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ABSTRACT 
 

A computer-based parametric study of the effect of reinforcement architectures on 

fracture response of aluminum compact-tension (CT) specimens was performed using the 

finite element code ABAQUS.  A three-dimensional crack propagation procedure based on 

the crack tip opening angle (CTOA) was developed using Python.  Eleven different 

reinforcement architectures consisting of rectangular and triangular cross-section 

reinforcements were evaluated.  Reinforced specimens produced between 13 and 28 percent 

higher fracture load than achieved with the non-reinforced case.  Reinforcements with blunt 

leading edges (rectangular reinforcements) exhibited superior performance relative to the 

triangular reinforcements with sharp leading edges.  Relative to the rectangular 

reinforcements, the most important architectural feature was reinforcement thickness.  At 

failure, the reinforcements carried between 58 and 85 percent of the load applied to the 

specimen, suggesting that there is considerable load transfer between the base material and 

the reinforcement.  The amount of load transfer is linked to strains experienced by the 

reinforcement ahead of the crack tip. 
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Chapter 1  INTRODUCTION 

 

 

The commercial airline industry and military have driven for increased performance 

and reduced cost of aircraft structural components.  Aluminum has been the mainstay 

material for more than seven decades, fulfilling this role as a strong, lightweight material.  

However, the aging of current commercial aircraft has raised concerns with regards to the 

durability and damage tolerance of pressurized aluminum fuselages [1].  Related to this, 

predicting residual strength has been one of the main objectives of the NASA Aircraft 

Structural Integrity Program [2]. 

Aluminum manufacturers have attempted to combat the problems of durability and 

damage tolerance with advances in alloying techniques.  Alcoa, a leading aluminum 

manufacturer, has developed a number of tailored aluminum alloys for specific parts of the 

Boeing 777 [3].  For example, a 2000-series aluminum alloy for the fuselage and a high 

compression strength 7055-T77 aluminum alloy for the upper wing surface were developed.   

Although the Boeing 777 illustrates how aluminum is meeting more stringent 

requirements, it also showcased the potential successor of aluminum as the standard 

structural material, namely carbon-fiber polymer matrix composites (PMC).  Approximately 

10 percent of the total weight of the Boeing 777 is composed of carbon-fiber reinforced 

composites, including most of the tail and rudder assemblies [3].  At that time, this 

represented the highest use of composites in any Boeing commercial aircraft.  The use of 

high-strength, lightweight composites in the Boeing 777 resulted in an approximate weight 

savings of 2600 lbs. 

Through continuing advances in PMC research, PMC manufacturers have begun to 

take market share away from aluminum manufacturers.  This is becoming more apparent 

with the recent introduction of the Airbus A380 and Boeing’s up-and-coming 787.  Airbus’ 

A380 is approximately 25 percent composites by weight, including a composite center wing 

box, pressure bulkhead, and multiple flight control surfaces [4].  Boeing’s 787, to begin 

major assembly in 2006, is projected to have in excess of 50 percent of its structure 
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composed of composites.  This includes the wings and a composite fuselage.  According to 

Michael Bair, the Senior Vice-President of the 787 program, although aluminum 

manufacturers offered lighter alloys, composites were chosen due to increased strength, 

decreasing cost, lightweight, “…durability, reduced maintenance requirements, and increased 

potential for future development.” [5].   

 

In order to successfully compete with increasing use of PMC in aerospace structures, 

aluminum manufacturers must address a number of deficiencies inherent to conventional 

aluminum.  These include, but are not limited to: durability and damage tolerance, specific 

stiffness and strength, and weight.  A study performed by Blichfeldt et al. [6] compared the 

fatigue and fracture properties of composite structures to all-metal aluminum structures.  The 

study of Blichfeldt et al. [6] showed that compared to aluminum, composite structures gave a 

10 to 50 times improvement in fatigue life, as well as improved residual strength-to-weight 

properties of composites.  With respect to stiffness and strength, for a 50 percent fiber 

volume fraction of a graphite-polymer composite, its fiber direction stiffness is 

approximately 215 percent greater than aluminum, while its tensile failure stress is about 300 

percent greater [7].  To compare weight, the density of a typical carbon-epoxy composite is 

about 60 percent of commercially available aluminum. 

These deficiencies of durability and damage tolerance, and specific stiffness and 

strength may limit continuing use of aluminum as the primary structural aircraft material.  

Due to these inherent advantages of PMC’s, aluminum manufacturers must now come up 

with innovative solutions to combat the increased usage of polymer matrix composites in the 

commercial airline industry. 

 

1.1  Alcoa’s 20-20 Vision 

 

Alcoa has presented three concepts to re-establish aluminum’s prominence in the 

aerospace industry: advanced alloys, integral stiffeners, and selective reinforcement [8].  

These concepts are part of what is known as Alcoa’s 20-20 vision.  When applied together, 

these concepts result in a 20 percent reduction in cost and a 20 percent reduction in structural 

weight, and make maintaining aluminum’s performance competitive with PMCs.  Alcoa has 
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focused mainly on several lower wing designs.  In order to reduce weight and improve 

performance, advanced alloys, selective reinforcement, and integral stiffening were used.  In 

order to reduce costs, improved manufacturing concepts, including integral stiffening in 

conjunction with friction stir welding, were proposed. 

One specific concept Alcoa presented, and the main focus of this research, is selective 

reinforcement (SR).  This is a structural design concept where a reinforcing material, such as 

a unidirectional composite, is applied to specific areas of a structure to improve local or 

overall performance, such as specific stiffness, strength, durability and damage tolerance, and 

weight.  One advantage to using this approach is that the majority of the base material and 

structural concepts can remain conventional.  This idea resembles, to some extent, that of the 

integral stiffening concept.  Also, since the reinforcements can be less dense than 

conventional aluminum, a further weight savings can also be realized.  Selective 

reinforcement is a possible solution to the previously mentioned problems inherent with 

conventional aluminum.  Since selective reinforcement is the topic of this research, details of 

the different approaches to selective reinforcement are discussed. 

 

1.2  Selective Reinforcement 

 

Currently, there are two approaches of selective reinforcement being pursued: the 

lamination approach and the in-situ approach.  Both approaches involve the use of 

reinforcing material to produce structures having enhanced strength, stiffness, and/or 

improved durability and damage tolerance. 

The lamination approach is the bonding of the reinforcing material onto the surface of 

an otherwise conventional structure.  This is the primary technique that Alcoa has been 

pursuing, using a fiber-metal laminate, such as GLARE [9].  The lamination concept, as 

depicted in Figure 1.1 [10], consists of reinforcing material bonded on the inner skin surface 

near the supporting frame and stringer interfaces.  The in-situ approach is defined as the  
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Figure 1.1  Example of Lamination Approach [10] 

Lamination 
Selective 

Reinforcement 

 

volumetric replacement  of the base material (in this case, aluminum), with a stiffer and/or 

stronger reinforcement material [11], as depicted in Figure 1.2.  The reinforcing material can 
 

In-Situ 
Selective 

Reinforcement 

 
Figure 1.2  Example of In-Situ Approach 

 

be completely embedded anywhere through the thickness of the base material.  If the 

reinforcement is of a lower density than the base material, then both an increase in structural 

performance, as well as a reduction in structural weight are achieved.  Also, discontinuities 

such as bolt holes, cutouts, or cracks in panels create changes in load path and local stress 

concentrations.  Because of this, local stiffness/strength is decreased, and can lead to 

catastrophic failure.  Selective reinforcement is proposed in this case to increase the local 

stiffness/strength around geometric discontinuities, in order to provide an adequate load path, 
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thus, in effect, “containing” stress concentrations, and improving overall material response.  

To more clearly illustrate this concept, Figure 1.3 shows some possible SR skin architectures 

around cutouts and fastener rows [12].  

Straight 
Reinforcements 

Bolthole 
Reinforcements Curved 

Reinforcements 

 
Figure 1.3  Possible In-Situ SR Skin Architectures, Farley et al. [12] 

 

 The reinforcing material can be bonded to the base material using a number of 

different techniques.  These include, but are not limited to, welding, a modified pulltrusion 

technique, or just use of a commercially-available adhesive. 

 

1.3  Objective 

 

The main objective of this research is to develop, through numerical parametric 

investigation, advanced in-situ selective reinforcement (ISSR) architectures to increase the 

strength of selectively reinforced metallic materials.  Specifically, fracture strength will be 

considered.  The term “architecture” specifically pertains to cross-sectional geometries, 
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reinforcing materials, and combinations of these.  The influence of a number of 

reinforcement architectures on fracture strength is investigated. 

The mechanics issues that control the fracture response are also investigated.  The 

investigations include comparisons of the variations of strain and load distributions as a 

function of reinforcement architecture.  Recommendations for reinforcement architectures 

that lead to significant increases in fracture resistance are given. 

Compact-tension (CT) specimen geometries with and without reinforcements are 

used to assess the fracture strength, which, in this research, will be considered the maximum 

load experienced by the specimen prior to initiation of unstable crack growth; for the 

reinforced cases, this corresponds to initial reinforcement failure.  Improvement in fracture 

strength is a measurement of improvement in overall damage tolerance.  Eleven different 

reinforcement architectures with rectangular and triangular cross sections are evaluated. 

 

1.4  Overview of Thesis 

 

A review of literature which discusses selective reinforcement will be provided in Ch. 

2.  The small amount of research on the in-situ technique, will be reviewed.  A review of 

fracture mechanics related to crack propagation criteria and modelling will also be presented.  

At the end of Ch. 2, the fracture and material modelling methods to be used in this research 

will be identified. 

The structural modelling of the compact tension specimen, including implementation 

of the methods discussed in Ch. 2 into the finite-element program ABAQUS, will be 

discussed in Ch. 3.  An unreinforced geometry is described first and is used as a validation 

case.  Comparisons with reinforced geometries are also made.  The compact tension 

geometry, including specimen dimensions and material properties for the base material and 

reinforcement, will be described.  A brief description of ABAQUS and justification for the 

type of elements used will also be presented.  Representative finite-element meshes will be 

presented to help visualize model generation.  The user-written algorithms associated with 

base material fracture will also be described. 
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The case studies of the various reinforcement architectures will be presented in Ch. 4.  

Dimensions, constituent materials, and rationale for investigating each architecture will be 

provided. 

Numerical results for each of the validation cases and for each of the case studies of 

the different reinforcement architectures will be described in Ch. 5.  Discussions of the 

important mechanics issues will be presented to provide insight as to why certain 

architectures have superior performance.  Before closing this chapter, the results will be 

summarized in table form to provide a quick overview of the important findings. 

Conclusions regarding in-situ selective reinforcement for the specific architectures 

will be presented in Ch. 6.  Finally, in Chapter 6, peripheral comments regarding this 

research will be made and suggestions for future work will be presented. 
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Chapter 2  REVIEW OF RELEVANT LITERATURE  

 

 

2.1  In-Situ Selective Reinforcement 

 

Farley et al. [12] performed a number of two-dimensional parametric numerical 

studies to assess the fatigue and fracture behavior of in-situ selectively reinforced 7075 

aluminum.  In this work, a compact tension geometry was considered and the crack tip 

opening angle was used as the crack propagation criterion. 

Examples of the compact tension specimens analysed by Farley et al. [12] are shown 

in Figure 2.1.  The unreinforced specimen is constructed completely of the base 7075 

aluminum.  The reinforced specimen contains rectangular strips of reinforcing material at the 

outer surfaces.  The cross-sectional geometry of the two reinforcing strips shown in Figure 

2.1 is rectangular, and the strips replace the base material at the outer surface on both sides of 

the specimen.  In the current study, cross-sectional reinforcement geometries other than 

rectangular, and placement of the reinforcement at other locations through the thickness will 

be considered. 

Some experimental data were given for the unreinforced case and a single specific 

reinforced case.  Reinforcement thickness, reinforcement width, and interface stiffness 

between the base material and reinforcement were all varied in the numerical analysis.  The 

composite reinforcement cross-section was assumed to be rectangular, as the analysis was 

only two-dimensional.  The reinforcement was a unidirectional fiber composite, which failed 

once the maximum strength of the reinforcement was reached in the fiber direction.  This 

study showed that the fracture toughness of the compact tension specimen, as measured by 

the maximum load achieved, can be increased by up to 20 percent relative to the unreinforced 

case when some of the base material is replaced with reinforcement material.  It should also 
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b)  Reinforced 

a)  Unreinforced 

Figure 2.1  Unreinforced and Reinforced Compact Tension Specimens 
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be noted for this study that only the applied load and surface crack length were measured in 

the experimental work with the specific cases tested.  No other experimental measurements 

were taken, in particular, the crack tip opening angle. 

For the present research, the same compact-tension specimen geometry, base 

material, composite reinforcement, and crack propagation criteria employed by Farley et al. 

[12] are used.  ABAQUS [13], a general-purpose, commercially-available finite element code 

is used to model and analyze each reinforcement architecture considered.  In order to 

benchmark the current analysis, the numerical and experimental results from Farley et al. 

[12] for an unreinforced specimen geometry are compared to results obtained in the present 

research.  Comparisons for select reinforced specimen geometries are also discussed.  Since 

non-rectangular reinforcement cross-sectional geometries and placement of specific 

reinforcement cross-sectional geometries at different locations through the thickness are 

considered in the present research, the two-dimensional analysis used from Farley et al. [12] 

is insufficient.  Therefore, a full three-dimensional analysis is developed.   Before this three-

dimensional analysis is discussed, a description of the compact tension specimen is given, 

including previous research, both experimental and finite element modelling, and plasticity 

modelling.  Important through-thickness effects in a thin, ductile material with a propagating 

crack are also included. 

 

2.2  The Compact Tension Specimen 

 

The compact tension specimen considered here is a standard specimen configuration 

used to measure the fracture toughness of metallic materials containing a crack [14].  A 

typical geometry is given in Figure 2.2 along with the coordinate system that will be used in 

subsequent discussions, where the dimensions are given below, along with typical values of 

each given in parenthesis: 

B = specimen thickness  (0.1 inches) 

H = specimen height  (2.9 inches) 

W = specimen width  (2.4 inches) 

a = surface crack length measured perpendicular from the applied load’s line of 

action  (0.265 inches)
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Figure 2.2  Typical Geometry of Compact Tension Specimen 
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v = applied displacement at point of load measurement 

P = applied load 

The specimen is designed for a Mode I loading by way of two pins through the two holes in 

the specimen.  To achieve a sharp crack tip, the specimen is initially cracked by cycling the 

specimen to produce a sharp fatigue crack.  The ratio between the minimum load in the cycle 

to the maximum load, typically referred to as R, is a value between –1 to +0.1.  The 

maximum load in the cycle is chosen such that its calculated stress intensity factor, K, is less 

than 60 percent of the estimated plane-strain fracture toughness, KIc, of the material.  The 

stress intensity factor, which is a function of loading and geometry, is used to characterize 

the severity of the crack.  After the sharp fatigue crack has been created, a displacement is 

applied at the pin locations in opposing directions normal to the crack plane, and the reaction 

force is recorded.  By measuring specific physical variables during the experiment, KIc for 

the material can be calculated.  The plane-strain fracture toughness, KIc, is considered a 

material property for specific combinations of loading and geometry, and is a lower limiting 

value for the fracture toughness.   

Important in these tests is knowledge of the direction in which the specimen material 

was rolled, extruded, or forged.  Since cracking results from void nucleation and coalescence 

within grains or grain boundaries, material directions within the specimen have an influence 

on fracture response.  The direction in which the material was rolled, extruded, or forged is 

referred to as the “L” direction, while the direction perpendicular to that is referred to as the 

“T” direction.  Therefore, a compact tension specimen with the T-L orientation will have 

primary crack propagation in the direction of extrusion; while a specimen with the L-T 

orientation will have primary crack propagation in the direction perpendicular to the 

extrusion direction.  Generally, compact tension specimens with the L-T orientation exhibit 

higher fracture toughnesses than compact tension specimens with the T-L orientation due to 

the tendency for grain boundaries to be oriented parallel to the extrusion direction, and thus 

the crack propagation direction [15]. 

In order for the results from the specimen configuration of Figure 2.1 to be 

considered valid for a linear-elastic fracture mechanics, LEFM, approximation, the plastic 

zone around the propagating crack tip must not extend to any of the specimen boundaries in 

the X or Y directions.  A distance from these boundaries of four times the plastic zone size is 
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considered sufficient.  Dowling [15] gave equations for an estimation of the plastic zone 

sizes, 2r0, for both plane-stress and plane-strain conditions, namely, 
2

0
0

12 ⎟⎟
⎠

⎞
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⎝

⎛
=

σπσ
Kr    (For plane stress) (Eq. 2.1) 
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⎞
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⎛
=

σπε
Kr   (For plane strain) (Eq. 2.2) 

where 

K = Stress intensity factor  (60 ksi-in1/2) 

σ0 = Yield stress  (72.5 ksi) 

For the compact tension specimen, K is calculated from [15] as 
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W
a

=α  (Eq. 2.5) 

These estimates of plastic zone sizes lead to a number of requirements on in-plane 

dimensions, including starter crack length.  Linear-elastic fracture mechanics is applicable if 

the equation below is satisfied [15]: 
2

0

4
2

),(, ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
≥−

σπ
KHaWa  (Eq. 2.6) 

As seen, the equation uses four times the estimated plane-stress plastic zone size.  As will be 

shown later, for the specimen of Farley et al. [12], the above geometric constraints are not 

satisfied.  The plane-strain fracture toughness, KIc, is only valid for a compact tension 

specimen thickness, B, approximately equal to one-half of the width, W [14], a rather thick 

specimen relative to the current study.  This constraint on specimen dimensions ensures that 

the thickness is large compared to the plastic zone.  Therefore, for a large portion of the 

thickness, the size of the plastic zone is nearly the same as it is at the midplane, or Z = 0 
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location, thus minimizing boundary effects, similar to the in-plane dimension restrictions for 

starter crack length and in-plane dimensions.  The following equation is the requirement for a 

plane-strain condition: 
2

0

5.2 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
≥

σ
KB  (Eq. 2.7) 

In the present research, the specimen is considered sufficiently thin, and thus is closer to a 

plane-stress condition than a plane-strain condition.  Therefore, since both LEFM and plane-

strain are not satisfied, using the critical value of KIc is not a valid crack propagation 

criterion. 

 

2.2.1  Stress and Strain Estimates Using LEFM 

 Although LEFM may not be considered valid for the present research in the strict 

definition of Equation 2.6, approximations to the stress and strain fields can still be made by 

assuming linear elasticity is valid.  The equations below from Dowling [15] are used to 

estimate stress and strain distributions.  These equations assume a purely two-dimensional 

(X-Y plane) problem, with either an out-of-plane (Z-direction) plane-stress or plane-strain 

assumption: 
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 (Eqs. 2.8) 

where the x-y-z coordinate system with its origin at the crack tip is shown in Figure 2.2.   

 r = radial distance from the crack tip 

θ = angle measured in the x-y plane up from the positive x-axis (i.e., θ = 0 is along the 

x-axis 
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K = stress intensity factor as calculated from previous equations for a compact tension 

specimen 

ν = Poisson’s ratio 

 Strains in the y-direction will also be important, since this is the direction of primary 

loading and crack opening.  The y-direction strains are given by 

( )( )zxyy E
σσνσε +−=

1  (Eq. 2.9) 

where 

 E = Modulus of elasticity (Young’s modulus) 

 As previously mentioned, these equations are merely linear elastic estimates for 

stresses and strains within an unreinforced compact tension specimen geometry.  Although 

these equations may not exactly apply, they still may give good estimates to compare with 

the finite element analysis of the current study.  Any gross deviations without obvious 

justifications may help to pinpoint any model deficiencies (i.e., element type, element size, 

crack propagation procedure, etc.). 

 

 Dowling [15] also gives equations that estimate stress and strain variations beyond 

LEFM.  These estimates adjust for the plastic zone by using the elastic field stress equations 

(Equations 2.8) for a hypothetical crack of length 

(Eq. 2.10) ae = a + r0σ

As Equation 2.1 shows, assuming plane-stress, the plastic zone size, r0σ, is dependent on K, 

which is dependent on a.  This leads to a different form for the calculation of K, specifically, 

⎟
⎠
⎞

⎜
⎝
⎛=

WB
P

ePe FK ,  (Eq. 2.11) 

where, similar to Equation 2.4, 

( ) ⎟
⎠
⎞

⎜
⎝
⎛==
W
ae

ePeePeP FFF ,,, α  (Eq. 2.12) 

This requires an iterative solution due to the interdependence of the different variables, ae, 

r0σ, and Ke.  Once Ke has converged, Equations 2.8 and 2.9 are used to calculate the stress 

and strain fields.  However, it is important to keep in mind that these estimates are for the 
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hypothetical crack length of Equation 2.10, therefore the strain field calculations must be 

shifted accordingly. 

 

Equations 2.8 are only valid for the unreinforced compact tension specimen, since 

any inclusion of reinforcement introduces a material discontinuity and local stiffening effects 

as the crack approaches the region where the reinforcement resides.  However, strain 

variations within the unreinforced specimen help reveal areas of high strain.  How these 

variations change with reinforcement architecture helps to show how one architecture 

performs better than another, which is a main objective of this research.   

 

2.3  Crack Propagation Criterion 

 

Since KIc cannot be considered as the crack propagation criterion for the current 

problem, previous research regarding crack propagation criteria will be mentioned.  

Specifically, for a certain class of materials and geometries, the material stress intensity 

factor, Kc, has been used to accurately predict the onset of crack propagation [15].  However, 

as previously mentioned, this assumes that the plastic zone size is relatively small compared 

to specimen dimensions, thus limiting use of the material stress intensity factor in fracture 

research.  A reasonably geometry-independent fracture criterion would be preferred for 

application to large crack growth and large-scale plasticity problems that are beyond the 

scope of linear-elastic fracture mechanics [16, 17].  A logical fracture criterion would be the 

J-contour integral.  This criterion has had a long history of use to characterize crack growth 

beyond LEFM, however, recent findings from Yang et al. [18] conclude that Jc is geometry 

dependent.  Others have seen this phenomenon, stating that Jc and the J-R curve are geometry 

dependent [19 - 21].   

The crack tip opening displacement (CTOD) criterion, developed by Wells [22], has 

been proposed as another crack growth criterion for elastic-perfectly plastic materials.  

Basically, the criterion states that when the crack tip opening displacement reaches a critical 

value, the crack will propagate.  Considerable analytical, numerical, and experimental 

research has been performed which supports the use of CTOD as a valid fracture criterion for 

large-scale plasticity problems.  Several types of CTOD measurements exist.  The CTOD 
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measurement Rice proposed for a stationary crack [23] was defined to be the opening 

displacement, δ45, where lines drawn at a 45-degree inclination from the crack tip intercept 

the crack faces, such as illustrated in Figure 2.3.  Research conducted by Shih, et al. [24] and 

later by Hellman and Schwalbe [25] defined the CTOD as the relative displacement, δ5, of 

two points placed 5 mm above and below the original fatigue crack tip location, as shown in 

  

 
Figure 2.3  Four Different CTOA/CTOD Measurements 

 

igure 2.3.  Andersson [26] and de Koning [27] proposed an alternate use of the CTOD 

P

P

F

criterion, namely the crack tip opening angle (CTOA). The CTOA criterion has been used by 

many for fracture studies in thin sheet metals, including Farley et al. [12] for the study of in-

situ selectively reinforced aluminum.  This criterion assumes that a crack will propagate 

when the angle, Ψ, created by the two crack surfaces reaches a critical value, Ψc.  This is 
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directly related to the crack tip opening displacement criterion through the following 

equation [16]: 

⎟⎟
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⎞
⎜⎜
⎝

⎛
= −

c

CTOD

L
δΨ 1tan2  (Eq. 2.13) 

where Ψ is the CTOA and Lc is the distance from the crack tip to the location where the crack 

tip opening displacement, CTODδ , is measured.  These geometric quantities are illustrated in 

Figure 2.3.  The CTOA criterion has also been extended to full three-dimensional problems, 

as will be shown later. 

The majority of CTOA-based experimental and numerical crack propagation analyses 

of aluminum structures [16, 17], including Farley et al. [12], has used a constant value of Lc = 

1 mm = 0.04 in.  This value will be used in the current research as well.  However, Sutton et 

al. [17] suggested some reasoning for the choice of Lc.  If Lc is too small, it may be too close 

to the crack tip to accurately capture displacements when conducting numerical analyses of 

crack propagation for certain finite element meshes.  If Lc is too large, remote-field 

displacements may be included in the measurement.  The use and implications of Lc in both a 

numerical and experimental analysis will be discussed later in further detail. 

 

2.4  Crack Tip Opening Angle 

 

As mentioned, the CTOA criterion has been used previously for numerical studies of 

selectively reinforced metals. The CTOA criterion will be used in this study as well. 

However, the previous studies have been based on two-dimensional analyses. In the present 

research, three-dimensional effects are included, and thus a more involved approach to using 

a CTOA criterion is required.  To provide a background on the approach, previous work in 

two- and three-dimensional crack propagation studies using the CTOA criterion are briefly 

summarized.  Experimental work and observations are discussed first.  Then, a detailed 

description of a three-dimensional CTOA analysis is given in order to define terminology 

and important concepts, such as crack tunnelling and the variation of the initial critical 

CTOA.  Following this, descriptions of two- and three-dimensional so-called straight crack 

front CTOA models are presented.  Also included are further modelling considerations and 
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suggestions from previous authors when using finite-element modelling.  Finally, drawing 

from the previous work, several important concepts to be used in this research are presented. 

 

2.4.1  Other Relevant Research 

Several experiments during which the critical surface CTOA, i.e., the crack tip 

opening angle as measured at Z = ±B/2 in Figure 2.4, were measured have been performed 

for a number of different 2024 aluminum plate thicknesses and geometries.  The 

experiments, performed by Demofonti and Rizzi [28] and Dawicke et al. [16, 29, 30] on 

specimens with a central crack and with compact tension specimens showed that during 

initial crack growth, or during a crack growth length of approximately one specimen 

thickness, critical CTOAs measured on the surface of the specimen were high compared to 

values for longer surface crack lengths.  After this initial crack growth phase, further crack 

growth occurred and the critical CTOAs measured on the surface gradually decreased, 

maintaining an approximately constant value. 

Crack tunnelling was also observed in these experimental tests.  Tunnelling is the 

phrase used to refer to the fact that a crack propagates further in the interior of the specimen, 

i.e., at Z = 0 in Figure 2.4, than at the surface.  Tunnelling is a result of the existence of a 

high triaxial stress state in the interior of the specimen as compared to a planar-like stress 

state at the free surface, where the normal and shear stresses on the free surface, three of the 

six stress components, must be zero.  Enhanced void growth and coalescence would be 

expected to occur at the midplane, as Sutton et al. [17] suggests.  A triaxial stress state was 

also predicted in several straight crack-front finite-element models from Nakamura and Parks 

[31] and Newman et al. [32].  The illustration of tunnelling in Figure 2.4 also illustrates the 

surface CTOA measurement and the measurement distance, Lc. As can be seen, tunnelling 

results in a curved crack front.  The distance away from the crack tip, Lc, used in this 

experiment from Dawicke et al. [16] was the value mentioned previously, namely, Lc = 1 mm 

= 0.04 in.  This value of Lc may have been chosen based on the resolution of the CTOA 

measurement techniques used in those experiments.  One measurement technique Dawicke et 

al. [16] employed involved the use of an optical microscope.  The microscope had a 

resolution of 4 microns over an image area of 2 mm by 2 mm square.  It would make sense 

that the distance Lc be approximately equal to or less than the image area.
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oriented specimens displayed rotated fracture surfaces.  For a specimen thickness 

approximately three times this, James et al. [33] observed both perpendicular and rotated 

fracture surfaces in the L-T specimens tested.  The observation of both orientations of 

fracture surfaces may have occurred because the specimen thickness was at a transition point 

between sufficiently "thick" and sufficiently "thin."  For the two different fracture surface 

orientations, vastly different degrees of tunnelling were also observed.  

The crack growth length, ∆a, is defined as the distance from the original fatigued 

crack tip to the current crack tip location along the X-axis.  The following equation is used to 

quantify the tunnelling magnitude, T [33]: 

 

sm ∆a∆a −=T  (Eq. 2.14) 
where: 

∆as = crack growth length at the free surface (Z = ±B/2) 

∆am = crack growth length at the midplane (Z = 0) 

The quantity T is usually normalized by the specimen thickness B.  James et al. [33] 

showed that for perpendicular fracture surfaces, the tunnelling magnitude rose sharply over 

the first 1 to 2 specimen thicknesses of surface crack growth, and then levelled off at about 

1.1 times the specimen thickness, while Dawicke et al. [29] observed levelling off at over 1.7 

times the specimen thickness.  For rotated fracture surfaces, James et al. [33] observed that T 

rose only slightly, dropped and then levelled off after a specimen thickness of surface crack 

growth to a value of about 0.2 times the specimen thickness.  Dawicke et al. [16] observed 

that for rotated fracture surfaces, T levelled off to a value of approximately 0.4 times the 

specimen thickness.  In this experiment, the specimen with the perpendicular fracture surface 

exhibited approximately 6 percent higher maximum load than specimens with the rotated 

fracture surface.  The presence or absence of this rotation has important implications 

regarding finite element modelling of crack propagation, which will be discussed later. 

 

It should be noted that in this research, and most other previous analyses of fracture 

strength, response curves are given in terms of the surface crack length, ∆a, despite the fact 

that there could be considerable crack tunnelling.  This is important, because going back to 
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the potential application for this research, for aluminum structures containing fatigue cracks, 

only surface cracks in the base material can be easily detected by a visual inspection. 

 

Before discussing the various numerical analyses employed to study CTOA, it is 

worth mentioning that there are a few similarities among all of them, namely, the manner in 

which crack propagation is simulated.  Since in most studies the crack is assumed to grow in 

a quasi-static fashion, crack propagation can be modelled by a number of static steps.  For 

example, for each increment of crack growth, static force equilibrium is reached in the step 

prior to additional crack growth, and also at the end of the step after the crack has grown.  To 

propagate the crack, nodal constraints along the crack propagation direction are removed.  

Furthermore, the application of an increment in applied displacement, force, or stress is a 

static step as well. 

In three-dimensional numerical analyses, response is assumed symmetric with respect 

to the X-Z and X-Y planes of Figure 2.2, i.e., crack plane symmetry and midplane symmetry.  

The symmetry conditions are illustrated in Figure 2.5, along with two crack front 

perspectives that will be shown throughout this research.  Although all finite-element 

analyses mentioned here assume symmetry about the midplane, some of the figures of finite-

element models show the full thickness for clarity.  It should be mentioned that modelling 

through the use of quarter symmetry precludes rotation of the fracture surface as the crack 

propagates in the X-direction. 

 

In order to achieve a full understanding of the displacement fields around the crack 

tip, Dawicke et al. [29] applied experimental results to a three-dimensional numerical 

analysis based on 8-node hexahedral elements.  The experimental results involved specimens 

that exhibited perpendicular fracture surfaces. To determine the actual crack front shapes and 

thus measure tunnelling effects, several specimens underwent fracture testing and stable 

crack growth was allowed to occur. Testing was stopped at various surface crack lengths. 
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Figure 2.5  Symmetry Considerations for the Compact Tension Specimen Analysis 
 

The specimens were then fatigued at a high cyclic loading rate until failure, and the crack 

front shape at the end of the further stable crack growth measured.  This measurement could 

be done because the fracture surface created by growing a crack in fatigue appeared different 

than the fracture surface created by quasi-static stable crack growth and the crack front shape 

could be identified.  Element shapes through the thickness matched the observed crack front 

shape, as shown in Figure 2.6.  To simulate crack propagation, all the nodal constraints along 
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the crack front were removed in the same load step.  A curved crack front and nodal 

constraints are shown in Figure 2.6. 
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Figure 2.6  Finite Element Mesh of Tunnelled Crack front and Nodal Constraints 

 

The experimentally-determined applied loads were applied to the three-dimensional 

finite-element model for each increment of crack growth, and the CTOAs were computed at 

various locations through the thickness using the finite element model.  For crack growth 

lengths, ∆a, less than the measurement distance, Lc, the distance at which CTOA was 

measured was taken at the initial crack tip node.  This is shown in Figure 2.7, along with the 

CTOA measurement distance for larger crack lengths.  Using this approach, and comparing  
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Figure 2.7  CTOA Measurement Distance, Lc, at Two Crack Lengths 
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the results with the applied loads and surface crack measurements from experiments, the 

study accurately predicted the through-thickness variation in CTOA.  Specifically, during the 

initial stages of crack growth, i.e., less than a specimen thickness, at the specimen midplane 

the critical CTOA was computed to be lower than the constant value of the critical CTOA 

that occurred after a specimen thickness of crack growth.  This analysis also showed that the 

magnitude that the midplane critical CTOA was below the constant critical CTOA value was 

approximately the same magnitude that the free-surface critical CTOA was above the 

constant critical CTOA value.  It should be noted that during initial tunnelling, midplane 

critical CTOA values were not reported in this work of Dawicke et al. [29] due to differences 

in element size.  Along both the free surface and midplane, the measured critical CTOA 

values converged to the constant value after about a specimen thickness of crack growth. 

In this study by Dawicke et al. [29], the analysis was also conducted by assuming a 

straight crack front, as shown in Figure 2.8.   Matching the experimentally determined 

applied loads and surface crack lengths, the CTOA was measured at both the free surface and 

the midplane, as shown in Figure 2.8. As expected, there was little variation in critical CTOA 

Lc
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Figure 2.8  Figure Showing Straight Crack Front with CTOA Measurement 

 

through the thickness for the straight crack-front model.  However, the initial critical CTOA 

for the straight crack front was slightly greater than the constant critical CTOA of the curved 

crack front model just described above by approximately one degree. The critical CTOA for 

the straight crack front model then also decreased to the constant value after a specimen 
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thickness of crack growth.  The values of the σyy stresses ahead of the crack tip in the straight 

crack front model were between the values of the stresses at the midplane and the values at 

the free surface in the tunnelled model.  Since the straight crack front model had an 

approximately constant critical CTOA value through the thickness (with approximately one 

degree difference between the initial CTOA and the constant CTOA), and since the stress 

levels were bracketed between the midplane and free surface values for the model that 

allowed tunnelling, there is some credence to the use of a two-dimensional approach to 

predict fracture for relatively thin materials.  Verifying the use of a two-dimensional 

approach was one of the main objectives of this research effort of Dawicke et al. [29]. 

 

For investigations conducted using two-dimensional analyses, due to local effects at 

the crack tip, a compensation must be applied.  Specifically, two-dimensional analyses can 

assume either a plane-stress condition or plane-strain condition prevails.  For thin metals in 

the compact tension configuration [15], the assumption of plane-strain severely 

underestimates the fracture strength.  The assumption of plane-stress, on the other hand, 

generally overestimates the fracture strength [16].  Because of this bracketing between the 

plane-stress and plane-strain analyses, using a two-dimensional finite-element model which 

employs a core of elements along the crack propagation path that satisfies the plane-strain 

assumption, while modelling the remaining structure with elements that satisfy the plane-

stress assumption, is an alternative.  This is shown in Figure 2.9, where the dimension of the 

plane-strain core, 2h, is adjusted until the fracture response from the numerical analysis 

matches experiment.  Generally, the dimension, h, is approximately equal to the specimen 

thickness. 

Hom and McMeeking [34] first showed this midplane plane-strain phenomenon by 

numerically analyzing stress fields around a straight crack front in thin elastic-plastic sheets.  

Their analysis showed that if the specimen is sufficiently thick compared with the crack tip 

opening, a plane-strain constraint will be present at the midplane of the specimen, near the 

crack tip, where a triaxial stress state occurs. Plane-stress conditions prevail at the free 

surface of the crack tip.  Therefore, applying the plane-strain assumption around the crack tip 

in a two-dimensional analysis is necessary. 
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Figure 2.9  Plane-Strain Core Height Measure for 2-D Analysis 

 

Many two-dimensional finite-element analysis based CTOA analyses using a core 

have been performed to predict fracture as well [16, 17], including Farley et al. [12] for in-

situ selectively reinforced metals.  These studies have used either triangular or square 

elements, and have used only the constant critical CTOA throughout the entire crack 

propagation history.  The value of Lc for these cases was equal to the element length in the 

crack propagation direction. 

 

2.4.2  Considerations for Selectively-Reinforced Materials 

Using a two-dimensional approach and employing the concept of a core of plane-

strain elements may be appropriate, in some cases, for modelling an unreinforced specimen.  

However, by placing reinforcement material within the base material, a two-dimensional 

analysis would not be able to capture important through-the-thickness effects, as mentioned 

previously.  Also, the inclusion of the plane-strain core may not accurately model the stress 

and strain variations in the base material around the reinforcement ahead of the crack tip.  

Finally, tunnelling effects would not be captured either.  Since various reinforcement 

geometries and various through-thickness locations for the reinforcements will be 

investigated in the present study, crack tunnelling may be important.  And since 

understanding of the mechanics issues related to fracture response of selectively reinforced 

materials is an important objective of the present work, the potential for the existence of 
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important three-dimensional effects must be accounted for.  Therefore, as said previously, a 

three-dimensional analysis will be used. 

Most of the three-dimensional finite-element models developed to date have 

employed a straight crack front and have also used 8-node hexahedral elements.  Gullerud et 

al. [35] accurately described a procedure based on hexahedral elements.  Only a single value 

of critical CTOA was used.  The CTOA for these models was measured at the midplane of 

the specimen, where the highest triaxial stresses occur.  This midplane crack tip node was 

considered the master node.  Once the critical CTOA was reached at this master node 

location, all nodal constraints less than Lc ahead of the crack tip were released, thus 

simulating crack propagation.  The method used for measuring CTOA and nodal release is 

depicted in Figure 2.10.  This three-dimensional straight crack front technique has accurately 

modelled experimental fracture response.  However, as with the two-dimensional approach, 

crack tunnelling was again not included.  The amount of crack tunnelling may change when 

through-the-thickness reinforcements are considered.  Tunnelling effects may change the 

overall fracture response, and therefore attempts must be made to model them as well. 
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Figure 2.10  Finite Element Model Showing CTOA Measurement for Straight Crack Front and Nodal 

Release Rows 
 

The finite-element analyses developed to date have assumed that the fracture surface 

was perpendicular to the free surface, due to the symmetry assumptions used in the analysis.  

Either perpendicular or rotated fracture surfaces can be assumed, but which one will occur in 

practice is not always known beforehand.  However, the previously mentioned work from 
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James et al. [33] supports the fact that despite the different orientations of the fracture 

surface, the overall responses are still similar, and with the maximum load predicted for the 

perpendicular fracture surface being only slightly greater than the maximum load predicted 

for a rotated fracture surface, despite vastly different tunnelling characteristics.  It should also 

be noted that neither tunnelling magnitude, nor fracture surface orientation, nor material 

orientation (T-L vs. L-T) were discussed by Farley et al. [12].  The current research will 

assume a perpendicular fracture surface.  However, it would be very important to know what 

effects in-situ selective reinforcement would have on fracture surface orientation, as 

orientation is closely linked to tunnelling, and vice-versa.  Because of the limited scope of 

the present study, the issue of fracture surface orientation will not be pursued. 

 

Gullerud et al. [35] also described a number of important three-dimensional 

modelling details related to tunnelling; CTOA measurement distance, the value of Lc; and the 

coupling of the value of Lc with element size and element aspect ratio.  Since the CTOA 

criterion is a displacement-based fracture criterion, displacement fields in the vicinity of the 

crack front need to be accurately computed.  In order to achieve this using hexahedral 

elements, an approximately 1:1:1 element geometric aspect ratio must be maintained.  This 

ratio is also recommended for the specific type of hexahedral elements used along the crack 

front, which will be described in a later chapter.  Since tunnelling effects will be included in 

this analysis, a sufficient number of elements through the thickness must be used.  The 

number of elements used in the current work is based on overall fracture response 

considerations, and the desire to compare the results of the present work to previous work, 

where tunnelling was included [33].  In the analysis from Gullerud et al. [35], only two 

elements through the thickness were used.  To keep the element aspect ratio constant requires 

that the element dimension through the thickness must be equal to the element dimension in 

the crack propagation direction.  This will directly influence the CTOA measurement 

distance, Lc.  In most experimental and analytical studies performed to date, a CTOA 

measurement distance of Lc = 0.04 in. away from the crack tip has been used, as previously 

mentioned.  Since tunnelling was not accounted for in previous two-dimensional and three-

dimensional straight crack front models, and therefore the through-the-thickness element 

dimension not as crucial, these studies either used element dimensions in the crack 
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propagation direction approximately equal to the CTOA measurement distance, Lc, or all 

nodal constraints less than the measurement distance were released.  Therefore, adopting the 

CTOA measurement technique for crack lengths less than Lc from Dawicke et al. [29] will be 

required.  Also, for a model that includes tunnelling where there are several elements within 

the measurement distance, Lc, releasing all nodal constraints less than Lc does not make 

sense.  Only a single nodal constraint should be released at a time. 

 Dawicke et al. [36] also gave suggestions for approximating three-dimensional 

tunnelling effects in a finite-element model.  To approximate tunnelling effects, the 

displacements at all the nodes along the crack front at a distance Lc behind the crack tip are 

evaluated, and crack advancement is only allowed at locations through the thickness where 

the critical CTOA has been achieved.  This idea is shown in Figure 2.11, where the crack 

profiles at different locations through the thickness are illustrated.  The terminology crack 
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Figure 2.11  CTOA Measurement for Several Different Crack Profiles Through-Thickness 
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profiles as used here refer to the collection of nodes in planes parallel to the X-Y plane that 

define the crack opening shape at various Z-locations.  The profiles are at various Z-locations 

identified with an integer, a generic profile being referred to as the ith profile.  In Figure 

2.11, five crack profiles are illustrated.  The research of Dawicke et al. [29, 36] supports this 

crack advancement approach. 

In the two-dimensional and three-dimensional straight crack front finite-element 

analyses previously mentioned, a single value of critical CTOA is used either at the crack tip, 

for two-dimensional analyses, or at the midplane for three-dimensional analyses.  In these 

cases, the value of the critical CTOA is found by adjusting the critical value of the CTOA 

and repeatedly conducting the finite element analyses until the maximum load from the 

finite-element calculations matches the experimentally-measured maximum load.  This is 

essentially a calibration exercise.  Since a calibration specimen was not tested for the current 

research, the numerical results from Farley et al. [12] with the unreinforced specimen are 

used for calibration.  A straight crack front model is assumed for calibration. 

Although using a single value of critical CTOA in a three-dimensional model gives 

accurate results for maximum load and overall response for larger total crack lengths, in 

many cases it fails to capture the response at crack lengths less than a plate thickness.  

Specifically, the crack length computed at maximum load is inaccurate [33, 35 - 37].  For 

most experiments involving the 2024 aluminum, the finite-element analysis over predicts the 

surface crack length at maximum load by as much as a specimen thickness, as shown in 

Figure 2.12 from James et al. [37].  For example, suppose that in experiments the maximum 

load occurs after a plate thickness of crack growth.  Using the single critical CTOA approach 

in a three-dimensional finite element model, the maximum load may occur at two plate 

thicknesses of crack growth.  The total crack length in the study by Farley et al. [12] is only 

about three times the specimen thickness. Thus a more accurate measure of surface crack 

length at maximum load is important.  A reason for this discrepancy with the crack length 

prediction is the simplicity of using a constant value CTOA criterion during initial crack 

growth, in addition to not accounting for crack tunnelling effects [33, 37].  As Dawicke et al. 

[16, 29, 30] showed, higher critical surface CTOAs were measured experimentally when 

crack tunnelling was present.  The work from James et al. [33] suggested altering the 
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Figure 2.12  Surface Crack Length Overestimation at Max Load for Three-Dimensional Models, James et 

al. [37] 
 

experimental data (which was done in that particular study), or, more accurately, developing 

a model that takes into account initial CTOA variation and which also generates its own 

crack tunnelling by way of the mechanics of the problem.  The crack propagation procedure 

in this current research attempts to develop such a model. 

 Also illustrated in Figure 2.12 is the difference between a specimen exhibiting a 

rotated fracture surface, and one exhibiting a flat fracture surface.  As previously mentioned, 

the difference is approximately 6 percent. 

 

Finally, besides the work from Farley et al. [12] supporting the use of CTOA for in-

situ selectively reinforced metals, other CTOA-based fracture studies have been performed 

on metals containing geometric discontinuities.  Seshadri and Newman [38] and Dawicke et 

al. [36] accurately predicted fracture strength in a panel containing multi-site damage using 

the critical CTOA criterion, in both two-dimensional and three-dimensional straight crack 

front finite-element analyses.  The test by Dawicke et al. [36] consisted of a 0.09 in. thick 

middle-cracked 2024 aluminum tension specimen, with several other cracks in line with the 

initial central crack that was created by the fatigue approach.  As the central crack grew, it 

joined with the other cracks and lowered the overall fracture strength of the material.  The 
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distance from one end of the central crack to the next adjacent crack was varied from 0.1 to 3 

in.  The distance from the initial fatigue crack to the leading edge of the reinforcement in the 

study of Farley et al. [12] was about 0.34 in.  Geometric discontinuities such as adjacent 

cracks in panels with multiple cracks can also be considered a material discontinuity, where, 

in this case of multiple cracks, the material has zero stiffness.  This gives further supporting 

evidence that the CTOA criterion can be used for in-situ selectively reinforced metals. 

 

Drawing from the points discussed above, the following details of modelling and 

analysis of CTOA-based crack propagation in selectively-reinforced compact tension 

specimens will be used in this research:   

 

1) The distance away from the crack tip where the CTOA will be measured is Lc = 0.04 

in.  This distance has been used in a number of different studies involving 

experimental and numerical analysis and will be employed in the current problem. 

2) Tunnelling effects can be approximated by measuring CTOA at nodes located a 

distance Lc away from crack front locations.  Once the CTOA reaches the critical 

value at a particular crack front location, the constraints at just that corresponding 

crack front node will be released.  This means that a single crack length, ∆a is not 

sufficient, and that CTOA-based crack propagation must be used at each through-

thickness crack profile, i, where ∆ai is the crack length along each crack profile 

from the initial crack tip to the crack front, as shown in Figure 2.11. 

3) The elements along the crack propagation plane will be 8-node hexahedral linear 

displacement elements.  These have been used consistently in all three-dimensional 

crack propagation finite-element models. 

4) The elements along the crack propagation plane will maintain an approximately 

1:1:1 element aspect ratio. 

5) Crack growth will be modelled as a number of consecutive static steps involving 

applied displacement and nodal constraint release steps, which simulate crack 

growth, with equilibrium being re-established after each step. 
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6) For overall crack growth distances shorter than the measurement distance Lc, i.e., 

right after initial crack tip blunting (∆ai < Lc), the point for measuring CTOA will be 

the node of the blunted crack tip profile, or just ∆ai. 

7) For a short distance of crack growth (less than the specimen thickness), a region 

exists where the critical CTOA will not be constant as a function of crack growth. 

8) During this initial phase of crack growth, the critical CTOAs measured are high, and 

decrease as the crack propagates.  CTOA variation during this initial phase of crack 

growth will be taken into account.  This means Ψc = Ψc (∆ai), for ∆ai < B. 

9) Once crack growth is past this initial phase, the critical CTOA is approximately 

constant through the thickness of the specimen, and for continued crack growth 

increments.  This means Ψc = constant, for ∆ai ≥ B. 

10) To obtain the value of the constant critical CTOA, a straight crack front approach is 

assumed. Pre-determined loads are applied to the model, and the critical CTOA is 

measured. 

11) Crack growth increments are equal to one element length. 

12) The compact tension specimen geometry and materials from Farley et al. [12] are 

used. 

 

With these ideas, the analysis developed in the next chapter is an attempt to 

accurately model three-dimensional crack propagation, including crack tunnelling and initial 

CTOA variation in in-situ selectively-reinforced materials. 
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Chapter 3  ANALYSIS 

 

 

The purpose of this chapter is to describe the development of the three-dimensional 

crack propagation modelling procedure applied to the compact tension specimens.  An 

unreinforced specimen is considered first in order to validate the procedure and the finite 

element mesh.  The compact tension specimen geometry, materials, and boundary and 

symmetry conditions are described in the first section.  The finite element program used in 

this investigation is described in the second section.  Considerations of geometric and 

material nonlinearities, as well as the type of finite elements used, are included.  The analysis 

procedures for crack propagation using the CTOA are described in the next section.  The 

application of some of the procedures from previous authors to the geometry of Farley et al. 

[12] is considered first.  In addition to points mentioned in the literature review, further user-

defined approaches to account for element size and the quasi-static analysis are discussed as 

well.  The implementation of the crack propagation procedure into the finite-element 

program ABAQUS is presented.  Validation of the unreinforced model and crack 

propagation procedure is assessed by comparison with past work.  Finally, some 

reconsiderations for geometry, materials, and mesh are made for the reinforced architectures, 

and comparisons of reinforced cases from Farley et al. [12] are given. 

 

3.1  Unreinforced Compact Tension Geometry 

 

Continuing with the unreinforced compact tension specimen geometry in Figure 2.1 

from Chapter 2, the unreinforced compact tension specimen geometry will be specified in 

this chapter.  Materials used for the unreinforced specimen, along with how they are 

modelled are also specified.  Boundary conditions and symmetry conditions imposed on the 

model are detailed. 
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3.1.1  Compact Tension Geometry Dimensions 

Figure 3.1 shows the unreinforced compact tension specimen dimensions from Farley 

et al. [12], which is also used in the present research.  As previously mentioned in Chapter 2, 

this unreinforced case is considered one of the baseline validation cases to compare results 

from the three-dimensional analysis with the results from Farley et al. [12].  Other cases from 

Farley et al. [12] are compared later.  Knowledge of the unreinforced geometry helps to 

determine element sizes, and it gives an adequate baseline for developing meshes for the 

reinforced specimen geometries. 
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Figure 3.1  Compact Tension Geometry, Dimensions, and Coordinate System 
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Also shown in Figure 3.1 is the coordinate system that is used herein.  As before, the 

origin lies at the midplane (Z = 0), along the crack plane (Y = 0), and at the surface of the 

specimen (X = 0).  The X-direction is parallel to the crack propagation direction, the Y-

direction is parallel to the loading direction, and the Z-direction is directed to conform to the 

right-hand rule.  The initial crack tip (precrack) is also shown in Figure 3.1. 

 

3.1.2  Material Properties 

This section details the materials used in the unreinforced compact tension geometry 

analysis, and how each material is modelled.  Table 3.1 lists the mechanical properties and 

yield stress/strength of the materials used in this analysis.  Also included is how the materials 

are modelled in ABAQUS. 

 
Table 3.1  Properties of Materials Used in Analysis 

 

Material Elastic Properties Yield Stress 
(Strength) 

Represented in 
Analysis 

Aluminum 
7075-T6 

E = 10.0 Msi 
ν = 0.30 72.5 ksi 

 
Isotropic 

 
Elastic-Perfectly 

Plastic 
 

Steel 
 

(Load Introduction 
Pin) 

E = 30 Msi 
ν = 0.30 N/A 

Isotropic 
 

Linear-Elastic 

 

The base material through which the crack is propagating is aluminum 7075, and it is 

modelled as having elastic-perfectly plastic behavior, using the von Mises yield criterion, and 

the associated plastic flow rule.  This is the same material and modelling scheme used in 

Farley et al. [12].  From Dowling [15], the elastic-perfectly plastic representation of 

aluminium 7075 appears to be fairly accurate.  The load-introduction pin is assumed to be 

steel, modelled as a linear-elastic material.  This is a more accurate representation of the 

loading pin than used by Farley et al. [12], where the pin material was modelled as a linear-

elastic aluminium 7075.  In actual compact tension specimen experiments, the loading pins 
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are made of steel.  Discussion of how the load from the pin is transferred to the aluminium 

7075 is given in the next section.   

 

3.1.3  Boundary and Symmetry Conditions 

Due to symmetry in loading and geometry of Figure 3.1, two symmetry planes exist: 

the through-thickness midplane (the X-Y plane at Z = 0), and the crack plane (X-Z plane at Y 

= 0).  It is assumed that the crack orientation does not change as it propagates, so only one-

quarter of the plate needs to be modelled.  These are the same symmetry conditions used in 

the three-dimensional models mentioned in Chapter 2, shown in Figure 2.5.  In order to 

model the symmetry planes, ABAQUS employs symmetry constraints to the appropriate 

surfaces.  These constraints are considered nodal multipoint constraints that constrain 

displacement degrees of freedom for 3-D elements.  The three boundary constraints are 

shown in Figure 3.2.  On all the nodes at the midplane surface (Z = 0), displacements in the 

Z-direction are constrained (uz = 0).  On the nodes along the crack plane (Y = 0), excluding 

the nodes along the precrack, displacements in the Y-direction are constrained (uy = 0), until 

crack propagation starts.  To constrain displacements in the X-direction, nodes along a line 

through the thickness at X = L and Y = 0 are constrained (ux = 0).   

To apply the external displacements, a uniform displacement, v, in the Y-direction is 

applied along a line of nodes parallel to the Z-direction at the center of the load application 

pin, as shown in Figure 3.3.  To transfer the applied load at the pin into the structure, tie 

constraints are used.  This “tie” command in ABAQUS connects two meshed surfaces by 

requiring that all nodal degrees of freedom on one surface be the same on the connecting 

surface along the tied surfaces.  The nodes do not necessarily have to be coincident, as 

ABAQUS interpolates displacements between nodes.  To more accurately model the actual 

experiment, a steel pin was used, the pin was modelled as a cylinder, and only the upper-half 

of the pin was tied to the inner surface of the load application hole, as also shown in Figure 

3.3.  In the finite-element analysis from Farley et al. [12], the circular geometry of the pin 

was not modelled.  Also from the analysis by Farley et al. [12], the external displacement 

was applied to a node where the displacement at the pin center would be, and the connecting 
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Figure 3.2  Quarter-Symmetry Model of Unreinforced Specimen, Boundary Conditions, and 

Displacement Application 
 

elements to that node were modelled as linear-elastic, as previously mentioned.  This scheme 

permits tensile stresses to develop along the bottom surface of the pin elements.  In an actual 

experiment, only the upper half of the loading pin actually contacts and transfers load into the 

remaining structure, while the bottom half is not connected and is actually traction free.   
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Figure 3.3  Steel Pin and Tied Surface 
 

The unreinforced compact specimen dimensions, materials, and symmetry and 

boundary conditions have now been discussed.  Further details of the finite-element package 

used, element type, and mesh are given in the next section. 

 

3.2  Finite Element Modelling of Unreinforced Compact Tension Geometry 

 

In order to properly explain the methods used in analyzing the problem, the 

capabilities, elements used, and other tools used in ABAQUS are detailed in this section.  

Overviews of the modelling and analysis packages are given here as well.  Following the 

details concerning nonlinearities, a description of the element types chosen and mesh are 

given. 

 

3.2.1  ABAQUS Modelling and Analysis Packages 

ABAQUS/CAE is used to create the model geometries, initial loads, meshes, element 

types, and to review analysis results. This module provides a way in which to visually create 

and model complex geometries.  A number of the functions used in the analysis package are 

also included in ABAQUS/CAE.  Once the models are setup within ABAQUS/CAE, the 
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input file is created by the software.  Crack propagation is then automated using a user-

written code that is discussed later. 

The crack propagation problem is considered quasi-static.  This means that crack 

propagation and displacement application can be modelled by a number of static steps, as 

mentioned in Chapter 2.  ABAQUS/Standard was used to actually execute each analysis step.  

This analysis package is the preferred method in which to execute static and quasi-static 

problems in ABAQUS, since this is considered a relatively “low-speed” analysis with 

negligible inertial effects. 

 

3.2.2  Nonlinearities 

As mentioned, aluminum of 7075 alloy is modelled as an elastic-perfectly plastic 

material.  In ABAQUS, this material nonlinearity is accounted for just by defining the yield 

stress and elastic modulus of the material. 

In problems involving relatively small strains and displacements, the nonlinear terms 

within the strain-displacement relations are neglected.  This class of problems is considered 

geometrically linear.  However, in the problem considered here, large displacements due to 

large-scale plasticity may cause the nonlinear terms to become too large to be neglected.  

Therefore, a geometric nonlinear analysis, which includes the nonlinear strain-displacement 

terms, may be necessary, and is included. 

 

3.2.3  Finite Element Mesh 

Once the analysis package and nonlinearity considerations have been defined, 

elements must be chosen for each region of the compact tension geometry.  Farley et al. [12] 

used two-dimensional quadratic triangles.  Since the analysis used in the current research is 

three-dimensional, only three-dimensional elements are discussed. 

ABAQUS/Standard offers a large choice of three-dimensional element types, 

including different types of tetrahedral, wedge, and hexahedral (brick) elements, as well as 

linear and quadratic displacement variations of each.  For linear brick elements, different 

sub-types exist as well: full-integration, reduced-integration, and incompatible mode 

elements.  Several element types are not considered for various reasons. 
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Tetrahedral elements are not considered appropriate, due to their overly stiff 

response, creating a “volumetric locking” effect, as mentioned in Cook et al. [39].  Wedge 

elements are also not considered for the same reason. 

Although quadratic elements more accurately predict displacement fields around 

discontinuities, they are also not considered, since using quadratic elements causes irregular 

crack profiles.  The reason for this is similar to the irregular profiles seen by Gullerud et al. 

[35].  When a single quadratic element is released to simulate crack propagation, both the 

crack tip node and the midside node constraints are released simultaneously.  Since the 

plastic strain at the crack tip node is slightly larger than at the midside node, the element 

becomes distorted.  Although this may be sufficient for two-dimensional models where crack 

tunnelling is not possible, or even stationary three-dimensional cracks, in three-dimensional 

models involving tunnelling and crack propagation, the through-thickness shape of the crack 

profiles may be influenced by the alternating amounts of plastic strain within each element.  

Quadratic elements are also not used due to the large increase in degrees of freedom.  

Computer execution time would be increased dramatically.  A single analysis using all 

quadratic brick elements increased the time per step by more than an order of magnitude.  

Although remeshing and repartitioning of the structure could be done to accommodate 

quadratic elements, using smaller, linear elements around regions of interest would still have 

comparable accuracy. 

 

Due to these limitations, the majority of the structure is modelled using linear 

hexahedral elements.  This is the suggested element type to use from Dawicke et al. [36] and 

is used in most three-dimensional crack propagation finite element studies [33, 35, 37].  

Linear elements would not cause the same irregular profile problem of the quadratic 

elements, since they have no midside nodes.  Therefore, releasing a nodal constraint does not 

cause any change in shape within the element. 

Special element consideration must be given to elements at and around the crack 

propagation path.  Displacement accuracy is essential in this main region of interest.  

Unfortunately, linear 8-node brick elements fail to capture bending, and are susceptible to 

“shear locking” [39].  To better understand this idea of shear locking, consider a three-

dimensional brick of material undergoing a prescribed bending deformation in the X-Y plane.  
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For a three-dimensional finite element brick, the edges parallel to the X-axis remain parallel, 

and instead the top edges shorten, and the bottom edges elongate to achieve the prescribed 

bending displacement, as shown in Figure 3.4a).  This causes a fictitious shear strain in the 

element.  This parasitic strain absorbs strain energy, and thus the reactionary moment is 

actually larger for linear brick elements.  This phenomenon is mainly due to the linear 

element’s inability to capture quadratic variations of the displacement with respect to the 

local element ξ, η, and ζ coordinates.  Although the overall structure is not considered to be 

under a bending-type deformation, around the crack tip the elements do undergo local 

bending.  From preliminary models, using linear bricks created extremely irregular crack 

profiles. 
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a)  Linear Element b)  Incompatible Mode Element 
 

Figure 3.4  Figure of Linear Element and Incompatible Mode Element in Bending [39] 
 

Incompatible mode brick elements (C3D8I), shown in Figure 3.4b), are used to 

remedy the irregular crack profile problem.  For these elements, quadratic terms in purely ξ, 

η, and ζ are included in the element’s displacement function.  Since only quadratic variations 

of the displacements with respect to the coordinate variables are involved, incompatible 

mode elements still use fewer shape functions than a quadratic element, thus a shorter 

computation time.  Also, since there are still only eight nodes, they are completely mesh-

compatible with other linear brick elements.  Incompatible mode elements perform best when 

the aspect ratio is close to 1:1:1, which coincidentally agrees with the findings of Gullerud et 

al. [35] concerning the crack surface element aspect ratios for a tunnelled crack front.  

Gullerud et al. [35] also experienced this “shear locking” problem, and alterations to the 
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element formulations were made.  Incompatible mode elements have also been used for crack 

propagation studies from Kapania et al. [40]. 

To put these incompatible mode elements into perspective, consider a single 

displacement direction, u.  A regular 8-node brick involves four different shape functions, all 

in terms: a constant term; three linear terms of ξ, η, and ζ; three cross-terms of ξη, ηζ, and 

ξζ; and a trilinear term of ξηζ.  This results in eight independent constants to describe the 

displacement field.  For a fully quadratic element, eight shape functions are involved: the 

linear, cross, and trilinear terms mentioned above; along with three purely quadratic terms of 

ξ2, η2, and ζ2; six quadratic-cross terms; and three quartic terms.  This results in 20 

independent unknown constants.  On the other hand, an incompatible mode element involves 

the eight shape functions described for the linear 8-node brick, with only three added purely 

quadratic terms of ξ2, η2, and ζ2.  This results in only 11 independent constants.  As is shown 

later, these elements predict displacement response fairly well for this problem. 

The steel displacement pin and a region around it are modelled with wedge elements 

(C3D6) in order to capture the pin curvature.  Although wedge elements are also prone to the 

aforementioned “volumetric locking” phenomenon, the steel pin is considerably stiffer than 

the base aluminium so large bending is not an issue. 

In the remaining “far-field” areas of the compact tension model, reduced-integration, 

linear brick elements (C3D8R) are used.  These are computationally inexpensive brick 

elements due to the use of a single integration point calculation, yet still fairly accurate.  

Where this “far-field” area lies is discussed next. 

 

Incompatible mode elements are used along the crack plane, for the reasons 

previously mentioned, as well as some distance away from the crack plane.  This is done in 

order to more accurately capture out-of-plane Poisson contractions around the crack tip 

within the plastic zone.  These Poisson effects affect local displacements and may influence 

tunnelling.  The plastic zone region can extend anywhere from one to two plate thicknesses 

in the Y-direction from the crack plane, depending on magnitude of the applied force, 

according to the results from Nakamura and Parks [31].  Using Equation 2.1 on the data from 

Farley et al. [12] for a plane-stress plastic zone size estimation, the main area of interest lies 

approximately 0.15 inches in the Y-direction from the crack plane.  Therefore, the mesh of 
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C3D8I elements is small and uniform up to this point.  The size of these elements is 0.01 

inches (about 250 microns) in each of the three directions.  This is the same X-direction 

element size used by Dawicke et al. [16].  At any Y-coordinate greater than 0.15 inches (i.e., 

“far-field”), the element size in the Y-direction gradually increases to 0.08 inches, and 

consists of C3D8R elements. 

This element size of 0.01 inches was deemed sufficient, as the baseline validation 

analyses show, and any smaller element size would also incur a large penalty in computation 

time.  An analysis was conducted where the number of elements was doubled through the 

thickness, which also required the number of elements along the crack propagation direction 

to double, and also an increased number of elements in the Y-direction, in order to maintain 

the 1:1:1 element aspect ratio.  The same number of steps was required to go approximately 

half the distance.  Added onto this time, each step also required a longer computing time, due 

to the increased number of elements in all three directions.  The overall results were similar, 

and the difference in maximum load computed was approximately 1 percent. 

As previously mentioned, wedge elements are only used for the steel loading pin and 

close to the loading pin hole.  The typical element size of these wedge elements is also 

approximately 0.08 inches.  From subsequent remeshing, it was found that further refined 

meshing of the loading pin and around the loading pin hole had little effect on the overall 

response, therefore the mesh refinement in this area is deemed sufficient. 

 

A typical finite element mesh of the unreinforced case is shown in Figure 3.5.  As 

discussed, two different types of three-dimensional elements are used for this analysis: 

wedge and brick elements.  Of the brick elements, two linear sub-types are used: 

incompatible mode elements (C3D8I) and reduced integration elements (C3D8R).  The 

wedge elements used are full integration linear wedges (C3D6).  Figure 3.5 shows the 

location of each element type within the compact tension geometry.  As Figure 3.5 shows, 

the mesh is much more refined around the crack propagation area.  From the initial crack tip, 

the C3D8I elements extend 1.10 inches along the X-direction. 
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Figure 3.5  Finite Element Mesh of Unreinforced Compact Tension Specimen with Element Types 

Highlighted 
 

 

Details on the material models and element types used for the unreinforced compact 

tension geometry have now been considered and chosen.  These important choices have been 

made based on the previous work of others, time and computation considerations, as well as 

trial and error.  Details on the CTOA-based crack propagation procedure are explained in the 

next section. 

 

3.3  CTOA-Based Crack Propagation Approach 

 

The approach for using a CTOA-based crack propagation criterion is described in this 

section.  It includes the calibration procedure to define the variation of critical CTOA as a 

function of crack length.  Also, the crack propagation procedure and its implementation in 

ABAQUS are presented. 
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3.3.1  Application of Previous Research 

 The approach used in this research is a modification to the straight crack front 

approach from Gullerud et al. [35], which was based on a three-dimensional model.  

However, before making any changes to the straight crack front procedure, some of the ideas 

on incrementing crack growth and allowing for crack tunnelling are tested and the load, P, as 

a function of surface crack length, ∆a, relations compared to the procedure from Gullerud et 

al. [35].  The three-dimensional model of the unreinforced 7075 aluminum compact tension 

specimen geometry was used. 

The procedure from Gullerud et al. [35] was first applied to this three-dimensional 

model.  To summarize this procedure again, a straight crack front is assumed, the CTOA is 

measured at the midplane, and the crack growth increments are equal to the measurement 

distance Lc = 0.04 inches, as shown in Figure 2.10.  Although Figure 2.10 does show only 

two nodal rows released, Gullerud et al. [35] did show that response is fairly insensitive for 

any element lengths smaller than the measurement distance, Lc.  Therefore, with the mesh 

described in the previous section, for each time critical CTOA is reached, four rows of nodes 

are released to simulate crack growth.  The overall shape of the force versus surface crack 

growth relation was similar to the two-dimensional analysis from Farley et al. [12], with a 

maximum load within 1.5 percent.  However, the maximum load occurred at a surface crack 

length of approximately 0.2 inches, while the maximum load of the analysis and experiment 

from Farley et al. [12] occurred at a surface crack length of approximately 0.1 inches.  This 

difference represents one specimen thickness, an amount consistent with the previous 

research mentioned in the literature review.  

 In an effort to overcome the surface crack growth length prediction problem and to 

help account for tunnelling, the first variant to the procedure from Gullerud et al. [35] was to 

release only a single row of nodes, rather than four.  This allowed for a more accurate 

representation of crack growth in that the crack growth increments were not limited by ∆a = 

Lc, as assumed from Gullerud et al. [35].  This type of analysis, used by Dawicke et al. [16], 

still assumes a straight crack front, with the CTOA being measured at the midplane only.  

Changing the scheme to incorporate single nodal release would also be important when 

considering tunnelling effects.  A depiction of this technique was shown in Figure 2.8.  

Despite this refinement, there was negligible difference between this single element row 
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removal analysis and the multiple element row removal analysis from Gullerud et al. [35].  

The maximum load was still adequately close to the analysis from Farley et al. [12], but the 

crack length at maximum load was still greater by a plate thickness. 

 To continue to overcome the crack growth length prediction problem and also allow 

for tunnelling in an approximate sense, another procedure mentioned by Dawicke et al. [36] 

was employed.  This procedure uses a single nodal constraint release, but approximates 

tunnelling by computing and monitoring the CTOA at individual crack profiles through the 

thickness and by allowing the crack front to propagate when one of the calculated CTOAs 

reaches the critical value.  This procedure is shown in Figure 2.11.  The effect of this 

modification was again negligible. 

 Since there was no difference in response among these three schemes for crack 

propagation, and since the surface crack length at maximum load was still over predicted by 

the model, a procedure to account for the variation of the critical CTOA with crack length, 

particularly just as the crack begins to propagate, was implemented.  The procedure includes 

initial critical CTOA variation at the specimen midplane obtained from the straight crack 

front model.  Independent nodal release at the crack front along each crack profile was also 

included.  This procedure is described next. 

 

3.3.2  Determining the Critical CTOA as a Function of Crack Length 

As mentioned in the literature review, there is evidence that the critical CTOA varies 

as the crack begins to grow and then assumes a constant value for longer crack growth 

lengths.  Although the presence of an initial region where the critical CTOA changes with 

crack growth length would not be that important for larger total crack propagation distances, 

in this analysis, this initial region is almost one-third of the total propagation distance.  

Because of this, a region within which the critical CTOA varies will be taken into account 

here.  To that end, critical CTOA as a function of crack length data from a 2000-series 

aluminum for this distance from Dawicke’s straight crack front analysis [16] was fit to a 

quadratic function.  The quadratic variation was assumed to be true for the 7075 aluminum 

compact tension configuration studied here.  The quadratic function for this material is 

assumed to be valid for every profile crack length through the thickness, ∆ai, where the index 

i corresponds to a through-thickness crack profile.  With the straight crack front model being 

 48



used, it was assumed that the only crack length of consequence was the midplane crack 

length, ∆am.  The midplane critical CTOA was assumed to have the following form: 

 

01
2

2 )()()( bababa mmmc ++= ∆∆∆Ψ   for ∆am < B 
(Eqs. 3.1) 

constant=)( mc a∆Ψ     for ∆am ≥ B 

 

where, recall, B is the specimen thickness and ∆am is the crack growth at the midplane.  In 

order to calculate the coefficients, bn (where n = 0, 1, 2) and the constant value of the critical 

CTOA at crack lengths larger than B, the following procedure is used:   

 

1) A displacement is applied to the model at the loading pin in order to achieve a pin 

reaction load equal to that obtained from the load versus crack length results from 

Farley et al. [12] for ∆am = 0. 

2) The nodal CTOA is measured at the midplane of the specimen, at the distance Lc 

from the crack tip, as depicted in Figure 3.6.  This is done by measuring the CTOD 

at a distance Lc from the crack front, and the CTOA is computed from CTOD, 

δCTOD, from Equation 2.10. 

 

Lc

Row of nodal 
constraints to release

B 
ΨMidplane / 2X 

Y
Z

Figure 3.6  Straight Crack Front, Initial Blunting, CTOA Measurement, and Nodal Constraints 
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3) Nodal constraints are released along the next row of elements to simulate crack 

propagation, as shown in Figure 3.6. 

4) The load at the next increment of crack length from Farley et al. [12] is achieved by 

applying a larger pin displacement.   

5) Steps 2) through 4) are repeated for subsequent applied loads and surface crack 

lengths.  The CTOA measurement for longer surface crack lengths is shown in 

Figure 3.7. 

 

 

Lc

B 

Row of nodal 
constraints to release

ΨMidplane / 2 
Initial crack tip 

X 

Y
Z

Figure 3.7  Straight Crack Front, Longer Crack Lengths, Blunted Tip, and CTOA Measurement 
 

 

Two important values are obtained from this calibration:  the initial critical value of 

CTOA, and the constant critical value of CTOA after the initial crack growth.  Using the 

previously mentioned quadratic variation, the conditions that: 1) the quadratic function is 

equal to the initial critical CTOA at ∆am = 0, 2) the function is equal to the constant critical 

value for ∆am = B, and 3) the slope of the function at ∆am = B is equal to zero.  With these 

conditions, all the coefficients of the quadratic variation given by Equation 3.1 can be solved 

for, the constant value of the critical CTOA in Equation 3.1 is automatically known, and the 

critical CTOA as a function of ∆am is known. 
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3.3.3  Crack Propagation 

The following describes the procedure used to model three-dimensional crack growth 

using the CTOA criterion, while also accounting for crack tunnelling.  In order to 

accommodate crack tunnelling, Equation 3.1 is assumed to be valid for the crack growth 

increment, ∆ai (i = 1, N), at each of the i profiles through the thickness, where N is the 

number of through-thickness crack profiles in the finite element model, and i is the crack 

profile number, where i = 1 is the profile at the midplane and i = N is the profile closest to the 

surface.  The steps in this procedure are: 

 

1) The critical CTOA as a function of crack length, Ψc(∆ai), is assumed known, as just 

described. 

2) A displacement is applied at the center of the loading pin to open the crack and the 

analysis iterates to an equilibrium state.  The applied displacement is adjusted so 

that the calculated CTOA at the midplane crack profile equals the critical CTOA.  

To do this, CTOD is measured 0.04 inches from the crack front, and CTOA is 

computed from CTOD, δCTOD, from Equation 2.10. 

3) When the calculated CTOA at the midplane crack tip exceeds the critical CTOA, the 

applied displacement at the pin is held constant, and the constraint at the midplane 

crack tip is removed. 

4) While the crack profile length is less than the measurement point of Lc = 0.04 

inches, nodes at the initial crack tip are used to provide the CTOA for each through-

thickness crack profile.  This calculation for CTOA uses a modified version of 

Equation 2.10, namely: 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∆

= −

i

OCTL1tan
a

Ψ
δ

 

where δOCTL is the calculated CTOD at the original crack tip location.  A depiction 

of this is given in Figure 3.8.   

(Eq. 3.2) 
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Figure 3.8  Various Crack Profiles, ∆ai, and CTOA Measurements for Tunnelled Crack Front 

 

5) While the measured CTOA exceeds the critical CTOA for a particular crack profile, 

i, where ∆ai > 0, the applied displacement at the pin is held constant, and the next 

nodal symmetry constraint at that profile crack tip is removed. 

6) Excluding the initial loading step, for the following N consecutive steps, the nodal 

constraint at profile i-1 is removed at step number i.  This will be subsequently 

described in detail. 

7) After all nodal constraints are removed, the solution algorithm is allowed to iterate 

to an equilibrium state with no further application of applied displacement at the 

pin, thus simulating crack growth. 

8) At this new equilibrium state, CTOA measurements along the crack front are 

performed.  If any other computed CTOA along the crack front exceeds its 

corresponding critical values, or if step N has not been reached, then return to step 

4).  If the user-defined total crack length has been reached (or, for reinforced 

geometries, if the reinforcement has failed) then stop the analysis.  Otherwise, go on 

to step 9). 

9) Once all measured CTOA values are less than their corresponding critical CTOA 

values, an additional displacement is applied to the pin and equilibrium is again 

reached.  Displacements are added until another critical CTOA situation is reached 

at the crack front. 

10) If reinforcement is included and the reinforcement has failed, stop the analysis, 

otherwise return to step 4). 
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Expanding on Step 6): Because crack tunnelling at the midplane of the specimen will 

occur over a very short initial surface crack length, i.e., the crack length at profile N, once the 

model is created and the initial pin displacement is applied, an initial constraint release 

procedure must be adopted to release the first row of nodal constraints on the elements along 

the initially straight crack front.  In an attempt to more accurately initiate this phenomenon, 

the nodal constraints are removed consecutively from step to step from the midplane to the 

surface. 

It should be noted that profile N is the profile closest to the surface.  This profile does 

not actually lie at the surface, due to the nature of the initial model setups.  Constraint 

removal for i = 1 to N-1 consists of a single node.  Profile N lies one element length in from 

the outer surface in the Z-direction, as shown in Figure 3.8, where the CTOA measurement, 

Ψ5, is measured at profile N.  Once the critical CTOA at profile N is reached, both the nodal 

constraint at profile N and the nodal constraint at the surface are removed in the same step.  

Even though this may not be exact, the measured CTOA at profile N was still within 1.5 

percent of the CTOA at the surface, the use of smaller elements still gave similar load vs. 

surface crack length curves, and the overall load vs. crack length curves compared well with 

previous work as will be shown later. 

Although a general procedure for crack propagation is given at this point, further 

details had to be accounted for.  These are described in the next section. 

 

3.3.4  Important Considerations and Compensations 

Displacement Convergence Scheme 

An applied displacement convergence scheme is used to help minimize the number of 

required consecutive displacement steps to reach the critical CTOA at each profile.  The 

convergence scheme uses the difference between the largest measured CTOD at Lc = 0.04 in. 

and its corresponding critical CTOD.  Just using this difference to add onto the applied 

displacement would not be large enough.  This is shown in Figure 3.9 where similar triangles 
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Figure 3.9  Straight Crack Profile 
 

def and dEF are identified.  From these triangles, the relations of Equations 3.3 are derived 

from Figure 3.9. 

cL2
CTODδ
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CTOD2
δ⎟⎟

⎠
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⎛
=

cL
av

(Eqs. 3.3) 

 
For the geometry considered here (a = 0.235 in., Lc = 0.04 in.), Equations 3.3 results in: 

v ≅ 3δCTOD

From this relation, the scale factor between δCTOD and the applied displacement, v, used to 

guide convergence is approximately three.  However, this is not exactly the case.  The profile 

is slightly curved close to the crack tip.  Therefore, the difference between the largest 

measured CTOD and its corresponding critical CTOD is multiplied by a more conservative 

convergence factor of 1.5.  The only crucial detail of this convergence scheme is to minimize 

the number of consecutive steps to reach a critical CTOA situation (i.e., minimize 

computation time), but also to make sure that the critical CTOA is not “overshot” by more 

than a few percent. 
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 An unreinforced compact tension specimen analysis was analyzed using the above-

mentioned displacement convergence scheme.  The results from the analysis showed that 

after one displacement step, the computed critical CTOAs were greater than the target values, 

but well within 1 percent.  In some cases, the amount of calculated pin displacement to add 

was on the order of 10-11 inches, below the displacement tolerances set in ABAQUS.  

Therefore, although the calculated CTOA was close enough to the critical values, the 

structure remained “motionless” due to the negligible amount of added displacement.  This 

was considered accurate enough for this investigation.  Although the analysis did require a 

relatively large number of consecutive displacement steps (approximately 30 steps in some 

cases) to reach a critical CTOA, this is only of secondary importance to the accuracy.  For 

comparison, only a single step is required to release a nodal constraint (i.e., grow the crack).  

The only time that the calculated CTOA exceeded the critical value by more than one percent 

was in consecutive removal steps, which is an undesirable situation.  This causes excessive 

element deformation, thus excessive element plasticity at the crack front.  Steps to correct 

this problem will be discussed in more detail next. 

Excessive Element Deformation 

Due to the nature of the crack propagation criteria, accurate prediction of the crack 

profile shape is crucial.  Any unintentional excessive element deformation can cause 

excessive local plastic strain at a node, and thus affect adjacent elements, as well as lead to 

eventual inaccurately calculated CTOD values.  Excessive element deformation worsens 

when this single node of unaccounted large plastic strain coincides with a measurement 

point.  At that step, the applied displacement is thus increased until the node at the 

measurement point reaches the critical CTOD, thus causing erroneous excessive plastic strain 

at the new crack tip of that profile.  This creates unwanted fluctuations in the load crack vs. 

growth relations, as well as irregular crack profiles.  Unfortunately, original crack tip 

deformation causes the unwanted effect in that the initial row of elements undergoes the 

majority of strain and displacement.  This problem was also encountered by Gullerud et al. 

[35], as well as earlier attempts of this research.  A depiction of this phenomenon is shown in 

Figure 3.10.  As mentioned in Chapter 2, Gullerud et al. [35] circumvented this problem by 

removing all nodal constraints less than Lc ahead of the crack front, and therefore accepting 

the irregular crack profile shape in Figure 3.10.  For a tunnelled model, doing this is not 
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Figure 3.10  Irregular Crack Profile Due to Excessive Element Deformation Due to Plasticity 

 

acceptable.  Excessive element deformation is further aggravated by the static nature of each 

analysis step, specifically for consecutive constraint removals.  At the end of a constraint 

removal step, equilibrium is reached, the applied displacement remains the same, and another 

node along a different profile may exceed the critical CTOD.  To more clearly illustrate this, 

assume there is a specific step in the analysis such that a particular measured CTOD at a 

specific profile is close to, but has not quite exceeded, its corresponding critical CTOD.  

Next, assume at this same step, a CTOD along a different through-thickness crack profile 

exceeds its critical CTOD.  The pin displacement is held constant, but the subsequent release 

of this constraint causes a redistribution of load, which leads to increased displacements 

elsewhere.  The problem of increased calculated displacements is especially pronounced 

when the nodes on the outer surface element are released.  These relatively larger 

displacements occur because during tunnelling there are no constrained interior material 
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elements to support the load, thus the finite elements at the surface carry a relatively large 

portion of it.  The resulting calculated CTOD that was close to reaching critical at the 

beginning of the step may exceed the critical CTOD by some large margin at the end of the 

step.  Thus, this excessively deformed element contributes to larger applied loads, as 

mentioned above, when this overly-strained node coincides with a measurement point.  A 

depiction of this problem is shown in Figure 3.11.  These excessively deformed elements also 

effect tunnelling, since these elements would resist element deformation through the 

thickness as well. 
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Figure 3.11  Overly-Strained Elements 
 

The constraint release procedure for ∆ai < Lc adopted from Dawicke et al. [16] helps 

to minimize the problem with excessive plastic deformation.  But in order to further account 

for all of the issues previously mentioned, three methods are employed: small X-direction 
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element size, calculated averaged CTODs, and employing a range of critical CTOD values, 

rather than one specific value. 

A relatively small element size in the X-direction (i.e., crack propagation direction) 

also helps to minimize CTOD increase due to sequential constraint removal steps.  With the 

larger elements, more material is being released from a constraint and displacements along 

other crack profiles increase.  The measured CTOD that was almost at the critical CTOD at 

one node at the beginning of the step now exceeds the critical CTOD by a larger degree.  

Using smaller elements, less material is released from a constraint, thus helping to minimize 

the resulting increase in measured CTODs after a constraint removal. 

A CTOD averaging technique was used to further smooth the crack profiles.  This 

technique uses the same weighting factors as used in a trapezoidal or rectangular integration 

rule.  The nodal displacements on a specific profile one element distance before and one 

element distance after the nodal measurement point are averaged.  This averaged CTOD 

value is then averaged with the nodal displacement at the measurement point.  Linearity of 

the crack profile is assumed, but only over a very short distance.  Figure 3.12 shows the 

difference in predicted crack profiles between an analysis without averaging, and an analysis 

with averaging.  As shown in Figure 3.12a), despite adopting the procedure from Dawicke et 

al. [16], some periodicity in the crack profiles is still seen every four element lengths (i.e., 

Lc).  This is undesirable for a tunnelled model.  Averaging, shown in Figure 3.12b), smoothes 

out the crack profiles much better. 

Finally, redefining the critical value of CTOD to be any value of CTOD within a 

certain “range” of the critical CTOD helps lessen the problem with excessive element 

displacement after consecutive constraint removal steps.  This range of critical CTODs 

encompasses other measured CTOD values that are close to their critical CTOD values.  So, 

consider the aforementioned situation of the ith profile CTOD that is close to but less than 

the critical value, and another CTOD along the jth profile that has reached the critical value 

at the same step.  The next step is a constraint removal.  After constraint removal, the 

solution iterates to equilibrium and the CTOD at the jth profile can exceed the critical value 

by more than 5 percent while the node of the ith profile is not released.  This excessive 
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Figure 3.12  Figure Showing No Averaging vs. Averaging 

 

displacement creates the previously mentioned problem of the fluctuating response curves.  

However, with a range of critical CTODs, both constraints will be removed in the same step 

(assuming the critical CTOD range is sufficient).  Allowing a range of critical CTOD of 

0.000025 inches, which represents less than a 2.0 percent change in the critical CTOD, but is 

still sufficiently close to the actual value, helps alleviate the problem.  The worst-case 

scenario of this situation would be the unreinforced specimen, since the use of the 

reinforcement will resist crack tip opening displacements.  The baseline, unreinforced 

analysis was performed, and a maximum difference in measured and critical CTOD recorded.  

This maximum difference was only 4 percent over the critical CTOA.  Although this 

difference between with and without this “range” is small, the case with averaging also 

“centered” the average of all CTODs within the “range” around the critical values better.  As 

will be shown later, creating a “range” of critical CTODs does not make a large difference in 
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overall response.  The greatest advantage of including a “range” of critical CTODs is 

reducing the number of consecutive displacement steps from approximately thirty to five or 

less. 

 

3.3.5  Implementation of CTOA-Based Crack Propagation 

To summarize, ABAQUS/CAE is first used to create the model geometry and mesh, 

boundary conditions, and to apply an initial pin displacement.  The initial displacement is 

adjusted to a value that creates a critical CTOA condition at the midplane crack tip profile.  

This initial critical CTOA is calculated from the previously mentioned quadratic CTOA 

function at zero crack length.  This is considered the first step.  The next step is a constraint 

removal step at the first midplane node (i = 1), thus simulating tunnelling.  From there, 

iteration is required to remove constraints at other nodes and to simulate crack propagation. 

A computer code written in the Python programming language [41], given in 

Appendix I, was used to automate the successive application of loading pin displacements 

and subsequent determination of crack propagation.  Each equilibrium step consists of either 

of an applied displacement, or a crack propagation (i.e., constraint removal) step, as 

previously mentioned.  Once equilibrium is established after applying the initial 

displacement, the Python code calculates critical CTODs from the user-defined form of the 

critical CTOA, i.e., the quadratic form in Equation 3.1.  Then, the code reads in the 

calculated CTODs from the ABAQUS output, and determines whether or not the critical 

CTOD has been reached at another crack profile.  If so, the next step is a constraint removal 

step.  If not, an additional increment in load pin displacement step is applied to achieve crack 

gowth.  To achieve this in ABAQUS, two different text files are pre-defined: one containing 

all the necessary information to remove nodal constraints, simulating crack propagation; and 

another containing the necessary information to apply a displacement.  Depending on which 

of the two situations occurs, the appropriate text file is altered to reflect the change, and is 

then appended to the next input file for execution.  A flow chart of this is shown in Figure 

3.13.  As the flowchart shows, additional logic is built-in to account for whether or not 
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Figure 3.13  Flowchart of Crack Propagation Procedure 
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reinforcement is included.  Since only an unreinforced case has been discussed up to this 

point, the question of “reinforcement failure ?” is always “No”, according to the footnote.  

Once architectures with reinforcements are modelled and analyzed, the reinforcement strains 

are checked at the end of each step.  In these cases, the question of “reinforcement failure ?” 

may be either “Yes” or “No”. 

 

ABAQUS implementation of a general CTOA-based crack propagation procedure has 

been detailed for an unreinforced compact tension specimen.  Before discussing certain 

model reconsiderations for the reinforced cases, the validation of the unreinforced model and 

the crack propagation procedure are next. 

 

3.3.6  Validation 

The ABAQUS three-dimensional finite element analysis and user-written routines 

were used to analyze the unreinforced compact tension specimen studied by Farley et al. 

[12]. Comparisons were made with the results of Farley et al. [12] to validate the three-

dimensional analysis to the degree a three-dimensional analysis can be compared with a two-

dimensional analysis. Farley et al. [12] mainly focused on the initial 0.335 inches of surface 

crack length for all cases.  This is the distance from the crack tip developed by fatiguing the 

specimen to the leading edge of the reinforcement.  However, the work of Farley et al. [12] 

also included an unreinforced case that had a much larger crack length.  The finite element 

mesh of Figure 3.5 was used, and the maximum crack length extended to 1.10 inches in order 

to compare to the experimental and analytical results from Farley et al. [12]. 

Using the procedure for calculating the initial variation of the critical CTOA in 

Section 3.3.2, the coefficients of Equation 3.1 are known and calculated.  The following 

equations are the forms of the critical CTOA that are used from this point on: 
2( ) (100( ) 20( ) 5.7) degreesc i i ia a aΨ ∆ = ∆ − ∆ +   for ∆ai < B 

(Eqs. 3.4) 
( ) .7 degreesc iaΨ ∆ = 4      for ∆ai ≥ B 

where ∆ai and B are in inches.  The constant value of the critical CTOA seems to be fairly 

consistent with that of other aluminium alloys.  From previous literature [12, 16, 17, 36 - 38], 
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for most 2000-series aluminium alloys, the constant critical CTOA is around 5 degrees at a 

similar distance Lc. 

 

Load as a function of surface crack length relations are shown in Figure 3.14.  Five 

relations are shown in this figure: two from Farley et al. [12] and three using the developed 

three-dimensional ABAQUS analysis.  Of the two relations from Farley et al. [12], one is 

from the experiment and the other is from the numerical two-dimensional analysis based on 

the FRANC2D code.  Of the three three-dimensional ABAQUS relations, three different 

crack propagation procedures were used: one does not utilize the “ranged” critical CTOD, 

one does not use CTOD averaging, and one uses both of these procedures. As shown in the 

  

1400 

1500 

1600 

1700 

1800 

1900 

2000 

2100 

2200 

2300 

2400 

2500 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Surface Crack Length, ∆a (in) 

Load 
(lbs) 

FRANC

ABAQUS

Experiment

ABAQUS - No Averaging (Irregular crack profiles) 
ABAQUS - No Range (6 times longer, occasional restarts)

Figure 3.14  Load vs. Surface Crack Length Relations: Unreinforced Geometry with Different Crack 
Propagation Schemes 

 

 63



figure, there is little difference among the three three-dimensional ABAQUS analysis 

relations.  However, without using a “ranged” critical CTOD, the runtime is approximately 

six times longer than with using a “ranged” critical CTOD.  The drawback of not using 

CTOD averaging is the irregular crack profiles, previously shown in Figure 3.12.  Not using 

CTOD averaging also leads to the more erratic load as a function of crack length curve 

shown in Figure 3.14, especially within the first 0.2 inches of crack growth, which is a main 

region of interest.  Due to the large difference in runtime and smoother crack profiles, the 

ABAQUS procedure that uses both a “ranged” critical CTOD and averaged CTOD was used. 

From Figure 3.14 it is seen that the ABAQUS analysis accurately follows the initial 

relation of the two-dimensional numerical analysis from Farley et al. [12].  However, the 

ABAQUS analysis reaches a higher load level, more like the load level reached in the 

experiment.  The load predicted by the ABAQUS analysis reached a maximum of 2425 lbs, 

about 2 percent lower than the maximum load reached in the experiment, and about 2 percent 

higher than the numerical two-dimensional analysis.  The surface crack length at maximum 

load from the ABAQUS analysis is 0.16 inches, while for both the experimental data and the 

two-dimensional analysis prediction the maximum load occurs at approximately 0.11 – 0.12 

inches of crack growth, considerably less than the prediction from the ABAQUS analysis.  

As previously mentioned, there was only one experimental test performed by Farley et al. 

[12] on unreinforced specimens, so the surface crack length at maximum load could well 

average to 0.16 inches for a larger number of tests.  The discrepancy in surface crack length 

between the ABAQUS results and the two-dimensional numerical analysis is linked to the 

inability of the two-dimensional analysis to capture tunnelling effects and initial CTOA 

variation, as mentioned in the literature review, effects the ABAQUS analysis attempts to 

capture.  The ABAQUS analysis does give a closer estimation for surface crack length at 

maximum load than the plate thickness over-estimation of other three-dimensional models 

given in Chapter 2.  Although the two-dimensional analysis gives a more accurate value of 

surface crack length at maximum load when compared to the experiment, the two-

dimensional maximum load value is not as accurate as the predicted value by ABAQUS.  

Since measurement of the maximum load is the main objective of this research, this is a more 

critical value than the crack length.  Generally, the fracture relation generated from the 

ABAQUS models lies between the relation from the experiment and the relation from the 

 64



two-dimensional analysis for the main area of interest (i.e., within the initial 0.335 in. of 

surface crack length).  After this initial portion, the ABAQUS relation remained within the 

scatter of the experiment, and was slightly higher than the relation from the two-dimensional 

FRANC2D analysis, but only by a maximum of approximately 5 percent. 

The maximum load from the ABAQUS analysis of this unreinforced case is used as a 

normalization parameter for all subsequent reinforced cases.  The ratio formed by 

normalizing is used as a measure of performance compared to the unreinforced case. 

 

The tunnelling magnitude, T, calculated from Equation 2.11 from the ABAQUS 

analysis is shown in Figure 3.15 as a function of surface crack length, ∆a.  As shown in 
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Figure 3.15  Tunnelling Magnitude, T 
 

Figure 3.15, T continually increases as the crack grows, and begins to level off to a value of 

T/B = 1.6 at ∆a = 0.9 in., or at approximately nine specimen thicknesses of crack growth.  As 

mentioned in Chapter 2, James et al. [33] reported a normalized maximum tunnelling 

magnitude of approximately 1.1 and Dawicke et al. [16] reported a maximum magnitude of 

approximately 1.7, both occurring at one to two specimen thicknesses of surface crack 

growth, considerably less than nine specimen thicknesses. However, the ABAQUS analysis 

does seem to eventually level off close to the tunnelling magnitude of Dawicke et al. [16].  
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Even the ABAQUS analysis using the smaller 0.005 inch element size had approximately the 

same tunnelling magnitude.   

 Recall the analysis from Dawicke et al. [16] was based on a plate thickness similar to 

the current study. Both of the studies of James et al. [33] and Dawicke et al. [16] used a 

2000-series aluminium.  It is not clear that 7075 aluminum behaves the same way, as 

empirical data for this alloy and this geometry are not available in the literature. Assuming 

the two alloys do behave similarly, one reason for the discrepancy of the tunnelling 

magnitude could be the variation of the initial critical CTOA through the thickness of the 

specimen, as previously mentioned in Chapter 2 from Dawicke et al. [16].  To implement this 

procedure in ABAQUS would require a more involved determination of the initial critical 

CTOA variation, and further knowledge of midplane CTOA variation that was not fully 

detailed in Dawicke et al. [16].  Implementation of such a procedure would require 

experimental measurement of the critical CTOA at the midplane.  This would be difficult to 

do.  Despite this possible overestimation of surface crack length as it relates to the tunnelling 

magnitude, the load vs. surface crack length relations are close, tunnelling is being modelled, 

and there is further evidence that the ABAQUS analysis is credible, as discussed next. 

 

Besides overall response such as the load vs. surface crack length relations, more 

detailed results from the ABAQUS analysis of the unreinforced compact tension were 

compared to the equations for estimation of the plane-stress plastic zone size from Equation 

2.1. The plastic zone size along Y = 0 (the crack plane) and at Z = -B/2 (the free surface) as a 

function of surface crack length is given in Figure 3.16.  The equations used for this plot 

assume plane-stress conditions, since that is what occurs at the free surface.  As can be seen 

from Equation 2.1, given the same material and geometry, all that is needed to calculate the 

plastic zone size is the stress intensity factor, K, from the load vs. surface crack length 

relation.  Four different calculations are shown in Figure 3.16: three of which use Equation 

2.1 to calculate the plastic zone size, and one of which comes directly from the ABAQUS 
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Figure 3.16  Plane-Stress Plastic Zone Size Comparison as a Function of Surface Crack Length 
 

analysis.  Of the three calculations of the plastic zone size based on Equation 2.1, one uses 

the experimental data from Farley et al. [12], another uses load and crack length results from 

the two-dimensional finite element analysis from Farley et al. [12], and one uses load and 

crack length results from the ABAQUS analysis. 

As seen from Figure 3.16, the plastic zone size directly from the ABAQUS analysis 

and prediction from Equation 2.1 using the load and crack length data from the ABAQUS 

analysis are within 10 percent of each other.  The difference is greatest for shorter surface 

crack lengths, i.e., ∆a less than 0.22 inches.  The reason for this difference is the validity of 

the calculation for the stress intensity factor, K, from Equation 2.3.  The surface crack length 

value of 0.22 inches corresponds to an a/W of 0.2.  The calculation of Fp given in Equation 

2.4 is within 10 percent only for a/W values greater than 0.2.  Despite this difference, the 

plastic zone sizes are still fairly close to the calculated approximations.  This gives evidence 

that the mesh size and mesh type used in the ABAQUS analysis are sufficient. 

Comparing the results from the ABAQUS analyses with the calculated plastic zone 

sizes from the experimental and as predicted using FRANC data, the agreement is quite 

good, as shown in Figure 3.16.  This gives evidence that not only is the mesh size and type 

used in the ABAQUS analysis sufficient, this also shows that the plasticity formulation and 

crack propagation procedure are also valid. 
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Finally, strain variations assuming LEFM is valid are calculated.  The assumptions of 

LEFM are not technically applicable for this large-scale plasticity problem, according to the 

limiting conditions of Equation 2.6. The reason is that the surface crack length is too small 

compared to four times the plane-stress plastic zone size.  However, the surface crack length 

is still approximately two or more times the size of the plane-stress plastic zone size when 

using experimental data and results from FRANC2D and ABAQUS analyses as a basis.  

Therefore, the stress and strain fields based on LEFM may still provide an approximation to 

the stresses and strains for this problem.  The strain εyy is the primary focus, since 

reinforcement failure will eventually be based on εyy, as previously stated, and as this is the 

component of strain causing the crack to propagate. 

The stress intensity factors are calculated from both Equation 2.3 and 2.11, with the 

latter using the plastic zone size adjustment.  Equation 2.11 is considered “fully converged” 

after eight iterations, as the difference in Ke (∆a = 0.3 inches) from the previous step is less 

than 0.2 percent.  All other Ke values for ∆a less than 0.3 inches is less than 0.2 percent from 

the previous step.  Equations 2.8 and 2.9 with a plane-stress assumption are used to calculate 

the distribution of strain component εyy when ∆a = 0.12 inches and with θ = 0.  These two 

distributions, shown in Figure 3.17, are compared to two distributions calculated from 

ABAQUS.  One ABAQUS analysis is the full elastic-plastic analysis, and the other analysis 

uses the same applied load and crack length, however the model assumes a straight crack 

front, and the material is linear-elastic.  Using this crack length of ∆a = 0.12 inches assumes 

that the calculation of the stress intensity factor, K, is close enough to the experiment from 

the previous calculation of the plastic zone size.  The plastic zone size is approximately 0.2 

inches for this combination of geometry and loading, so comparisons to the elastic-plastic 

ABAQUS analysis should only be made for distances greater than 0.2 inches.  This surface 

crack length was chosen since in the ABAQUS analysis this surface crack length and 

corresponding maximum load extends the yield strain contour to where the leading edge of 

the reinforcement would be located.  
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Figure 3.17  εyy Strain Comparisons as Function of Distance Ahead of Crack Tip (X-Y plane) 
 

As shown in Figure 3.17, the difference between the two calculated LEFM curves of 

Equations 2.3 and 2.11 is similar to the difference between the two ABAQUS curves.  

However, although the overall shapes are similar, both ABAQUS analyses show a much 

more rapid drop in strain than the LEFM predictions, and at some point the ABAQUS 

analyses actually go negative.  There are several reasons to this, most of which are related to 

Equation 2.6 for LEFM validation.  First of all, LEFM assumes an approximately infinite 

plate subjected to a uniform tensile load.  This is why the LEFM approximations never go 

below zero, as it is impossible according to Equations 2.8.  In the case of a compact tension 

specimen, in order for this type of infinite plate/uniform tensile load approximation to be 

valid, the applied pin load must be sufficiently far away from the crack tip.  As previously 

mentioned, according to Equation 2.6, it is not.  The crack length is still too short for LEFM 

to be applicable.  The applied load is too close, thus creating a moment and tensile X-

direction stress at the crack tip, creating a superposition of stresses due to this moment and 

the crack tip singularity.  As shown in Figure 3.17, this is why there is a drop in εyy strain 

closer to the crack tip.  σxx stresses are higher due to the relatively close proximity of the 

applied moment.  This actually limits εyy due to Poisson contraction.  From LEFM, at θ = 0, 

the X- and Y-direction stresses are the same.  From the ABAQUS analyses, they are not, as 

the moment causes additional σxx on top of the crack tip singularity stresses.  The σxx stresses 
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even extend further out in the X-direction than σyy.  This again causes Poisson contraction, 

and thus lowering εyy.  If plasticity is strictly the reason for this difference in εyy between the 

ABAQUS and LEFM predictions, the linear-elastic ABAQUS analysis would decrease at a 

rate similar to the LEFM prediction, but it does not.  The results of the linear-elastic 

ABAQUS analysis also suggest this superposition of local moment and crack tip singularity.  

Finally, close to the crack tip, the element type would not be sufficient.  For a crack tip, due 

to the r/1  dependence from Equations 2.8, elements with nodes at ¼ points along each 

element length would capture crack tip stresses more accurately, as suggested from Sanford 

[42].  These elements were not used due to the 1:1:1 element aspect ratio and the requirement 

on linear elements discussed in Section 3.3.2.  As already shown, the overall unreinforced 

fracture response is accurate for this case.  This also suggests that the distance Lc is far 

enough away from the crack tip singularity to not be affected.  Therefore, despite the 

capturing of stress and strain fields right at the crack tip singularity, overall response is still 

adequate for this investigation.  

From the ABAQUS analysis, as seen in Figure 3.18 and normalizing by the yield 

strain, ε0, the maximum strain occurs at θ = 60 degrees, with the absolute maximum peak at a  
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  Figure 3.18  εyy Contour Plot (X-Y Plane, Z = -B/2), Section A-A Shown for Figure 3.20 
 

Y-position of 0.04 - 0.05 inches, as shown in Figure 3.18.  It is interesting to note from 

Equation 2.8 that for θ = 60 degrees the shear stress is zero, and therefore, the resulting X- 
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and Y-direction stresses are principle stresses.  At this angle, the Y-direction stress is a 

maximum, therefore a larger Y-principle strain.  Keep in mind that the material within a 0.1 

radial distance from Y = 0 and 0.1 inches ahead of the crack tip is all plastic, including this 

point of maximum strain on the surface.  So, despite the strict limitation of Equation 2.6 to 

the linear-elastic stress and strain calculations of Equations 2.8 and 2.9, LEFM 

approximations with and without the plastic zone adjustment can still show the general strain 

trends for this combination of geometry and loading, as well as shed some additional insight 

into the strain variations. 

 

At this point, the ABAQUS unreinforced compact tension model and crack 

propagation procedure have been validated.  This validation is based on comparisons of 

experimental data, the results of a two-dimensional numerical analysis, as well as analytical 

approximations to the three-dimensional problem.  However, before turning attention to the 

reinforced models, several additional points must be mentioned regarding the Y-direction 

strain fields. 

Since composite reinforcement failure is based on the maximum value of strain 

component εyy, it will be important to see how the contours of maximum strain change and 

interact with the reinforcement leading edge as a function of reinforcement architecture.  As 

will be shown later, since the failure strain of the composite reinforcement is approximately 

equal to the yield strain of the base aluminum, the relatively large plastic zone size (more 

than two times the plate thickness) suggests that composite reinforcement failure occurs well 

before the surface crack reaches the reinforcement leading edge for the fracture surface 

orientation assumed from the ABAQUS analyses. To that end, the variations in strain 

component εyy along the crack plane (the X-Z plane) are shown in Figure 3.19.  As depicted 

in Figure 3.19, the highest extensional strain contour extends furthest in the Y-direction at the 

midplane of the compact tension specimen (Z = 0).  This is similar to what has been seen in 

previous work from Hom and McMeeking [34].  Newman et al. [32] observed large through-

thickness gradients of the stress component σyy for thin metals, which would give rise to such 

a phenomenon.  This variation through the thickness of the extensional strains εyy also gives 

rise to the tunnelling effect. 
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Figure 3.19  εyy Contour Plot (X-Z Plane, Y = 0) 
 

The 45-degree locus of maximum value of strain component εyy through the thickness 

for thin materials, as seen from the model of Hom and McMeeking [34] and experimentally 

for others mentioned in Chapter 2, is shown in Figures 3.18 and 3.19.  At a given Y-Z plane 

location ahead of the crack front, the maximum strain occurs at the specimen midplane 

(Figure 3.19) along the crack plane, and along an approximately 45-degree angle to the outer 

surface.  Figure 3.20 is shown to more clearly illustrate this effect. A careful examination of 

Figure 3.20 will reveal that the actual angle of maximum strain contour is between 35 

degrees and 45 degrees relative to the horizontal.  The former angle corresponds to failure 

along an octahedral plane [15].  Assuming that material orientation (T-L vs. L-T) does not 

matter, the fact that a rotated fracture surface is definitely possible for this geometry is 

supported by Figures 3.18 - 3.20.  The maximum strain magnitudes at the midplane extend 

only slightly further from the surface crack tip than at the free surface (approximately 0.02 – 

0.04 inches).  The extensional strain contours εyy are shown in Figure 3.21.  These contours 
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Figure 3.20  εyy Contour Plot (Y-Z Plane, Section A-A from Figure 3.18) 
 

also correlate with the results from James et al. [33] and Dawicke et al. [36] that conclude 

that for a rotated crack, the tunnelling magnitude is relatively low (0.02 – 0.04 inches).  As 

previously mentioned, although a rotated fracture surface is not considered in this research, 

and is, in fact, precluded due to the quarter-symmetry assumptions, it would be interesting to 

know what effect of allowing the fracture to rotate would have on the strain fields. 

As the contour plot of Figure 3.21 shows, strain contours along the X-direction at the 

midplane tunnelled crack front start relatively high and die off fairly quickly.  Once 

reinforcement is included, where these high strain levels reside and change gives clues as to 

the reasons why one architecture outperforms another. 
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Figure 3.21  Rotated εyy Contour Plot 
 

  

Details on the maximum εyy strain contours for the unreinforced case have now been 

given.  As shown in Figure 3.21 above, these contours extend furthest at the midplane, while 

also extending 0.04 – 0.05 inches away from the crack plane in the Y-direction on the 

surface.  The maximum strain contour on the surface “lags” behind the midplane strain by 

approximately 0.02 – 0.04 inches.  

 

The unreinforced model and crack propagation procedure have been discussed in 

detail and the predictions compared with past results.  The details of the modelling reinforced 

cases are similar, however there are certain modelling considerations that are discussed in the 

next section.  

 

3.4  Considerations for Modelling of Reinforced Compact Tension 

Specimens 

 

Certain considerations for analysing the reinforced compact tension geometries are 

discussed in this section.  Similar to the discussion for the unreinforced geometry, 

dimensional considerations are given first, followed by the identification of different 
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materials used, then consideration of boundary and symmetry conditions, and finally, 

consideration of the finite element mesh.  Comparisons between maximum load predicted by 

the three-dimensional ABAQUS analysis of a reinforced specimen and the results of Farley 

et al. [12] are discussed. 

 

3.4.1  Dimensions 

The overall dimensions of the compact tension specimen remain the same as the 

unreinforced case. However, due to the in-situ reinforcement, some regions of the specimen 

consist of a reinforcement material rather than 7075 aluminum.  One of the reinforcement 

geometries used in Farley et al. [12], and used here, is shown in Figure 3.22.  This figure 
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 Figure 3.22  Reinforced Compact Tension geometry, Dimensions, and Coordinate System 
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shows a reinforcement scheme that uses a rectangular reinforcement embedded within the 

free surface.  In a later section, this specific reinforcement geometry will be referred to as 

architecture 1.  The distance in the X-direction between the initial crack tip and the nearest 

reinforcement edge is 0.335 inches.  This distance between the initial crack tip and the 

reinforcement leading edge is the same for all architectures. 

To facilitate the comparison of the performance of different reinforcement 

architectures, the cross-sectional area of all reinforcement architectures are designed to be the 

same.  The total cross-sectional area of the reinforcement shown in Figure 3.22 and used in 

Farley et al. [12] was 0.02 in2 and this area is maintained throughout the present study.  

Consider a reinforcement cross-section with a leading edge at x = 0 and trailing edge at x = 

w, as illustrated in Figure 3.23.  The reinforcement is symmetric about a plane parallel to the 

Y-Z plane, which passes through the point x = w/2.  The reason for this symmetry about the 

Y-Z plane is that in actual structures containing in-situ selective reinforcement, the direction 

from which cracks approach the reinforcement would not be known a priori. 
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Figure 3.23  Reinforcement Symmetry 
 

 

Specifics regarding the reinforcement placement, cross-sectional shape, and 

symmetry considerations have now been given.  Descriptions of the different reinforcement 

materials and how each is modelled are given in the next section.  
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3.4.2  Reinforcement Materials 

Besides variations in reinforcement architecture geometry, as previously stated, 

various reinforcement materials are used as well. Table 3.2 lists the mechanical properties 

and yield stress or ultimate strength of the reinforcing materials used in this study.  In 

parenthesis are the calculated failure strains.  Also included is how the materials are 

modelled in ABAQUS. 

As seen in Table 3.2, two other aluminum alloys are considered in this analysis: an 

1100-H18 alloy [43] and an aluminium-lithium alloy [44].  These two different alloys were 

  
Table 3.2  Material Properties of Reinforcement Materials Used in Analysis 

 

Material Elastic Properties 
Yield Stress or 

Ultimate Strength 
(Failure Strain) 

Represented in 
Analysis 

Unidirectional 
Composite 

 
(Volume Fraction = 

50%) 

E11 = 19.0 Msi 
E22 = 35.0 Msi 
E33 = 19.0 Msi 

ν12 = 0.14 
ν23 = 0.30 
ν13 = 0.25 

G12 = 6.84 Msi 
G23 = 3.85 Msi 
G13 = 6.84 Msi 

250.0 ksi 
 

(7.143(10-3) in/in) 

Transversely Isotropic 
(Orthotropic) 

 
Linear-Elastic, 

Brittle 

Aluminum 
1100-H18 

E = 10.0 Msi 
ν = 0.30 

22.0 ksi 
 

(0.100 in/in) 

Isotropic 
 

Elastic-Perfectly 
Plastic 

Aluminum – Lithium 
Alloy 

E = 11.0 Msi 
ν = 0.30 

94.5 ksi 
 

(0.0800 in/in) 

Isotropic 
 

Elastic-Perfectly 
Plastic 

 
 

chosen since they both have similar tensile moduli to the base aluminum 7075, but their yield 

strengths differ.  The aluminium-lithium material has an approximately 30 percent higher 

yield stress than the base aluminum, while the aluminum 1100-H18 has a yield stress 

approximately 30 percent of the base aluminum.  All aluminum alloys are assumed to be 

elastic-perfectly plastic, as most aluminum alloys are approximately described by this 

behavior.  The aluminium alloys will be used with the unidirectional composite as a means of 
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reducing the sharpness of the edges of the reinforcement. This will be discussed in the next 

chapter. 

The unidirectional reinforcement used is the same reinforcement used in Farley et al. 

[12].  This reinforcement consists of a 50 percent volume fraction of alumina oxide (Al2O3)  

fibers embedded in an aluminum 1100 matrix.  The reinforcement is modelled as an 

orthotropic linear elastic material, as is common for most composites.  The reciprocity 

relations are used to calculate minor Poisson’s ratios.  Failure values of the composite in the 

shear directions and in the direction perpendicular to the fibers were not given, and failure in 

these directions not considered in Farley et al. [12].  Only fiber direction failure was 

considered by Farley et al. [12], and in this research as well.  Composite failure is defined as 

occurring when the fiber-direction strain reaches the critical level given in Table 3.2. 

It should also be noted that, coincidentally, the fiber-direction failure strain of the 

reinforcement is approximately equal to the base material yield strain (composite fiber-

direction failure strain = 7.14 (10-3) in/in and base aluminum 7075 yield strain = 7.25 (10-3) 

in/in).  This means that when fiber direction yield is reached in a base material element at the 

edge of the reinforcement, the reinforcement will be near failure. 

 

3.4.3  Boundary and Symmetry Conditions 

The boundary and symmetry conditions are exactly the same as in the unreinforced 

analysis.  The only important item to note is that due to the symmetry condition at the 

midplane, any reinforcement architecture that includes this plane is a single reinforcement 

when considering the full thickness, as was shown in Figure 3.23.  Architectures that do not 

include this plane actually consist of two separate reinforcements when considering the full 

thickness, one on each side of the X-Z plane.  Again, this will be explained clearly in the next 

chapter. A quarter symmetry model is shown in Figure 3.24. 
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Figure 3.24  Quarter-Symmetry Model of Reinforced Specimen, Boundary Conditions, and Displacement 
 

 

3.4.4  Finite Element Mesh 

Since the crack propagation area, approximately from the leading edge of the 

reinforcement to the initial fatigued crack tip, is the same for every architecture, each 

reinforced model consisted of two separate portions: 1 - a portion consisting of the loading 

hole and crack propagation region, and 2 - a portion consisting of the reinforcement and the 

remaining base material.  A close-up of the plane that separates these two portions, which is 

located at X = 1.175 inches, is shown in Figure 3.25.  Therefore, instead of having to 

regenerate an entire model for each architecture, only the portion containing the 
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reinforcement architecture has to be recreated.  The reinforcement architecture portion is then 
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Figure 3.25  Close-Up of Tied Surfaces and Mesh Differences 
 

connected to the crack propagation portion using the tie command in ABAQUS.  Using the 

tie command to connect the two portions also allowed for a finer mesh density in the 

reinforcement architecture portion, within the reinforcement, and around the base material 

adjacent to the reinforcement where high stress gradients might occur.  In the reinforcement 

cross-section the element lengths in both the X- and Z-directions is about 0.005 inches along 

an edge, or about 125 microns.  The Y-direction element size was maintained at 0.01 inches.  

An analysis was performed on an unreinforced model to determine whether tied surfaces 

having non-coincident meshes alter crack growth response.  Negligible differences occurred. 

Most of the elements used in the portion containing the reinforcement are reduced 

integration, 8-node brick elements (C3D8R).  These elements have been used in other, more 

complex analyses with ABAQUS (which actually include composite progressive failure [13]) 

and are suitable for this problem as well.  The added displacement terms of the incompatible 

mode elements are also not needed in this portion, since reinforcement failure occurs before 

the crack reaches the leading edge of the reinforcement, which is shown later.  Several other 

element sizes and types have been tried for the reinforcement. However, there was no 

difference in the fracture response up to initial failure of the composite reinforcement. 

  In some of the reinforcement architectures, wedge elements (C3D6) are also used.  

Due to the angular geometries involved in some cross-sections, as will be seen in the next 

chapter, and potential locking issues, wedge elements are limited to a small region. 
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The tied surface also limits the maximum amount of both inner (midplane) and outer 

(surface) crack propagation.  Since the reinforcement part consists only of C3D8R and C3D6 

elements, they are unable to adequately capture displacement fields, thus the maximum crack 

propagation length is 0.31 inches.  This is the distance from the initial crack tip to the tied 

surface.  As will be shown later, all initial reinforcement tensile failures and maximum loads 

occur well before this limit is reached.  The remaining 0.025 inches from the tied surface to 

the reinforcement leading edge interface is required in order to limit artificial stress 

discontinuity contributions from change in materials, element type, tie surface constraints, 

and element size changes all occurring at the same point.  As the strain contours will show, 

this is an adequate distance, as the contours are smooth and continuous after crossing the tied 

boundary, and before reaching the reinforcement leading edge. 

A typical finite element mesh of the standard reinforcement case is shown in Figure 

3.26.  As discussed, two different types of 3-D elements are used for this analysis: wedge and 

brick elements.  Of the brick elements, two linear sub-types are used: incompatible mode 

elements (C3D8I) and reduced integration elements (C3D8R).  The wedge elements used are 

full integration linear wedges (C3D6).  Figure 3.26 shows the location of each element type 
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Figure 3.26  Finite Element Mesh of Reinforced Compact Tension Specimen with Element Types and Tie 
Boundary Highlighted  
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within the compact tension geometry, as well as the reinforcement region.  As seen in Figure 

3.26, the mesh is much more refined at the regions of interest, i.e., the crack propagation 

region (similar to the unreinforced case) and the reinforcement region. 

 Considerations for the analysis of a reinforced compact tension geometry have now 

been described.  The maximum loads from two three-dimensional analyses using ABAQUS 

are compared with the maximum loads from two similarly modelled two-dimensional 

analyses of reinforced cases from Farley et al. [12]. Both cases involve two rectangular 

composite reinforcement strips on the outer surfaces.  However, one case is modelled without 

an interface (e.g., welded), and one is modelled with an epoxy adhesive interface.  A cross 

section of the reinforcement and interface are shown in Figure 3.27.  The interface is shown 
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Figure 3.27  Cross-Section of Reinforcement and Interface 
 

in Figure 3.27, and the interface thickness, tint, is 0.003 inches.  Contact constraints are 

imposed between the leading and trailing edges of the reinforcement for the epoxy interface 

case.  For the model without an interface, the interface material property is the same as the 

base 7075 aluminum.  The epoxy interface is modelled as a linear-elastic material with a 

shear modulus of 0.1 Msi.  The total thickness, t, in the figure is 0.02 inches. 

 The maximum loads of the three comparison cases are shown in Table 3.3. One 

unreinforced case and the two reinforced cases are compared.  Only two experiments were 
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Table 3.3  Comparisons of Maximum Loads 
 

PMax
(lbs) 

Experiment 
(Farley et al. 

[12]) 

FRANC2D 
(Farley et al. 

[12]) 
ABAQUS 

Unreinforced 2478 2375 2425 

Reinforced 
(epoxy interface) 2600 2631 2653 

Reinforced 
(no interface) N/A 2830 2845 

 

performed: one using the unreinforced specimen, and another on the reinforced specimen 

with the epoxy interface.  As can be concluded from Table 3.3, the ABAQUS analysis results 

are close to the maximum loads predicted by the two-dimensional FRANC2D analysis and 

the data from the experiment.  As also shown in Table 3.3, and shown from Farley et al. [12], 

the reinforcement without an interface performs better than one that includes the interface.  

As previously mentioned, interface modelling is not the focus of this research, and thus will 

not be discussed further. 

 

Results from using the three-dimensional ABAQUS analysis to study the 

unreinforced and reinforced compact tension specimens have been compared with previous 

published results. The strain predictions from the three-dimensional analysis have been 

presented. Attention now turns to the study of various reinforcement architectures.  

Descriptions of the different reinforcement architectures follow in the next chapter. 
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Chapter 4  CASE STUDIES 

 

 

This chapter outlines the different reinforcement architectures analyzed in this 

research.  Dimensions, constituent materials, and initial rationale for choosing each of the 

different reinforcement architectures are discussed next.  As previously mentioned, all 

reinforced architectures have a constant cross-sectional area of 0.02 in2 for the full thickness, 

thus 0.01 in2 for the half-thickness.  Each reinforcement architecture is assigned an 

architecture number, and separated into rectangular and triangular reinforcement cross-

sections.  The rectangular reinforcements will be described first, followed by the triangular.  

All subsequent discussions of reinforcement thickness and cross-sectional area apply to the 

quarter model.  Therefore, for a reinforcement thickness of 0.02 inches, the total 

reinforcement thickness is 0.04 inches.  This also means that a single reinforcement on the 

outer surface is actually two separate reinforcements for the full thickness, while a single 

reinforcement on the inner surface is still a single reinforcement for the full thickness, but 

twice as thick.  All of the reinforcements are composed of the unidirectional composite, 

unless otherwise specified.  A table summarizing architecture geometry, dimensions, and 

constituent materials is given at the end of each subsection. 

 

4.1  Rectangular Reinforcement Architectures 

 

4.1.1  Architecture 1 

Architecture 1 consists of a single rectangular reinforcement on the surface (or two 

reinforcements on each surface due to midplane symmetry).  Each reinforcement is 0.5 

inches wide and 0.02 inches thick (w = 0.5 inches and t = 0.02 inches).  This is similar to the 

previously mentioned architecture from Farley et al. [12] and is the baseline situation.  This 

architecture is shown in Figure 4.1. 
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Figure 4.1  Architecture 1 
 

 

4.1.2  Architecture 2 

Architecture 2 is also a rectangular reinforcement, as shown in Figure 4.2.  It has the 

same dimensions as architecture 1, however it is placed at the midplane, and is therefore a 

single reinforcement.  This is a direct comparison to architecture 1, considering at the effect 

of location on the fracture response. 

 

Figure 4.2  Architecture 2 
 

 

4.1.3  Architecture 3 

The effect of reinforcement thickness is analyzed in architecture 3.  This architecture 

is a single reinforcement placed at the midplane, and is 0.04 inches thick.  However, due to 

the constraint on the cross-sectional area, it is only 0.25 inches wide.  This is a comparison to 

architecture 2, since both are located at the midplane, as shown in Figure 4.3. 

 

Figure 4.3  Architecture 3 
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4.1.4  Architecture 4 

Due to the sharp corners in the previous rectangular architectures, giving rise to 

possible points of stress concentration, architecture number 4 uses a rounded leading edge to 

investigate the effect of leading edge geometry.  This is a good comparison to architecture 

number 1, since it has the same w ess of 0.02 inches, and is located 

ement is modelled as a quarter-circle, with a 

radius e

he effect of the width and spacing of multiple reinforcements is investigated with 

architecture 5.  Another reason for cture is to study how it would fail 

rogressively, although this was not pursued in this research.  This architecture consists of 

six discrete rectangular reinforcements, each 0.04 by 0.04 inches, placed at the midplane.  

acing between each successive reinforcement is 0.1 inches, equal to 

the tota

idth of 0.5 inches, thickn

on the outer surface.  The edge of the reinforc

qual to the reinforcement thickness (r = t = 0.02 inches).  It should be noted that this 

architecture has a slightly lower cross-sectional area than architecture 1 (0.0098 in2 vs. 0.01 

in2).  Architecture 4 is shown in Figure 4.4. 

t

 
Figure 4.4  Architecture 4 

 

 

4.1.5  Architecture 5 

X 

Z 

w

r 

Midplane 

T

investigating this archite

p

The center-to-center sp

l plate thickness (S = 0.1 inches).  The total width from the leading edge of the first 

reinforcement to the trailing edge of the last reinforcement is 0.54 inches.  This total width is 

similar to the width of architecture 2.  Architecture 5 also has the same total thickness as 

architecture 3.  Comparing architectures 2 and 3 to architecture 5 provides insight into the 
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effect of segmented reinforcements on fracture response.  It should be noted that the total 

cross-sectional area of all six reinforcements is slightly lower than architectures 1 through 3 

(0.0096 in2 vs. 0.01 in2).  Architecture 5 is shown in Figure 4.5. 

 

Figure 4.5  Architecture 5 
 

 

Table 4.1 below summarizes all of the rectangular cross-section reinforcement 

architectures.  The dimensions for each architecture are placed in terms of the dimensions for 

Table 4.1  Table of Rectangular Reinforcement Architectures 

architecture 1. 
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The rectangular architectures have been described at this point.  As previously 

mentio

.2  Triangular Reinforcement Architectures 

he remaining architectures, six through eleven, have triangular reinforcement cross-

section

.2.1  Architecture 6 

consists of a triangular reinforcement on the outer surface.  This 

architec

 

.2.2  Architecture 7 

e comparison of location between architectures 1 and 2, architecture 7 

shown 

actually diamonds at the full thickness.  Architecture 7 can be compared to architecture 6. 

ned, the triangular architectures are described next. 

 

4

 

T

s.  These are included to investigate how geometric (sharp vs. flat leading edge) and 

material changes influence fracture response, given the same total cross-sectional area.  All 

triangular reinforcement architectures have a maximum thickness of 0.04 inches and a width 

of 0.5 inches (t = 0.04 inches and w = 0.5 inches).  Another reason for investigating these 

triangular architectures is to study how each would fail progressively, although this was not 

pursued in this research. 

 

4

Architecture 6 

ture is used to investigate the fracture response of a sharp leading edge reinforcement 

versus a flat leading edge, as in architecture 1.  Architecture 6 is shown in Figure 4.6. 
 

Figure 4.6  Architecture 6 

 

t X 

Z 

w

Midplane 

4

Analogous to th

in Figure 4.7 has a triangular reinforcement placed on the midplane.  Keep in mind the 

symmetry constraint at the midplane, thus the inner triangular reinforcement architectures are 
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Figure 4.7  Architecture 7 

einforcement architectures eight through eleven still consist of triangular 

reinforcements, however aluminum alloys of greater and smaller yield stress (Al-Li and 

1100-A

Architecture 8 shown in Figure 4.8 has the same overall cross-section as architecture 

1100-Al at the tip.  The length of this tip is 10 percent of the 

reinforc

 

 

R

l alloys, respectively) than the base aluminum 7075 are applied to the tip.  This is 

done to investigate what influence material changes at the leading edge, where reinforcement 

failure is expected to occur, would have on the fracture response. 

 

4.2.3  Architecture 8 

7, however with an 

ement half-width, or 0.025 inches (k = 0.025 inches). 
 

w

Midplane 

tX 

Z 

w 

k

Midplane 

Figure 4.8  Architecture 8 
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4.2.4  Architecture 9 

Architecture 9 is similar to architecture 8, however, instead the 0.025 inch tip is 

composed of an Al-Li alloy.  Comparisons of architectures 7, 8, and 9 provide insight into 

the influence of how the addition of a small aluminum region at the tip of the triangular 

reinforcement with properties that differ from the base material influences fracture response.  

Architecture 9 is shown in Figure 4.9. 

t Midplane 

w 

k

Z 

X 

 

Figure 4.9  Architecture 9 
 

4.2.5  Architecture 10 

An 1100-Al tip is also used for architecture 10 shown in Figure 4.10, however the 

length of this tip is increased approximately two and a half times that of architecture 8, 

giving a tip length of 0.0625 inches (k = 0.0625 inches).  The cross-sectional geometry  

 

t Midplane 

w 

k 

Z 

X 

Figure 4.10  Architecture 10 
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remains the same, so comparing architectures 8 and 10 can provide insight into the influence 

of aluminum tip size on fracture response. 

 

4.2.6  Architecture 11 

Architecture 11 has approximately the same overall geometry as architecture 8, 

however, the reinforcement position is on the surface, and not on the midplane.  Comparing 

architecture 11 to architecture 8 provides insight into the coupling effect of location and 

leading edge material on the fracture response.  Architecture 11 is shown in Figure 4.11. 

 

t

Midplane 

w

k

Z 

X 

Figure 4.11  Architecture 11 
 

 

A summary of the triangular reinforcement architectures is shown in Table 4.2.  As  

previously mentioned, all triangular reinforcements have the same width and maximum 

thickness.  The only changing dimension is the length, k. 

 

All of the architectures have been fully described.  The next chapter gives the results 

of each of the reinforcement architectures, and describes performances changes between each 

compared architecture.  
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Table 4.2  Table of Triangular Reinforcement Architectures 
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Chapter 5  RESULTS AND DISCUSSION 

 

 

In this chapter gives results from the analysis of each of the reinforced architectures 

described in Chapter 4 are discussed.  The rectangular and triangular reinforcement 

architectures are discussed separately.  As the discussion proceeds, each of the architectures 

is compared to suitable counterparts, as mentioned in Chapter 4.  For each comparison, 

important mechanics-related issues are presented to explain why one architecture performs 

better than another.  Tables summarizing the performance of the architectures are given 

throughout the chapter. 

 

5.1  Rectangular Reinforcement Architectures 

 

Similar to what was done in Chapter 4, the rectangular reinforcement architectures 

are discussed first.  Each architecture is discussed in a similar format, using the same contour 

plot perspective, same contour plot scaling, and same scaling of the load vs. crack length 

relation.  This format is fully described during the discussion of architecture 1. 

 

5.1.1  Architecture 1 

The relation between the pin load, which is required to produce the pin displacement, 

and surface crack length for the unreinforced case and architecture 1 are shown in Figure 5.1.  

As seen, the relation for architecture 1 exhibits a monotonically decreasing slope until the 

maximum load at the initial fiber direction tensile failure of 2843 lbs.  The surface crack 

length at maximum load is approximately 0.13 inches.  Comparing these values to the 

baseline unreinforced case, the maximum load has been increased by approximately 17 

percent.  Although the surface crack length has been reduced by approximately 23 percent 

relative to the unreinforced case, an increased maximum load is the primary objective in this 
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research.  Therefore, architecture 1 provides an overall improvement in performance relative 

to the unreinforced case. 
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Figure 5.1  Load as a Function of Surface Crack Length for Unreinforced and Architecture 1 
 

 

From Farley et al. [12], load sharing between the base material and the reinforcement 

was identified as an important mechanism for improving the performance of the reinforced 

compact tension specimen relative to an unreinforced one.  It is expected that the reinforcing 

material is the main load-carrying mechanism, and when the reinforcement reaches failure 

levels, the specimen will fail catastrophically.  As a measure of how much load the 

reinforcement is carrying relative to the load applied, the Y-direction (loading direction) load 

in the reinforcement is normalized by the reaction force measured at the pin due to the 

applied displacement, according to the following equation below: 

Pin
Rein

F
F

=fR  (Eq. 5.1) 

where: 

Rf = Load ratio 

FRein = Sum of reinforcement nodal reaction forces 

FPin = P (from Figure 2.2) = Reaction force at pin due to applied displacement at pin 
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Only the Y-direction loads are considered, since this is the direction in which the load is 

applied for Mode I testing.  Reaction load in the reinforcement is primarily in this direction 

as well.  Also, only the unidirectional composite reaction forces are considered, since the 

unidirectional composite will be the main load carrying mechanism, and failure of the 

unidirectional composite will most likely result in catastrophic reinforcement failure and 

unstable crack growth.  At the end of each step in the analysis, equilibrium is achieved, so 

force equilibrium is still valid.  Therefore, the remaining amount of load (FPin - FRein) is the 

amount of load carried by the remaining material.   

The load ratio, Rf, as a function of surface crack length for architecture 1 is shown in 

Figure 5.2.  Four different contour plots of extensional strain, εyy, are also shown 

corresponding to four different surface crack length conditions denoted on the plot by points 

A, B, C, and D.  Point A corresponds to the initially straight (no tunnelling) precrack just 

prior to crack extension, and point D corresponds to initial fiber tensile failure in the 

composite reinforcement.  Each of the extensional strain contour plots are of the same cross-

section as in Figure 3.19.  However, in the plots of Figure 5.2, the perspective is shifted in 

order to encompass the entire crack propagation area as well as a portion of the leading edge 

of the reinforcement, and the contour color bands are rescaled to denote yield of the base 

material in the extensional direction.  Accordingly, the extensional strains are normalized by 

the extensional yield strain, ε0.  The crack front is depicted as a series of dots in Figure 5.2.  

As can be seen, the relation between Rf and surface crack length has a monotonically 

increasing slope to initial failure of the composite.  Just prior to any crack growth, condition 

A, the reinforcement supports approximately 33 percent of the load, and the precrack is 

straight.  The extensional strain contours through the thickness are highly curved at this 

point, despite the straight crack front, and a considerable amount of material has yielded.  

There is a considerable difference in amount of yielded material between the inner region of 

the specimen (Z = 0) and outer surface (Z = -B/2).  At condition B, the reinforcement is 

supporting approximately 45 percent of the total load, and crack tunnelling has developed.  

Results from Dawicke et al. [16] also report a large degree of tunnelling within the first plate 

thickness of crack growth.  Considerable extensional yielding of the base material ahead of 

the crack front is seen for the condition at point B, and has actually increased relative to 
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Figure 5.2  Load Ratio as a Function of Surface Crack Length and Evolution of Extensional Strain εyy for 
Architecture 1 
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condition A.  From condition B to C, Rf increases, supporting approximately 55 percent of 

the total load, while the crack tunnelling magnitude increases only slightly.  The amount of 

extensionally yielded base material ahead of the crack front has increased.  At initial 

composite reinforcement failure, condition D, the reinforcement is carrying approximately 60 

percent of the total load.  Crack tunnelling magnitude is still the same as at condition C. 

 The continually increasing slope of the load ratio vs. crack length curve of Figure 5.2 

is due to the gradients in the X-direction of extensional strain component εyy ahead of the 

crack tip.  At condition A, the strains do not vary much in the X-direction in the 

reinforcement.  However, as the load increases, because of the closeness of the contours near 

the yield strain contour, strain in the reinforcement increases more rapidly, thus the load in 

the reinforcement begins to increase more rapidly at condition B.  From the perspective of 

the reinforcement, as the strains and strain gradients increase, the load in the reinforcement 

begins to increase faster due to these higher strains and strain gradients, as shown at 

condition C.  The load in the reinforcement continues to increase in this way up to initial 

reinforcement failure at condition D. 

It should be noted that since trends in the relation between Rf and crack length are 

similar for each architecture, plots of Rf as a function of surface crack growth are not shown 

for the remaining architectures.  Also, since initial composite failure is the main point of 

interest, and this will coincide with maximum load, full evolution of the extensional yield 

strain contours as in Figures 5.2a) – d) will not be shown for subsequent architectures, and 

will be limited only to the condition of initial reinforcement failure. 

 

Due to this important connection between Rf and the contours of extensional strain 

component, εyy, the nature of the dependence of the contours as a function of architecture is 

crucial.  As more architectures are discussed, the actual connection between the load ratio 

and overall maximum load becomes apparent.  In all subsequent extensional strain contour 

plots, the contour color bands are chosen such that the extensional failure strain of the 

composite reinforcement falls approximately at the center of the red contour band, as shown 

in Figure 5.3b).  The dotted line in Figure 5.3b) indicates this strain contour.  Once this 

contour reaches the composite reinforcement leading edge, the composite reinforcement 

element will fail.  In addition, in subsequent figures, all extensional strain contour plots are 
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shown at the same location within the specimen (parallel to the crack plane at Y = 0), and 

scaled to the same size, unless otherwise noted.  The distance from the reinforcement leading 

edge to the left extreme is 0.25 inches.   

Figure 3.19 of the unreinforced case is also re-shown and re-scaled in Figure 5.3a) for 

comparison.  This figure shows that the reinforced architecture has a similarly shaped 

extensional strain contour, however, this strain contour is less curved in the thickness 

direction.  This is due to local stiffening effects of the reinforcement.  Because of local 

stiffening, increasingly larger pin displacements, and therefore larger loads, must be applied 

in order to reach the critical CTOA along the crack front.  This is the reason why there is a 

continued increase in the load as the surface crack approaches the reinforcement.  This also 

means that larger applied loads are required to achieve strain-based failure at the 

reinforcement’s interior corner leading edge, where initial composite failure occurs.  How 

this extensional failure strain contour changes through the thickness as it approaches the 

reinforcement leading edge is an important characteristic to note when comparing the 

different architectures. 

Another important characteristic to pay attention to for each architecture is how 

quickly the extensional strains decrease within the reinforcement.  This is similar to what 

occurs for the unreinforced case.  Strain levels are relatively high within the plastic zone and 

for the first one to two plate thicknesses ahead of the plastic zone.  However, due to the sharp 

decreasing strain gradient over these one to two plate thicknesses, strains become fairly low 

and the strain gradients are small. 

For architecture 1, in the X-direction, the strain contours become approximately 

uniform through the thickness a short distance away from the reinforcement leading edge.  

The strains decrease quickly with distance from the reinforcement leading edge, as shown in 

Figure 5.3.  At a distance equal to one-half of the total reinforcement width, the extensional 

strain is approximately 20 percent of the failure strain occurring at the leading edge.  This 

means that some portion of the width of the reinforcement (which is not shown at this scale) 

is not being loaded in tension, and is actually in very slight compression. 
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Figure 5.3  Contours of Extensional Strain εyy and Performance for Unreinforced and Architecture 1 

Z 

0.25 inches 

b)  Architecture 1 

Load

Crack 
Length

Rf

1.172

0.813

0.603 

Parameter Normalized 
Value 

Full architecture cross-section 

Load

Crack 
Length 

Rf

1.000

1.000

N/A

Parameter Normalized 
Value 

0.25 inches 

a)  Unreinforced 

Full architecture cross-section 

(Z = 0)

(Z = 0)



 100

 

For architecture  at in l composite fiber tensile failure, the load ratio, Rf, is equal 

to 0.603.  The reinforcement is carrying about 60 percent of the total applied load of 2843 

lbs.  Normalizing this to the maximum load of the unreinforced case, the normalized 

maximum load for architecture 1 is 1.17.  From Figure 5.3b), it is seen that the composite 

initially fails at the inner corner leading edge along the crack plane due to the shape of the 

“approaching” extensional strain due to increasing applied pin displacement.  At maximum 

load, the surface crack length, normalized to the surface crack length at maximum load for 

the unreinforced case, is 0.813 (0.13 in).  This means that the surface crack length at 

maximum load is only approximately 81 percent of the unreinforced case.  This goes back to 

the previous discussion on the increasingly large plastic zone size of the crack tip

increasing applied loads, due to the inclusion of the reinforcem r ex he plastic 

zone size.  Also, as previously mentioned, surface crack le  

importance to maximum load. 

Also shown in Figure 5.3, and as shown in subsequent contour plot comparisons, are 

tables summarizing the architecture performance.  The maximum load and crack length at 

maximum load in these tables are both norm um load and crack length at 

maximum load of the unreinforced case. 

 

5.1.2  Architecture 2 

The response curve for this architecture is given in Figure 5.4, along with the 

unreinforced case, and architecture 1.  This is the comparison of location.  There is little 

difference between the response curves of architecture 1 and architecture 2.  Both have the 

same normalized maximum loads of 1.17 (2843 lbs), and normalized surface crack lengths at 

maximum load 

The extensional strain contour plots of architectures 1 and 2 are shown in Figure 5.5.  

Comparing these two architectures, the contours of architectur s curved through the 

thickness than the contours of architecture 1.  The reinforcement creates an area of greater 
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Figure 5.4  Load as a Function of
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tens and initial reinforcement failure actually occurs 

n the outer corner of the reinforcement.  Rf is only slightly higher due to involvement of 

ding edge at initial failure (0.607 versus 0.603 for architecture 1).  

However, looking at the strain contour along the reinforcement width of architecture 2, the 

strains 

htly higher strain at the leading edge of architecture 2 

compar

Unreinforced 
 

local stiffening at the midplane of the plate.  Therefore, as the failure-producing extensional 

strain approaches, this failure surface flat

o

more of the entire lea

decrease at approximately the same rate in the X-direction as for architecture 1 at 

initial failure.  Although at the leading edge slightly more reinforcement is straining in 

architecture 2, thus contributing to supporting the applied load, along the width the same 

amount of material is being strained at the same level, thus carrying the same amount of load 

along its width.  The area of slig

ed to architecture 1 is relatively small, given the overall reinforcement areas. 
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Figure 5.5  Contours of Extensional Strain εyy and Performance for Architecture 1 and Architecture 2 
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5.1.3  Architecture 3 

m

aximum crack length for this architecture is 

0.938 (0.15 in).  Therefore, comparing to architecture 2, for a reinforcement twice as thick, 

but half as wide, there is an approximately 9 percent increase in maximum load. 

 

Figure 5.6  Load as a Function of Surface Crack Length for Architecture 2, Architecture 3, and 
Unreinforced 

 

The extensional strain contours at initial reinforcement failure for arc  and 

3 are shown in F , for architecture 3 is 0.851, much higher than 

the 0.607 load ratio of architecture 2.  For architecture 3, the extensional strain contours are 

nearly flat through the thickness, when compared to architecture  

the midplane, at the inside surface of the reinforcement leading edg   Since strain radients 

through the thickness are not as hi he width, because of this thicker 
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The load as a function of crack length for architecture 3 is given in Figure 5.6, along 

with the response curves for architecture 2 and the unreinforced case for comparison.  The 

aximum load at initial fiber direction tensile failure of the reinforcement (3102 lbs) is much 

higher than both the unreinforced case and architecture 2.  The normalized maximum load 

for architecture 3 is 1.279.  The normalized m
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Figure 5.7  Contours of Extensional Strain εyy and Performance for Architecture 2 and Architecture 3 
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reinforcement, there is more reinforcement being involved at initial failure through the 

thickness due to this very flat incoming failure contour.  Not only is more reinforcement 

involved in extensional straining through the thickness, more reinforcement is involved along 

the width as well.  For architectures 1 and 2, only half of the reinforcement width is shown. 

However, for architecture 3, the entire width is shown.  As shown in Figure 5.7, the strains 

along the reinforcement width decrease m

 

ch quicker in the X-direction for architecture 3 

than for architecture 2.  This is due to more of the stiff reinforcement being involved, thus 

causing strains to decrease quicker along the X-direction.  This also means that a larger 

percentage of reinforcement is at an overall higher strain level than in architecture 2, and thus 

more reinforcement along both the width and the thickness is supporting the total load, as the 

increased load ratio, Rf suggests. 

 

5.1.4  Architecture 4 

The load vs. crack length relation for architecture 4 is shown in Figure 5.8.  Also 

shown are the curves for architecture 1 and the unreinforced e for co son.  The 

normalized maximum load is 1.183 4, and the normalized crack length at 

maximum load is 0.875.  This is 2868 lbs and 0.14 in, respectively.  Compared to 

architecture 1, despite having a slightly lower cross-sectional area, rounding the leading edge 

results in a slightly higher maximum load, and surface crack length. 

Extensional strain contours for architectures 4 and 1 are shown in Figure 5.9.  Rf for 

architecture 4 is 0.618, while for architecture 1, 0.603.  The strain contours through the 

thickness have approximately the same shape, however, more of the reinforcement leading 

edge of architecture 4 is near the failure strain at initial failure.  Initial failure occurs 

approximately at the middle of the circumference of the quarter-circula dge for 

architecture 4, a rp corner of architecture 1.  Al ith leading 

edge involvement, the strain contours are slightly shifted along the width of the 
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ure 5.8  Load as a Function of Surface Crack Length for Architecture 1, Architecture 4, and 
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reinforcement compared to architecture 1.  This means that more of the reinforcement along 

its width is at higher levels of strain, thus supporting more of the load.  Because of the 

rounded leading edge, the failure extensional strain contour does not encounter the leading 

edge, until a slightly larger amount of surface crack length, when com

Fig

pared to architecture 1. 

rack length falls between these two architectures. 

 

5.1.5  Architecture 5 

The load as a function of surface crack length is shown in Figure 5.10 for 

architectures 2, 3, 5, and the unreinforced case.  The normalized maximum load for 

architecture 5 is 1.167 (2830 lbs), and the normalized crack length is 0.875 (0.14 in).  The 

maximum load for this case is lower than both architectures 2 and 3, however the maximum 

c
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Figure 5.9  Contours of Extensional Strain εyy and Performance for Architecture 1 and Architecture 4 
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Extensional strain contours are shown for ar tectures 2, 3, and 5 in Figure 5.11.  

The load ratio Rf for architecture 5 is 0.584.  This is the total load of all discrete 

reinforcements summed.  This is lower than both architectures 2 and 3.  In this figure, 

although there are six discrete reinforcements total, only three are shown for scale.  As 

shown in the figure, the strain contours are flatter through the thickness, similar to 

architecture 3.  Initial failure occurs on the leading reinforcement’s leading edge at the 

midplane, also similar to architecture 3.  Although the thickness of the individual 

reinforcements is the same as the thickness of architecture 3, the maximum load is 

considerably lower.  Along the width, the strain contours fo ilar to 

architecture 2.  This m rcements further down (the reinforcements not 

shown) are not significantly strained.  Due to this fairly large distance between discrete 
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Figure 5.10  Load as a Function of Surface Crack Length for Architectu



 109

 

Figure 5.11  Contours of Extensional Strain εyy and Performance for Architecture 2, Architecture 3, and 
Architecture 5 
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reinforcements, these reinforcements are not contributing any load support at initial 

reinforcement failure.  Since all these reinforcements are thicker than in architecture 2, the 

reinforcement segments at low strain comprise a fairly large total cross-sectional area that is 

not supporting load.  Because of this, maximum load is lower. 

 

Table 5.1 summarizes the performance of all of the recta fo t 

initial failure, including normalized maximum load, normalized su  crack  at 

maximum load, and load ratio. 

 
Tab ement Archi tures 

 

Architecture 
Number 

Maximu
Load 
(lbs) 

Normalized
Surface 

Length at 
Max Load 

(in) 

Normalized 
Max Load to 
Unreinforced 

Case 

Load Ratio,  
Rf

m Crack 

0 
(Unreinforced) 2425 1 1 A N/

1 2845 0.813 1.173 3 0.60

2 2843 0.813 1.172 0.607 

3 3102 1.279 0.851 0.938 

4 2868 0.875 1.183 0.618 

5 2830 0.875 1.167 84 0.5

 

As show rly in Figure 5.12, Rf seem to follow the trend 

of maximum load.  This supports the idea from Farley et al. [12] that load sharing is the main 

mechanism of load increase in in-situ selectively reinforced metals.  The strain contours 

coincide with the idea that the more r s involved in strain and high levels of einforcement that i

s n in Table 5.1, and more clea

tecle 5.1  Summary of Results: Rectangular Reinforc

lengthrface

rcements angular rein
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strain, the more load that is transferred to the reinforcement, therefore higher maximum 

loads. 
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Figure 5.12  B Chart Comp of Maxi oads and f ctangul itectures 
 

The result f all of th ngular cement architectures have been discussed.  

As initially mentioned, the results of the triang orc re described 

next. 

 

5.2  Triangular Reinforcement Architectures 

 

The remaining architectures are considered riangular.  The contour plot perspectives, 

contou

 

PinF
F

Load Ratio = Ma um L Rein

ar arison mum L  R  for Re ar Arch

s o e recta  reinfor

ular reinf ement architectures a

 t

r plot scaling, load vs. surface crack length curve scaling, and load ratio calculations 

are still similar to those from the rectangular reinforcement architectures.  As previously 

stated, the overall width and maximum thickness of each of the triangular architectures are 

the same. 
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5.2.1  Architecture 6 

The response curve of load as a function of surface crack length for architectures 6 

and 1, and the unreinforced case are shown in Figure 5.13.  The normalized maximum load 

 

 

for arc

he extensional strain contour plot for architecture 1 and architecture 6 is shown in 

577, which is slightly lower than 

architecture 1.  The failure strain contours are almost identical, yet slightly shifted along the 

crack p

rst leading edge elements at the reinforcement tip are resisting the highest amount 
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F

hitecture 6 is 1.154, which is slightly lower than architecture 1 of 1.172.  The 

normalized maximum crack length is 0.875, which is slightly longer than that of architecture 

1 of 0.813. 

T

Figure 5.14.  The load ratio for architecture 6 is 0.

ropagation direction for architecture 6.  The amount of this shift is approximately 

equal to the additional amount of surface crack extension.  Failure occurs at the sharp leading 

edge, as opposed to the inner corner of architecture 1.  Due to the sharp leading edge, there is 

basically no reinforcement through the thickness at the sharp leading edge.  Because of this, 

only the fi
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Figure 5.14  Contours of Extensional Strain εyy and Performance for Architecture 1 and Architecture 6 
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of reinforcement strain.  Compared to architecture 1, there is a considerably larger 

reinforcement area at the reinf rcement leading edge that is close to the failure strain (i.e., 

reinforcement area in red).  However, in architecture 6, there is a much smaller area near the 

failure strain.  Due to this lack of load support at the highly strained leading edge, the 

normalized maximum load is not as high as in architecture 6, and not as much load is being 

transferred to the reinforcement f suggests.  Also, although architecture 6 does 

eventually reach the same thickness as architecture 1, it is not until about one-quarter of the 

width from the leading edge.  At this point, the strains are already relatively low, thus the 

remaining thicker reinforcement is being strained, but at a much lower level than right at the 

sharp tip.  This phenomenon is common to most triangular reinforcement architectures. 

One very important thing to note about this specific architecture is that the composite 

reinforcement fails at approximately 0.04 inches up in the Y fro  plane.  

In all other architectures, failure occurs along the crack plane.  This is a specific case in 

which the reinforcement fails along the 45-degree band of m um strain through the 

thickness, described in Section 3.3.6, in Figure 3.20.  Due to the surface location of the 

reinforcement and the sharp leading edge, maximum failure strain is reached along these 

maximum strain bands on the surface,  to the midplane.  To keep a consistent 

scale, Figure 5.14 still shows the contours along the crack plane, as the strain at the leading 

edge element on this plane is st lose to the failure strain.  There was also very 

little difference between the strain contours along the crack plane, and the contours along the 

failure surface. 

 

5.2.2  Architecture 7 

The load vs. surface crack length response curve for architecture 7  Figure 

5.15, along wit einforced case for comparison.  The normalized 

maximum load for this case is 1.133, which is even lower than the normalized maximum 

load for architecture 6, which is 1.154.  The normalized crack growth for architecture 7 is 

also lower at 0.750. 
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Figure 5.15  Load as a Function of Surface Crack Length for Architecture 1, Architecture 6, and 

Unreinforced 
 

The extensional strain contours for architectures 6 and 7 are shown in Figure 5.16.  

The general shape of the failure strain contours through the thickness for both architectures 

are similar.  As previously mentioned, due to a lack of local stiffness in the direction through 

the thickness at the sharp leading edge, there is not enough reinforcement material local to 

the leading edge to alter the strain contours through the thickness.  Failure initiates at the 

 even less reinforcement is near the failure strain than in architecture 

6, due to the shape of the nonlinear incoming failure strain contour.  This is one factor that 

e less material that is strained along the width, 

the less load potential the structure has, as the lower Rf suggests. 

 

sharp leading edge, and

decreases the load that the reinforcement supports, with a relatively lower Rf of 0.534, as 

well as the decreased surface crack length.  The strains along the width of the reinforcement 

also die out quicker for architecture 7 compared to architecture 6.  Similar to the previous 

architectures, the lower the strain levels and th

2000 

 

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20

Surface Crack Length, 

Load, 
P 

(lbs) 

6
Architecture

2200
7
Unrein

∆a (in) 

 115



X 

P 

Z 

Y 

L

Parameter Normaliz
Value 

ed 

oad 1.154

Cra
Len

ck 
gth 0.875

Rf 0.577

0.25 inches 

a)  

Full architecture cross-section 

Architecture 6 

(Z = 0)

0.25 inches 

 

Figure 5.16  Contours of Extensional Strain εyy and Performance for Architecture 1 and Architecture 6 

b)  Architecture 7 

Load

Crack 
Length

Rf

1.133

0.750

0.534

Parameter Normalized 
Value 

Full architecture cross-section 

(Z = 0)

 116



As mentioned in the Case Studies chapter, along with the unidirectional composite, 

other aluminum alloys will be applied within the reinforcement architecture cross-section.  

The remaining architectures all have different aluminum alloys applied at the sharp leading 

edge of the reinforcement. 

 

5.2.3  Architecture 8 

The load as a function of crack length for architecture 8, along with architecture 7 and 

the unreinforced case, are shown in Figure 5.17.  Both the normalized maximum load and the 

normalized surface crack length for architecture 8 (1.149 and 0.875, respectively) are slightly 

higher than for architecture 7. 

 

Figure 5.17  Load as a Function of Surface Crack Length for Arc  Ar and 
inforced 

 

The extensional strain contours show a slight flattening omposite failure strain 

contour, as shown in Figure 5.18.  Failure essentially occurs over the short, flat leading edge 

of the composite reinforcement, right after the 1100 aluminu tip.  Th  ratio for 

architecture 8 is also slightly higher ed to architecture 7.  This flattening 
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Figure 5.18  Contours of Extensional Strain εyy and Performance for Architecture 7 and Architecture 8 
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occurs due to the essentially straight leading edge of the composite.  Although there is only a 

very small flat leading edge, m re material is still being strained to near failure through the 

thickness, giving rise to a larger maximum load and measured Rf.  Also, the amount of 1100 

aluminum in the crack propagation direction is essentially equal to the amount of increased 

surface crack length.  The failure strain of the 1100 aluminum is never reached.  Along the 

reinforcement width, more material is being strained in tension.  As seen in Figure 5.18, for a 

given strain level (i.e., color contour band), architecture 8 has a larger reinforcement area at a 

particular strain level through the thickness. Therefore, more of the composite reinforcement 

is supporting the total applied load, as the increased measured Rf suggests.   

 

5.2.4  Architecture 9 

The load vs. crack length curves for architectures 9, 8 un case are 

shown in Figure ace crack lengths are the same

  

Figure 5.19  Load as a Function of Surface Crack Length for Archi h 9, and 
Unreinforced  
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normalized maximum loads are also very similar.  However, architecture 9 does exhibit a 

very slightly higher maximum load of 1.151. 

The extensional strain contour plots are essentially the same both through the 

thickness and along the reinforcement width along the X-direction for both architectures 8 

and 9, as shown in Figure 5.20.  The load ratios are also the same at 0.581.  The reason for 

the very slightly higher normalized maximum load is the stiffer Al-Li alloy at the tip of 

architecture 9 versus the 1100-Al tip of architecture 8.  Keep in mind that this is a very small 

amount of aluminum at the reinforcement tip (less than 1 percent of total reinforcement 

cross-sectional area).  The failure strain of the Al-Li is never reached. 

 

 

ad of 1.160 is larger for architecture 10 than the normalized maximum load of 

1.149 for architecture 8.  The normalized maximum crack length of 1.063 is also larger than 

even t

The extensional strain contour plots for architectures 8 and 10 are shown in Figure 

5.22.  As depicted in the figure, initial reinforcement failure actually occurs at the leading 

imilar to the inner rectangular case of architecture 2.  The load ratio for 

tecture 10 (0.639) is also larger than architecture 8 (0.581).  The failure strain contour 

for architecture 10 is significantly flatter than architecture 8, involving more of the entire 

leading edge close to the failure strain, thus raising the amount of load transfer, as f shows. 

Similar to the comparison between architectures 7 and 8, the additional amount of surface 

crack length is approximately equal to the added length of the 1100 aluminum tip.  Again, the 

failure strain of the 1100 alumin  n reac   A alo e rc t w

long the X-direction, more of the re 10 is strained due to 

 

 

5.2.5  Architecture 10

The load as a function of crack length response curves for this architecture are shown 

in Figure 5.21, along with architecture 8 and the unreinforced case.  The normalized 
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Figure 5.20  Contours of Extensional Strain εyy and Performance for Architecture 8 and Architecture 9 
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reinforcement thickening, thus carrying more load along the width than architecture 8.  

Similar to the comparison between architectures 7 and 8, even more reinforcement cross-

sectional area is involved at a given strain level, increasing the load carried by the 

reinforcement, as the higher Rf suggests, thus a higher maximum load. 

 

5.2.6  Architecture 11 

The fracture response curves for architecture 6, architecture 11, and the unreinforced 

case are shown in Figure 5.23.  Both the normalized maximum load (1.163) and normalized 

crack length (0.938) of architecture 11 are greater than those of architecture 6. 

As shown in Figure 5.24, the extensional strain contou een a ture 6 and 

architecture 11 are similar, however the contours are shifted along the X-dir , similar to ection

rchitecrs betw

Unreinforced 

 
 

 
Figure 5.21  Load as a Function of Surface Crack Length for Architecture 8, Architecture 10, and 

2000 

2200 

2400 

2600 

2800 

3000 

3200 

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.16 0.18 0.20

Surface Crack Length, 

0.14

∆a 

Load, 
P 

(lbs) 

8
Architecture

Unrein
10

(in) 



X 

P 

Z 

Y 

Load

C

Parameter Normalize
Value 

d 

1.149

0.875
rack 

Length 

Rf 0.581

0.25 inches 

a)  Architecture 8 

(Z = 0)

Full architecture cross-section 

0.25 inches 

 

Figure 5.22  Contours of Extensional Strain εyy and Performance for Architecture 8 and Architecture 10 
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Figure 5.23  Load as a Function of Surface Crack Length for Architecture 6, Architecture 11, and 
Unreinforced 

 

the comparison between architectures 7 and 8.  This is also the reason for the increase in 

maximum load at initial failure; einforcement is strained, thus carrying more load, and 

increasing maximum load.  Initial fiber direction tensile failure of the reinforcement occurs at 

the inside corner leading edge along the crack plane, as opposed to architecture 6.  The 

failure strain of the 1100 aluminum is never reached in this case either.  However, of all the 

architectures, the 1100 aluminum in this architecture does reach about 75 percent of the 

failure strain, while all others reach less than 20 percent of the failure strain, based on the 

maximum princi is is because o n ation at 

the free surface, which assumes a plane-stress like state, and causes it to yield sooner, as 

mentioned in Chapter 2. 
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Figure 5.24  Contours of Extensional Strain εyy and Performance for Architecture 6 and Architecture 11 
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Table 5.2 summarizes the performance of all of the triangular reinforcements at initial 

failure, including normalized maximum load, normalized surface crack length at maximum 

load, and load ratio.  A bar chart comparing the normalized maximum load and load ratio is 

given in Figure 5.25.  As shown in the Table 5.2 and more clearly in Figure 5.25, the load 

ratio, Rf, follows the trend of normalized maximum load, similar to the rectangular 

architectures. 
  

Table 5.2  Summary of Results: Triangular Reinforcement Architectures 
 

Architecture 
N

Maximum 

rmalized
Surface 
Crack 

gth at 
Max Load 

(in) 

Normalized 
Max Lo
Unreinforce

Case 

ad R
Rumber Load 

(lbs) Len

No

ad to Lo
d 

atio, 
f

0 
(Unreinforced) 2425 1 1 N/A 

6 2798 1.154 0.577 0.875 

7 2748 50 1.133 0.534 0.7

8 2786 0.875 1.149 0.581 

9 2791 0.875 1.151 0.581 

10 2812 1.063 1.160 0.639 

11 2821 0.938 1.163 0.607 
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Figure 5.25  B  Chart Com  of Ma oads an Triangul ectures 
 

 

The results of each of the reinforcement architectures have been given.  Each 

architecture has been compa  a sui ounterp d reaso performance 
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Chapter 6  CONCLUSION 

 

 

A 3-D crack

ct tension ge

 propagation simulation was developed for in-situ selectively reinforced 

compa o ies.  Crack propagation was modelled as quasi-static, and a Python 

script was developed to automate the analysis by releasing nodal constraints (simulating 

crack propagation) and increasing applied displacement.  ABAQUS/Standard was used as the 

finite element analys lver.  The criteria used for crack propagation was the critical crack 

tip opening angle.  Since this analysis assumes a flat fracture surface, only a quarter-

symmetry model was needed.  This analysis also approximates tunnelling.  The material 

through which the crack propagates is m

Eleven different reinfo  were investigated, all using the same 

cross-sectional area.  All eleven reinforcement architectur aximum 

oads ively 

large increase, given the fact that the reinforcement comprises only an approximately seven 

percent volumetric replacement of the entire compact tension specimen volume.  For the 

cases c

ry architecture considered, failure 

occurred on the leading edge, at a point relatively close to the midplane. 

Load sharing is the main mechanism in which maximum load is increased in in-situ 

selectively reinforced compact tension specimens, as suggested from Farley et al. [12].  The 

reinforcement architectures investigated possess a higher maximum load at initial failure 

relative to the unreinforced case.  As the maximum load increases, the percentage of the load 

that the reinforcement carries also increases.  How the extensional strain varies throughout 

the reinforcement shows how the load is distributed.  Strain gradients through the thickness 

and along the width of the reinforcement both show how reinforcement architecture 

metr

is so

odelled as elastic-perfectly plastic. 

rcement architectures

es exhibited greater m

l  than the unreinforced case, showing a 13 to 28 percent increase.  This is a relat

onsidered, reinforcement geometry gave the largest changes in performance, with the 

rectangular reinforcements performing better than the triangular reinforcements.  

Architecture 3 exhibited the largest maximum load at initial failure, showing a 28 percent 

increase from the unreinforced case.  This was the 80 percent thick, rectangular composite 

reinforcement placed at the midplane.  For almost eve
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influences how much load the reinforcement carries, and ultimately maximum load.  The 

more reinforcement that is involved in and at high levels of strain, the larger the maximum 

For these cases, initial composite reinforcement failure occurs when the fiber 

direction extensional strain reaches the tensile strain failure limit for this composite.   Failure 

of the reinforcement is dependent on the strain fields created by the approaching crack front.  

The size and shape of the strain fields depe

the three tra

entioned, in 

Farley et al. [12], only a si

load. 

nd upon the amount of applied loading.  Due to 

the presence of the reinforcement increasing the overall stiffness, larger loads are applied in 

order to achieve the critical CTOA at the crack front.  However, due to increased local 

stiffening as the failure strain of the composite reinforcement approaches the reinforcement 

leading edge, the shape of the strain fields are altered. 

 

Although architecture 5 did not perform as well as the other rectangular architectures, 

it does show potential for a more efficient use of reinforcement.  As previously suggested, 

iling reinforcements not shown in Figure 5.11 are not strained very highly, and 

may not be contributing any significant load carrying capacity.  Removing these 

reinforcements may not be overly detrimental to the performance.  As Abada et al. [45] 

shows, comparing the geometry of architecture 1, a rectangular reinforcement architecture 

completely through the thickness, but with only half of the total composite reinforcement 

volume, exhibits higher performance.  The comparison of architectures 7 and 10 also show a 

more efficient use of reinforcement, despite a lower total cross-sectional area of 

unidirectional composite reinforcement. 

As with any numerical analysis, the actual experiments must be performed to support 

the results of the numerical models.  The analyses described in this research assume things 

that may not reflect exactly what goes on experimentally.  As previously m

ngle experimental test was done on an unreinforced case and a 

reinforced case with an epoxy interface.  In this research, the reinforcement was assumed to 

be “perfectly bonded” to the base material.  In actuality, there would be some interface 

effects between the composite and the base aluminum.  Due to the added complexity of such 

a topic, it was not included in this research.  Another detail not included in this research, but 

also important are the different failure modes of the composite itself.  Matrix tensile and 
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shear failures would be important to include, as these would also effect the response.  Only 

fiber-direction tensile failure was included in Farley et al. [12], and therefore in this research 

as well.  In the single reinforced experiment from Farley et al. [12], no matrix tensile failures 

were se

must be taken into account for each 

architecture.  For example, architectures 1 and 2 had similar performance.  However, one 

architec

en, although these failures might not have been seen, since the epoxy interface would 

fail long before matrix tensile failure was reached.  As previously mentioned, no other failure 

strengths were given in Farley et al. [12].  To that end, polynomial-type composite failure 

schemes (such as the Tsai-Wu failure criterion given in [7]) could not be used either.  Finally, 

as previously stated, the effect of a rotated fracture surface on in-situ selectively reinforced 

compact tension specimens would also be an important consideration, as this rotation would 

be a definite possibility for this case. 

Besides overall performance, other specifics 

ture may be easier to manufacture than the other.  Also, suppose that some of these 

in-situ selective reinforcements schemes are meant to be used on the surface skin of a 

structure.  If this structure is prone to impact, the interior architectures may be more suitable 

than architectures placed at the outer surface. 
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Appendix A  ABAQUS AND PYTHON SCRIPT 

nguag ary language ABAQUS uses to read, store, and 

ma

loads, s  

written any text-based file, 

s w

In this analysis, the original model of the compact tension specimen was built using 

AB t 

ts were defined within CAE.  At this point, the input file was written.  The Python script 

bel s an 

rgument.  It then builds on this original input file to propagate the crack through the CT 

e

ilure, many 

things m be 

mentio ut the code, but the two main ones 

worth mentioning at this point are the constraint block file and the displacement block file.  

The use of these two files lends flexibility to the code, but adds a level of complexity on the 

part of the user when setting up the problem. 

Due to the nature of the problem, only two types of loading (or unloading) are 

required: an applied displacement at the pin, and a symmetry constraint removal along the 

crack front, to simulate crack propagation.  Because ABAQUS only needs a single text-based 

input file deck, this makes it easy, in theory, to just append additional loading/unloading 

blocks (with minor changes) to the end of the original input file.  These blocks must also 

accurately reflect the original ABAQUS model, so, if possible, must be independent of any 

internally created objects from ABAQUS/CAE.  This is crucial when creating models with 

different reinforcement geometries, material properties, and meshes.  Because of this, great 

 

 

The following script is written in Python.  It is an object-based programming 

e, similar to C.  This is the primla

nage data.  Python scripts can be written to modify and create parts, material properties, 

teps, interactions, and almost any aspect of an ABAQUS model.  They can also be

 to read from and write to ABAQUS input files, output databases, 

a ell as creating and running ABAQUS jobs. 

AQUS/CAE.  The initial load was applied to the specimen, and several node and elemen

se

ow takes this ABAQUS model data and initial loading contained in the input file a

a

sp cimen, using the crack-tip opening angle criterion. 

Although this script does automate crack propagation and progressive fa

ust be pre-defined by the user in order for this script to be successful.  These will 

ned in subsequent comments as they arise througho
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care m inal models in ABAQUS/CAE.  Every referenced 

 CAE.  However, once 

nstant text file size, 

position ng, etc. 

r minimize total run time and file creation.  

Each res

e higher-level functions are described 

in detail, followed by their lowe

 
# The 

# 
# The 

ust be taken when creating the orig

node and element set within the script must be given a name within

this is done, these two blocks can be easily altered due to its co

i

Two restart input files are created to furthe

tart file consists of only a single step containing either a displacement or constraint 

removal block, thus they have fairly short run times.  When the script is first run, the first 

restart file restarts from the last step in the initial input file written from ABAQUS/CAE.  

The next input file restarts from the first file.  Using alternating restart indices in the job 

names, only two restart files are needed, since they can continually overwrite the old ones. 

In order to understand the script more clearly, th

r level constituent functions.  The inputs, user-defined items, 

code flow, and important output variables are commented to each.  The version of code 

below is for a reinforced compact tension specimen, and the analysis ends when either the 

reinforcement has failed, or the user-defined crack length has been reached.  Some remnants 

of other versions, some of which include progressive failure, other failure modes, or critical 

CTOA variation through the thickness still remain, but are ignored in this version. 

following function is the main function a user will call when 
# running a job.  It initializes all of the necessary files for use in 
# the rest of the script.  The inputs are all user-defined: the 
# critical CTOA (“critCtoa”), the name of the ABAQUS input file written 
# from ABAQUS/CAE (“jobname”), the CTOA measurement point given in 
# number of elements behind the crack tip (“measpoint”), the 
# terminating midplane crack length given in number of elements (“n”), 
# and the reinforcement failure strains (“strainFail”).  The failure 
# strains are input in a list form, starting with the fiber direction 
# tensile failure strain. 

original input file text is copied to the master input file.  All 
# lock and “Steps.txt” files are removed from the directory where 
# ABAQUS is being run.  The displacement and constraint block files are 
# then copied from master files.  The variable “critCtoa” is redefined 
# here as a list containing the coefficients to the equations 
# specifying the variation in critical CTOA.  The input file is then 
# run, and the function “MasterRun” is called. 
 
def Test(critCtoa, jobname, spread, measpoint, n, strainFail, numcpus): 
 carriage='\012' 
      inputFile=open(jobname+'.inp') 
      outputFile=open('Master.inp','w') 
      lines=inputFile.readlines() 
      for line in lines: 
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              newLine=line 
              outputFile.write(newLine) 
      inputFile.close() 
      outputFile.close() 
      ConstraintBlockCopy(jobname) 
      import o
 os.syste

s 
m('rm Loads.txt') 

      
 

      
'+str(spread)+', '+str(measpoint)+', '+str(strainFail)+carriage) 

constraint removal step, and creates a text file that contains the 

ned constant critical 

med quadratic equation that will 
ical CTOA for each through- 

os.system('rm *.lck') 
os.system('rm StatusTest.txt') 

      os.system('rm Steps.txt') 
 File=open('Steps.txt','w') 
      File.write('1'+carriage) 
      File.close() 
 inputFile=open('Loads.txt','w') 
 inputFile.writelines(str(critCtoa)+', '+str(jobname)+', 
'+str(spread)+', '+str(measpoint)+', '+str(strainFail)+carriage) 
 inputFile.close() 
 inputFile=open('StatusTest.txt','w') 

inputFile.writelines(str(critCtoa)+', '+str(jobname)+', 

      inputFile.close() 
      os.system('cp displacementBlockMaster.txt displacementBlock.txt') 
      os.system('cp constraintBlockMaster.txt constraintBlock.txt') 
      critCtoa=CtoaCalc(critCtoa, spread) 
      os.system('abaqus job='+jobname+' cpus='+str(numcpus)+' 
interactive') 
      MasterRun(critCtoa, jobname, spread, measpoint, n, strainFail, 
numcpus) 
      return 
 
# The following function copies only the pertinent lines of the 
# 
# relevant information to define the constraints. 
# 

 # After reading in the original file, “jobname”, the file is then
# searched for the beginning of the constraint removal step.  From this 
# characteristic statement on, the text is copied to another file, 
# “constraintBlockMaster.txt”.  
 
def ConstraintBlockCopy(jobname): 
        inputFile=open(jobname+'.inp') 

dlines()         lines=inputFile.rea
     inputFile.close()    

        addline='\012' 
        index=lines.index('** STEP: Step-2'+addline) 
        outputFile=open('constraintBlockMaster.txt','w') 
        outputFile.writelines(lines[(index-2):]) 
        outputFile.close() 
        return 
 
The following function takes in the user-defi# 

# CTOA, “critCtoa”.  It also takes two times the difference between the 
 the initial critical CTOA, “spread”.  It # constant critical CTOA and

# outputs the coefficients to the assu
# describe the x-direction change in crit
# thickness profile. 
# 
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# After initializing a number of lists, the coefficients for initial 
f profile crack length is 

ficients are returned as a nested list.   

,0,0] 

/2 
ge(0,5): 

 

 will be 

oa”), the job name (“jobname”), the CTOA variation measure 
the CTOD measurement point (“measpoint”), the terminating 

tunnelled crack length (“n”), the failure strains (“strainFail”), and 

 relevant loads and 
rack lengths. 

sets 
are named in ABAQUS/CAE.  For ease, these were defined in the part 

t geometries could be partitioned, 
e reason for the “Hole-1” part 

ly included once the input file is 
ule, the naming convention must be “C- 
x)-(profile crack length index)”, and must 

, BC4, and BC5.  
from the 
element on the 

the blunted crack tip, its name would be 

, 
k”, is used for a progressive failure version of this script, but 

# critical CTOA variation as a function o
# calculated.  These coef
 
def CtoaCalc(critCtoa, spread): 
        y0=[0,0,0
        y10=[0,0,0,0,0] 
        A=[0,0,0,0,0] 
        B=[0,0,0,0,0] 
        C=[0,0,0,0,0] 
        D=float(spread)/(0.04**2) 
        E=critCtoa-float(spread)
        for n in ran
                y0[n]=D*(n*0.01)**2+E+0.01 
                y10[n]=critCtoa 
                A[n]=(y0[n]-critCtoa)/0.0081 
                B[n]=-0.2*A[n] 
                C[n]=0.01*A[n]+critCtoa 
        for n in range(0,4): 
                A[n]=A[4] 
                B[n]=B[4]
                C[n]=C[4] 
        return [A, B, C, D, E, y0] 
 
# This following routine calls almost all of the functions that
# defined from this point on.  It is a self-recursive function, with 
# the following inputs: the critical CTOA coefficient list 
# (“critCt
# (“spread”), 
# 
# the number of cpus to be used for each execution of ABAQUS 
# (“numcpus”).  This function will output a single input file 
# containing full crack propagation, as well as the
# c
# 
# This function contains the most important, yet painstaking pre- 
# defined element sets.  These are the node sets used to define the 

crack propagation surface.  These # symmetry constraints along the 
# 
# module, so different reinforcemen
# and different meshes used.  This is th
# instance prefix that is automatical
# written.  In the part mod

de# (thickness position in
# start after the initial constraints of BC1, BC2, BC3
# For example, for an element at the midplane, 0.2 inches 

For an # blunted crack tip, the name would be “C-0-20”.  
# surface, 0.05 inches from 
# “C-4-5”. 
# 
# Because of the importance of this function, details of the logic 
# itself are given.  After reading in the appropriate inputs, important 
# data is extracted from the previously run job.  In order to better 
# keep track of where in the analysis the script is, the previous step 
# number, user-defined critical CTOA, and measurement point are all 

n and to the file, “StatusTest.txt”.  The index# printed to the scree
# “
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# the script below is rewritten to ignore this.  The strains in the 
# reinforcement are read in and checked to see if failure has occurred, 

flect the consecutive constraint 
ial crack tip.  Next, a restart job name is 
efined crack length has been reached, the 

opied to a directory, and the script it ended.  
has failed, then the last step is rerun with an 
ncrements to more accurately find the point of 

ant files are copied to a directory, 
critical CTOA has been reached 

minU2”, then the constraint block is 
ified constraints.  The 

surface constraint release is also 
 track surface crack 

ded to the restart job file and 
ion itself is then recalled. 

 been reached along any profile, then the 
ered to reflect a larger applied pin 
isplacement block is appended to the restart 
.  The “MasterRun” function is again 

 
ures.  Jobs 

ail, 

12' 
a=ExtractLastData(jobname) 

] 

ile.close() 
1] 

# and assigns a value to the index “m”.  The measured CTOD’s are 
then read in and the list “minU2” is created.  For the first few # 

# steps, “minU2” is altered to re
# removal after the init
# created.  If the user-d
# important files are c
# If the reinforcement 
# increased number of i
# reinforcement failure, the import
# then the script is ended.  If the 
# according to the variable, “
# altered to reflect the removal of the spec
# step number corresponding to a 
# created and appended in order to more easily
# growth.  The constraint block is appen
# the file is run.  The “MasterRun” funct
# If the critical CTOA has not
# displacement block is alt
# displacement.  This new d
# file, and the file is run
# recalled. 
# 
# One of the main advantages of this function is the ease in restarting 
# a job from a specific step.  Occassionally, ABAQUS/Standard fails to
# complete a job due to memory problems or other system fail
# can be rerun quite easily, just by using the last successfully 
# completed job name. 
 
def MasterRun(critCtoa, jobname, spread, measpoint, n, strainF
numcpus): 
 import os 
 carriage='\0

previousDat 
 globalDispl=previousData[0] 
 stepnumber=previousData[1] 
 incrNumber=previousData[2] 
 stepSize=previousData[3] 
 outputCtoa=critCtoa[0][4]*0.1**2+critCtoa[1][4]*0.1+critCtoa[2][4
 print stepnumber,'-', outputCtoa,'-', spread, '-', measpoint 
 k=[0,1,0,[0,0,0,0]] 
 FailIndex=k[2] 
 maxIndeces=k[3] 
 inputFile=open('StatusTest.txt','a') 
      inputFile.writelines('GlobalDispl='+str(globalDispl)+', 
Stepnumber='+str(stepnumber)+', IncrNumber='+str(incrNumber)+', 
StepSize='+str(stepSize)+carriage) 
      inputF

m=[0, 
 s=[0,1, globalDispl] 
 m=ReadStrain(jobname, stepnumber, strainFail, incrNumber) 
 incrNumber=m[1] 
      minU2=ReadDispl(critCtoa, jobname, stepnumber, spread, measpoint, 
maxIndeces) 
 minU2=InitialRelease(stepnumber, globalDispl, minU2) 
 inputFile=open('StatusTest.txt','a') 
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 inputFile.writelines('minU2='+str(minU2)+carriage) 
 inputFile.close() 
 addline=', YSYMM\012' 
 inputFile=open('StatusTest.txt','a') 
 inputFile.write('k='+str(k)+carriage+'m='+str(m)+carriage+'s='
)+carriage) 

+str(s

'.txt') 
   os.system('cp Loads.txt Loads'+jobname+'.txt') 

             os.system('cp *'+jobname+'*.* '+jobname) 

, 

 ChangeMasterEndIncr(incrNumber, float(1), stepnumber, 

6])+carriage+'-'+carriage+'Initial Failure' 

carriage) 

) 
pnumber)+'Initial Failure - 

b='+jobname+' oldjob='+restJobname+' 
active') 
'+jobname+'-'+str(outputCtoa)+'-'+str(spread) 

stem('cp constraintBlock.txt '+dirName) 
ystem('cp displacementBlock.txt '+dirName) 

 Master.inp '+dirName) 

eturn 

 inputFile.close() 
 restJobname=RestartManager(jobname, stepnumber) 
 if minU2[0][3] == n: 
                inputFile=open('Master.inp') 
                jobname='Master'+jobname[0:(jobname.find('-rest-
'))]+str(outputCtoa)+'-'+str(spread)+'-'+str(measpoint) 
                outputFile=open(jobname+'.inp','w') 
                lines=inputFile.readlines() 
                for line in lines: 
                        newLine=line 
                        outputFile.write(newLine) 
                inputFile.close() 
                outputFile.close() 
                os.system('mkdir '+jobname) 
                os.system('cp Steps.txt Steps'+jobname+'.txt') 
                os.system('cp StatusTest.txt StatusTest'+jobname+
             
   
                return 
 elif m[0]==1: 
  incrNumber=m[1] 
  IncrEndFile(jobname, incrNumber, float(1), globalDispl
globalDispl) 
 
globalDispl, globalDispl) 
  Output='FailIndex='+str(k[2])+', 
CTODIndex='+str(minU2[
  print Output 
            inputFile=open('StatusTest.txt','a') 
            inputFile.writelines(Output+
            inputFile.close() 
  inFile=open('Loads.txt','a'
  inFile.writelines(str(ste
'+str(m[2])+' - '+str(m[3])+', ') 
  inFile.close() 
            os.system('abaqus jo
cpus='+str(numcpus)+' inter
            dirName='RestDir
            os.system('mkdir '+dirName) 
            os.system('cp '+jobname+'.* '+dirName) 
  os.system('cp '+restJobname+'.* '+dirName) 
  for i in range(1,5): 
               os.sy

os.s                    
                    os.system('cp
                    os.system('cp Steps.txt '+dirName) 

m('cp Loads.txt '+dirName)                     os.syste
                    os.system('cp StatusTest.txt '+dirName) 
  r
        elif minU2[5]==1: 
                for i in range(0,5): 
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                        if minU2[i][0] > (minU2[i][2]-0.000025): 
onstraintName = 'Hole-1-1.C-'+str(i)+'-

[0:10]=='Hole-1-1.C-4': 

                           
carriage) 

        ConstraintRemoval(constraintName, 

name, 

ge+'Constraint' 

Test.txt','a') 
e) 

xt','a') 
, ') 

n(critCtoa, jobname, spread, measpoint, n, 

ndBlock('displacementBlock', restJobname, 

age+'-'+carriage+'Displacement' 

s(Output+carriage) 

mber)+', Displ, ') 

spread, measpoint, n, strainFail, 

The rst MasterRun” above pulls out important 
data ent 

acement, and 
alues are then 

ion, the input file corresponding to the job 
unique lines of text in the input file are 

ed values.  After reformatting 

                                c
'+str(minU2[i][3])+addline 
                                if constraintName
                                        outFile=open('Steps.txt','a') 
             
outFile.write(str(stepnumber)+
                                        outFile.close() 
                        
globalDispl) 
                stepnumber=AppendBlock('constraintBlock', restJob
stepnumber) 
                Output='FailIndex='+str(k[2])+', 
CTODIndex='+str(minU2[6])+carriage+'-'+carria
                print Output 
                inputFile=open('Status
                inputFile.writelines(Output+carriag
                inputFile.close() 
                inFile=open('Loads.t
                inFile.writelines(str(stepnumber)+', Constraint
                inFile.close() 
                os.system('abaqus job='+restJobname+' oldjob='+jobname+' 
cpus='+str(numcpus)+' interactive') 
                jobname=restJobname 
                MasterRu
strainFail, numcpus) 
 else:   
  FailIndex=k[2] 
  displIncrement=DispConverge(minU2, FailIndex, incrNumber) 
  globalDispl=AddDispl(globalDispl, displIncrement) 
  stepnumber=Appe
stepnumber) 
  Output='FailIndex='+str(k[2])+', 
CTODIndex='+str(minU2[6])+carri
  print Output 
  inputFile=open('StatusTest.txt','a') 
            inputFile.writeline
            inputFile.close() 
            inFile=open('Loads.txt','a') 
            inFile.write(str(stepnu
            inFile.close() 
  os.system('abaqus job='+restJobname+' oldjob='+jobname+' 
cpus='+str(numcpus)+' interactive') 
  jobname=restJobname 
            MasterRun(critCtoa, jobname, 
numcpus) 
 
# fi function called from “
#  from the previously run job that will be needed for subsequ
# functions.  It takes in the previous job name (“jobname”) as an 
# input, and extracts the number of increments, pin displ
# step number from the previous job input file.  These v
# returned in a list. 
# 
# Upon calling this funct
# name is opened.  Several 
# searched for, which locate the desir
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# the desired values within the string-based file, the function returns 

 lines[i]=='*Static': 

e in lines: 

* STEP': 

ind(','))]) 
(','))]) 

Line[12:]) 

, incrNumber, stepSize] 

s in the strain values in the reinforcement.  
b name (“jobname”), step number 

(“strainFail”), and number of 

 

incrementation index 

r failure to be 
e values were given, 
ts. 

inforcement 

trainFail, incrNumber): 

openOdb(path=jobname+'.odb') 
pname='Step-'+str(stepnumber) 

# the pin displacement, step number, and number of increments.   
 
def ExtractLastData(jobname): 
 inputFile=open(str(jobname)+'.inp') 
 lines=inputFile.readlines() 
 lines=[s.rstrip() for s in lines] 
 addline='\012' 
 for i in range(0,len(lines)): 
  if
                        incrLine=lines[i+1] 
 for lin
  if line[0:4]=='Load': 
   globDispLine=line 
  elif line[0:7]=='*
   stepLine=line 
 semi=incrLine[(incrLine.find(',')+1):] 
 stepSize=float(semi[0:(semi.f
 incrSize=float(incrLine[0:(incrLine.find
 incrNumber=int(round(float(1)/incrSize)) 
 globalDispl=float(globDisp
 stepnumber=int(stepLine[14:]) 
 inputFile.close() 
 return [globalDispl, stepnumber
 
# The next function read
# It uses the previous jo
# (“stepnumber”), failure strain 
# increments (“incrNumber”) as inputs.  If the maximum measured fiber 
# direction tensile strain is greater than the failure strain at the
# end of the step, the number of increments is increased to 15 and the 
# failure index is set to one.  These two values are then returned.  If 
# there is no fiber direction tensile failure, the 
# is zero, and the increment number remains as one. 
# 
# It should be noted that this function allows for shea
# detected as well.  However, since no shear failur

se failure componen# the function just ignores the
# 
# The user must define the element set “REIN” as the re
# region within ABAQUS/CAE. 
 
def ReadStrain(jobname, stepnumber, s
 from odbAccess import * 
 from abaqusConstants import * 
 odb=

ste 
 reinRegion=odb.rootAssembly.elementSets['REIN'] 
 strainField=odb.steps[stepname].frames[-1].fieldOutputs['LE'] 
 field=strainField.getSubset(region=reinRegion, 
position=INTEGRATION_POINT) 
 fieldValues=field.values 
 s1=[] 
 strainFail22=strainFail[0] 
 strainFail12=strainFail[1] 
 strainFail13=strainFail[2] 
 strainFail23=strainFail[3] 
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 carriage='\012' 
 for v in fieldValues: 
  s1.append([v.data[1]/strainFail22, 

s(v.data[4]/strainFail13), 

 
 

odb.close() 
 

maxStrain, comp] 

2' 

'+comp 

The following function reads in vertical nodal displacements from the 
 

the redefined 
e 

hrough the thickness of the specimen.  For example, Z0 runs along 
f 
 and 

end at 0.02 inches from the reinforcement.  Another user-defined 
l “range” 
e portion 

of t ing pin and the crack propagation 
E. 

lacement 

lculated, depending on crack profile 
ce.  Finally, if the maximum CTOD 
the critical CTOD (minus a small 

00025 inches), a constraint 
 index dictates whether the next 
nstraint removal or a 
 the CTODs, averaged CTODs, 

abs(v.data[3]/strainFail12), ab
abs(v.data[5]/strainFail23)]) 
 for i in range(0, len(s1)): 
  for j in range(0,4): 
   maxStrain=s1[i][j]
   if maxStrain > 1.0:
    incrNumber=15 
    if j==0: 
     
     comp='E22'
     return [1, incrNumber, 
    elif j==1: 
     comp='E1
    elif j==2: 
     comp='E13' 
    elif j==3: 
     comp='E23' 
    print str(maxStrain)+' - 
 odb.close() 
 return [0, 1] 
 
# 
# previously run job and step.  It then compares these displacements to
# calculated critical CTODs.  Inputs to this function are 
# nested list of coefficients (“critCtoa”), the previous job nam
# (“jobname”), the previous step number (“stepnumber”), and the user- 
# defined measurement point index (“measpoint”).  It outputs a list 
# containing the CTODs at each through-thickness crack profile, their 
# corresponding critical CTODs, the profile crack length index, the 
# node number where the CTOD was measured, and the averaged critical 
# CTODs. 
# 
# Five nodal sets are pre-defined within ABAQUS/CAE called Z0, Z1, Z2, 
# Z3, and Z4.  These sets run along a line in the x-direction on the 

t crack profile # crack/symmetry plane.  Each set represents a differen
# t
# the midplane of the specimen, while Z4 runs close to the surface o

 lines begin at the blunted crack tip,# the specimen.  The node set
# 
# variable is the critical CTOD offset, which defines the smal
of c  at 0.000025 inches.  Also, th# ritical CTODs.  It is set

# he model that contains the load
# region must be called “HOLE-1” in ABAQUS/CA
# 
# Following the script, after reading in vertical nodal disp
# values along each through-thickness node set; any constrained nodes 

  Next, # (i.e., approximately zero displacement) are filtered out.
# critical CTOD values are ca
# length and measurement point distan

e is greater than # along any profil
# displacement offset, in this case 0.0
# removal index of 1 is returned.  This
# appended block, or step, will be a co
# displacement.  This index, along with
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# critical CTODs, and profile crack lengths are returned in the list 

int, 

    from t * 

s['Z'+str(i)] 
rames[-1] 

on=profile) 

-17: 

        s.append([nodeCoord, v.data[1], 
node ) 
              s.sort() 

t)) 

              minU2[i]=s[x-1] 
       else: 

)) 

t-

# "minU2". 
 
def ReadDispl(critCtoa, jobname, stepnumber, spread, measpo
maxIndeces): 
        from odbAccess import * 
     abaqusConstants impor
        odb=openOdb(path=jobname+'.odb') 
        stepname='Step-'+str(stepnumber) 
        minU2=[1, 1, 1, 1, 1, 0, 0] 
        for i in range(0,5): 
                profile=odb.rootAssembly.nodeSet
                lastFrame=odb.steps[stepname].f
                displ=lastFrame.fieldOutputs['U'] 
                ctod=displ.getSubset(regi
                ctodValues=ctod.values 
                s=[] 
                for v in ctodValues: 
                        if v.data[1] > 1E
                                nodeCoord=odb.rootAssembly. 
instances['HOLE-1-1'].nodes[(v.nodeLabel-1)].coordinates[0] 
                        
v. Label, 1, 0, 0]
  
                for j in range(0,len(s)): 
                        del s[j][0] 
                x=len(s) 
                if x==0: 
                        minU2[i]=[0, 0, 1, 0, 0] 
                elif x <= measpoint: 
                        critCtod=(critCtodCalc(critCtoa, x, i, measpoin
                        s[x-1][2]=critCtod 
                        s[x-1][4]=s[x-1][0] 
          

         
                        critCtod=(critCtodCalc(critCtoa, x, i, measpoint
                        s[measpoint-1][2]=critCtod 
                        s[measpoint-1][4]=s[measpoint-1][0] 
                        s[measpoint-1][0]=((s[measpoint][0]+s[measpoin
2][0])/2+s[measpoint-1][0])/2 
                        minU2[i]=s[measpoint-1] 
                minU2[i][3]=x 
        crackLength=minU2[4][3] 
        displIndex=0 
        for i in range(0,5): 
           if minU2[5]==1: 

                     for j in range(0,5):    
                                newDisplIndex=minU2[j][4]/minU2[j][2] 
                                if newDisplIndex > displIndex: 
                                        displIndex=newDisplIndex 
                        minU2[6]=displIndex 
                        break 
                elif minU2[i][0] > (minU2[i][2]-0.000025): 
                        minU2[5]=1 
        odb.close() 

s,         LoadRecord(jobname, stepnumber, crackLength, maxIndece
displIndex) 
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        return minU2 
 
# The first called function from “ReadDispl” receives the following as 

h was 
defined critical CTOA), the profile 
 (“x”), the through-thickness 

urement point index number 
 elements in the crack face 
ofile crack length, through- 

 point distance are just the 
t size of 
 upon 

le crack 

ation in the critical CTOA as a 
r crack growth less than 0.1 
etails of the previous function, 

ssumed to be quadratic. 

nt list, 
cies 

ount of crack growth at a specific profile is 
t point length, the critical CTOA is 

he total x-direction crack 
 amount of profile crack growth is 

point distance and 0.1 inches, the critical 
the critical CTOD calculated at the 

 profile crack growth 
eturns the critical CTOA and 

ath.tan((critCtoa/2)*math.pi/180) 

 
)**2+B[i]*(0.01*x)+C[i] 
oint)*math.tan((critCtoa/2)* math.pi/180) 

i] 
0) 

elow uses the previous 
 crack length (“crackLength”), and the   

atio 
ured CTOD.  This function outputs 

le containing the applied pin loads and surface 

# inputs: the redefined nested coefficient list (“critCtoa”, whic
# initially defined as the user-
# crack length measurement number
# measurement index (“i”), and the meas
# (“measpoint”).  As a sidenote, since the
# plane are square, the actual measured pr
# thickness position, and measurement
# variables “x”, “i”, and “measpoint” multiplied by the elemen
# 0.01 inches. The function outputs the critical CTOD depending
# measurement point, through-thickness distance, and profi
# length. 
# 
# The only user-defined item is the vari
# function of crack profile growth fo
# inches.  This was mentioned in the d
# “CtoaCalc”.  In this case, the variation is a
# 
# After redefining each coefficient from the nested coefficie
# “critCtoa”, measurement point and profile crack length dependen
# are applied.  If the am
# less than the measuremen
# calculated, and the critical CTOD using t
# profile length is returned.  If the
# between the measurement 
# CTOA is calculated, and 
# measurement point is returned.  If the amount of
# is larger than 0.1 inches, then it r
# calculated critical CTOD which are constant. 
 
def critCtodCalc(critCtoa, x, i, measpoint): 
 import math 
 A=critCtoa[0] 
 B=critCtoa[1] 
 C=critCtoa[2] 
 if x < measpoint: 
  critCtoa=A[i]*(0.01*x)**2+B[i]*(0.01*x)+C[i] 
  critCtod=(0.01*x)*m
  return critCtod 
 elif 10 > x >= measpoint:
  critCtoa=A[i]*(0.01*x

0.01*measp  critCtod=(
  return critCtod 
 else: 
  critCtoa=A[i]*0.1**2+B[i]*(0.1)+C[
  critCtod=(0.01*measpoint)*math.tan((critCtoa/2)* math.pi/18
  return critCtod 
 
# The last called function from “ReadDispl” b
# jobname, step number, surface
# displacement index (“displIndex”) defined as the largest r
# between the critical CTOD and meas
# and appends to a fi
# crack lengths. 
# 
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# The user must define a node set in ABAQUS/CAE that passes through the 

plIndex): 

egion=loadProfile).values 
     s=[] 

 

 is called in “MasterRun” takes the following 
mber (“stepnumber”); the applied pin 
pl”) at that step number; and the nested list 
 measured CTOD, critical CTOD, and crack 
hrough-thickness profile, as well as the 

ed 

first 

be called (starting from the midplane 
“BC2”, “BC3”, “BC4”, and “BC5”.  The constraint block 

evious step as an input, in the next 
aint will be released; then in the 

addline=', YSYMM\012' 

# center of the loading pin.  This node set is the same node set that 
# the applied displacements act upon, and the node set is called 
# “Load”. 
 
def LoadRecord(jobname, stepnumber, crackLength, maxIndeces, dis
        from odbAccess import * 
        from abaqusConstants import * 
        odb=openOdb(path=jobname+'.odb') 
        stepname='Step-'+str(stepnumber) 
        loadProfile=odb.rootAssembly.nodeSets['LOAD'] 
        lastFrame=odb.steps[stepname].frames[-1] 
        loadValues=lastFrame.fieldOutputs['RF']. 
getSubset(r
   
        for v in loadValues: 
                s.append(v.data[1]) 
        sum=0 
        for i in range(0,len(s)): 
                sum=sum+s[i] 
        inputFile=open('Steps.txt') 
        outputFile=open('Loads.txt','a') 
        lines=inputFile.readlines() 
        lines=[x.strip() for x in lines] 
        addline='\012' 
        outputFile.write(str(sum)+', '+str(crackLength)+', 
'+str(maxIndeces[0])+', '+str(maxIndeces[1])+', '+str(maxIndeces[2])+',
'+str(maxIndeces[3])+', '+str(displIndex)+addline) 
        inputFile.close() 
        outputFile.close() 
        odb.close() 
      return   

 
# The next function that
# inputs: previous step nu
# displacement (“globalDis
# (“minU2”) containing the
grow# th length of each t

# constraint removal index.  If applicable, it returns an alter
# nested list, “minU2”, along with an altered constraint removal block 
# file. 
# 
# For this function, the user must define the node sets of the 
# element row in ABAQUS/CAE.  Since there are five elements through the 
# thickness, these node sets must 
# element) “BC1”, 
# file itself must also be pre-defined. 
# 
# Since this function takes the pr
step, the first midplane constr# 

# following step, the next constraint; etc.  The constraint to be 
# released is input into the function “ConstraintRemoval”, and “minU2” 

e # is altered with a new constraint removal index to denote that th
# next block will be a constraint removal block.  
 

(stepnumber, globalDispl, minU2): def InitialRelease
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 if 1 < stepnumber < 6: 
  constraintName='BC'+str(stepnumber)+addline 
  ConstraintRemoval(constraintName, globalDispl) 

minU2[5]=1   
  return minU2 
 else: 
  return minU2 
 
# The following function initially called in “InitialRelease” and used 

c constraints from the next 

obalDispl”) as 
file. 

 previously in the introduction, the text file 
must be pre-defined by the user.  This  

lock.txt” during the initial 
st”. 

and a temporary constraint file, 
 input constraint name exists is 

lied pin displacement is also 
 is re-copied to the original 

 
nes() 

es: 

  newLine=comment 

outputFile=open('constraintBlock.txt','w') 

outputFile.close() 

ob 

 lines needed for an 
ABAQUS restart input file.  

, the function sets a restart index 

# in “MasterRun” is used to remove specifi
# step in ABAQUS.  It takes the name of the constraint 
# (“constraintName”) and the pin displacement (“gl
# inputs.  It outputs an altered constraint block 
# 
# As mentioned
# “constraintBlockMaster.txt” 
# text file is copied to “constraintB
# function, “Te
# 
# After opening the constraint file 
# the line in the text file where the
# replaced with a comment, “***”.  The app
# updated.  The temporary constraint file
# constraint file. 
 
def ConstraintRemoval(constraintName, globalDispl): 
 comment='***\012' 
 inputFile=open('constraintBlock.txt') 

traintBlockNew.txt','w') outputFile=open('cons
 lines=inputFile.readli
 for line in lin
  if line==str(constraintName): 
 
  elif line[0:4]=='Load': 

    newLine='Load, 2, 2, '+str(globalDispl)+'\012'
  else: 
   newLine=line 
  outputFile.write(newLine) 
 inputFile.close() 
 outputFile.close() 

utFile=open('constraintBlockNew.txt')  inp
 
 lines=inputFile.readlines() 
 for line in lines: 
  newLine=line 
  outputFile.write(newLine) 
 inputFile.close() 
 
 return 
 
# The next function below called in “MasterRun” uses the previous j
# name, “jobname”, and step number, “stepnumber” as inputs.  It returns 
# a restart job name that depends on the restart index, and an input 
# file of the same name that contains the first few
# 
# 
# After reading in the step number
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# er depending on whether numb the stepnumber is odd or even.  The 
 job 
ut 
ep 

pnumber): 

*Restart, read, step='+str(stepnumber)+addLine) 
inputFile.close() 

crement size of the last step of the master input 
file, respsectively.  The first one uses the previous job name, 

and new pin 
alters the previous job input file with 

 uses the number of 
d new pin 

 master input file to reflect 

TimeIncr, globalDispl, 

readlines() 

ines)): 
Static'+addline: 

+str(MaxTimeIncr)+', 

str(globalDispl)+addline: 
'+str(newGlobalDispl)+addline 

dIncr(incrNumber, MaxTimeIncr, stepnumber, globalDispl, 

umber 

# restart job name is then created by concatenating the original
# name, and adding the restart index number to it.  A restart inp

estart job name and the previous st# file is created using the r
# number. 
 
def RestartManager(jobname, ste
 addLine='\012' 
 if (float(stepnumber%2))==1: 
  restartIndex=1 
 else: 
  restartIndex=2 
 restJobname=jobname[0:(jobname.find('-rest-'))] 
 restJobname=restJobname+'-rest-'+str(restartIndex) 
 inputFile=open(restJobname+'.inp', 'w') 
 inputFile.write('*Heading'+addLine+'**jobname: 
'+restJobname+addLine+'*Preprint, echo=NO, model=NO, history=NO, 
contact=NO'+addLine+'
 
 return restJobname 
 
# Once the failure has been detected at the end of a step, the 
# following two functions change the increment size of the previously 
# run job and the in
# 
# number of increments, step size, pin displacement, 
# displacement as inputs, and 
# the updated increment size.  The second function
# increments, step size, step number, pin displacement, an
# displacement as inputs, and alters the
# the changes. 
 
def IncrEndFile(jobname, incrNumber, Max
newGlobalDispl): 
        inputFile=open(jobname+'.inp') 
        lines=inputFile.
        addline='\012' 
        incrSize=float(1)/incrNumber 
        for i in range(0,len(l
                if lines[i]=='*
                        lines[i+1]=str(incrSize)+', '
1e-05, '+str(incrSize)+addline 
  if lines[i]=='Load, 2, 2, '+

='Load, 2, 2,    lines[i]
        inputFile.close() 
        inputFile=open(jobname+'.inp','w') 

ines)         inputFile.writelines(l
        inputFile.close() 
 
f ChangeMasterEnde

newGlobalDispl): 
        inputFile=open('Master.inp') 
        lines=inputFile.readlines() 
        inputFile.close() 
        incrSize=float(1)/incrN

     addline='\012'    
        for i in range(0,len(lines)): 
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                if lines[i] == '** STEP: Step-'+str(stepnumber)+addline: 
+', 

             lines[i]='Load, 2, 2, 
str(newGlobalDispl)+addline 

t removal or displacement text files 
ocks to the 

owing 
ck”), the restart 

number”).  

 input file. 

After reading in the step number, this value is increased by one, and 
 new 

tFile.readlines() 
r=stepnumber+1 

e[0:7]=='** STEP': 
-'+str(stepnumber)+addline 

 
e='*Step, name=Step-'+str(stepnumber)+', 

wLine) 

cript to converge to an applied displacement 
that achieves a critical CTOD-situation at the largest measured CTOD.  

rement.  This function is only called if all measured 

ed by the user.  But in this case, 

tical CTODs, the difference is 

                        lines[i+4]=str(incrSize)+', '+str(MaxTimeIncr)
1e-05, '+str(incrSize)+addline 
  if lines[i]=='Load, 2, 2, '+str(globalDispl)+addline: 
           
'+
        inputFile=open('Master.inp','w') 
        inputFile.writelines(lines) 
        inputFile.close() 
 
 
# After the appropriate constrain
# have been altered, the following function appends these bl
# end of the previously created restart file.  It uses the foll
# inputs: the name of the block to be appended (“Blo
# job name (“jobname”), and the previous step number (“step
# This function returns the new step number, along with an altered 
# restart file corresponding to the restart jobname.  It also appends 
# the same block to the master
# 
# 
# specific lines in the block are changed to reflect this.  This
# block is then appended to the appropriate input files, and the new 
# step number is returned. 
 
def AppendBlock(Block, jobname, stepnumber): 
 inputFile=open(str(Block)+'.txt') 
 outputFile=open(jobname+'.inp','a') 
 outputFile2=open('Master.inp','a') 
 addline='\012' 
 lines=inpu

stepnumbe 
 for line in lines: 
  if lin
   newLine='** STEP: Step
  elif line[0:6]=='*Step,':
   newLin
nlgeom=YES, inc=100'+addline 
  else: 
   newLine=line 
  outputFile.write(newLine) 
  outputFile2.write(ne
 inputFile.close() 
 outputFile.close() 
 outputFile2.close() 
 return stepnumber 
 
# This function helps the s
# 
# It uses the nested list, “minU2”, as an input and returns the next 
# displacement inc
# CTODs are less than critical. 
# 
# The convergence factor can be alter
# a factor of 1.5 is used. 
# 
# After reading in the measured and cri
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# calculated, and the smallest difference is multiplied by the 
# convergence factor.  This value is then returned. 
 
def DispConverge (minU2): 
 maxU=1 
 for i in range(0,5): 
  if (minU2[i][2]-minU2[i][0]) < maxU: 

minU2[i][0] 
ement=1.5*(maxU) 

return displIncrement 

 

file, this function 

isplIncrement): 
inputFile=open('displacementBlock.txt') 

t','w') 

pl=globalDispl+displIncrement 

line 

adlines() 

   maxU = minU2[i][2]-
   displIncr
 
 
# The function defined below takes in the previous pin displacement and
# the next calculated increment of displacement as inputs.  It alters 
# the displacement block by adding this displacement increment. 
# 
# The text file, “displacementBlockMaster.txt”, must be pre-defined by 
# the user. 
# 
# After opening the displacement block text 
# searches for the node set, “Load”, which defines the point of applied 
# displacement.  The value of applied displacement is then altered in 
# the text file, then returned. 
 
def AddDispl (globalDispl, d
 
 outputFile=open('displacementBlockNew.tx
 lines=inputFile.readlines() 
 for line in lines: 
  if line[0:4]=='Load': 
   globalDis
   newLine='Load, 2, 2, '+str(globalDispl)+'\012' 
  else: 
   newLine=
  outputFile.write(newLine) 
 inputFile.close() 
 outputFile.close() 
      inputFile=open('displacementBlockNew.txt') 
      outputFile=open('displacementBlock.txt','w') 
 lines=inputFile.re
      for line in lines: 
            newLine=line 
            outputFile.write(newLine) 
      inputFile.close() 
      outputFile.close() 
 return globalDispl 
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