
 
 

 

 

Effects of bone structural unit (BSU) geometry and material properties on crack growth through 

idealized trabecular microstructures 

 

 

 

 

by 

 

 

 

 

Pavel Rahovich 

 

 

 

 

A thesis submitted in partial fulfillment 

of the requirements for the degree of 

Master of Applied Science (MASc) in Engineering Science 

 

The Office of Graduate Studies 

Laurentian University 

Sudbury, Ontario, Canada 

 

 

©Pavel Rahovich, 2022



 

II 

THESIS DEFENCE COMMITTEE/COMITÉ DE SOUTENANCE DE THÈSE 
Laurentian Université/Université Laurentienne 

Office of Graduate Studies/Bureau des études supérieures 
 
Title of Thesis     
Titre de la thèse   Effects of bone structural unit (BSU) geometry and material properties on crack growth 

through idealized trabecular microstructures 
 
Name of Candidate   
Nom du candidat    Rahovich, Pavel 
       
Degree                            
Diplôme                            Master of Science 
 
Department/Program    Date of Defence 
Département/Programme  Engineering Science  Date de la soutenance October 18, 2022 
                                                       

APPROVED/APPROUVÉ 
 
Thesis Examiners/Examinateurs de thèse: 
                                                      
Dr. Brent Lievers  
(Co-Supervisor/Co-directeur(trice) de thèse) 
 
Dr. Krishna Challagulla  
(Co-Supervisor/Co-directeur(trice) de thèse) 
 
Dr. Junfeng Zhang    
(Committee member/Membre du comité)    
        
Dr. Ming Cai      
(Committee member/Membre du comité)    
      Approved for the Office of Graduate Studies 
      Approuvé pour le Bureau des études supérieures 
      Tammy Eger, PhD 
      Vice-President Research (Office of Graduate Studies) 
Dr. Brent Edwards      Vice-rectrice à la recherche (Bureau des études supérieures) 
(External Examiner/Examinateur externe)   Laurentian University / Université Laurentienne 
 
                                                 
      
                                                                           

ACCESSIBILITY CLAUSE AND PERMISSION TO USE 
 
I, Pavel Rahovich, hereby grant to Laurentian University and/or its agents the non-exclusive license to archive and make 
accessible my thesis, dissertation, or project report in whole or in part in all forms of media, now or for the duration of my 
copyright ownership. I retain all other ownership rights to the copyright of the thesis, dissertation or project report. I also reserve 
the right to use in future works (such as articles or books) all or part of this thesis, dissertation, or project report. I further agree 
that permission for copying of this thesis in any manner, in whole or in part, for scholarly purposes may be granted by the 
professor or professors who supervised my thesis work or, in their absence, by the Head of the Department in which my thesis 
work was done. It is understood that any copying or publication or use of this thesis or parts thereof for financial gain shall not 
be allowed without my written permission. It is also understood that this copy is being made available in this form by the authority 
of the copyright owner solely for the purpose of private study and research and may not be copied or reproduced except as 
permitted by the copyright laws without written authority from the copyright owner. 



III 
 

Abstract 
Bones containing large proportions of trabecular bone tissue such as the hip, wrist, and spinal column 

are highly susceptible to fracture. These fractures occur more frequently in the older populations, 

putting a large burden on the healthcare system and the society as a whole. Bone fracture prediction 

methods rely heavily on bone quantity measurements when predicting fracture risks. However, research 

has shown that only using bone quantity as the main predictor fails to identify a large number of 

patients with a high risk of bone fracture. Recent studies have shown that with age, the microstructure 

of the trabeculae changes as the patchwork of bone structural units (BSU), also known as trabecular 

packets, reduce in size due to the remodeling process. Unfortunately, little is known about the 

mechanical consequences of these changes on the trabeculae’s ability to resist cracking. Smaller BSU 

with age may reduce fracture risk due to crack blunting or redirection. Conversely, smaller BSU results in 

a larger proportion of brittle cement line which could provide more preferential paths for crack growth.  

The present work used extended finite element method (XFEM) crack modeling techniques, which have 

recently been applied to simulate crack growth in cortical bone, to model crack propagation through 

idealized trabeculae in 2D. The material properties for the BSU and cement line, as well as the size of the 

BSU themselves, were varied through parametric studies. Smaller BSU were found to accelerate crack 

growth within bone. Other geometric parameters like aspect ratio and angle of crack deflection were 

also identified as major contributors to the bones ability to resist cracks.  Future work should investigate 

more representative BSU geometries to further clarify the role these structures have on fracture risk. 

 

Keywords: Trabecular bone; bone structural units (BSU); extended finite element method (XFEM); 

microstructure; cement line; crack propagation 
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1 Introduction 
 

1.1 Motivation 
Bone is a remarkable material that is designed to handle large loads over extended periods of time 

without fracturing. Unfortunately, factors like ageing and bone diseases can significantly compromise 

the integrity of the bone, leading to a higher risk of bone fracture. It is estimated that one in three 

women and one in five men over the age of 50 worldwide will sustain an osteoporotic fracture [1]. 

Osteoporotic fractures are caused by osteoporosis, a condition in which bone becomes more fragile due 

to a decrease in bone density and degradation of bone structure on the microscale and mesoscale. 

Individuals with osteoporosis have a high risk of sustaining bone fractures due to minor falls or minimal 

physical activities [2]. As such, the economic costs associated with these fractures represent a major 

burden on health care systems and are only expected to rise as the populations of industrialized 

countries age over the coming decades [3]. For example, 2.05 million fractures were estimated to occur 

in 2005 in the United States, costing nearly $17 billion in treatment and prevention. Furthermore, both 

the number of fractures and their associated costs are projected to grow by more than 48% by 2025 [4]. 

In addition to the economic costs, osteoporotic bone fractures also result in reduced quality of life and 

increased likelihood of mortality. 

Bones differ drastically in strength and composition based on their location and function in the body. 

Bones containing large proportions of trabecular bone such as the hip, wrist, and spinal column are 

highly susceptible to fracture [4]. Trabecular bone is a light and porous bone tissue. It consists of a 

complex three-dimensional network of interconnected rods and plates called trabeculae. Trabecular 

bone, also known as cancellous bone or spongy bone, is usually surrounded by a protective layer of 

compact bone, which provides greater strength and rigidity to the overall structure [5, 6]. Due to ageing 

and degenerative bone diseases like osteoporosis, the trabeculae degrade over time by thinning or 

sometimes by disappearing entirely. This degradation causes a reduction in the overall bone mass of 

trabecular bone, making it more prone to fracturing [7]. Figure 1.1 shows an artistic representation of 

the overall structure of a trabecular bone and how it might change with age or degenerative bone 

disease.  

An efficient, non-invasive method of assessment is needed to correctly identify and treat patients will a 

high risk of bone fractures. Osteoporosis is characterized by reduced bone mass, and as such, bone 

mineral density (BMD) tests are commonly used as a quantitative predictor of the likelihood of fracture 

[8, 9]. The most frequently used BMD test is the central Dual-energy X-ray Absorptiometry (DXA) test; 

however, other tests like quantitative computed tomography (QCT) can also be used to measure BMD 

[10]. The BMD value is most commonly compared to that of a healthy young adult and is given a T-score 

based on standard deviations away from the reference mean. A person with a T-score of 2.5 standard 

deviations below a healthy value is considered to have osteoporosis [11]. 



2 
 

 

Unfortunately, using BMD as the only physical measurement of bone’s likelihood of fracture is not 

always sufficient. BMD tests identify only around one-third to half of the patients with a high bone 

fractures risk [12–14]. BMD is an essential factor in bone’s resistance to fracture; however, it is not the 

only factor. Properties like bone structure and trabecular composition also change with age and can 

potentially increase fracture risk in older people. The BMD tests are not always reliable because the 

tests only identify the density of the bone, but they tell us nothing about the bone’s quality or structure. 

New methods must be developed that consider the quantity of bone and its quality if we are to improve 

the process of identifying the level of fracture risk in patients. 

Other assessment tools exist that use BMD as part of a more in-depth investigation to predict an 

individual’s risk of bone fracture more accurately. For example, the Fracture Risk Assessment Tool 

(FRAX) developed by a research group at the University of Sheffield uses BMD with a combination of 

other factors to predict the risk of fractures in a person with osteoporosis. A FRAX score estimates the 

probability of a hip, arm, or spine fracture within the next 10 years by providing a percentage value that 

indicates the risk. Some factors include age, weight, height, history of fractures, smoking and drinking 

[15, 16]. It is important to note that although FRAX uses 12 factors to determine risk, BMD is the only 

parameter that looks at the physical properties of the bone. 

Trabecular bone is a hierarchical material which is structured on multiple length scales to protect against 

fractures (Figure 1.2).  It achieves this objective by implementing efficient mechanisms that prevent 

crack growth by redirecting cracks, bludgeoning crack tips, and quickly repairing existing microcracks 

[17, 18]. With age, the structure of bone undergoes significant changes at various hierarchical levels 

which can increase the fracture risk. For example, all bones are composed of a mineral and collagen 

Figure 1.1 An example of trabecular bone structure. The figure shows possible degradation of trabecular bone due to aging and 
degradative bone disease. Taken from [123]. 
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composite on the nanoscale. With age, the collagen properties degrade, and the composite gets more 

mineralized, becoming more brittle [19, 20]. While on the mesoscale (Figure 1.2), the trabeculae 

degrade over time, becoming thinner, or disappearing entirely [21, 22]. This degradation, in turn, leads 

to a decrease in the bone volume fraction and the trabecular connectivity [23–25]. Although BMD 

measures do reflect the overall loss of bone, they cannot detect for architectural or other changes to the 

trabeculae. 

 

Figure 1.2 Hierarchical structure of trabecular bone. Taken from [26] with permission from Journal of The Royal Society 
Interface 

On the microscale, trabeculae consist of bone structural units (BSU) which are surrounded and joined 

together by a thin layer of material called cement line (Figure 1.2). New BSUs are generated and 

regenerated due to a process known as bone remodelling, which continuously occurs throughout the 

person’s lifetime. The remodelling process involves one set of cells known as osteoclasts destroying old 

bone, while a different set of cells known as osteoblasts rebuilds the missing bone with new tissue. The 

remodeling process is depicted in simplified form in Figure 1.3 [27]. The newly remodelled patch of bone 

tissue is usually surrounded by a highly mineralized material called cement line [5]. It has recently been 

discovered that the overall size (thickness, length and area) of BSU, as measured in 2D, decreases with 

age [28]. As the average number of BSUs per unit area increases, the proportion of cement line 

contained within the trabeculae as the interface area between the BSUs also grows [28].  This increase 

in the proportion of cement line in the trabeculae might play a role in reducing the bone’s ability to 

resist crack propagation, increasing the risk of trabecular bone fracture. 

Cement lines are thought to be more mineralized and less collagenated than the adjacent BSU  [29]. This 

combination of properties causes the cement lines to be stiffer and more brittle, making them ideal for 

crack deflection. Previous studies have shown that cement lines in cortical bone tend to deflect cracks 

around the osteons [30, 31]. This cortical bone crack deflection is considered beneficial, as it forces the 

cracks to propagate further and expend more energy before a complete fracture can occur [5]. Cortical 

bone and trabecular bone have different structures and compositions; however, they both contain 

cement lines that become more numerous with age. It is hypothesized that cement lines in trabecular 

bone can also deflect cracks, increasing the bone’s ability to resist fracture. 
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This hypothesis is difficult to test experimentally, as physical tests on the microscale are expensive and 

labor intensive. Fortunately, we can use Finite Element Analysis (FEA), in combination with years of 

previous bone research, to simulate crack propagation in trabecular bone. The use of FEA can not only 

provide valuable insight into the significance of the microstructural changes of trabecular bone due to 

age, but also help us develop new more reliable tool to identify high risk of fracture. 

FEA modeling is a wide field of study. As such, there exists a plethora of ways to evaluate crack 

propagation in trabecular bone. A number of previous studies use parameters like tissue strength to 

model bone [32, 33]; however, it might also be important to consider other parameters like fracture 

toughness and fatigue strength to create a comprehensive fracture risk analysis model. While strength 

describes failure from a single large load, toughness considers failure at moderate loads with pre-

existing damage, and fatigue strength describes failure due to repetitive cyclic loads that are 

experienced in every day life [34]. All three parameters mentioned above are valid and require in-depth 

study; however, this thesis will only focus on studying how age-related changes in the microstructure of 

trabeculae affect crack propagation. The crack propagation will be simulated with the use of the 

extended finite element analysis (XFEM) damage model implemented through ABAQUS 2020. This 

damage model was chosen based on previous studies that will be discussed in the literature review 

section of this thesis. 

  

Figure 1.3 Simplified diagram showing the five stages of bone remodelling. Taken from [27] and reprinted under (CC BY). 
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1.2 Aim and objectives of the study 
This thesis aims to analyze the effects of age-related microstructural changes on crack propagation in 

trabecular bone using XFEM modelling. The specific objectives are to: 

1. implement a numerical interface damage model, previously used in the study of cortical bone, 
to accurately simulate crack propagation in a 2D sample of trabecular bone; 

2. identify the critical values for the interface damage model that cause the crack to propagate 
around the BSU via cement lines rather than through it; 

3. investigate how cement line deflections in trabeculae affect the microscopic strain to failure; 
and, 

4. determine if the age-related reduction in the BSU size slows or accelerates crack growth in 
trabeculae. 
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2 Literature review 

2.1 Chapter introduction 
The literature concerning the structure of trabecular bone and crack propagation modelling through 

bone was reviewed and summarized in this section. The literature was reviewed to provide the 

necessary background to better understand the methods and the results developed in this thesis. 

The objective of this study is to use numerical methods to identify the role the cement lines play in 

terms of providing crack resistance to the trabeculae, and to better understand how changes in BSU size 

might affect crack growth in the trabeculae. To accomplish this goal, the following topics were reviewed 

in this chapter. 

First, bone composition and physical properties are reviewed, focusing on the macro and micro length 

scales of the bone structure. Though this thesis investigates crack propagation in trabecular bone, much 

of the existing crack modelling work is done in cortical bone. As such, the literature on cortical and 

trabecular bone is reviewed to provide an understanding of the similarities and differences between the 

two types of bone tissue. The lack of literature on bone properties is also discussed to justify the 

assumptions and estimations that were made in this thesis. 

Next, the crack modelling literature is reviewed to establish known methods of simulating crack 

propagation through bone-like materials. This thesis focuses on understanding how remodelling of 

trabecular BSUs over time affects the overall resistance of crack propagation in trabecular bone. To 

show why this research is needed, this section also emphasizes the relative lack of research in the field 

of crack propagation through the trabecular bone on the microscopic level. 

This review aims to provide a complete overview of the current knowledge of trabecular bone and point 

out the gaps in the knowledge, which, if studied, can improve our knowledge of the mechanisms that 

trabecular bone uses to improve its resistance to damage like microcracking. 

2.2 Overview of bone 
The term bone refers to a set of organic calcified tissues primarily composed of mineralized collagen 

fibrils. Though bone is a broad term that encompasses many different skeletal structures, it is also 

closely related to other calcified tissues like dentin and enamel in teeth. These tissues are composed of 

similar materials; however, each is structured and proportioned in a specific way to provide appropriate 

material properties based on the tissue’s required mechanical function. 

Bone is a composite material that consists of an organic, type (I) collagen matrix imbued with 

nanocrystalline carbonated apatite. The mineral provides stiffness to the matrix, while collagen provides 

resilience and ductility. These basic materials are arranged in well-defined hierarchical structures, 

ranging from the sub-nanoscale to the macroscale [35]. Most bone tissues are constructed using the 

same basic mineralized collagen fibrils; however, the higher-level hierarchical structure of bone and its 

material composition depends on the type of bone and its mechanical function in the body. 

The hierarchical structure of the bone is well depicted in . As the bone tissue ascends the hierarchical 

levels, the structure becomes more intricate, and the calculations of the mechanical properties of the 

tissue become more complex. Though each hierarchical level is important to the overall strength and 
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fracture resistance of bone, this thesis focuses on the macrostructure and microstructure levels to 

reduce the overwhelming complexity of the subject. 

 

Figure 2.1 Hierarchical structure of bone. Taken from [36] with permission from Elsevier 

2.2.1 Hierarchical structure of bone 
The mineralized collagen fibrils are the basic building blocks of bone. The fibrils are approximately 

0.5 µm in diameter and are created by collagen forming a matrix that is then impregnated with mineral 

crystals [37]. The mineral crystals provide stiffness to the bone, while the collagen matrix provides 

toughness and ensures proper structure. The proportions of the two materials are usually related to the 

function of the bone, with higher mineral content associated with higher stiffness and lower toughness 

[38]. 

One step higher on the hierarchical structure scale, the collagen fibrils are combined to form collagen 

fibers and then packed into planar lamella sheets. The lamella sheets are anisotropic; however, they are 

usually stacked together in a layered plywood-like pattern with the plate fibrils oriented in alternating 

directions. The lamella sheets are then structured based on the type and function of bone tissue they 

are creating. The lamellae are formed into two different tissue types at the microscale: trabecular 

(spongy/cancellous) bone and cortical (compact/dense) bone.  In trabecular bone the lamella sheets 

form into packets known as bone structural units (trabecular packets/hemiosteons), and in the cortical 

bone the sheets are wound around each other creating structures known as osteons.  On the 

macroscale, cortical tissue makes up the hard outer shell of the bones, while the trabecular bone tissue 

is used to form the porous internal structure of bones. 

Groups of lamellae are usually sheathed in a thin layer of highly mineralized bone tissue known as the 

cement lines. It is widely believed that the size and volume fraction of cement line in bone greatly 
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affects the bone’s overall mechanical properties [39], and is of great interest in this study. As such, 

cement lines will be further discussed later in this section. 

2.2.2 Cortical bone tissue 
Though this thesis focuses on modelling crack propagation through trabecular bone, many of the 

modelling methods discussed in the next section were created for simulating crack propagation through 

cortical bone or tested using models of cortical bone. As such, it is essential to review the basic 

similarities and differences between trabecular and cortical bone. 

On the macroscale, cortical bone has a dense and solid structure. Due to its properties, it is also 

sometimes referred to as compact bone. Cortical bone is used to provide strength and stiffness to the 

overall structure of the skeleton. Cortical bone also covers the outside of the skeleton to protect the 

weaker bone tissues, like the trabecular bone. On the microscopic scale, cortical bone consists of 

lamellar sheets that are wound concentrically around blood channels (voids), also known as Haversian 

canals, to create structures known as osteons. These tubular osteons are considered the main structural 

units of cortical bone tissue and are the main vascular channels that penetrate the compact bone tissue. 

Other smaller channels, known as Volkmann canals, run perpendicular to the Haversian canals and 

interconnect the channels into an extensive network. Osteons are embedded in an interstitial matrix 

and are usually enclosed by a thin interface called the cement line or cement sheath, which separates 

the osteon from the rest of the matrix.  shows the lamellar structure of cortical bone around multiple 

osteons. 

It is believed that osteons play a key role in preventing crack propagation through bone. The cement 

lines tend to deflect the crack paths around the osteons rather than allowing the crack to break through 

them. The extended crack path and sudden change in direction caused by the cement lines make the 

crack lose more energy forcing it to terminate early. If the crack breaks through the osteon, it becomes 

blunted in the Haversian canals, again losing much of its energy. Several papers were published trying to 

model crack propagation through osteons due to its unique properties. Some of the papers will be 

reviewed later in the crack modelling section. 

 

Figure 2.2 Photomicrograph of the lamellar structure of cortical bone. Taken from [40] with permission from The Lancet 
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2.2.3 Trabecular bone tissue 
Trabecular bone is a porous bone tissue located at the ends of long bones and in vertebral bodies. As 

mentioned before, in trabecular bone, lamellae are aligned tangentially to the outer surface of the bone. 

The resulting semi-crescent lamellar structures are known as BSU, hemiosteons, or trabecular packets 

[28]. BSUs are formed into a series of interconnecting rods and plates known as trabeculae. In the 

trabeculae, the BSUs are separated by cement line material in a brick-and-mortar type fashion. This 

structure can be seen clearly in . The microscopic scale of the trabeculae is the only scale of interest in 

this study. The work done by Lamarche [28] documents morphometric changes with age in human BSU 

in the lumbar spine. In her thesis, Lamarche shows that BSU size tends to decrease with age, as the 

damaged BSU gets remodelled into multiple smaller BSU, as shown in . This change in size over time of 

the BSU is hypothesized to affect the overall fracture resistance of the trabecular bone. 

On the macroscale, the trabeculae of trabecular bone are arranged into extremely complex 3D 

structures to provide maximum load transfer while reducing the overall mass of the bone. The complex 

structure of trabecular bone is shown in . In most cases, the trabecular bone is architecturally optimized 

for maximum load transfer with minimal weight. With age, a loss of trabecular bone mainly occurs by 

thinning or complete removal of trabeculae [41]. These bone density losses usually occur due to 

degenerative bone diseases like osteoporosis [42]. 

There is a significant amount of research on macroscopic changes in the trabecular bone architecture 

due to ageing and degenerative bone disease [9, 12, 13, 23, 43]. However, little is known about the 

effects of microscopic changes in the trabecular bone due to ageing and the remodelling process. 

 
Figure 2.3 Trabecular profile with 20 labeled BSU and outlined cement lines. Taken from [28] with permission 

 

 



10 
 

 

Figure 2.4 From left to right: (A) A trabecula consisting of a patchwork of new and old BSU, separated by cement line (white), (B) 
a portion of bone is resorbed by remodeling cells, (C) new bone is laid down in the resorbed portion. Taken from [28] with 
permission 

 

 
Figure 2.5 Vertebral trabecular bone architecture. Taken from [44] with permission from Elsevier 

2.2.4 Bone remodeling 
Throughout a person’s life, their bones undergo physical changes known as bone remodelling. As parts 

of old bone get destroyed or damaged, new bone is deposited to replace the old bone and repair the 

damage. Bone remodelling can also occur as the bone adjusts to new or unusual loads. The initiation of 

the remodelling process is a heavily studied topic; however, little is known about how the bone knows 

where it is damaged and when to start remodelling. In any case, the lack of knowledge in this area of 

study should not be a concern as it is outside the scope of this research. 

The remodelling process is accomplished with the help of two different types of cells known as 

osteoclasts and osteoblasts. Osteoclasts attack a specific portion of the bone to start the remodelling 

process, dissolving it in the process. After a portion of bone is destroyed, the osteoclasts disappear, and 

osteoblast cells establish a new organic matrix that is then mineralized into a new BSU. 

Bone remodelling plays a significant role in how bone properties change over time. For example, at the 

architectural level, remodelling causes the trabecular thinning or perforation that is known to reduce 

the strength of trabecular bone. Remodelling is also responsible for generating the patchwork of 

trabecular BSU at the microstructural level. Over time new packets become noticeably smaller and, 
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through discrete modelling events, decrease the size of pre-existing BSU. Also, smaller BSUs also 

increases the amount of cement line in the bone, as more trabecular packets create more boundary 

layers. This process and the changes in human trabecular BSU are described in detail in the study done 

by Lamarche [28].  shows the steps for remodelling trabecular bone and how it affects the overall 

structure of the bone. 

2.2.5 Cement lines 
The structure of trabecular bone can be compared to a brick wall, where BSUs are the bricks, and the 

cement lines are the mortar that fills the gaps between BSUs and keeps them fastened together. New 

cement lines are generated during remodelling in the trabecular bone as boundaries between new and 

old bone tissue. The effects of the increase in volume fraction of cement lines in trabeculae are 

unknown and are the focus of this thesis. However, based on studies on cement lines in the cortical 

bone, we can hypothesize the effects of cement lines in trabecular bone. 

The importance of cement lines in preventing crack propagation in cortical bone is well known and is 

discussed in many studies [45–52]. When a crack propagates through bone, it takes a path of least 

resistance. Such paths usually appear along the cement lines since cement lines are more brittle and 

more susceptible to cracking. The idea that cement lines are areas of weakness was demonstrated well 

by F. Gaynor Evans in his 1976 paper [47]. In his work, Evans shows a decalcified cross-section of cortical 

bone from the unembalmed fibula of a 56-year-old Caucasian man, which was accidentally fractured 

during mounting on a slide. The propagation of cracks occurred along the cement lines, as seen in . 

Similar results were also observed in work by Evans and Bang [46], where fractures produced in 

transverse sections of decalcified specimens by applying tension showed a tendency to follow the 

cement lines. A similar tendency was observed when a section of cortical bone was allowed to dry. 

During the drying process, the stresses and strains inside the bone resulted in crack formation along the 

cement lines. 

Even though cement lines are considered to be less resistant to cracking than the surrounding bone, 

their unique properties and geometry may help prevent the complete separation of bone during crack 

propagation. Cement lines deflect and bludgeon cracks, forcing them to consume more energy as they 

take longer and more convoluted paths through the bone. In some cases, cement line deflections allow 

the bone to withstand higher strains without reaching a complete failure state. The resulting partial 

cracks are much easier to restore via the remodelling process. Though the benefits of cement lines in 

cortical bones are well established [6, 39, 51, 53], the cement lines' composition and mechanical 

properties are still disputed today. Cement lines are extremely thin structures; their thickness ranges 

from 1 to 5 μm. This scale makes it challenging to quantify the material properties of cement lines with 

ordinary procedures. Though this thesis uses the more popular assumption that cement lines are highly 

mineralized, there exists literature that describes cement lines as being softer than the surrounding 

bone. Some of the literature for both sides of the argument will be summarized below.   

In one example, Montalbano et al. [54] used nanoindentation to find the elastic modulus and hardness 

of the ovine and bovine cement lines in compact bone. The study results show that the cement lines in 

the ovine and bovine samples were approximately 30% softer and more compliant than the surrounding 

bone. A study by Frasca [55] used scanning electron microscopy to analyze adult human bone that was 

decalcified and stained. The samples were compressed between glass slides to create a partial 

mechanical disruption, after which they were observed under a scanning electron microscope. The 



12 
 

cement line regions were found to contain large concentrations of amorphous ground substance, which 

was distinct from the collagen fiber bundles observed in collagen-rich lamellae. Burr et al. [56] suggested 

that cement lines had reduced mineralization compared to the surrounding bone tissue and were 

ductile in nature [56]. 

On the other hand, a different nanoindentation study by Gupta et al. [57] showed that the indentation 

modulus increased abruptly at the cement line, while being constant across the osteon. This and other 

recent studies report that the cement lines are hyper-mineralized or collagen-deficient relative to the 

surrounding bone, meaning they have a higher mineral content than the surrounding bone tissue [29, 

58, 59]. Though the osteonal bone tissue differs in properties from that of trabecular tissue, it is likely 

that the property variation between the cement line and the BSU should be similar. 

As mentioned before, there is no consensus about the stiffness of the cement line. As such, there exist 

two opposite hypotheses that try to describe the stiffness of the cement line. The first hypothesis 

describes the cement line as a viscous interface that attracts cracks. The second hypothesis describes 

the cement line as a highly mineralized brittle material. However, regardless of the cement line's 

stiffness, the interface between the two materials is usually considered weak to fracture. This property 

makes cement lines ideal for crack deflection. Dong et al. [60] devised a method to test the interface 

between the cement line and the rest of the bone material. In the study, a push-out test was performed 

on an osteon in compact bone. This test measured the sheer strength of the interface between the 

cement line and the surrounding cortical bone. The results show that the shear strength at the cement 

line interface is significantly weaker than the rest of the tissue. The cement line interfacial strength 

ranged from 5.38 MPa to 10.85 MPa, while other tissue in the bone ranged from 45.97 MPa to 93.74 

MPa [60]. 

 
Figure 2.6 Cross section of fractured cortical bone taken from. Note tendency of crack propagation along the cement lines. 
Taken from [47] with permission 
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2.2.6 BSU properties 
A significant amount of research has been done on the elastic modulus and hardness properties of 

trabecular bone. The trabecular bone review paper by Oftadeh, et al. [61] has gathered many of the 

values that researchers produced over the years. The paper provides values for multiple testing 

techniques like FEA analysis in conjunction with experimental testing, buckling, ultrasonic, and nano-

indentation. Some of the nano-indentation test values are presented in Table 2.1. Out of the given list of 

testing techniques, the nano-indentation section is reviewed more in-depth as it represents the elastic 

modulus of specific BSUs and not the entire trabecular structure. From initial inspection, the elastic 

modulus values appear to fluctuate between 10-20 GPa; however, many of the nano-indentation tests 

are done on dried bone due to the nature of the test. Dried bone is known to have a larger elastic 

modulus than wet bone. Therefore, the values should be adjusted if they are to be used in crack 

propagation simulations. It might be useful to refer to the work of Townsend et al. [62], who found that 

drying the trabecular bone increased Young’s moduli of trabeculae by about 24%.  Though newer 

studies by Lievers et al. [63] suggest that when the increase in tissue modulus is considered together 

with the decrease in the bone volume fraction, the increase in the modulus of cancellous bone following 

dehydration should be close to 14%. If the same factor applies to nano-indentation, the elastic modulus 

values should be around 8.5-17 GPa. 
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Table 2.1 Collection of elastic modulus values of trabecular bone. Recreated from [61] 

Reference Bone Type and Location Tissue Modulus 
(GPa) 

[64] Human femoral neck 11.4 ± 5.6 

[65] Human distal femur 18.1 ± 1.7 

[66] Human vertebra 13.4 + 2.0 

[67] Human femoral head 21.8 ± 2.9 

Human femur trochanter 21.3 ±2.1 

[68] Human distal radius 13.75 ± 1.67 

Human vertebrae 8.02 ±1.31 

[69] Porcine femur 21.5 ±2.1 

[70] Human tibia/vertebrae 19.4 ± 2.3 

[71] Sheep proximal femur 20.78 ± 2.4 

 

Trabecular packets vary in both length and thickness depending on the location from where the sample 

was taken, and the age, gender, health, and size of the donor. A study by Lips, et al. [72] recorded the 

mean wall thickness of the trabecular bone packets in the human iliac crest in 14 female and 22 male 

subjects of varying age. The mean wall thickness was measured to be 49.7 ± 8.7 μm at a mean age of 

50.9 years. The study also found a relationship between age and the mean wall thickness. This result is 

not surprising and is most likely caused by the remodeling of the trabecular bone that occurs with age.  

shows a graph of the Lips’ results as mean wall thickness with respect to age. It is also important to note 

that there are many outside factors like sex, skeletal site, and disease that can influence the size of the 

packets. Lamarche et al. [73] has also provided an extensive list of BSU measurements from frontal 

sections of L2 vertebrae from 16 females of widely varying ages (see Table 2.2). Though both the BSU 

thickness and BSU length are shown to have a large range of sizes, on average the BSU length appears to 

be 4 to 5 times larger than its thickness. This aspect ratio, along with the BSU thickness and length 

values reported by Lamarche et al. [73], will be the primary reference for the BSU size in this study. 
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Table 2.2 Measurements of BSU parameters of the L2 vertebrae from 16 females including  age, number of unaltered BSU 
measured (n), and their median BSU Area, BSU Thickness and BSU Length [95% CI]. Recreated from [73] 

Age n BSU Area 
(µm2) 

BSU Thickness 
(µm) 

BSU Length 
(µm) 

18.5 202 7770 
[6497-9647] 

45.1 
[40.5-52.0] 

248 
[228-282] 

21.4 278 8528 
[7474-9941] 

45.1 
[41.2-49.4] 

291 
[270-310] 

21.7 300 9873 
[7884-11567] 

51.0 
[45.7-54.3] 

268 
[246-305] 

26.2 305 5293 
[4067-6344] 

34.0 
[31.3-38.1] 

194 
[178-230] 

30.2 340 7166 
[6407-7949] 

47.2 
[45.2-52.2] 

204 
[186-225] 

35.7 319 6894 
[6163-7943] 

42.1 
[39.8-43.8] 

243 
[218-260] 

36.2 385 5777 
[5115-6452] 

41.9 
[40.5-44.1] 

182 
[168-199] 

37.6 262 10929 
[9224-12592] 

57.3 
[53.5-62.2] 

258 
[224-292] 

69.1 232 3698 
[3103-4107] 

32.1 
[28.6-34.6] 

153 
[138-170] 

71.6 195 7145 
[5690-8338] 

49.2 
[44.9-54.6] 

210 
[187-238] 

73.5 181 4071 
[3431-5152] 

33.5 
[29.0-36.2] 

167 
[134-202] 

77.3 189 6774 
[5570-8046] 

39.4 
[36.0-43.0] 

228 
[197-258] 

78.0 260 3839 
[3220-4447] 

33.6 
[31.8-36.4] 

161 
[149-180] 

83.0 233 3678 
[3408-4730] 

33.9 
[31.2-36.7] 

157 
[145-173] 

85.8 321 3222 
[2859-3656] 

29.2 
[27.6-30.9] 

161 
[150-178] 

96.4 228 6522 
[5648-7463] 

44.7 
[40.6-47.8] 

210 
[188-233] 
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Figure 2.7 Regression line of the mean wall thickness of trabecular bone packets with advancing age. Taken from [72] with 

permission from Springer Nature 

2.3 Modeling crack propagation in bone 
There are two distinct categories of numerical damage models: continuous and discrete damage 

models. Furthermore, there exist two different approaches to modelling. There are strength-based 

models, like the Rankine criterion, and energy-based models, like the criterion for interface damage by 

He and Hutchinson [74]. The two approaches were also combined into the cohesive damage models 

proposed by Barenblatt [75]. This section will go over the most commonly used damage models for 

studying bone damage, and review literature that used these models to simulate crack propagation in 

bone. Only studies using finite element methods will be considered. 

2.3.1 Continuum damage models 
Continuum damage models use a broad damage approach to describe the crack without considering its 

exact topology. 

2.3.1.1 Scalar damage models 

Scalar damage models, also known as element deletion, use a damage variable D that represents a 

fraction of damaged material in a cross-section of a body. A value of 𝐷 = 0 represents a body with zero 

damage, while 𝐷 = 1 represents full separation. The simplest constitutive stress-strain relationship can 

be written as: 

𝜎 = (1 − 𝐷)𝐸𝜀 

( 1 ) 

where E is the Young’s modulus. In a simplified form, a finite element is considered failed once the 

equivalent strain reaches the failure strain i.e. 

{
𝐷 = 0 ;  𝜀𝑒𝑞 <  𝜀𝑓

𝐷 = 𝐷𝑐 ;  𝜀𝑒𝑞 ≥  𝜀𝑓
} 

( 2 ) 
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where 𝜀𝑒𝑞 is the equivalent strain of choice and 𝐷𝑐 is the critical damage. It is common to keep 𝐷𝑐 < 1 to 

ensure that there is no complete element deletion to avoid numerical errors. 

The element deletion method is robust and can be used in a wide range of modeling. However, the 

method has some quirks that make it unreliable in a few situations. Element deletion has a high mesh 

sensitivity. Since the method “deletes” elements, the section affected by the crack directly corresponds 

to the size of the element. Similarly, the dissipated energy is also closely related to the mesh size for the 

same reason [76]. Unrealistic crack paths can appear due to mesh size and structure and, as such, 

special care must be taken when meshing the models [77]. This mesh dependency can be overcome by 

introducing a characteristic length in a non-local damage formulation [76, 78]. Another difficulty with 

this method is that the material softening from element deletion can cause numerical convergence 

problems, which makes simulating full crack propagations a challenge [79]. 

Scalar damage models have been used in a number of studies of crack propagation in bone on multiple 

size scales. At the macroscale, the proximal femur was simulated using both 2D projections and full 3D 

models in multiple literatures [79–83]. At the microscale, crack propagation was simulated in cortical 

bone (Figure 2.9 A) to estimate the critical energy release rate of cement lines [84]. 

2.3.1.2 Phase-field models 

Phase-field models are based on Griffith’s theory for brittle fracture in solids. Phase-field models 

propagate cracks with the use of energy release rate critical values. These models improve on Griffith’s 

theory by predicting crack initiation with the use of variational methods on energy minimization [85–

87]. Phase-field models can branch existing cracks or nucleate new cracks during simulation. The cracks 

in these models are described by a phase-field that varies between 0 and 1 for intact and damaged 

material. The idea of the phase field method is to represent fracture as a continuum entity with a finite 

width where the stiffness of the material is greatly reduced. In this way, the crack can be represented 

without the need to explicitly track the discontinuity [88]. 

There exist several studies that use scalar damage models for biomechanical applications in the 

literature. A number of studies used the model to simulate damage in soft tissue [89–91]. A study done 

by Wu et al. [92] showed fracture modeling of brittle biomaterials with the use of the phase-field 

method on the macroscale.  Shen et al. [88] demonstrated the use of the method in simulating crack 

propagation in long bone on the organ scale (Figure 2.9 B). A recent paper by Gustafsson et al. [93] 

evaluated a number of recent implementations of the phase field methods to find the best approach for 

simulating crack growth in bone tissue. Though the phase-field models show great potential due to its 

capability of capturing complex cracking phenomena, it is still not well-established in the field of 

biomechanics, particularly as applied to bone. 

2.3.2 Discrete damage models 
Discrete damage models simulate cracks as a discontinuity that is embedded in a continuum [78]. 

2.3.2.1 Cohesive element models 

Cohesive element models use special interface elements that are inserted between solid elements in the 

model. The degradation of the cohesive elements is governed by a traction-separation law and are used 
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to simulate the crack propagation path. The manual insertion of cohesive elements makes this method 

ideal for simulation where the crack path is already known or can be easily estimated. 

Cohesive elements have been used to study bone mechanics in several ways. At the nanoscale, this 

method was used to evaluate damage at the collagen-mineral interface and describe the damage at the 

interface of non-collagenous proteins due to tensile and compressive loads [94, 95]. On the microscale, 

cohesive elements have been used to simulate crack propagation in cortical bone in 2D. An osteon was 

modeled, and two different crack paths were set up (one through the osteon, and one round it) to study 

the effect of crack path on the crack resistance of the microstructure (Figure 2.9 C) [96]. A similar 

approach was also used to simulated deflection or propagation in dentin [97]. Other studies have 

attempted to simulate crack propagation without providing a pre-existing crack path by inserting 

cohesive elements between every solid element [98, 99]. Unfortunately, cohesive element models are 

not well optimized for such an approach, and as such, they are known to be mesh dependent and 

unreliable [100]. At the macroscale, the use of cohesive element modeling becomes difficult as the crack 

path is usually unknown and cannot be predetermined in these kinds of simulations. A few examples in 

literature of macroscale simulations show oversimplified models with numerous estimations [101, 102]. 

2.3.2.2 XFEM modeling 

The extended finite element method (XFEM) is a numerical approach based on the generalized finite 

element method and the partition of unity method that was introduced by Belytschko and Black [103] as 

a finite element method with minimal remeshing. It enhances the basic FEM approach by adding 

discontinuous functions to the solution space for the solutions to differential equations. This method is 

commonly used to simulate crack propagation through an object or a material. Unlike other traditional 

finite element methods, crack location in XFEM is not confined to the boundaries of the mesh. 

Therefore, there is no need for re-meshing or specifying a pre-defined path for crack propagation when 

working with XFEM. This makes XFEM a perfect tool for studying the onset and propagation of cracks in 

quasi-static problems. 

The extended finite element method is based on the concept of partition of unity where enriched 

degrees of freedom are used to describe cracks within finite elements [104]. When using a cohesive 

segments approach, crack propagation is modelled as a two-step procedure. 

Initially, when the damage initiation criterion is reached, the element is split into two new elements 

with phantom nodes connected at the location of the crack and separated by a cohesive surface. The 

crack topology is implicitly described using level-set theory [105]. Damage initiation is modeled with the 

use of a fracture criterion 𝑓 and a vector that is set perpendicular to the direction of the crack. Next, the 

damage evolution law governs the transformation and/or degradation of the cohesive surface up until 

the crack opens (i.e., the crack surface becomes traction free). The damage evolution law can be defined 

in terms of the traction-separation law or the strain energy release rate [78]. There exist two fracture 

criteria that are commonly used in the simulation of crack propagation through bone. The interaction 

between the real and phantom nodes can be seen in Figure 2.8. 

The first commonly used fracture criterion is the maximum principal strain criterion (MAXPE) 

𝑓𝑀𝐴𝑋𝑃𝐸 = {
〈𝜀𝑚𝑎𝑥〉

𝜀𝑚𝑎𝑥
0 } 
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(3) 

where 𝜀𝑚𝑎𝑥 is the maximum principal strain, and 𝜀𝑚𝑎𝑥
0  is the critical damage initiation strain. The symbol 

〈 〉 is the Macaulay bracket which indicates that pure compressive states do not initiate damage. Crack 

propagation is achieved when 𝑓𝑀𝐴𝑋𝑃𝐸 > 1. For MAXPE, the direction of the crack is assumed to be 

perpendicular to the principal strain. 

The second commonly used criterion is the quadratic nominal strain criterion (QUADE) 

𝑓𝑄𝑈𝐴𝐷𝐸 = {
〈𝜀𝑛〉

𝜀𝑛
0 }

2

+ {
〈𝜀𝑠〉

𝜀𝑠
0 }

2

 

(4) 

where 𝜀𝑛
0 is the normal critical damage initiation strain, and 𝜀𝑠

0 is the shear critical damage initiation 

strain. The two damage initiation strains are perpendicular to each other, with 𝜀𝑛
0 being aligned to the 

normal direction of the material. For the QUADE criterion, the crack propagation is assumed to be 

perpendicular to the normal strain. 

2.4 XFEM simulation of crack propagation in bone  

The first XFEM bone studies were done using the MAXPE criterion for crack initialization and linear 

elastic fracture mechanics (LEFM) as the crack growth law. The studies were performed on the 

microscale using 2D geometry and were used to analyze the effects of osteons on the propagation of the 

crack in cortical bone when subjected to uniaxial tensile loading. The predicted crack paths grew 

perpendicular to the applied load, and did not deflect around the cement line, as was expected from the 

experimental results [106–109]. 

Other studies tried using MAXPE criterion in combination with the cohesive segments approach rather 

than LEFM. These studies were also unable to generate realistic crack paths, that would deflect around 

cement lines [110–113]. Work by Rodriguez-Florez et al. [114] explored the possibility of using multiple 

enriched subregions for generation of multiple cracks. However, this approach was calculation-intensive, 

and not suitable for complex geometries [114]. Previous literature shows that just using MAXPE is not 

Figure 2.8 The principle of the phantom node method. Taken from [105] 
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sufficient when it comes to modeling crack propagation in bone, as the cracks do not capture the 

cement line deflections seen in the experimental data. 

More realistic predictions of crack propagation through bone were achieved by Feerick et al. [115]. This 

study simulated a screw pull-out test in cortical bone using multiple damage criteria. The quadratic 

nominal stress (QUADS) criterion was used to simulate crack growth parallel to the osteon directions 

and maximum principal stress (MAXPS) criterion was used for off-axis crack propagation [115]. 

More recently a study by Gustafsson et al. [53] tried to combine the MAXPE and QUADE fracture criteria 

to achieve realistic crack propagation around osteons in 2D samples of cortical bone. In the study, a 

model for crack propagation in 2D at the microscale in cortical bone was developed using the XFEM 

method in ABAQUS (Figure 2.9 D). The objective of the study was to simulate crack deflections at the 

osteon boundaries as previously seen in experimental data. The study implemented the two fracture 

criteria (MAXPE and QUADE) using the UDMGINI subroutine.  The results of Gustafsson et al. [53] show 

that the combined criteria method can be used to properly simulate crack propagation through bone 

with deflections at the cement line. 

Due to its popularity and successes, XFEM will be used in combination with the dual fracture criteria 

method to simulate crack propagation in trabecular bone. As such, this thesis will heavily reference the 

work done by Gustafsson et al. [53].   
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(A) 

(B) 

(C) 

(D) 

Figure 2.9 A set of damage models presented in literature that are used to model crack propagation in bone at the microscale. 
(A) 2D Crack simulation in  cortical bone using the Element Deletion method taken from [79] with permission, (B) Crack analysis 
of a full bone using the Phase-field Model method Adapted from [88] with permission from John Wiley and Sons, (C) 2D Crack 
analysis around an osteon using the Cohesive Elements method Adapted from [96] with permission from American Society of 
Mechanical Engineers, (D) 2D crack propagation analysis of osteon using the XFEM method Adapted from [116] with permission 
from Elsevier 
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2.5 Trabecular bone modeling 
A number of papers have used FEM and XFEM analysis to examine failure in cancellous bone. 

Unfortunately, that research focused on the macroscale of trabecular bone rather than modeling the 

BSU and cement lines on the microscale. Though it is important to research the mechanics of trabecular 

bone on all levels, and it would be too complicated to create and run a model that contains every 

hierarchical structure, there is a clear gap in knowledge when it comes to modeling trabecular bone at 

the microscale. 

Hammond et al. [117] used a similar approach to Feerick et al. [115] to model crack propagation in 

trabecular bone, exploring the effect of using isotropic or anisotropic tissue with homogeneous or 

heterogeneous tissue distribution. The only downside to this study is that the two fracture criteria were 

used separately from one another in two different simulations. The models for this study were 

generated on the macro level. As such, the trabeculae were not sub divided into BSUs and cement lines. 

The sections of the 2D cancellous bone specimen can be seen in . 

Salem et al. [118] modeled cancellous bone specimens to accurately predict the propagation of cracks 

under mechanical loading. The study used the MAXPE criterion to simulate crack propagation through a 

single trabecula, and 2D sections of trabecular bone specimens. Both the single trabecula and the 2D 

sections were models as a homogeneous material, showing no distinction between BSU and cement 

line.  

Both studies mentioned above do not fully consider the complexity of the trabecular bone on the 

microscale. In the case of Hammond et al. [117], the paper tries to account for the different BSUs by 

using anisotropic and heterogeneous material properties. All the model cases that were considered in 

that study can be seen in . However, the simulation fails to include cement lines, and the absence of this 

important structure likely affects the accuracy of the crack predictions. 

 
Figure 2.10 Sections of cancellous bone specimen. Taken from [118] with permission from sage Publishing 
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2.6 Literature review summary  
The goal of this thesis is to use numerical methods to identify the role that cement lines play in terms of 

providing crack resistance to the trabeculae, and to better understand how changes in BSU size might 

affect crack growth. Therefore, this chapter reviewed background required to understand the current 

state of XFEM crack propagation modeling, in trabecular bone, at the microscopic level. 

This literature review first provided a summary of the structure of cortical and trabecular bones at 

multiple length scales. This was done to show how each organizational level serves to improve the 

strength and resilience of bone. The literature of bone’s mechanical properties was then reviewed to 

provide context for the material property values that are used in this study. Lastly, the literature on 

methods of FEM modeling of cracks in biomechanics was reviewed to identify a simulation method that 

would be most suited for simulating crack propagation in trabecular microstructure. 

Only two studies were identified that simulated crack growth in trabeculae, and neither included the 

cement line in the models. Gustafsson is one of the few to investigate the effect of cement line in XFEM 

simulations, but only in cortical bone. This review suggests that the proposed investigation into the 

effects of decreasing BSU size, and increasing proportion of cement line, represents a novel area of 

research. Therefore, this study will use idealized BSU structures combined with XFEM analysis to better 

understand how cement lines affect crack growth in individual trabeculae. 

  

Figure 2.11 Model cases considered in the Hammond et al. study. Taken from [117] with permission from 
Elsevier 
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3 Methods 
 

3.1 Chapter introduction 
This chapter will provide a detailed description of the methods that were used to accomplish this study 

including the following topics: 

• the selection and validation of the crack failure model; 

• the selection and generation of model geometry; 

• the mesh and boundary condition analysis; and, 

• an explanation of the three parametric studies undertaken during the research. 

3.2 Simulation model selection 

A modelling method had to be selected to ensure realistic simulations of crack propagation through 

trabecular bone. As previously discussed in the literature review section of this document, several 

modelling methods have been used in the literature to simulate crack propagation in bone. Based on 

previous studies in cortical bone, XFEM was chosen because it can produce arbitrary crack paths, which 

is a necessary attribute for the parametric studies presented in this thesis. The choice of XFEM modeling 

also allows the new dual damage criteria approach, which has been used to capture realistic crack 

deflection around osteons in cortical bone, to be applied to cancellous bone. Due to the assumed 

similarities in the mechanical properties of the cement line in trabecular and cortical bone, the dual 

criteria XFEM method was well suited for this research. The method was also well described and 

documented by Gustafsson and others which allowed for easy implementation in ABAQUS [53, 119, 

120]. 

3.3 XFEM modeling method 
The following section describes the XFEM crack analysis modeling, and its implementation in the 

ABAQUS software. 

3.3.1 Crack domain 
The crack domain is an assigned area that contains all the regions where cracks can initiate and 

propagate in the material. Multiple cracks can nucleate in a single crack domain only if they reach their 

critical damage values at the same time increment. Otherwise, additional cracks will not nucleate until 

all the pre-existing cracks in the crack domain have propagated through the boundary of the given crack 

domain. If the model is expected to generate more than one crack, the part should be partitioned into 

multiple crack domains based on the model's geometry. 

For this study, the entire sample was assigned a single crack domain. The single domain was considered 

sufficient since a single crack would be initialized in the model and only that one crack was expected to 

grow and propagate through the entire sample. No others were expected to nucleate. To confirm that 

this approach was appropriate, a single model was tested multiple times with up to five crack domains. 

The rectangular sample subjected to uniaxial tension in the vertical direction was partitioned into 

equally sized vertical strips, with each strip being allocated to a different domain. The simulations 

produced identical results compared to the model with a single domain. Therefore, a single crack 

domain was deemed sufficient for this study.  The simulation results for the single crack domain and five 

different equally-sized crack domains can be seen in Figure 3.1. 
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3.3.2 Initial crack location 
The user can specify an initial crack location to provide a better level of control over the nucleation of 

the crack. The initial crack can either be modelled as a wire object in a two-dimensional part or defined 

using the geometry of the modelled object. For example, the crack can be defined using a boundary 

between two materials or a sharp angle in the object. 

Figure 3.1 Crack path comparison between two test samples that were used to test crack domains. A: Sample with a single 
crack domain. B: Sample with five equally sized vertical crack domains. The crack path for both simulation is indicated in red 
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An initial crack must be located inside the crack domain to be able to propagate; however, it is optional. 

Regardless of whether an initial crack is present, ABAQUS can simulate crack nucleation and growth as 

defined by the selected failure criterion. 

This study uses a 5 µm crack to standardize crack initiation between different simulations. The initial 

crack is always located at the halfway point along the height of the sample, on the leftmost edge of the 

sample, oriented perpendicular to the edge and in the tensile direction. The crack (indicated in red in 

Figure 3.2) is always bound inside a 10x10 µm2 partition, highlighted in yellow in Figure 3.2. The 

partition is meshed separately from the rest of the model to ensure that the initial crack does not pass 

through any mesh nodes, as doing so would sometimes cause computational errors in ABAQUS. 

One of the computational errors mentioned above can be seen in Figure 3.3, where the initial crack 

(indicated in red) intersects with a mesh node (indicated with a blue square). As shown in Figure 3.3, the 

intersecting node (again indicated by a blue square) does not separate from its phantom node, causing 

an unrealistic crack propagation behaviour. 

 

Figure 3.2 Initial crack indicated in red surrounded by a partition indicated in yellow 

Figure 3.3 A) A model where the initial crack (indicated in red) intersects with a mesh node due to poor partitioning. The 
intersection is indicated by a blue square. B) The same node (indicated with a blue square) fails to split from its phantom node, 
causing a computational error 
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3.3.3 Damage initiation 
The damage initiation criterion governs crack growth and is used to determine the crack direction. As 

outlined in the Literature Review, the criterion can be based on either strain or stress. Following the 

example of Gustafsson et al. [53], two different strain-based failure criteria were used for crack growth 

in the cement line versus the BSU.   

Crack propagation through the BSUs was governed by the MAXPE criterion (Equation 1). Once the 

damage is initiated in an element, the growth of the crack is then modelled with an energy-based 

damage evolution law with linear softening behavior.  

Conversely, crack propagation in the cement line was governed by a dual criterion that uses a 

combination of both the MAXPE (Equation 3) and QUADE (Equation 4) criteria: 

𝑓𝑆𝑢𝑏 = 𝑚𝑎𝑥 {{
〈𝜀𝑛〉

𝜀𝑛
0 }

2

+ {
〈𝜀𝑠〉

𝜀𝑠
0 }

2

, {
〈𝜀𝑚𝑎𝑥〉

𝜀𝑚𝑎𝑥
0 }} 

(5) 

where the crack propagation is achieved when  𝑓 > 1. 

ABAQUS dose not natively support the use of two damage criteria in the same material. However, the 

UDMGINI subroutine can be implemented to allow the user to create their own damage criteria, which 

can then be used by ABAQUS. The subroutine code is presented in Appendix A: Fortran code. 

It is important to note that QUADE and MAXPE use different methods to calculate the path of crack 

propagation. In MAXPE, the crack propagates in a direction perpendicular to that of the maximum 

principal strain. In most cases, when the MAXPE criterion is used, the crack will propagate 

perpendicularly to the loading conditions, creating no deflections in the crack path. However, with the 

QUADE criterion cracks propagate perpendicularly to the normal direction of the material. When the 

normals are properly assigned to the cement line elements, the QUADE propagation allows the crack to 

travel along the cement line, causing it to deflect around the BSU. These differences in crack 

propagation are a core feature of the dual-damage subroutine and allow the crack to travel through 

either the BSU or the cement line based on which criterion is triggered first. 

Since the QUADE damage criterion uses normal vectors to determine the direction of propagation, each 

element in the cement line had to be assigned a normal vector based on its position within the 

geometry. This step was accomplished via python scripts. Figure 3.4 shows a close-up of the cement line, 

with the assigned element normals indicated by the teal arrows. 
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Figure 3.4 A close-up of the cement line mesh with element normal directions indicated by teal arrows. All cement line 
elements have a unique normal; however, only selected normals are shown for clarity 

3.3.4 Limitations 
The following list is a summary of XFEM limitations in the ABAQUS software, specifically version 6.10 

which was used in this study [121]: 

● a crack cannot branch into multiple cracks; 

● only one crack can exist in a particular element; 

● a crack can only turn up to 90 degrees within a particular element; and, 

● only linear continuum elements can be used (CPE4, CPS4, C3D4, C3D8). 

Though this study was not strongly affected by these limitations, they are important to keep in mind for 

future studies. 

3.4 Material properties 
The cement line and the BSU were assumed to exhibit isotropic linear elastic behaviour. Based on the 

literature review, it was decided that the material properties used by Gustafsson to simulate crack 

propagation in cortical bone would also be used in trabecular bone given the parametric nature of the 

work presented herein. 

The Young's modulus (E) of the BSU was used as a reference for choosing a stiffness for the cement line. 

The cement line was assumed to be 20% stiffer than the BSU, due to the fact that the cement line is 

considered to be highly mineralized. The Poisson's ratio (ν), MAXPE critical strain (𝜀𝑚𝑎𝑥
0 ), and the energy 

release rate (G) were all assumed to be equal between the BSU and the cement line. All of the material 

properties are summarised in Table 3.1 and are used throughout this work without any adjustment. 

Table 3.1 List of material properties used in this study 

Parameter BSU Cement line 

E (GPa) 15 18 

ν 0.3 0.3 

𝜀𝑚𝑎𝑥
0  0.004 0.004 

G (
𝑘𝐽

𝑚2) 0.2 0.2 
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3.5 Recreation of previous studies and validation of subroutine 
The dual damage criteria method was previously used and described in several studies; however, the 

exact details of implementing the method were never specified. The method had to be reverse 

engineered based on the descriptions given in the Gustafsson et al. [53] and example code of the 

UDMGINI subroutine provided by Mohammad Salem in his thesis [119]. To ensure that the new 

subroutine worked similarly to the original, an XFEM model based on work in Gustafsson et al. [53] was 

recreated and tested to ensure its accuracy. 

An idealized model geometry of a circular osteon, surrounded by cement line, and embedded in a 

homogeneous block of lamellar bone was created based on Gustafsson et al. [53]. Displacement 

controlled loading was applied on all nodes along the top edge and all nodes along the bottom edge 

were constrained in the y-direction. The osteon was assumed to be 150 µm in diameter with a 50 µm 

wide Haversian canal. The geometry measured 400 × 400 µm2 with a 40 µm long initial crack inserted in 

the left edge perpendicular to the displacement direction. The initial crack was placed 3.25 µm above 

the middle point of the left edge to avoid perfectly symmetric conditions (see Figure 3.5). Plane stress 4-

node bilinear elements with reduced integration (CPS4R) were used to mesh the model. A range of 

QUADE critical strain values (𝜀𝑛
0 = 𝜀𝑠

0 = 0.0010 – 0.0025) were used to simulate crack propagation in 

and around the radial osteon. The results from Gustafsson et al. [53] show a clear transition between 

crack deflection and crack penetration between 𝜀𝑛
0 = 𝜀𝑠

0 values of 0.0015 and 0.0016. The goal of this 

test was to capture the transition between crack deflection and crack penetration near the QUADE 

critical strain values seen in previous works in order to validate the subroutine implementation. 

 

Figure 3.5 Model geometries used to represent an osteon in the radial direction. Modeled from Gustafsson et al. [108] 
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3.6 Modeling geometry 
Modelling crack propagation in trabecular bone on the microscopic scale is a new area of study, and as 

such, there is little to no literature on this topic. Because of the lack of previous results, this research 

was completed under many assumptions and simplifications to establish a basis for future study. One of 

the major simplifications adopted by this research was the simplified geometric representation of the 

BSU. 

Trabecular bone is a biological material, and as such, it is irregular in both shape and size. The BSUs 

usually have smooth edges, and semi-crescent shapes. A real trabecular profile with 20 BSUs can be 

seen in Figure 3.6. To automatically model a realistic trabecular profile like the one seen in Figure 3.6 

would require the use of complex algorithms, the creation of which is outside of the scope of this study. 

  

As a first estimation, it was decided that the BSUs should be represented by a set of tilling geometric 

shapes, which would be separated by a uniform cement line of constant thickness. This simplified 

geometry allowed the creation of python scripts that can automatically generate perfectly partitioned 

geometries with varying geometric parameters. 

There are only three regular shapes that tile tightly. Triangles, squares and hexagons were all considered 

as a possible tiling shape for this study. Unfortunately, both triangles and squares tile by subdivision, 

creating parallel lines that are infinitely straight. This geometric phenomenon causes problems, as a 

crack traveling through an infinitely straight cement line would never need to propagate around a BSU, 

making the simulation pointless. The preference therefore was given to hexagonal patterns, as they 

allow the creation of tiling surfaces without gaps and or continuous straight lines. The hexagons can also 

be distorted in multiple directions without losing the ability to tile. 

  

Figure 3.6 Trabecular profile with 20 distinct BSUs. Taken from  [28] with permission 
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A python script was developed to partition a 2D plate of any size into hexagonal BSUs separated by a 

cement line of any thickness (see Appendix B: Python script). The width, height, and side angle of the 

generated hexagons could be adjusted separately, allowing for a wide range of geometries (see Figure 

3.7). All of the adjustable parameters include: 

• the width of the sample trabeculae plate (W); 

• the height of the sample trabeculae plate (H); 

• the height of the BSU (ℎ𝐵𝑆𝑈); 

• the width of the BSU (𝑤𝐵𝑆𝑈); 

• the angle of the BSU side walls relative to the horizontal line (θ); 

• the thickness of the cement line (t); 

• horizontal partition displacement (XDIS); and, 

• vertical partition displacement: (YDIS). 

Since the boundary conditions can affect the results of the simulation if the crack propagates too close 

to them, it was decided that the initial crack would always be located at the vertical half point of the 

specimen plate (see Figure 3.7). Since the location of the initial crack is of great interest in this thesis, a 

set of parameters XDIS and YDIS were introduced in the python script to allow the shifting of the BSU 

partitions on the sample plate. 

Figure 3.8 shows how the two parameters can be used to adjust the location of the crack relative to the 

BSUs while not actually moving the initial crack.  

Figure 3.8a shows a sample plate populated with hexagonal BSUs. For this sample the XDIS and YDIS values 

were both set to 0 and, as such, the first hexagonal BSU (highlighted in yellow) was generated exactly in 

the bottom left corner. The other BSUs were tiled from that initial BSU, creating the pattern seen in the 

figure. Looking at the initial cack location of Figure 3.8a, we can see that the initial crack spans both the 

BSU and part of the cement line. Since the cement line also introduces extra partitioning near the crack, 

it is highly likely that the mesh around the initial crack will be compromised and will cause numerical 

errors, as previously discussed in section 0. 

Figure 3.8b shows the same sample, however, here the XDIS was set to 5 µm and YDIS was set to 10 µm. 

This change in variable values cased the entire BSU partition to shift in such a way, as to allow the initial 

crack to be located at the left most side of the BSU, and vertically directly in the middle of it. In this 

study, the two parameters XDIS and YDIS will be used extensively to manipulate the location of the crack 

relative to the BSU partition.  

Based on previous literature, it was also decided that the cement lines will be kept a constant thickness 

t=5 µm throughout the entire study to reduce the number of adjustable parameters. Figure 3.9 shows 

some of the geometries that can be generated by the script. 
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Figure 3.8 Example of how parameters XDIS and YDIS affect the partitioning of the sample plate. A) Sample partitioned into BSUs 

without the use of XDIS and YDIS parameters. B) the same partitioning with XDIS set to 5µm and YDIS set to 10µm. The BSU that 
was generated first is highlighted in yellow. Note the interaction between the initial crack and the partition geometry. 

Figure 3.7 Labeled geometry of the tiled BSUs showing all the adjustable parameters: specimen width (W), specimen height (H), 
BSU width (𝑤𝐵𝑆𝑈), BSU height (ℎ𝐵𝑆𝑈), cement line thickness (t), BSU wall angle (θ) and the location of the initial crack indicated 
in red with its partition highlighted in yellow. 
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3.7 Boundary conditions 
The samples underwent a uniform displacement-based loading for all simulations in this study using 

quasi-static analysis. As shown in Figure 3.10, each model was assigned nodal boundary conditions to 

replicate uniaxial loading. Nodes along the bottom edge were fixed in the vertical Y-direction, while the 

top edge nodes were uniformly loaded in the vertical Y-direction until either a maximum displacement 

of 10 µm was achieved or until complete failure occurred. The latter was defined as the moment when 

the crack completely traversed the model from left to right. The nodes in the top left and bottom left 

corners were also fixed in the horizontal X-direction. 

  
𝑤𝐵𝑆𝑈: 120 µm ℎ𝐵𝑆𝑈: 50 µm Θ: 65 𝑤𝐵𝑆𝑈: 120 µm ℎ𝐵𝑆𝑈: 50 µm Θ: 84 

  
𝑤𝐵𝑆𝑈: 60 µm ℎ𝐵𝑆𝑈: 50 µm Θ: 65 𝑤𝐵𝑆𝑈: 60 µm ℎ𝐵𝑆𝑈: 160 µm Θ: 80 

Figure 3.9 examples of BSU geometries that can be generated with the python script. As mentioned above, t=5 µm for these 
and all other models in this study. The trabeculae plate sample dimensions are constant at 300x300 µm2. With XDIS and YDIS = 
25 µm. 



34 
 

Since the models represent a part of a larger structure, it was crucial to ensure that the applied 

boundary conditions do not interfere with the crack propagation and the resulting macroscopic failure 

strains. Several simulations were performed to test the effects of boundary conditions where a crack 

was propagated through a sample of pure BSU material. Throughout the simulations, the height of the 

specimen, H, was increased by doubling the height of the previous model from H=100 – 800 µm. The 

results were compared between the tested samples to identify if the distance between the boundary 

conditions and the crack produced any changes in the results. 

 

3.8 Data collection and results 
Since one of the primary goals of this study was to identify how the size of the BSUs affects a trabecula's 

ability to resist crack growth, it was essential to find a way to compare crack resistance between 

multiple simulations. 

It was decided that the macroscopic tensile strain required to propagate the crack across the sample 

from the left edge to the right edge would be a suitable parameter to identify the crack resistance of the 

trabeculae. The results of each simulation were reviewed to identify the time step at which the crack tip 

reached the opposite side of the sample. Since each sample undergoes displacement-based loading, the 

displacement of the loaded top edge of the specimen can be recorded at the proper time step and 

converted to strain based on the height H of the sample. The strains can then be compared between 

different simulations as long as the width of the sample plate stays the same between the simulations. 

The entire simulation history could also be examined to identify areas were strain buildup occurred 

during the simulation.  Figure 3.11 shows a model with the simulated crack highlighted in red. This test 

sample was evaluated at 4 different time steps. The blue triangles in the figure indicate the location of 

the crack tip at each tested step. In this example the strain buildup occurred up to crack tip location #3, 

at which point the crack propagated to the end of the sample without further deformation of the plate. 

Figure 3.10 A sample showing the boundary conditions used in this study, with the initial crack highlighted in red. 



35 
 

Another result of interest is the crack path itself. In parts of this study, the strain at complete crack 

propagation and the crack path were used together to identify how the trabeculae resisted crack 

propagation. 

3.9 Mesh analysis 
Due to the mesh restrictions of XFEM, the plane stress 4-node bilinear elements with reduced 

integration (CPS4R) were used to mesh all of the models in this study. Based on the work of Gustafsson, 

an initial mesh size of 2.5 µm was established as a base size; however, a thorough mesh analysis had to 

be completed to ensure that the mesh size was sufficiently refined for the geometries used in this study. 

A comparison was completed for mesh sizes ranging from 3.5 µm to 0.5 µm. A total of 50 mesh sizes 

were tested to provide an in-depth analysis. The tests were done on a 150×150 μm (W×H) sample with 

120×50 μm hexagons (wBSU×hBSU ) having a side angle of θ=35°. Based on the results, which can be seen 

in the results section of this document, a mesh size of 1.8 µm was chosen as the primary average mesh 

size for this study (see Figure 3.12) 

The mesh size was also given an allowance of ± 0.1 µm to provide some flexibility in models that 

required extra remeshing. For further information on remeshing see section 3.10. 

  

Figure 3.11 A test sample with the simulated crack propagation highlighted in red. 4 separate strain reading were taken at 
different time steps. The blue triangles indicate the locations of the crack tip at the point when readings were taken. (1) time 
increment 219; strain at top edge 4.13×10-3.  (2) time increment 301; strain at top edge 4.19×10-3.   (3) time increment 380; 
strain at top edge 4.96×10-3.  (4) time increment 484; strain at top edge 4.96×10-3.   
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Mesh Size 
3.5 µm 1.8 µm 0.5 µm 

   

Figure 3.12 Examples of a number of mesh analysis models meshed with different element sizes. 3.5 µm mesh was the biggest 
mesh size tested, while the 0.5 µm mesh was the smallest. The 1.8 µm mesh was selected as the primary mesh size for this study. 
Note that the images show only a small section of a model, to make the smaller mesh size more visible. 

 

3.10 Model adjustment 
Though most of the models and simulation were completed automatically via scripts, a number of 

simulations failed and, as such, had to be manually adjusted by the researcher. This section will discuss 

some of the problems that occurred during the research, and how they were solved. 

The most common error that occurred during the crack simulation was the “timeout error”. Some 

sections of the simulation required extremely small time increments for the crack propagation 

calculations. When the time increment requirement reached the minimum increment set in the model, 

the simulation would terminate with a timeout error.  Since reducing the minimum time increment size 

increased the run time of the simulation, doing so for every simulation would be inefficient and time 

consuming. With the time period set to 1, the minimum increment size was always set to 1 × 10−10 and 

only lowered for simulations that produced a timeout error. In some cases, the minimum increment size 

reached as low as 1 × 10−20 before the simulation was able to properly calculate crack propagation 

through the model. This solution only affected the runtime of the simulations and had no affect on the 

results. 
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A second, more substantial problem that occurred was based on improper crack propagation. During the 

simulation, some cracks tended to loop onto themselves during the defection around the BSU. Figure 

3.13 shows an example of this looping behaviour occurring in one of the study samples. The solution for 

this behavior was to re-mesh the model after small changes to the model parameters.  Some of the 

solutions involved increasing or decreasing the mesh size by 0.01 µm increments up to the allocated 

mesh difference of ± 0.1 µm (as stated in section 3.9), adjusting the YDIS value by up to ± 0.5 µm to 

slightly sift the vertical location of the initial crack inside the BSU, or adding extra partitioning to disturb 

the original mesh matrix. Since each of the adjustments could potentially change the resulting strain 

response in a significant way, only one method was used at a time, and the modification was kept as 

small as possible. 

3.11 Parametric studies 
This thesis consists of three different parametric studies intended to investigate the effects of BSU 

geometry on crack growth. Since the XFEM dual damage criteria method has not been used to simulate 

crack propagation in trabeculae at the micron magnification before, multiple parametric studies had to 

be undertaken to investigate some important fundamental parameters. Each study only varied one or 

two parameters to identify how each affected the rate of crack propagation through a trabecula. 

3.11.1 First parametric study 

In previous studies by Gustafsson, the QUADE critical strain values (𝜀𝑛
0, 𝜀𝑠

0) were identified as important 

parameters for determining whether the crack propagated through the osteon or around it in the 

cement line.  Repeating a similar study for trabecular bone would confirm that comparable behaviour is 

achievable in a trabecular microstructure and would provide a range of QUADE values to be used in the 

next two parametric studies. 

Figure 3.13 A failed simulation where the crack looped back on itself instead of propagating through the sample. The crack path 
was highlighted in red. The view is zoomed in on a portion of the sample to provide a better visual of the crack path. 



38 
 

Therefore, the objective of the first parametric study was to identify the critical values for the interface 

damage model that caused the crack to propagate around the BSU via cement lines rather than through 

it. A secondary objective was to examine how a change in the BSU side angles (θ) would affect those 

critical values. The adjustable parameters for the BSU partition script where set as follows: 

• H×W: 300 × 300µm; 

• ℎ𝐵𝑆𝑈×𝑤𝐵𝑆𝑈: 50 × 120µm; 

• t: 5µm; and, 

• mesh size: 1.8µm. 

The XDIS and YDIS where set to place the initial crack inside the BSU at 80 µm away from the furthest right 

point of the BSU, and 10 µm below the horizontal midpoint of the BSU (see Figure 3.14). 

The BSU side angle, θ, was varied in the range of 40–80° in 5° increments. Each angle increment was 

simulated with 7 different QUADE critical strain values ranging from 1×10-3 to 7×10-3 to identify the 

transition point between crack deflection around and crack propagation through the BSU at each θ 

angle. For each of the 63 simulations, the strain to full crack propagation, and the path of crack 

propagation, were both recorded to visualize how the crack path affected the crack resistance of the 

model microstructure. 

3.11.2 Second parametric study 
The objective of the second parametric study was to identify how the overall size of the BSU affects the 

crack resistance of the trabeculae. For this study, the aspect ratio of the hexagons was changed to 

better represent the real BSUs which are usually orientated parallel to the trabeculae (see Figure 3.15). 

Since the size of the BSUs would be the variable investigated in this study, a constant BSU width to 

Figure 3.14 A model from the first parametric study with θ set to 60°. The enlarged area shows the location of the initial crack 
inside the BSU 
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height ratio (𝑤𝐵𝑆𝑈/ℎ𝐵𝑆𝑈) of 1:5 was chosen and maintained for all of the models in this parametric 

study. This new ratio only allowed θ angles between 77-90° because of how the hexagon geometry was 

defined. Therefore, θ was set at a constant 80° for the entirety of this parametric study to ensure that 

only the scaled size of the BSU would change between models. The sample size was also adjusted to 

better represent the thickness of a trabeculae. The adjustable parameters for the BSU partition script 

where set as follows: 

• H×W: 400 × 150µm; 

• 𝑤𝐵𝑆𝑈/ℎ𝐵𝑆𝑈: 1.5;  

• θ: 80° 

• t: 5µm; 

• 𝜀𝑛
0 = 𝜀𝑠

0: 0.0015; and, 

• mesh size: 1.8µm. 

There exists a number of possible crack propagation paths that can occur inside the trabecula. A mixed 

crack propagation involves both propagation through the BSU and the cement line. This is the most 

common scenario, as cracks are more likely to start in the BSU and propagate through it until they reach 

the cement line. At that point the crack will deflect around the rest of the BSUs by following the cement 

line to the other side of the trabecula. The other two types of propagation are pure penetration where 

no deflection around the BSU occurs, and pure deflection where the crack initiates in the cement line 

and never enters the BSU throughout its propagation. 

The following sections will describe the methods that were used to study the effects of the size of BSU in 

relationship to the different types of crack propagation mentioned above. 

3.11.2.1 Mixed crack propagation 

Since the mixed crack propagation was most likely to occur in real life, it was thoroughly studied. The 

XDIS and YDIS parameters were constantly adjusted for each model to keep the initial crack location 

approximately 5 µm above the vertical center of the BSU, and as far to the left of the BSU as possible. 

Thought the vertical distance was kept as close to 5 µm above the vertical center of the BSU as possible, 

the distance was sometimes adjusted as mentioned in section 3.10. With this initial crack location, the 

Figure 3.15 Comparison between real BSUs in a trabecula of a vertebral body taken from  [28]  with permission, and the 
idealized hexagonal BSUs that were used in the second parametric study. 
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crack would be forced to propagate through an entire BSU (minus the initial crack length) before 

reaching the cement line. 

After reaching the cement line, the chosen QUADE critical strain (𝜀𝑛
0 = 𝜀𝑠

0 = 0.0015) would force the 

crack to propagate in the cement line, deflecting around the BSUs for the rest of the propagation. The 

size of the tested BSUs ranged from 15×75 all the way to 75×375 µm (wBSU×hBSU , see Figure 3.16). 

3.11.2.2 Pure penetration and pure deflection crack paths 

Though the other two paths were of interest, they did not require an extensive amount of data 

compared to the mixed crack propagation path. As such, the two other paths were only simulated with 

five different BSU sizes ranging from 20×100 to 60×300 µm (wBSU×hBSU) in equally sized increments. 

For the BSU penetration crack path, the initial crack location was identical to the mixed crack 

propagation setup. To achieve crack propagation through the BSU rather then around it, the QUADE 

critical strains were raised to 𝜀𝑛
0 = 𝜀𝑠

0 = 0.0020. This change in QUADE critical strain caused a similar 

effect to what was seen in section 3.5. 

For the cement line only propagation path, the XDIS and YDIS parameters where adjusted so that the initial 

crack was located inside the horizontal section of the cement line (see Figure 3.17). Since the QUADE 

critical strain values stayed identical to the mixed crack propagation values (𝜀𝑛
0 = 𝜀𝑠

0 = 0.0015), the 

crack followed the cement line all the way to the end of the sample without ever entering the BSU. 
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Figure 3.16 Two models of the second parametric study partitioned with different size BSUs. A) BSU size 15×75 µm2 B) BSU 
75×375 µm2 
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3.11.2.3 Effects of BSU size based on crack location in the BSU 

Based on the results of this parametric study (which are discussed in section 5.4) another smaller study 

was undertaken to investigate how the location of the initial crack inside the BSU affects the trabecula’s 

ability to resist cracks for different sizes of the BSU. 

Three models with BSUs of largely varying size, but constant wBSU:hBSU = 1:5 aspect ratio (20×100, 40×200 

and 75×375 µm2), were tested with the crack located at different horizontal locations in the BSUs (see 

Figure 3.18 ). The strain to full crack propagation for each model was plotted against the distance the 

crack traveled through the BSU before reaching the cement line. This allowed the comparison of strain 

to full crack propagation between differently sized BSU while having the crack travel the same distance 

in the BSU. 

Figure 3.17 A sample with a 50X250 µm2 BSU size, where the initial crack is located inside the cement line. Note that the initial 
crack shifted off center to avoid perfectly mirrored symmetry. 
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3.11.3 Third parametric study 
The first two studies used BSU geometries with vastly different aspect ratios. While in the first study the 

major axis of the hexagonal BSU was perpendicular to major axis of the trabecula; in the second study, 

the major axes of the BSU and the trabecula were aligned. 

The third parametric study investigates how changing the aspect ratio between the two extremes 

affects the cement line’s ability to resist crack propagation in the trabecula. For this study, a series of 

models were generated where the geometry of the first parametric study was sequentially morphed 

into the geometry of the second parametric study. The adjustable parameters for the BSU partition 

script where set as follows: 

• H×W: 300 × 300 µm; 

• ℎ𝐵𝑆𝑈: 50 µm; 

• t: 5 µm; 

• θ: 60°; and, 

• mesh size: 1.8µm. 

A model was first taken from the first parametric study at θ=60° and was run with different QUADE 

strain values to simulate crack propagation both through and around the BSU. For each subsequent 

Figure 3.18 Two models with the BSU size 75X375, representing the two extremes of the initial crack location A): Initial Crack 
located on the right side of the BSU, forcing the crack to propagate through the entire BSU before hitting the cement line. B) 
Initial crack located at the left side of BSU. The crack only needs to propagate through a couple of microns of BSU before it hits 
the cement line.  
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model, the BSU width 𝑤𝐵𝑆𝑈 was reduced by 20 µm to morph the BSU dimensions closer to the 1:5 ratio 

that was used in the second parametric study. 

For each model, the YDIS parameter was adjusted to ensure that the crack would only propagate 

approximately 15 µm inside the BSU. The 15 µm travel distance was chosen to accommodate models 

with small 𝑤𝐵𝑆𝑈 values. A total of five different BSU sizes were tested with BSU dimensions ranging from 

120×50 µm to 40×50 µm. 

For each of the different BSU sizes/ratios the strain to full propagation was recorded for the crack path 

both around and through the BSU. 
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4 Results 
The simulations for this entire study were run in batches and verified by hand to ensure that no errors or 

calculation artifacts occurred. Any simulations that failed to converge or produced a calculation error 

were either adjusted as described in section 3.10, or were completely omitted from the final results. The 

entire study consisted of nearly 300 successful simulations which required close to one terabyte of disk 

storage space. This chapter will go over the results of the simulations, starting with the validation 

studies and then followed by the three parametric studies examining the effects of geometry and 

material properties on crack growth. 

4.1 Recreation of Gustafsson osteon model 
Gustafsson et al. [53] have published 2D XFEM modelling results for an osteon, surrounded by cement 

line, embedded in a homogeneous solid. Their results used the dual failure criterion and serve as a 

validation for the failure subroutine developed and used for this thesis (see Appendix A: Fortran code). 

They noted that the crack path switched from passing through the osteon, to going around the osteon, 

for QUADE critical strain 𝜀𝑛
0 = 𝜀𝑠

0 values of 0.0015 and 0.0016 (see Figure 4.1). 

  

Figure 4.1 Predicted crack paths in radial models with and without Haversian canals. Crack propagation was modelled using (A) 
the MAXPE criterion or (B) the new interface damage criteria for different critical interface strains. Taken from [116] with 
permission from Elsevier 
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The models for an osteon in Gustafsson et al. [53] was recreated as closely as possible; however, 

variations in mesh size and crack location are expected because not all the information was provided in 

the publication. The model was tested with a range of 𝜀𝑛
0 = 𝜀𝑠

0 values between 0.0010 and 0.0025. The 

changeover between the crack behavior was recorded at the QUADE values of 0.0018 and 0.0019 (see 

Figure 4.2). This behavior is similar to what was observed by Gustafsson et al. [53] where reducing the 

QUADE critical strain values allowed the crack to deflect around the osteon, while larger QUADE critical 

strains force the crack through the osteon. The general agreement between the two sets of results, 

despite the missing information regarding to the original model, suggests that the dual-failure 

subroutine has been implemented properly. 

 

  
εn

0 = εs
0 = 0.0018 εn

0 = εs
0 = 0.0019 

Figure 4.2 predicted crack path in radial models with Haversian canals using dual criteria method. A) Crack is deflected around 
the osteon via the cement line. B) crack path penetrates through the osteon.  

 

4.2 Boundary condition analysis 
Allowing the uppermost and lowermost nodes on the model to translate in the horizontal x-direction 

should produce a more homogeneous strain gradient through the sample compared with constraining x-

motion. Therefore, the overall height of the sample, or the proximity of the crack to the upper and lower 

boundaries, is not expected to have an appreciable effect on the crack growth. This hypothesis was 

investigated by varying the overall height of a model. 

Four different height models were used for the boundary condition analysis. As shown in Table 4.1, the 

strains to complete crack propagation were recorded and compared with the 200 µm model. The largest 

difference in the strain at complete crack propagation was 0.21% and can be attributed to mesh 

differences, as increasing the area of the sample constantly shifted the mesh. It can be concluded that 

boundary conditions do not affect the results in a meaningful way when they are located at least 50 µm 

away from the initial crack. 
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Table 4.1 list of strains required to propagate a crack through a sample of pure BSU material for samples with different heights 

‘H’. 

 

4.3 Mesh analysis 
The same geometry was re-meshed 50 times with element sizes from 0.5 to 3.5 µm to determine the 

coarsest mesh (i.e., fewest elements and fastest simulation time) that could ensure stable results. The 

strains to full crack propagation from the mesh analysis simulations were all recorded and plotted 

against the mesh size used in the simulation (Figure 4.3). 

 

For the tested geometry, the average mesh sizes below 2 µm appears to be semi-stable with a strain to 

complete propagation of around 3.7×10-3. Mesh sizes larger than 2 µm appear to be more variable. The 

area circled in red is of note, as those mesh sizes caused the crack to propagate through the BSU rather 

than around it, causing a large difference in the crack path and the recorded strain values. Two different 

propagation examples can be seen in Figure 4.4. The coarser meshed model on the right represents the 

crack path of the models circled in red, while the more finely meshed model on the left represents the 

crack path of all the other models. 

Sample height, H (µm) Sample strain (×10-3) to complete 
crack propagation 

Percent difference 

100 4.213 0.047% 

200 4.211 0.00 

400 4.220 0.21% 

800 4.218 0.17% 

Figure 4.3: Mesh size analysis plot of strain to complete crack propagation against the mesh size used in the simulation. 
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After further investigation, it was concluded that the variation in crack propagation is caused by the fact 

that when the coarser mesh is used, the cement line mesh has only a single element through its 

thickness. Since the crack must propagate through at least one element when the critical strain is 

reached, it has no choice but to propagate through the entire cement line, causing a divergence in the 

simulation results. This conclusion was confirmed by re-running the coarsely meshed models with 

increasingly smaller QUADE strain values to promote defection around the BSU. After reducing the 

QUADE strain to an extremely small value of 0.0010, the crack continued to propagate through the BSU, 

rather then deflecting. This behaviour indicated that the change in the crack path through the sample 

was caused solely by the mesh size, rather than any other simulation parameters. 

Further analysis of the results showed that even when using mesh sizes lower than 2 µm, a change in 

the mesh size could introduce variability of ± 1×10-4 to the macroscopic failure strain results. It was 

therefore decided that the mesh size should be kept constant as much as possible to reduce the 

potential error in the results. 

An average mesh size of 1.8 µm was chosen as the default mesh size for all the subsequent modeling in 

this study. The mesh size of 1.8 µm provided a good balance between mesh coverage and the average 

simulation time. It also ensured a minimum of 3 elements through the thickness of the cement line. If 

the mesh size had to be adjusted for a particular simulation due to convergence or meshing errors, the 

change was strictly kept between 1.7 and 1.9 µm. 

A B 

Figure 4.4 The image on the left (A) shows a finely meshed model where the crack deflects around the BSU through the cement 
line. The figure on the right (B) shows a coarsely meshed model where the crack propagated through the BSU rather then 
around it. 
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4.4 First parametric study: effects of QUADE critical strain and angles of deflection on 

crack path in a 2D representation of a trabecula 
The values of the BSU angle (θ) and the QUADE critical strain values (𝜀𝑛

0 = 𝜀𝑠
0) were varied to determine 

the interaction of these two parameters. Table 4.2 shows the strain to full crack propagation for θ=40 –

80° at seven different QUADE critical strain values. Each result is also color coded based on the crack 

propagation path that was observed in that simulation. 

 

Table 4.2 Strain required for complete crack propagation [×10-3] for a range of BSU side angles θ at multiple QUADE strain 
values. The transition between the two crack propagation paths is shown with the use of different colors. 

 

  

 BSU side angle θ [°] 

 40 45 50 55 60 65 70 75 80 

QUADE Strain 
         

0.0015 5.02 5.02 5.04 4.96 4.90 5.15 4.87 4.89 4.22 

0.002 5.02 5.02 5.04 4.95 4.92 4.95 4.86 4.89 4.22 

0.003 5.02 5.02 4.91 4.92 4.96 4.94 4.15 4.13 4.22 

0.004 5.01 5.04 4.91 5.02 4.99 4.29 4.07 4.13 4.22 

0.005 5.00 4.99 5.05 4.33 4.15 4.29 4.07 4.13 4.22 

0.006 5.05 4.97 4.61 4.33 4.15 4.29 4.07 4.13 4.22 

0.007 5.05 4.97 4.61 4.33 4.15 4.29 4.07 4.13 4.22 
 

Deflection of the crack around the BSU. Mixed propagation with both penetration through 

BSU and deflection around the BSU. 

Propagation through the BSU with no 

deflection. 
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4.5 Second parametric study: effects of size of the BSU on the overall crack resistance 

of the trabeculae 
This second parametric study, which examined the effects of BSU size on crack growth, consisted of 

multiple sets of data. The first set looked at how the size of the BSU affected strain to full crack 

propagation in a sample with a mixed crack propagation path (see section 3.11.2.1). A total of 35 

differently sized BSUs ranged from 15x75 to 75x375 µm were tested; however, two simulations were 

discarded due to convergence issues, reducing the number of usable simulations to 33. The strain to full 

crack propagation was recorded and plotted against BSU length in Figure 4.5. The plot shows a general 

trend of increased crack resistance in bigger BSUs. 

When analyzing the crack propagation at different time steps throughout the simulations, it was noticed 

that the macroscopic strain build-up only occurs during propagation through the BSU; the cement line 

contributes nothing to the trabecula’s ability to resist crack propagation. This observation suggests that 

the trend in Figure 4.5 is based only on the initial propagation distance of the crack through the BSU, 

rather than the BSU’s actual size. It is important to note, however, that the distance the crack travels in 

the BSU is linked to the size of the BSU, as bigger BSUs have more material through which the crack 

must travel. By calculating the distance that the crack travels through the BSU before reaching the 

cement line, and then plotting strain over that distance, the trend becomes more visible, as can be seen 

in Figure 4.6. 

 

 

Figure 4.5: Plot of strain to full crack propagation over the BSU width wBSU based on results from the second parametric study.   
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The second data set of this parametric study investigated how the BSU and cement line contribute to 

the overall crack resistance of trabeculae. Five different models with varying BSU sizes (see section 

3.11.2.2), but a constant 1:5 BSU aspect ratio, were chosen out of the first data set and tested with only 

propagation through the BSU (pure propagation) and only deflection around the BSU (pure deflection). 

The tabulated results of the second data set can be seen in Table 4.3. 

Table 4.3 Comparison of strain (×10-3) to complete crack propagation between different crack paths in five differently sized 
BSUs. Data for mixed propagation is taken from the first data set. 

 

 BSU Size (µm × µm) 

Failure Mode 60×300 50×250 40×200 30×150 20×100 

Pure deflection 2.89 2.91 2.93 2.87 2.92 

Mixed propagation 4.24 4.27 4.00 3.97 3.78 

Pure propagation 4.43 4.40 4.41 4.37 4.38 

Figure 4.6: Plot of strain to full crack propagation over the distance the crack traveled in the BSU based on results from the 
second parametric study.     
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In the third data set, three models with BSUs of varying sizes, but constant aspect ratio, were tested 

with the crack located at different horizontal locations in the BSUs (see section 3.11.2.3) in order to vary 

the distance the crack must travel to reach the cement line. The macroscopic strain to full crack 

propagation for each model was plotted against the distance the crack traveled through the BSU in 

microns (see Figure 4.7).  

 

4.6 Third parametric study: effects of the BSU geometry on the overall crack response 

in the cement line 
The first two parametric studies have each shown a different strain response to cracks deflecting around 

the BSUs along the cement line compared to those that pass through the BSUs. In the first study, the 

crack deflection was beneficial to the trabeculae’s ability to resist cracks (i.e., macroscopic strain to 

failure increased); however, the opposite was true for the second study. Based on these results it was 

hypothesized that the change in BSU aspect ratio was responsible for the different trends observed in 

the two studies. The third parametric study was therefore undertaken to confirm that a change in the 

BSU geometry can cause a fundamental change in the strain response of the trabeculae sample. 

Since the aspect ratio was the biggest change in the geometry between the first two studies, a sample 

from the first parametric study was altered by holding 𝑤𝐵𝑆𝑈 constant and varying ℎ𝐵𝑆𝑈. The two crack 

paths (through and around the BSU) were obtained for each model by varying the QUADE values.  

Table 4.4 shows the collected data, while Figure 4.8 shows the plot of the strain to complete crack 

propagation, for the five trabeculae geometries versus the QUADE critical strain values. A transition in 

behaviour is noted between 100×50 and 80×50, where crack propagation around the BSU is beneficial 

for the former (i.e., higher macroscopic strain at failure) but detrimental in the latter. 

 

Figure 4.7 Plot of strain to full crack propagation over the distance the crack traveled in the BSU in three different BSU sizes. 
based on results from the second parametric study. 
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Table 4.4 A collection of strains (×10-3) at complete crack propagation for the crack paths through and around the BSU for 
different BSU aspect ratios. Note that images of the samples show the BSU partitions before the adjustment of parameter YDIS. 
As such, the BSU partitions are not properly aligned to the initial crack location. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 
 Propagation Around 

BSU 
Propagation Through 
BSU 

Image of sample BSU 
dimensions 
(µm×µm) 

𝜀𝑛
0 = 𝜀𝑠

0 
(0.003) 

𝜀𝑛
0 = 𝜀𝑠

0  
(0.004) 

𝜀𝑛
0 = 𝜀𝑠

0 
(0.005) 

𝜀𝑛
0 = 𝜀𝑠

0 
(0.006) 

 

120×50 5.00 5.00 4.19 4.18 

 

100×50 4.95 4.96 4.22 4.22 

 

80×50 4.02 4.02 4.14 4.14 

 

60×50 4.07 4.07 4.17 4.17 

 

40×50 4.04 4.04 4.18 4.18 
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Figure 4.8 Plot of the strain response to change in crack path for different size ratios of BSUs. From left to right the crack path 
changes from deflection around the BSU to propagation through the BSU. 
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5 Discussion and conclusion 
Cheap and reliable ways to assess fracture risk are crucial when it comes to helping the aging 

population. Though fracture risk assessment methods based on the bone quantity exist, they are 

sometimes insufficient when it comes to identifying patients with high risk of bone fracture. 

Recent studies have identified microscopic changes in BSU with age. Two-dimensional image analysis 

has shown that BSU length, width, and area all decrease with age and deteriorating architecture [28]. 

These measures could be combined with existing bone quantity parameters to develop more accurate 

methods for identifying patients with high risk of bone fracture. However, the mechanistic effects of 

these changes in BSU size must first be understood. Does the higher proportion of cement line 

associated with smaller BSU inhibit crack growth through blunting or redirection? Or is more cement 

line, which is thought to be more brittle, detrimental to the overall strength by providing more potential 

paths for crack growth? 

The goal of this study was to apply XFEM methods that were previously used to simulate crack 

propagation in cortical bone to understand the role of BSU size and geometry in the trabeculae’s ability 

to resist crack propagation. This chapter summarizes the work completed in this study and discusses the 

importance of the findings based on the initial goals of this thesis. 

 

5.1 Suitability of XFEM for analysis of crack propagation in trabecular bone 
XFEM analysis has been used in a number of previous studies to simulate crack propagation in cortical 

bone with great success. In this study, it has again proven to be an effective tool, when combined with 

the dual damage criteria method, for predicting realistic crack propagation patterns in 2D 

representations of trabecular bone. XFEM was particularly well suited for the kinds of parametric studies 

conducted for this thesis, as it did not require selecting a predetermined crack path. Overall, the XFEM 

method is well suited for accurately simulating crack propagation in 2D samples of trabecular bone. 

Nevertheless, some issues were uncovered during the study that are worth noting. 

Due to the unpredictability of the XFEM crack propagation, simulation of large numbers of different 

models was tedious and time consuming. For approximately 70% of the models, the crack tended to 

loop back on itself during the simulation, rather than propagating across the model, prompting an 

intervention from the researcher to manually adjust the geometry or mesh of the sample. These user-

provided adjustments proved time consuming when working with a large number of models and 

simulations. For future studies, it is highly recommended that the damage subroutine be improved to 

reduce unwanted crack behavior by limiting the turn angles and travel directions of the propagating 

crack. 

5.2 Identification of critical strain values 
Based on the results of the first parametric study (Section 4.4), when the QUADE critical strain values are 

lowered, the crack is encouraged to follow the cement line, deflecting around the BSU. This deflection 

response is similar to the behaviour that was previously observed in cortical bone, where lowering 

QUADE critical strain values also caused the crack to deflect around osteon. Therefore, QUADE critical 

strains can be used to govern what path the crack will take during a simulation. 
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According to data in Table 4.2, increasing the BSU side angle θ appears to reduce the likelihood of the 

crack deflection around the BSU, as it takes a larger reduction in the QUADE critical strain for the crack 

to change its path from penetration to deflection. This results intuitively makes sense as steeper 

deflection angles would require the crack to expend more energy to achieve. 

In conclusion, QUADE critical strains play a crucial role in determining the path the crack takes when 

propagating through a trabecula.  However, the results also show that the QUADE values at which the 

crack path transitions from BSU deflection to BSU propagation is heavily reliant on the geometry of the 

BSU. The side angle of the idealized hexagonal BSU was found to be one of the most important variables 

in determining the QUADE values at which the crack path switch occurs. Based on the results of the first 

parametric study, the QUADE strain values for the transition point between the two crack paths can 

range from 1.5×10-3 to 7.0×10-3 based solely on the angle at which the crack meets the BSU. Steeper 

deflection angles are harder to achieve, and as such they require smaller QUADE values for the 

deflection to occur. 

Since the QUADE critical values for the crack path transition rely heavily on the geometry, it is 

recommended to perform a parametric study for each new geometry in future studies to ensure 

suitable parameters are being used.  

 

5.3 Effects of the cement line deflections on the microscopic strain to failure 
Based on the data in the first parametric study (section 4.4), the deflections around the BSUs provide an 

increase in the trabeculae’s ability to resist crack propagation, as deflecting cracks require the sample to 

undergo a larger strain for the crack to achieve full propagation. In other words, the deflection caused 

by the cement lines appeared to be beneficial. 

However, after the geometry of the BSU was adjusted to better represent real life BSU (section 4.5), the 

deflections around the BSUs became detrimental to the trabeculae’s ability to resist cracking. This 

sudden change in how the cement line fundamentally affects the trabeculae and its ability to resist 

cracks prompted a third parametric study which tried to bridge the gap between the different 

geometries used in the first two parametric studies. 

The results of the third parametric study (Section 4.6) show that deflections caused by the cement line 

in trabeculae can be either beneficial or detrimental, depending on the geometry of the BSUs. In the two 

widest BSU samples which were tested in the study (see Figure 4.8), the strain to complete crack 

propagation becomes larger when the crack path switches from penetration through the BSU to 

deflection around the BSU. The other three BSU sizes show a slight decrease in the strain during the 

crack path switchover. This difference in the strain response to crack deflection fundamentally changes 

the crack resistance properties of the BSU. 

In summary, though this study provides results based on idealized geometry, the fact that the 

fundamental role of the cement line is heavily dependent on the geometry may mean that the use of 

simplified BSUs may simply not be feasible. The results of this thesis may require further validation with 

the use of less idealized 2D representations of BSUs. 
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5.4 Effects of reduction in BSU size on the trabeculae’s ability to resist cracking 
Based on the results of the second parametric study (section 4.5), the BSU size was found to have a 

significant affect on the trabeculae’s ability to resist cracking during mixed crack propagation. The 

cement lines were found to be detrimental in resisting cracks. As such, larger BSU sizes tended to keep 

the crack tips away from the cement lines for longer, requiring a higher strain for a complete crack 

propagation to occur. 

The data in Table 4.3 shows that propagation through the cement line drastically reduces the 

macroscopic strain required to propagate cracks through the trabeculae. While a crack propagation 

without deflection around any of the BSUs required a strain of approximately 4.4 × 10−3 to achieve full 

crack propagation regardless of the BSU size. A crack propagation through the cement line required a 

strain of only about 2.9 × 10−3 to achieve the same result, once again regardless of the BSU size. These 

two types of propagation can be considered as the two extremes, were pure BSU propagation is the 

best-case scenario, and the pure cement line propagation is the worse-case scenario. Therefore, mixed 

crack propagation can be considered as a combination of the two other propagations. The ratio 

between the two types of propagation is dependent on the size of the plate, and the width of the BSU 

that the crack is forced to propagate through at the start of the simulation.  

As such, having the crack propagate through BSU as much as possible became an effective way to 

increase the trabeculae’s ability to resist cracking. Simply having larger BSUs showed no particular 

benefit when the distance the crack traveled through the BSU was standardized between different BSU 

sizes (Figure 4.7); however, larger BSUs provide longer best-case scenario crack propagation before the 

crack tip reached the weak cement line.  

In conclusion, though the size of the BSU does not slow propagation once a crack reaches the cement 

line, the larger BSUs will keep the crack tip away from the cement lines for longer, providing a higher 

crack resistance to the trabeculae. 

5.5 Limitations 
This study has a few limitations that should be noted here. The entire study was completed using 2D 

geometry which does not necessary represent the complex interactions between their 3D counterparts. 

Furthermore, the chosen geometry (hexagonal BSUs) was highly idealized and did not vary in size or 

shape throughout a given model. 

Though a significant amount of time was dedicated to finding accurate material properties in previous 

literature, the broad spectrum of conflicting or simply missing data on the topic forced the study to 

make many assumptions about the properties of BSU and cement line. Further simplifications of 

material properties also included BSU homogeneity. In reality, each BSU would have a unique shape, 

lamellar orientation, and mineralization level based on when it was added to the skeleton. The study 

also simplified usually anisotropic BSUs into an isotropic material. 

One final limitation is that the trabeculae were idealized as rectangular bars subjected to uniaxial 

tension. The true shape of trabeculae is obviously much more complicated and these shapes, and their 

variability, needs to be incorporated into numerical models. Cyclic bending is likely more representative 

of a typical loading scenario in the skeleton and should be investigated in the future. Nevertheless, 

uniaxial tension provides a simple, easily reproduced boundary condition for this initial attempt at 

understanding the effects of trabecular microstructure on crack growth. 
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5.6 Clinical implications 
Though this study only provides preliminary results, the parametric analyses from this thesis indicate 

that it might be possible to use BSU size as a predictive parameter when identifying fracture risk in 

patients. Using the BSU size together with other qualitative and quantitative parameters to predict 

fracture risk will most likely increase the accuracy of the current detection methods. However, before 

these new parameters can be implemented into our fracture risk evaluation methods, further research 

must be undertaken to better understand the effects of these parameters on the overall properties of 

the bone. 

5.7 Future work 
The goal for these studies was to perform an initial investigation of XFEM crack modeling in trabecular 

bone at the micron magnification to identify the effects of reduction in BSU size on the trabeculae’s 

ability to resist crack propagation. As mentioned in the previous section, the simulations described in 

this study are highly idealized; future work should focus on adopting the methods from this study to 

simulate crack propagation in more realistic models of trabeculae. Since it would be extremely time 

consuming to generate realistic BSU structures by hand, effort should be spent on developing algorithms 

that can automatically generate random life-like representations of trabecular microstructures 

Future studies should also focus on identifying exact material properties for both the BSU and the 

cement line in trabecular bone. Though there exist a number of sources for material properties of 

trabecular bone, the variation in the provided values is extremely high, and as such they might not be 

accurate for the purposes of crack simulation in trabecular bone. 

Other crack modeling techniques should also be researched to identify the ideal method for simulating 

cracks in trabecular bone. At the time of this study, phase-field damage models are an active research 

field with very little established biomechanical applications. In the future it might be a strong 

replacement for XFEM analysis in trabecular bone. Furthermore, recent studies show development in 

particle-based models that can prove useful as an alternative to continuum-based approaches [122]. 

Finally, as computing power increases, it might also soon be possible to efficiently run 3D simulations of 

crack propagation in trabecular bone. The jump from 2D to 3D should provide an enormous leap in 

accuracy, due to the added complexity of the simulation. However, given the importance of BSU 

geometry shown in this thesis, some real 3D data of trabecular microstructure will be needed to ensure 

that any model is representative of reality. 

5.8 Conclusion 
The primary objective of this thesis was to try to answer the fundamental question of “how does the 

reduction of the BSU size in trabeculae affect crack propagation in trabecular bone on the microscopic 

level?”.  

While recognizing the limitations of this study, based on the data collected, the effects of the size of BSU 

were found to depend heavily on the type of crack propagation that a trabecula experiences. The 

resistance to cracking in trabeculae was found to be weakest when the crack propagates purely through 

cement line. On the other hand, propagation purely through the BSU without deflection provided the 

highest crack resistance. These two types of propagation can be considered as the two extremes, for 

which the size of the BSU has no effect on the strain required for complete crack propagation.   
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However, mixed crack propagation contains both propagation through cement line and BSU, and the 

ratio between the two is mostly dependent on the size of the BSU. As such, a trabecula’s ability to resist 

cracking in mixed crack propagation is heavily dependent on the size of the BSU. Bigger BSUs keep the 

crack tip away from the weak cement lines for longer, giving the trabecula the ability to sustain larger 

strain deformations without completely cracking.   

Since mixed propagation is more likely to occur than the two extremes, it is concluded that on average, 

larger BSUs will provide more crack resistance to trabeculae when compared to smaller BSUs.  
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Appendix A: Fortran code for the cement line UDMGINI subroutine  
 

     SUBROUTINE UDMGINI(FINDEX,NFINDEX,FNORMAL,NDI,NSHR,NTENS,PROPS, 

     1 NPROPS,STATEV,NSTATEV,STRESS,STRAIN,STRAINEE,LXFEM,TIME, 

     2 DTIME,TEMP,DTEMP,PREDEF,DPRED,NFIELD,COORDS,NOEL,NPT, 

     3 KLAYER,KSPT,KSTEP,INC,KDIRCYC,KCYCLELCF,TIMECYC,SSE,SPD, 

     4 SCD,SVD,SMD,JMAC,JMATYP,MATLAYO,LACCFLA,CELENT,DROT,ORI) 

C 

      INCLUDE 'ABA_PARAM.INC' 

CC 

      DIMENSION FINDEX(NFINDEX),FNORMAL(NDI,NFINDEX),COORDS(*), 

     1 STRESS(NTENS),STRAIN(NTENS),STRAINEE(NTENS),PROPS(NPROPS),  

     2 STATEV(NSTATEV),PREDEF(NFIELD),DPRED(NFIELD),TIME(2), 

     3 JMAC(*),JMATYP(*),DROR(3,3),ORI(3,3) 

       

      DIMENSION PS(3), AN(3,3), WT(6) 

      PS(1)=0.0 

      PS(2)=0.0 

      PS(3)=0.0 

C 

C ROTATE THE STRAIN TO GLOBAL SYSTEM IF THERE IS ORIENTATION 

C 

      CALL ROTSIG(STRAIN,ORI,WT,2,NDI,NSHR) 

C 

C MAXIMUM PRINCIPAL STRAIN CRITERION 

C 

      CALL SPRIND(STRAIN,PS,AN,2,NDI,NSHR) 

      SIG1 = PS(1) 

      KMAX=1 

      DO K1 = 2, NDI 

         IF(PS(K1).GT.SIG1) THEN 

            SIG1 = PS(K1) 

            KMAX = K1 

         END IF 

      END DO 

      FINDEX(1) = SIG1/PROPS(1) 

      DO K1=1, NDI 

       FNORMAL(K1,1) = AN(KMAX,K1) 

      END DO 

C 

C QUADRATIC separation-interaction  CRITERION 

c 

      FINDEX(2)=(STRAIN(1)/PROPS(2))**2.0+(STRAIN(NDI+1)/ 

     $     PROPS(3))**2.0 

C 

      FINDEX(2)=sqrt(FINDEX(2)) 

C  

      DO K1=1, NDI 

       FNORMAL(K1,2)=ORI(K1,1) 

      END DO 

      RETURN 

      END 
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Appendix B: Python script for trabecular geometry generation 
This section will go over the python script that was used to generate the hexagonal BSU geometry. The 

code will be broken into parts for better clarity. When each function is called for the first time in the 

script, the function itself will also be provided. The function names are highlighted in yellow, and the 

functions themselves are shaded in light gray for clarity.   

 

#params that can be edited 

 

meshSize=1.8 

displacementLoad=10 

height = 375 #height of the hex 

width = 75 #width of the hex 

plateHeight = 400.0 

plateWidth = 150.0 

thickness_CL = 5.0 #Thickness of the cement line 

shiftDown = height*1.5+2 

shiftRight = 62 

angle=80 

 

#params that should not be edited!!!!! 

angleWidth=(height/2)/(math.tan(angle*math.pi/180)) 

layerShift = 0 

sheetSize = max(plateHeight, plateWidth) * 3 

changeInHight = (height + thickness_CL) / 2 

angleForm = (thickness_CL- math.cos(angle*math.pi/180)* thickness_CL/2)/ 

math.sin(angle*math.pi/180) 

crackHeight= (plateHeight / 2) 

changeInWidth = (width+(width-angleWidth-angleWidth))+(2*angleForm) 

 

creatPartPlate(sheetSize,plateWidth,plateHeight) 

 

_____________________________________________________________________________________ 

def creatPartPlate(sheetSize,plateWidth,plateHeight): 

 

    mdb.models['Model-1'].ConstrainedSketch(name='__profile__', 

sheetSize=sheetSize) 

 

    mdb.models['Model-1'].sketches['__profile__'].rectangle(point1=(0.0, 

0.0), point2=(plateWidth, plateHeight)) 

 

    mdb.models['Model-1'].Part(dimensionality=TWO_D_PLANAR, name='Plate', 

type=DEFORMABLE_BODY) 

 

    mdb.models['Model-1'].parts['Plate'].BaseShell(sketch= mdb.models['Model-

1'].sketches['__profile__']) 

 

    del mdb.models['Model-1'].sketches['__profile__'] 

_____________________________________________________________________________________ 
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# The following section of code partitions the created plate into a set of 

tiled hexagons with a specified offset 

# The code below is a set of nested loops that draw a hexagon starting from 

the bottom left corner. Each iteration of the i loop draws an additional hex 

in the current row. 

# Each iteration of the j loop shifts up to the next row, and offsets the row 

horizontally for proper tiling 

# The cement line is also partitioned at the same time, to reduce the number 

of loops. 

 

 

mdb.models['Model-1'].ConstrainedSketch(gridSpacing=5, name='__profile__', 

sheetSize=sheetSize, transform=mdb.models['Model-

1'].parts['Plate'].MakeSketchTransform(sketchPlane=mdb.models['Model-

1'].parts['Plate'].faces.findAt((0.1, 0.1, 0.0), (0.0, 0.0, 1.0)),                                                                                                                                                                 

sketchPlaneSide=SIDE1, sketchOrientation=RIGHT, origin=(0.0, 0.0, 0.0))) 

 

mdb.models['Model-

1'].parts['Plate'].projectReferencesOntoSketch(filter=COPLANAR_EDGES, 

sketch=mdb.models['Model-1'].sketches['__profile__']) 

 

for j in range(0, int((plateHeight / height * 2 )+5)): 

 

    for i in range(0, int(plateWidth / width / 2 + 4)): 

 

        point=creatHexPoints(changeInWidth, changeInHight, layerShift, 

shiftDown, shiftRight, j, i, width, height,angleWidth) 

 

        drawHex(point,thickness_CL) 

 

        partitionCL(changeInWidth, changeInHight, layerShift, shiftDown, 

shiftRight, j, i, width, height, point) 

 

    if (j % 2) == 1: 

      layerShift = 0 

    else: 

      layerShift = (angleWidth-width) – angleForm 

 

mdb.models['Model-1'].sketches['__profile__'].rectangle(point1=(0.0, 

crackHeight-5), point2=(10.0, crackHeight+5)) 

 

mdb.models['Model-1'].parts['Plate'].PartitionFaceBySketch(faces= 

mdb.models['Model-1'].parts['Plate'].faces.findAt(((0.1, 0.1,0.0), )), 

sketch=mdb.models['Model-1'].sketches['__profile__']) 

 

del mdb.models['Model-1'].sketches['__profile__'] 
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_____________________________________________________________________________ 

 

def creatHexPoints(changeInWidth, changeInHeight, layerShift, shiftDown, 

shiftRight, j, i, width, height,angleWidth): 
 

    point_1 = (changeInWidth * i + layerShift - shiftRight, height + 

changeInHeight * j - shiftDown) 

    point_2 = (angleWidth + changeInWidth * i + layerShift - shiftRight, 

height * 1.5 + changeInHeight * j - shiftDown) 

    point_3 = (width-angleWidth + changeInWidth * i + layerShift - 

shiftRight, height * 1.5 + changeInHeight * j - shiftDown) 

    point_4 = (width + changeInWidth * i + layerShift - shiftRight, height + 

changeInHeight * j - shiftDown) 

    point_5 = (width-angleWidth + changeInWidth * i + layerShift - 

shiftRight, height * .5 + changeInHeight * j - shiftDown) 

    point_6 = (angleWidth + changeInWidth * i + layerShift - shiftRight, 

height * .5 + changeInHeight * j - shiftDown) 

    point = [point_1, point_2, point_3, point_4, point_5, point_6, point_1] 

    return (point) 
_____________________________________________________________________________ 

 

def drawHex(point,thickness_CL): 

    for k in range(0, 6): 

        mdb.models['Model-1'].sketches['__profile__'].Line(point1=(point[k]), 

point2=(point[k + 1])) 

        mdb.models['Model-

1'].sketches['__profile__'].Line(point1=(point[5]),point2=((point[1][0]),(poi

nt[1][1]+thickness_CL))) 

        mdb.models['Model-

1'].sketches['__profile__'].Line(point1=(point[4]),point2=(point[2][0], 

point[2][1] +thickness_CL)) 

_____________________________________________________________________________ 

 

def partitionCL(changeInWidth, changeInHeight, layerShift, shiftDown, 

shiftRight, j, i, width, height, point): 
 

    mdb.models['Model-1'].sketches['__profile__'].Line(point1=(point[0]), 

point2=(width-angleWidth + changeInWidth * i + layerShift - shiftRight + (an-

gleWidth-width) - angleForm, height * .5 + changeInHeight * (j + 1) - 

shiftDown)) 
 

    mdb.models['Model-1'].sketches['__profile__'].Line(point1=(point[1]), 

point2=(width + changeInWidth * i + layerShift - shiftRight + (angleWidth-

width) - angleForm, height + changeInHeight * (j + 1) - shiftDown)) 
 

    if (j != 0): 

        mdb.models['Model-1'].sketches['__profile__'].Line(point1=(point[0]), 

point2=(width-angleWidth + changeInWidth * i + layerShift - shiftRight + (an-

gleWidth-width) - angleForm, height * 1.5 + changeInHeight * (j - 1) - 

shiftDown)) 
 

        mdb.models['Model-1'].sketches['__profile__'].Line(point1=(point[5]), 

point2=(width + changeInWidth * i + layerShift - shiftRight + (angleWidth-

width) - angleForm, height + changeInHeight * (j - 1) - shiftDown)) 
_____________________________________________________________________________  
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#This section of code creates a number of sets that allow proper property, 

load, and mesh allocation. 

 

 

for j in range(0, int(plateHeight / height * 2+5)): 

 

    for i in range(0, int(plateWidth / width / 2 + 4)): 
 

        point=creatHexPoints(changeInWidth, changeInHight, layerShift, 

shiftDown, shiftRight, j, i, width, height,angleWidth) 
 

        creatSetBSU(point, plateHeight, plateWidth, i, j) 
 

        creatSetAngleCementLine(point, plateHeight, plateWidth, i, j) 

 

    if (j % 2) == 1: 

      layerShift = 0 

    else: 

      layerShift = (angleWidth-width) - angleForm 

 

 
#This section deals with the 4 corners of the sample. 

 

mdb.models['Model-1'].parts['Plate'].Set(faces=mdb.models['Model-

1'].parts['Plate'].faces.findAt(((0.1, plateHeight - 0.1, 0.0),), 

((plateWidth - 0.1, plateHeight - 0.1, 0.0),), ((0.1, 0.1, 0.0),), 

((plateWidth - 0.1, 0.1, 0.0),) ), name='Temp') 
 

mdb.models['Model-1'].parts['Plate'].SetByBoolean(name='BSU', 

sets=(mdb.models['Model-1'].parts['Plate'].sets['Temp'], mdb.models['Model-

1'].parts['Plate'].sets['BSU'])) 
 

mdb.models['Model-1'].parts['Plate'].Set(faces=mdb.models['Model-

1'].parts['Plate'].faces.getByBoundingBox(0, crackHeight-5, 0, 10, 

crackHeight+5, 0), name='Temp') 
 

mdb.models['Model-1'].parts['Plate'].SetByBoolean(name='BSU', 

sets=(mdb.models['Model-1'].parts['Plate'].sets['Temp'], mdb.models['Model-

1'].parts['Plate'].sets['BSU'])) 
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_____________________________________________________________________________ 

 

def creatSetBSU (point, plateHeight, plateWidth, i, j): 

 

    if (i == 0 and j == 0): 
 

        mdb.models['Model-1'].parts['Plate'].Set(faces=mdb.models['Model-

1'].parts['Plate'].faces.findAt(((-1, -1, 0.0),)), name='Temp') 
 

        mdb.models['Model-1'].parts['Plate'].Set(name='BSU',                         

objectToCopy=mdb.models['Model-1'].parts['Plate'].sets['Temp']) 
 

    else: 

        if (point[0][0] >= 0 and point[0][1] >= 0 and point[0][0] <= 

plateWidth and point[0][1] <= plateHeight): 

 

            mdb.models['Model-1'].parts['Plate'].Set(faces=mdb.models['Model-

1'].parts['Plate'].faces.findAt(((point[0][0] + 0.01, point[0][1], 

0.0),),((point[1][0]+ 0.01 , point[0][1], 0.0),),((point[2][0]+ 0.01, 

point[0][1], 0.0),),),name='Temp') 
 

            mdb.models['Model-1'].parts['Plate'].SetByBoolean(name='BSU', 

sets=(mdb.models['Model-1'].parts['Plate'].sets['Temp'], mdb.models['Model-

1'].parts['Plate'].sets['BSU'])) 

 

        elif (point[3][0] >= 0 and point[3][1] >= 0 and point[3][0] <= 

plateWidth and point[3][1] <= plateHeight): 
 

            mdb.models['Model-1'].parts['Plate'].Set(faces=mdb.models['Model-

1'].parts['Plate'].faces.findAt(((point[3][0] - 0.01, point[3][1], 0.0),),                                                                       

((point[2][0] - 0.01, point[3][1], 0.0),),                                

((point[1][0] - 0.01, point[3][1], 0.0),), ), name='Temp') 
 

            mdb.models['Model-1'].parts['Plate'].SetByBoolean(name='BSU', 

sets=(mdb.models['Model-1'].parts['Plate'].sets['Temp'], mdb.models['Model-

1'].parts['Plate'].sets['BSU'])) 

 

        if (point[1][1] >= 0 and point[1][0] >= 0 and point[1][0] <= 

plateWidth and point[1][1] <= plateHeight): 
 

            mdb.models['Model-1'].parts['Plate'].Set(faces=mdb.models['Model-

1'].parts['Plate'].faces.findAt(((point[1][0]+0.01, point[1][1]-0.1, 0.0),),                                                                      

((point[1][0]-0.01, point[1][1]-0.1, 0.0),),                                                                     

((point[2][0]+0.01, point[1][1]-0.1, 0.0),), ), name='Temp') 
 

            mdb.models['Model-1'].parts['Plate'].SetByBoolean(name='BSU', 

sets=(mdb.models['Model-1'].parts['Plate'].sets['Temp'], mdb.models['Model-

1'].parts['Plate'].sets['BSU'])) 
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        elif (point[2][0] >= 0 and point[2][1] >= 0 and point[2][0] <= 

plateWidth and point[2][1] <= plateHeight): 

 

            mdb.models['Model-1'].parts['Plate'].Set(faces=mdb.models['Model-

1'].parts['Plate'].faces.findAt(((point[2][0] + 0.01, point[2][1] - 0.1, 

0.0),),((point[2][0] - 0.01, point[2][1] - 0.1, 0.0),),                                                                   

((point[1][0] - 0.01, point[2][1] - 0.1, 0.0),), ),name='Temp') 

 

            mdb.models['Model-1'].parts['Plate'].SetByBoolean(name='BSU', 

sets=(mdb.models['Model-1'].parts['Plate'].sets['Temp'], mdb.models['Model-

1'].parts['Plate'].sets['BSU'])) 

 

        if (point[4][0] >= 0 and point[4][1] >= 0 and point[4][0] <= 

plateWidth and point[4][1] <= plateHeight): 

 

            mdb.models['Model-1'].parts['Plate'].Set(faces=mdb.models['Model-

1'].parts['Plate'].faces.findAt(((point[4][0] + 0.01, point[4][1] + 0.1, 

0.0),),((point[4][0] - 0.01, point[4][1] + 0.1, 0.0),),                                                                    

((point[5][0] - 0.01, point[4][1] + 0.1, 0.0),), ), name='Temp') 

 

            mdb.models['Model-1'].parts['Plate'].SetByBoolean(name='BSU', 

sets=(mdb.models['Model-1'].parts['Plate'].sets['Temp'], mdb.models['Model-

1'].parts['Plate'].sets['BSU'])) 

 

        elif (point[5][0] >= 0 and point[5][1] >= 0 and point[5][0] <= 

plateWidth and point[5][1] <= plateHeight): 

 

            mdb.models['Model-1'].parts['Plate'].Set( 

faces=mdb.models['Model-1'].parts['Plate'].faces.findAt(((point[5][0], 

point[5][1] + 0.1, 0.0),)),name='Temp') 

 

            mdb.models['Model-1'].parts['Plate'].Set( faces=mdb.models[ 

'Model-1'].parts['Plate'].faces.findAt(((point[5][0] + 0.01, point[5][1] + 

0.1, 0.0),),((point[5][0] - 0.01, point[5][1] + 0.1, 0.0),),((point[4][0] + 

0.01, point[5][1] + 0.1, 0.0),), ), name='Temp') 

 

            mdb.models['Model-1'].parts['Plate'].SetByBoolean(name='BSU', 

sets=(mdb.models['Model-1'].parts['Plate'].sets['Temp'], mdb.models['Model-

1'].parts['Plate'].sets['BSU'])) 
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def creatSetAngleCementLine (point, plateHeight, plateWidth, i, j): 

 

    if (point[0][0]>=0 and point[0][1]-0.1>=0 and point[0][0]<=plateWidth and 

point[0][1]<=plateHeight-0.1): 
 

        mdb.models['Model-1'].parts['Plate'].Set(faces=mdb.models['Model-

1'].parts['Plate'].faces.findAt(((point[0][0], point[0][1]+0.1, 0.0),)), 

name='TempOne') 
 

    elif (point[1][1] - 0.1 >= 0 and point[1][0] >= 0 and point[1][0] <= 

plateWidth + 0.1 and point[1][1] <= plateHeight): 
 

        mdb.models['Model-1'].parts['Plate'].Set(faces=mdb.models['Model-

1'].parts['Plate'].faces.findAt(((point[1][0]-0.1, point[1][1], 0.0),)), 

name='TempOne') 
 

    elif (i == 0 and j == 0): 
 

        mdb.models['Model-1'].parts['Plate'].Set(faces=mdb.models['Model-

1'].parts['Plate'].faces.findAt(((-1, -1, 0.0),)),name='TempOne') 

 

    if (point[3][0]>=0 and point[3][1]-0.1>=0 and point[3][0]<=plateWidth and 

point[3][1]<=plateHeight-0.1): 
 

        mdb.models['Model-1'].parts['Plate'].Set(faces=mdb.models['Model-

1'].parts['Plate'].faces.findAt(((point[3][0], point[3][1]+0.1, 0.0),)), 

name='TempTwo') 
 

    elif (point[2][1] + 0.1 >= 0 and point[2][0] >= 0 and point[2][0] <= 

plateWidth - 0.1 and point[2][1] <= plateHeight): 
 

        mdb.models['Model-1'].parts['Plate'].Set(faces=mdb.models['Model-

1'].parts['Plate'].faces.findAt(((point[2][0]+0.1, point[2][1], 0.0),)), 

name='TempTwo') 
 

    elif (i==0 and j==0): 
 

        mdb.models['Model-1'].parts['Plate'].Set(faces=mdb.models['Model-

1'].parts['Plate'].faces.findAt(((-1, -1, 0.0),)), name='TempTwo') 

 

    if (i!=0 or j!=0): 
 

        mdb.models['Model-1'].parts['Plate'].SetByBoolean(name='CL_SetOne', 

sets=(mdb.models['Model-1'].parts['Plate'].sets['TempOne'], 

mdb.models['Model-1'].parts['Plate'].sets['CL_SetOne'])) 
 

        mdb.models['Model-1'].parts['Plate'].SetByBoolean(name='CL_SetTwo', 

sets=(mdb.models['Model-1'].parts['Plate'].sets['TempTwo'], 

mdb.models['Model-1'].parts['Plate'].sets['CL_SetTwo'])) 
 

    else: 
 

        mdb.models['Model-1'].parts['Plate'].Set(name='CL_SetOne', 

objectToCopy=mdb.models['Model-1'].parts['Plate'].sets['TempOne']) 
 

        mdb.models['Model-1'].parts['Plate'].Set(name='CL_SetTwo', 

objectToCopy=mdb.models['Model-1'].parts['Plate'].sets['TempTwo'])  
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creatSetCementLine(plateHeight, plateWidth) 

 

creatSetsTop_Botttom_Edges(plateHeight, plateWidth) 

 

#Cleaning up all of the temperary sets 

del mdb.models['Model-1'].parts['Plate'].sets['TempTwo'] 

del mdb.models['Model-1'].parts['Plate'].sets['TempOne'] 

del mdb.models['Model-1'].parts['Plate'].sets['Temp'] 

 

#Creats a wire part that will be used as the initial crack location 

 

creatPartCrack(crackHeight) 

 

#Each of the modules in the Abaqus GUI wear automated, with the use of the 

following functions. 

#Each of the functions is as robust as I was able to make them. In theory 

they can be edited to work in other projects. 

setCLOrirntation(angle) 

 

creatAssembly() 

 

setProperty() 

 

creatStep() 

 

creatXFEM_CrackDomain(crackHeight) 

 

creatLoads(plateHeight, displacementLoad) 

 

creatMesh(meshSize, plateWidth, plateHeight) 

 

 

#Creats a Job 

 

mdb.Job(atTime=None, contactPrint=OFF, description='', echoPrint=OFF, 

explicitPrecision=SINGLE, getMemoryFromAnalysis=True, historyPrint=OFF, 

        memory=90, memoryUnits=PERCENTAGE, model='Model-1', modelPrint=OFF, 

multiprocessingMode=DEFAULT,name=(str(width)+'X'+str(height)+'_angle_'+str(an

gle)+'M'+str(int(meshSize/1))+'_'+str(int(round(meshSize%1*10)))), 

nodalOutputPrecision=SINGLE,numCpus=1, numGPUs=0, queue=None, 

resultsFormat=ODB, scratch='', type=ANALYSIS, userSubroutine='', waitHours=0, 

waitMinutes=0) 

 

 

 

 

#Write an input file.  

 

mdb.jobs[(str(width)+'X'+str(height)+'_angle_'+str(angle)+'M'+str(int(meshSiz

e/1))+'_'+str(int(round(meshSize%1*10))))].writeInput() 
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_____________________________________________________________________________ 

 

def creatSetCementLine (plateHeight, plateWidth): 

    p = mdb.models['Model-1'].parts['Plate'] 
 

    c = p.faces 

 

    faces=c.getByBoundingBox(0, 0, 0, plateWidth, plateHeight, 0) 
 

    p.Set(faces=faces, name="Everything") 
 

    p.SetByBoolean(name='CL_All', operation=DIFFERENCE, 

sets=(p.sets['Everything'], mdb.models['Model1'].parts['Plate'].sets['BSU'])) 
 

    p.SetByBoolean(name='CL_Temp',operation=DIFFERENCE, 

sets=(p.sets['CL_All'],mdb.models['Model1'].parts['Plate'].sets['CL_SetOne'])

) 
 

    p.SetByBoolean(name='CL_Straight',operation=DIFFERENCE, 

sets=(p.sets['CL_Temp'],mdb.models['Model1'].parts['Plate'].sets['CL_SetTwo']

)) 
 

_____________________________________________________________________________________ 

 

def creatSetsTop_Botttom_Edges(plateHeight, plateWidth): 

 

    p = mdb.models['Model-1'].parts['Plate'] 

 

    c = p.edges 

 

    edges = c.getByBoundingBox(0, plateHeight, 0, plateWidth, plateHeight, 0) 

 

    p.Set(edges=edges, name="EdgeTop") 

 

    edges = c.getByBoundingBox(0, 0, 0, plateWidth,0, 0) 

 

    p.Set(edges=edges, name="EdgeBottom") 

 

_____________________________________________________________________________ 
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_____________________________________________________________________________ 

 

def creatPartCrack(crackHeight): 
 

    mdb.models['Model-1'].ConstrainedSketch(name='__profile__', 

sheetSize=200.0)mdb.models['Model1'].sketches['__profile__'].Line(point1=(0.0

, crackHeight), point2=(5.0, crackHeight)) 
 

    mdb.models['Model 

1'].sketches['__profile__'].HorizontalConstraint(addUndoState=False, 

entity=mdb.models['Model1'].sketches['__profile__'].geometry[2])mdb.models['M

odel1'].Part(dimensionality=TWO_D_PLANAR, name='Crack', type=DEFORMABLE_BODY) 
 

    mdb.models['Model-1'].parts['Crack'].BaseWire(sketch=mdb.models['Model-

1'].sketches['__profile__']) 
 

    del mdb.models['Model-1'].sketches['__profile__'] 
_____________________________________________________________________________ 

 

def setCLOrirntation(angle): 

 

    mdb.models['Model 

1'].parts['Plate'].MaterialOrientation(additionalRotationField='',additionalR

otationType=ROTATION_ANGLE, angle=90,axis=AXIS_3, fieldName='', 

localCsys=None,orientationType=SYSTEM,region=mdb.models['Model-

1'].parts['Plate'].sets['CL_Straight'], stackDirection=STACK_3) 

 

    mdb.models['Model-

1'].parts['Plate'].MaterialOrientation(additionalRotationField='',additionalR

otationType=ROTATION_ANGLE, angle=90,axis=AXIS_3, fieldName='', 

localCsys=None,orientationType=SYSTEM,region=mdb.models['Model-

1'].parts['Plate'].sets['BSU'], stackDirection=STACK_3) 

 

    mdb.models['Model-

1'].parts['Plate'].MaterialOrientation(additionalRotationField='', 

additionalRotationType=ROTATION_ANGLE, angle=angle+90, axis=AXIS_3, 

fieldName='', localCsys=None,orientationType=SYSTEM,region=mdb.models['Model-

1'].parts['Plate'].sets['CL_SetOne'],stackDirection=STACK_3) 

 

    mdb.models['Model-1'].parts['Plate'].MaterialOrientation( 

additionalRotationField='', additionalRotationType=ROTATION_ANGLE, angle=-

angle-90, axis=AXIS_3, fieldName='', localCsys=None, orientationType=SYSTEM, 

region=mdb.models['Model1'].parts['Plate'].sets['CL_SetTwo'],stackDirection=S

TACK_3) 

_____________________________________________________________________________ 

 

def creatAssembly(): 

 

    mdb.models['Model-1'].rootAssembly.Instance(dependent=ON, name='Crack-1', 

part=mdb.models['Model-1'].parts['Crack']) 

 

    mdb.models['Model-1'].rootAssembly.Instance(dependent=ON, name='Plate-1', 

part=mdb.models['Model-1'].parts['Plate']) 

 

_____________________________________________________________________________________ 
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_____________________________________________________________________________ 

 

def setProperty(): 
 

    # Create material 
 

    mdb.models['Model-1'].Material(name='BSU') 
 

    mdb.models['Model-1'].materials['BSU'].Elastic(table=((15.0, 0.3),)) 
 

    mdb.models['Model 1'].materials['BSU'].MaxpeDamageInitiation 

(table=((0.004,),)) 
 

    mdb.models['Model-1'].materials['BSU'].maxpeDamageInitiation 

.DamageEvolution(table=((0.2,),), type=ENERGY) 

 
 

    mdb.models['Model-1'].Material(name='Cement Line') 
 

    mdb.models['Model-1'].materials['Cement Line'].Elastic(table=((18.0, 

0.3),)) 
 

    mdb.models['Model-1'].materials['Cement Line'].MaxpeDamageInitiation 

(table=((0.004,),)) 
 

    mdb.models['Model-1'].materials['Cement Line'].maxpeDamageInitiation 

.DamageEvolution(table=((0.2,),), type=ENERGY) 

 

    # Create section 
 

    mdb.models['Model-1'].HomogeneousSolidSection(material='BSU', name='BSU', 

thickness=None) 
 

    mdb.models['Model-1'].HomogeneousSolidSection(material='Cement Line', 

name='Cement Line', thickness=None) 
 

    # Assign Section 

    mdb.models['Model-1'].parts['Plate'].SectionAssignment(offset=0.0, 

offsetField='', offsetType=MIDDLE_SURFACE,region=mdb.models['Model-

1'].parts['Plate'].sets['BSU'],sectionName='BSU',thicknessAssignment=FROM_SEC

TION) 
 

    mdb.models['Model-1'].parts['Plate'].SectionAssignment(offset=0.0, 

offsetField='', offsetType=MIDDLE_SURFACE,region=mdb.models['Model-

1'].parts['Plate'].sets['CL_All'],sectionName='CementLine',thicknessAssignmen

t=FROM_SECTION) 
 

_____________________________________________________________________________________ 
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_____________________________________________________________________________ 

 

def creatStep(): 
 

    mdb.models['Model-1'].StaticStep(adaptiveDampingRatio=0.05,  

continueDampingFactors=False, initialInc=1e-05, maxInc=0.002, maxNumInc=1000, 

minInc=1e-10, name='Displacement', previous='Initial', 

stabilizationMagnitude=0.0002,stabilizationMethod=DISSIPATED_ENERGY_FRACTION) 
 

    mdb.models['Model-1'].fieldOutputRequests['F-Output 

1'].setValues(variables=('S', 'PE', 'PEEQ', 'PEMAG', 'LE', 'U', 'RF', 'CF', 

'CSTRESS', 'CDISP', 'PHILSM', 'PSILSM', 'ENRRTXFEM', 'STATUS', 'STATUSXFEM')) 

 

    # Note that this line changes the maximum number of "cutbacks" abaqus 

dose for each step. It's the eighth value of "timeIncrementation" The 

original value is 5. I recommend a value of 15 or larger for XFEM work. 
 

    mdb.models['Model 1'].steps['Displacement'].control.setValues( 

allowPropagation= OFF, resetDefaultValues=OFF, timeIncrementation=(4.0, 8.0, 

9.0, 16.0, 10.0, 4.0, 12.0, 15.0, 6.0, 3.0, 50.0)) 
_____________________________________________________________________________ 

 

def creatXFEM_CrackDomain(crackHeight): 

 

    # Creat the XFEM crack domain 

 

    mdb.models['Model-

1'].rootAssembly.engineeringFeatures.XFEMCrack(crackDomain=mdb.models['Model-

1'].rootAssembly.instances['Plate-1'].sets['Everything'],                                              

crackLocation=Region(edges=mdb.models['Model1'].rootAssembly.instances['Crack

-1'].edges.findAt(((1.0, crackHeight, 0.0),)), ), name='Crack-1') 

 

_____________________________________________________________________________ 

 

def creatMesh(meshSize, plateWidth, plateHeight): 

 

    mdb.models['Model-1'].parts['Plate'].setMeshControls(elemShape=QUAD, 

regions=mdb.models['Model-1'].parts['Plate'].faces.getByBoundingBox(0, 0, 0, 

plateWidth, plateHeight, 0)) 

 

    mdb.models['Model-1'].parts['Plate'].seedPart(deviationFactor=0.1, 

minSizeFactor=0.1, size=meshSize) 

 

    mdb.models['Model-1'].parts['Plate'].seedEdgeBySize(constraint=FINER, 

deviationFactor=0.1, edges= mdb.models['Model1'].parts['Plate'].edges.findAt( 

((5, plateHeight/2-5, 0.0),),((10.0, plateHeight/2, 0.0),),((5, 

plateHeight/2+5, 0.0),), ((0.0, plateHeight/2, 0.0),), ), minSizeFactor=0.1, 

size=1.5) 

 

    mdb.models['Model-1'].parts['Plate'].generateMesh() 

_____________________________________________________________________________ 
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____________________________________________________________________________ 

 

def creatLoads(plateHeight, displacementLoad): 
 

    # Create and set loads 
 

    mdb.models['Model-1'].DisplacementBC(amplitude=UNSET, 

createStepName='Displacement', distributionType=UNIFORM, fieldName='', 

fixed=OFF, localCsys=None, name='Top Edge', region=mdb.models['Model-

1'].rootAssembly.instances['Plate-1'].sets['EdgeTop'], u1=UNSET, 

u2=displacementLoad, ur3=0.0) 
 

    mdb.models['Model-1'].DisplacementBC(amplitude=UNSET, 

createStepName='Displacement', distributionType=UNIFORM, fieldName='', 

fixed=OFF, localCsys=None, name='Bottom Edge', region=mdb.models['Model-

1'].rootAssembly.instances['Plate-1'].sets['EdgeBottom'], u1=UNSET, u2=0.0, 

ur3=0.0) 

 

    mdb.models['Model-1'].rootAssembly.Set(name='Top Corner', 

vertices=mdb.models['Model-1'].rootAssembly.instances['Plate-

1'].vertices.findAt(((0, plateHeight, 0.0),))) 
 

    mdb.models['Model-1'].DisplacementBC(amplitude=UNSET, 

createStepName='Displacement', distributionType=UNIFORM, fieldName='', 

fixed=OFF, localCsys=None, name='Top Corner', region=mdb.models['Model-

1'].rootAssembly.sets['Top Corner'], u1=0.0, u2=UNSET, ur3=0.0) 

 

    mdb.models['Model-1'].rootAssembly.Set(name='Bottom Corner', 

vertices=mdb.models['Model-1'].rootAssembly.instances['Plate-

1'].vertices.findAt(((0.0,0.0, 0.0),))) 
 

    mdb.models['Model-1'].DisplacementBC(amplitude=UNSET, 

createStepName='Displacement', distributionType=UNIFORM, fieldName='', 

fixed=OFF, localCsys=None, name='Bottom Corner', region=mdb.models['Model-

1'].rootAssembly.sets['Bottom Corner'], u1=0.0, u2=0.0, ur3=0.0) 
 

____________________________________________________________________________ 

 
 

 


