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Finite element analyses are frequently used to model growing fatigue cracks and
the associated plasticity-induced crack closure. Two-dimensional, elastic-perfectly plastic
finite element analyses of middle-crack tension (M(T)), bend (SEB), and compact tension
(C(T)) geometries were conducted to study fatigue crack closure and to calculate the
crack opening values under plane-strain and plane-stress conditions. The loading was
selected to give the same maximum stress intensity factor in both geometries, and thus
similar initial forward plastic zone sizes. Mesh refinement studies were performed on all
geometries with various element types. For the C(T) geometry, negligible crack opening
loads under plane-strain conditions were observed. In contrast, for the M(T) specimen,
the plane-strain crack opening stresses were found to be significantly larger. This
difference was shown to be a consequence of in-plane constraint. Under plane-stress

conditions, it was found that the in-plane constraint has negligible effect, such that the



opening values are approximately the same for the C(T), SEB, and M(T) specimens.
Next, the crack opening values of the C(T), SEB and M(T) specimens were compared
under various stress levels and load ratios. The effect of a highly refined mesh on crack
opening values was noted and significantly lower crack opening values than those
reported in literature were found. A new methodology is presented to calculate crack
opening values in planar geometries using the crack surface nodal force distribution
under minimum loading as determined from finite element analyses. The calculated crack
opening values are compared with values obtained using finite element analysis and more
conventional crack opening assessment methodologies. It is shown that the new method
is independent of loading increment, integration method (normal and reduced
integration), and crack opening assessment location. The compared opening values were

in good agreement with strip-yield models.
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CHAPTER I
INTRODUCTION

1-1 Background

Fatigue has been defined as “the progressive localized permanent structural
change that occurs in a material subjected to repeated or fluctuating strains at stresses
having a maximum value less that the tensile strength of the material” [1].

Many different mechanical failure modes exist. These failures can occur in
simple, complex, inexpensive, or expensive components or structures. It has been
estimated that between 50 and 90 % of these failures are due to fatigue [2]. Failures due
to fatigue culminate in cracks (or) fracture after a sufficient number of fluctuations of
load.

Fracture of a structural member due to repeated cycles of load is commonly
referred to as a fatigue failure or fatigue fracture. The corresponding number of load
cycles or the time during which the member is subjected to these loads before fracture
occurs is referred to as the fatigue life of the member. The fatigue life of a member is
affected by many factors [1]. For example, it is affected by (1) the type of load (uniaxial,
bending, torsion), (2) the nature of the load-displacement curve (linear, nonlinear), (3) the
frequency of load repetitions or cycling, (4) the load history (cyclic loading with constant
or variable amplitude), (5) the size of the member, (6) the material flaws, (7) the
manufacturing method (surface roughness, notches), (8) the operating temperature (high

temperature that results in creep, low temperature that results in brittleness), (9) the
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environmental operating conditions (corrosion) [1]. In practice, accurate estimates of
fatigue life are difficult to obtain, because for many materials, small changes in these
conditions may strongly affect fatigue life. The designer may therefore be forced to rely
on testing of full-scale members under in-service conditions. However, testing of full-
scale members is time-consuming and costly. Therefore data from laboratory tests are

often used to establish fatigue failure criteria.

1-2 Fatigue Crack Propagation

The total period of fatigue life may be considered to consist of three phases: (1)
initial fatigue damage that produces crack initiation, (2) propagation of a crack or cracks
that results in partial separation of a cross section of a member, until the remaining
uncracked cross section unable to support the applied load, and (3) final fracture of the
member. The typical log-log plot of da/dN versus 4K is shown schematically in Figure 1-
1. The sigmoidel shape can be divided into three major regions. Region I is the near
threshold region and exhibits a threshold value, AKy, below which there is no observable
crack growth. Below 4Ky, fatigue cracks are characterized as nonpropagating cracks.
Microstructure, mean stress, frequency, and environment primarily control region I crack
growth. Region Il shows essentially a linear relationship between log da/dN and log 4K,

which corresponds to the formula

dan = C k)" (1)



first suggested by Paris et al.[3]. Here m and C are material constants. Region II (Paris
region) fatigue crack growth corresponds to stable macroscopic crack growth that is
typically controlled by environment. Microstructure and mean stress have less influence
on fatigue crack growth behavior in region II than region I. In the region III the fatigue
crack growth rates are very high as they approach instability, and little fatigue crack
growth life is involved. This region is controlled primarily by fracture toughness Kc,

which in turn depends on the microstructure and environment.

fracture
&«

I

log da/aN

threshold

AK;, log AK

Figure 1-1 Typical Fatigue Crack Growth Behavior in Metals



1-3 Fatigue Crack Closure

The phenomenon of plasticity-induced crack closure was first proposed and
investigated by Elber [4], and led to new concepts in fatigue crack growth. Since then,
several additional closure mechanisms have been identified [2-6], but the primary
mechanism under many conditions is plasticity. During loading, large tensile plastic
strains are developed near the crack tip, which are not fully reversed upon unloading as
the crack extends. This leads to the formation of a plastic wake with plastic deformation
in a direction normal to the advancing crack.

Roughness and oxide induced fatigue crack closure are predominate in the near
threshold crack growth regime. These two mechanisms are similar to plasticity-induced
fatigue crack closure in that the material in the wake region contacts while under tensile
loading. Roughness-induced fatigue crack closure occurs when the crack growth is not
planer and the mixed-mode loading at the kinked crack tip causes a mismatch of the wake
region material. For oxide-induced fatigue crack closure, an oxide film forms on the

surface in the wake region and makes contact while under tensile loads.

Plastic wake Oxide debris

S e

(a) Plasticity-induced (b) Roughness-induced  {c) Oxide/corrosion product-
closure closure induced closure

Figure 1-2 Typical Fatigue Crack Closure in Metals [5]



Elber postulated that crack closure decreases the fatigue crack growth rate by reducing
the effective stress intensity range. Figure 1-3 illustrates the closure concept. When a
specimen is cyclically loaded between Kyax and Kpin, the crack faces are in contact below
Kopen, the stress intensity at which the crack fully opens. Elber assumed that the portion of
the cycle that is below Kopen does not contribute to fatigue crack growth. He defined an
effective stress intensity range as follows:

AKetr = Kimax — Kopen (2)

Elber then proposed a modified Paris equation:

d%N =clak,, )" 3)
A
Kmax
AR gt
Kopen
closure
Kmin

TIME

Figure 1-3 Definition of Effective Stress Intensity Range



1-4 Crack Tip Nomenclature

As a fatigue crack propagates, two different types of crack tip plastic zones are
generated as shown in Figure 1-4. The forward plastic zone is defined as the material near
the crack tip undergoing plastic deformation at the maximum load. The second zone of
interest is the reversed plastic zone, which is defined as the material near the crack tip
undergoing compressive yielding at the minimum load [6]. These crack tip plastic zones

will be used to characterize the degree of finite element mesh refinement later.

Y forward plastic zone

reversed
plastic
zone

plastic wake crack tip

Figure 1-4 Plastic Deformation Around a Growing Crack

The nature of plastic deformation near the crack tip is strongly influenced by the

2-D idealization assumed. The permanent elongation of material in the direction normal



to the crack requires the transfer of material from somewhere in the cracked body due

to incompressibility requirements during plastic deformation [7]. Under plane-stress, a
potential mechanism of material transfer is obvious. Since out-of-plane deformation is
not constrained, material can be transferred from the thickness direction to the axial
direction [7]. However, the mechanism of material transfer postulated for plane-stress is
not admissible for plane-strain. By definition, no net out-of-plane contraction can occur,
and therefore it has been suggested that there can be no net axial stretch of material in the
plastic wake behind the crack tip as discussed by Fleck [8], which implies no plasticity-
induced crack closure. The existence of plasticity-induced crack closure under plane-
strain conditions has been a topic of intense debate [9-27].

Many researchers have performed finite element analyses simulating plasticity-
induced fatigue crack closure, considering different two-dimensional configurations
under plane-strain or plane-stress conditions [7-52]. Far fewer efforts have been directed
toward the three-dimensional problem [53-63]. Newman [5] and McClung [64] have
presented general reviews in their respective papers.

In this research work, a detailed and comprehensive finite element analysis of
plasticity-induced fatigue crack closure for both planer geometries and three-dimensional
geometries is performed. Emphasis is focused on the difficulties in modeling with respect
to mesh refinement level, crack advancement schemes, crack opening assessment
location, crack shape evolution, overload effects, and opening value assessment

techniques.



CHAPTER II

LITERATURE REVIEW

Finite element analysis of plasticity-induced fatigue crack growth is conceptually
simple. A mesh is created with an initial crack, and the mesh is loaded by remotely
applied tractions. For constant amplitude loading, the loading is cycled between a
maximum applied stress Spax and the minimum applied stress Spin. During the cyclic
loading the crack is advanced in some fashion, leading to the formation of a plastic wake
behind the crack tip. This modeling concept is simple; however, there are several issues
which must be addressed during the fatigue crack growth simulation. These issues have

been summarized and categorized into different sections in this chapter.

2-1 Two-dimensional Finite Element Modeling Issues

2-1-1 Crack Surface Contact

A changing boundary condition characterizes a crack under cyclic loading.
In order to prevent the crack surfaces from penetrating as the minimum load is
approached, some mechanism must be implemented into the finite element simulation.
This can be achieved by changing the stiffness of spring elements attached to the crack
surface, by removing or imposing crack surface nodal constraints, by using truss elements

on the crack surface, or by using contact elements. The implementation of contact



elements along the crack surface, however, can lead to convergence problems and long
execution times [60].

Newman [48] was the first to implement spring (truss) elements to simulate the
changing boundary condition. The element was connected to each boundary node on the
crack surface. For open nodes, the spring stiffness was set equal to zero, and for closed
nodes, the stiffness was assigned a large value. McClung et al. [7,14,30,31,42-44,49,50]
followed Newman’s approach in their earlier studies. However, the large imposed
stiffness values for constrained crack surface nodes were found to be a source of
numerical difficulties, and they investigated an alternate approach to simulate the cyclic
crack surface contact. During loading and unloading, stresses and displacements were
monitored along the crack surface. A negative nodal displacement indicated that the
crack was closed at this point, and the displacement was set to zero. A tensile nodal stress
indicated that the crack was open at this point, and the nodal restraint was removed. This
more direct approach has also been used by Blom et al. [11].

Wau et al. [46] have used a truss element with a varying stiffness together with
pairs of contact elements and the element death option. The element death option was
incorporated to deactivate truss elements or cut the truss elements. They have shown that
with this approach a node can be released any time during a load cycle irrespective of the
magnitude of the deformation caused by the release of the node. Consequently, fewer
problems with convergence were encountered and also several nodes can be released

simultaneously.



10
2-1-2 Mesh Refinement

As a fatigue crack propagates, two different types of crack tip plastic zones are
generated. The forward plastic zone is defined as the material near the crack tip
undergoing plastic deformation at the maximum load. The second zone of interest is the
reversed plastic zone, which is defined as the material near the crack tip undergoing
compressive yielding at the minimum load [6]. These crack tip plastic zones have been
used to characterize the degree of finite element mesh refinement required when
modeling plasticity-induced closure [13,14,28,29].

Newman [48] was the first to study the effects of finite element mesh refinement
on opening load computations under plane-stress conditions. He modeled a middle-crack
tension (M(T)) specimen of width 2W with constant-strain triangle (CST) elements and
found that the crack opening loads converged with increasing levels of mesh refinement

at high applied stress levels as shown in Figure 2-1.

=
o

7 Newman [48]

M(T)

plane stress (CST)
1H/E=0

R=0

o
©

o
o

{ Smax/o L
04 & —

03 e
02 o

\
\

\

o
S}

Normalized Opening Stress, Sy / Syax

Mesh | Il 1
d/w = 0.0056 0.0014 0.0007

Figure 2-1 Mesh Refinement Studies

In the figure, d is the element size ahead of the crack tip. For small applied stresses,

convergence was not observed. Convergence may be a consequence of the number of
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elements present in the reversed crack tip plastic zone. Newman considered the
discretization of the forward plastic zone only, and did not consider the reversed plastic
zone. Thus, the reversed zone may have been discretized with an insufficient number of
elements.

McClung et al. [14,30,31] performed mesh refinement studies on a crack
emanating from a circular hole, the M(T) specimen, and an edge-crack specimen. They
found that mesh refinement should be based on the number of elements present in the
forward plastic zone in the crack plane. They also suggested that adequate refinement to
capture the reversed plastic zone may be important. Dougherty et al. [ 13] performed
mesh refinement and element shape studies on C(T) and M(T) geometries under plane-
strain, and found that an aspect ratio less than or equal to 2 should be used for elements
ahead of the crack. They also found that the mesh density ahead of the crack should

satisfy Aa/ r, <0.1, where 2rf is an approximation of the forward plastic zone given by:

" 2am| o, )

where @ is equal to 1 and 3 for plane-stress and plane-strain respectively, g, is the flow

stress, and K is the maximum stress intensity factor. Park et al. [41] suggested that

mesh refinement levels for the M(T) specimen should be chosen to produce opening
stress values that compare well with experimental results. In the opinion of the authors,
this approach is flawed given the difficulties associated with measuring opening load

values [54,65-68].
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Most of the work reported in the literature has incorporated large applied

stresses, which allows for the use of coarse meshes while still satisfying mesh refinement

requirements.

2-1-3 Stabilization of Crack Opening Load
Under constant amplitude loading, the crack opening load will typically increase
monotonically with increasing crack growth until a stabilized value is reached as

illustrated in Figures 2-2a and 2-2b
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Figure 2-2 Stabilization of Crack Opening Values under Plane-stress and Plane-strain

McClung [14] has shown that under constant amplitude loading conditions, the
crack must be advanced completely through the initial forward plastic zone to form a
stabilized plastic wake. This is necessary to obtain non-varying crack opening values.
However, Fleck et al. [9] and Wu et al. [46] have shown a variation in crack opening
values even after the crack has progressed through initial forward plastic zone. Fleck’s

results are shown in Figure 2-2b. Using a strip-yield model, Daniewicz et al. [69] have
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shown that a large amount of crack growth will produce a decreasing opening value if
the remaining ligament becomes small enough. Achieving the large amounts of crack
growth required to observe an initial stabilization followed by a subsequent decay in the
crack opening value is difficult when using finite element analysis, because of the
computationally intensive nature of the simulation. However, such an effort has been

reported by McClung [49].

2-1-4 Crack Advance Scheme

To produce a plastic wake behind the crack tip, the crack must be incrementally
advanced is some fashion under the applied cyclic loading. The most common means of
crack advance is to release the crack tip node, thus advancing the crack by an amount
equal to the crack tip element size. It is important to realize that modeling an incremental
crack advance with a node release involves no consideration of the physics of fatigue
crack growth, since the crack extension is independent of stress level and the strain in the
vicinity of the crack tip. Consequently, the finite element analysis is used to predict the
crack opening value, but not the fatigue crack propagation life. Recently, some
researchers have suggested the use of a cohesive element to advance the crack in a
physics-based manner [70]. Newman used a critical strain to advance the crack [46].
Nakagaki and Atulri [26] proposed a stress criterion for advancing the crack tip.

When performing analyses using the conventional node release technique, the
preferred node release scheme for simulating an incremental crack advance is unclear.
The crack tip node may be advanced at the minimum load level [7,10,14,28,33-35,37-

40,46], at the maximum load level [8,10,11,15,16,42,47-49], after the maximum load

13



14
[14,30,31,23,24], during the loading/unloading cycle [26,37,32,51] or during the second

cycle [7]. Ogura et al. [10] have implemented a simple criteria for crack advance. The
crack was advanced by one element when the crack tip reaction force became zero during
the loading cycle. Alternately, Palazotto et al. [32] in their study proposed a criterion of
growing the crack at 98% of the maximum load.

Advancing the crack at the maximum load level may create convergence
problems; conversely, there is no such problem with advancing the crack using the
minimum load level scheme. The convergence problem related to the maximum load
released can be eased by incrementally releasing the crack front nodes [11,28].

Some research [7,28] has concluded that in terms of the resulting crack opening
value, there is no difference when using the either maximum or minimum load node

release schemes. However, other research has shown significant differences

[14,30,31,46].

0.6 _
@ 0.4 (b)
05}
Wu et al. [46]
0al T 03 1M(T) (Q4)
-7.§N plane stress

R=0
I = crack advanced at maximum load
o crack advanced at minimum load

1 McClung et al. [30]
Node release

—e— After Maximum Load
—a— After Minimum Load
—a— At Maximum Load

©
N}

o
N

©
[

©
[N

g o000 o0oooao

plane stress (Q4)

‘ ‘ R=0,H/E=0.007

0.0 0.2 0.4 0.6 0.8 1.0 5 10
Normalized Applied Stress, Smax / 9o Number of Cycles

Normalized Opening Stress, Sq / gg

o
o

Normalized Opening Stress, Sg / Smax
o
w

o
o
o

15 20

Figure 2-3 Comparison of Crack Opening Values Based on Crack Advance Scheme
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Figure 2-3a shows results from a crack advance scheme comparison performed
by McClung et al. [30,31]. From the figure, there is a significant difference in opening
value when using a different crack advance scheme. Later, McClung et al. [7] showed
that this difference was a consequence of using truss elements for crack surface node
fixity, and that changing the boundary conditions on the crack surface nodes directly
yields approximately the same results for the different crack advance schemes. Wu et al.
[46] in their independent study found a variation in crack opening values when using the
minimum and maximum loading node release schemes, and their results are shown in
Figure 2-3b. This difference may be a consequence of computing the crack opening
values based upon zero crack tip nodal reaction force, which is likely influenced by the
size of the elements near the crack tip. This variation may also be due to a insufficient

discretization of the reversed plastic zone.

2-1-5 Crack Opening Assessment Location

Under constant amplitude loading, the crack tip is the last point to open along the
crack surface under an increasing load. Most researchers have used the first node behind
the crack tip to assess the crack opening values [7-12,15-51]. Wu et al. [46] have used the
crack tip itself to assess the crack opening values. They have proposed that when the
compressive stress borne by the crack tip node changes to a tensile one, the crack is fully
open. Others have used the second node behind the crack tip [29,55]. McClung et al. [7]
and Fleck et al. [9] have shown that the results obtained when using first node behind the

crack tip can be mesh dependent.
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2-1-6 Variable Amplitude Loading

It may be argued that crack closure analyses are primarily of interest when
considering variable amplitude loading. However, the majority of research has considered
only constant amplitude loading. Some effort has been directed toward simple load
histories such as low-high, or high-low, or a single overload [10,13,16,22,26,27,
36,39,41,43,48]. This research has been used to explain crack growth acceleration and
retardation. Due to the computationally intensive nature of closure modeling with finite
element analysis, complex load histories are generally not suitable for study, since a large

amount of crack growth and a subsequently large number of load cycles are required.

2-1-7 Plane-stress and Plane-strain Condition

The nature of plastic deformation near the crack tip is strongly influenced by the
two-dimensional idealization assumed. The permanent elongation of material in the
direction normal to the crack requires the transfer of material from somewhere in the
cracked body due to incompressibility requirements during plastic deformation. Under
plane-stress, a potential mechanism of material transfer is obvious. Since out-of-plane
deformation is not constrained, material can be transferred from the thickness direction to
the axial direction. However, the mechanism of material transfer postulated for plane-
stress is not admissible for plane-strain. By definition, no net out-of-plane contraction can
occur, and therefore it has been suggested that there can be no net axial stretch of
material in the plastic wake behind the crack tip, which implies no plasticity-induced
crack closure [7-9,13,28]. The existence of plasticity-induced crack closure under plane-

strain conditions has been a topic of intense debate [9-27].
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A study of crack tip plastic zone sizes and crack opening behavior for the M(T)

specimen under plane-strain and plane-stress conditions has been performed by McClung
et al. [30,31]. Crack closure was found to occur in plane-strain, with lower opening
values than those observed under plane-stress. Ogura et al. [10] have also simulated
fatigue crack growth under plane-strain conditions using the finite element method. They
also found that closure does exist under plane-strain conditions, and that the opening
values reached a constant steady-state value after a sufficient amount of crack growth.
Their results, however, are suspect as the ratio of the element length Aa to the forward

plastic zone size I, was a relatively coarse Aa/ r, =0.66. A combined numerical and

experimental study of crack closure in AA2024-T3 was conducted by Blom and Holm
[11]. A plane-stress and plane-strain model of the C(T) specimen was constructed with
constant strain triangular (CST) elements. Under plane-strain conditions closure was
observed, and the plane-strain closure levels were smaller than those for plane-stress.
Their results are also questionable due to a relatively coarse mesh and the use of element
type which is susceptible to plane-strain locking [71]. Under a stress ratio R = -1, Lalor
and Sehitoglu found that the plane-strain closure levels were lower than those for plane-
stress. However, when the applied stress was increased to Spax /0, = 0.8, the opening
values were larger [24].

Dougherty et al. [13] performed two-dimensional analyses of C(T) and M(T)
geometries under plane-strain, and demonstrated a good comparison between predicted
closure levels and experimental results. Their finite element meshes were composed of
four-noded and eight-noded quadrilateral elements. Ashbaugh et al. [12] performed a

study similar to that conducted by Blom and Holm [11], focusing on finite element
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analysis of plasticity-induced crack closure in the C(T) specimen under plane-strain
conditions. In their analyses four-noded quadrilateral elements were used, and their
results indicated that closure does occur in plane-strain. Again, their results are also
suspect due to a lack of mesh refinement and potential plane-strain locking. Conversely,
Fleck and Newman [9] have shown that closure does not occur for a bend specimen
under plane-strain conditions, while closure does occur for the M(T) geometry under
plae-strain. This may be due to the fact that the M(T) geometry has a compressive T-
stress, while the bend specimen has a tensile T-stress. They found crack closure occurring
for a single element on the crack surface of the bend specimen, and suggested that this

closure was an artifact of the finite element analysis.

2-1-8 Geometry Effects

Fleck [18], Fleck and Newman [9], Larsson and Carlsson [72], and Rice [73] have
shown that an influence of specimen geometry upon crack tip plastic deformation,
beyond that associated with the stress intensity factor, may be accounted for in terms of
the T-stress. This stress is the nonsingular constant second term in the near crack tip
series expansion, and represents a normal stress parallel to the crack. The T-stress is
directly proportional to the applied load and also depends on geometry. A two-

dimensional asymptotic expansion for the stresses 0y near the crack tip for mode I
loading is given by [74]:

o.

Kl
NGy () +78,5,; +OWr) +... (2-2)
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where r and 6 are polar coordinates located at the crack tip, J; is the kronecker delta,

K. is the stress intensity factor, and the f; are dimensionless functions.

The C(T) and M(T) geometries differ in that each exhibits a distinctly different in-
plane constraint, as quantified using the elastic T-stress, where the T-stress is defined as

[74]:

(2-3)

where a is the crack length, K, is the stress intensity factor, and [ is the biaxiality ratio.
This ratio is equal to —1 and 0.425 for the M(T) and C(T) geometries respectively [75].
Fleck [8] has shown a decrease in the closure level as the T-stress was varied from
compressive to tensile using bend and M(T) specimens. The effect of T-stress on the
crack opening value stabilization and crack opening process for different geometries is

shown in Figure 2-4.
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Figure 2-4 Effect of T-stress on the Crack Opening Value Stabilization

Fleck [8] studied the effect of T-stress variation on the crack opening value
stabilization for different geometries by changing the applied maximum stress intensity
factor, and results are shown in Figure 2-4. It should be noted from Figure 2-4 that as the
T-stress becomes more tensile in nature, the opening values are approximately zero
except for the single element immediately behind the crack tip.

Under a plane-stress condition, the effect of T-stress on closure is negligible.
Fleck [8] performed finite element analysis under plane-stress on two-different
geometries with the same applied maximum stress intensity factor and found no

difference in the crack opening process as shown in Figure 2-5a.
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However, McClung [50] has shown a significant difference in the crack opening stress at

higher applied stresses, and negligible difference at lower applied stresses as shown in

Of the many finite element analyses of plasticity-induced crack closure, the
majority have considered a small positive stress ratio R. A larger positive R results in a

smaller reversed plastic zone, and hence increases the mesh refinement requirements.

21
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The effect of R on the crack opening stress for an M(T) specimen has been

investigated by McClung et al. [31] and Newman [48] under plane-stress, and their

results are shown in Figure 2-6.
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Figure 2-6 Effect of Stress Ratio on Crack Opening Values under Plane-stress

Both of these researchers had approximately 10 elements in the forward plastic zone,
which may have resulted in an insufficient number of elements in the reversed plastic
zone. This suggests that mesh refinement study is essential to predict crack closure levels
and further study is required with higher and lower R ratio, both for positive and negative

values.

22



23
2-2 Three-dimensional Modeling Aspects

A three-dimensional description of fatigue crack closure would increase the
ability to predict crack growth behavior, which is inherently a three-dimensional
problem. Even the simplest geometries and loading conditions, such as constant
amplitude loading of middle-crack tension (M(T)) specimens, exhibit three-dimensional
crack shapes in the form of crack tunneling. More complex geometries, such as surface
cracks, or loading conditions, such as spectrum loading, will exhibit or result in even
more dramatic shape changes. These shape changes are due to the three-dimensional
variation of both the opening stress and the stress intensity factor along the crack front,
and cannot be predicted by two-dimensional models.

A relatively small number of investigators have modeled plasticity-induced crack
closure in three-dimensional geometries using finite element methods [53-63]. In a three-
dimensional geometry, the crack opening value will vary along the crack front. This
variation will result in different portions of the crack front growing with different rates
under the cyclic loading. Consequently, the crack front shape will naturally evolve. This
shape evolution makes modeling of three-dimensional geometries much more complex.
For simplicity this shape evolution is generally neglected and the crack front is extended
uniformly during the finite element analysis. The three-dimensional component is also
more difficult to model because the required finite element meshes are large, inducing a
severe computational burden.

The majority of the three-dimensional modeling efforts have considered the M(T)

geometry [54,56,57,61-63]. In addition, limited modeling of the plasticity-induced crack
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closure in the part-through surface flawed geometry [53,58-60,63] has also been

performed.

Chermahini et al. [56-58] were the first to simulate crack growth and closure in
three-dimensional geometries, and they considered both the M(T) specimen and the semi-
elliptical surface crack. They found an initial rise in the crack opening stresses followed
by a subsequent decay. Their results are suspect due to a lack of mesh refinement and an
inadequate amount of crack growth, such that the crack opening stresses were not
stabilized. However, Riddell et al. [62], using a more refined mesh for the M(T)
specimen, have shown similar results.

Recently, Roychowdhury et al. [55] performed finite element analysis of
plasticity-induced crack closure under small scale yielding conditions with a zero T-stress
and a stress ratio R = 0. They computed the opening stresses for a through-crack with

thickness B using the second node behind the crack tip. Their results indicated that for a

give R value, the normalized opening stress Sy / Smax scales with A = K / (0' o \/§ ) such

that a constant value of A will always result in the same crack opening stress. They have
also shown that for A = 1, in the mid-thickness region (plane-strain zone) of the model,
little or no closure was noted. On the other hand, at the free surfaces (plane-stress zone),
a significant amount of closure was observed. As A — 2, a sharp change in closure was
observed at the mid-thickness region and little change was noted at the free surface.
Seshadri [63] compared predicted opening and closing stresses with experimental
(fractograpic) results for the compact-tension, single edge notch, and part-through crack

geometries. Significant differences were observed between the experimental and
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numerical results. Recently, Skinner et al. [60] compared results from a three-
dimensional finite element analysis of the part-through crack with experimental results
reported by Putra et al. [77], and showed significant differences between measured and
computed crack opening stresses. Blandford et al. [54] and other researchers [65-68] have
discussed the difficulties associated with measuring opening load values using
experimental methods [54,67-70]. Dawicke et al. [67] have shown that displacement and
strain gage crack closure measurements techniques may fail to give a complete
description of plasticity-induced crack closure behavior in a thick specimen. They have
also shown that while these techniques may be suitable for simple loading conditions,
when the loading conditions become more complicated the three-dimensional effects
become more pronounced. To accurately model these effects, a better understanding of

the three-dimensional aspects of fatigue crack closure is needed.

2-2-1 Mesh Refinement

Mesh refinement issues are more complicated for three-dimensional models.
Along the crack front near the free surface a near plane-stress condition exists while a
plane-strain condition exists in the interior. Since a plane-stress forward plastic zone is
approximately three times larger than a plane-strain forward plastic zone, the numbers of
elements in the forward plastic zone in the interior must be used to determine an
appropriate mesh size, and regions near the free surface may be over meshed. Zhang et al.
[59] was the first to perform a mesh refinement study on a semicircular surface crack, and
suggested that the crack opening and closing stresses are influenced by the degree of

mesh refinement. Skinner et al. [60] have attempted to determine the required level of
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mesh refinement for surface flaws. They proposed that mesh refinement can be
quantified in terms of the number of elements present in the forward plastic zone. Their
research efforts suggested that five elements in the forward plastic zone are sufficient to

obtain stabilized crack opening values as shown in Figure 2-7.
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Figure 2-7  Surface Crack Mesh Refinement Studies

2-2-2 Crack Advance Scheme

When modeling crack advance using a node-release scheme, two-dimensional
finite element analyses of plasticity-induced crack closure have shown a negligible
influence of the specific crack release scheme used. Zhang et al. [59] have performed

node releases at three different values of load, 10% of Smax, 50% of Smax, and at Spax, and
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found no difference in the crack opening displacement for these crack release schemes,

while small differences were noted for the crack opening and closing stresses.

2-2-3 Aspect Ratio Evolution

There is ample experimental evidence to show that the shape of a three-
dimensional fatigue crack front changes as the crack grows under cyclic loading [65,77-
79]. The aspect ratio (a / ¢) of a part-through crack changes under cyclic loading [79].
While the crack shape for a through-crack evolves from a straight line to a curved line,
with faster growth in the interior. Many researchers have modeled the through-crack and
part-through surface crack with a uniform crack extension such that the initial crack
shape remains unchanged. However, this is inconsistent with the concept of crack closure

where crack growth rate is governed by:

an/ =C ok, ) (2-4)

where d% N is the growth rate normal to the crack front at a point on the crack front, C

and m are material constants and AK  is the effective stress intensity factor.

2-2-4 Influence of Loading History

A number of researchers have modeled plasticity-induced crack closure using
two-dimensional finite element analysis with simplified load histories and shown crack
retardation and acceleration. Daniewicz et al. [61] was first to attempt a three-

dimensional elastic-plastic finite element analysis of a M(T) specimen under variable
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amplitude loading. A continual load reduction to simulate the load history associated

with fatigue crack growth threshold measurement was employed. Their results indicated
the crack opening process is three-dimensional in nature, with regions in the interior

opening prior to regions near the free surface.

2-3 Element Types and Configuration

The selection of element types for finite element analysis of plasticity-induced
closure has become well established, however there are some important issues that need
to be considered when implementing plane-strain conditions for two-dimensional finite
element analysis. Most researchers have utilized constant strain triangle or 4-noded
quadrilateral elements [8-52], while some of have used higher order quadrilateral

elements [13,21] as shown in Figure 2-8.
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Figure 2-8 Typical Elements and Configuration

During plane-strain analysis these elements generally do not meet the
incompressibility requirement associated with plastic strains as shown by Nagtegaal et al.
[71], and are thus susceptible to plane-strain locking. It has been shown that an
arrangement of constant strain triangular elements in a “union-jack” configuration will
enable the incompressibility requirement to be nearly satisfied [71]. Using a reduced

integration scheme for quadrilateral or constant strain elements is also helpful for
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avoiding plane-strain locking. When locking occurs, the stresses oscillate from one
element to the next.

For three-dimensional analysis, generally 8-noded elements have been used [53-
63], although some researchers have used a 6-noded element [59] as shown in Figure 2-8.
In regions along the crack front under plane-strain, these elements are susceptible to
plane-strain locking [71]. Again, using a reduced integration scheme for 8-noded and 6-

noded elements is helpful for avoiding plane-strain locking [71]. Another similar method

to avoid plane-strain locking is the ]_3 element formulation developed by Hughes [80].
This method replaces the volumetric strain at the Gauss integration points with the

average volumetric strain of the element.

2-4 Material Model Effects

The elastic-perfectly plastic material model has been used extensively for two-
dimensional and three-dimensional finite element analysis of plasticity-induced crack
closure. However, the effects of material hardening have been considered as well,
assuming both kinematic hardening and isotropic hardening. Using kinematic hardening
will approximate the Bauschinger effect, and the use of isotropic hardening neglects this
effect. Hardening will also affect plastic zone sizes, and hence mesh refinement
requirements. To date, no finite element modeling effort have employed constitutive
equations invoking concepts from cyclic plasticity theory. This, cyclic hardening and
softening effects have not been considered, the crack opening values are assumed

unaffected by potential shakedown and ratcheting.
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Ashbaugh et al. [12] and McClung et al. [31] have shown that power law

relationships between effective stress and effective strain generally give higher opening

values than linear relationships. McClung et al. [31] have also show that variations in the

linear hardening slope also impact the crack opening values. Seshadri [63] was the first to

investigate linear and power law material model effects on three-dimensional closure

analyses of the compact-tension specimen, the single edge notch specimen, and the part-

through crack, and he showed significant differences in the crack opening and closing

stress. This may be consequence of inadequate refinement. Similarly, Skinner et al. [60]

have used a bi-linear material with kinematic hardening when modeling the surface flaw.

A significant change in the opening values was observed as the hardening slope was

changed as shown in Figure 2-9.
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Recently, Roychowdhury et al. [55] performed small scale yielding analyses of the three-
dimensional through-crack with pure kinematic hardening and they have shown that
normalized opening load values remain unchanged for materials with a varying g,/ E
ratio, provided the strain-hardening modulus Er retains a fixed ratio with E, where E is
the Young’s modulus and ¢ is the material flow stress.

When the crack of interest is small with respect to the grain size, then the plastic
deformation is no longer isotropic and constitutive relationships from crystal plasticity
theory are needed. A study of plasticity-induced fatigue crack closure using crystal
plasticity theory was first conducted by Gall et al. [81,82]. They studied the growth of a
fatigue crack in a single crystal, and showed the effect of crystallographic parameters on
the crack opening value. Recently, Potirniche et al. [83] have implemented crystal
plasticity theory to study fatigue crack closure for growing fatigue cracks propagating
through a grain boundary. As the crack approaches the grain boundary, acceleration and
retardation of the crack were noted based upon the crystallographic orientation of the

adjacent grain.

2-5 Overview of Thesis

Finite element analysis is a promising tool for simulating and predicting
plasticity-induced fatigue crack closure based parameters. In this thesis several modeling
issues were considered. First, a two-dimensional mesh refinement study was performed
considering different geometries with different element types and configurations under

both plane-stress and plane-strain. Different means of mesh refinement were also
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considered, in order to reduce the number of elements and nodes, thereby reducing
computational time. Secondly, in-plane constraint was varied to predict the effect on
computed crack closure level under plane-strain. The effect of the crack node release
schemes on the crack opening values were also studied. Under plane-stress, the effect of
varying the load ratio R with different stress levels on different geometries was studied.
Next, the different crack opening value assessment locations were compared and a unique
new methodology was developed to compute crack opening values.

For three-dimensional analyses, mesh refinement criteria were set for the part-
through crack. The effect of crack node release schemes and a spike overload on the
crack opening values were studied. A new methodology was developed to model crack

shape evolution.
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CHAPTER III

FINITE ELEMENT ANALYSIS

The plasticity-induced fatigue crack closure model concepts were incorporated
into the finite element package ANSYSS using ANSYS Parametric Design Language
(APDL) by Skinner [53], and were modified to accommodate many other aspects of
modeling plasticity-induced crack closure in this research. A command line listing for all
the routines involved for two-dimensional finite element analysis is included in Appendix
A. Sample input files for different planer geometries are included in Appendix B. For
three-dimensional analysis, command line routines involved are included in Appendix C.

The basic finite element algorithm of modeling plasticity-induced fatigue crack
closure is conceptually simple. A mesh is created with an initial crack, and the mesh is
loaded by remotely applied tractions. For constant amplitude loading, the loading is
cycled between a maximum applied stress Spax and a minimum applied stress Spin. During
the cyclic loading the crack is advanced in some fashion, leading to the formation of a
plastic wake behind the crack tip. This modeling concept is simple; however, there are

several issues which must be addressed during the fatigue crack growth simulation.
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3-1 Two-dimensional Finite Element Analysis

Fatigue crack closure analyses were performed using ANSYS 6.1 [84]. Two-
dimensional finite element analyses of compact-tension (C(T)), middle-crack tension
(M(T)) and bend (SEB) geometries were conducted using 4-noded quadrilateral
elements and 3-noded triangular elements under plane-stress and plane-strain conditions.
The material was assumed to be elastic-perfectly plastic with modulus of elasticity E =

200 GPa and flow stress 0, =230 MPa. A load ratio R = 0 and —1.0 was selected. The

von-Mises yield criterion and associated flow rule were used. Small deformation theory
was employed, except where noted.

Most of the previous finite element analyses reported in the literature for plane-
strain analysis utilized CST and 4-noded quadrilateral elements. These elements
generally do not meet the incompressibility requirement associated with plastic strains as
shown by Nagtegaal et al. [71], and are thus susceptible to plane-strain locking. They
have shown that an arrangement of constant strain triangular elements in a “union-jack”
configuration will enable the incompressibility requirement to be nearly satisfied. They
also found that a reduced integration method for quadrilateral or CST elements is helpful
for avoiding plane-strain locking. When locking occurs, the stresses oscillate from one

element to the next. Another similar method to avoid plane-strain locking is the

B element formulation developed by Hughes [80]. This method replaces the volumetric
strain at the Gauss integration points with the average volumetric strain of the element.
The present study includes an evaluation of all the above element types and

configurations, as well as the reduced integration method.
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Fatigue crack growth was modeled by repeatedly loading the geometry,

advancing the crack, then unloading. A large amount of crack growth may be required
before stabilized crack opening values are generated. The model was incrementally
loaded to the maximum load (loading increments of 0.0125 Spax), at which time the crack
tip node was released, allowing the crack front to advance one elemental length Aa per
load cycle. The applied load was then incrementally lowered until the minimum load was
attained (unloading increments of 0.0125 Spax). Crack surface closure was modeled by
changing the boundary conditions on the crack surface nodes. During unloading the crack
surface nodal displacements were monitored and if the nodal displacement became
negative the node was closed and node fixity was applied to prevent crack surface
penetration. Similarly, during loading the reaction forces on the closed nodes were
monitored and when the reaction force became positive the nodal fixity was removed.
Herein, the remote load at which the last fixity is removed is defined as the crack opening
load and corresponds to the closest node to the crack tip. The opening loads can be found
only to the resolution of the loading increment. To obtain a better estimate of the load
when the crack surface actually opens, linear interpolation was used. For the load step
before the crack surface node opens, the nodal reaction force is negative. Upon opening,
the reaction force becomes positive. Linear interpolation is used to determine the remote
load at which the reaction force became zero. The cyclic loadings were repeated as
necessary to produce a prescribed amount of crack growth. Meshes with a higher degree
of refinement and smaller element size 4a required more load cycles to produce a
prescribed amount of crack growth. Each load cycle consisted of two complete elastic-

plastic monotonic analyses.
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In order to determine the initial finite element mesh, an iterative technique was
employed. An initial mesh was designed to give perhaps 2 to 3 elements ahead of crack
tip in the initial forward plastic zone using the following approximate equation [74]

2

1 (K

2rf :_( max] (3_1)
am\ o,

where a is equal to 1 and 3 for plane-stress and plane-strain respectively.

Following a monotonic analysis, if the actual initial forward plastic zone extended out of
the refined region and into the transition region (as shown in Figure 3-3) then the refined
region was enlarged so that the entire plastic zone was captured. This procedure was used
to obtain the initial mesh and subsequent initial 4a value to perform crack growth
analyses for both geometries. To study the effects of mesh refinement, crack growth
analyses were next performed after reducing the element size consecutively by a factor of
1/2 or 1/3. Each time a more refined mesh was used, the same amount of total crack
growth was modeled. This naturally led to an extremely refined mesh and the use of
many load cycles. For perspective, the element sizes reported in the literature normalized
with equation 3-1 are shown in Figures 3-1a and 3-2. In Figure 3-1b the element sizes are
normalized with the specimen width W. Clearly, the meshes used in the current study are

significantly more refined than many of those discussed in the literature.
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The C(T), SEB and M(T) geometries are shown in Figure 3-3. The C(T)

geometry had an initial crack length of 25 mm with a/W = 0.33, SEB geometry has initial
crack length of 2 mm with a/W = 0.1, and the M(T) geometry had an initial crack length

of 4 mm with @/W = 0.1. The maximum loading was selected to give the same initial
maximum normalized stress intensity factor K /0,=1.07 vmm in all the geometries,

and thus approximately similar initial forward plastic zone sizes. The effect of different
applied stress levels and load ratios under plane-stress condition were also study with the

M(T) and the SEB specimens.

plane stress

present study

Blom et al. (1985) [11]
McClung et al. (1983) [30,31]
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3-2 Three-dimensional Finite Element Analysis

A three-dimensional description of fatigue crack closure would increase the
ability to predict crack growth behavior, which is inherently a three-dimensional
problem. Even the simplest geometries and loading conditions, such as constant
amplitude loading of middle crack tension (M(T)) specimens, exhibit three-dimensional
crack shapes in the form of crack tunneling. More complex geometries, such as surface
cracks, or loading conditions, such as spectrum loading, will exhibit or result in even
more dramatic crack shape changes. These shape changes are due to the three-
dimensional variation of both the opening stress and the stress intensity factor along the
crack front, and cannot be predicted by two-dimensional models.

Fatigue crack closure analyses were performed using ANSYS 6.1 [84]. Three-
dimensional finite element analyses of part-through surface crack were conducted using
8-noded brick elements. The material was assumed to be elastic-perfectly plastic with
modulus of elasticity E = 1060 ksi and flow stress g, = 75 ksi. A load ratio R = 0.1 was
selected. The von-Mises yield criterion and associated flow rule were used. Small
deformation theory was employed, except where noted. The part-through surface flaw

geometry is shown in Figure 3-4. The surface crack geometry had an initial aspect ratio

a/c=1.0 with a/w=0.1 and t/w = 1.0.
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h=1.18 in

t=0.51in

Figure 3-4 Typical Surface Crack Mesh

Mesh refinement issues become complicated for three-dimensional models. For a
semi-circular flaw, at the free surface a plane-stress condition exists while a plane-strain
condition is present at the deepest point of penetration. Since a plane stress plastic zone
is approximately three times larger than a plane strain plastic zone, the number of
elements in the plastic zone at the deepest point of penetration should be used to
determine an appropriate mesh size. Unfortunately, this forces the mesh to have more
than adequate refinement at the free surface, and necessitates nearly three times as many
load cycles for crack opening level stabilization in this region. Similar approach was

employed to determine initial mesh size as used for two-dimensional.
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There is ample experimental evidence to show that the shape of a three-
dimensional fatigue crack front changes as the crack grows under cyclic loading [65,77-
79]. The aspect ratio (a / ¢) of a part-through crack changes under cyclic loading [79],
while the crack shape for a through-crack evolves from a straight line to a curved line,
with faster growth in the interior. To date, most researchers have modeled the through-
crack and the part-through surface crack with a uniform crack extension such that the
initial crack shape remains unchanged. However, this is inconsistent with the concept of

crack closure where crack growth rate is governed by:

A =C K., ) (3-2)

where d% N is the growth rate normal to the crack front at a point on the crack front, C

and m are the material constants, and AK  is the effective stress intensity factor at the

point of interest.

The above methodology will be employed and equation 3-2 will be used at each
point along a semi-circular crack front to model both plasticity-induced crack closure and
the subsequent aspect ratio evolution. Since the fatigue crack growth behavior of
materials can be anisotropic, unique material constants C and m were determined for the
deepest point of penetration and the free surface using experimental data [78,79]. A linear
interpolation was used to find the material constants for each node along the crack front.
The Newman-Raju stress intensity factor equation [85] was employed to compute

AK . , using the opening stress values from the finite element analysis. Lastly closure

behavior will be studied under single spike overload factor of 1.5.
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CHAPTER IV

FINITE ELEMENT RESULT

4-1 Two-dimensional Finite Element Analysis
4-1-1 Geometry Effect on Closure under Plane-strain Condition
To determine the sizes of the forward and reversed plastic zones in all the

geometries, normalized values of the von-Mises stress 0,/ o0, were plotted ahead of

crack tip. A typical result is shown in Figure 4-1 for the M(T) geometry under plane-
strain. Similar results were also found for the C(T) geometry. A crack growing under
cyclic loading with R = 0 showed a reversed plastic zone of about 1/10 the forward
plastic zone. This is in contrast to the stationary crack, which theoretically exhibits a
reversed plastic zone of 1/4 the forward plastic zone [86]. This difference is a
consequence of the plastic wake which forms behind the growing crack. A criterion of

0.95<0,/0, <1 was assumed to define the number of elements in the reversed and

forward plastic zones.
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Figure 4-1 Crack Tip Plastic Deformation for Growing Crack

The mesh refinement studies were next performed. Each mesh was refined until a
converged opening load was determined. Figure 4-2 illustrates the variation in the
number of elements in the plastic zones for the C(T) and the M(T) specimens as the mesh
refinement was carried out. It is clear from the figure that the number of elements along
the crack plane in the reversed plastic zone are significantly lower than in the forward
plastic zone. Thus, a large refinement level is required to accurately capture the reversed

plastic zone.
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Several mesh refinement issues were studied in an effort to reduce the number of
nodes and elements. If the total size of the highly refined region is reduced such that the
initial plastic zone extends outside this region, then a significant reduction in the total
number of elements can be achieved. However, when the initial forward plastic zone was
allowed to extend into the transition region, the opening value found gave poor
agreement with the value found when the initial forward plastic zone was fully captured
by the finely meshed region. The influence of the proximity of the crack tip to the
transition elements was studied. It was found that if the crack tip was too close to the
transition region, significant variation in the opening values resulted. Thus, a refined

mesh was required behind, ahead, and above the crack tip. Lastly, the size of adjacent
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elements within the transition region was studied and it was found that a gradual

transition with a size ratio less than or about 3 is needed.
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The degree of mesh refinement was continued until convergence of the opening
values was observed as shown in Figure 4-3. The opening loads were also compared with
results from two strip-yield models [76,87] assuming plane-strain conditions. It is clear
from Figure 4-3a that for the M(T) geometry the opening stresses converged as the mesh
refinement was carried out. For the C(T) geometry, the opening loads did not converge as
seen in Figure 4-3b. The opening values reported were steady state after growing
approximately twice the initial forward plastic zone, and typical results are illustrated in
Figure 4-4. It should be noted from Figures 4-2 and 4-3a that for the M(T) specimen,
approximately 3 to 4 elements are required in the reversed plastic zone to obtain an
accurate opening stress. Considering only the coarse meshes in Figure 4-3b, some

semblance of convergence is apparent, which explains why previous studies found in the
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literature have rep

refinement results

51

orted the existence of crack closure under plane-strain. Further

in a continuing decrease in the opening values, which suggests that

little or no closure exists under plane-strain for the C(T) specimen. The author would

discourage the notion of extrapolating the results in Figure 4-3b to smaller 4a values

since a converged

crack opening value would approach a horizontal asymptote. Other

potential reasons for this lack of convergence include plane-strain locking and excessive

plastic deformation.
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Figure 4-4 Typical Crack Opening Load Transient Behavior

Analyses were also performed using CST elements. A similar variation in opening

values was noted as the mesh refinement was carried out. The results are also shown in

Figure 4-3b. The opening values found utilizing the CST elements were higher than those

obtained using the quadrilateral elements. Plane-strain locking behavior can potentially
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influence the predicted opening values and the arrangement of CST elements in a
“union-jack” configuration can help to minimize this effect [71]. Additional analyses
were performed utilizing CST elements arranged in a “union-jack” configuration and the
results are again shown in Figure 4-3b. As seen in the figure, no improvement was
observed with regard to convergence. Another technique to minimize the effects of plane-
strain locking is to employ a reduced integration method [71]. Analyses were performed
on the C(T) and the M(T) specimens using quadrilateral elements with reduced
integration. It can be seen from Figure 4-3b that using reduced integration also resulted in
a lack of convergence for the C(T) specimen.

Additional analyses were performed to determine if excessive plasticity was the
reason for the lack of C(T) convergence, with the applied maximum load reduced by a
factor of 2. The total amount of crack growth simulated was the same. The results are
shown in Figure 4-5a. It is seen that the C(T) geometry with the lower load also did not
converge. Lastly, the large-scale deformation option within ANSYS was used. From

Figure 4-5a, enabling large-scale deformations also did not improve convergence.
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It is also possible that the observed lack of C(T) convergence is an artifact of the
crack growth algorithm. McClung et al. [7,30,31] have shown little or no difference in
opening behavior when the crack is advanced at maximum or minimum load. To verify
this, analyses were performed to observe the effects of the node-released scheme. The
C(T) specimen was modeled to allow the node to release and the crack to advance at
minimum load. A similar opening behavior trend was observed and is shown in Figure 4-
5b. The results presented in this figure indicate that the node-released schemes are not

responsible for the lack of opening value convergence.
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The consequence of assuming plane-strain for the C(T) geometry was next
investigated. Plane-stress analyses were performed for the M(T) and the C(T) specimens
with the same original crack length and maximum stress intensity factor. The results are
shown in Figures 4-4 and 4-6, and it appears that under plane-stress conditions
convergence is readily achieved and in-plane constraint has negligible effects on closure.
It should be noted from the Figures 4-2 and 4-6 that approximately 3 to 4 elements are

required in the reversed plastic zone to obtain an accurate opening value.
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To further address the existence of closure for the C(T) specimen under plane-

strain, the crack opening profile for the final cycle of loading was evaluated and is shown

in Figure 4-7. If closure does occur, then the opening process should be smooth with the

load required to open the crack monotonically increasing as the distance from the original

crack tip increases. From Figure 4-7a, a coarse mesh under plane-strain exhibits some

semblance of a smooth opening process, but as the refinement is carried out the entire

crack is predicted to open instantaneously with the exception of the node just behind the

crack tip. This would suggest that there is negligible closure in plane-strain for the C(T)
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specimen. To justify this statement further, the opening behavior of the M(T) and C(T)

specimens were compared. An approximately monotonically increasing opening of the
crack was noted for the M(T) specimen during loading as shown in Figure 4-7b, which
implies that closure does occur for the M(T) specimen under plane-strain conditions. For
further evaluation, the crack opening behavior was compared under plane-strain and
plane-stress conditions for the C(T) specimen. Monotonically increasing opening
behavior under plane-stress was observed, similar to the M(T) specimen under plane-

strain, as shown in Figure 4-7c.
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Crack closure was observed immediately behind the crack tip for the C(T)

specimen under plane-strain as seen for the refined mesh in Figure 4-7a. This behavior is
believed to be an artifact of the finite element approximation. Computing opening values
at the second node behind the crack tip may help to reduce the approximation error.
Figure 4-8 shows the opening behavior convergence for the C(T) specimen under plane-
strain when using the second node behind the crack tip to obtain the opening load. Trends
similar to those observed when using the node immediately behind the crack tip were
seen for constant strain triangle, but in case of quadrilateral, quadrilateral with reduced
integration, and union-jack, as the mesh refinement is carried out a zero opening value
was observed which again suggests that closure is negligible for the C(T) specimen under

plane-strain.
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Significant closure levels were observed under plane-strain conditions for the
M(T) specimen, but not for the C(T) specimen. Consequently, a geometry effect is clearly
evidenced. One way these two geometries differ is that each exhibits a distinctly different
in-plane constraint, as quantified using the elastic T-stress. To evaluate the influence of
the T-stress, the M(T) specimen was modeled with an externally induced T-stress to
observe the subsequent change in closure levels. A T-stress was induced by applying
tractions parallel to the crack in addition to the conventional tractions perpendicular to
the crack. When no tractions parallel to the crack are applied, the M(T) specimen exhibits

an inherent compressive T-stress, where the T-stress is defined as [74]:

KB

Tra (6)

where a is the crack length, K, is the stress intensity factor, and [ is the biaxiality ratio.

This ratio is equal to —1 and 0.425 for the M(T) and C(T) geometries respectively [75].

The M(T) specimen has T = 0 when it is loaded biaxially [75].
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To explore the influence of the T-stress, the M(T) specimen was modeled with an

externally induced T-stress —0.75<T/S, <1. The subsequent opening behavior is

shown in Figure 4-9. This figure shows the opening behavior convergence of the M(T)

specimen under different in-plane constraint values. As the mesh refinement was carried

out non-convergence was noted for-0.75<T/S__ <1, including the value S = 0.425

associated with the C(T) specimen. The crack opening process is shown in Figure 4-10.

Both of these figures indicate that crack closure is negligible or is not occurring

for—0.75<T/S_, <1. As the T-stress become more tensile in value (including the T-
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stress related to C(T) specimen), the crack front was fully open except for the element

just behind the crack tip, which would indicate negligible closure.
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Figure 4-10 Effect of T-stress on the Crack Opening Process

4-1-2 Effect of Load Ratios and Stress Levels under Plane-stress

The effect of R on the crack opening stress for an M(T) specimen has been
investigated by McClung et al. [31] and Newman [48] under plane-stress. Similar finite
element analyses were performed with M(T), C(T) and SEB geometries to study the

effect of highly refined mesh.
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To determine the sizes of the forward and reversed plastic zones in all the

geometries, normalized values of the von-Mises stress 0,/ 0, were plotted ahead of

crack tip as discussed previously. The mesh refinement studies were next performed with
a stress level of 0.3 and a load ratio of 0.0. Each mesh was refined until a converged
opening load was determined. Figure 4-11 illustrates the variation in the number of
elements in the plastic zones for the C(T), the SEB and the M(T) specimens as the mesh
refinement was carried out. It is clear from the figure that the number of elements along
the crack plane in the reversed plastic zone are significantly lower than in the forward
plastic zone. Thus, a large refinement level is required to accurately capture the reversed

plastic zone.
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Figure 4-11 Variation in the Plastic Zone Sizes with Mesh Discretization under Plane-
stress
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For perspective forward plastic zone sizes were compared with stationary FEA,
cyclic FEA, and Irwin’s approximation of the forward plastic zone and as shown in
Figure 4-12. Significant changes in the forward plastic zone sizes were noted between
the cyclic and the stationary analysis. These differences were a consequence of the plastic
wake formation. However, negligible difference was noted between Irwin’s

approximation and stationary FEA.
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Figure 4-12a Comparison of the Forward Plastic Zone Size — M(T) Specimen
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The degree of mesh refinement was increased until convergence of the opening
values was observed as shown in Figure 4-13. It is clear from Figure 4-13 that the
convergence of opening values was noted for the geometries as the mesh refinement was
carried out. The opening values reported were steady state after growing approximately
twice the initial forward plastic zone, and typical results are illustrated in Figure 4-14.
Negligible difference in the crack opening values was noted with mesh refinement as
shown in Figure 4-13, which suggests that under plane-stress condition, the effect of T-

stress on closure is not significant.
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The mesh refinement studies were performed for M(T), C(T) and SEB

geometries with a load ratio of 0.0 and a stress level of 0.3. For further analysis with
different stress levels, the cyclic forward plastic size and total crack growth were fixed as
those for the converged opening value for a stress level of 0.3. Approximately 35
elements were present in the cyclic forward plastic zone, which results in 3 to 4 elements
in the reversed plastic zone. Next, the effect of stress levels on the crack opening value
were studied under R = 0.0 and —1.0 with the M(T) and the SEB geometries and results
are shown in Figure 4-15.
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Figure 4-15 Effect of Stress Ratio on Crack Opening Values under Plane-stress
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From the above figure it should be noted that the crack opening values from

highly refined converged mesh were lower than those reported in literature, and were in
better agreement with strip-yield model results generated using FASTRAN [76]. The
meshes employed in the present study were more refined than those used by McClung et
al. [30,31] and Newman [48]. Mesh refinement is the likely reason for the discrepancy,
since to accurately capture the reversed plastic zone as shown in Figure 4-11, a high

degree of refinement is required.

4-2 Three-dimensional Finite Element Analysis

Fatigue crack closure analyses were performed using ANSYS 6.1 [84]. Three-
dimensional finite element analyses of part-through surface crack with initial aspect ratio
of 1.0 were conducted using 8-noded brick elements. The methodology described in
chapter 3 was used to model crack shape evolution.

To determine the sizes of the forward and reversed plastic zones at the deep point
of penetration and at the free surface in the three-dimensional geometry, normalized

values of the von-Mises stress g,/ g, were plotted ahead of crack tip as discussed

previously for two-dimensional analysis. Mesh refinement issues become complicated for
three-dimensional models. For a semi-circular flaw, at the free surface a plane-stress
condition exists while a plane-strain condition is present at the deepest point of
penetration. Since a plane stress plastic zone is approximately three times larger than a
plane strain plastic zone, the number of elements in the plastic zone at the deepest point
of penetration should be used to determine an appropriate mesh size. Unfortunately, this

forces the mesh to have more than adequate refinement at the free surface, and
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necessitates nearly three times as many load cycles for crack opening level stabilization
in this region. Due to hardware limitations, the mesh refinement studies were performed
with respect to the deep point of penetration. To determine the initial mesh size, similar
approached is used as described earlier for two-dimensional. The degree of mesh
refinement was continued until convergence of the opening values was observed as
shown in Figure 4-16. A maximum of 20 elements were present in the forward plastic
zone, but it is found that five elements in the forward plastic zone is sufficient to obtain

converged crack opening values.

0.6

x

£
& 051

o
n

& 0.4

(%]

g
n

C .

g element size
g 0.2 | —O— 0.0625 pm varying aspect ratio

o —e— 0.0625 pm initiala/c=1.0
c —— 0.125um R=0.1,0 =515MPa,S__ /g =0.3

€ 014 —=— 0.125um 2 max o ,

5 0.25 um open symbols - deepest point of penetration
z 0'25 ﬁm closed symbols - free surface

00 T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Crack Growth (a-a), (c-c.), um
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Next, the fatigue crack growth analysis was performed using different node
release schemes. Negligible differences in the crack opening stresses when the crack
front nodes are released at the minimum and maximum load are noted and shown in
Figure 4-17. For these results, at the deepest point of penetration, approximately 2

elements yielded in compression under the minimum loading.
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Figure 4-17 Effect of Crack Advance Scheme

The effects of crack shape evolution and spike overload on crack opening stress
and consequently the fatigue crack closure behavior was next studied. A spike overload
factor of 1.5 was used. Differences in the predicted opening values were noted when the
aspect ratio was allowed to vary and also when spike overload is applied as shown in
Figure 4-18. Crack retardation was also noted at the free surface as shown in Figure 4-19.
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These results suggest that crack shape evolution can be successfully model and

predicted using finite element analysis. Further study is required with significant crack

growth at the free surface.

Normalized Opening Stress
At Deepest Point of Penetration, S,/ S,

o©
3

o
o

o
o

°
IS

o
w

o
[N

©
[

o
o

4 overload
A l A -
I
1 initiala/c=1.0
R=01

] —O— constant aspect ratio

—@— varying aspect ratio

—m— varying aspect ratio with single spike overload of 1.5S__

T T T T T T 1

0.0 0.5 1.0 15 2.0 25 3.0 35

Crack Growth (a - a_), um

Figure 4-18 Surface Flaw Crack Opening Stress Transient

70



o L]
o L]
o [
o °
o] L]
o L]
o] L]
0.12 4
FICECREREEEEE I
- S0 P e o
= Co e
(@)] (o) o. °
C o' .
@ 0.08 4 So
- . o.o.
< P o
= e
Do. o.oa
S 0.06 - t o,
3 %
2 A (-
D 0.04 - n .
N -
T i
£
S 0024, .. _
z initial a/c=1.0 o first Cycle
varying aspect ratio * tenthcycle
R=0.1
OOO T T T T 1
0.00 0.02 0.04 0.06 0.08 0.10 0.12

Normalized Free Surface Length, c/t

Figure 4-19 Predicted Crack Shape Evolution under Constant Amplitude Loading

71



CHAPTER V
CONTACT STRESS METHOD FORMULATION

The discussion from the earlier chapters suggests some discrepancy in the
calculation of crack opening values from finite element analysis. Significant closure level
was observed for the M(T) specimen under plane-strain, however, elemental or negligible
closure was observed for the C(T) specimen under plane-strain. Results reported in the
literature by some researchers suggest that the computed crack opening values from the
node immediately behind the crack tip node should not be used because this node is too
close to the poorly modeled crack tip, and suggest that second node behind the crack tip
should be used to overcome this artifact of the FEA. On the other hand, results discussed
in the earlier chapter indicate that the use of the second node behind the crack tip yields a
zero opening value for the C(T) specimen under plane-strain, which implies no closure. It
may be wise to compute the opening load considering whole crack front, not just one
node. In the following chapter a new methodology will be discussed and developed to

compute the crack opening value.
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5-1 Formulation

Dill and Saff [88] were the first to introduce a contact stress method to compute
crack opening loads, and employed the methodology in a strip-yield model. In this
method, the stress intensity factor required to open the crack K, is computed using the
contact stresses along the closed crack surface under the minimum loading. The stress
intensity factor K associated with this loading must be overcome to open the crack
giving K; = K,. In the research described herein, this methodology was revisited and
applied to compute crack opening values from finite element analysis results.

To compute K, for the C(T) specimen from the crack surface nodal stress
distribution under the minimum loading, first consider the stress intensity factor for an
infinite plane with a semi-infinite crack subjected to point load p on the crack surface

[89]

73

K=|"—p (5-1)

where K is the stress intensity factor and £1s the distance from the origin.
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A

Figure 5-1 Infinite Plane with a Semi-infinite Crack Subjected to a Segment of Linearly
Varying Stress.

If the crack surface is subjected to a segment of linearly distributed stress as shown in

Figure 5-1, then equation 5-1 may be used to write the incremental stress intensity factor

dK = is dx (5-2)
\/7Tx

where S is the linear stress distribution at any distance X from the origin
5= (c, +XC,) (5-3)
and C; and C; are constants. As shown in Figure 5-1, when X =b, s =s; and when X =¢, S

= s,. Consequently

(5-4)
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The nodal stresses S; and S; are computed from the nodal forces p; and p; as follows

S, =P and s, =P (5-5)

Aa Aa
where 4a is the element size. Substituting equation 5-3 into 5-2 and integrating over

C<X<b yields

k=2 2_Jq}b%—cg+C;—%j_Jq}b%—c;+b;—%J (5-6)
b-c b-c b-c b-c

The K, value associated with the contact stress for each finite element on the
crack surface can be calculated using equation 5-6. Superposition may then be applied to

find the K, value for the entire crack surface loading.

A6 66, G 1S | i 6) 66, 6)6)
B Mjﬁ( b ﬂ

Km JHZ{ ( . Ko J G

where K is the maximum stress intensity factor, (s,); and (s,); are the i nodal stress

values at distances bj and ¢; from the crack tip respectively, and n is the total number of

nodal stress values.

To compute K, for the M(T) specimen, next consider the stress intensity factor for

an infinite plane with a finite crack subjected to point load p on the crack surface [89]

(5-8)

_|2_p
"\ ma la? — &2
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where K is the stress intensity factor, 2a is the crack length and €is the distance from

the origin.

Figure 5-2 Infinite Plane with a Finite Crack Subjected to a Segment of Linearly Varying
Stress

If the crack surface is subjected to a segment of linearly distributed stress as shown in

Figure 5-2, then equation 5-8 may be used to write the incremental stress intensity factor

2 S
dK = | — ———dx 5-9
= — (5-9)

where S is the linear stress distribution at any distance X from the origin

s =(c, +XC,) (5-10)
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and C; and C; are constants. As shown in Figure 5-2, when X = b, s = $; and when X = c,

S = sy. Consequently

_bs, —cs, S-S,
Cl—v and C2— b_c (5-11)

Substituting equation 5-10 into 5-9 and integrating over b < X < ¢ yields

=— {(\/a ~b* —+a’ - )b—02 +(sm (EJ_SMI(SJ j%} (5-12)

For the entire crack surface

{(ﬁ )R ©) {s». o ( jh(sz) ), —siﬁ(qJ hsr—56)
a

h -G a) h-g

nz c } (5-13)

To compute K, for the SEB specimen, next consider the stress intensity factor for

an semi-infinite plane with an edge crack subjected to point load p on the crack surface

[89]

(5-14)

K = 2.6 p
V7 1~ (g/a)
where K is the stress intensity factor, a is the crack length and £1is the distance from the

origin.
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Figure 5-3 Semi-infinite Plane with a Edge Crack Subjected to a Segment of Linearly
Varying Stress

If the crack surface is subjected to a segment of linearly distributed stress as shown in

Figure 5-3, then equation 5-14 may be used to write the incremental stress intensity factor

2.6 S
dK = (5-15)
V77 1= (x/a)’
where s is the linear stress distribution at any distance X from the origin
s =(c, +xc,) (5-16)

and C; and C; are constants. As shown in Figure 5-3, when X =b, s =s; and when X =¢, S

= s,. Consequently

_bs, —cs, S -
C, —v and c, = b—c (5-17)

Substituting equation 5-16 into 5-15 and integrating over b < x < ¢ yields
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K—T{ alVa” b7 - Va? - )b_C2 +(sm ltgj—sm'l(gj]a%} (5-18)

For the entire crack surface

{ﬁ ~Ja—¢ j(sl) ©) Uh(sz) L —G(S), —sin-l(bjmsz)i-q(%)i
a —_

a

i_z 6&2 2 h—q h—g }(5_19)

When modeling fatigue crack growth under constant amplitude loading, most
researchers have conventionally monitored the first node behind the crack tip to assess
the crack opening value from the finite element analysis results. However, the accuracy
of finite element results are suspect in the neighborhood of the crack tip due to the severe
stress gradients which result [7,28,9,90]. While using the second node behind the crack
tip when computing the opening load may help reduce this problem, as the mesh
refinement is carried out any benefit will be eliminated due to the decreasing distance
between the crack tip and the second node. The contact stress method described above
overcomes the limitation of focusing attention on a single node considering instead the
global behavior of the entire crack surface. In addition, when using the contact stress
method, the opening values are computed at the minimum load after the unloading cycle
is complete. This eliminates any consideration of loading increments as required in the
more conventional method. Thus the contact stress method is also independent of the
unloading increment size.

When using the conventional methodology, the crack opening value is defined

based on the last node to open. Consequently, the element immediately behind the crack
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tip is not considered. This limitation is eliminated when using the contact stress

method. The nodal forces were used to compute the required contact stress under the

minimum loading, because forces are more accurate than stresses in any finite element

analysis.

5-2 Result

The opening values computed for the C(T), the SEB and the M(T) specimens

under plane-strain and plane-stress are shown in Figures 5-4 and 5-5.
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Figure 5-4 Comparison of Predicted Crack Opening Values under Plane-strain Conditions

It may be noted from Figure 5-4 that assessment of crack opening loads at the
second node behind the crack tip yields significantly lower plane-strain crack opening
values. For all these geometries under plane-strain, the opening values from the contact
stress method were higher than those found using the first node behind the crack tip,
however small difference was noted under plane-stress. This was expected, since the
element immediately behind the crack tip is also considered when calculating the opening
load using the contact stress method. The opening values were approximately the same
when using the contact stress method with reduced and full integration, which suggests
that the contact stress method is resistant to the effects of plane-strain locking [71]. It

may also be noted that under plane-strain conditions, the C(T) specimen opening values
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did not converge as the mesh refinement was carried out. This would suggest that

plasticity-induced closure does not exist or is negligibly small.
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Figure 5-5 Comparison of Predicted Crack Opening Values Using Contact Stress Method
and Conventional Method under Plane-stress Conditions

Next, the nodal force distribution used to compute K, was plotted and is shown in
Figures 5-6 and 5-7. From these figures, it is clear that the element just behind the crack
tip contributes significantly to the crack opening values. The contribution of the element
immediately behind the crack tip when computing plane-strain crack opening values
using the contact stress was determined. For the C(T) specimen, approximately 85% of
the total opening value was associated with this element when using either full or reduced
integration. In contrast, this value was approximately 50% for the M(T) specimen. For
the C(T) specimen under plane-stress, a 30% value was observed. Consequently, the

element immediately behind the crack tip plays a major role in the crack opening value
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computation. In cases where this role is exceedingly large, such as the C(T) specimen

under plane-strain, the validity of the computed opening value become questionable. This

fact, in conjugation with the observation that for the plane-strain C(T) specimen the crack

surface loading is predominantly zero, suggests that plasticity-induced closure is

negligible for this configuration. Lastly the effect of load ratios and stress level was

studied using the contact stress method under plane-stress. Small difference was noted as

shown in Figure 5-8 when compared to first node immediately behind the crack tip.
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CHAPTER VI
CONCLUSION

Finite element analysis is a promising tool to simulate plasticity-induce fatigue
crack closure. The modeler must consider different aspects of modeling to get better
finite element crack opening values and other fracture parameters as described in this
research. Modeling aspects of two-dimensional finite element analysis under plane-strain
and plane-stress conditions have been well established and it is suggested that more work

1s needed with three-dimensional models

1. The middle-crack tension geometry crack opening stress exhibits convergence as
mesh refinement is carried out under plane-strain conditions.

2. The compact tension geometry crack opening load does not exhibit convergence
as mesh refinement is carried out under plane-strain conditions. This indicates that
plasticity-induced closure is negligible or does not exist under plane-strain for the
C(T) specimen.

3. Opening values for the compact tension, the side edge bend and middle-crack
tension geometries crack exhibit convergence as mesh refinement is carried out
under plane-stress conditions. This suggests that closure does exist under plane-

stress.
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Opening values vary when the initial crack tip plastic zone extends into the mesh
refinement transition region and also when the crack tip is close to transition
elements.

The middle-crack tension geometry crack opening stress does not exhibit
convergence as the mesh refinement is carried out when different T-stress values

with —0.75<T /S, <1 are applied externally. This indicates that the level of in-

plane constraint dictates the level of plasticity-induced crack closure under plane-
strain.

Approximately 3 to 4 elements are required in the reversed plastic zone for the
middle-crack tension specimen under plane-strain to obtain accurate opening
values.

Approximately 3 to 4 elements are required in the reversed plastic zone for the
compact tension, the side edge bend and middle-crack tension specimens under
plane-stress to obtain accurate opening values.

The in-plane constraint effect on crack closure is negligible under plane-stress
conditions.

The contact stress method of computing crack opening values was revisited and
applied for the first time to finite element analyses. This global method has the
advantage of not being associated with a single node and is independent of

loading and unloading increment size.
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Crack opening values computed using the contact stress method were unchanged
when implementing reduced integration schemes. This suggests that the method is
resistant to the effects of plane-strain locking.

Depending on the geometry and stress state, the element immediately behind the
crack tip may play a major role in the crack opening value computation. This
element is not considered in more conventional crack opening assessments.
Under plane-stress condition for different stress levels and load ratios,
significantly lower crack opening values were found compare to those reported in
literature.

For the three-dimensional geometry crack shape evolution can be modeled and

subsequent crack growth retardation and acceleration can be predicted using FEA.

Lastly, it should be noted that while crack closure was shown either not to exist or

to be negligible under plane-strain for certain levels of in-plane constraint, plane-

strain is a two-dimensional idealization that cannot occur in practice. In the opinion of

the author, the plane-stress condition existing at and near the free surface of a three-

dimensional body will have a strong influence on the plane-strain interior, regardless

of thickness of geometry.
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| prep7

I El ement Shape Checking O f

SHPP, OFF

I Define Material Properties for Solid El ements

MP, EX 1, E
TB,BKIN, 1,1, 1,
TBMODI F, 2, 1, YS
' TBMODI F, 3, 1, HTAN

*| F, MTYPE, EQ ' SC , THEN
ET, 1, SOLI ™45, ,,,,,

* ELSE
I Nor mal Pl ane El enent
| ET, 1, PLANE42, , , 2, ,

I Reduced lintegration
ET, 1, PLANE182, 0, , O, ,

I KEYOPT(3) = 0 Pl ane

| KEYOPT(3) = 2 Plane

I KEYOPT(3) = 3 Plane
*ENDI F

I Begi n Building Mdel:

MAT, 1

TYPE, 1

REAL, 1

nread, %9N% crd
eread, YdN%g el m

*I'F, MTYPE, EQ,' CT", THEN

El emrent

Stress
Strain
Stress W thk

Read Solid ELenents fromFile

I Create Linear Elastic Material Properties for

MP, EX, 2, E

LOCAL, 12, 1, w, hei ght, O,

NSEL, S, LCC, X, O, r
ESLN, S, 1
EMODI F, ALL, MAT, 2
NSEL, ALL
ESEL, ALL
CSYS, 0

*ENDI F

0,0,0

*| F, MTYPE, EQ ' 2DCT' , THEN
I Create Linear Elastic Material Properties for

WP, EX, 2, E

LOCAL, 12, 1, w, hei ght, O,

NSEL, S, LCC, X, O, r
ESLN, S, 1
EMODI F, ALL, MAT, 2
NSEL, ALL
ESEL, ALL
CSYS, 0

*ENDI F

0,0,0

El astic "plug"

El astic "plug"



*I F, MTYPE, EQ ' SEB' , THEN
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I Create Linear Elastic Material Properties for Loading El ements

MP, EX, 2, E
I'NSEL, S, LOC, Y, hei ght

I'NSEL, R, LOC, X, 0- 10E-5, 0+10E-5
I ESLN, 1

I NSEL, S, LCC, Y, hei ght
I *GET, SOUT, NODE, , COUNT
| DELT=W ( SOUT- 1)
I NSEL, S, LCC, Y, hei ght - del t - 0. 00001, hei ght - del t - 0. 00001
I NSEL, R, LOC, X, DELT-0. 00001, DELT+0. 00001

Nsel , s, |l oc, y, hei ght - 2, hei ght
nsel,r,loc,0,?2
ESLN, 1

EMODI F, ALL, MAT, 2

INSEL, S, LOC, Y, hei ght - del t - 0. 00001, hei ght - del t - 0. 00001
I NSEL, R, LOC, X, WDELT- 0. 00001, W DELT+0. 00001

Nsel , s, l oc, y, hei ght - 2, hei ght

nsel,r,loc, w2,w

ESLN, 1

EMODI F, ALL, MAT, 2
NSEL, ALL
ESEL, ALL

*ENDI F

I Constrain Nodes on Bottom Surface of Plate in the Vertical-direction

I (Constraints will be renoved during crack grow h)

are notched, all others are not.

*| F, MTYPE, EQ ' SC , THEN
NOTCH=NY( NODE( 0, 0, 0) )
LOCAL, 11,1,0,0,0,0,90,0,al/c
NSEL, S, LCC, X, ¢, 100000
NSEL, R, LCC, Z, 0,0
NSEL, U, LCC, X, 0, c- 0. 05*da
D, ALL, UY, 0

I Bl ock Added for negative R
NSEL, S, LCC, Z, 0
NSEL, R, LCC, X, 0, ¢
NSEL, U, LCC, X, ¢c- 0. 3*da, c+0. 3*da
CSYS, 0
NSEL, A, LCC, Y, NOTCH
CM CSNODES, NODE

I End of Bl ock

* ELSE

Al so, create conponent containing crack surface nodes (used
when negative | oads are applied). Assumes elliptical

geonetries
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NSEL, S, LCC, Y, 0

NSEL, R, LCC, X, ¢, 100000
NSEL, U, LCC, X, 0, c-da*0. 25
D, ALL, UY, 0

I Bl ock Added for negative R
NSEL, S, LCC, Y, 0
NSEL, R, LCC, X, 0, ¢
NSEL, U, LCC, X, c-0. 3*da, c+0. 3*da
CM CSNODES, NODE

I End of Bl ock

*ENDI F

I Apply Appropriate Conditions in X-direction:

*I'F, MTYPE, EQ ' CT', THEN
NSEL, S, LOC, Y, 0
NSEL, R LCC, Z, 0
NSEL, R, LOC, X, 3. 75
D, ALL, UX 0O
NSEL, ALL
*ENDI F

*I'F, MTYPE, EQ ' MI' , THEN
NSEL, S, LOC, X, 0
D, ALL, UX, 0O
NSEL, ALL

*ENDI F

*I'F, MTYPE, EQ ' SC , THEN
NSEL, S, LOC, X, 0
D, ALL, UX, 0O
NSEL, ALL

*ENDI F

*| F, MTYPE, EQ, ' 2DCT' , THEN
NDLOC=0
NSEL, S, LCC, Y, 0
* GET, M Nnode, NODE, , NUM M N
NODEno=M Nnode
NDL OC=nx( NODEno)
* GET, NSNCDES, NODE, , COUNT
*DO, L, 1, NSNODES- 1
NODEN o0=NDNEXT( NODENo)
NDL OC1=NX( NODENo)
*| F, NDLOC1, GT, NDLOC, THEN
NDL OC=NDLCC1
MAXnode=NCODENno
*ENDI F
* ENDDO
NSEL, R, , , MAXnode
D, ALL, UX, O
NSEL, ALL
*ENDI F

*| F, MTYPE, EQ,' SEB', THEN
NDLOC=0
NSEL, S, LCC, Y, 0
* GET, M Nnode, NODE, , NUM M N
NODEno=M Nnode



101

NDL OC=nx( NODEno)
* GET, NSNODES, NCDE, , COUNT
*DO, L, 1, NSNODES- 1

NODEN o0=NDNEXT( NODENo)

NDL OC1=NX( NODENo)

*| F, NDLOC1, GT, NDLCC, THEN
NDL OC=NDLOC1
MAXnode=NCODENno

*ENDI F

* ENDDO
NSEL, R, , , MAXnode
D, ALL, UX, 0
NSEL, ALL
*ENDI F

FApply Synetry BC s at Z=0 pl ane
*| F, MTYPE, EQ ' SC , THEN

NSEL, S, LCOC, Y, 0

NSEL, R, LCC, X, 0

NSEL, R, LCC, Z, t

D, ALL, Uz, O

NSEL, ALL
*ENDI F

*I F, MTYPE, EQ ' 2DCT" , THEN
NSEL, S, LOC, Z, 0
D, ALL, UZ, O
NSEL, ALL

*ENDI F

I Sel ect Crack Mouth Node. .. Create Conponent CMNODES
NSEL, S, LOC, X, 0

NSEL, R, LCC, Y, 0

CM CIMNCDES, NODE

CMBEL, ALL

NSEL, ALL

ESEL, ALL

WBORT, ALL, 0 ISort Elenents to mninmze wavefront

SAVE
FI NI SH



APPENDIX A2
ANSYS INPUT FILE StrtCyc.MAC, CONTROL OF

CYCLIC LOADING, ANY LOAD RATIO
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Fi rst Load
Cl ear RST, BDri ve, BDi r, MaxDi r

*DO, 1,1, NLC

AdvanceCr ack, |

Cl ear RST, BDrive,BDir, "'

Unl oadCr ack, |

Cl ear RST, BDrive,BDir,MnDi r

LoadCr ack, |

Cl ear RST, BDri ve, BDi r, MaxDi r
* ENDDO



APPENDIX A3
ANSYS INPUT FILE FIRSTLOAD.MAC, APPLICATION OF

FIRST LOAD, ANY LOAD RATIO
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I Apply Maxi mum Load on First Cycle:

/ SOLU

Appl oad, hei ght, St r sivax
AUTOTS, ON

NSUBST, 5, 10000, 5, ON

Tl MVE, 0. 45

SOLVE

SAVE
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APPENDIX A4
ANSYS INPUT FILE ADVANCECRACK.MAC, INCREMENTALLY

ADVANCE THE CRACK TIP, ANY LOAD RATIO
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AdvanceCr ack. mac
Macro File to advance crack uniformy one el enent

!

!

I

I Shoul d be executed as:

!

I AdvanceCrack, LoadCycl eNunber
I

AUTOTS, OFF
NSUBST, 1,1, 1

| PREP7

Sel CTNodes, argl

* GET, NNODES, NCDE, , COUNT

NODNO=0

*DO, JJ, 1, NNODES
NODNO=NDNEXT( NODNO)
* GET, NODERF, NODE, NOCDNO, RF, FY
DDELE, NODNO, UY
F, NODNQ, FY, NOCDERF

* ENDDO

NSEL, ALL

ESEL, ALL

/ SOLU

ANTYPE, , REST

Ti meVar =0. 45+0. 05/ ( NCCECut +1) +(argl-1)
Ti me, Ti neVar

SOLVE

SAVE

*DO, J, 1, NCGECut - 1
| PREP7
Sel CTNodes, ar gl
NODNO=0
*DO, JJ, 1, NNODES
NODNO=NDNEXT ( NODNO)
* GET, NODERF, NODE, NODNQ, F, FY
F, NODNO, FY, NODERF/ CGERF
* ENDDO
NSEL, ALL
ESEL, ALL
/ SOLU
ANTYPE, , REST
Ti meVar =0. 45+(J+1) *0. 05/ ( NCGECut +1) +( ar g1- 1)
Ti me, Ti neVar
SOLVE
SAVE
* ENDDO

| PREP7

Sel CTNodes, ar gl

NODNO=0

*DO, JJ, 1, NNODES
NODNO=NDNEXT ( NODNO)
* GET, NODERF, NODE, NODNQ, F, FY
FDELE, NODNO, FY

* ENDDO

NSEL, ALL
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ESEL, ALL

/ SCLU

ANTYPE, , REST

Ti meVar =argl1-0.5
Ti me, Ti meVar
SOLVE

SAVE



APPENDIX A5
ANSYS INPUT FILE UNLOADCRACK.MAC,UNLOAD MODEL,

ANY LOAD RATIO
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AUTCTS, ON
NSUBST, 1, 100, 1, OFF
* CFOPEN, %dN% unl oad_%ar g1% dat
I *WRI TE
I (" NODE# Node r NodeAng
Curr Ll nc=Ul BCC
St rsLvl =St r sMax/ St r sMax
RSt r s=St r siMax
*DO, JJ, 1, argl
Sel CTNodes, JJ
NSEL, U, D, UY, 0
* GET, NSNCODES, NODE, , COUNT
*| F, NSNODES, GT, 0, THEN
NODNO=0
*DO, JJJ, 1, NSNODES
NODNO=NDNEXT ( NODNO)
NODYSTRS=UY( NOCDNO)
*| F, MTYPE, EQ ' SC , THEN
CSYS, 11
NDANG=NY( NODNO)
NXL OC=NX( NODNO)
CSYS, 0
*ELSE
NDANG=NZ( NODNO)
NXL OC=NX( NODNO)
*ENDI F
NodeSt at =0

S/ Smax

6)¢

Ost at
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Renmote Stress")

*VWARI TE, NODNO, NXLOC, NDANG, St r sLvI , NODYSTRS, NCDESTAT, RSTRS
(F6.0, 2X, E12. 6, 2X, E10. 4, 2X, F8. 6, 2X, E12. 6, 2X, F4. 0, 2X, E12. 6)

* ENDDO
*ENDI F
* ENDDO

*DO, J, 1, 1/ Ul DCC
Ti meVar =Ti neVar +Curr LI nc*0. 5

RSt r s=St r sMax- (StrsMax- StrsM n) *( Ti neVar +0. 5-argl1)/0.5

*| F, Ti meVar, GE, argl, Then
RSt rs=StrsM n
Ti meVar =ar g1
Ti e, Ti meVar
ApplLoad, hei ght, RStrs
SOLVE
SAVE
*EXIT
*ENDI F
Ti e, Ti meVar
StrsLvl =RStr s/ St r sMax
ApplLoad, hei ght, RStrs
SOLVE
SAVE
ClearRST,BDrive,BDir,""
OPENSTAT=0
OpnRwCnt =0
*DO, JJ, 1, argl
Sel CTNodes, JJ
NSEL, U, D, UY, 0
* GET, NSNODES, NCDE, , COUNT
*| F, NSNCDES, GT, 0, THEN
NODNO=0



*DO, JJJ, 1, NSNCODES
NodeSt at =0
NODNO=NDNEXT( NODNO)
NODYSTRS=UY( NODNO)
*1 F, MTYPE, EQ ' SC , THEN
CSYS, 11
NDANG=NY( NODNO)
NXL OC=NX( NODNO)
CSYS, 0
*ELSE
NDANG=NZ( NODNO)
NXL OC=NX( NODNO)
*ENDI F
*| F, NodYStrs*1el0, LT, O, THEN
Curr Ll nc=Ul DCC
OPENSTAT=1
NODESTAT=1
D, NODNQ, UY, 0
*ENDI F

*WARI TE, NODNO, NXLOC, NDANG, St rsLvl , NODYSTRS, NodeSt at, RSt r s
(F6. 0, 2X, E12. 6, 2X, E10. 4, 2X, F8. 6, 2X, E12. 6, 2X, F4. 0, 2X, E12. 6)

* ENDDO
* ELSEI F, NSNODES, EQ, 0, THEN
OpnRwCnt =CpnRwCnt +1
*ENDI F
* ENDDO
NSEL, ALL

I Close Crack surface nodes if negative |oad applied
I Added for negative R -1
*I'F, RStrs, LE, 0, THEN
CMBEL, S, CSNCDES
NSEL, U, D, UY, 0
* GET, NSNODES, NCDE, , COUNT
*| F, NSNODES, GT, 0, THEN
NODNGC=0
*DO, JJJ, 1, NSNODES
NODNO=NDNEXT ( NODNO)
NODYSTRS=UY( NODNO)
*1 F, NodYSt rs*1el10, LT, 0, THEN
OPENSTAT=1
D, NODNQ, UY, 0
*ENDI F
* ENDDO
*ENDI F
NSEL, ALL
*ENDI F
I End of Bl ock
*| F, OPENSTAT, EQ 1, THEN
Ti me, Ti mevar +Curr Ll nc*0. 01
SCLVE
SAVE
ClearRST,BDrive,BDir,""'
*ENDI F
*| F, OQonRwCnt , EQ, ar g1, THEN
Curr LI nc=Ul ACC
*ENDI F
* ENDDO
* CFCLCOSE
Cont act Stress, argl
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APPENDIX A6
ANSYS INPUT FILE ContactStress.MAC, CONTACT STRESS

METHOD, ANY LOAD RATIO
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! contact stress nethod

NSEL, ALL
ESEL, ALL
NODY1=0
NODY2=0

K=0
* CFOPEN, K1_%J N% %ar g1% t xt

Pl =acos(-1)
SELCTNODES, (ar gl1+1)

* GET, FON, NODE, , NUM MAX
AA=NX( FON)
NSEL, ALL

*| F, MTYPE, EQ ' 2D, THEN
NSEL, S, LCC, Y, 0
NSEL, R, LCC, X, 0- (da*0. 00001) , AA+(da*0. 00001)
* GET, TNODE, NODE, , COUNT
NSEL, S, LCC, Y, 0
NSEL, R, LCC, X, 0- 10e- 5, 0+10e-5
* GET, FON1, NODE, , NUM MAX
AL1=NX( FON1)
NSEL, S, LCC, Y, 0
NSEL, R, LCC, X, 0- (da*0. 00001) , AA+(da*0. 00001)
*DO, 11, 2, TNODE
FON2=NNEAR( FON1)
A2=NX( FON2)
* GET, NODY1, NODE, FON1, RF, FY
* GET, NODY2, NODE, FON2, RF, FY
I CONVERSTI ON OF NODAL FORCE I N TO ELEMENT STRESS
NODY1=NODY1/ da
NODY2=NODY2/ da
I FIND KMAX FOR MTI' SPECI MEN
F=(1-(0.025*((aa/w)**2))+(0.06*((aa/w)**4)))*sqrt(1l/cos((Pl*aa)/ (2*w)))
KMAX=St r sMax*sqrt (Pl *aa) *F
I FI ND KOPENI NG FOR MI SPECI MEN MODEL
I'AS | NFI NI TE PLATE WTH A FI NI TE CRACK
' W TH LI NEAR ELEMENT STRESS DI STRI BUTI ON
| MORE REFERENCE ORI G NAL PAPER
I BY KI RAN SOLANKI, S.R DANIEWCZ, J.C. NEWWAN JR
BB=A1l
CC=A2
C1=( NODY2* BB- NODY1* CC) / ( BB- CC)
C2=( NODY1- NODY2) / ( BB- CC)
t emrasi n(cc/ aa)
J1=(tentCl) - (asi n(BB/ AA) *Cl) +(C2*((sqrt (AA**2-bb**2)) - (sqrt ( AA**2-
cc**2))))
K=((2*(sqrt(1/ (AA*PI)))*(J1))/KMAX) +K
NSEL, U, LCC, X, 0- (da*0. 00001), al+(da*0. 00001)
FON1=FON2
Al=A2
NODY1=NODY1* da
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NODY2=NCDY2* da
I QUTPUT FOR THE FI LE READ AS
I NODE NO, NODE LOCATI ON, NODAL FORCE 1,
| KOPEN KMAX, DI STANCE FROM THE CRACK TI P, NODALFORCE 2
*VWRI TE, FONI, NXLOC, NODY1, K, BB, NODY2
(F6. 0, 2X, E12. 6, 2X, E12. 6, 2X, E12. 6, 2X, F8. 6, 2x, E12. 6)
NSEL, U, LCC, X, 0- ( da*0. 00001) , al+( da* 0. 00001)
FONL=FON2
AL=A2
NODY1=0
NODY2=0
* ENDDO
*ENDI F

*| F, MTYPE, EQ ' 2DCT' , THEN
! FI ND KMAX FOR CT/ SEB SPECI MENS
AVWEAA w I AW RATI O
B=1 I THI CKNESS
F=((2+AW/ ((1- AW **1.5)) * (0. 886+4. 64* AW 13. 32* (AW *2) +14. 72* (AW * 3) -
5.6* (AW *4))
KMAX=F* St r sMax/ (sqrt (W *B)
! FI ND KOPENI NG FOR CT SPECI MEN MODEL
I'AS I NFINITE PLATE WTH A SEM - | NFI NI TE CRACK
'W TH LI NEAR ELEMENT STRESS DI STRI BUTI ON
| MORE REFERENCE ORI G NAL PAPER
I BY KI RAN SOLANKI, S.R DANIEWCZ, J.C. NEWWAN JR
NSEL, S, LCC, Y, 0
NSEL, R, LCC, X, 0- (da*0. 00001), AA+(da*0. 00001)
* GET, TNODE, NCDE, , COUNT
NODN=0
NODN=NDNEXT ( NCDN)
NX1=NX( NODN)
FON1=NCDN
*DO, Z, 2, TNODE
NODN=NDNEXT ( NODN)
NX2=NX( NOCDN)
*| F, NX2, LT, NX1, THEN
NX1=NX2
FON1=NCDN
*ENDI F
* ENDDO
NSEL, S, LCC, Y, 0
A1=AA- NX1
NSEL, S, LCC, Y, 0
NSEL, R, LCC, X, 0- (da*0. 00001), AA+(da*0. 00001)
*DO, I 1, 2, TNOCDE
FON2=NNEAR( FON1)
A2=NX( FON2)
A2=AA- A2
* GET, NODY1, NCDE, FON1, RF, FY
*GET, NODY2, NODE, FON2, RF, FY
I CONVERSTI ON OF NODAL FORCE IN TO ELEMENT STRESS
NODY1=NODY1/ da
NODY2=NODY2/ da
I Find Kopeni ng FOR CT/ SEB Mddel s
IAs Infinite Plate Wth A Semi-infinite Crack
IWth Linear Elenent Stress Distribution
I More Reference Original Paper
By Kiran Sol anki, S.R Daniew cz, J.C Newran JR
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BB=A1

CC=A2

C1=( NODY2* BB- NODY1* CC) / ( BB- CC)

C2=( NODY1- NODY2) / ( BB- CC)

K=((2/3)*sqrt(2/Pl)*((sqrt (CC)*(3*CL+CC*C2)) -
(sqrt(BB)*(3*Cl+BB*C2))) )/ KMAX+K

NODY1=NODY1* da
NODY2=NODY2* da
| OUTPUT FOR THE FI LE READ AS
I NODE NO, NODE LOCATI ON, NODAL FORCE 1,
| KOPEN' KMAX, DI STANCE FROM THE CRACK TI P, NODALFORCE 2
*VWRI TE, FON1, NXLOC, NCDY1, K, BB, NODY2
(F6.0, 2X, E12. 6, 2X, E12. 6, 2X, E12. 6, 2X, F8. 6, 2X, E12. 6)
NSEL, U, LOC, X, 0- (da*0. 00001) , al+(da*0. 00001)
FON1=FON2
A1=A2
NODY1=0
NODY2=0
* ENDDO
*ENDI F

*| F, MTYPE, EQ ' SEB' , THEN
I FIND KMAX FOR CT/ SEB SPECI MENS
AWEAA/ w I AW RATI O
B=1 ! THI CKNESS
F=((2+AW/ ((1- AW **1.5))* (0. 886+(4. 64* AW - (13. 32* (AW *2) ) +(14. 72* (AW *3) ) -
(5.6*(AW*4)))
KMAX=F* (St rsMax/ (sqrt (W *B))
I FI ND KOPENI NG FOR CT SPECI MEN MODEL
I'AS | NFI NI TE PLATE WTH A SEM - | NFI NI TE CRACK
I W TH LI NEAR ELEMENT STRESS DI STRI BUTI ON
I MORE REFERENCE ORI G NAL PAPER
I BY KIRAN SOLANKI, S.R DANIEWCZ, J.C. NEWWAN JR
NSEL, S, LCC, Y, 0
NSEL, R, LCC, X, 0- (da*0. 00001) , AA+(da*0. 00001)
* GET, TNODE, NODE, , COUNT
NODN=0
NODN=NDNEXT ( NODN)
NX1=NX( NODN)
FON1=NODN
*DO, Z, 2, TNODE
NODN=NDNEXT ( NOCDN)
NX2=NX( NODN)
*| F, NX2, LT, NX1, THEN
NX1=NX2
FON1=NODN
*ENDI F
* ENDDO
ad=nx1
Al=AA- NX1
NSEL, S, LCC, Y, 0
NSEL, R, LCC, X, 0- (da*0. 00001) , AA+(da* 0. 00001)
*DO, 11, 2, TNODE
FON2=NNEAR( FON1)
A3=NX( FON2)
A2=AA- A3
* GET, NODY1, NODE, FONL, RF, FY
* GET, NODY2, NODE, FON2, RF, FY



I CONVERSTI ON OF NODAL FORCE IN TO ELEMENT STRESS
NODY1=NODY1/ da

NODY2=NODY2/ da

' Fi nd Kopeni ng FOR CT/ SEB Model s

IAs Infinite Plate Wth A Senmi-infinite Crack
I'Wth Linear El ement Stress Distribution

I More Reference Original Paper

!By Kiran Sol anki, S.R Daniew cz, J.C. Newran JR

BB=A1

CC=A2

C1=( ( NODY2* BB) - ( NODY1*CC) ) / ( BB- CC)
C2=( NODY1- NODY2) / ( BB- CC)

t 1=3*Cl*(sqrt (bb)-sqgrt(cc))
t2=C2*((sqrt (BB)*BB)-(sqrt(CC)*CQC))
temesqrt (2/PI)*(2/3)*(t1+t2)

K=(t em kmax) +K

NODY1=NODY1* da

NCODY2=NCDY2* da

I QUTPUT FOR THE FI LE READ AS

I'NODE NO, NODE LOCATI ON, NODAL FORCE 1,

I KOPEN KMAX, DI STANCE FROM THE CRACK TI P, NODALFORCE 2

*WWRI TE, FONL, NXLCC, NODY1, K, BB, NCDY2

(F6. 0, 2X, E12. 6, 2X, E12. 6, 2X, E12. 6, 2X, F8. 6, 2x, E12. 6)

NSEL, U, LOC, X, 0- (da*0. 00001), a4+(da*0. 00001)
FON1=FON2

Al=A2

NODY1=0

NODY2=0

ad4=a3

* ENDDO

*ENDI F
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APPENDIX A7
ANSYS INPUT FILE LOADCRACK.MAC, LOAD

MODEL, ANY LOAD RATIO
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AUTOTS, ON
NSUBST, 1, 100, 1, OFF
* CFOPEN, % N% | oad_%ar g1% dat

I *W\RI TE
I (" NODE# Node r NodeAng S/ Smax SY CStat Renpte Stress")

Curr LIl nc=LI BCO
StrsLvl =StrsM n/ St r sMax
RSt rs=StrsM n
*DO, JJ, 1, argl
Sel CTNodes, JJ
NSEL, R, D, UY, 0
* GET, NSNCODES, NODE, , COUNT
*| F, NSNODES, GT, 0, THEN
NODNO=0
*DO, JJJ, 1, NSNODES
NODNO=NDNEXT ( NODNO)
* GET, NODYSTRS, NODE, NODNQ, S, Y
*| F, MTYPE, EQ ' SC , THEN
CSYS, 11
NDANG=NY( NODNO)
NXL OC=NX( NODNO)
CSYS, 0
*ELSE
NDANG=NZ( NODNO)
NXL OC=NX( NODNO)
*ENDI F
NodeSt at =0
*WARI TE, NODNO, NXLOC, NDANG, St r sLvl , NODYSTRS, NODESTAT, RSTRS
(F6.0, 2X, E12. 6, 2X, E10. 4, 2X, E12. 6, 2X, E12. 6, 2X, F4. 0, 2X, E12. 6)

I (F6.0, 2X, E12. 6, 2X, E10. 4, 2X, F8. 6, 2X, E12. 6, 2X, F4. 0, 2X, E12. 6)
* ENDDO
*ENDI F
* ENDDO
*DO, J, 1, 1/ LI DCO
Ti meVar =Ti neVar +Curr LI nc*0. 45
RStrs=(StrsMax-StrsM n) *(Ti meVar-argl)/ 0. 45+StrsM n
*| F, Ti meVar, GE, ar g1+0. 45, Then
RSt r s=St r sMax
Ti neVar =ar g1+0. 45
Ti me, Ti meVar
AppLoad, hei ght, RStrs
SOLVE
SAVE
*EXIT
*ENDI F
Ti me, Ti meVar
StrsLvl =RSt r s/ St r sMax
ApplLoad, hei ght, RStrs
SOLVE
SAVE
ClearRST,BDrive,BDir, "'
OPENSTAT=0
OpnRwCnt =0



*DO, JJ, 1, argl
Sel CTNodes, JJ
NSEL, R, D, UY, 0
* GET, NSNCODES, NODE, , COUNT
*| F, NSNODES, GT, 0, THEN
NODNO=0
*DO, JJJ, 1, NSNODES
NodeSt at =0
NODNO=NDNEXT( NODNO)

* CET, NodYSt r s, NCDE, NODNQ, S, Y

*|1 F, MTYPE, EQ ' SC , THEN
CSYS, 11
NDANG=NY( NODNO)
NXL OC=NX( NODNO)
CSYS, 0

*ELSE
NDANG=NZ( NODNO)
NXL OC=NX( NODNO)

*ENDI F

*| F, NodYStrs*1el0, GT, 0, THEN
Curr LI nc=LI DCO
OPENSTAT=1
NODESTAT=1
DDELE, NOCDNO, UY

*ENDI F

*WARI TE, NODNO, NXLOC, NDANG, St rsLvl , NODYSTRS, NodeSt at, RSt r s
(F6.0, 2X, E12. 6, 2X, E10. 4, 2X, E12. 6, 2X, E12. 6, 2X, F4. 0, 2X, E12. 6)

* ENDDO
* ELSEI F, NSNODES, EQ, 0, THEN
OpnRwCnt =CpnRwCnt +1
*ENDI F
* ENDDO
NSEL, ALL

Bl ock Added for negative R

CMBEL, S, CSNODES
NSEL, R, D, UY, 0
* GET, NSNODES, NODE, , COUNT
*| F, NSNODES, GT, 0, THEN
NCDNO=0
*DO, JJJ, 1, NSNODES
NODNO=NDNEXT( NODNO)
* GET, NodYSt r's, NODE, NODNO, S, Y
*| F, NodYSt r s*1e10, GT, 0, THEN
OPENSTAT=1
DDELE, NODNO, UY
*ENDI F
* ENDDO
*ENDI F
NSEL, ALL

End of New Bl ock

*| F, OPENSTAT, EQ, 1, THEN
Ti me, Ti mevar +Curr Ll nc*0. 01
SOLVE
SAVE
Cl earRST, BDrive,BDir,""
*ENDI F
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*| F, OQonRwCnt , EQ, ar g1, THEN
Curr LI nc=LI ACO
*ENDI F
* ENDDO
* CFCLCSE



APPENDIX A8
ANSYS INPUT FILE SELCTNODES.MAC, SELECT CRACK

TIP NODE, ANY LOAD RATIO
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Sel CTNodes. mac
Macro to Select the Crack tip nodes for |oad cycle "N

|

I

]

| Executed as foll ows:
! Sel CTNodes, N

I

I Set Coordinate Systemto Elliptical

*| F, MTYPE, EQ ' SC , THEN
I The following are for a surface crack: (Using Fal eskog Numberi ng Schene)
LOCAL, 11,1,0,0,0,0,90,0,a/c
NSEL, S, LCC, X, c- 0. 3*da, c+0. 3*da
NSEL, R, LCC, Z, 0
* GET, FNODNO, NCDE, , NUM M N
* GET, LNODNO, NCDE, , NUM MAX
DEL TANN=NDNEXT( FNODNO) - FNODNO
* GET, NODCNT, NODE, , COUNT
NSEL, S, NODE, , FNODNO+( ar g1- 1) , LNODNO+( ar g1- 1) , DELTANN

CSYS, 0
*ELSE

NSEL, S, LCC, Y, 0

NSEL, R, LCC, X, c+da* (argl- 1. 25), c+da*(argl-0. 75)
*ENDI F

I LOCAL, 11,1,0,0,0,0,90,0, (a+da*(argl-1))/(c+da*(argl-1))
I NSEL, S, LOC, X, c+(ar gl1- 1. 45) *da, c+(ar gl1- 0. 55) *da

I'NSEL, R, LOC, Z, 0

I CSYS, 0



APPENDIX A9
ANSYS INPUT FILE CLEARRST.MAC, DELETE UNNECESSARY

OUTPUT FILES, ANY LOAD RATIO
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I
!
I
I directory
!
!
!
!
!
!

SAVE

FI NI SH

I pl t pzone

I/ COPY, , RST, ,

I/ COPY, , ENAT,
/ COPY, , OSAV, ,
| COPY, , ESAV, ,
/ COPY, , MNTR, ,

This Macro Saves Di sk Space by deleting 'jobnane'.rst
It also provides a tool for stopped jobs by saving the
db and rst fromthe last conpleted | oadstep to a backup

Execution of this nmacro should be done with the foll owi ng comand:
Cl ear RST, BDri ve, Bdir 1, Bdir2

If Bdir2 is unneccessary, '' should be input

Modi fied 1/28/ 2000

, Yar gl%ar g2%/@ar g3%

., Yar gl9%ar g2%ar g3%
, Yar gl%ar g29%/ar g3%
, Yar gl%ar g2%@ar g3%
, Yar gl%ar g2%/ar g3%

| COPY, , DB, , , , %ar g1%/@r g2%ar g3%
I/ COPY, , DB, , % n% %ar g4% , Y%ar g1%/ar g2%/ar g3%

/ DELETE, , RST
/ SOLU
ANTYPE, , REST
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I This macro is used to apply Surface Pressure

along the top of the hole in the CT nodel

The center of the hole should be at coordi nates
X =w y =h

Use shoul d be as foll ows:
SCapplLoad, hei ght, Pressure

*|1 F, MTYPE, EQ ' CT', THEN
NSEL, S, LOC, X, w
NSEL, R, LCC, Y, argl
NSEL, R, LCC, Z, 0
F, ALL, FY, arg2
NSEL, ALL

*ENDI F

*| F, MTYPE, EQ, ' 2DCT' , THEN
NSEL, S, LOC, X, w
NSEL, R, LOC, Y, argl
NSEL, R, LCC, Z, 0
F, ALL, FY, arg2
NSEL, ALL

*ENDI F

*| F, MTYPE, EQ,' SEB', THEN
NSEL, S, LOC, Y, hei ght
NSEL, R, LCC, X, 0- 10E-5, 0+10E-5
F, ALL, FY, arg2
NSEL, S, LOC, Y, hei ght
NSEL, R, LCC, X, W
F, ALL, FY, -arg2
Nsel , al |
*ENDI F

*| F, MTYPE, EQ ' SC , THEN
NSEL, S, LCC, Y, argl
I'D, ALL, UY, arg2
SF, ALL, PRES, - arg2
NSEL, ALL

*ENDI F

*| F, MTYPE, EQ ' MI' , THEN
NSEL, S, LCC, Y, argl
I'D, ALL, UY, arg2
SF, ALL, PRES, - arg2
NSEL, ALL

*ENDI F
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I This macro is used to apply Surface Pressure

!
[
!
I x =w, y =h
I
[
!
[
!

*I'F, MTYPE, EQ ' CT', THEN

NSEL, S, LOC, X, w
NSEL, R, LCC, Y, argl
NSEL, R, LCC, Z, 0

F, ALL, FY, arg2
NSEL, ALL

*ELSEI F, MTYPE, EQ, ' 2DCT"

NSEL, S, LOC, X, w
NSEL, R, LOC, Y, argl
NSEL, R, LCC, Z, 0

I'nsel,s,,, bon

F, ALL, FY, arg2
NSEL, ALL
*ELSEI F, MTYPE, EQ ' 2D
NSEL, S, LCC, Y, argl
! D, ALL, UY, arg2
SF, ALL, PRES, - ar g2
NSEL, ALL
I T- STRESS
NSEL, S, LCC, X, w
SF, ALL, PRES, - ar g2
NSEL, ALL
*ELSE
NSEL, S, LCC, Y, argl
! D, ALL, UY, arg2
SF, ALL, PRES, - ar g2
NSEL, ALL

*ENDI F

along the top of the hole in the CT node

The center of the hole should be at coordi nates

Use shoul d be as foll ows:
SCapplLoad, hei ght, Pressure
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AUTOTS, ON
NSUBST, 1, 100, 1, OFF
* CFOPEN, % N% | oad_%ar g1% dat

I*WWRI TE
I (" NODE# Node r NodeAng S/ Smax SY CStat Renote Stress")

Curr LI nc=LI BCO
StrsLvl =StrsM n/ StrsMax
RStrs=StrsM n
*DO, JJ, 1, argl
Sel CTNodes, JJ
NSEL, R, D, UY, 0
* GET, NSNCODES, NODE, , COUNT
*| F, NSNODES, GT, 0, THEN
NODNO=0
*DO, JJJ, 1, NSNCDES
NODNO=NDNEXT ( NODNO)
* GET, NODYSTRS, NCDE, NODNQG, S, Y
*| F, MTYPE, EQ,' SC , THEN
CSYS, 11
NDANG=NY( NODNO)
NXL OC=NX( NODNO)
CSYS, 0
*ELSE
NDANG=NZ( NODNO)
NXL OC=NX( NODNO)
*ENDI F
NodeSt at =0
*VWRI TE, NODNO, NXLOC, NDANG, St rsLvl , NODYSTRS, NODESTAT, RSTRS
(F6.0, 2X, E12. 6, 2X, E10. 4, 2X, F8. 6, 2X, E12. 6, 2X, F4. 0, 2X, E12. 6)
* ENDDO
*ENDI F
* ENDDO
*DO, J, 1, 1/ LI DCO
Ti meVar =Ti neVar +Curr LI nc*0. 45
RSt rs=(StrsMax-StrsM n)*(Ti meVar-argl)/0.45+StrsM n
*| F, Ti meVar, GE, ar g1+0. 45, Then
RSt r s=St r sMax
Ti meVar =ar g1+0. 45
Ti me, Ti meVar
AppLoad, hei ght, RStrs
SOLVE
SAVE
*EXIT
*ENDI F
Ti me, Ti meVar
StrsLvl =RSt r s/ St r siMax
ApplLoad, hei ght, RStrs
SOLVE
SAVE
ClearRST,BDrive,BDir,""
OPENSTAT=0
OpnRwCnt =0
*DO, JJ, 1, argl
Sel CTNodes, JJ
NSEL, R, D, UY, 0
* GET, NSNCDES, NODE, , COUNT
*| F, NSNODES, GT, 0, THEN
NODNO=0
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*DO, JJJ, 1, NSNCODES
NodeSt at =0
NODNO=NDNEXT( NODNO)
*CGET, NodYSt rs, NODE, NODNO, S, Y
*1 F, MTYPE, EQ ' SC , THEN
CSYS, 11
NDANG=NY( NODNO)
NXL OC=NX( NODNO)
CSYS, 0
*ELSE
NDANG=NZ( NODNO)
NXL OC=NX( NODNO)
*ENDI F
*| F, NodYStrs*1el0, GT, 0, THEN
Curr LI nc=LI DCO
OPENSTAT=1
NODESTAT=1
DDELE, NCDNO, UY
*ENDI F
*W\RI TE, NODNO, NXLOC, NDANG, St rsLvl , NODYSTRS, NodeSt at , RStr s
(F6. 0, 2X, E12. 6, 2X, E10. 4, 2X, F8. 6, 2X, E12. 6, 2X, F4. 0, 2X, E12. 6)
* ENDDO
* ELSEI F, NSNODES, EQ 0, THEN
OpnRwCnt =CpnRwCnt +1
*ENDI F
* ENDDO
NSEL, ALL
*| F, OPENSTAT, EQ 1, THEN
Ti me, Ti mevar +Curr Ll nc*0. 01
SOLVE
SAVE
Cl ear RST, BDrive,BDir, "'
*ENDI F
*| F, OQonRwCnt , EQ, ar g1, THEN
Curr LI nc=LI ACO
*ENDI F
* ENDDO
* CFCLCSE
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AUTCTS, ON
NSUBST, 1, 100, 1, OFF
* CFOPEN, %dN% unl oad_%ar g1% dat
I *WRI TE
I (" NODE# Node r NodeAng
Curr Ll nc=Ul BCC
St rsLvl =St r sMax/ St r sMax
RSt r s=St r siMax
*DO, JJ, 1, argl
Sel CTNodes, JJ
NSEL, U, D, UY, 0
* GET, NSNCODES, NODE, , COUNT
*| F, NSNODES, GT, 0, THEN
NODNO=0
*DO, JJJ, 1, NSNODES
NODNO=NDNEXT ( NODNO)
NODYSTRS=UY( NOCDNO)
*| F, MTYPE, EQ ' SC , THEN
CSYS, 11
NDANG=NY( NODNO)
NXL OC=NX( NODNO)
CSYS, 0
*ELSE
NDANG=NZ( NODNO)
NXL OC=NX( NODNO)
*ENDI F
NodeSt at =0

S/ Smax

6)¢

Ost at
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Renmote Stress")

*VWARI TE, NODNO, NXLOC, NDANG, St r sLvI , NODYSTRS, NCDESTAT, RSTRS
(F6.0, 2X, E12. 6, 2X, E10. 4, 2X, F8. 6, 2X, E12. 6, 2X, F4. 0, 2X, E12. 6)

* ENDDO
*ENDI F
* ENDDO

*DO, J, 1, 1/ Ul DCC
Ti meVar =Ti neVar +Curr LI nc*0. 5

RSt r s=St r sMax- (StrsMax- StrsM n) *( Ti neVar +0. 5-argl1)/0.5

*| F, Ti meVar, GE, argl, Then
RSt rs=StrsM n
Ti meVar =ar g1
Ti e, Ti meVar
ApplLoad, hei ght, RStrs
SOLVE
SAVE
I'nodi fied
*DO, JJ, 1, argl
Sel CTNodes, JJ
NSEL, U, D, UY, 0
* GET, NSNODES, NCDE, , COUNT
*| F, NSNCDES, GT, 0, THEN
NODNO=0
*DO, JJJ, 1, NSNODES
NodeSt at =0
NODNO=NDNEXT ( NODNO)
NODYSTRS=UY( NODNO)
*| F, MTYPE, EQ ' SC , THEN
CSYs, 11
NDANG=NY( NCDNO)
NXL OC=NX( NCDNO)
CSYS, 0
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* ELSE
NDANG=NZ( NCDNO)
NXL OC=NX( NODNO)
*ENDI F
*| F, NodYStrs*1el0, LT, 0, THEN
Curr Ll nc=Ul DCC
OPENSTAT=1
NODESTAT=1
D, NODNQ, UY, 0
*ENDI F
*W\RI TE, NODNO, NXLOC, NDANG, St rsLvl , NODYSTRS, NodeSt at , RStr s
(F6. 0, 2X, E12. 6, 2X, E10. 4, 2X, F8. 6, 2X, E12. 6, 2X, F4. 0, 2X, E12. 6)
* ENDDO
*endi f
*enddo
lend of nodification
*EXIT
*ENDI F
Ti me, Ti neVar
StrsLvl =RSt r s/ St r sMax
AppLoad, hei ght, RStrs
SOLVE
SAVE
Cl earRST, BDrive,BDir,""
OPENSTAT=0
OonRwCnt =0
*DO, JJ, 1, argl
Sel CTNodes, JJ
NSEL, U, D, UY, 0
* GET, NSNCODES, NODE, , COUNT
*| F, NSNODES, GT, 0, THEN
NODNO=0
*DO, JJJ, 1, NSNCDES
NodeSt at =0
NODNO=NDNEXT ( NODNO)
NODYSTRS=UY( NODNO)
*| F, MTYPE, EQ,' SC , THEN
CSYS, 11
NDANG=NY( NODNO)
NXL OC=NX( NCDNO)
CSYS, 0
* ELSE
NDANG=NZ( NODNO)
NXL OC=NX( NCDNO)
*ENDI F
*| F, NodYStrs*1el0, LT, 0, THEN
Curr Ll nc=Ul DCC
OPENSTAT=1
NODESTAT=1
D, NODNQ, UY, 0
*ENDI F
*W\RI TE, NODNO, NXLQOC, NDANG, St rsLvl , NODYSTRS, NodeSt at , RSt r s
(F6. 0, 2X, E12. 6, 2X, E10. 4, 2X, F8. 6, 2X, E12. 6, 2X, F4. 0, 2X, E12. 6)
* ENDDO
* ELSEI F, NSNCDES, EQ 0, THEN
OpnRwCnt =CpnRwCnt +1
*ENDI F
* ENDDO
NSEL, ALL
*| F, OPENSTAT, EQ, 1, THEN
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Ti me, Ti mevar +Curr LI nc*0. 01
SOLVE
SAVE
ClearRST,BDrive,BDir, "'
*ENDI F
*| F, OpnRwCnt , EQ ar g1, THEN
Curr Ll nc=Ul ACC
*ENDI F
* ENDDO
save
* CFCLOSE
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Fi rst Load
Cl ear RST, BDri ve, BDi r, MaxDi r

*DO, 1,1, NLC
Unl oadCr ack, |
Cl ear RST, BDrive,BDir,MnDi r
LoadCr ack, |
Cl ear RST, BDri ve, BDi r, MaxDi r
* ENDDO
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/ BATCH

I This runs the script "SChodel.dat" to inport the Solid

I Elements and Nodes fromthe files "jobnane.crd" & "jobnane.elnt,
I and applies necessary boundary conditions for Crack G owh

I It then calls "SCLoadfile.dat" to run growth analysis.

I

INote all lengths are in in, and pressures in Psi
/ CONFI G NPRCC, 1

I Loadi ng i nfornation:

St rsMax=314. 385 I Maxi mum Applied Stress

StrsM n=0 I' M ninmum Applied Stress

I'NLC=1

NLC=40 I Total Nunber of Loading Cycles to execute

I Geonetry I nformation:

MIYPE=' SEB'

t=0 I Thi ckness of plate

w=20 I Plate Hal f-Wdth

hei ght =40 I Model Hei ght

c=2 I Initial Crack half-length initial craktip node nunber 362
a=0 I Initial Depth of Surface Crack

da=0. 0185185 I Crack Growth I ncrenent

I Material Properties:

E=200e3 I Young's Mbdul us
YS=230 I Yield Stress

I'Matrix El enent Properties:

KCGELE=10**12 I Crack Gowth Elenent Stiffness
NCGECut =10 I Nunber of bisections to matrix stiffness before
CGERF=2 ! Crack Gowth Elenent Stiffness Reduction Factor

*get, JN, ACTI VE, , JOBNAM
/TITLE, Plasticity Induced C osure of nodel %N%

AppBCs

BDrive="'d:"

BDi r =" \ backup'
MaxDi r =" \ max| oad'
M nDi r ="\ mi nl oad'

Drive for file backups

Directory for file backups
Directory for backup at Max Load
Directory for Backup at M n Load

ISolution Information:

/ SOLU ! Enter Solution Processor

LI BCO=0. 0125 I Loadi ng I ncrenent before crack opening
LI DCO=0. 0125 I Loadi ng | ncrenent during crack opening
LI ACO=0. 01250 I Loadi ng I ncrenent after crack opening

Ul BCC=0. 0125 I Un-load Increnent before crack closing



140

Ul DCC=0. 0125 I Un-load Increnent during crack closing

Ul ACC=0. 0125 I Un-load Increnent after crack cl osing

NSUB, 1

NEQ T, 8 I Nunber of EquillibriumlIterations before bisection
NROPT, FULL, , ON I Full Newton Rapson Option, Adaptive Descent ON
EQSLV, PCG, 1. Oe-8 I Use the Pre-Conditioned Conjugate Sol ver (lIn Core)

RESCONTROL, DEFI NE, NONE, NONE, 0
StrtCyc
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/ BATCH

I This runs the script "SCnhobdel.dat" to inport the Solid

I Elements and Nodes fromthe files "jobnane.crd" & "jobnane.elnt,
I and applies necessary boundary conditions for Crack Gowh

I It then calls "SCLoadfile.dat" to run growth analysis.

!

INote all lengths are in in, and pressures in Psi

/ CONFI G, NPRCC, 1

I Loadi ng i nfornation:

St r sMax=0. 2* 230 I Maxi mum Applied Stress
StrsM n=-0. 2*230 ' M nimum Applied Stress
NLC=45 I Total Nunber of Loading Cycles to execute

I Geonetry I nfornmation:

MIYPE=" MT"

t=0 I Thi ckness of plate

w=40 I Plate Hal f-Wdth

hei ght =40 I Model Hei ght

c=4 I Initial Crack half-length initial craktip node nunber 362
a=0 I Initial Depth of Surface Crack

da=0. 005486968 I Crack Growth Increment

I'Material Properties:

E=200e3 I Young's Mbdul us
YS=230 I Yield Stress

I'Matrix El enent Properties:

KCGELE=10**12 I Crack Gowth Elenent Stiffness
NCGECut =5 ! Nunber of bisections to matrix stiffness before
CGERF=2 I Crack Gowh Elenent Stiffness Reduction Factor

*get, JN, ACTI VE, , JOBNAM
/TITLE, Plasticity Induced O osure of nodel %N%

AppBCs

BDrive='c:'

BDi r =" \ backup'
MaxDi r =" \ nax| oad'
M nDi r="\m nl oad'

Drive for file backups

Directory for file backups
Directory for backup at Max Load
Directory for Backup at Mn Load

I Sol ution Information:

/ SOLU ! Enter Sol ution Processor

LI BCO=0. 0125 I Loadi ng I ncrenent before crack opening
LI DCO=0. 0125 I Loadi ng I ncrenent during crack opening
LI ACO=0. 01250 I Loadi ng I ncrenent after crack opening
Ul BCC=0. 0125 I Un-1oad Increnent before crack closing

Ul DCC=0. 0125 I Un-l1oad I ncrenent during crack cl osing



143

Ul ACC=0. 01250 I Un-load Increnent after crack closing

NSUB, 1

NEQ T, 8 I Nunber of EquillibriumlIterations before bisection
NROPT, FULL, , ON I Full Newton Rapson Option, Adaptive Descent ON
EQSLV, PCG, 1. Oe-8 ! Use the Pre-Conditioned Conjugate Solver (In Core)

RESCONTROL, DEFI NE, NONE, NONE, 0
StrtCyc
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/ BATCH

I This is the input file for schiv_15. dat

I This runs the script "SChobdel.dat" to inport the Solid

I Elements and Nodes fromthe files "jobnane.crd" & "jobnane.elnf,
I and applies necessary boundary conditions for Crack Gowh

I It then calls "SCLoadfile.dat" to run growth analysis.

|

I

INote all lengths are in in, and pressures in Psi

/ CONFI G NPRCC, 1

I Loadi ng i nformation:

St r sMax=69 I Maxi mum Applied Stress

StrsM n=0 I' M ninmum Applied Stress

I't stress for M t=0.435

tstress=99

NLC=36 I Total Nunber of Loading Cycles to execute

I Geonetry I nformation:

MIYPE=" MT"

t=0 I Thi ckness of plate

w=40 | Plate Hal f-Wdth

hei ght =40 I Model Hei ght

c=4 I Initial Crack half-length initial craktip node nunber 362
a=0 I Initial Depth of Surface Crack

da=0. 0030864 I Crack Growth | ncrenent

I Material Properties:

E=200e3 I Young's Mbdul us
YS=230 I Yield Stress

I'Matrix El enent Properties:

KCGELE=10**12 I Crack Gowth Elenent Stiffness
NCGECut =10 I Nunber of bisections to matrix stiffness before
CGERF=2 I Crack Gowth Elenent Stiffness Reduction Factor

*get, JN, ACTI VE, , JOBNAM
/TITLE, Plasticity Induced C osure of nodel %N%

AppBCs

BDrive='E:"

BDi r =" \ backup'
MaxDi r =" \ max| oad'
M nDi r ="\ mi nl oad'

Drive for file backups

Directory for file backups
Directory for backup at Max Load
Directory for Backup at M n Load

I'Solution Information:
/ SOLU ! Enter Solution Processor

LI BCO=0. 05 I Loadi ng I ncrenent before crack opening
LI DCO=0. 025 I Loadi ng I ncrenent during crack opening



LI ACO=0. 10

Ul BCC=0. 05

Ul DCC=0. 025

Ul ACC=0. 10
SOLCONTROL, ON
NSUB, 1

NEQ T, 8

NROPT, FULL, , ON
EQSLV, PCG, 1. Oe- 8

Loadi ng I ncrenent
Un- 1| oad | ncrenent
Un-1 oad | ncrenent
Un-1| oad | ncrenent

Nurmber of Equillibriumlterations before bisection
Ful | Newton Rapson Opti on,
Use the Pre-Conditioned Conjugate Solver (In Core)

RESCONTROL, DEFI NE, NONE, NONE, 0

StrtCyc

after crack opening
bef ore crack cl osing
during crack closing
after crack cl osing

Adapti ve Descent ON
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| prep7

I El ement Shape Checking O f
SHPP, OFF

I Define Material Properties for Solid El ements
MP, EX 1, E

TB,BKIN, 1,1,1, ,

TBMODI F, 2, 1, YS

I TBMODI F, 3, 1, HTAN

*I'F, MTYPE, EQ,' 2D, THEN
ET, 1, PLANE42, , , 2,,

I KEYOPT(3) = 0 Plane Stress

I KEYOPT(3) = 2 Plane Strain

I KEYOPT(3) = 3 Plane Stress w thk
*ELSE

ET, 1, SOl 45, , ,,,,
*ENDI F

I Begin Building Mdel: Read Solid ELenents fromFile

MAT, 1

TYPE, 1

REAL, 1

nread, Y%dN% crd
eread, YdN% el m

*| F, MTYPE, EQ ' CT' , THEN
| Create Linear Elastic Material Properties for Elastic "plug"
MP, EX 2, E
LOCAL, 12, 1, w, height,0,0,0,0
NSEL, S, LOC, X, 0, r
ESLN, S, 1
EMODI F, ALL, VAT, 2
NSEL, ALL
ESEL, ALL
CSYS, 0
*ENDI F

I Constrain Nodes on Bottom Surface of Plate in the Vertical-direction
I'(Constraints will be renoved during crack grow h)

|

I Al'so, create conponent containing crack surface nodes (used

I when negative |loads are applied). Assunes elliptical geonetries

I are notched, all others are not.

*I'F, MTYPE, EQ,' SC , THEN
LOCAL, 11,1,0,0,0,0,90,0,a/c
NSEL, S, LCC, X, ¢, 100000
NSEL, R LCC, Z,0,0
NSEL, U, LCC, X, 0, c- 0. 05*da
D, ALL, UY, 0

CSYS, 0

*ELSE
NSEL, S,

LCC, Y, 0
NSEL, R, LCC, X, ¢, 100000



NSEL, U, LCC, X, 0, c-da*0. 25
D, ALL, UY, 0

*ENDI F

I Apply Appropriate Conditions in X-direction:
*| F, MTYPE, EQ ' CT', THEN
NSEL, S, LOC, Y, 0
NSEL, R, LCC, Z, 0
NSEL, R, LCC, X, 3. 75
D, ALL, UX, 0
NSEL, ALL
*ELSE
NSEL, S, LCC, X, 0
D, ALL, UX, 0
NSEL, ALL
*ENDI F

IApply Symetry BC s at Z=0 pl ane
*| F, MTYPE, EQ ' SC , THEN
NSEL, S, LOC, Y, 0
NSEL, R, LCC, X, 0
NSEL, R, LCC, Z, t
D, ALL, Uz, 0
NSEL, ALL
*ELSE
NSEL, S, LCC, Z, 0
D, ALL, Uz, 0
NSEL, ALL
*ENDI F

I Sel ect Crack Mouth Node...Create Conponent CMNODES
NSEL, S, LOC, X, 0

NSEL, R, LCC, Y, 0

CM CMNODES, NODE

CMVBEL, ALL

NSEL, ALL

ESEL, ALL

WSBORT, ALL, O !Sort Elenents to minimze wavefront

SAVE
FI NI SH
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Ti meVar =0. 45
Fi rst Load
Cl ear RST, BDri ve, BDi r, MaxDi r

PE=0
SPAC=0
POP=0

*DO, 1, 1, NLC

*| F, PE, NE, 0, THEN
| =PE+1
*ENDI F
*IF |, EQ 1, THEN
Unl oadCr ack, |
Cl ear RST, BDrive,BDir,MnDi r
*DO O 1, |
JK %1
* ENDDO
LoadCr ack, |
Cl ear RST, BDri ve, BDi r, MaxDi r
SU=I
SU_% %I
POP=POP+1
POP_9%POPY%I
PE=I

*ELSE

*| F, spi ke, EQ |, THEN
Isort the array in ascEND ng ORDEr
* MOPER, ORDE( 1), JUNK_ %W 1, 1), sort, JUNK_%BUWA 1, 1)
VES=JUNK_%8U% nodeNO, 1)
FUNI =SU+VES
VES_%-UNl %VES
Irearrangi ng the array
* MOPER, ORDE( 1), JUNK_%8W% 1, 1), sort, ORDE(1, 1)
JuwP=1
JUWP_% %1

*DO, TEE, 1, VES

*| F, TEE, GT, 1, THEN
I =1+1
JUWVP_% %=JUVP+1
JUMP=J UWP+1
*| F, TEE, EQ, VES, THEN
JUWP_% %0
*ENDI F
*ENDI F
*| F, TEE, EQ, VES, THEN
JUVP_% %0
POP_% - TEE+1%I
POP=| - TEE+1
*ENDI F
St r sMax=spmax
Unl oadCr ack, |
Cl earRST, BDrive,BDir, MnDir
*DO, O 1, |
JK %1
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* ENDDO
LoadCr ack, |
Cl ear RST, BDri ve, BDi r, MaxDi r
* ENDDO
TEE=VES
NLC=NLC+TEE- 1
SU=I
POP=PCOP+1
POP_9% - TEE+1%-I
JUWVP=1
SU_% %I
PE=I
SPAC=1
save
* ELSE
St r sMax=smax
* MOPER, ORDE( 1) , JUNK_ %8¢ 1, 1), sort, JUNK_%BU%4 1, 1)
VES=JUNK_%8U% nodeNQ, 1)
FUNI =SW+VES
VES_%-UNI %VES
Irearrangi ng the array
* MOPER, ORDE( 1) , JUNK_%8W%4 1, 1), sort, ORDE( 1, 1)
JUWVP=1
JUWP_9% %1
*DQ, TEE, 1, VES
*| F, TEE, EQ 1, THEN
*| F, SPAC, EQ, 0, THEN
spi ke=spi ke+VES- 1
*ENDI F
*ENDI F
*| F, TEE, GT, 1, THEN
I =l +1
JUMP_% %=JUMP+1
JUMP=J UMP+1
*| F, TEE, EQ VES, THEN
JUWP_% %0
*ENDI F
*ENDI F
*| F, TEE, EQ VES, THEN
POP=POP+1
POP_%POPY|
JUVP_% %0
*ENDI F
Unl oadCr ack, |
Cl ear RST, BDrive,BDir,MnDi r
*DO O 1, |
JK %1
* ENDDO
LoadCr ack, |
Cl ear RST, BDri ve, BDi r, MaxDi r
* ENDDO
TEE=VES
NLC=NLC+TEE- 1
SU=I
JUWVP=1
SU_ 9% %I
PE=I
*ENDI F
*ENDI F
SAVE
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*|F, PE, EQ nlc, exit
* ENDDO



APPENDIX C3
ANSYS INPUT FILE RAJU.MAC, NEWMAN-RAJU

CONSTANT, SPIKE OVERLOAD
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I CONSTANTS FOR NEVWAN- RAJU EQUATI ON

Pl =( 1989/ 22+7) **0. 25

ML=1. 13- (0. 09*(a/c))

M2=- 0. 54+(0.89/(0.2+(al/c)))

M3=0. 5- (1. 0/ (0.65+(a/c)))+14*((1-(alc))**24)
QW=1+( 1. 464*((al c) ** 1. 65))

FWesqgrt (cos(((pi*c)/(2*w))*sqrt(a/t)))

StrtCyc
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APPENDIX C4
ANSYS INPUT FILE SELCTNODES.MAC, SELECT

CRACK FRONT, SPIKE OVERLOAD
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Sel CTNodes. mac
Macro to Select the Crack tip nodes for |oad cycle "N

Execut ed as foll ows:
Sel CTNodes, N

I Set Coordinate Systemto Elliptical

*|I F, argl, EQ 1, THEN
Ifor first cycle
LOCAL, 11,1,0,0,0,0,90,0,a/c
NSEL, S, LCC, X, c- 0. 3*da, c+0. 3*da
NSEL, R, LCC, Z, 0
* GET, FNODNO, NCDE, , NUM M N
* GET, LNODNO, NCDE, , NUM MAX
DEL TANN=NDNEXT( FNODNO) - FNODNO
* GET, NODCNT, NODE, , COUNT
nodeNO=( ( LNODNO- FNODNO) / DELTANN) +1
NSEL, S, NODE, , FNODNO+( ar g1- 1) , LNODNO+( ar g1- 1) , DELTANN
CSYS, 0
*ENDI F

*| F, JUMP_%ar g1% GE, 1, THEN
*|F,argl, NE, 1, THEN
I'sel ction of node
LOCAL, 11,1,0,0,0,0,90,0,al/c
NSEL, S, LCC, X, ¢c-0. 3*da, c+0. 3*da
NSEL, R, LCC, Z, 0

NSEL, S, NODE, , JUNK_%ar g19% 1, 3) +JUMP_%ar g1% JUNK _%ar g19% 1, 3) +JUMP_%ar g1% 1

*DO, QP, 2, DD_Y%ar g1%

nsel , a, NODE, , JUNK_%ar g1% QP, 3) +JUMP_%ar g1% JUNK_%ar g1% QP, 3) +tJUMP_%ar g1% 1
* ENDDO
CSYS, 0
*ENDI F
*ENDI F

*| F, JUMP_%ar g1% EQ 0, THEN
*| F, argl, NE, 1, THEN
I'sel ction of node
LOCAL, 11,1,0,0,0,0,90,0,al/c
NSEL, S, LCC, X, ¢c- 0. 3*da, c+0. 3*da
NSEL, R, LCC, Z, 0
Kl I =VES_%ar g1%
nsel,s,,,JUNK %argl-Ki 1% 1, 3) +JUNK %argl-KI 1% 1, 1), JUNK %ar gl-
KITog1, 3) +JUNK %argl-Kilog1,1),1
*DO, K, 2, nodeNO
nsel , a,,, JUNK %argl- Kl | % K, 3) +JUNK _%ar gl- Kl 1 %4 K, 1) , JUNK_%ar g1-
KIT% K, 1) +JUNK _%ar g1- Kl 1 %4 K, 3), 1
CSYS, 0
* ENDDO
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KI R _%ar gl%-ar gl
Kl R=ar g1
*ENDI F
*ENDI F



APPENDIX C5

ANSYS INPUT FILE LOADCRACK.MAC, LOAD MODEL, SPIKE OVERLOAD
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AUTOTS, ON
NSUBST, 1, 100, 1, OFF
* CFOPEN, % N% | oad_%ar g1% dat

F*WRI TE

I (" NODE# Node r NodeAng S/ Smax

I nodl Fi cation

*DO, JK, 1, argl-1
*DO, KJ, 1, K %K%
NEXT_% K% KJ, 2) =0
* ENDDO
* ENDDO

Sel CTNodes, ar gl

NSEL, R, D, UY, O

* GET, NSNCDES, NODE, , COUNT

*DI M NEXT_%ar g1% ar r ay, NSNODES, 4
nsel , al |

Curr LIl nc=LI BCO

StrsLvl =StrsM n/ St r sMax

RSt rs=StrsM n

*DO, JJ, 1, argl
Sel CTNodes, JJ
NSEL, R, D, UY, O
* GET, NSNCDES, NODE, , COUNT
*DI M PRE_%JJ% ar r ay, NSNODES, 3
KA %) J%=NSNODES

Istoring the no. of node for NEXT cycle

*|F, JJ, EQ ar g1, THEN
* GET, FNO, NODE, , NUM M N
* GET, LNO, NODE, , NUM MAX
K_9%) J%=NSNODES

*ENDI F

*| F, NSNODES, GT, 0, THEN
NODNO=0
*DO, JJJ, 1, NSNODES
NODNO=NDNEXT ( NODNO)
* GET, NODYSTRS, NODE, NODNQG, S, Y
*1 F, MTYPE, EQ ' SC , THEN
CSYS, 11
NDANG=NY( NODNO)
NXL OC=NX( NODNO)
CSYS, 0
*ELSE
NDANG=NZ( NODNO)
NXL OC=NX( NODNO)
*ENDI F
NodeSt at =0
*| F, NodYStrs*1el0, GT, 0, THEN
Curr LI nc=LI DCO
OPENSTAT=1
NODESTAT=1
DDELE, NOCDNO, UY
*ENDI F

SY

Ost at
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Renote StreSS")

*WARI TE, NODNO, NXLOC, NDANG, St r sLvl , NODYSTRS, NODESTAT, RSTRS
(F6. 0, 2X, E12. 6, 2X, E10. 4, 2X, F8. 6, 2X, E12. 6, 2X, F4. 0, 2X, E12. 6)
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*| F, NodeSt at, EQ, 1, THEN
*1F,JJ, LT, argl, THEN
*DO, RS, 1, K %9J%
*1 F, nodno, EQ NEXT_%JJ% RS, 3), THEN
NEXT_%J% RS, 2) =St rsM n/ St r siax
*ENDI F
* ENDDO
*ELSE
NEXT %) J% JK_%1J% 4) =NDANG
NEXT %)% JK_%)J% 3) =NODNO
NEXT_%J% JK %J% 2) =St r sM n/ St r sMax
JK %JI%JIK % J%1
*ENDI F
*ELSE
PRE_%J% JJJ, 3) =NODNO
PRE_%JJ% JJJ, 2) =St rsLvl
PRE_%J% JJJ, 1) =NODYSTRS
*ENDI F
* ENDDO
*ENDI F
* ENDDO

*DO, J, 1, 1/ LI DCO
Ti meVar =Ti neVar +Curr LI nc*0. 45
RStrs=(StrsMax-StrsM n) *(Ti meVar-argl)/0.45+StrsM n
*| F, Ti meVar, GE, ar g1+0. 45, THEN
RSt r s=St r siMax
Ti meVar =ar g1+0. 45
Ti me, Ti meVar
AppLoad, hei ght, RStrs
SOLVE
SAVE
*EXIT
*ENDI F
Ti me, Ti meVar
StrsLvl =RSt r s/ St r sMax
AppLoad, hei ght, RStrs
SOLVE
SAVE
Cl earRST,BDrive,BDir,""
OPENSTAT=0
OonRwCnt =0
*DO, JJ, 1, argl
Sel CTNodes, JJ
NSEL, R, D, UY, 0
* GET, NSNCDES, NODE, , COUNT
*| F, NSNODES, GT, 0, THEN
NODNO=0
*DO, JJJ, 1, NSNCDES
NodeSt at =0
NODNO=NDNEXT ( NODNO)
*GET, NodYSt rs, NODE, NODNQ, S, Y
*| F, MTYPE, EQ,' SC , THEN
CSYS, 11
NDANG=NY( NCDNO)
NXL OC=NX( NODNO)
CSYS, 0
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*ELSE
NDANG=NZ( NODNO)
NXL OC=NX( NODNO)
*ENDI F
*| F, NodYStrs*1el0, GT, 0, THEN
Curr LI nc=LI DCO
OPENSTAT=1
NODESTAT=1
DDELE, NCDNO, UY
*ENDI F
*W\RI TE, NODNO, NXLOC, NDANG, St rsLvl , NODYSTRS, NodeSt at , RStr s
(F6.0, 2X, E12. 6, 2X, E10. 4, 2X, F8. 6, 2X, E12. 6, 2X, F4. 0, 2X, E12. 6)
*| F, NodeSt at, EQ 1, THEN
*1'F,JJ, LT, argl, THEN
*DO, L, 1, KA %J%
*| F, nodno, EQ PRE_%JJ% , 3), THEN
JUNK=( NODYSTRS- PRE_%JJ% L, 1))
QL=PRE_%JJ% L, 2)
*DO, RS, 1, K %%
*| F, nodno, EQ NEXT_%JJ% RS, 3), THEN
NEXT_%J% RS, 2) =( ( NODYSTRS* QL) - (PRE_%J% L, 1) *St rsLvl ) )/ JUNK
*ENDI F
* ENDDO
*ENDI F
* ENDDO
*ELSE
NEXT_%J% JK_%J% 4) =NDANG
NEXT_%J9% JK_ % J% 3) =NODNO
*DO, L, 1, K %JI%
*| F, NODNQ, eq, PRE_%JJ% L, 3), THEN
JUNK=( NODYSTRS- PRE_%JJ% L, 1))
QL=PRE_%JJ% L, 2)
NEXT_%J% JK _%J% 2) =( (NODYSTRS* QL) - (PRE_%J% L, 1) *StrsLvl) )/ JUNK
*ENDI F
* ENDDO
JK %J%JIK % J%*1
*ENDI F
*ELSE
*DO L, 1, KA %J%
*IF, PRE_%J% L, 3), EQ NODNO, THEN
PRE_%JJ% L, 3) =NODNO
PRE_%J% L, 2) =St rsLvl
PRE_%J% L, 1) =NODYSTRS
*ENDI F
* ENDDO
*ENDI F
* ENDDO
* ELSEI F, NSNODES, EQ 0, THEN
OpnRwCnt =CpnRwCnt +1
*ENDI F
* ENDDO
NSEL, ALL
*| F, OPENSTAT, EQ 1, THEN
Ti me, Ti mevar +Curr Ll nc*0. 01
SOLVE
SAVE
Cl earRST,BDrive,BDir, "'
*ENDI F
*| F, OQpnRwCnt , EQ ar g1, THEN
Curr LI nc=LI ACO
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*ENDI F
* ENDDO
* CFCLOSE

*| F, argl, EQ 1, THEN
I Newnman Raj u Equation to find SIF
*DI M TEMPI , ar r ay, nodeNO
*DI M FA, array, nodeNO
*DI M G, array, nodeNO
*DI M F, arr ay, nodeNO
*DI M KMAX, ar r ay, nodeNO
*DI M KOPEN, ar r ay, nodeNO
*DI M CONS, arr ay, nodeNO

*DO, JJJ, 1, nodeNO
TEMPI (JJJ) =NEXT_%ar g19% JJJ, 4) * (Pl / 180)
AA=NZ( FNO)
CC=NX( LNO)
CONS(JJJ) =(8.1932965e-9) *TEMPI (JJJ) +1. 503e- 8
FA(JJIJ)=((((AAN CO) **2) *(cos(TEMPI (JJJ)) **2)) +(si n( TEMPI (JJJ))**2))**0. 25
G(JJJI)=1+((0.1+0. 35*((AA/t)**2) ) *((1-si n(TEMPI (JJJ)))**2))
f(JIII)=(m+(m2*( (AN t)**2))+(nmB*( (AN t)**4)))*FA(JII) *g(JIJ) *FW
KMAX(JJJ) =st rsMax*sqrt (Pl * (AN QW) *F(JJJ)
KOPEN( JJJ) =NEXT_%ar g1% JJJ, 2) *strsMax*sqrt (Pl *( AA QW) *F(JJJ)
NEXT_%ar g1% JJJ, 1) =( ( KMAX(JJJ) - KOPEN(JJJ)) **2. 881) * CONS(JJJ)

* ENDDO

I'sort the array in ascEND ng order
*Dl M ORDE, , nodeNO
* MOPER, ORDE( 1) , NEXT_%ar g19% 1, 1), sort, NEXT_%ar gl% 1, 1)

IDelta k effective
*DQO, JJJ, 2, nodeNO
NEXT_%ar g19¢ JJJ, 1) =NI NT( NEXT_%ar g1% JJJ, 1) / NEXT_%ar g1% 1, 1))
* ENDDO

Imin. delta K effective
NEXT_%ar gl9%4 1, 1) =1
PQP=NEXT_%ar g1% nodeNO, 1)
Irearrangi ng the array
* MOPER, ORDE( 1) , NEXT_%ar g19% 1, 1), sort, ORDE( 1, 1)

I Exchange of the matrix values to store pernmanently

*DI M JUNK_%ar g1% ar r ay, nodeNO, 4

*DO, JJJ, 1, nodeNO
JUNK_%ar g19% JJJ, 1) =NEXT_%ar g1% JJJ, 1)
JUNK _%ar g19% JJJ, 2) =NEXT_%ar g1%¢ JJJ, 2)
JUNK_%ar g19% JJJ, 3) =NEXT_%ar g1% JJJ, 3)
JUNK _%ar g19% JJJ, 4) =NEXT_%ar g19%¢ JJJ, 4)

* ENDDO

*| F, PQP, GT, 1, THEN
*DO, PPQ 2, PQP
DD_9%PPQ0
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*DO, QA, 1, nodeNO
*1F, JUNK_%ar g19% QA, 1), GE, PPQ THEN
DD_%PPQ¥%=DD_%PPQ6-1
*ENDI F
* ENDDO
* ENDDO
*ENDI F

*| F, PQP, GT, 1, THEN
*DO, PPQ 2, PQP
Q=1
*DI M JUNK_%PQ% ar r ay, DD_%PPQ% 4
*DO, QA, 1, nodeNO
*| F, JUNK_%ar g19% QA, 1), GE, PPQ THEN
JUNK_9%PPQ{ QQQ 1) =JUNK_%ar g194 QA, 1)
JUNK_9%PPQY QQQ, 2) =JUNK_Y%ar g19% QA 2)
JUNK_9%PPQY{ QQQ 3) =JUNK_%ar g19%4 QA, 3)
JUNK_9%PPQY QQQ 4) =JUNK_Y%ar g19% QA 4)
QQF1+QQ
*ENDI F
* ENDDO
* ENDDO
*ENDI F
Iwite array into file
* CFOPEN, % N% mat _%ar g1% dat
*vwrite, JUNK %arglodf 1, 1), JUNK %arglog 1, 2), JUNK %ar g1% 1, 3), JUNK %ar gl% 1, 4)
(F8. 6, 2X, E12. 6, 2X, F6. 0, 2X, E12. 6, 2X)
* CFCLCOSE

*ELSE

I'swap the required matrix
*| F, JUMP, EQ, VES, THEN
*DI M JUNK_%ar g1% arr ay, nodeNQO, 4
*DO, KO, 1, nodeNO
JUNK_%ar g1% KO, 1) =NEXT_%ar g1% KO, 1)
JUNK_%ar g1% KO, 2) =NEXT_%ar g19% KO, 2)
JUNK_%ar g1% KO, 3) =NEXT_%ar g1% KO, 3)
JUNK_%ar g1% KO, 4) =NEXT_%ar g1% KO, 4)
* ENDDO

I SPi ke overload nodl Fication- for cycles after SPike

*| F, spac, EQ 1, THEN
*DI M SPI K_%ar g1% ar r ay, nodeno, 6
lup to second cycle
DE=POP_2
*DO, SP, 1, K_%DE%
*DO, SPS, 1, K_1
*| F, NEXT_1( SPS, 3) +NEXT_1( SPS, 1) , EQ NEXT_%DE% SP, 3) , THEN
*| F, NEXT_1( SPS, 2), LT, NEXT_%DE% SP, 2) , THEN
SPI K_%ar g19% SP, 1) =NEXT_%®E%{ SP, 1)
SPI K_%ar g19% SP, 2) =NEXT_%DE% SP, 2)
SPI K_%ar g19% SP, 3) =NEXT_%DE%{ SP, 3)
SPI K_%ar g19% SP, 4) =NEXT_%0OE% SP, 4)
SPI K_%ar g1% SP, 5) =NEXT_%®E%{ SP, 1)
SPI K_%ar g1% SP, 6) =NEXT_%DE% SP, 3)
*ELSE
SPI K_%ar g19% SP, 1) =NEXT_1( SPS, 1)
SPI K_%ar g19% SP, 2) =NEXT_1( SPS, 2)
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SPI K_%ar g1% SP, 3) =NEXT_1( SPS, 3)
SPI K_%ar g1% SP, 4) =NEXT_1( SPS, 4)
SPI K_%ar g1% SP, 5) =NEXT_9®E% SP, 1)
SPI K_%ar g1% SP, 6) =NEXT_%DE% SP, 3)
*ENDI F
* ENDI F
* ENDDO
* ENDDO

*DO, SP, 3, POP- 1
SS=POP_%BP%
*DO, SPSS, 1, K_%85%
*DO, SPP, 1, K_%8S%
*| F, NEXT_YBS% SPSS, 3) , EQ SPI K_%r g1% SPP, 5) +SPI K_%ar g1% SPP, 6) , THEN
*| F, NEXT_9BS% SPSS, 2) , LT, SPI K_%r g1% SPP, 2) , THEN
SPI K_%ar g19% SPP, 5) =NEXT_%8S% SPSS, 1)
SPI K_%ar g19% SPP, 6) =NEXT_9BS% SPSS, 3)
* ELSE
SPI K_%ar g19% SPP, 1) =NEXT_9%6S% SPSS, 1)
SPI K_%ar g19% SPP, 2) =NEXT_%8S% SPSS, 2)
SPI K_%ar g19% SPP, 3) =NEXT_9%BS% SPSS, 3)
SPI K_%r g19% SPP, 4) =NEXT_%BS% SPSS, 4)
SPI K_%ar g1% SPP, 5) =NEXT_96S% SPSS, 1)
SPI K_%ar g19% SPP, 6) =NEXT_%8S% SPSS, 3)
* ENDI F
*ENDI F
* ENDDO
* ENDDO
* ENDDO

I for current cycle

*DO SP, 1,K 1
*DO, SPS, 1, K_1
*| F, SPI K_%ar g19% SPS, 5) +SPI K_%ar g1% SPS, 6) , EQ JUNK_%ar g19% SP, 3) , THEN
*| F, SPI K_%ar g1% SPS, 2) , LT, JUNK_%ar g19% SP, 2) , THEN
SPI K_%r g19% SPS, 2) =JUNK_%ar g1% SP, 2)
SPI K_%ar g1% SPS, 3) =JUNK_%ar g1% SP, 3)
SPI K_%ar g1% SPS, 4) =JUNK_%ar g1% SP, 4)
*ENDI F
*ENDI F
* ENDDO
* ENDDO

I END of nodl Fi cation
I Newnman Raj u Equation to find SIF

*DO, JJJ, 1, nodeNO
AA=NZ( f no)
CC=NX(I no)
TEMPI (JJJ) =SPI K_%ar g1% JJJ, 4) *(PI/ 180)
CONS(JJJ) =(8.1932965e-9) *TEMPI (JJJ) +1. 503e- 8
FA(JJIJ) =((((AN CC)**2)*(cos(TEMPI (JJJ))**2)) +(sin(TEMPI (JJJ))**2))**0. 25
G(JJJ)=1+((0. 1+0. 35*((AAt)**2))*((1-si n(TEMPI (JJJ)))**2))
F(JJJ) =(ML+(M* ((AA/ ) **2) ) +(MB* ((AA L) **4)) ) *FA(JII) *FJII) *FW
KMAX(JJJ) =st rsMax*sqrt (Pl * (AN QW) *F(JJJ)
KOPEN(JJJ) =SPI K %ar g1%¢ JJJ, 2) *strsMax*sqrt (pi *( AA QN ) *F(JJJ)
SPI K_%ar g1% JJJ, 1) =( (KMAX(JJJ) - KOPEN(JJJ) ) **2. 881) * CONS( JJJ)
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* ENDDO

Iswap the delta k value to the current JUNK nat

*DO, B, 1, nodeNO
*DQ, BB, 1, nodeNO
*| F, SPI K_%ar g1% BB, 5) +SPI K_%ar g1% BB, 6) , EQ JUNK %ar g1% B, 3) , THEN
JUNK_%ar g1% B, 1) =SPI K_%ar g1% BB, 1)
*ENDI F
* ENDDO
* ENDDO

I'sort the array in ascEND ng ORDEr
*Dl M ORDE, , nodeNO
* MOPER, ORDE( 1), JUNK _%arg19% 1, 1), sort, JUNK %arglo% 1, 1)

IDelta K effective

*DO, JJJ, 2, nodeNO
JUNK_%ar g194JJJ, 1) =NI NT(JUNK_%ar g19 JJJ, 1)/ JUNK Y%ar g19% 1, 1))
* ENDDO

Imn. delta K effective FActor

JUNK_%ar gl1% 1, 1) =1
PQP=JUNK_%ar g1% nodeNQO, 1)

Irearrangi ng the array
* MOPER, ORDE( 1), JUNK_%ar g1% 1, 1), sort, ORDE( 1, 1)

*DO, SP, 1, nodeNo
*DO, SPS, 1, nodeNo
*| F, JUNK_%ar g1% SP, 3) , EQ NEXT_%ar g19% SPS, 3), THEN
NEXT_%ar g19% SPS, 1) =JUNK_%ar g1% SP, 1)
*ENDI F
* ENDDO
* ENDDO

*| F, PQP, GT, 1, THEN
*DO, PPQ 2, PQP
QLQ=ar g1+PPQ 1
DD % Q=0
*DO, @A, 1, nodeNO
*| F, JUNK_%ar g19% QA, 1), GE, PPQ THEN
DD %) Q¥+DD %)L Q41
*ENDI F
* ENDDO
* ENDDO
*ENDI F

*| F, PQP, GT, 1, THEN
*DO, PPQ 2, PQP
QQF1
QLQ=ar g1+PPQ 1
*DIM IJUNK_ % Q@4 array, DD %A1 Q4 4
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*DO, QA, 1, nodeNO
*| F, JUNK_%r g19% QA, 1), GE, PPQ, THEN
JUNK_ %L Q% QQQ 1) =JUNK_%ar g19% QA 1)
JUNK_ %L Q% QQQ 2) =JUNK_%ar g19%4 QA, 2)
JUNK_ %L Q% QQQ 3) =JUNK_Y%ar g19% QA 3)
JUNK_ %L Q% QQQ 4) =JUNK_%ar g19% QA, 4)
QAR=1+QQ
*ENDI F
* ENDDO
* ENDDO
*ENDI F

Iwite array into file

* CFOPEN, % N% mat _%ar g1% dat

*vwrite, JUNK %argldf 1, 1), JUNK %arglog 1, 2), JUNK %ar g1% 1, 3), JUNK %ar gl9% 1, 4)
(F8. 6, 2X, E12. 6, 2X, F6. 0, 2X, E12. 6, 2X)

* CFCLCOSE

*ELSE
Ifor normal cycles, up to SPi ke overl oad

I Newnman Raj u Equation to find SIF

*DO, JJJ, 1, nodeNO
AA=NZ( FNO)
CC=NX( LNO)
TEMPI (JJJ) =JUNK_%ar g19% JJJ, 4) * (Pl / 180)
CONS(JJJ) =(8.1932965e-9) *TEMPI (JJJ) +1. 503e-8
FA(JJJ) =((( (AN CC) **2) *(cos(TEMPI (JJJ)) **2)) +(si n( TEMPI (JJJ)) **2))**0. 25
G(JJJ)=1+((0. 1+0. 35*((AAt)**2))*((1-si n(TEMPI (JJJ)))**2))
F(JJJ) =(ML+( MR* ((AA/ t) **2) ) +(MB* ((AA/ t) **4)) ) *FA(JJJ) *QJJJ) *FW
KMAX(JJJ) =st r sMax*sqrt (Pl * (A& QW) *F(JJJ)
KOPEN( JJJ) =JUNK_%ar g19% JJJ, 2) *st r sMax*sqrt (Pl * (AN QW ) * F(JJJ)
JUNK_Yar g19%JJJ, 1) =( ( KMAX(JJJ) - KOPEN( JJJ) ) **2. 881) * CONS(JJJ)
* ENDDO

I'sort the array in ascEND ng ORDEr

*DI M ORDE, , nodeNO
* MOPER, ORDE( 1), JUNK_%ar g1% 1, 1), sort, JUNK %ar g1% 1, 1)

IDelta K effective
*DQO, JJJ, 2, nodeNO
JUNK _%ar g19% JJJ, 1) =NI NT(JUNK_%ar g194 JJJ, 1)/ JUNK %ar gl 1, 1))
* ENDDO

Imn. delta K effective FActor

JUNK_%ar gl9% 1, 1) =1
PQP=JUNK_%ar g1% nodeNQO, 1)

Irearrangi ng the array

* MOPER, ORDE( 1) , JUNK_%r g1% 1, 1), sort, ORDE( 1, 1)
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*DO, SP, 1, nodeNo
*DQ, SPS, 1, nodeNo
*| F, JUNK_%ar g19% SP, 3) , EQ NEXT_%ar g1% SPS, 3), THEN
NEXT_%ar g19%{ SPS, 1) =JUNK_%ar g1% SP, 1)
*ENDI F
* ENDDO
* ENDDO

*| F, PQP, GT, 1, THEN
*DO, PPQ, 2, PQP
QLQ=argl1+PPQ 1
DD %) Q&0
*DO, QA, 1, nodeNO
*|F, JUNK_%ar g19% QA, 1), ge, PPQ THEN
DD %) Q¥&=DD_ %) Q-1
*ENDI F
* ENDDO
* ENDDO
*ENDI F

*| F, PQP, GT, 1, THEN
*DO, PPQ 2, PQP
QQF1
QLQ=ar g1+PPQ 1
*DIM JUNK_ % Q@4 array, DD %A1 Q4 4
*DO, QA, 1, nodeNO
*| F, JUNK_%ar g19% QA, 1), GE, PPQ THEN
JUNK_ %L Q7 QQQ 1) =JUNK_%ar g1% QA, 1)
JUNK_ % Q4 QQQ 2) =JUNK_%ar g1% QA, 2)
JUNK_ %L Q7 QQQ 3) =JUNK_%ar g1% QA 3)
JUNK_ % Q4 QQQ 4) =JUNK_%ar g1% QA 4)
QAR=1+QQ
*ENDI F
* ENDDO
* ENDDO
*ENDI F

Ilwite array into file

* CFOPEN, % N% mat _%ar g1% dat
*vwrite, JUNK %arglodf 1, 1), JUNK %arglog 1, 2), JUNK %ar g1% 1, 3), JUNK %ar gl% 1, 4)
(F8. 6, 2X, E12. 6, 2X, F6. 0, 2X, E12. 6, 2X)
* CFCLCOSE
*ENDI F
*ENDI F
*ENDI F
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AUTOTS, ON
NSUBST, 1, 100, 1, OFF
* CFOPEN, % N% unl oad_%ar g1% dat

I *WRI TE
I (" NODE# Node r NodeAng S/ Smax uy CStat Renote Stress")
Ti meVar =Ti neVar +0. 05
Curr Ll nc=Ul BCC
St rsLvl =St r sMax/ St r sMax
RSt r s=St r sMax
*DO, JJ, 1, argl
Sel CTNodes, JJ
NSEL, U, D, UY, 0
* GET, NSNCODES, NODE, , COUNT
*| F, NSNODES, GT, 0, THEN
NODNO=0
*DO, JJJ, 1, NSNCDES
NODNO=NDNEXT ( NODNO)
NODYSTRS=UY( NODNO)
*| F, MTYPE, EQ,' SC , THEN
CSYS, 11
NDANG=NY( NODNO)
NXL OC=NX( NODNO)
CSYS, 0
*ELSE
NDANG=NZ( NODNO)
NXL OC=NX( NODNO)
*ENDI F
NodeSt at =0
*VWWRI TE, NODNO, NXLOC, NDANG, St r sLvl , NODYSTRS, NODESTAT, RSTRS
(F6. 0, 2X, E12. 6, 2X, E10. 4, 2X, F8. 6, 2X, E12. 6, 2X, F4. 0, 2X, E12. 6)
* ENDDO
*ENDI F
* ENDDO

*DO, J, 1, 1/ U DCC
Ti neVar =Ti neVar +Curr LI nc*0. 5
RSt r s=St r siMax- (StrsMax- StrsM n) *( Ti neVar +0. 5-argl1)/0.5
*| F, Ti meVar, GE, argl, Then
RSt rs=StrsM n
Ti meVar =ar g1
Ti me, Ti neVar
ApplLoad, hei ght, RStrs
SOLVE
SAVE
I'nmodi fied
*DO, JJ, 1, argl
Sel CTNodes, JJ
NSEL, U, D, UY, 0
* GET, NSNODES, NCDE, , COUNT
*| F, NSNCDES, GT, 0, THEN
NODNO=0
*DO, JJJ, 1, NSNODES
NodeSt at =0
NODNO=NDNEXT ( NODNO)
NODYSTRS=UY( NODNO)
*| F, MTYPE, EQ ' SC , THEN
CSYS, 11
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NDANG=NY( NODNO)
NXL OC=NX( NCDNO)
CSYS, 0
* ELSE
NDANG=NZ( NODNO)
NXL OC=NX( NCDNO)
*ENDI F
*| F, NodYStrs*1el0, LT, 0, THEN
Curr LI nc=Ul DCC
OPENSTAT=1
NODESTAT=1
D, NODNQ, UY, 0
*ENDI F
*W\RI TE, NODNO, NXLOC, NDANG, St rsLvl , NODYSTRS, NodeSt at, RStr s
(F6. 0, 2X, E12. 6, 2X, E10. 4, 2X, F8. 6, 2X, E12. 6, 2X, F4. 0, 2X, E12. 6)
* ENDDO
*endi f
*enddo
lend of nodification
*EXIT
*ENDI F
Ti me, Ti neVar
StrsLvl =RSt r s/ St r sMax
ApplLoad, hei ght, RStrs
SOLVE
SAVE
ClearRST,BDrive,BDir,""
OPENSTAT=0
OpnRwCnt =0
*DO, JJ, 1, argl
Sel CTNodes, JJ
NSEL, U, D, UY, 0
* GET, NSNCDES, NODE, , COUNT
*| F, NSNODES, GT, 0, THEN
NODNO=0
*DO, JJJ, 1, NSNODES
NodeSt at =0
NODNO=NDNEXT( NODNO)
NODYSTRS=UY( NODNO)
*| F, MTYPE, EQ,' SC , THEN
CSYS, 11
NDANG=NY( NCDNO)
NXL OC=NX( NODNO)
CSYS, 0
* ELSE
NDANG=NZ( NCDNO)
NXL OC=NX( NODNO)
*ENDI F
*| F, NodYStrs*1el0, LT, 0, THEN
Curr Ll nc=Ul DCC
OPENSTAT=1
NODESTAT=1
D, NODNQ, UY, 0
*ENDI F
*WWRI TE, NODNO, NXLOC, NDANG, St r sLvl , NODYSTRS, NodeSt at , RSt r s
(F6. 0, 2X, E12. 6, 2X, E10. 4, 2X, F8. 6, 2X, E12. 6, 2X, F4. 0, 2X, E12. 6)
* ENDDO
* ELSEI F, NSNODES, EQ 0, THEN
OpnRwCnt =CpnRwCnt +1
*ENDI F
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* ENDDO
NSEL, ALL
*| F, OPENSTAT, EQ, 1, THEN
Ti me, Ti mevar +Curr Ll nc*0. 01
SOLVE
SAVE
Cl earRST, BDrive,BDir,""
*ENDI F
*| F, OQonRwCnt , EQ, ar g1, THEN
Curr Ll nc=Ul ACC
*ENDI F
* ENDDO
* CFCLOSE
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Ti meVar =0. 45

Fi rst Load

Cl ear RST, BDri ve, BDi r, MaxDi r
PE=0

*DO, 1,1, NLC
*| F, PE, NE, 0, THEN
| =PE+1
*ENDI F
*I'F, |, EQ 1, THEN
Unl oadCr ack, |
Cl earRST, BDrive,BDir, MnDir
*DO O 1, |
JK_ %1
* ENDDO
LoadCr ack, |
Cl ear RST, BDri ve, BDi r, MaxDi r
SU=I
SU_9% %I
PE=I
*el se
Isort the array in ascEND ng order
* MOPER, ORDE( 1) , JUNK_%8W%4 1, 1), sort, JUNK_%BU% 1, 1)
VES=JUNK_%5U% NODENO, 1)
FUNI =SU+VES
VES %-UNI %VES
Irearrangi ng the array
* MOPER, ORDE( 1), JUNK_%8WU%¢ 1, 1), sort, ORDE( 1, 1)
JUwP=1
JUVP_% %1
*DO, TEE, 1, VES
*| F, TEE, GT, 1, THEN
| =l +1
JUVP_% %=JUMP+1
JUVP=J UVP+1
*| F, TEE, EQ VES, THEN
JUMP_% %0
*ENDI F
*ENDI F
*| F, TEE, EQ VES, THEN
JUMP_% %0
*ENDI F
Unl oadCr ack, |
Cl ear RST, BDrive,BDir,MnDir
*DO O 1, |
JK %1
* ENDDO
LoadCr ack, |
Cl ear RST, BDri ve, BDi r, MaxDi r
* ENDDO
TEE=VES
NLC=NLC+TEE- 1
SU=I
JUwP=1
SU 9% %I
PE=I
*ENDI F
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SAVE
*I'F, PE, EQ NLC, EXIT
* ENDDO



APPENDIX C8
ANSYS INPUT FILE SELCTNODES.MAC, SELECT CRACK

FRONT, CRACK SHAPE EVOLUTION

176



I Sel CTNodes. mac
I Macro to Select the Crack tip nodes for load cycle "N' for surface crack
wi t hout spi ke overl oad

Execut ed as foll ows:
Sel CTNodes, N

written by Kiran Sol anki

!
!
!
!
!
I Set Coordinate Systemto Elliptical

*| F, argl, eq, 1, THEN
Ifor first cycle
LOCAL, 11,1,0,0,0,0,90,0,al/c
NSEL, S, LCC, X, c- 0. 3*da, c+0. 3*da
NSEL, R, LCC, Z, 0
* GET, FNODNO, NCDE, , NUM M N
* GET, LNODNO, NCDE, , NUM MAX
DEL TANN=NDNEXT( FNODNO) - FNODNO
* GET, NODCNT, NODE, , COUNT
NODENO=( ( LNODNO- FNODNO) / DELTANN) +1
NSEL, S, NODE, , FNODNO+( ar g1- 1) , LNODNO+( ar g1- 1) , DELTANN
CSYS, 0
*ENDI F

*| F, JUMP_%ar g1% CE, 1, THEN
*| F, argl, NE, 1, THEN
I'sel ction of node
LOCAL, 11,1,0,0,0,0,90,0,a/c
NSEL, S, LCC, X, c-0. 3*da, c+0. 3*da
NSEL, R, LCC, Z, 0
NSEL, S, NODE, , JUNK_%ar g19% 1, 3) +JUMP_%ar g1% JUNK _%ar g19% 1, 3) +JUMP_%ar g1% 1
*DO, QP, 2, DD _%ar g1%
nsel , a, NODE, , JUNK_%ar g19% QP, 3) +JUMP_%ar g1% JUNK_%ar g1% QP, 3) +JUMP_%ar g1%
* ENDDO
CSYS, 0
*ENDI F
*ENDI F

*| F, JUMP_%ar g1% EQ 0, THEN

*| F, argl, NE, 1, THEN

I'sel ction of node

LOCAL, 11,1,0,0,0,0,90,0,a/c

NSEL, S, LCC, X, ¢c-0. 3*da, c+0. 3*da

NSEL, R, LCC, Z, 0

Kl I =VES_%ar g1%

nsel,s,,, JUNK %argl-Kil%1, 3)+JUNK %argl-KI 1% 1, 1), JUNK %ar gl-
KITog1, 3) +tJUNK %argl-Klilog1,1),1

*DQ, k, 2, NODENO

nsel , a,,, JUNK %argl- Kl | % K, 3) +JUNK %ar gl- Kl 1 %4 K, 1) , JUNK_%ar g1-

KIT% K, 1) +JUNK _%ar gl1- Kl 1 %4 K, 3), 1
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CSYS, 0
* ENDDO
KIR %ar gl%ar gl
Kl R=ar g1
*ENDI F
*ENDI F
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AUTOTS, ON

NSUBST, 1, 100, 1, OFF

* CFOPEN, % N% | oad_%ar g1% dat
I *W\RI TE

(" NODE# Node r NodeAng S/ Smax SY

Sel CTNodes, ar gl

NSEL, R, D, UY, 0

* GET, NSNCODES, NODE, , COUNT

*DI M NEXT_%ar g1% ARRAY, NSNODES, 4
NSEL, ALL

Curr LI nc=LI BCO

StrsLvl =StrsM n/ StrsMax

RSt rs=StrsM n

*DO, JJ, 1, argl
Sel CTNodes, JJ
NSEL, R, D, UY, O
* GET, NSNCDES, NCDE, , COUNT
*DI M PRE_%JJ% ARRAY, NSNCDES, 3
I storing the no. of node for next cycle
*|1F, JJ, EQ argl, THEN
* GET, FNO, NCDE, , NUM M N
* CET, LNO, NODE, , NUM MAX
K_%J J%=NSNODES
*ENDI F
*| F, NSNCDES, GT, 0, THEN
NODNO=0
*DO, JJJ, 1, NSNODES
NODNO=NDNEXT ( NODNO)
* GET, NODYSTRS, NCDE, NCDNO, S, Y
*| F, MTYPE, EQ ' SC , THEN
CsYs, 11
NDANG=NY( NODNO)
NXLOC=NX( NODNO)
CSYS, 0
*ELSE
NDANG=NZ( NODNO)
NXLOC=NX( NODNO)
*ENDI F
NodeSt at =0
*| F, NodYStrs*1el0, GT, 0, THEN
Curr LI nc=LI DCO
OPENSTAT=1
NODESTAT=1
DDELE, NODNO, UY
*ENDI F

*VWARI TE, NODNO, NXLOC, NDANG, St r sLvI , NODYSTRS, NCDESTAT, RSTRS

Cst at

180

Renpote Stress")

(F6.0, 2X, E12. 6, 2X, E10. 4, 2X, F8. 6, 2X, E12. 6, 2X, F4. 0, 2X, E12. 6)

*| F, NodeSt at, EQ 1, THEN
*|1F,JJ, EQ argl, THEN
NEXT 9% J% JK_%1J% 4) =NDANG
NEXT_%J% JK_%J% 3) =NODNO
NEXT_%J% JK %J% 2) =St r sM n/ St r sMax
JK %J%JIK % J%1
*ENDI F
*ELSE
*| F, JJ, EQ ar g1, THEN
PRE_%J% JJJ, 3) =NODNO
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PRE_%JJ% JJJ, 2) =StrsLvl
PRE_%JJ% JJJ, 1) =NODYSTRS
*ENDI F
*ENDI F
* ENDDO
*ENDI F
* ENDDO

*DO, J, 1, 1/ LI DCO
Ti meVar =Ti meVar +Curr LI nc*0. 45
RStrs=(StrsMax-StrsM n)*(Ti neVar-argl)/0.45+StrsMn
*| F, Ti meVar, GE, ar g1+0. 45, Then
RSt r s=St r sMax
Ti meVar =ar g1+0. 45
Ti me, Ti neVar
ApplLoad, hei ght, RStrs
SOLVE
SAVE
*EXIT
*ENDI F
Ti me, Ti neVar
StrsLvl =RSt rs/ St r sMax
ApplLoad, hei ght,RStrs
SOLVE
SAVE
Cl ear RST, BDrive,BDir,""
OPENSTAT=0
OpnRwent =0
*DO, JJ, 1,argl
Sel CTNodes, JJ
NSEL, R, D, UY, 0
* GET, NSNCODES, NODE, , COUNT
*| F, NSNODES, GT, 0, THEN
NODNO=0
*DO, JJJ, 1, NSNCDES
NodeSt at =0
NODNO=NDNEXT ( NODNO)
*GET, NodYSt rs, NODE, NODNQ, S, Y
*| F, MTYPE, EQ, ' SC , THEN
CSYS, 11
NDANG=NY( NODNO)
NXL OC=NX( NCDNO)
CSYS, 0
* ELSE
NDANG=NZ( NODNO)
NXL OC=NX( NCDNO)
*ENDI F
*| F, NodYStrs*1el0, GT, 0, THEN
Curr LIl nc=LI DCO
OPENSTAT=1
NODESTAT=1
DDELE, NOCDNO, UY
*ENDI F
*W\RI TE, NODNO, NXLQOC, NDANG, St rsLvl , NODYSTRS, NodeSt at , RSt r s
(F6. 0, 2X, E12. 6, 2X, E10. 4, 2X, F8. 6, 2X, E12. 6, 2X, F4. 0, 2X, E12. 6)
*| F, NodeSt at, EQ, 1, THEN
*|F,JJ, EQ argl, THEN
NEXT_%J% JK_%JJ% 4) =NDANG
NEXT_%) J% JK_%) J% 3) =NODNO
*DOL,1,K %%
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*| F, NODNO, EQ PRE_%JJ% L, 3), THEN
JUNK=( NODYSTRS- PRE_%JJ% L, 1))
QL=PRE_%J% L, 2)
NEXT_%J% JK_%J% 2) =( (NODYSTRS* QL) - (PRE_%J% L, 1) *St rsLvl ) )/ JUNK
*ENDI F
* ENDDO
JK % JI%IK %J%1
*ENDI F
* ELSE
*|F,JJ, EQ argl, THEN
*DO L, 1, K %I%
*| F, PRE_%J% L, 3), EQ NODNO, THEN
PRE_%JJ% L, 3) =NODNO
PRE_%J% L, 2) =St rsLvl
PRE_%JJ% L, 1) =NODYSTRS
*ENDI F
* ENDDO
*ENDI F
*ENDI F
* ENDDO
* ELSEI F, NSNODES, EQ 0, THEN
OpnRwCnt =CpnRwCnt +1
*ENDI F
* ENDDO
NSEL, ALL
*| F, OPENSTAT, EQ, 1, THEN
Ti me, Ti mevar +Curr Ll nc*0. 01
SOLVE
SAVE
Cl earRST, BDrive,BDir,""
*ENDI F
*| F, OonRwCnt , EQ, ar g1, THEN
Curr LI nc=LI ACO
*ENDI F
* ENDDO
* CFCLOSE

*|F,argl, EQ 1, THEN

I Newman Raj u Equation to find SIF

*DI M TEMPI , ar r ay, NOCDENO

*DI M FA, array, NODENO

*DI M G, array, NODENO

*DI M F, ar r ay, NODENO

*DI M KMAX, ar r ay, NODENO

*DI M KOPEN, ar r ay, NODENO

*DI M CONS, ar r ay, NODENO

*DO, JJJ, 1, NODENO
TEMPI (JJJ) =NEXT_%ar g19%¢ JJJ, 4) * (Pl / 180)
AA=NZ( FNO)
CC=NX( LNO
CONS(JJJ) =(8.1932965e-9) *TEMPI (JJJ) +1. 503e-8
FA(JJI) =((((AA CO)**2)*(cos(TEMPI (JJJ))**2)) +(sin(TEMPI (JJJ))**2))**0. 25
G(JJJ)=1+((0. 140. 35* ((AA T)**2) ) *((1-si n(TEMPI (JJJ))) **2))
F(JJJ) =(ML+(MR* ((AA/ T) **2) ) +(MB* ((AA/ T) **4)) ) *FA(JJII) * G JJIJ) *FW
KMAXX(JJJ) =strsiMax*sqrt (Pl *( AA QN ) *F(JJJ)
KOPEN( JJJ) =NEXT_%ar g1%{ JJJ, 2) *strsMax*sqrt (Pl *( AN QN ) *F(JJJ)
NEXT_%ar g1% JJJ, 1) =( ( KMAX(JJJ) - KOPEN(JJJ)) **2. 881) * CONS(JJJ)

* ENDDO



I'sort the array in ascending order
*DI M ORDE, , NODENO
* MOPER, ORDE( 1) , NEXT_%ar g19% 1, 1), sort, NEXT_%ar gl% 1, 1)
IDelta k effective
*DO, JJJ, 2, NODENO
NEXT_%ar g19% JJJ, 1) =NEXT_%ar g1%¢ JJJ, 1)/ NEXT_%ar g1% 1, 1)
* ENDDO
Imin. delta K effective
NEXT_%ar g19% 1, 1) =1
PQP=NI NT( NEXT_%ar g1% NODENQ, 1))
Irearrangi ng the array
* MOPER, ORDE( 1) , NEXT_%ar g1% 1, 1), sort, ORDE( 1, 1)
I Exchange of the matrix values to store pernanently
*DI M JUNK_%ar g1% ar r ay, NODENQG, 4
*DO, JJJ, 1, NODENO
JUNK_%ar g19%¢ JJJ, 1) =NI NT( NEXT_%ar g194JJJ, 1))
JUNK_%ar g1% JJJ, 2) =NEXT_%ar g19% JJJ, 2)
JUNK_%ar g19% JJJ, 3) =NEXT_%ar g1% JJJ, 3)
JUNK_%ar g1% JJJ, 4) =NEXT_%ar g19% JJJ, 4)
* ENDDO
F'JUNK st uff
*| F, PQP, GT, 1, THEN
*DO, PPQ 2, PQP
DD_%°PQ¥&0
*DO, @A, 1, NODENO
*IF, JUNK_%ar g1% QA, 1), GE, PPQ THEN
DD_%°PQ¥%&=DD_%PPQ/-1
*ENDI F
* ENDDO
* ENDDO
*ENDI F
I JUNK st uf f
*| F, PQP, GT, 1, THEN
*DO, PPQ 2, PQP
Q1
*DI M JUNK_%°PQ% ar r ay, DD_%°PQ% 4
*DO, @A, 1, NODENO
*| F, JUNK_%ar g1% QA, 1), GE, PPQ THEN
JUNK _%pq% QQQ 1) =JUNK %ar g1% QA, 1)
JUNK_%pq% QQQ 2) =JUNK_%ar g1% QA, 2)
JUNK_%pq% QQQ 3) =JUNK_%ar g1% QA, 3)
JUNK_%pq% QQQ 4) =JUNK_%ar g1% QA 4)
QAR=1+QQ
*ENDI F
* ENDDO
* ENDDO
*ENDI F
Iwite array into file
* CFOPEN, % N% mat _%ar g1% dat

*vwrite, JUNK %argldf 1, 1), JUNK %ar gl 1, 2) , JUNK %ar g1% 1, 3), JUNK _%ar g1% 1, 4)

(F8.6, 2X, E12. 6, 2X, F6. 0, 2X, E12. 6, 2X)
* CFCLCOSE
*ELSE
Iswap the required matrix
*1 F, JUMP, EQ VES, THEN
*DI M JUNK_%ar g1% ar r ay, NODENQ, 4
*DO, KO, 1, NODENO
JUNK_%ar g1% KO, 1) =NEXT_%ar g1% KO, 1)
JUNK_%ar g1% KO, 2) =NEXT_%ar g1% KO, 2)
JUNK_%ar g1% KO, 3) =NEXT_%ar g1% KO, 3)
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JUNK_%ar g1% KO, 4) =NEXT_%ar g1% KO, 4)
* ENDDO
*DO, J, 1, NODENO
*| F, JUNK_%ar gl1% J, 3), EQ 0, THEN
JUNK_%ar g1% J, 3) =JUNK_%ar gl- 1% J, 3) +tJUNK_%ar g1- 194 J, 1)
JUNK_%ar gl9% J, 2) =St r sM n/ St r sMax
DUMEJUNK_%ar g1- 194 J, 4)
JUNK_%ar g1% J, 4) =JUNK_%ar gl- 1% J, 4)
*ENDI F
* ENDDO
I Newman Raj u Equation to find SIF
*DO, JJJ, 1, NODENO
AA=NZ( FNO)
CC=NX(LNO
TEMPI (JJJ) =JUNK _%ar gl19%4JJJ, 4) *( Pl / 180)
CONS(JJJ) =(8. 1932965e-9) *TEMPI (JJJ) +1. 503e-8
FA(JJJI)=((((AA CC)**2)*(cos(TEMPI (JJJ))**2)) +(si n(TEMPI (JJJ))**2))**0. 25
G(JJJ)=1+((0. 140. 35* ((AA T)**2) ) *((1-si n(TEMPI (JJJ))) **2))
F(JJJ) =(ML+(MR* ((AAI T) **2) ) +(MB* ((AA/ T) **4) ) ) *FA(JJIJ) * G JJIJ) *FW
KMAX(JJJ) =strsiMax*sqrt (Pl *( AAV QN ) *F(JJJ)
KOPEN( JJJ) =JUNK_%ar g1% JJJ, 2) *strsMax*sqrt (Pl * (AN QN ) *F(JJJ)
JUNK_%ar g19%¢ JJJ, 1) =( ( KMAX(JJJ) - KOPEN(JJJ)) **2. 881) * CONS(JJJ)
* ENDDO
I'sort the array in ascending order
*DI M ORDE, , NODENO
* MOPER, ORDE( 1), JUNK_%arg19% 1, 1), sort, JUNK %arglo%{1, 1)
IDelta K effective
*DO, JJJ, 2, NODENO
JUNK_%ar g1% JJJ, 1) =NI NT( JUNK_%ar g19%4JJJ, 1)/ JUNK %ar gl19% 1, 1))
* ENDDO
Imin. delta K effective factor
JUNK _%argl% 1, 1) =1
PQP=JUNK_%ar g1% NODENQ, 1)
Irearrangi ng the array
* MOPER, ORDE( 1), JUNK_%ar g1% 1, 1), sort, ORDE(1, 1)
I JUNK st uff
*| F, PQP, GT, 1, THEN
*DO, PPQ 2, PQP
Q. Q=ar g1+PPQ- 1
DD %)L Q&0
*DO, QA, 1, NODENO
*IF, JUNK_%ar g1% QA, 1), QE, PPQ THEN
DD %)L QDD %)L Q-1
*ENDI F
* ENDDO
* ENDDO
*ENDI F
FJUNK st uff
*| F, PQP, GT, 1, THEN
*DO, PPQ 2, PQP
Q-1
QLQ=ar g1+PPQ 1
*DI M JUNK_%L. Q% array, DD %1 Q% 4
*DO, A, 1, NODENO
*| F, JUNK_%r g19% QA, 1), GE, PPQ, THEN
JUNK_ % Q4 QQQ 1) =JUNK_%ar g1% QA, 1)
JUNK_ %L Q% QQQ, 2) =JUNK_%ar g19% QA 2)
JUNK_ % Q4 QQQ 3) =JUNK_%ar g1% QA, 3)
JUNK_ %L QA QQQ, 4) =JUNK_%ar g19% QA 4)
QQEF1+QQ
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*ENDI F
* ENDDO
* ENDDO
*ENDI F
Iwite array into file
* CFOPEN, % N% mat _%ar g1% dat
*vwrite, JUNK %argldg 1, 1), JUNK %arglog 1, 2), JUNK %ar g1% 1, 3), JUNK %ar gl% 1, 4)
(F8. 6, 2X, E12. 6, 2X, F6. 0, 2X, E12. 6, 2X)
* CFCLCOSE
*ENDI F
*ENDI F
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AUTCOTS, ON
NSUBST, 1, 100, 1, OFF
* CFOPEN, % N% unl oad_%ar g1% dat
I *WRI TE
I (" NODE# Node r NodeAng S/ Smax uy CStat Renpte Stress")
Ti meVar =Ti nmeVar +0. 05
Curr Ll nc=Ul BCC
St rsLvl =St r sMax/ St r sMax
RSt r s=St r sMax
*DO, JJ, 1, argl
Sel CTNodes, JJ
NSEL, U, D, UY, 0
* GET, NSNCODES, NODE, , COUNT
*| F, NSNODES, GT, 0, THEN
NODNO=0
*DO, JJJ, 1, NSNODES
NODNO=NDNEXT ( NODNO)
NODYSTRS=UY( NOCDNO)
*| F, MTYPE, EQ ' SC , THEN
CSYS, 11
NDANG=NY( NODNO)
NXL OC=NX( NODNO)
CSYS, 0
*ELSE
NDANG=NZ( NODNO)
NXL OC=NX( NODNO)
*ENDI F
NodeSt at =0
*WARI TE, NODNO, NXLOC, NDANG, St r sLvl , NODYSTRS, NODESTAT, RSTRS
(F6.0, 2X, E12. 6, 2X, E10. 4, 2X, F8. 6, 2X, E12. 6, 2X, F4. 0, 2X, E12. 6)
* ENDDO
*ENDI F
* ENDDO

*DO, J, 1, 1/ U DCC
Ti neVar =Ti neVar +Curr LI nc*0. 5
RSt r s=St r siax- (StrsMax- StrsM n) *( Ti neVar +0. 5-argl1)/0.5
*| F, Ti meVar, GE, argl, Then
RSt rs=StrsM n
Ti meVar =ar g1
Ti e, Ti meVar
AppLoad, hei ght, RStrs
SOLVE
SAVE
I'nodi fied
*DO, JJ, 1, argl
Sel CTNodes, JJ
NSEL, U, D, UY, 0
* GET, NSNODES, NCDE, , COUNT
*| F, NSNCDES, GT, 0, THEN
NODNO=0
*DO, JJJ, 1, NSNODES
NodeSt at =0
NODNO=NDNEXT ( NODNO)
NODYSTRS=UY( NODNO)
*| F, MTYPE, EQ ' SC , THEN
CSYs, 11
NDANG=NY( NCDNO)
NXL OC=NX( NCDNO)
CSYS, 0
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* ELSE
NDANG=NZ( NCDNO)
NXL OC=NX( NODNO)
*ENDI F
*| F, NodYStrs*1el0, LT, 0, THEN
Curr Ll nc=Ul DCC
OPENSTAT=1
NODESTAT=1
D, NODNQ, UY, 0
*ENDI F
*W\RI TE, NODNO, NXLOC, NDANG, St rsLvl , NODYSTRS, NodeSt at , RStr s
(F6. 0, 2X, E12. 6, 2X, E10. 4, 2X, F8. 6, 2X, E12. 6, 2X, F4. 0, 2X, E12. 6)
* ENDDO
*endi f
*enddo
lend of nodification
*EXIT
*ENDI F
Ti me, Ti neVar
StrsLvl =RSt r s/ St r sMax
AppLoad, hei ght, RStrs
SOLVE
SAVE
Cl earRST, BDrive,BDir,""
OPENSTAT=0
OonRwCnt =0
*DO, JJ, 1, argl
Sel CTNodes, JJ
NSEL, U, D, UY, 0
* GET, NSNCODES, NODE, , COUNT
*| F, NSNODES, GT, 0, THEN
NODNO=0
*DO, JJJ, 1, NSNCDES
NodeSt at =0
NODNO=NDNEXT ( NODNO)
NODYSTRS=UY( NODNO)
*| F, MTYPE, EQ,' SC , THEN
CSYS, 11
NDANG=NY( NODNO)
NXL OC=NX( NCDNO)
CSYS, 0
* ELSE
NDANG=NZ( NODNO)
NXL OC=NX( NCDNO)
*ENDI F
*| F, NodYStrs*1el0, LT, 0, THEN
Curr Ll nc=Ul DCC
OPENSTAT=1
NODESTAT=1
D, NODNQ, UY, 0
*ENDI F
*W\RI TE, NODNO, NXLQOC, NDANG, St rsLvl , NODYSTRS, NodeSt at , RSt r s
(F6. 0, 2X, E12. 6, 2X, E10. 4, 2X, F8. 6, 2X, E12. 6, 2X, F4. 0, 2X, E12. 6)
* ENDDO
* ELSEI F, NSNCDES, EQ 0, THEN
OpnRwCnt =CpnRwCnt +1
*ENDI F
* ENDDO
NSEL, ALL
*| F, OPENSTAT, EQ, 1, THEN
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Ti me, Ti mevar +Curr LI nc*0. 01
SOLVE
SAVE
ClearRST,BDrive,BDir, "'
*ENDI F
*| F, OpnRwCnt , EQ ar g1, THEN
Curr Ll nc=Ul ACC
*ENDI F
* ENDDO
* CFCLOSE
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/ BATCH

This is the input file for pcal548

This runs the script "appbcs.mac" to inmport the Solid

El enents and Nodes fromthe files "jobname.crd" & "jobnane. el nf,
and applies necessary boundary conditions for Crack Gowth

It then calls "strtcyc.mac" to run growth anal ysis.

This script has been nodified to work w ANSYS 5.6 and ANSYS 5.7
with the addition of the RESCONTROL Command (not valid for ANSYS 5.5 and

bel ow)
|

INote all lengths are in nm and pressures in MPa
/ CONFI G NPRCC, 1

I Loadi ng i nfornation:

St rsMax=22e3 I Maxi mum Applied Stress
StrsM n=2. 2e3 I' M ninmum Applied Stress
NLC=6 I Total Nunmber of Loading Cycles to execute

I Geonetry I nformation:

MIYPE=' SC

t=0.5 I Thi ckness of plate

w=0. 5 I Plate Hal f-Wdth

hei ght =1. 1875 I Model Hei ght

c=0. 0501 I Initial Crack half-length
a=0. 05 ! Initial Depth of Surface Crack
da=0. 00012500/ 2 I Crack Growth Increment

I Material Properties:

E=10. 6E6 I Young's Mbdul us
YS=75e3 I Yield Stress

I Crack Growth Options:

NCGECut =5 I Nunber of bisections to matrix stiffness before death
CGERF=2 I Crack Gowth Elenent Stiffness Reduction Factor

*get, JN, ACTI VE, , JOBNAM
/TITLE, Plasticity Induced C osure of nodel %N%

AppBCs I Import Solid nodel and apply BC s

BDrive='e:"

BDi r =" \ backup'
MaxDi r =" \ max!| oad'
M nDi r ="\ mi nl oad'

I Drive for file backups

I Directory for file backups

I Directory for backup at Max Load
| Directory for Backup at Mn Load

ISolution Information:
/ SOLU ! Enter Solution Processor

LI BCO=0. 05 I Loadi ng I ncrenent before crack opening
LI DCO=0. 025 I Loadi ng I ncrenent during crack opening
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LI ACO=0. 10 ! Loading Increnent after crack opening

Ul BCC=0. 05 I Un-load Increnent before crack closing

Ul DCC=0. 025 I Un-load Increnent during crack closing

Ul ACC=0. 10 I Un-load Increnent after crack cl osing

SOLCONTROL, ON

NSUB, 1

NEQ T, 8 I Nunber of Equilibriumlterations before bisection
NROPT, FULL, , ON I Full Newton Rapson Option, Adaptive Descent ON
EQSLV, PCG, 1. Oe-8 ! Use the Pre-Conditioned Conjugate Solver (In Core,
default tol erance)

RESCONTROL, DEFI NE, NONE, NONE, 0 I Set Resune Controls to act |ike ANSYS 5.5.3
and bel ow

I (Single Frane Restart)

raju
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ANSYS INPUT FILE SURFACECRACKSPIKE.MAC
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/ BATCH

This is the input file for pcal548

This runs the script "appbcs.mac" to inmport the Solid

El enents and Nodes fromthe files "jobname.crd" & "jobnane. el nf,
and applies necessary boundary conditions for Crack Gowth

It then calls "strtcyc.mac" to run growth anal ysis.

This script has been nodified to work w ANSYS 5.6 and ANSYS 5.7
with the addition of the RESCONTROL Command (not valid for ANSYS 5.5 and
bel ow)

/ CONFI G, NPRCC, 1

I Loadi ng i nfornation:

St rsMax=22e3 I Maxi mum Applied Stress

StrsM n=2. 2e3 I' M ninmum Applied Stress

spmax=44e3 I spi ke overl oad

smax=22e3 I Maxi mum applied stress

NLC=1 I Total Nunmber of Loading Cycles to execute

I Geonetry I nformation:

MIYPE=' SC

t=0.5 I Thi ckness of plate

w=0. 5 I Plate Hal f-Wdth

hei ght =1. 1875 I Model Hei ght

c=0. 0501 I Initial Crack half-length
a=0. 05 I Initial Depth of Surface Crack
da=0. 0002500/ 2 I Crack Growth Increment

I Material Properties:

E=10. 6E6 I Young's Mbdul us
YS=75e3 I Yield Stress

I Crack Growth Options:

NCGECut =5 I Nunber of bisections to matrix stiffness before death
CGERF=2 I Crack Gowth Elenent Stiffness Reduction Factor

*get, JN, ACTI VE, , JOBNAM
/TITLE, Plasticity Induced C osure of nodel Y%N%

AppBCs I Import Solid nodel and apply BC s

BDrive='e:"

BDi r =" \ backup'
MaxDi r =" \ max!| oad'
M nDi r ="\ mi nl oad'

I Drive for file backups

I Directory for file backups

I Directory for backup at Max Load
| Directory for Backup at Mn Load

I'Solution Information:
/ SOLU ! Enter Solution Processor

LI BCO=0. 05 I Loadi ng I ncrenent before crack opening
LI DCO=0. 025 I Loadi ng I ncrenent during crack opening
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LI ACO=0. 10 ! Loading Increnent after crack opening

Ul BCC=0. 05 I Un-load Increnent before crack closing

Ul DCC=0. 025 I Un-load Increnent during crack closing

Ul ACC=0. 10 I Un-load Increnent after crack cl osing

SOLCONTROL, ON

NSUB, 1

NEQ T, 8 I Nunber of Equilibriumlterations before bisection
NROPT, FULL, , ON I Full Newton Rapson Option, Adaptive Descent ON
EQSLV, PCG, 1. Oe-8 ! Use the Pre-Conditioned Conjugate Solver (In Core,
default tol erance)

RESCONTROL, DEFI NE, NONE, NONE, 0 I Set Resune Controls to act |ike ANSYS 5.5.3
and bel ow

I (Single Frane Restart)

raju
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