships o f number o f cycles 

to failure against volume, separating between experimental samples cycled with less than 60 

MPa, between 60 and 100 MPa, and stresses higher than 100 MPa. This experimental data is 

plotted with the model, for a characteristic AKmax and each corresponding constant p.

Equation (4.11) will appear as follows for the current predictions:

Concerning these types o f predictions, the factor that will be giving the differences in applied 

stresses will be specified by the variations in the constants P after the relationships given in 

figure 4.3, with their corresponding equations (4.13-4.15) that give a defined constant for

value approximating 80 MPa as being the stress in which constants ao and a  were obtained, 

the term O will become a constant, for which:

max

1 29.4M (t 'In 0.9

each applied stress in case. Defining a constant AKmax value of 2.20 MPa(mf^^, with a Ao

J_ in 0.9 
f3[_V\n^

0.4
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And the relationships o f  number o f cycles to failure against volume, with the corresponding 

experimental data are shown in figure 4.6:
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Figure 4.6: N f vs. V predictions o f the model, for two applied stresses, obtained with the 

usage o f the power - law relationships o f crack density against number o f cycles.

The obtained plots give a tendency o f  the predictions to fit with the experimental data, 

although a small variation in the values o f  the constants obtained can be accomplished for 

matters o f  better fitness. The transformation o f  the term into a constant gives a small 

variation in the plots, for which a modification in the values o f  the constants p can be done by 

applying a linear fit into the same relationships o f  numerical crack density against number o f  

cycles, as shown in figure 4.7;
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Linear stress variation 
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Figure 4.7: Increasing o f  volumetric numerical density vs. number o f  cycles with stress. 

Characteristic P  value is presented as the slope o f  each linear relationship.

These relationships appear as follows;

Linear 40 MPa: # = IxlO 'Â  

Linear 60 MPa: # = 2xlO‘̂ Â  

Linear 80 MPa: # = 4x lO'̂ Â

(4.16)

(4.17)

(4.18)

Performing the same process as done with the constants from equations (4.13-4.15), these 

new values of |3 from relationships (4.16-4.18) can be expressed in equation 4.11. With a 

small modification to the constant AKmax using a value o f 2.60 MPa(m)'^^ and giving /: = 1, it 

is obtained the predictions presented in figure 4.8:
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Figure 4.8: N f vs. V predictions o f  the model, fo r  two applied stresses, obtained with the 

usage o f  linear relationships o f  crack density against number o f cycles. Each model 

prediction correlates the corresponding experimental data.

The figure shows a tendency for the data to correlate their corresponding applied stresses 

obtained with the predictions. Data <60MPa tend to correlate the model prediction when 

using p o f the relationship (4.16); at the same time, prediction (4.18) correlates data obtained 

for stresses between 60 and 100 MPa. Data for stresses higher than 100 MPa appear out o f 

range, as the highest prediction for the current microdamage analysis results is for 80 MPa. 

The model plot at 80 MPa correlates accurately the experimental data at 88000 cycles and 

volume 140 mm^ obtained in chapter 2. The selected volume o f 140 mm^ corresponds to the 

stressed volume o f material; the total volume o f the specimen is significantly higher and the 

ends are not stressed, as the specimen is placed by its ends inside the grid o f the testing 

machine.

In the case o f these last obtained relationships, the used AKmax value o f 2.60 MPa(m)‘̂  ̂will 

give an approximate amax value o f 350 |j,m after doing a conversion with the use o f equation 

(1.4), appearing similar to the model’s 360 |^m from equation (4.7) for the total number of 

174 cracks found within the volumes in which the microdamage analyses were performed 

and presented in chapter 2. Due to this given close range and as compared previously with 

experimental results from references, the selected AKmax values used for the model are 

considered as physically reasonable to be considered within the range o f bone fracturing. The
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lowering of (p gives lower values of a„ax, providing 0.9 as the best fit for the presented 

predictions. Higher values of (p give an even better accuracy, although 0.9 in the presented 

case will simplify considerably the equations of the model.

4.3.4. Animal species estimations

Several attempts have been done in recent studies to determine effects in the resistance of 

bones under fatigue stresses when differences in animal species are taken into account. Given 

that the stresses and strains in bones seem to be approximately constant over animals of 

different sizes (Rubin et al. 1985), larger animals would need to compensate for this effect if 

their bones are to be as strong as those of smaller animals. This might be done, for example, 

by reducing the number density of cracks in large bones, or by increasing osteon density to 

reduce the distance between cement lines. There is already evidence for this compensation 

effect in some of our previous work (Taylor 2000) which showed that, when considering test 

specimens of equal size, bone from larger animals has higher fatigue strength than bone from 

smaller animals. The model presented helps give more information of these effects, taking 

into consideration the experimental data presented previously.

With the use of the power-law predictions of the model, it is presented specific plots 

compared with experimental data of several species. In the case presented in figure 4.9, it is 

used the linear variations for the relationships of numbers of cycles to failure against volume. 

The constant P for 80 MPa (equation 4.18) was used to compare with the experimental data 

of species such as rat, young human, equine, and bovine bones, being ordered in a similar 

constant stress of approx. 80 MPa, in a relationship of Number of cycles to failure vs. 

Volume:
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Figure 4.9: Separation o f different animal species under a similar stress o f 80 MPa. 

Relationship number o f cycles to failure against Volume.

For this case presented, equation (4.11) is presented in the following form;

N f  =
1 \n(p 1 In 0.9

p 1
e

1 4 x 1 0 “^ F (-.0 1 4 )

It is presented in the figure the gradual increase in the resistance under a constant stress of 80 

MPa, in bones from the smallest to largest species; rat, young human, equine and bovine 

bone. The theory regarding bones from larger species to be more resistant to fatigue stresses 

than smaller species is supported, as a very considerable increase in the volume of specimen 

(100 to 1000 mm^) is required to fracture in a difference from 100000 to 10000 cycles, 

considering the just mentioned gradual order of species.

The assumption is hold frirther with the examples shown in figures (4.10-4.12) for the 

relationships involving appHed stress against number of cycles to failure;
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Figure 4.10: Separation o f different animal species under a similar volume o f 10 mm^. 

Relationship applied stress vs. number o f cycles to failure.
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Figure 4.11: Separation bovine bones o f similar volumes o f approximately 140 mm 

Relationship applied stress vs. number o f cycles to failure.
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Figure 4.12: Separation o f different animal species under a similar volume o f 3000 mm^. 

Relationship applied stress vs. number o f cycles to failure.

The equations o f the model, in order to get the plots given in figures (4.10-4.12) will be noted 

as follows:

Figure 4.10; Equation 4.11 is rewritten in the following form:

' 2 2 0 t f /
1

2.6x10
In 0.9 

lOhiO

0.4 129.4M cr“

Figure 4.11: Equation 4.11 is given:

1

2.6x10
biO.9

1401n0

0 .4
_ r  2 2 0 C ? /

=  / l2 9 .4 M a '

Similarly, equation 4.11 is written for figure 4.12

N , =
1

2.6x10
In 0.9 

3000 In O

0 .4
_ f2 2 0 C ? /

=  / 1 2 a129.4M c7'̂

Another example o f  these differences in masses o f animal species is given in figure 4.13, for 

relationships involving applied stress against volume, under constant number o f  cycles to 

failure:
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Figure 4.13: Separation o f  dijferent animal species under relatively similar number o f  cycles 

to failure. Relationship applied stress against Volume.

For this current relationship, equation (4.12) is written as follows;

_ f  2 2 0 r f

V =  ------------------------------[in (D]"' Being: ^  =  1 ~  ^
129.4Mcr"

((2.6xlO"'’XlxlO')) '̂

For which the species from larger animals will appear with higher strengths for similar 

volumes.

4.4. Discussion

Attempts have been done for many years by researchers to find ways o f describing 

mathematically the way in which microdamage evolves in bones. Microcracks appear in 

bones provoked by fatigue loading, generated and developed in high amounts o f short 

microcracks or length grow t̂h. Previous chapters introduce efforts done and published by 

researchers towards the development o f predictions o f microdamage generation and growth 

by fatigue. In the current chapter it is mentioned the use the experimental analyses described 

in chapter 2, which help develop the model presented, where important factors such as the 

volume, the number o f cycles needed to fracture and the stresses applied in determined bone 

specimens can be included in a single equation. This way of describing the mechanical 

behaviour o f bones under submitted fatigue stresses has never been reported, and it is
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presented as a novel method that helps predict the behaviour o f bones towards their fracture 

with several components included in one same relationship.

Weibull distribution is employed for the development o f the model, by using this equation 

with the corresponding constants previously obtained with the use o f the statistical analysis 

presented in chapter 3. This process is explained for the achievement o f equations 4.6 to 4.9, 

where a relationship integrating volume and number o f cycles to failure can be integrated, 

these two factors being related with the maximum crack length that will cause the fracture of 

a type o f bone, a factor developed from the numerical densities increase (P), and the Weibull 

constants obtained from the statistic analysis performed to the cracks lengths of a bone 

fatigued until fracture.

With the use of the relationship that describes the stress intensity factor, the possibility to 

integrate applied stress can be integrated into the model, the process done to obtain equations 

4.11 and 4.12 gives this procedure that will integrate the three factors into one single 

equation. Predictions will be then developed to describe the mechanical behaviour o f bones: 

volume, applied stress and number o f cycles to failure are correlated with the support of 

experimental data, one o f these being maintained as a constant to obtain the relationships 

shown in figures (4.4-4.6, 4.8).

With the use o f data obtained from the tests performed and reported in chapter 2, it is able to 

obtain predictions regarding the numerical densities per unit volume against number o f 

cycles, for three different applied stresses (40, 60 and 80 MPa). These predictions, described 

by equations (4.13-4.15), give constant |3 which will be working as a frinction o f stress.

With the use o f these constants, different types o f plots are obtained with the model, which at 

the same time correlate accurately with experimental data obtained from the tests described in 

chapter 2, as well as from several experimental results acquired from references. Stress 

against number o f cycles to failure are shown in figure 4.4, with the use o f equation (4.11), 

keeping different constant volumes. Stress against volume is shown in figure 4.5, this case 

with the use o f equation (4.12), keeping different constant numbers o f cycles to failure. 

Similarly, figure 4.6 will show plots for numbers of cycles to failure against volume, which 

as the applied stress remains as a constant in this case, the factor O remains as a constant, for
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which a small adjustment will involve the fitness o f linear tendencies in the data that 

comprehend numerical crack densities against numbers o f cycles. The corresponding 

constants P, a small variation in the constant AK, as well as keeping the exponent as A: = 1 

will give the predictions illustrated in figure 4.8, to give an accurate correlation with 

experimental data.

In the case o f using a constant Aa value o f 80 MPa in equations 4.11 and 4.12, was used for 

convenience, after being the stress level in which Weibull constants were calculated for 

specimens in which the total of them fractured at some point (Weibull constants at fracturing 

lapse). The usage o f microdamage development information at the fracturing lapse for other 

types of applied stresses may maximize its accuracy, nevertheless, the regression statistical 

analysis performed in sections 2.3.1 and 3.3 suggest as well that same Weibull parameter 

values may be employed for different stresses.

The relationships obtained with the current model explain the effect o f volume when cycling 

under fatigue stresses. The plots obtained with the model, being correlated with experimental 

data from several references, show a lower capability to withstand failure for higher volumes. 

At the same time, this appears as a novel model where several variables are included in one 

same relationship: Number o f cycles to failure, volume o f sample and applied stress. The 

introduced model is based on the Weibull distribution constants obtained from crack length 

data of bones cycled to failure, and the variability found in numerical crack density with 

number o f cycles under different determined applied stresses. This introduced model can be 

used as well for the mechanical description for any type o f material, by using corresponding 

microdamage developments o f the material in case.

As mentioned after obtaining the correlations o f the predictions with the experimental data in 

figures 4.9 and 4.10, it is shown clearly the tendency o f bones o f larger animals to have 

higher fatigue strength than the ones from smaller animals; figure 4.9 indicates the 

considerable decrease in the number o f cycles to failure required to fracture bones when 

increasing their volumes, this taking into account the gradual differences between the 

smallest to largest species: rat, young human, equine and bovine bone. This is more clearly 

observed in figure 4.10 when taking specimens of similar volumes, approximately 10 mm^, 

and a difference o f 60, 120 and 150 MPa is needed to fracture rat, human, and bovine bones.
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taken respectively, under same 100000 cycles. Crack accumulation may be higher as well in 

smaller animals; reason for in the case of figure 4.10, a lower stress (60 MPa) will be needed 

to fracture the rat specimen, at same 100000 cycles, than human and bovine specimens (120 

and 150 MPa).

This same tendency is seen in figures 4.12 and 4.13, where in the case o f figure 4.12 chicken 

bone needs a considerable lower stress to fracture when compared to human and equine 

bones for similar specimen volumes approximating 3000 mm^. In figure 4.13 two separate 

types o f data appear at two considerably different volumes; at volumes approximating 2 mm^, 

rat bone will appear as significantly weaker than that o f human bone, while over volumes o f 

200 mm^, bovine bone will appear as considerably stronger than that o f chicken bone. In the 

cases o f figures 4.9 and 4.13 it can be observed that under similar volumes, the tendency 

regarding larger animals to be stronger will be highly evident; when taking highly variable 

volumes, it is noticed the effect of considerably different volume specimens will create 

scatter in the data.

No variance is observed in bones o f similar shapes and same species; it is seen in figure 4.11 

the model predicts accurately fracture o f bovine specimens between 80 and 200 mm^, fitting 

accurately the experimental value obtained by the results presented in chapter 2, with the use 

o f 80 MPa for 140 mm^. Regardless of these observations, a detailed experimental study 

conforming mechanical properties and micro structure of different species, with detailed 

microstructural evidence, would preferably prove the hypothesis presented.
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4.5. Conclusions

1. Microcracks produced in vivo as well as in vitro can be described by their variabilities 

in numerical crack densities, as well as their lengths distributions described by the 

two-parameter Weibull equation. These two factors are applied in the development of 

a new theoretical model.

2. The new theoretical model appears as a novel mode of describing features such as 

number of cycles to failure, stress, and volume included in one equation, in which the 

influence o f these in the mechanical properties o f bones is shown with the support of 

experimental data.

3. The use o f the model describes the high influence of volume in the fatigue endurance 

o f same types o f bones; it is presented a lower capability to withstand failure for 

higher bone volumes.

4. It is highly probable that bones o f larger animals are stronger than those from smaller 

animals; this hypothesis is reaffirmed with the use of the model.
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CHAPTER 5

MICRODAMAGE IN BONE: PREDICTIONS IN BMD AND 

OSTEOPOROSIS INFLUENCE IN BONE FRACTURES

5.1. Introduction.

5.1.1. Influence of BMD variations in fatigue fracture

Several studies have been done showing the mutual influence of material density, porosity 

and mineral content on bone fatigue strength (Carter et al. 1976; Schaffler et al. 1989). 

Changes in microcrack accumulation as well as in the crack lengths o f bone, will affect 

bone’s capability to withstand considerable high fatigue stresses. These two variables can be 

explained with the current model. Changes in microcrack accumulations are given with the 

variation o f BMD levels: lower BMD levels will reduce bone capabilities to resist these 

considerable high fatigue stresses, and the increase in the characteristic lengths values, will 

have a direct influence on their fracture.

It has been observed in sequence, passing through the previous chapters the way in which 

microdamage appears, develops and fractures animal bones by fatigue. Microcracks will 

appear under mechanical fatigue stresses, and grow in numerical densities, surface densities 

as well as their lengths. Depending on the stresses being submitted, some cracks will grow 

towards longer sizes, some others will increase in densities, although the fracture o f the bone 

will depend in a small quantity o f these to grow and provoke its fracture. It has been proved 

with the use o f statistical analyses that animal species and the process o f fatigue will cause 

the lengths o f the microcracks to be increased gradually and if the conditions allow, some of 

these will grow to fracture the bone. The stresses being applied will apparently not have 

considerable influence in the values o f the characteristic lengths necessary to cause the 

fracture o f bones (chapter 3), this being contrary with the increasing of cracks densities, as it 

is seen that the densities o f the cracks will increase gradually with the increasing in the 

applied stresses (see chapter 2).

In the current chapter it is presented the relation that the model presented in chapter 4 have 

with the microcrack accumulations o f cycled bones varying with differences in BMD levels; 

results that were previously presented in chapter 2. Differences in volumetric numerical
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densities of cracks in bones, as well as the effects o f crack lengths are theoretically described 

with the current model; it is currently described the effect that differences in BMD levels will 

have in the mechanical properties of bones towards fatigue stresses.

It has to be taken into account the difference in what the use o f DXA technique measures 

regarding areal bone mineral densities, to what the effect of volumetric BMD has on the 

mechanics o f bones. DXA scanning develops measurements o f bone mass per unit area 

[gr/cm^], for which a more accurate way of determining the real, amount o f matter integrating 

the whole volume o f a bone, is the determination o f the bone mineral density per unit volume 

(vBMD) [gr/cm ]. These types o f measurements are being reported nowadays as extremely 

novel kinds o f examinations: (Rauch et al. 2005) described volumetric bone mineral density 

(vBMD) as “the ratio between BMC and the extrapolated external volume o f bones” (BMC 

previously defined in chapter 2 as the bone mineral content), and a novel technique of 

determining vBMD contents from direct measurements is the use o f peripheral quantitative 

computed tomography (pQCT), which is a type o f X-ray computed tomography that performs 

measurements of the bone mineral density (BMD) in a peripheral part o f the body and 

determines the geometry o f the bone. Examples o f these types o f novel examinations have 

been published by (Lauretani et al. 2006; Cheng et al. 2009; Abdin-Mohamed et al. 2009). 

vBMD levels are not calculated for use in the presented thesis, although it has to be affirmed 

that the use o f areal BMD level measurements are accurate, and allowed to evidently fulfil 

the objectives proposed.

5.1.2. Objectives

1. Develop and correlate with experimental data the effects that differing BMD levels o f 

bones will have in the microcracks numerical densities, and their influence in the 

mechanical predictions o f bones, with the use o f the theoretical model recently 

elaborated.

2. Develop and correlate with experimental data the effects that differing BMD levels o f 

bones will have in the characteristic lengths o f fractured bones, and their influence in 

the mechanical predictions o f  bones, with the use o f the theoretical model recently 

elaborated.

3. It has to be described theoretically the way in which the changes in the microcracks 

accumulations and lengths will affect the resistance o f bones towards submitted 

fatigue stresses, changes developed by differences in BMD levels and that give the
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causes for which excessively fragile bones, such as bones with osteoporosis, will 

fracture under in vivo conditions.

5.2. Microcrack density accumulations and microcrack lengths influence 

towards fatigue endurance

5.2.1. Microcrack accumulation influence, a theoretical explanation

It was presented in chapter 4 a new theoretical model that describes the mechanical properties 

o f bones taking into account the influence o f microdamage developments and which 

supported with experimental data, important factors such as numbers o f cycles to failure, 

volume and applied stress will be correlated. This theoretical model was developed from the 

conclusions obtained from previous chapters, such as the experimental microcracks 

populations acquired in chapter 2, and the conclusion found in chapter 3 regarding a certain 

characteristic crack length that will provoke the fracture o f a certain bone after reaching its 

distinctive value.

With the use of equation (4.3), relationships o f numerical densities variations with number o f 

cycles for different BMD levels can be used to observe the influence of microcracks 

accumulations in the capacity o f bones to withstand fatigue stresses. It can be observed in 

figure 5.1 this difference o f microdamage accumulation between BMD levels; it is presented 

the way densities o f cracks normally appeared under epifluorescence microscopy between 

high and low BMD levels for the four point bending tests carried out in chapter 2 on ovine 

bones, stopped after reaching one million cycles; it can be observed that there is a 

considerably higher number o f cracks presented for low BMD than the image shown in high 

BMD level.
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Figure 5.1: Images taken under epifluorescence microscopy; it is shown microdamage 

appearance fo r  high (5.1a) and low (5. lb) BMD levels.

The form of equation (4.3) is used to obtain the corresponding constants for each BMD level. 

Similarly to the case o f equation (4.3), this relationship will be related to variabilities of 

BMD levels, in this case:

#‘‘ = y7V (5.1)

Where y will be a constant working as a Sanction of the BMD levels containing the bone in 

this case, following a power law behaviour. Three BMD level groups (high, medium and 

low) are separated for a set of the ten ovine radiae submitted to four point bending tests. 

These bending tests correspond to the previously described data analyzed in chapter 2. The



values o f BMD levels correspond as: High BMD level: 0.86-0.92 gr/cm^; Medium BMD 

level: 0.82-0.84 gr/cm^; Low BMD level: 0.72-0.78 gr/cm^. The microcracks length data will 

correspond to the analyses performed under a constant applied load o f 0.9 kN, corresponding 

to microcracks formed in the whole cross sections.

Figure 5.2 shows the differences in numerical crack densities with number o f cycles, for three 

BMD group levels: high, medium and low. Power law relationships are correlated with the 

experimental data.
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Figure 5.2: Numerical crack density per unit volume vs. number o f  cycles. BMD level 

variation power law fit.

BMD variations give differences in the slopes o f numerical crack densities against number of 

cycles (crack density rate). This crack density rate is higher for lower BMD levels and will 

give higher values o f  y from equation (5.1). These power law relationships with the 

corresponding y values are presented as follows:

Power law high BMD level: = 1.4x 1 (5.2)

Power law medium BMD level: =  2.6x 10”^Â  (5.3)

Power law low BMD level: = 3 . 6 x 1 ( 5 . 4 )

This increase in the values o f y will affect the relationships involving volume, number o f 

cycles to failure and stress. It is observed that similarly to the case in the obtained equations
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(4.13-4.15) from the previous chapter, the exponent will have a constant value of 0.4. In this 

case, differences in microcracks accumulations (numerical densities) can be observed in the 

mechanical properties o f bones by using equation (4.11) with the constants values obtained in 

equations (5.2-5.4). This is presented for the cases o f the different BMD levels, with their 

corresponding y, and the exponent 0.4. ag and a  Weibull values are given as constant for the 

case o f the section being presented, in order to see the differences obtained when varying y 

(crack density rates). The prediction will apply for a constant stress o f 80 MPa:

High BMD level:

i0.4

N f  =
J ___

1.4x10'
In 0.9 

-0.05 IF

In a similar manner, the corresponding constants for medium and low BMD levels can be 

integrated into the equation. The resultant predictions o f number o f cycles to failure against 

volume, under a constant applied stresses o f 80 MPa are shown in figure 5.3, with the 

corresponding experimental values for stresses between 60 and 100 MPa, previously 

introduced in chapter 4:
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Figure 5.3: Number o f  cycles to failure V5. volume; model predictions fo r  high and low BMD 

levels, variations taken from  diversities in numerical densities.

The use o f equation (4.11) is used to illustrate in figure 5.4, with use o f the corresponding 

constants it is shown the plots o f stress against number of cycles to failure for BMD levels 

differences, under a constant predicting volume o f 140 mm^ with the corresponding
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experimental data approximating a volume range between 80 and 200 mm^. Equation (4.12) 

give the predictions corresponding to stress against volume for BMD levels differences, for 

constant predicting 88000 cycles, illustrated in figure 5.5.
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Figure 5.4: Stress vs. number o f  cycles to failure; model predictions fo r  high and low BMD 

levels, variations taken from  diversities in numerical densities.
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Figure 5.5: Stress V5. volume; model predictions fo r  high and low BMD levels, variations 

taken from  diversities in numerical densities.

The relationships presented in figures (5.3-5.5) represent a decrease in the mechanical 

capacity o f bones to withstand fatigue stresses with the increase in the microcracks numerical 

densities (microcrack density rates), caused by the decrease in BMD level contents. 

Experimental data correlates the relationships and it is shown the gaps that are formed for
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these BMD levels differences caused by the variations in the densities o f the cracks. 

Importance has to be given to the fact that a minimum stress will be formed when taking into 

account differences in numerical densities. It can be observed in figures 5.4 and 5.5 that when 

taking into account differences in numerical densities provoked by BMD levels diversities, 

the appearance o f high quantities o f cracks will reduce the mechanical properties of bones, 

although when considering only this factor a stress o f approximately 40 MPa will be needed 

to be applied as a minimum to provoke the fracture of the bone in case. Importance is given 

to this matter as the factor that causes bones to fracture by fatigue stresses is the increase in 

crack lengths, and it is shown in the next section that characteristic lengths calculated with 

the use of Weibull statistics help determine the predictions to fracture bones under stresses 

lower than this approximated value o f 40 MPa, for considerably low BMD contents in the 

bones.

5.2.2. Microcrack lengths growth influence, a theoretical explanation

It has just been shown with the current model the way in which microcrack accumulations 

affect in the capacity o f bones to withstand considerable high applied stresses: less number o f 

cycles will be needed to fracture bones at same stresses when BMD levels decrease, although 

another factor will affect as well and will be the differences in crack lengths formed with the 

BMD levels diversities. As shown in previous chapters, the statistical analysis o f crack 

lengths data give as a result the achievement of a characteristic length (ao),  being the 

probability to find a crack length or less with the use o f the Weibull statistics equation. For 

bone fracture, Weibull equation will give the characteristic length towards the fracture o f a 

bone with the corresponding microdamage analysis data. It is now presented that differences 

in BMD levels will be related to the lengths o f microcracks appearing in bones cycled 

towards the fracture, by causing the increase o f Weibull characteristic lengths (ao) and 

reduction o f a  from equation (3.1).

The bones cycled previously under compression stresses and presented in chapter 2, applying 

70 and 80 MPa to cortical zones o f bovine tibiae, can be used with the present four point 

bending results in ovine radiae to observe the effect o f BMD levels with characteristic crack 

lengths o f bones (ao). There is no information regarding BMD levels for the bovine bones 

used in chapter 2, nevertheless it can be performed an estimation by comparing the slopes of
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the linear relationships o f numerical crack densities against number o f cycles, with those 

developed in the ovine bones for differing BMD levels.

It is possible to separate the way numerical densities increase with variations o f stress, for 

each BMD level from the ovine bones microdamage analysis. High and medium BMD level 

graphs are shown in figures 5.6 and 5.7;
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Figure 5.6: Numerical crack density per unit volume vs. number o f cycles, high BMD bones. 

Applied stress variation, characteristic y value is presented as the slope o f each linear 

relationship.
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Figure 5.7: Numerical crack density per unit volume vs. number o f cycles, medium BMD 

bones. Applied stress variation, characteristic y value is presented as the slope o f each linear 

relationship.
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The damage analysis for numerical densities against number o f cycles presented in chapter 2 

in bovine bones applying 70 and 80 MPa is shown in figure 5.8:

70 MPa 80 MPa
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y = 3E-05X + 0.2692 

= 0.9873

Figure 5.8: Numerical density V5. Number o f  cycles. Linear relationships obtained fo r  tests

applying 70 and 80 MPa.

The slopes o f these last two relationships, when compared with the relationships o f figures 

5.6 and 5.7, permit to do an estimation o f the category in which the bovine bones submitted 

under compressive stresses can be integrated regarding their BMD level. This is shown in 

figures 5.9 and 5.10:
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Figure 5.9: Numerical crack density per unit volume vs. number o f  cycles, high BMD bones. 

Applied stress variation, integration o f  bovine bone cycled at 70 MPa.
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Figure 5.10: Numerical crack density per unit volume V5. number o f  cycles, medium BMD 

bones. Applied stress variation, integration o f  bovine bone cycled at 80 MPa.

Analysis o f these experimental results shows that the Weibull constants change in a 

systematic way with number o f cycles during in vitro testing for fatigue fractured bones, 

although almost no variations in the values appear for differing stresses (see chapter 3). These 

very small variations may be due to differences in BMD levels; higher crack densities 

appearing in lower BMD levels may cause larger crack lengths at the point o f fracture, and 

due to this, higher characteristic length values.

As mentioned recently, it can be estimated the BMD level content o f the bovine bones cycled 

previously under compression stresses, by comparing their slopes of numerical density vs. 

number o f cycles with those developed in the ovine bones. With the usage o f figures 5.9 and 

5.10, it is observed the slope of bone cycled under 70 MPa to be in the region o f high BMD 

level, whereas the case o f the slope o f  bone cycled under 80 MPa is found in the region o f 

medium BMD level. From this, it is assumed bovine bone cycled under 70 MPa to be 

integrated with high BMD level, while bone cycled under 80 MPa with medium BMD level.

It is shown in table 5.1 the Weibull constants values for fractured specimens o f the bones 

cycled under 70 and 80 MPa, bovine tibiae cortical specimens cycled under compression 

stresses:
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Species

Type of 

bone a ao (^m)

<3max (l^m)

(P=0.9)

References Assumed BMD 

level

Bovine

Tibia

2.3 126.0 181.1

Present

Study

High

Bovine

Tibia

2.0 129.4 198.5

O ’Brien et 

al 2003

Medium

Table 5.1: Weibull constants o f  bovine bones specimens cycled under 70 and 80 MPa, 

assumed BMD level is specified.

The results shown in the table demonstrate an increase o f Weibull constant ao and decrease in 

the value o f a  when a considerable decrease in BMD level is taken into account. It was seen 

in figures 5.3-5.5 that BMD variations will cause a decrease in the resistance to fracture by 

changing the values o f y, although the increase o f ao (characteristic length increase) will 

cause the decrease in the minimum strength values; this decrease in minimum stress by 

characteristic lengths variations will decrease the mechanical properties o f bones towards 

stresses that can be considered in vivo regions.

40-50 MPa (approx. 2000-3000 |j,8) is normally considered to be attained during in vivo 

conditions by most animals as shown by (Rubin et al. 1982); regions between 1000 and 2000 

|o,£ were considered among the normal physiological strains attained when measuring tibial 

shafts o f soldiers during intensive training regimes as proved by (Burr et al. 1996), this being 

as well a range considered at normal physiological stresses attained during strenuous daily 

activities such as running (approx. 2300 |as) (Taylor et al. 2003). 60 MPa is approximately 

the maximum value attainable in vivo in animals (~3500 |is), although ranges as high as 4400 

to 5670 HE have been measured in racehorses as published by (Nunamaker et al. 1990). The 

use o f the model proves that the increasing o f characteristic lengths when lowering BMD 

levels, reduce the values o f minimum stresses o f the relationships presented in section 5.2.1; 

these reductions cause minimum stresses for considerably low BMD levels (such as bones 

with osteoporosis) to attain fracture stress regions considered in vivo for humans (lower than 

40 MPa).
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By taking variance in numerical densities with the addition o f changeable values in ao and a  

(variations in crack lengths with BMD values) based on the constants in table 5.1, plots such 

as the one shown in figure 5.11 will be generated. With this example it is shown that 

variations in characteristic lengths will produce a lowering in the minimum stresses achieved 

regarding differences in BMD levels.
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Figure 5.11: Stress vi'. number o f  cycles to failure; model predictions fo r  high and medium 

BMD levels, variations taken from  diversities in numerical densities, characteristic lengths 

and a.

For the development o f this figure, equation 4.11 is employed with the corresponding values 

o f Y, characteristic lengths {ao) and a , for high and medium BMD levels, under constant 

volumes o f 140 mm^:
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5.2.3. Numerical densities and characteristic lengths; analysis of the influence in low 

BMD and elevated osteoporotic bones

The accumulation o f  microdamage in bone affects in the development o f  fatigue fractures, 

and is highly associated with the process o f  aging and osteoporosis. This damage 

accumulation, when it is greater than the rate o f repair, or when the process o f repair is 

interrupted, elevates considerably the level o f  microdamage developed in the bone (Frost et 

al. 1991; Burr et al. 1997). Studies done by (Mashiba et al. 2001) found that suppression o f  

bone remodelling allows microdamage to accumulate, causing reduction in bone toughness in 

rib cortex o f  dogs. It has also been shown by (Rho et al. 2002; Zioupos et al. 2005; Huja et al. 

2006) that remodelling osteons are weaker and softer, and play a role in the increasing o f 

porosity in the bone. Increased turnover and remodeling makes up a risk factor because o f  its 

effect on bone mineral density and mass loss changes (Heaney 1993).

After giving an estimation o f  the way minimum stresses are reduced between bones with high 

and medium BMD levels caused by variations in Weibull constants, effects o f low BMD, and 

even bone under osteoporotic conditions can be estimated to observe their effect in fatigue 

fracture o f bones, with the increasing o f  characteristic lengths for these two cases, ao can be 

increased and a  decreased when lowering BMD levels; bone with osteoporosis would be 

having lower BMD levels as the ones measured in the tests presented in chapter 2, as the 

bones cycled recently were bones still under a low induced osteoporosis compared to 

excessive osteoporotic cases in humans.

As done with the cases o f  the bovine bones cycled under 70 and 80 MPa, Weibull constants 

are varied to obtain predictions such as the ones shown in figure 5.11, adding bone with a low 

BMD level and bone under elevated osteoporotic conditions, in order to obtain predictions for 

the three main factors involved in the model (Â ,̂ Aa, V). In this way it is shown in figures 

(5.12-5.14) the variations that occur with differences in BMD levels and bones with 

considerable osteoporotic conditions, regarding the effects o f  microcracks densities rates and 

the increase in characteristic lengths. Cases shown in figures (5.13-5.14) will show the 

minimum stresses that will be presented for each BMD in case, shown with the purpose o f 

proving the effects that the characteristic lengths will have in the mechanical properties o f  

bones:
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Figure 5.12: Number o f cycles to failure vs. volume; model predictions presenting the effects 

o f BMD levels differences with addition o f an elevated osteoporotic case.
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Figure 5.13: Applied stress vs. number o f cycles to failure; model predictions presenting the 

effects o f BMD levels differences with addition o f an elevated osteoporotic case.

144



#  Exp M ediu m
BMD 

  High BMD

'■ M ediu m
BMD 

 Low BMD

— Osteoporo s i s

— Min High 
BMD

— Min M e d iu m  
BMD

—• Min Low 
BMD

— Min 
Osteoporo s i s

Figure 5.14: Applied stress V5. volume; model predictions presenting the effects o f  BMD 

levels differences with addition o f  an elevated osteoporotic case.

Lower BMD levels include higher numerical density (microdamage accumulation), and for 

instance cracks to be longer on average after their combination is achieved to cause the 

fracture of the bone. These increasing in lengths for lower BMD levels will cause the 

characteristic lengths ao (obtained under Weibull analysis) to be longer, and the predictions 

shown in figure (5.13-5.14) will decrease their minimum stress values. The ovine bones used 

for the current tests had induced osteoporosis; the usage o f microcracks development data, 

from bones fatigued until fracture as well as submitted to longer treatment periods or much 

greater doses of bone remodelling than those used normally for clinical purposes (Mashiba et 

al. 2001), would provide accurate predictions regarding fatigue fracture conditions for 

considerably low BMD levels.

5.3. Discussion

It has been presented in previous chapters extended experimental analyses regarding 

microdamage generation and growth towards the fracture o f bones by fatigue. It has been 

presented as well statistical analyses that describe theoretically the conditions o f the cracks to 

grow to determined lengths and cause the fracture within the bones. These analyses were 

employed for the development o f a novel theoretical model including important factors in a 

single equation. It is presented in the present chapter how differences in BMD levels reduce
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considerably the capability o f bones to withstand fatigue stresses, giving as well a theoretical 

explanation o f how these reductions provoke the fracture of bones by fatigue at in vivo 

conditions.

Variations in numerical densities and the increase in lengths will affect fatigue resistance o f 

bones, and the current chapter demonstrates with the use of the model developed in chapter 4, 

the way in which BMD levels differences affect these properties. Lowering BMD levels will 

be related with the appearance o f higher quantities o f cracks (higher numerical densities) 

after the course o f considerable cycling periods (figure 5.1). Experimental analyses help 

obtain the accumulations presented in figure 5.2, where power law fits can be accurately 

introduced to predict their behaviour.

The power law predictions for figure 5.2 are given as a result in equations (5.2-5.4), and their 

constants substituted in equation 4.11. A stress o f 80 MPa is considered and plots o f numbers 

o f cycles to failure against volume are obtained taking into account the way BMD levels vary 

when passing from high to low BMD contents, or specifically approximately between a range 

o f 0.86-0.92 gr/cm^ for the case o f high BMD levels, and between 0.72-0.78 gr/cm^ when 

considering low BMD levels. Figure 5.3 gives these predictions, where it is observed with the 

use o f experimental data, previously presented for the introduction o f the model in chapter 4, 

bones cycled between a range o f 60 and 100 MPa correlate accurately with the range in 

which the stress prediction o f 80 MPa is provided, fitting as well within a gap established for 

the differences in BMD levels. It is clearly shown bones with lower BMD levels will be 

fracturing under lower cycling periods.

One important objective o f the chapter currently presented is to give the differences between 

the effects that the variations in cracks densities give to mechanical properties o f bones 

against fatigue stresses, with relation to what the variations in the lengths o f microcracks 

affect. The effect o f what numerical densities produce is given in figures (5.4-5.5) showing 

the relationships for applied stress against Nf, and stress against volume, with the use o f 

equations 4.11 and 4.12, respectively. The effect o f characteristic lengths differences is 

remained as a constant in this mentioned section and variations in BMD levels are 

represented with the use o f microcracks accumulations, with the use o f the constants given in 

equations (5.2-5.4). Similarly to the case presented in figure 5.3, the experimental data 

correlate with the predictions in case, and a clear separation is observed between the plots
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regarding BMD levels differences, showing additionally a lower fatigue endurance for bones . 

o f lower BMD levels. The important feature to observe in these figures is the appearance o f a 

minimum stress that will be developed between 40 and 50 MPa, this minimum stress will 

represent the effect that the lengths o f the microcracks will have on the fatigue properties of 

bones; the increase in this microcracks lengths at the point of fracture (characteristic lengths) 

will provoke the minimum stresses to decrease considerably.

The development of section 5.2.2 introduces the effects that BMD levels have on the 

microcrack lengths o f bones cycled to fracture; it is established that for bones with low BMD 

levels, large amounts o f small microcracks combine to give as a result the generation of 

larger cracks that in average, will be longer than those developed in high BMD levels. It was 

presented in chapter 3 with the use o f Weibull statistical analysis the region o f constants 

values in which microcracks lengths produce the fracturing of the bone in case, suggesting 

these values are not affected by stress level. The development of section 5.2.2 presents the 

small differences between these constants at differing stresses may be related to changes in 

BMD contents, and higher characteristic lengths values will be related to bones integrated by 

lower BMD levels.

Figure 5.11 states with the substitution o f the corresponding constants in the model, with the

integration of characteristic lengths and a  constants for each BMD level in case, that

increasing in the values o f characteristic lengths as a consequence o f lowering BMD levels, 

will decrease the minimum stresses necessary for fracturing. This is important as the ranges 

presented in the figure correspond to bones constituted by high and medium BMD levels,

showing minimum stresses approximating 50 and 40 MPa, respectively, high to be

considered as feasible stresses that could be developed in bones under in vivo conditions. The 

considerable lowering o f BMDs, such as the ones contained by bones affected considerably 

by osteoporosis, reduce this minimum stress towards in vivo regions.

Figures (5.12-5.14) give the predictions o f high and medium BMD levels presented in figure 

5.11, with the addition o f low BMD and osteoporotic bones estimations, by taking into 

account numerical densities as well as increasing in characteristic lengths with the decreasing 

in BMD levels. Taking these factors into consideration will show with the use o f figure 5.13, 

the lowering of the minimum attainable stresses in bones with considerably low BMD levels
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and bones with elevated osteoporotic conditions; ranges below the 40 MPa are attained and 

will be stresses that could be considered as attainable in vivo conditions. For sure slightly 

below the 40 MPa will be too high as a feasible stress in which the bones o f humans with 

considerably elevated levels o f  osteoporosis would be submitted, but the purpose o f the 

model presented is to give the conditions that will create fractures in bones under stresses that 

could be considered in vivo conditions. Another important factor to be considered is that there 

is still no evidence nowadays o f microcrack lengths analyses performed by authors for bones 

with low BMD levels and under osteoporotic conditions after reaching the fracture, therefore 

it is important to mention that microdamage lengths analyses o f fractured bones under these 

conditions have to be performed to prove the predictions being presented. Microcrack lengths 

analyses performed in the current work for whole ovine bones indicate a considerable 

increase in microdamage accumulation, nevertheless none o f these bones fractured and were 

stopped when reaching the million cycles.

Fractures occur often in military recruits, 0.91% of male recruits and 1.09% of females suffer 

from stress fractures, and the most common sporting activities that have resulted in stress 

fractures are running activities, especially track and distance running. Between 4.7% and 

15.6% of all injuries to runners are stress fractures (Guten 1997). The results obtained with 

the current model help explain the main motive for this type o f stress fracturing to be 

accomplished, as military recruits in which fractures are developed could correspond to 

members that may have not been joined in the military forces for more than a short time. As 

bone content hardens with physical activity, the bones o f a small percentage o f these 

members will be composed by lower amounts o f matter that when submitted under excessive 

fatigue stresses, cases as the exempHfied in figure 5.13 for low BMD levels could happen in 

real life.

The results being presented do not include the influence o f remodelling. It is known that a 

Basic Multicellular Unit (BMU) during the process o f bone repair moves at about 40 |j,m per 

day, new bone formation begins in young individuals 48 hours after injury and the total 

remodeling period is about 4 months (Martin et al. 1998). Regions between 100 and 1000 

miles correspond to approximately between 100000 and a million cycles under very rigorous 

exercise (Bloomfield et al. 1995); in addition, it has been measured American football players 

to run approx. 52 miles per week (Fowkes Godek et al. 2005), and some marathon runners
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can reach excessive training regimes o f even 100 miles per week (Grant et al. 1984). 

Normally, bones o f athletes and members o f the army will be integrated by contents that can 

be estabUshed as high BMD levels and ideally will be able to hold the training regimes being 

mentioned. The example given in figure 5.13 could correspond to bones from novice 

members which wouldn’t have initially the required conditions to support these types o f 

regimes.

With the usage o f these results it could be estimated fractures of bones with lower BMD 

levels and bones with osteoporotic conditions when regions between 50 and even 100 miles 

o f run per week are achieved during very rigorous exercise regimes, meaning approximately 

a range between 100000 and a million cycles to be reached after a week or ten weeks of 

excessive athletic training. With the usage o f the model and results shown in figure 5.13, it is 

shown that fatigue fracture of bones with lower BMD levels and with osteoporosis can be 

achieved with an application of stresses lower than 40 MPa, range considered in vivo even for 

normal running conditions. The total remodelling period lasts for a course o f 4 months, and 

results o f the model show that stresses below the 40 MPa give a tendency to fracture in a 

period less than ten weeks o f excessive training in osteoporotic bones, period in which the 

remodelling process will be too slow for bone to be able to repair itself, and will lead to its 

fracture.

5.4. Conclusions

1. Microcracks density rates and characteristic lengths are related with the variations in 

BMD levels o f bones, affecting in their endurance towards fatigue stresses.

2. Lower BMD levels will be related with higher crack densities and increase in the 

characteristic lengths related to fracture o f bones.

3. Bones consisting o f excessively low BMD contents, such as affected by extreme 

osteoporotic conditions, will encounter fatigue fractures under elevated exercising 

regimes.

4. Considerable increasing in the characteristic lengths o f  microcracks will mainly be the 

cause to provoke the fracture of bones under stresses considered in vivo conditions.

5. Clinical treatments can be developed with the use o f the model presented in order to 

prevent excessive exercise regimes in humans affected by osteoporosis and bones 

with low mineral contents, to avoid unnecessary fractures in humans.
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CHAPTER 6

DISCUSSION

6.1. Development of microdamage by fatigue

The work developed in the current thesis was able to be elaborated with the use o f a dye 

sequence process in bones, with the objective o f labelling microcracks that can be analyzed 

under epifluorescence microscopy. Previous examinations done by the current research group 

gave evidence of the effectiveness o f these types o f examinations to study the process in 

which microcracks distribute in accumulation densities as well as increasing in lengths under 

differing cycling periods, under established fatigue stresses.

Fatigue tests were performed under compression stresses by (Mercy 2004) by using uniaxial 

stresses of 50, 60, and 70 MPa. The results found by this mentioned author included 50 and 

60 MPa to be stresses that can be considered as low to fracture compact bone specimens, in 

less than a million cycles, under a constant frequency o f 3 Hz; the specimens taken from the 

mid regions o f bovine radiae and having the dimensions specified in figure 2.2. The 

application o f 70 MPa gave as a result as reported by (Mercy 2004), the fracture of two of 

nine specimens, for which an additional number o f ten specimens was planned for the current 

work. (O’ Brien et al. 2000; O ’ Brien et al. 2003) reported a mean number o f cycles to 

fracture the same types o f specimens at approximately 88,400 cycles with the application o f 

80 MPa. The current work included consequently the region in which it is possible to fracture 

bones after a considerable cycling period (million cycles), and simultaneously the dyes 

sequence technique would allow analyze microcracks developed at three different cycling 

periods: in vivo conditions, after achieving 50000 cycles, and after the fracture of the 

specimen was attained or reaching the million cycles. The reason for selecting an 

intermediate cycling period o f 50000 cycles was to study the rate of appearance o f 

microcracks at numbers o f cycles that could be considered within initial periods o f fatigue 

procedure. This selection gave a distribution percentage in numerical densities for each 

period in case, giving as a result that a large amount of damage is developed in bones at 

initial fatigue periods, lowering considerably this generating rate for the fiirther fatigue 

process.
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Four from the ten specimens tested in the current work fractured, and microdamage analysis 

was performed with the use o f epifluorescence microscopy in order to perform measurements 

such as the number o f cracks per unit area (numerical density [«/mm ]), length o f cracks per 

unit area (surface density [|o,m/mm ]) and the average length o f the cracks (mean crack length 

[|im]). The results obtained in the present work are presented in chapter 2 and were compared 

with the previous works recently mentioned, giving in summary an increasing tendency in 

numerical and surface densities when increasing apphed stresses and the course o f fatigue 

periods; this being simultaneously difficult to be accurately compared as factors such as the 

amounts o f matter included in each bone in case have to be considerably taken into account. 

Bone is considered as a highly heterogeneous type o f material, for which the composition of 

each type o f bone has to be significantly taken into account for accurate comparative 

purposes. Other important factors to be considered would be the feeding conditions in which 

the animal was submitted during lifetime, the amount o f physical activity that the animal had 

during its lifetime (bones become harder and more resistant to develop microdamage under 

constant physical activity regimes), and the age of the animal at the moment the bones were 

acquired. The bones were obtained from young bovines, although the other two factors could 

not be specified for the performed compression tests.

The compression tests performed in the work presented give a definite effectiveness to the 

dyes sequence technique, adding this efficiency in the development of tests performed with 

the use o f whole bones. Microcracks within whole bones are efficiently labelled by the dyes 

when being tested under fatigue stresses; chapter 2 includes the application of four point 

fatigue bending stresses to whole ovine radiae, which were also previously analyzed for bone 

mineral density integrations (BMD) with the use of DXA technique. Microdamage 

developments were analysed also for these whole bones, including a detailed analysis o f 

microcracks developed in specific areas within the cross sections o f the bones, with the 

objective o f measuring the differences in microcrack densities generated for each applied 

stress in case. This type o f analysis would clarify the results obtained in the bones tested 

under uniaxial compression stresses, measurements that were established as slightly 

inaccurate due to the differences in the bones amounts o f matter (or BMD level differences) 

between the total of the tests reported. The bone specimens employed in the uniaxial 

compression tests, even though they gave accurate results regarding the development of 

microcracks at differing cycling periods, did not include consideration o f differences in bone
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mineral density levels (BMD) between the employed bones, reason for a slightly imprecise 

tendency o f microcrack density developments appeared between varying stresses. This is 

corrected with the calculation o f differing stresses in the cross sections of same types o f ovine 

radiae.

As mentioned recently, the ovine bones submitted under four point bending stresses were 

analyzed using the DXA technique, for which the BMD content information was taken into 

account for each bone used in the tests. An extended microdamage analysis in this theme is 

presented in section 2.3.3; it is concluded with these tests a clear trend of increase in the 

numerical, as well as surface crack densities in accordance to increasing applied stresses, and 

lowering BMD levels. These results clarify the ones obtained in the compression tests, and 

suggest as well the formulation o f a hypothesis regarding a considerable decrease in the 

mechanical properties of bones when BMD levels decrease.

It was observed the microcrack density rates developed in bovine bones, were in similar 

regions compared to the ones developed in ovine bones at same stress levels. Figure 6.1 

demonstrates that the damage developed in the bovine bones with an application o f 70 MPa is 

similar to that developed in ovine bones integrated with high BMD levels, as the slope 

calculated for the case o f bovine bone at 70 MPa is be very similar to the ones calculated for 

ovine bones between 60 and 80 MPa (a slight variation being caused due to a higher 

microdamage proportion developed in vivo for the case o f the bovine bone specimens). In a 

similar case, figure 6.2 demonstrates the calculated microdamage development slope o f 

bovine bone tested with 80 MPa, to be similar to that developed at same stresses for the case 

o f ovine bones with medium BMD levels.
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Monotonic bending tests were performed as well in the same types o f  ovine radiae. This 

process is presented in section 2.3.2, and it is clarified the effect that BMD levels have in the 

mechanical properties o f  bones. It is illustrated in figure 2.22 the correlation o f  the

153



mechanical strength o f bones in accordance to the differences in BMD levels. Higher BMD 

level contents will decay into higher bone endurance towards the developing o f a fracture.

6.2. Increase of microcrack lengths towards bone fracture

The planning o f statistical analysis applied to microcrack lengths data appearing in bone 

during fatigue procedure was developed after observing that the microdamage generating rate 

increased under higher stresses, as well as with lower BMD levels. This density rate also 

increased during the course o f cycling periods. It was observed that even though the density 

rates increased with the mentioned conditions, the mean lengths o f the cracks tended to attain 

similar values when the fracture o f the bones was achieved. This can be observed in figures 

2.11-2.12, 2.15, and from these observations it was proposed that elevated crack generation 

rates appear when fatigue stresses are submitted in bones, although a certain amount o f these 

will grow towards specific lengths and will be the cause for which bones will fracture. These 

mean lengths will be similar despite the stresses being applied, and it was possible to do a 

statistical evaluation and observe how cracks appeared firstly under in vivo conditions, and 

the way these grew with the process o f fatigue until the fracture o f the bone in case was 

generated.

It is described in chapter 3 an extensive evaluation concerning the mentioned statistical 

analysis o f microcrack length data, these data obtained from the tests presented in chapter 2, 

with the addition o f data provided by authors who performed fatigue tests in different types 

o f bones. These authors did not report the original crack length measurements in their 

publications; they kindly agreed to provide their data for the present analyses. The developing 

o f chapter 3 described the comparison o f two statistical methods which are normally 

employed for these matters: Normal and Weibull distribution analyses were compared and it 

was calculated the goodness o f fit in the data. Table 3.2 gives these corresponding results and 

it was concluded through the procedure o f the chapter that Weibull statistical analysis is a 

more accurate method o f describing crack length data.

Weibull statistical analysis was consequently applied, by giving a linear relationship to the 

probability o f the Weibull equation with respect to the natural logarithm o f the crack length 

data. This linearization allowed the easy acquiring o f the corresponding constants. It was 

observed subsequently that the resulting constants did not vary considerably between the
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datasets, for which it was possible to analyse and compare the different bone types. The 

specific results are given in table 3.3, and from these results it was observed a tendency o f 

decrease in the value a  and increase in the value o f the characteristic length (ao) with the 

course of fatigue periods. A probability o f P=0.9 was used for the calculation of a crack 

length value below which are found 90% of all cracks, considering this factor as a measure of 

the largest crack present (amoi), adjusted to remove effects o f sample size. This factor 

increased with the fatigue process, for which it was stated from these results that cracks 

increase in length with the process o f fatigue, reaching a characteristic maximum length

The constants a  and characteristic lengths (ao) were compared with simulations to estimate 

the regions in which lengths tend to grow to cause the fracture in a bone. The mentioned 

simulations included two methods of measuring the lengths between simulated osteons: the 

first method involved lengths measured directly from a picture obtained from the 

experimental microscopy observations performed to the ovine bone specimens, the second 

method consisted in a computer simulation in which lengths between circles (simulated 

osteons) distributed randomly, and the distinctive lengths were reported as simulated lengths 

between osteons. Weibull analysis was performed to the acquired data from these two 

simulations, concluding from this that if their calculated constants resulted to be similar or 

comparative with the experimental results, the characteristic lengths of the experimental 

lengths data from the fracturing periods would represent the distinctive lengths o f the cracks 

that would influence into the developing o f the fracture of the bone in case.

Taking the results obtained in table 3.3, the characteristic lengths initiated having values 

approximating a range between 90 and 117 fim regardless the animal species from which the 

data was acquired, which increased to values approximating 160 |^m for intermediate cycling 

periods and increased to approximately 165 |o,m when reaching one million cycles but not 

fracturing. The region o f fracture gave approximate lengths values between 180 and 200 |^m, 

which as the values o f the simulations were calculated between 203 and 205 jam, it is 

concluded the experimental characteristic lengths o f the microcracks obtained from the 

fracturing periods represent the lengths that provoke the fracture in bone. The chapter is 

concluded with the affirmations regarding characteristic microcrack lengths o f bones differ 

according to bone types and species, and vary in a systematic way with number o f cycles
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during in vitro testing. At the same time, they do not appear to be affected by differing 

applied stress levels, and the values attained will represent the distinctive length that 

microcracks will grow to in order to cause the fracture in a bone.

6.3. Fatigue predictions and BMD influence in the mechanical properties of 

bone

Chapters 4 and 5 consist o f the development o f a novel model that involves the ability to 

predict mechanical properties o f bones with the involvement o f important factors, such as the 

volume o f specimen, the number o f cycles required to fracture, and the applied stress. The 

model involves microcrack numerical density rates per unit volume, being related with a 

fiinction establishing the relationship of maximum microcrack lengths as a ftinction of 

number o f cracks in a defined bone volume. Correlations were produced for the maximum 

crack lengths against number o f cracks, with the use o f the experimental microdamage data 

acquired from the compression tests performed to bovine tibiae in chapter 2. An increasing 

tendency was observ'ed although due to the high heterogeneity composition o f a bone, exact 

plots to predict these behaviours directly from experimental data could not be well defined; 

for this reason it was introduced into the model the use o f the Weibull distribution equation 

(Weibull statistic approach). It is given a process in which the three factors {Nf, V and Aa) are 

related in equations 4.11 and 4.12. The mentioned factors are involved in an equation in 

which constants such as p and AKmax will have their effect in the predictions. The equation 

follows a power law relationship for numerical density o f cracks against number of cycles; 

these power law relationships give values to the constant P which will be a constant working 

as a fiinction o f Aa. AKmax was introduced to give the involvement o f stress into the equation.

It is presented in chapter 4 the deduced relationships involving the constants o f the model. 

Equation 4.11 allows the acquiring o f relationships o f Stress vs Nf  under constant volumes; 

simultaneously with this same equation it is possible to obtain plots o f Nf  vs Volume under 

constant applied stresses; equation 4.12 gives the relationships for Stress vs Volume, under 

constant numbers o f cycles to failure. Experimental data obtained from several references 

help give the validation o f the model and its corresponding plots, which are shown 

graphically in figures 4.4-4.8. Among the main deductions from the relationships being 

presented is the ability to make predictions o f the mechanical properties o f bones under
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applied fatigue stresses with the inclusion o f the factors {Nf, V and Aa), and the effect that 

differing volumes produce in the bones endurance towards these types o f stresses.

As presented in chapter 5, it is important to mention the effect that volumetric BMD (vBMD) 

has in the mechanics o f bones when compared to areal BMD. Areal BMD determines the 

amount of matter over a specific bone area; the use of DXA technique obtains bone mineral 

contents (BMC) with the interaction o f X-rays with bone, and calculations o f areas over the 

bone surfaces. The real, volumetric amount o f matter integrating the whole structure o f a 

bone is related to the measuring o f vBMD contents. The acquiring o f vBMD is then a more 

precise type o f measurement, although it has to be mentioned as well that the studies 

performed in the work being presented with the use o f  areal BMD levels were accurate, and 

the use of areal BMD measurements allowed to accomplish the objectives proposed.

The important deductions concerning the integration o f chapter 5 are the theoretical 

descriptions o f the influence that the variations o f amounts o f matter have in the mechanical 

endurance of bones towards fatigue stresses. It was deduced with the use o f equation 4.11 the 

effects that considerable differences in BMD levels, measured with DXA scanning technique, 

produce in the predictions obtained with the mentioned equation. Chapter 5 gives an extended 

description o f  the way differences in BMD levels can be integrated into the model developed 

in chapter 4, and it is deduced the effects that considerable diversities in BMD levels provoke 

in the fatigue endurance predictions when applying constant stresses.

Figures 5.3-5.5 give the influence that variations in numerical densities have in the 

predictions involving {Nf, V and Aa); figures 5.11-5.14 include the involvement of 

characteristic lengths. Low BMD levels due to the high microdamage accumulation as shown 

in figure 5.1b will produce higher crack densities and increased characteristic lengths related 

to fracture o f bones. Increasing characteristic lengths will give the conditions to fracture by 

fatigue at in vivo conditions: considerable increase o f these values provoked by bones with 

drastically low BMD levels, such as bones affected with osteoporosis, will reduce the 

minimum stresses o f the predictions, producing the fracture o f the bones at in vivo conditions 

at a certain point in the process o f fatigue.
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The model can be used as well to describe the fatigue mechanical behavior o f any type o f 

material in nature; with the use o f the resultant constants with the application o f the 

corresponding statistical analyses o f experimental microcrack data, from microcracks 

developed at variable stresses and the moment of fracturing a determined material, it is 

possible to develop the model o f  fatigue behavior for the material in case. Another important 

deduction from the presented model is the explaining of volume influence in the endurance 

towards the developing o f fatigue fractures; the use o f equations 4.11 and 4.12 integrate the 

use o f volume of specimen, for which as shown in figures 4.4-4.8, is it clearly observed that 

specimens o f higher volumes o f same types o f  materials will develop a lower capability to 

withstand failure. Similarly, figures 4.9-4.13 deeply suggest that bones of larger animals are 

stronger than those from smaller animals.
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6.4. Future work

Examples o f applications in which can be employed the results from the presented thesis are 

described as follows.

The experimental work presented includes the use of bovine and ovine bone. As mentioned in 

chapter 2, the use o f bending tests was decided to be used for the current work as the stresses 

in the midshafts of the long bones are primarily the result o f bending, generated through the 

axial forces in the bone’s longitudinal curvature, as described by (Biewener et al. 1991; 

Garcia et al. 2004). A strict way o f testing under in vivo conditions would involve also the 

development o f combined compressive and bending stresses, for which bones from fiarther 

species can be tested in these modes for considerable realistic conditions. Tests performed in 

whole bones, simulating to be running under extreme fatigue conditions would be an 

important application to the model and additionally, as the work presented confirms the 

staining o f microcracks inside whole volumes with the use o f the dyes sequence technique, it 

can be performed detailed analysis o f microdamage development as these types o f tests will 

simulate bones submitted under strict realistic running conditions.

The model developed involves only the use o f ovine and bovine microcrack lengths data, for 

which the implementation o f microdamage information acquired from differing animal 

species, volumes, and applied stresses, will give very accurate predictions for the model, by 

using the corresponding statistical and microdamage distribution analyses of any required 

species o f  animal. The model can be used as well to predict the mechanical properties for 

almost any type o f material in nature; with the application o f  the corresponding microdamage 

data information for the material in case, predictions involving V and Aa) will be able to 

be realized for the description o f the material's fracture fatigue behaviour.

The implementation o f tests with application o f softeners in the base o f animal bones, 

simulating those o f members o f the army or bones with osteoporosis, applying fatigue testing 

to the achievement o f the fracture with the production o f microdamage development analyses 

and their application in the model presented, will give predictions that will help manufacture 

softeners to be placed in the boots o f members o f the army, or specialized shoes designed for 

humans affected by diseases such as osteoporosis.
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Lastly, the model introduced in the presented work helps prevent the developing o f fractures 

by fatigue in humans affected with osteoporosis. There is no work regarding microdamage 

generation and development under fatigue stresses in bones affected with this condition until 

nowadays, for which the elaboration o f experimental tests in osteoporotic bones and the 

corresponding microdamage analyses will give predictions that when reported for clinical 

purposes, accurate hmits o f exercising regimes will be available to avoid the generation of 

fatigue fractures. More than 50% o f the people with osteoporosis that suffer from a lower 

extremity or hip fracture will fail to regain their frill frinctional mobility to lead an 

independent life (Ferguson et al. 2004), for which it is o f extreme importance the 

development o f strict exercising regimes to facilitate the prevention o f these types o f 

fractures.
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6.5. Conclusions

1. Fatigue stresses cause the generation o f microdamage in bone, developing into 

microcrack density accumulations and increases in microcrack lengths.

2. Increased applied stresses and reduced BMD levels result in increased microcrack 

accumulations.

3. Fracture in bone is caused by a reduced number o f cracks that grow towards a 

characteristic length, which value remains similar regardless of the stress being 

applied.

4. Predictions estimating the relationship between stress, volume and number o f cycles 

to failure in a single equation, deduce that when taking equivalent types o f bones into 

account, those bones o f  higher volume are less capable o f withstanding failure. 

Similarly, bones belonging to larger animals are stronger than those o f smaller 

animals.

5. Considerable low BMD levels and bones with osteoporosis will develop fatigue 

fractures in in vivo conditions, when submitted to considerably high regimes of 

exercise.

6. Bones o f large animals are the best alternatives to be used for human implant 

purposes, due to their elevated resistance to fracture against fatigue stresses.

7. The model presented allows the creation o f clinical treatments to prevent excessive 

exercise regimes in humans affected by osteoporosis, with the aim o f avoiding the 

development o f fatigue fractures.

8. Predictions o f fatigue fracture involving number o f cycles to failure, stress and 

volume can be developed for any material in nature, with the use o f the corresponding 

microdamage development analyses described in the work presented.
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