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ABSTRACT

Contact elements are implemented into the elastic plastic finite element analysis of fatigue
crack closure to predict crack opening stress values, by developing a code using ANSYS
Parametric Design Language(APDL). In spite of the fact that the use of contact elements in
modeling crack surface contact, and thus in modeling of crack closure is inherently natural,
almost no effort to incorporate it in the finite element analysis of fatigue crack growth has
been reported in the literature. The traditional method is based on placing truss elements on
the crack surface nodes. Their stiffness is set to either zero or to a high value according to
the state of the crack to model crack surface contact. The load is applied incrementally,
during which the crack surface nodes are monitored to predict crack opening stress values.
In this research contact elements are used to model crack surface contact and similar to
mentioned method the determination of crack opening stress is accomplished by
monitoring the state of contact elements during incrementally applied loading. The results
of two dimensional plane strain finite element analyses of center cracked geometry are in
good agreement with previous work given in the literature. Instead of determining crack
opening stress of every load cycle, an algorithm that makes it possible to find crack
opening stress at predetermined load cycle intervals is developed. With the developed
algorithm it was possible to analyze crack closure behavior during a larger number of load
cycles with less execution time. The newly introduced parameters such as effect of the
number increments of the applied load, the effect of the load cycle interval where the
opening stress values are determined are investigated. Due to simulation of relatively high
number of load cycles, final stabilization of crack opening stress values after a subsequent

decay in the initially “stabilized” opening stress values is observed.



OZET

ANSYS Parametrik tasarim dili (APDL) kullanilarak bir program kodu gelistirmek
suretiyle, catlak acilma gerilim degerlerini tahmin etmek iizere, yorulma catlag:
kapanmasin elastik-plastik sonlu elemanlar ile analizine kontakt elemanlar uygulanmistir.
Kontakt elemanlar1 ile catlak yiizeylerinin temasinin ve boylece c¢atlak kapanmasinin
modellenmesi gayet dogal olmasina ragmen, kontakt elemanlarinin sonlu elemanlar
yontemiyle yorulma catlaginin ilerlemesi analizlerinde kullanildigina dair neredeyse hi¢ bir
calisma literatiirde gecmemektedir. Geleneksel yontem catlak yiizeyindeki nodlara mesnet
yiikksek bir deger olarak belirlenerek catlak yiizeylerinin temasi modellenmektedir. Yiik
kademeli olarak uygulanirken, her kademede catlak yiizeyindeki nodlar izlenerek agilma
gerilimi tahmin edilmektedir. Bu aragtirmada catlak yiizeylerinin temas1 kontakt elemanlar1
kullanilarak modellenmistir ve bahsedilen metoda benzer bir sekilde catlak acilma gerilimi
kademeli yiilk uygulanmasi esnasinda kontakt elemanlarinin durumlart izlenerek
bulunmaktadir. Iki boyutlu catlagin ortada oldugu geometride diizlemsel birim sekil
degistirme modelinin sonlu eleman analizlerinin sonuclar literatiirde belirtilen onceki
caligmalarla iyi bir uyum i¢indedir. Catlak acilma gerilim degerinin her yiik ¢eviriminde
bulunmasi yerine, catlak agilma gerilim degerinin sadece onceden belirlenen yiik ¢evrim
aralarinda bulunmasini saglayan bir algoritma gelistirildi. Gelistirilen algoritma ile daha az
hesaplama zamam ile, catlak kapanmasi davranisinin daha biiyiik sayida yiik cevrimi
boyunca modellenmesi daglandi. Yiikiin uygulanmasindaki kademe sayisinin etkisi, agilma
geriliminin hesaplandig1 yiik ¢evrim aralifinin biiyiikliigii gibi yeni parametreler incelendi.
Gorece daha biiyiikk sayida yiik cevriminin simule edilmesi sayesinde agilma gerilim
degerlerinin ilk “stabilizasyonundan” sonra azalarak stabilize oldugu goriilebildi. Yiiksek
sayida yiik ¢evriminin simule edilme yetenegi sayesinde bu model, asir1 yiiklerin yorulma

catlaginin ilerlemesine etkilerinin incelenmesi i¢in bir ara¢ olarak kullanilabilir.
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1. INTRODUCTION

It has been suggested that 50 to 90 percent of all mechanical failures are due to
fatigue, and the majority of these failures are unexpected. [1] 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” [2]. There are currently many approaches to fatigue design. They
range from simple to complex. Initial expensive complete fatigue design, although

expensive, will lower cost in the long run.

Fracture of a structural member due to repeated load is commonly referred to as a
fatigue failure or fatigue fracture. The corresponding number of load cycles before fracture
occurs is referred to as the fatigue life of the member. The fatigue life of a member is
affected by many factors [2]. 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
environmental operating conditions (corrosion) [2]. 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. Therefore testing of full-scale members under
in-service conditions is needed. However, testing of full-scale members is time-consuming

and costly. Therefore data from laboratory tests are often used.

Damage tolerant methodology can be used for designing initially flawed components
or determining the remaining life to failure once a flaw is detected. This is particularly of
interest to the aircraft industry, where cracks are commonly detected and monitored in

nearly every structural component of the aircraft.



The current researches focuses on a subset of the current damage tolerant
methodology, fatigue crack closure. This chapter is a brief introduction to fatigue crack
closure and how it is applied to practical design. All the concepts introduced in this chapter

apply to metallic materials. Numerical modeling of fatigue is an ongoing research area.

1.1. Fatigue Crack Propagation

If an engineering structure is subjected to repeated or cyclic loading, the structure
accumulates fatigue damage. Eventually, if the cycled loads are large enough, a detectable
crack will form and know the problem is to determine the remaining life of the structure,
when the crack reaches a critical length where rapid fracture will occur. These cycles
between crack detection and structural failure are where fatigue crack propagation takes

place. Figure 1.1 shows a schematic of the regions of crack growth.

A I | I |
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Figure 1.1. Crack Growth Behavior



This figure shows three distinct regions of crack growth. The x-axis of this plot is
the difference between the stress intensity factor (which is a function of load, crack length,
and geometry) at the maximum load and minimum load on logarithmic scale. The y-axis is
the crack growth per cycle. Region I is the threshold regime where small changes in load
(which directly affects the stress intensity factor) results in little to no detectable crack
growth. Region III is the fracture regime where the maximum stress intensity factor is
approaching the material dependant fracture toughness, where rapid fracture will take
place. Region II is the most significant region, which has become known as the Paris
regime. Crack growth is nearly linear with changes in stress intensity factor range. The

well known Paris equation can be used to model crack propagation in this region:

da /dN = C (AK)" (1.1)

where C and n are material properties. For a given crack length and load level, this
equation can be integrated to determine the number of cycles before the crack length

reaches its critical length.

1.2. Fatigue Crack Closure

In 1970, Wolf Elber quantified and demonstrated the importance of a new fatigue
crack growth phenomena, crack closure[3]. Based on experimental results using thin sheets
of an aluminum alloy, Elber argued that a reduction in the crack tip driving force occurred
as a result of residual tensile deformation left in the wake of a growing crack. Since then,
several additional closure mechanisms have been identified [1, 3-5], The residual tensile
deformation caused the crack surfaces to close prematurely before minimum load was
reached. Figure 1.2 shows a schematic representation of the mechanisms causing fatigue

crack closure [6].

In the presented research, plasticity-induced crack closure is considered. It is this
type of closure that was first observed by Elber, and is caused by residual tensile

deformations in the wake of a growing crack. The other closure mechanisms are often



assumed to be secondary, however multiple closure mechanisms can be present at once,

increasing the closure level.

| Mode II displacement ' Oxide debris
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Figure 1.2. Crack Closure Mechanisms

Figure 1.3. shows the effect closure has on cyclic loading. It is assumed that no crack
growth takes place during the portion of the load cycle when the crack surfaces are closed.
This is implemented in the crack growth propagation equation by using a modified Paris

equation that uses an effective stress intensity range to determine crack growth.

da _ clak,,
dN (12)

AKeﬁ” = Kmax - K{)p



However, determination of the crack opening level is difficult. For plasticity-induced
closure, approximate methods have been developed to calculate opening levels, but to
ensure the accuracy of the results complex elastic-plastic finite element analyses must be

performed.

AK | AKest

>

Time

Figure 1.3 Schematic of Effective Stress Intensity Factor

The current research focuses on using elastic-plastic finite element analysis to predict
plasticity-induced closure in two-dimensional geometries using contact elements, by

predicting the opening stress values.

1.3. 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. These crack tip plastic zones are

used to characterize the degree of finite element mesh refinement.



Forward Plastic Zone
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Figure 1.4. Plastic Deformation Around a Growing Crack [7]

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 [8]. 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
[8]. 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 [9], 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 [10-20].



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 [8-35]. Far fewer efforts have been directed toward
the three-dimensional problem [7,35-42]. Newman [30] has presented general reviews in

his papers. A comprehensive parametric analysis is carried out by Solanki [23].

In this research work, finite element analysis of plasticity-induced fatigue crack
closure for two dimensional plane strain geometries is performed. Emphasis is focused on

the using contact elements to model crack closure and to opening stress value.



2. LITERATURE REVIEW

A number of researchers have attempted modeling plasticity-induced crack closure
using the finite element method. While some researchers have attempted three-dimensional
models, the majority of the finite element analyses performed model crack closure in two-
dimensional geometries. While simplistic in nature, the results from the two-dimensional
analyses are important because they give insight into some of the more common modeling
issues related to crack closure. The basic algorithm employed by all the studies
investigated is the same. A mesh is created with a suitably refined region near the crack
front. An elastic-plastic material model is employed so plastic deformations occur in the
vicinity of the crack tip. Remote tractions are then applied to the model and cycled
between a maximum nominal stress Sp.x and a minimum nominal stress Sp,. During the
load cycle, the crack front nodes are released, advancing the crack one elemental length da,
which allows for the formation of a plastic wake. Stresses and displacements for the crack
surface nodes are monitored to detect contact between crack faces, and thus predict crack
closure. This process is repeated for several load cycles until the crack opening stress
values stabilize. Figure 2.1 is a descriptive sketch of the algorithm. Skinner[7] replaced
the truss elements used by Newman [30] with fixed boundary conditions. Although the
algorithm is simple, the problem of modeling contact, at which stage the crack is to be
advanced, and how the crack opening is assessed is treated differently by various
researchers. These different approaches and the research on the effects of the parameters

like material model, mesh refinement are reviewed in this chapter.
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1. Initial state at minimum load

(dashed line shows the initial crack tip)

2. State at maximum load

3. and 4. Incremental crack advance by replacing the boundary condition
at the crack tip with a fraction of the reaction force developed at the crack tip

node and incrementally decreasing to zero.

Figure 2.1. Descriptive sketch of the crack closure model.(continues)



5. During incremental unloading some of the nodes at the crack surface
begin to penetrate. At every load level the nodes which are detected as

penetrating are fixed.

6. At minimum load

AN A

7. During incremental loading the nodes at which nodal reaction force
becomes positive the nodal fixity is removed, the node tends to open. If the last
node looses contact, crack opening stress is calculated by interpolation based

on the reaction forces at the current and previous —unopened- load level.
|
|

8. At maximum load

Figure 2.1. (continued) Descriptive sketch of the crack closure model.
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2.1. Crack Surface Contact

A changing boundary condition characterizes a crack under cyclic loading. 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, is not been done yet, because it can lead to
convergence problems and long execution times [7]. Newman [30] 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. [8, 24, 25, 28, 29, 33, 34] 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]. Wu et al. [31] 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.



12

2.2. 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 [5]. These crack tip plastic zones have been used to
characterize the degree of finite element mesh refinement required when modeling

plasticity-induced closure [13, 21, 22].

Newman [30] was the first to study the effects of finite element mesh refinement on
opening load computations under plane-stress conditions. He modeled a center crack
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 2.2.

e
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Figure 2.2 Mesh Refinement Studies
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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
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. [8, 24, 25] performed mesh refinement studies on a crack emanating
from a circular hole, the center crack 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 compact tension and center crack 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/rs < 0.1, where 2rris an approximation of the forward plastic zone given by:

r, L(Kma"] 2.1)

2o\ o,

where o is equal to 1 and 3 for plane-stress and plane-strain respectively, G, is the
flow stress, and K, i1s the maximum stress intensity factor. Park et al. [32] suggested that
mesh refinement levels for the center crack 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

[36, 43-46].

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.
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2.3. 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 2.3 aand 2.3 b

& ) T (b)
% £
% 0.4 o
o 0.3
&
iA 0.3 g
= 2
§ = 02
[=:]
50.2 peooBaeagooooom g FIecketaI.[10]
[
2 o Newman [30] e center crack
-% o1 7 center crack z ' Plane strain o5
£ plane stres, R=0 2 R=0, Kmax=0.44 oy w™
Z o0 e Eopp . . : i :
o 0z 4 6 B W 12 14 16 W 20 5 oo 0.1 0.2 0.3 0.4 0.5
Number of Cycles Normalized Total Crack Growth, 4a / (Kmax lrU!,r)z

Figure 2.3. Stabilization of Crack Opening Values under Plane-stress and Plane-

strain

McClung [8] 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. [10] and Wu et al. [31] 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 2.3 b. Using a strip-yield model, Daniewicz et al. [47] have 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 [33].
Recently Lee and Song [48] reported to obtain a stabilized crack opening level for plane
strain conditions, the crack must be advanced through approximately four times the initial

monotonic plastic zone.
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2.4. Crack Advance Scheme

To produce a plastic wake behind the crack tip, the crack must be incrementally
advanced in 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

[49]. Newman used a critical strain to advance the crack [30].

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 [8, 21, 26, 27, 31, 52], at the
maximum load level [9, 11, 14, 16, 28, 32-33], after the maximum load [20, 24, 25] or
during the loading/unloading cycle [8, 26].

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 release can be eased
by incrementally releasing the crack front nodes [11, 21]. Some research [8, 21] 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 [ 24, 25, 31].

Figure 2.4 a shows results from a crack advance scheme comparison performed by
McClung et al. [24, 25]. From the figure, there is a significant difference in opening value
when using a different crack advance scheme. Later, McClung et al. [8] 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
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approximately the same results for the different crack advance schemes. Wu et al. [31] 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 2.4 b. 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.
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Figure 2.4. Comparison of Crack Opening Values Based on Crack Advance Scheme

2.5. 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 [8-12, 14-35]. Wu et al. [31] 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 [22, 8]. McClung et al. [8]
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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2.6. 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 [8-
9,13, 21]. The existence of plasticity-induced crack closure under plane-strain conditions

has been a topic of intense debate [10- 20].

A study of crack tip plastic zone sizes and crack opening behavior for the center
crack specimen under plane-strain and plane-stress conditions has been performed by
McClung et al. [24, 25]. Crack closure was found to occur in plane-strain, with lower

opening values than those observed under plane-stress.

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 compact
tension 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. 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 Smax / 6o = 0.8,

the opening values were larger [20].
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Dougherty et al. [13] performed two-dimensional analyses of compact tension and
center crack 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 analysis of plasticity-induced crack closure in the compact tension 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 [10] have shown that closure does not occur for a bend specimen under
plane-strain conditions, while closure does occur for the center crack geometry under

plane-strain.

2.7. Constitutive Model

Most researchers assume a material that is elastic-perfectly plastic. However, some
research has been performed to determine the effect of material hardening. A significant
change in opening behavior was found when different hardening slopes where assumed.
For low loads (Smax/ 6, < 0.6) a higher hardening modulus resulted in lower opening levels

[35].

2.8. Overview

In this thesis, contact elements are implemented into the elastic plastic finite element
analysis of plasticity-induced fatigue crack closure by developing a code using ANSYS
Parametric Design Language(APDL). Two dimensional plane strain analyses finite
element analyses are carried out for the center cracked geometry. Rather than determining
crack opening stress of every load cycle, an algorithm that makes it possible to find crack

opening stress at predetermined load cycle intervals is developed. With the developed
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algorithm it was possible to analyze crack closure behavior during a larger number of load
cycles with less execution time. The newly introduced parameters such as effect of the
number increments of the applied load, the effect of the load cycle interval where the

opening stress values are determined are investigated.
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3. FINITE ELEMENT MODEL

The plasticity-induced crack closure model concepts were incorporated into the finite
element package ANSYS using Parametric Design Language (APDL) by Skinner[7].
Analyses are carried out using ANSYS version 5.4 [53]. The model of Skinner is modified
to implement contact elements in the prediction of plasticity induced fatigue crack closure.
Moreover a routine is developed to determine the crack opening stresses at predetermined
load cycle intervals, which enables to increase the total number of simulated fatigue cycles
without increasing the execution time. The code used in the analyses is listed in the

Appendix.

The approach is actually simple, a finite element mesh is generated, the crack is
modeled in the mesh, appropriate symmetry boundary conditions are applied, loading is
done in cycles alternating between maximum stress and minimum stress. After maximum
stress is applied the crack is advanced by one element size, da. At the predetermined load
cycles the crack opening stress is determined with the developed routine within the
“resolution” of 1/100 of the maximum stress by incrementally applying the load in 100

load increments.

3.1. Finite Element Model Basics

A two dimensional plane strain model is created with half-width w=230 mm, half
height h=460mm and crack length a= 0.0279mm. Due to symmetry only one fourth of the
specimen is modeled. The modeled section is shaded in Figure 3.1. This specimen is first

modeled by Newman [28] and than by Skinner [7].



Figure 3.1. Geometry of the model
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The boundary conditions and the loading is schematically shown in Figure 3.2. At

x=0 all the nodes are fixed in the x direction to model symmetry at y-axis. Similarly the

nodes at y=0 except the ones on the crack surface are fixed, to model vertical symmetry. At

the top surface of the geometry, the loads are applied as the corresponding pressure values.
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Smin=

150 MPa
0 MPa

L..

Ux=0 (symmetry)

U,=0 (symmetry)

Figure 3.2. Schematics of the boundary conditions and loading.
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Non-linear material properties must be used to model plasticity-induced closure. For
simplicity, an elastic perfectly plastic material is assumed (Figure 3.3.) is used for all the
models in the present study. The modulus of elasticity E is 70000MPa, and yielding stress
Go 1s 350 MPa. The surface traction applied to the top surface of the model is cycled
between Smax= 150 Mpa and Smin=0 Mpa.

Stress

Strain

Figure 3.3. Elastic-perfectly plastic material model.

The crack growth increment, da = 0.18 mm is equivalent to the mesh used by
Newman for the same geometry. However, the mesh used by Newman was composed
entirely of three noded triangular elements. In the current analyses, linear four nodded
solid elements are used for two-dimensional analyses. The mesh used in this work is
shown in Figue 3.4. These elements are designated as PLANE42 in ANSYS. Since linear
elements are used, care must be taken to ensure that poor element aspect ratios (ratio of
longest edge to shortest edge) are not compromising results. Long slender elements in
areas of near constant stress should not affect the results. However, in areas of large strain
gradients (i.e. the crack tip) the element aspect ratios should be as close to unity as

possible.

To model the contact, point to surface contact elements are used. They are designated
as CONTAC26 in ANSYS. Contact elements are generated for the nodes on the carck
surface and for nodes which will be released during crack advance. The symmetry plane is
defined as the contact surface, which is rigid and fixed by default, if CONTAC26 elements

are used.



Initial crack tip

Figure 3.4. Finite element mesh
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Adequate mesh refinement is always an issue when conducting finite element
analyses. The idea is to have enough refinement to capture all strain gradients of interest,
but to avoid excess refinement, which can lead to unnecessarily long run-times. For two-
dimensional plane-strain closure analyses when R = 0, it has been suggested that the mesh
should be refined such that there are approximately ten elements contained in the forward
plastic zone [35]. Also, it has been observed that for crack opening level stabilization to
take place, the crack must be advanced completely through the initial forward plastic zone
[35]. The mesh size criteria Aa/ry < 0.1 is used. Forward plastic zone size, ry, is calculated

by McClung and Sehitoglu [50, 51]as follows:

2
r
_f:(_SmaXJ 3.1
a o,

where,
ry= crack forward plastic zone size
Smax = Maximum stress

oo = material yield stress

3.2. Crack Closure Model

The crack is modeled by fixing the nodes at the uncracked region in y-direction. The

nodes at the crack surface are left.

Modeling of plasticity-induced fatigue crack closure is actually the modeling the
formation of a plastic wake. This formation of a plastic wake can be simulated by
advancing the crack tip through the initial monotonic plastic zone. In reality, crack advance
takes place in very small increments over several cycles. Unfortunately, the finite element
requires this crack advance to be discretized and to take place at a specific load. When
using the finite element method crack growth can take place only in integer multiples of

the element length, da, at the crack tip.[ 7]. It should be recalled that the finite element
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analysis is used to predict the crack opening value, but not the fatigue crack propagation

life.

A more complicated problem is that, at what point during the load cycle should crack
advance take place. Many researchers suggest crack advance should take place at the
minimum load to aid in convergence [28]. Other researchers, however, suggest that crack
advance at minimum load is physically unrealistic, since in reality there are no mechanisms
present to cause crack growth on a closed crack. Instead, they suggest that crack advance
should take place at the maximum load [30]. In the present study, crack advance occurs at
the maximum load, but to ease convergence the crack front nodes are released
incrementally, as was suggested by Skinner [7]. This is accomplished by determining the
crack front reaction forces present at maximum load. The crack front fixities are then
removed, and are replaced with a force that is a fraction of the reaction force. The force is

then gradually removed until it can be totally removed without convergence problems.

In the present work, the crack advanced scheme of Skinner [7] is used and the
reaction force is bisected four times before being removed completely. Also, it should be
noted that crack advance is uniform with each point on the crack front moving forward one
element width perpendicular to the crack front. Consequently, crack aspect ratios are fixed

throughout the crack growth process.

3.3. Modeling of the Crack Surface Contact

In order to prevent the crack surfaces from penetrating, some mechanism must be
implemented in the finite element script. In spite of the fact that the use of contact elements
in modeling crack surface contact, and thus in modeling of crack closure is inherently
natural, almost no effort to incorporate it in the finite element analysis of fatigue crack

growth has been reported in the literature.
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The most commonly used method, which was first used by Newman [28] and
modified by Skinner[7] and Solanki[23] will be shortly reviewed here, because the results

of this study will be compared with their results.

The loading and unloading is applied incrementally. At each load increment the
crack surface node displacements are monitored. The original method proposed by
Newman[28] is as follows: Once they become negative, a very large stiffness is added to
the diagonal of the assembled finite element stiffness matrix, which prevents further
penetration. This “spring” is removed when the crack surface begins to open again on the
subsequent loading. Skinner modified this method to adapt to the commercial Finite
Element Analysis Package ANSYS [7]. The following scheme was used. During loading
and unloading, the remote loads are changed by small load increments. At the end of each
load increment, the status of each of the crack surface nodes is checked. During unloading,
the displacement of each node is monitored. If the displacement becomes negative, a nodal
fixity is immediately applied preventing the node from further penetration. On the
subsequent loading, the reaction forces on all of the nodes on the crack surface that closed
are monitored. If the reaction forces on the nodes become positive (the node is in tension),
the nodal fixity is removed. The remote load at which the last nodal fixity is removed is the
crack opening load. Unfortunately, the opening load can be found only to the resolution of

the loading increment[7].

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

(Figure 3.5.). This is what is reported as the opening load for that specific node.[7]
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Figure 3.5. Interpolation for Node Opening Load[7]

The closure model of Skinner is graphically summarized in Figure 3.6. Initially a
large load increment is used to save execution time. After the first node on the crack
surface opens, a smaller load increment is used until all the nodes on the crack surface is
open. A larger load increment is then used until the maximum load is reached, at which
point crack advance takes place. The first load step of crack advance, the nodal fixities on
the crack front are removed and are replaced by a force equal to 50 per cent of the node
reaction forces. The forces are then reduced over three additional load steps when they
become near zero, after which they are completely removed. The entire crack front has
now advanced one elemental length perpendicular to the crack front. Unloading then takes
place. Similar to the loading, a large increment is used initially, which is decreased when
the crack begins to close and is increased again after the entire crack surface has closed.
These load cycles are repeated several times until the crack opening levels reach stabilized

values. [7]
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Figure 3.6 Typical Load Cycle [7]

The implementation of the contact elements into the finite element analysis of fatigue
crack closure is accomplished by following algorithm. Figure 3.7. shows schematically for
a representative crack opening value how the crack opening value is determined. Similar to
the previous model explained above the load is applied incrementally. The application of
the load is divided -as a result- into 100 increments. This is done iteratively: First the
maximum load is divided into 5 increments and these load increments are applied
subsequently. At the end of each load increment the status of the contact elements is
monitored. For a contact element the normal for is equal to zero if the node and the surface
are not in contact, otherwise the contact element normal force has a stress value in order to
prevent penetration of the node into the contact surface. If the total normal force of all the
contact elements is zero, the crack is open. If at the end of the load increment the sum of
the normal forces is not equal to zero the next load increment is applied. If the sum of the
normal forces is zero then the next iteration starts form the unopened state, which was
saved previously. The next iteration of load increments is carried out in the interval and is

divided into 5 increments. If inside this iteration the crack opening is detected, next load
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increment iteration is started where the number of increments is 4 and the analysis is
retarted from the previously saved state. The overall effect of this load increment iteration
yields 5 x 5 x 4 = 100 increments. That can be called as the “resolution” of load
increments. If the last interval is reached crack opening value is calculated as the average
of the load levels of the last interval. One can note that the load incrementation stops if the

crack opening is detected at every load increment iteration. Skinner used a resolution of 20

[7].

The next algorithm developed in the current research is a routine to determine the
crack opening stresses at predetermined load cycle intervals, which enables to increase the
total number of simulated fatigue cycles without increasing the execution time. Figure 3.8.
schematically presents how the routine for the determination crack opening stress (Sop)
value is incorporated in to the load cycles. The maximum and minimum loads are applied
in cycles, and at every maximum load the crack is advanced by the mesh size at the crack
tip ,da, without determining the crack opening stress value. If the start of the predetermined
load cycle is reached, the current state of the analysis is recorded for later restart. From this
point on the routine for the determination crack opening stress value is executed and the
crack opening values is found. With the determination of the crack opening value the
routine stops, records the value and the saved state at the beginning of the load cycle is
recovered. From this point on the application of load cycles continues without determining
the crack opening values until the next predetermined load cycle number is reached. This
routine reduces the execution time appreciable for the same number of cycles if the
predetermined load cycle interval is big. If the predetermined load cycle interval is one,
which means that crack opening value is determined at every load cycle, the execution
time is comparable with the previous method in the literature with a slight decrease in

execution time.
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Figure 3.7. Schematic presentation of the determination of opening stress during
loading for a representative opening stress value. In this figure the detected value is
(Smax-Smin) 47/100. The load steps after crack is fully open are not executed, and are

shown with thin arrows in the figure.
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Figure 3.8. Schematical presentaion of how the routine for the determination crack

opening stress (Sop) value is incorporated in to the load cycles.

With the combination of the two algorithms more cycles could be simulated. Fleck et
al. [10] and Wu et al. [31] have shown a variation in crack opening values even after the
crack has progressed through initial forward plastic zone. Fleck’s results (Figure 2-2b) are
showed a final stabilization after an initial stabilization followed by a subsequent decay in
the crack opening value. In the current research these behaviour is observed. Moreover the
capability of simulating high number of fatigue load cycles, makes it possible that this

routine is used in the analysis of the effects overloads on the fatigue crack growth.
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4. FINITE ELEMENT ANALYSIS RESULTS

Contact elements are implemented into the two dimensional elastic plastic finite
element analysis of fatigue crack closure. The finite element analyses are carried out using
the center crack geometry and the elastic perfectly plastic material properties. The finite
element model basics are explained in chapter 3.1. and the model geometry can be seen in
figure 3.2. The maximum and minimum loads are applied in cycles and the crack is
advanced incrementally at maximum load. For the determination of the crack opening
value a routine is developed and it is applied at predetermined load cycle intervals. With

the use of these newly developed methods high number of load cycles are simulated.

This chapter starts with presentation of the crack opening stress value results, crack
profile changes as the crack advances both at maximum load and at minimum load.
Similarly the changes in the plastic zone as the crack is advancing are plotted. The contact
element normal force values at minimum load are presented. The same results are shown
for plane stress analyses. Than the chapter continues showing the effect of the parameters
that are newly introduced are investigated. These are the effect of the number increments
of the applied load, the effect of the load cycle interval where the opening stress values are

determined are investigated.

4.1. Plane Strain Analysis Results

4.1.1. Crack Opening Stress

The results of two dimensional plane strain elastic plastic finite element analysis of
fatigue crack closure using contact elements can be seen in Figure 4.1. and Figure 4.2. The
normalized crack opening values are plotted against load cycle number. These are the
results for the first 20 load cycles, where the crack opening value is determined at every
cycle and it can be seen that the crack opening values reach a plateau after passing through

the initial forward plastic zone.
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The results are shown in Figure 4.2. These are the result obtained by extending the
analysis to 100 load cycles where the crack opening stress values are determined at every
fifth load cycle after the 20th cycle. It can be seen clearly that the crack opening values
decreases after the initial plateau observed in the previous figure and it stabilizes at a lower

level.

Contact element results are plotted together with the results of Skinner [7] in Figures
4.3 and 4.4. The results of Skinner[7] are for the first 16 cycles. The results are plotted for
the first 20 cycles in Figure 4.3. and the results for the first 100 cycles are plooted in figure
4.4. The results are seen to be in good agreement wit each other for the first 16 load
cycles. But since Skinner’s[7] simulation stops at an early stage the subsequent drop in the

stabilization level can not be observed in his work.

Since the newly developed analysis provides the capability of evaluating crack
opening stress values at cyclic intervals rather than evaluating crack opening stress values
at each cycle, it was possible to observe the crack opening behavior for a prolonged period
with appreciably less execution time. While the execution times of both the method of
Skinner[7] and the present method with the evaluation of crack opening stress at every load
cycle are comparable, the execution time for a 100 cycle analysis with the present method
evaluating crack opening stress values at every fifth cycle is approximately one third of the
execution time required by the method of Skinner. The execution times for a 10 cycle
simulation are listed in Table 4.1. The computer used for the comparison has a CPU of 1.8

GHz, and the RAM is 512 MB.

Table 4.1. Execution time comparison of the present model with the model of
Skinner [7] ran on the same computer.

Method Time

Skinner [7] 36 min 1 sec

Present method
29 min 17 sec
(every cycle)

Present method
12 min 28 sec
(every 5th cycle)
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4.1.2. Crack Profile and Contact stress

The change in the crack surface profile is monitored. The crack surface profiles at the
maximum applied stress are plotted in Figures 4.5, 4.6, and 4.7. for the first, 20th and

100th load cycles, respectively.
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Figure 4.5. Crack surface profile at maximum load at first load cycle.
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Figure 4.6. Crack surface profile at maximum load at 20th load cycle.

Figure 4.7. Crack surface profile at maximum load at 100th load cycle.
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As a summary crack surface profiles at maximum load for the first, 20th and 100th

load cycles are plotted together below, in Figure 4.8.
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Figure 4.8. Crack surface profiles at maximum load for the first, 20th and 100th load

cycles are plotted together.

At the maximum load the plastic zone is identified by plotting the stress contour,
where the equivalent von Mises stress value is equal to the yield stress. These plastic zone
are plotted together for the first, 20th and the 100th load cycles when the maximum load
is applied (Figure 4.9.) . It can be seen how the plastic zone changes as the crack advances.
The plastic zones generated at maximum stress increases as the crack increases, which

turns out to be as expected.
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Figure 4.9. Plastic zone change as the crack advances for plane strain geometry.

The crack surface profiles at the minimum applied stress for the first, 20th and 100th
load cycles are plotted together in Figure 4.10. It can be seen that the contact occurs
mainly at the hump generated when the first load is applied. The first load creates an initial
plastic deformation, which is assumed to be responsible for the hump. Therefore the crack

closes earlier and the plasticity induced crack closure behavior is observed.
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Figure 4.10. Crack surface profiles at minimum load for the first, 20th and 100th load

cycles are plotted together.
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The normal stress values of the contact elements at minimum loads are shown in
Figures 4.11., 4.12 and 4.13, for the first, 20th and 100th load cycles, respectively. The
normal stress values can also be called as the contact stress. Note that in these graphs,
while the positive part shows the crack surface profile in millimeters, the negative values

show the contact stress values.
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Figure 4.11. The crack surface profile and the contact stress values for minimum load at

Ist load cycle. Positive values are for crack surface profile, negative values are contact

stress.
y, mm
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1.00E-05 -
\ —— — crack profile, 20th
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0.00E=8& I y \ /\ y
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-5.00E-06
-1.00E-05
Contact stress, 10GPa

Figure 4.12. The crack surface profile and the contact stress values for minimum load at
20th load cycle. Positive values are for crack surface profile, negative values are contact

stress.
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Figure 4.13. The crack surface profile and the contact stress values for minimum load at
100th load cycle. Positive values are for crack surface profile, negative values are contact

stress.

4.2. Plane Stress Analysis Results

4.2.1. Crack Opening Stress

The results of two dimensional plane stress elastic plastic finite element analysis of
fatigue crack closure using contact elements can be seen in Figure 4.14. The normalized
crack opening values are plotted against load cycle number. These are the results for 25
load cycles, where the crack opening value is determined at every cycle and it can be seen
that the crack opening values reach a plateau after passing through the initial forward
plastic zone. As stated in the literature the plane stress crack opening stress values should
be higher than the values for plane strain. Plane strain and plane stress analysis results are

compared in Figure 4.15.
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4.2.2. Crack Profile and Contact Stress

The change in the crack surface profile is monitored. The crack surface profiles at the
maximum applied stress are plotted in Figures 4.16, 4.17, and 4.18. for the first, 15th and

25th load cycles, respectively.

] T

||||||
T

Figure 4.16. Crack surface profile at minimum load at 1st load cycle for plane stress

analysis.

TR FHEH
T T O T I

Figure 4.17. Crack surface profile at minimum load at 15th load cycle for plane

stress analysis.



48

[P Eii e raiar
T e AR 1 SN R |

Figure 4.18. Crack surface profile at minimum load at 25th load cycle for plane

stress analysis.

As a summary crack surface profiles at maximum load for the first, 20th and 100th

load cycles are plotted together below, in Figure 4.19.

y, mm

1.60E-04

1.40E-04

1.20E-04
1.00E-04 -

8.00E-05
6.00E-05 -

4.00E-05
2.00E-05 -

0.00E+00
0

0.005 0.01

0.015 0.02 0.025 0.03 0.035 0.04

X, mm

Figure 4.19. Crack surface profiles at minimum load for the first, 15th and 25th load

cycles are plotted together for plane stress analysis.
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The crack surface profiles at the minimum applied stress for the first, 15th and 25th

load cycles are plotted together in Figure 4.20. It can be seen that the contact occurs

mainly near the crack tip. A hump is not developed as it was developed in plane strain

conditions.

y, mm

3.00E-05

2.50E-05 -

2.00E-05 -

1.50E-05 -

5.00E-06

1.00E-05 |

0.00E+00

D

-5.00E-06

0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.p4

X, mm

Figure 4.20. Crack surface profiles at minimum load for the first, 15th and 25th load

cycles are plotted together.

The normal stress values of the contact elements at minimum loads are shown in

Figures 4.21., 4.22 and 4.23, for the first, 15th and 25th load cycles, respectively. Note

that in these graphs, while the positive part shows the crack surface profile in millimeters,

the negative values show the contact stress values.
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Figure 4.21. The crack surface profile and the contact stress values for minimum load at

Ist load cycle for plane stress analyses. Positive values are for crack surface profile,

negative values are contact stress.
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Figure 4.22. The crack surface profile and the contact stress values for minimum load at

15th load cycle for plane stress analyses. Positive values are for crack surface profile,

negative values are contact stress.
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Figure 4.23. The crack surface profile and the contact stress values for minimum load at
25th load cycle for plane stress analyses. Positive values are for crack surface profile,

negative values are contact stress.

4.3. Effect of Related Parameters

The new parameters related to the implementation of contact elements and to the
developed routine for the determination of closure opening stress values are investigated.

Te results presented here are for the plane strain elastic-plastic finite element analysis of

center cracked specimen.

According to the newly developed algorithm, the crack opening stress value can be
determined at predetermined load cycle intervals. The effect of the load cycle intervals is
shown in figure 4.24. Since all the data points coincide, and the values are exactly the

same, the load cycle interval does not have an effect on the results.
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The determination crack opening level can be accomplished by applying the load in
increments, which may be called as the resolution of the opening stress evaluation. The
effect of the resolution while determining crack opening stress is shown in Figures 4.25.

and 4.26. The analysis shows that the resolution has negligible effect on the results.
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5. CONCLUSION

Contact elements are implemented into the finite element analysis of fatigue crack
closure to predict crack opening stress values, by developing a code using ANSYS

Parametric Design Language(APDL).

A routine is developed to determine crack opening stress values at predetermined
load cycles. Since the newly developed analysis provides the capability of evaluating crack
opening stress values at cyclic intervals rather than evaluating crack opening stress values
at each cycle, it was possible to observe the crack opening behavior for a prolonged period
with appreciably less execution time. While the execution times of both the method of
Skinner[7] and the present method with the evaluation of crack opening stress at every load
cycle are comparable, the execution time with the present method with crack opening
stress values evaluated at every fifth cycle is approximately one third of the execution time

required by the method of Skinner.

With the possibility of observing crack closure behavior for a large number of load
cycles, typically 100, it was observed that following an initial stabilization after the crack
has progressed through initial forward plastic zone, a subsequent decay and further

stabilization is occurred.

Plane stress analyses are carried out and are compared with the plane strain analysis
results. It can be seen that, as expected, the plane stress crack opening values are higher

and stabilize earlier.

Plasticity induced fatigue crack closure occurs because of the plastic deformation
near the crack tip. Therefore the crack surface profiles both at maximum load and
minimum load are plotted as the crack is advanced. The hump generated by the initial load
is the main cause of crack closure in plane strain, whereas in plane stress analyses the
closure occurs behind the crack close to the crack tip. Contact stress values support this

observation.
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The newly introduced parameters related to the implementation of contact elements
are investigated. The effect of the load application increments, which can be thought as a
resolution, has negligible effect on the determination crack opening stress. The load cycle

interval, at which crack opening stress is evaluated, has no effect on the results.

As a further research the model can be extended to model three dimensional fatigue
crack closure. With the capability of simulating high number of load cycles, the present
model can be used as a tool for the investigation of the effects of overloads in fatigue crack

growth.
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APPENDIX

The code written in ANSYS Parametric Design Language (APDL) for the modeling
of fatigue crack closure with contact elements is presented here. The code consists of

several modules. Each module is listed in the following pages.

Main code
appbcs.mac
strtcyc.mac
firstload.mac
appload.mac
selctnodes.mac
advancecrack.mac
clearrst.mac
lload.mac
unnload.mac
loadcrack.mac

recover.mac



!/batch
/FILNAM.,cl05

/title, crack closure(05

/output,sopresult,txt,,append
*vwrite,2d_psn_','100_pcg'

(a8,a8)

Main Code

/output !
strsMax=150e6
strsMin=0

nlc=3

! t thickness; w width;
! ¢ crack length x
!'a crack length z

! da crack advance

t=0

w=0.230
height= 0.460
c=0.0279
1c=0.023

a=0
da=0.00018

loading

number of load cycles

geometry
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! material properites
E=70e9

YS=350e6

HTAN=0

! mtype
! 2D :center cracked 2-D
! TC :center cracked 3-D

mtype="2D'

! crack growth parameters
! ncgecut number of cuts to nodal reaction force during crack advance
!I' cgerf factor to reduce nodal reaction force during advance nodeforce=

nodeforce/cgerf

ncgecut=5

cgerf=2

! jobname

*get,JN,active,,jobnam

! apply boundary conditions

AppBcs

! file system

! bdrive: drive

! bdir : dir for back-up after every load step



! maxdir :back-up at max load

! mindir :backup at min load

bdrive='c:'
bdir="backup'
maxdir="\maxload'
mindir="\minload'
advdir="\adv'
Sopdir="\Sop'
sopmdir=\Sopm'
workdir="ansyswd'
rundir1="\run'
rundir2="0808'

/solu

! load increments as percentage of range (smax-smin)

! libco :loading, before any node opening
!'lidco :loading, during crack opening

! liaco :loading, crack is fully open
!'uibcc :unloading, before any node closes
!'uidcc :unloading, during crack closing

!'uiacc :unloading, crack is fully closed

libco=0.05
lidco=0.025
liaco=0.10
uibcc=0.05
uidec=0.025

uiacc=0.10
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! non linear options

solcontrol,on
nsub, 1
neqit,500
nropt,full,,on

eqslv,pcg,1.0e-4

Iresume control ansys 5.6 or greater

Irescontrl,define,none,none

! start

nlc=100

StrtCyc
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appbcs.mac

/prep7

shpp,off

lemmm bilinear kinematic hardening
mp,ex,1,E

tb,bkin,1,1,1,,

tbmodif,2,1,ys

tbmodif,3,1,htan

! look
*if,mtype,eq,2D',then

et,1,plane4?2,,,2,,

! kopt(3)=0 ! plane stress

! kopt(3)=2 ! plane strain

! kopt(3)=3 ! plane stress w thickness
*else

et,1,solid45,,,,,

*endif

! read node and elem data
mat,1,

type, 1

real,1

!

NRRANG,1,999999,1,
NREAD,meshh,cdr,,

ERRANG,1,999999.1,
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eread,meshh,elm

nsel,s,loc,y,0
nsel,r,loc,x,c,1000000
nsel,u,loc,x,0,c-da*0.25

d,all,uy,0

! block for negative R
nsel,s,loc,y,0

nsel,r,loc,x,0,c
nsel,u,loc,x,c-0.3*da,c+0.3*da
cm,csnodes,node

! X direction

nsel,s,loc,x,0
d,all,ux,0

nsel,all

! 3d z direction

! nsel,s,loc,z,0
!d,all,uz,0

nsel,all

! crack mouth nodes ..cmnodes
nsel,s,loc,x,0
nsel,r,loc,y,0

cm,cmnodes,nodes

cmsel,all
nsel,all

esel,all
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! create contact elements

ET,2,CONTAC26,0
R,2,1el2,,,
'R,1,1e10,,0,1e8
type,2

real,2

wdt=0.2
*get,ground1,node,,num,max
groundl=ground1+1
ground2=ground1+1
n,ground1,-0.001,0
n,ground2,wdt,0
nsel,s,loc,y,0

nsel,r,loc,x,0,wdt

*get,nsnodes,node,,count

nodno=0
*do,jj,1,nsnodes
nodno=ndnext(nodno)
*if,nodno,ne,ground1,then
*if,nodno,ne,ground2,then
e,nodno,ground1,ground2
*endif
*endif

*enddo

/prep7
! modify real constants

Insel,s,loc,y,0
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nsel,r,loc,x,c,1000000
nsel,u,loc,x,0,c-da*0.25
Insel,u,,,ground2
'ESLN,S

'ESEL,R, TYPE,,2
'EMODIF,all,REAL,2,

nsel,all

d,ground1,ALL ,0,
d,ground2,ALL ,0,

! end of contact elements
cmsel,all

esel,all

nsel,all

'wsort,all,0

save
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strtcyc.mac

Inlc total number of load cycles

Inls number of intervals for s zero

autots,off
Inumber of substeps

stepno=5

/output,status,txt,,
*ywrite,'l. load','start'
(al0,al0)

/output

firstload

clearrst,bdrive,bdir,maxdir

/output,status,txt,,append
*ywrite,'l. load','end’
(al10al0)

/output

/postl

/SHOW file,grph,
/GFILE, 600,
/DEVICE,VECTOR,1
/PLOPTS , MINM,0
/PLOPTS,INFO,1
/PLOPTS,LEGI,1
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/PLOPTS,LEG2,1
/PLOPTS,LEG3,1
/PLOPTS,FRAME,1
/PLOPTS,TITLE,1
/PLOPTS ,MINM,0
/PLOPTS,LOGO,0
/PLOPTS,WINS, 1
/PLOPTS,WP.,0
/TRIAD,ORIG
eplot
/CLABEL,1,-1
/DSCALE,1,30
/CVAL,1,349¢6,
/CLABEL,1,-1
/focus,1,0.036,0
/DIST, 1,1/18,1
replot

!

PLDISP,0
PLNSOL,S,EQV,0,1
finish

/SHOW term

/solu

ij=0

*do,1,1,nlc

*if ,i,le,20,then
nls=1

*endif

*if ,1,gt,20,then
nls=5



*endif

j=ij+1
/output,status,txt,,append
*ywrite,'advance',1,'start’'
(al0, £5.0,a10)
/output

advancecrack,i

/output,status,txt,,append
*ywrite,'advance',1,'end’
(al0, £5.0,a10)

/output

clearrst,bdrive,bdir,advdir
/output,status,txt,,append

*ywrite,'unload',i,'start'
(al0, £5.0,a10)

/output

unnload,i

/output,status,txt,,append

*ywrite,'unload',i,'end'
(al0, £5.0,a10)

/output

clearrst,bdrive,bdir,mindir

*if ,ij,eq,nls,then



/output,status,txt,,append

*ywrite,-load-So',1,'start’
(al0, £5.0,a10)

/output

save, Smin%i% %jn%,db
/prep7
wsort,all,0

/solu

loadcrack,i

/output,status,txt,,append

*ywrite,'-load-So',1,'end’
(al0, £5.0,a10)

/output

' recover emat (0 th state) "one shot loading"

finish
/del,JN,emat,
/del,JN,esav,
/del,JN,db

/copy,minn,emat,,JN,,
/copy,minn,esav,,JN,,
/copy,minn,db,,JN,,
/del,minn,emat,
/del,minn,esav,

/del,minn,db
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/solu
resume

parres,,minn,par

ij=0

*endif

/output,status,txt,,append
*ywrite,'load',1,'start’'
(al0, £5.0,a10)
/output

/prep7
wsort,all,0
/solu

lload,i

*if ,ij,eq,0,then
save, Smax %1% %jn%,db

/postl
PLNSOL,S,EQV,0,1
/SHOW file,grph,
/DEVICE,VECTOR, 1
replot

/SHOW term

finish

*endif
/output,status,txt,,append
*ywrite,'load',1,'end'

(alo, £5.0,a10)
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/output

clearrst,bdrive,bdir,maxdir

*enddo
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firstload.mac

!"apply max load on first cycle

! calculate elastic limit

!/solu

lappload,height, 1
lautots,off

Isolve

!/postl

Insort,s,eqv,1,0
I*get,maxstrs,sort,max
!/solu
lappload,height,ys/maxstrs
Itime,(ys/maxstrs)*0.45,/(strsmax)
Isolve

Isave

appload,height,strsmax
lautots,on
nsubst,stepno
time,0.45

nsel,all

esel,all

solve

save
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appload.mac

! usage

! appload,height, pressure

nsel,s,loc,y,argl
!d,all,uy,arg2
sf,all,pres,(-1)*arg2

nsel,all
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selctnodes.mac

! to select nodes at the crack tip at load cycle N
! usage

! selctnodes,n

nsel,s,loc,y,0

nsel,r,loc,x,c+da*(argl-1.25),c+(argl-0.75)*da

!'local,11,1,0,0,0,0,90,0,(a+da*(argl-1))/(c+da*(argl-1))
! nsel,s,loc,x,c+da*(argl-1.45)*da,c+(argl-0.55)*da
! nsel,r,loc,z,0

Icsys,0
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advancecrack.mac

I'advane crack uniformly by one element

! syntax Advancecrack, loadcyclenumber

/solu

nsubst,1,1,1

selctnodes,argl
*get,nnodes,node,,count

nodno=0

*do,jj,1,nnodes
nodno=ndnext(nodno)
*get,noderf,node,nodno,rf,fy
ddele,nodno,uy

! f,nodno,fy,noderf

*enddo

nsel,all

esel,all

'R,2,10,
Itimevar=0.45+0.05/(ncgecut+1)+(argl-1)
Itime,timevar

Isolve

Isave

*do,j,1,ncgecut-1

selctnodes,argl

nodno=0
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*do,jj,1,nnodes
nodno=ndnext(nodno)
*get,noderf,node,nodno,f,fy
f,nodno,fy,noderf/cgerf

*enddo

nsel,all

esel,all

finish

/solu
antype,,rest
timevar=0.45+(j+1)*0.05/(ncgecut+1)+(argl-1)
time,timevar

solve

save

*enddo

selctnodes,argl

nodno=0

*do,jj,1,nnodes
nodno=ndnext(nodno)
*get,noderf,node,nodno,f,fy
fdele,nodno,fy

*enddo

nsel,all

esel,all

finish

/solu
antype,,rest

timevar=(arg1-0.5)
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time,timevar
solve

save

! modify real constant

/prep7

Iselctnodes,argl

'ESLN,S
'ESEL,R,TYPE,,2
'EMODIF,all,REAL,1,
!/solu

lesel,all

Insel,all
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clearrst.mac

! to save disk space

! deletes *.rst

! usage

! clearrst,bdrive,bdirl,bdir2

! clearrst,bdrive,bdirl,"

finish
Ipltzone

!/copy,,rst,,,, Yoargl Yo %arg2 % Joarg3 %

/copy,.emat,,,, %oarg1 % Joarg2 % Yoarg3 %
!/copy,,o0sav,,,,%argl % %oarg2 % Yoarg3 %
/copy,,esav,,,,Yoargl % %oarg2 % Yoarg3%
!/copy,,mntr,,,,%arg1 % %arg2 % %oarg3 %
/copy,,db.,,,,%argl %o %arg2 % Joarg3 %
/delete,,rst

/solu

antype,,rest
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lload.mac

! apply max load

/solu
appload,height,strsmax
lautots,on
nsubst,stepno

nsel,all

esel,all

time,arg1+0.45

solve

save
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unnload.mac

!"apply min load

'R,1,1e10, ,0,1e7,
appload,height,strsmin
lautots,on
nsubst,stepno

nsel,all

esel,all

time,argl

solve

save
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loadcrack.mac

! loadcrack

! determination crack opening stress

! smaxlim

! /5

! /4

' /3

' /2

/71

! sminlim

!

! slevel: refinement (1) 5x (2) 5x (3) 4x

I stepent: step at each slevel

! divider max step at each slevel

l'ijk do loop counter, actually dummy

! openstat: state of contact elements: O closed, 1 open
! cumforce: cumulative force to detect whether all elements are open

!"a folder is needed..:Sop

smaxlim=strsmax

sminlim=strsmin

stepcnt=0
slevel=0
divider=5
openstat=0

cumforce=0



Irecord for backup,

finish

! /copy, fhamel,extl,dirl, fname2, ext2, dir2

save

parsav,,minn,par

/copy,JN,emat,,min,,
/copy,JN,esav,,min,,
/copy,JN,db,,min,,
/copy,JN,emat,,minn,,
/copy,JN,esav,,minn,,

/copy,JN,db,,minn,,

finish

/solu

nsubst,2,2,2
/output,status,txt,,append
*vwrite,'S opening'

(al0)

(al0)

/output

+do,ijk,1,15

! recover emat file

finish

parsav,,min,par

/del,JN,emat,
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/del,JN,esav,
/del,JN,db
/copy,min,emat,,JN,,
/copy,min,esav,,JN,,
/copy,min,db,,JN,,

/solu

resume,,,,

parres,,min,par

stepcnt=stepcnt+1
sdelta=(smaxlim-sminlim)/divider

s=sdelta*stepcnt+sminlim

/solu
appload,height,s

nsel,all
esel,all

finish

/solu

antype,,rest
solve

' save, Sop%ijk%,db

save

finish

/del,cur,emat,

/del,cur,esav,

/del,cur,db
/copy,JN,emat,,cur,,
/copy,JN,esav,,cur,,

/copy,JN,db,,cur,,



/solu

! check contact elements

esel,all

/postl
ESEL,S,TYPE,,2
*get,nselem,elem,,count

elemno=0

/output,status,txt,,append

(al0)

*ywrite, smaxlim:',smaxlim
(al0, £30.1)
*ywrite,'sminlim:',sminlim
(al0, £30.1)
*ywrite,'sdelta:',sdelta
(al0, £30.1)
*ywrite,'divider:',divider
(al0, £30.1)
*vwrite,'stepcount:',stepcnt
(al0, £30.1)
*vwrite,'steplvl:',slevel
(al0, £30.1)

*ywrite,'s:',s

(al0, £30.1)

/output

cumforce=0

*do,jjj,1,nselem

openstat=0 or 1 (explicitly)
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elemno=elnext(elemno)

! *get,elemgap,elem,elemno,nmisc,3

*get,elemf,elem,elemno,smisc, 1

! *get,nodno,elem,elemno,node, 1

! nxloc=nx(nodno)

! ndang=nz(nodno)

! nodestat=0
cumforce=cumforce+elemf

*enddo

*if,cumforce,It,0,then
openstat=0

*else
openstat=1

*endif

/output,status,txt,,append
*ywrite,'cumforc:',cumforce
(al0, £30.1)
*vwrite,'openstat:',openstat
(al0, £30.1)

/output

! check contact elements

*if ,openstat,eq,0,then
finish

openstat=0 or 1 (explicitly)
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/del,JN,rst
/del,min,emat,
/del,min,esav,
/del,min,db
/copy,cur,emat,,min,,
/copy,cur,esav,,min,,
/copy,cur,db,,min,,
/postl

*endif

*if ,openstat,eq, 1,then
sminlim=s-sdelta
smaxlim=s

! recover emat file

cumforce=0

finish
/solu

antype,,rest

stepcnt=0
slevel=slevel+1

*endif

*if,slevel,eq,2, then
divider=4

*endif
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*if,slevel,eq,3,then
! write s(this step):smaxlim, sprevious step:sminlim
/output,status,txt,,append
*vwrite,'s(step)','smaxlim',’ s prev','smin’
(al0, al0)

*ywrite,' R ,

(al0, al0)

*ywrite,smaxlim,sminlim

(£30.20, £30.20)

/output

outl=argl
out2=(smaxlim+sminlim)/2

/output,sopresult,txt,,append

*ywrite,outl,".',out2

(f5.0,a1,£30.5)

/output

*exit

*endif

! record for backup, delete rst

Iclearrst,bdrive,bdir,sopdir

*enddo

finish
/del,cur,emat,

/del,cur,esav,
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/del,cur,db
/del,min,emat,
/del,min,esav,
/del,min,db
finish

/solu
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recover.mac

save
finish
Ipltzone

!/copy,,rst,,,, Yoarg1 Yo %arg2 % Joarg3 %

!/copy,,emat,'c:\backup\max3\,,,'c:\ansysworkspace\run\04 1 1closure 19\,
!/copy,,osav,'c:\backup\max3\',,,'c:\ansysworkspace\run\04 1 1closure 19\,
!/copy,,esav,'c:\backup\max3\',,,'c:\ansysworkspace\run\041 1 closure 19\,
!/copy,,mntr,'c:\backup\max3\',,,'c:\ansysworkspace\run\04 1 1closure 19\
!/copy,,db,'c:\backup\max3\',,,'c:\ansysworkspace\run\04 1 1closure 19\,
!/copy,,rst,'c:\backup\max3\',,,'c:\ansysworkspace\run\04 1 1closure 19\,
!/copy,.tri,'c:\backup\max3\',,,'c:\ansysworkspace\run\041 1 closure 19\,
!/copy,.full,'c:\backup\max3\',,,'c:\ansysworkspace\run\04 1 1closure 19\

/del,,emat,

/del,,osav,
/del,,esav,
/del,,db
/del,,dbb
/del,,rst

/del,,tri
I/del,,full
!/del,, MNTR

/copy,.emat,%arg1 % %oarg2 % %oarg3%,,, Yoar g4 % YoargS %o Joargb% Yoarg7 %
/copy,,esav,%argl % %arg2 % Yoarg3%,,,%oargd % YoargS % Yoargb % Joarg7 %
/copy,,db,%argl % %oarg2 % %oarg3%,,,J%oargd % YoargS % Yoargb % Joarg7 %

parsav
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resume,,,,

parres

/solu

antype,,rest
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