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ABSTRACT

The progressive nature of fatigue damage under biaxial loading has
been Tnvestigated, Experiments were performed on thin-wall tubular
specimens of 1045 steel in tension, torsion, and combined tension-
torsion loading. Two equivalent strain amplitudes, one in the high
cycle fatigue (HCF)} regien and one in the low cycle fatigue (LCF) region
were employed in this study for all loading patterns., The test program
included constant amplitude loading and variahle amplitude loading, Two
types of variable loading patterns, step loading and hlock loading, were
selected.

Different types of crack systems were formed in the HCF and LCF
regions. In the HCF region, cracks nucleated on a few planes. Usual 1y
one of them grew into a dominant crack and led to failure. This type of
cracking is called Typed-S (side) crack system, In the LCF region,
equally developed microcracks are observed over the entire gage
section. The failure 1is due to a 1linking process in which the
microcracks join up during the last few cycles of the fatigue life,
This type of cracking is called Type-R (ring) crack system,

Two approaches, the damage curve approach and the fracture
mechanics approach, were selected to analyze the test results. The two
crack systems can be analyzed by the damage curve approach. The results
showed that the damage curve for pure tension can be used to evaluate
damage behavior under combined tension-torsion within the tested strain
ratios. Fatigue lives under variable amplitude loading can be predicted
from constant amplitude damage curves if a single type of crack system

dominates the fatigue process. During block loading, two competitive



crack systems can be developed in a singie specimen. This results in
conservative prediction of the fatigue life.

The fracture mechanics approach is only applicable for Type-$
crack. The mixed mode sma11 crack growth rate can be correlated with
the strain based intensity factor and total energy release rate., The

agreement with the long crack data justified the approach,
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NOMENCLATURE

crack depth

reference value to normalize crack depth

number of blocks at specific block loading

number of blocks to failure at specific block loading
weighted crack density

reference value to normalize weighted crack density
half surface crack length

damage parameter

Young's modulus

complete elliptic integral of the second kind

complete elliptic integral of the first kind

shear modulus

total energy release rate

mode I, II, or IIT stress intensity factor (i=I, II, or III)
equivalent stress intensity factor

equivalent strain based intensity factor

aspect ratjo (= a/c)

surface crack length (= 2c¢)

reference value to normalize surface crack length

half surface crack length or crack depth

number of cycles to failure at specific loading level
number of cycles at specific lnading level

number of cycles for initiation phase
strain ratio in strain controlled test (Eﬁin max)
number of cracks per unit area

specimen thickness

step function

cycle ratio (= n/N)

cycle ratio (= n'/N)

mode I, 1T, or IIl geometry factor (i=1, 2, or 3)
experimental sum of cycle ratios

predicted sum of cycle ratios

strain ratio {shear strain/axial strain)
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relative cycle ratio within a block

cycle ratio at specific loading level

Von Mises type equivalent strain range [= (A52+A-f2/3)1/2]

nominal tensile stress normal to the crack plane

nominal shear stress along the crack plane

parametric angle of the ellipse

Poisson ratio i
total tensile strain amplitude normal to the maximum shear
strain plane

total maximum shear strain amplitude

directional anyle of surface crack



1. INTRODUCTION

1.1 Description of the Problem

One of the unresolved problems in fatigue under variable amplitude
loading appears to be fatigue damage, Any attempt to evaluate
cumulative damage in terms of basic fatigue behavior is hampered by a
lack of detailed understanding of mechanisms in simple fatigue tests, A
number of analytic approaches have been developed and are illustrated in
Fig. 1. A review paper by Kaechele [1] pointed out that in order to use
basic fatigue data in designing structures to withstand Toading cycles
of many different levels, it is necessary to determine (1) how damaye
progresses at one loading level and (2) how to properly add together the
damaye produced by each loading cycle when different cycles are mixed
together,

At least three characteristics are involved in the fatigue damage
process; they are:

(1) Double phases in fatigue Tlife, i.,e. an initiation phase
consisting -of crack nucleation and microcrack growth and a
propagation phase of macroscopic crack growth [2,3].

{2) Nonlinearity of damage accumulation, In other words, damage is
stress or strain amplitude dependent [4,5].

(3) Interaction effect between different stress or strain
amplitudes [6,7].

Most of the damage theories do not account for the above three

characteristics simultaneously, Understanding the interaction effect is

the key to solving fatigue damage problems. In general, the interaction



effects under variable amplitude loading could be retated te cracking,
residual stress, crack closure, crack hlunting and cyclic strain-
hardening, In the case of a sharply notched member, the crack growth
behavior will be strongly related ta plastic deformation around the
crack tip. For a small crack (between 20 microns and I mm) in a smooth
specimen, the bulk plastic strains are important. For small crack
problem the interaction effect by different crack systems, if present,
will be crucial to understanding fatigue damage problems,

One of the early cumulative damage studies by Marco and Starkey [&]
divided the fatigue 1life into the regions. They tested an aluminum
atloy and 4340 steel with the results shown 1n Fig, 2. Two types of
crack systems were classified on the basis of crack development and the
fracture surface appearance. In the high cycle fatigue (HCF) region, a
crack usually started at only one point on the side of the specimen and
propagated across the specimen to final failure. The failure crack grew
into the specimen from one side and was called Type-S (side) failure,
In the low cycle fatigue (LCF)} region, microcracks started at a large
number of points around the circumference and propagated independently
and uniformly toward the center where final rupture occurred, The
appearance of fatigue surface was a thin ring and was called Type-R
(ring) failure. The transition from Type-R to Type-S crack systems
occurred between 10% and 10° cycles for 4340 steel. Wood [8] studied
copper and brass and also observed the existence of two different damage
regions in the S-N curve. The high stress damage region is associated
with massive dislocation movements and a "static" type of fracture, The

low stress damage region is characterized by fine slip concentrated on a



few planes. Damage caused in these two regions do not differ in degree,
but differ in kind. Under high stress amplitude loading, the failure
crack resuits from a linking process; a process similar to the tearing
of perforated material [9]. Later Porter and Levy [10] and Benham and
Ford [11] also confirmed two different fatigue mechanisms,
Freudenthal (121 suggested that the mechanism of cumulative damage under
a combination of high and low strain amplitudes is quite different from
the damage mechanisms in either the high strain or the low strain alone
and more damaging than would be the sum of the two.

In the last twenty years, few papers reported the different crack
systems. Since Paris and Erdogen [131 proposed propagation law for a
single dominant crack (Type-S crack) and FElber [14] suggested the
tmporidance of crack closure behavior for the long Type-S crack, the
fracture mechanics approach for propagation has been employed by many
researchers [15], Many engineering components involve thermal and/or
mechanical cyciing in LCF region. Before applying fracture mechanics, a
serious Tlimitation should be considered, Under complex loading is
stressed body going to develup a Type-5 crack? If the answer is
uncertain, then the applicability of this approach in design process
becomes gquestionable. Fracture mechanics cannot deal with the continuum
damage nature of the Type-R crack system.

In many practical situations the loading conditions of structural
members and machine components are complex. For example, 1in the
automotive fJndustry, parts such as crank shafts are subjected to
simultaneous bending and torsion; in the power plant industry, pipes are

subjected to biaxial or triaxial stresses. Life prediction of parts



subjected to multiaxial fatigue is of prime importance for reliability
and safety, Many studies have been conducted with variable amplitude
cyclic loading, Most of these investigations have resulted in theories
to predict fatigue life under uniaxial variable loading. However, much
of the damaye occurs in biaxial or triaxial stress/strain states. Ffew
papers have studied fatigue damage under multiaxial stress states.
Bltatherwick and Viste [16] investigated two-level step Tloading under
biaxial stress condition, McDiarmid [17] studied the effect of

principal stress ratio under biaxial loading,

1.2 Approacnes to the Problem

For a Type-S crack under biaxial stress/strain state, fracture
mechanics may be used to analyze crack growth behavior, For the problem
of different crack systems involved, other approaches must be considered
(see Fig. 1}. In this study, the damage curve approach is employed to
analyze two different crack systems,

The damaye curve approach is developed in Chapter 3, Half of the
chapter 1is given to describe the fatigue damage behavior under constant
amplitude locading. Two different crack systems are confirmed and the
process of  fatigque damage is described by phenomenclogical
vbservations, The damaye curve dapproach is Lhen used Lo ygenerdle damgge
curves for the two crack systems. The fatigue damage behavior under
different Tloading modes 1is compared, Recent damage theories are
examined and compared with experimental observations. The later half of
the chapter 1is yiven to describe fatigue damage under variable

loading. Fatigue damaye caused by the interaction of two different



crack systems 1is examined in detail. The fatigue lives of variable
loading test are predicted from constant amplitude damage curves.

The Type-S crack growth under bfaxial locading 1s anaiyzed'by the
fracture mechanics approach in Chapter 4, The applicability of the
approach for mixed mode small crack growth is investigated. Results for

small cracks are compared with long crack data.



2. EXPERIMENTAL PROGRAM

2.1 Material and Specimens

Hot-rolled 1045 steel (63,5 mm diameter) in the normalized
condition was used in this investigation, The investigation is part of
Society of Automotive Engineers Fatigue Design and Evaluations Committee
biaxial test program, Related studies can be found in Refs. [18,19].
The unetched microstructure 1is shown in Fiy, 3, Note the sulfide
inclusions in the direction of rolling, They are approximately 0,1 mm
long. Mechanical properties are given in Table 1. Tests were conducted
using thin-wall tubular specimen shown in Fig. 4. Finite element
analysis showed that the axial strain gradient along the gage length was
less than 2 percent. The torsional strain gradient along the surface
was nearly zero and the torsional gradient between the inner and outer

surfaces was 15 percent.

2.2 Test Procedure

Standard machine <collets are wused to grip the ends of the
specimens, An internal extensometer, shown in Fig. 5, was designed so
that the outside surface of the specimen could be easily replicated with
acetyl cellulose film to monitor crack formation and growth., Axial
displacements were mcasurcd and controlled with an LVDT located on the
centerline of the specimen and rotations with an RVDT. Coupling between
the two measurements was less than 1 percent. Test were conducted on an
MTS Model 809 tension-torsion machine that was modified to increase the
torsional stiffness, An MTS Model 4A3 processor/interface was used for

computer control and data reduction of the tests.



Specimens were polished to eliminate scratches that might be
interpreted as small cracks. Final polishing was done with 0.5 micron
aluming, Standard metallographic acetyl cellulose film was used to
record the surface of the specimens during fatigue. Methyl acetone was
applied to the surface with a syringe and the film placed around the
gage length of the specimen, Considerable improvement in the quality of
the replica can be obtained by using high grade methyl acetate rather
than distiiled acetone. After removing the replica from the specimen,
it was placed between glass slides. Several techniques were attempted
to observe the details of the replicas including SEM observation
incorporated with evaporation or sputtering of conductive films. The
easiest and most reliable method for observation of the replicas is
using an optical microscope and illuminating Lhrough the replica.

hrrplibiads.
2.3 Constant“Loading

Four Von Mises equivalent strain amplitudes were selected for these
tests; 1.0, 0.43, 0.22, and 0.15 percent. Failure was defined as 10
percent axial load drop in all of the tests excepl pure torsion
loading, In the pure torsion tests, 10 percent torsional load drop was
used. Five strain ratios (X = shear strain/axial strain) were employed
in this study. The case of A = 0 is pure tension, and A = ®» is pure
torsion. Ratios of 0.5, 1 and 2 are combined tension-torsion leading.
A1l tests were conducted under completely reversed strain-controlled

conditions at room temperature,



2.4 Variable Loading
Two types of variable loadings were selected to study the
interaction of two different crack systems. The loading patterns are

shown 1in Fig. 6,

7.4.1 Step Loading

Von Mises type equivalent strain amplitude of 1.0 percent and
0.22 percent were selected for the two-level step loading. The first is
in the LCF region and the other is in the HCF region. Three different
strain ratios, XA = 0, 1, and = were employed in this series of tests.
High-low and low-high loading sequences were included 1in the test
program to examine sequence effect, The test was run approximately for
halt of the constant amplitude life at the first level then changed to
second level until failure occurred, To isolate the mean stress effect,
the second level of low strain amplitude was run with mean strain so

that the mean stress was zero.

2.4,2 Block Loading

Five loading parameters are needed to specify a two-level
block loading,. (1) For 1loading levels, values of equivalent strain
amplitudes of 1,0 and 0.22 percent were employed. (2) Far loading mode,
one strain ratio A = 1 was tested. (3) High-Tow and lTow-high loading
seguences were included to examine the eftect of the first sub-block.
(4) Number of cycles within a block were selected so that each block
would contribute 10 percent of the fatigue damage as determined by

Miner's linear damage rule [207. (5) The relative cycle ratio is



defined as the low strain cycle ratio divided by the high strain cycle
ratio in the loading block. Five relative cycle ratios were tested for
each loading sequence: 0.05, 1, 1.8, 4, and 1Y, For example, if the
relative cycle ratio equals 1, the high and low strain amplitude cycles
contribute equally to the damage when the damage is accessed by Miner's

linear rule,
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3. DAMAGE CURVE APPROACH

3.1 Introduction

Since the linear damage rule [20] was proposed, a number of
investigators have proposed theories to account for the nonlinearity of
damage accumulation. In some of the proposed theories, an attempt has
been made to relate concept of damage to the life of a material

subjected to a complex stress loading.

3.1.1 Early Studies
Ricnard and Newmark [47 introduce the concept of nonlinear
damage curves as Fig, 7 shown, Various curves on a damage-cycle ratio
diayram were assumed to represent the process of Taflure at different

loading levels, The functional relation is given by:

N =x (3.1)
where
x = n/N
and
o = a constant which depends on loading amplitude.

Note the special case of p = 1 corresponds to Miner's linear damage
rule, Later Marco and Starkey [83 deduced the value of p should be
larger than 1 based on results of their sequential-load tests. Hence
the damage curve should be concave and upward, Grover [2] suggested the
double 1linear damage rule in which Miner's rule was applied to

initiation and propagation phases separately.
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3.1.2 Recent 5Studies
Four damaye models that have been proposed within the last

ten years will be evaluated and are briefly described below,

3.1.2.1 Chaboche Mpdel
This model is based on the physical idea that a
crack 1s preceded by a progressive internal deterioration of the
material, Under a completely reversed strain-controlled test, an
effective stress concept [21] is used to measure the decrease in tensile
load-carrying capability. Chaboche [22] used this concept and proposed
the following form for fatigue damage:

D=1 -[1-x/lagl/le (3.2)

where a i3 an exponent that depends on the applied loading amplitude

and B is a material constant.

3.1.,2,2 Llemaitre-Plumtree Model
Similar to the form of Chaboche, this model [23]
includes only one material parameter which is dependent on the applied
loading amplitude. The differential form of the damage equation was
that of Kachanov's work [24] and modified to take into account the

nonlinear damaye accumulation, Fatigue damage is given by:

D=1-(1-x?/0* | (3.3)
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where b is the material parameter that depends on the loading amplitude

and describes the rate of damage accumulation,

3.1.2.3 Manson model
Manson and his associates first employed the double
linear damage rule in 1967 [25]. Later Manson and Halford [26] modified
the method to obtain a governing equation for the rule, The derived
equation is based on the damage curve concept in which a crack growth
model is involved., The form of the model is given by:

g
p=xN (3.4)

where f and g are material constants which are independent of the

applied loadiny amplitude.

3.1.2.4 Fong Model
A conceptual definition of fatigue damage was
proposed by Fong in 1982 [2717. Damage rate was assumed to vary linearly
with damaye itself, By 1ntegration, the final form of the damage

equation 1s expressed as

_exp(hx) - 1
b= exphy =T {3.5)

where n is a material constant which is dependent of the applied loading

amplitude.
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3.2 Test Results and Niscussion
3.2.1 Constant Loading
The summary of constant loading results is shown in Table 2
and Fig. 8. The transition from Type-R to Type-S crack systems occurred
between 104 and 105 cycles, One of the low strain levels, 0.22 percent,
was selected to study damage growth behavior of Type-S crack. One of
the high strain levels, 1.0 percent, was selected to study damaye growth

behavior of Type-R crack, Then the damage curves for these two strain

amplitudes are compared.

3.2.1.1 Type-S crack system
Test results. Figure 9 shows Lhe cracking behavior of pure
tension (A = 0) in the HCF region, At early stage of the life,
microcrack grew to a size of 10-20 um, In the middle of its life, the
crack grew to 0.1 mm in length, At the end of the life, a 2-3 mm
visible crack developed., The crack tip grows alternately between two
maximum shear planes even near final failure. Forsyth [28] sugyested
that a two stage classification of crack growth can be made., Stage I
involves the growth of crack on planes of maximum shear stress, Stage
IT involves the growth of crack in a direction normal to the maximum
tensile stress. He obhserved that low stresses result in slow growth
that favors Stage I behavior,
Figure 10 shows combined tension-torsion results for x = 1, The
results are similar to those of pure tension, At early stages of the

life, cracks grew along one of the maximum shear strajin amplitude planes
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where d, e and p are material constants, D' is the damage caused hy the
crack nucleation and microcrack growth phase, n' is the number of cycles
for this phase, x=n/N, x'=n'/N, u{o), u(x') are the step function.

The model proposed by Miller and Ibrahim [30] predicts a similar
1ife fraction for the transition from initiation to propagation as the
experimental results 1in this paper. Transition crack lengths from
initiation to propagation are an orger of magnitude smaller than those
found in this investigation. In both cases, the material is 0.4% carbon
steel. Miller and Ibrahim tests were performed on solid bars in torsion
only compared to the three loading modes used here. The smailer
initiation size for torsion is consistent with the observation of this
work . It appears that the normal strain on the plane of maximum shear
strain influences the transition from initiation to propagation.

Damage curves under different loading modes. Most of the

research 1in multiaxial fatigue of ductile materials has shown that
cracks initiate and propagate on or near the planes of maximum shear,
For practical design purposes, a unique damage curve that represents all
loading modes is desirable, In this case, surface crack length cannot
be used as a damage parameter, The test results show that about ten
times the surface crack length was developed in pure torsion than in
other loading modes. Miller [31] suggests that the cracks propagated
into the specimen will usually be the most dangerous. Crack depth could
be considered a better damage parameter when damage curves of different
loading modes are involved,

A number of specimens were sectioned and polished to determine

aspect ratio between surface crack length and crack depth. Figures 17,
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18, and 19 show three of the sectioned samples with different 1oading
modes.  Table 3 shows the summary of measured values of the aspect
ratio. Three samples were secticned for each pure torsion and combined
tension-torsion (A = 1) loading, Only one sample in pure tension was
sectioned to compare the results with other references [32].

Surface crack lengths were converted into crack depth using the
aspect ratio shown in Tabhle 3. The aspect ratios were assumed constant
throughout the fatigue life, Results in terms of crack depth are shown
in Fig. 20. Damage curves of tension and combined tension-torsion are
again merged into one line similar to Fig., 12. The damage curve for
torsion shows different damaye patterns cven when expressed in terms of
crack depth, Possible reasons for such deviation are (1) anisotropy of
the material, i.e, inclusions on one of the maximum shear planes and (2)
Tack of a normal stress acting on the maximum shear planes which can

chanye the fatigue process [33].

3.2.1.2 Type-R Crack System

Test Results. Figure 21 shows the failure process
of a Type-R crack system under pure tension. Microcracks developed over
the entire gage section during the fatigue life, hut until 1100 cycles
no visible crack could be seen. At cycle 1132, the microcracks begin to
Join up at potential crack front. After three cycles the crack front
has been formed. The specimen fajled at cycle 1137. The Tinking
process only occurred during the last few cycles. The failure crack is
not a useful measure of the damage growth for this crack system, The

change of crack density during fatigue process should be considered.
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Figures 22 to 24 show crack growth that represents different loading
modes. Damage development was the same in all three cases. The
photographs for each loading mode present the early stage, the middle
stage, and the final stage of the 1life, Namaye patterns were
established at very early stages of the 1ife.

Two common features were observed in all three loading modes,
First, the number of microcracks increased with the number of loading
cycles. Second, the surface length of microcracks which appeared in the
early stages remained ncarly constant during the fatigue 1life, For
example, the development of the same crack at various stages in the life
1s indicated by the arrows. Darkness and clarity of the microcracks
substantially increased with progress of fatigue cycles. These
observations indicate that the crack opening and hence crack depth have
increasaed. Cracks initiated on the surface and propagate into the
surface as reported by Marco and Starkey [53. Also, crack orientations
are developed equally on both planes of maximum shear, These multi-
microcracks are nearly uniformly aistributed over the entire gage
length, In torsion, both uniform distribution of microcracks and long

cracks along the inclusion were cohserved,

Damage measurement for Type-R crack system. Neither a single

surface crack length nor a single crack depth can be applied as damage
parameters for the LCF results. Crack density [34] was used as a
meastire of damage for these tests. The number of cracks per unit area
alone 1s not a suitable damage parameter, because a number of

microcracks form early in the life and then grow into the depth. This
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will result in an unrealistic damage curve such that mest of the fatigue

damage seems to occur during the early stages of the life and growth

into the specimen is not taken intu accuunt, Once a crack appears, it

is assumed to contribute to damage continuously until final failure.

This behavior can be accommodated by using a weighted crack density.

The method taken to measure damage was as follows:

(1)

The cracks were examined from a photo near final failure and
the number of cracks per unit area were identified and counted
to establish the final crack density.

The number of cracks at each replicating interval could be
identified by tracing backward from the replicas taken at
successively earlier periods in the 1ife. Depending on the
fraction of the life when they first appear, the cracks are
given weighting factors in terms of the cycle ratio, Since
cracks forming late in the 1ife should not be as damaging as
cracks that form earlier,

The following relationship was employed to determine the

weighted crack density

_ i
Ci = I — (rk+l - rk) (3.7)

where i = positive integer

n. = current cycle number

N = kth previous cycle number; ng =0
Ne = cycle to failure

P = number of cracks per unit area observed at
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Ngs g = 0

C; = damage accumulated up to n;
In Eq. (3.7), (n; - ne/Ng) is the weighting factor. The reference value

C¢ is the weighted crack density at failure.

Comparison of damage models with experimental results. A few

cycles of high strain amplitude can eliminate the entire initiation
period of fatigue life. The damage models in Section 3.1,2 were also
employed to analyze one of the ICF results. Figure 25 shows the result
in which most of the models fit all the data points, Unlike the HCF
region, a single damage parameter can be used to describe the growth

over the entire life range,

Namage curve under different loading modes. The comparison

of damage curves under different loading modes are shown in Fig, 26,
Ayain, damage curves fur pure Ltension dand combined loading are merged
into a single line., The damage curve for pure torsion deviates from the
above two loaaing modes hy a much smaller amount than in the HCF region
{compare with Fig. ?0)., This deviation could be within the data scatter

or related to the dominant crack that forms along the inclusions,

3.2.1.3 Comparison of Damage Curves Hnder Nifferent Crack
Systems

One of the damage curves (x = 1) in Fiy, 12 and one
of the damage curves (A = 1) in Fiy. 26 were replotted in Fig. 27 for
comparison under combined tension-torsion loading. The damaye curve in

Fig. 13 and one of the damage curves (A = =) in Fig, 26 were replotted

in Fig. 28 for comparison under torsion loading,
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Damage curves obtained for combined loading show the same behavior
that is commonly observed in tensile loading., Crack observations also
Suggest that interaction eftects will be important in accessing fatigue
damage under variable amplitude loading, the damage curves and physical
observations suggest that interaction effects in torsional loading will
he smailer than other two loading modes. The damage curves in Figs., 27

and 28 were employed to predict the fatigue life of variable amplitude

loading,

3.2.2 Variable Loading
Figure 29 shaws one set of hysteresis loops for variable
loading for A = 1. After the loading amplitude was changed from a high
strain Jevel to a low strain level, a small compressive mean stress was
formed. The compressive mean stress relaxed to zero during the
followiny cycles. No siynificant mean stress effect was involved in the

results for variable loading.

3.2.2.1 3Step Loading

Test results. The results of the step loading tests
are summarized in Table 4, The constant amplitude damage curves in
Figs. 27 and 28 were used to predict the remaining fatigue 11fe for the
second Tevel, The results of Lo-Hi sequence are shown in Figs, 30, 31,
and 3Z. The results of tnese three.-tests followed Similar crack growth
behavior and developed Type-S failure crack. One of the tests is
described in detail, Figure 31 snows the results for A = 1. The test

was cycled for half of the fatique life, 56,000 cycles, at a low strain
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level betore changing to a high strain level and cycling until failure
occurred. A Type-S crack was developed during the low strain level
cycling. The crack developed from about 20 micron and grew to 0.1 mm at
the end of low strain level. The size of this crack is greater than the
crack length in initiation phase (below 80 micron, refer to Fig. 16).
After changing to the high strain level, this single dominant crack
continuously grew until Type-S failure occurred. This indicates that if
the application of the initial cycles results in a crack length greater
than the initiation phase crack size, then this crack will continuously
grow to failure even if a high strain level is applied. No change to
Type-R failure will occur, As an example, the Kknife edges of an
extensometer can sometimes cause a small notch whose length is over the
initiation phase anda the specimen always fails with a Type-S crack.
Results of the Hi-Lo sequence are shown in Figs. 33, 34, and 35. The
results ot these three tests followed similar crack growth behavior and
developed Type-R fatlure crack, The Type-R crack system developed
continuously even when the amplitude was changed to a low strain

level, Similar results for step loading have also been reported by

Riemann and Wood [357.

Namage develgopment and 1ife prediction, The prediction of

damage growth behavior under step loading is shown in Figs. 36 through
41, The two curves with solid and dashed Tines are damage curves from
constant loading {see Figs., 27 and 28). The predicted loading path is
indicated by the solid line. The experimenta)l results are plottea for

the two loading levels. The first level was plotted from the origin of
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zero cycles and damage. The second level was plotted from a reference
damage and cycle ratio of 1.0, The comparison shows that the c¢rack
growth behavior of step loading can be reasonably described by damage
curves of constant loading. Some deviations occur because of the
scatter in fatigue life.

Predicted lives based on constant amplitude damage curves are
compared with experimental results and shown in Fig. 42. The sum of
cycle ratio is smaller than one and about 0.7 to 0.8 for the Hi-Lo
sequence and is Targer than one and about 1.1 to 1.3 for the Lo-Hi
sequence, Results are consistent with the studies of step loading on
smooth axial specimens [36]. Deviation from actual 1ives was only about
10 percent and can be interpreted by the scatter in fatigue life for
this type of specimen. For the Hi-lo sequence, all of the specimens
failed with Type-R crack systems. For the Lo-Hi sequence, all of the
specimens failed with a Type-S crack system, Predictions for pure
torsion are better than other two loading modes. Damage curves for

torsion show less of an interaction effect between the two different

strain levels.

3.2.2.2 Block Loading

Prediction model. To predict the fatigue 1ife for bhlock

loading, a mathematical model is employed to simulate block loading
tests. The experimental data points for constant amplitude damaye
curves shown in Fig., 27 are curve fit with the double power function
(Eq. 3.6). For the constant low strain amplitude damage curve, two

functions are needed for the initiation and propagation phases, For the
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constant high strain damage curves, a single power function can fit all
of the data points because of the negligible initiation phase. For the
case in Fig, 27, the foliowing results are obtained,

For low strain level: D 0.053x0'44(u(0) - uf{0,6)) + xﬁ'l(u(D.ﬁ))

for high strain level: D 1.9

1l
>

A computer program was generated to simulate block loading and predict
fatique 1ife., Figure 43 demonstrates the process of simulation. The
only assumption involved in this prediction scheme was that damage
remains constant during changing the load levels, The loading path
alternated between these two loading levels until boundary condition

{1,1) was satisfied.

Test results, The results of the block Jloading are

summarized in Table 5, Cracking patterns from one of the Lo-Hi sequence
block loading tests is shuwn in Fig, 44, The relative cycle ratio is
equal to 19 which approaches constant amplitude low strain cycles, The
cycle number at failure is 8-2-7 for this specimen; & is the number of
blocks, 2 is the second level, and 7 is the number of cycles for this
level, The specimen fatled from a Type-S crack and the crack growth
behavior was similar to constant low strain loading except that
microcracks appeared around the failure crack. For the same relative
cycle ratio with Hi-Lo sequence, the results are shown in Fig. 45 and

crack growth hehavior was nearly identical with the one shown in Fig,
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44, The fatigue life of this specimen was ahout nine blocks. Resuylts
for relative cycle ratio equal to 1 for the Hi-Lo sequence is shown in
Fig. 46. A Type-R crack system developed into a failure crack. The
failure occurred at hlock 7. Results for the same relative cycle ratin
but with a reversed loading sequence is shown in Fig., 47. The crack
growth behavior seems similar to the one in Fig, 46, but failure occurs
at over ten blocks. Thus the fatigue life (sum of cycle ratios) for

this specimen is greater than one.

Damage development and life prediction. Figures 48 to 51

show predicted damage curves compared with experimental results. Rlock
ratio was used instead of cycle ratio where Be 1s defined as the actual
block number at failure., In Fig, 48 the prediction curve is within 10
percent of the experiments. For the reverse loadiny sequence where the
initial sub-block starts with high amplitude cycles, Fig., 49, the
prediction curve 1is very consistent with the experimental results. For
the data in Fig. 50, the relative cycle is equal to 1 and a Type-R crack
system was developed. The predicted curve is in good agreement with the
test results. However, for the Lo-Hi sequence with the same relative
cycle ratio ot 1 in Fig. 51, the predicted 1ife was almost 30 percent
shorter than actual life, Such deviation also occurred in a few other
tests,

All test results for the Hi-lLo seyuence are plotted in Fig. 52.
The left end of the abscissa is approaching constant amplitude high
strain loading, thus the life will approach to one, Similarly, the

right end of the abscissa is approaching constant low strain amplitude
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loading for which the life also approaches one, The scatter in the
fatigue 1ife during constant amplitude loading is shown by the bars in
the figure. The predicted lives were in agreement with experimental
results except for one of the data points in this sequence. The
dgeviation is about 26 percent above the predicted value. For the Lo-Hi
sequence, as shown in Fig. 53, the prediction are only good at the two
ends of the relative cycle ratios. All three central data points are
above the prediction curve by about 30 to 40 percent. Such deviations
occurred 1n the particular reygion of relative cycle ratios of 1 to 4,
The occurrence of this systematic deviation can he explained by

investiyating the crack growth behavior in these specimens.

The effect of dual crack systems. The cracking behavior of

one of these specimens is shown in Fig. 54. The failure crack developed
by a Type-R crack system and 1is shown on the top two photographs. The
unique hehavior of this type of crack system is a joining up process
which occurs so late in the life that no visible crack can be seen in
the previous block, In the same specimen, a few Type-S cracks were also
detected. The longest one is shown on the bottom two photographs., This
size of crack (about 0.6 mm) would be found at approximately 85 percent
of the life during constant ampiitude low strain loading. The crack
growth of one of the Type-S cracks in this specimen is shown in Fig.
b5, In Fig. 56, the damage development for the longest Type-S crack in
this specimen is compared with the damage curves in Fig, 51, These two
crack systems have similtar damage rate during the most of the fatigue

process. The existence of two competitive crack systems in a single

specimen 1s responsible for the systematic deviations.
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To further understand this phenomenon, the ordinate is plotted with
the difference between experimental life and predicted life as Figs. 57
anda 58 show. IhN1s quantity is related to the effect of dual crack
systems. At the two ends, the prediction agreed well with the
experimental results, On the left end, the region is dominated by the
Type-R crack system. On the right end, the region is dominated by the
Type-S crack system, Retween these two regions is the competitive
region for two crack systems. In this region, the actual life is longer
than predicted life up to 40 percent,.

As far as LCF involved, this kind of the curve for particular block
loading will be wuseful for design purposes. First, Type-R crack
dominant region should be avoided. The failure by Type-R crack is
extremely undesirable. By 1ts unique Tailure process, the crack growth
is almost impossible to detect by nondestructive method. Second, the
designer should be aware of the fact that the application of fracture

mechanics is only suitable for Type-S crack dominant region.

3.2.2.3 General Discussion

Sequence Effect. The sequence effect is noticeable in

the results of step loading and in some of the results of block
Toading., Consider the cases of specimens 4561 and 4564 (see Table 5},
both have same relative cycle ratic but with reversed sequence order.
Thus, the only difference between these Lwo cases 15 the first sub-block
which determined the pattern of crack system developed., For the case of
4564, the high level was run first and the 70 cycles of high strain

amplitude firmly established the Type-R crack system in the specimen.
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The following cycles (either high level or low level) continuously
produced damage for this crack system until failure. The cracked
surtace of this specimen was examined carefully and no significant Type-
> cracks could be found. The prediction for this case agreed well with
the experimental results. For the case of 4561, as discussed in Figs.
54 to 56, two competitive crack systems were developed and the predicted
lite was shorter than the actual ii1fe, Conceivably, the first sub-block
of Tow strain amplitude (5,600 cycles) initiated a few Type-S cracks
which continuously grew and competed with the Type-R crack system during
the whole fatigue process. Thus, the sequence effect is important when
the number of cycles for a specific level is enough to establish its own
crack system. However, the sequence effect will decrease by decreasing
Lhe damage per block. Such situation can be understood by examining the
cases of 4560 and 4562 in Table 5, The seven cycles of high strain
amplitude are not enough to set up its own crack system, Consequently,

both cases are developed into Type-S failure with similar crack growth

behavior (see Fiys, 44 and 45),

Sum of Cycle Ratjos, Although most of the enyineers and

researchers realize the limitations of Miner's rule, the rule is still
extensively employed in engineering applications. The reason for its
long standing is not only because of its simplicity. Jacoby [37] in a
survey of 400 values for sum of cycle ratios I{n/N), including many
types of material, structures, types of tests, and types of stressing,
shows that the density distribution histogram is centered on the

value £{n/N) = 1, Tne reason fur this tendency is more clear from the
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resuits of this study. Even the block tests in this study only with two
levels, the experimental results tended to flatten out the prediction
curve to the value of 1 (refer to Figs. 52 and 53). Re-examining Table
5 reveals that most of the values are close to 1 and average value of
the tests is 0,94, Undoubtedly the study of the interaction of
different crack systems holds one of the keys to understanding fatigue
damage problems in complex Jloading histories that do not involve

repeating blocks.

3.3 Conclusions

{1) Different types of crack systems were formed in the HCF and LCF
regions under constant amplitude loading, A single dominant
crack leads to failure in the HCF region., Fqually developed
microcracks are observed over the entire gage section in the
LCF region. The failure of latter crack system is due to a
linking process in which the microcracks join up during the

tast few cycles of the fatigue life,

(2} In the range of biaxial strain ratio tested, damage processes
in pure tension and combined tension-torsion under constant
amplitude loading are almost identical. The damage curve for
pure tension can be used to evaluate damage behavior under
combined  tension-torsion  with  same equivalent  strain
amplitudes.

(3) Fatigue damaye accumulates nonlinearly with applied cycles.

Both fnitiation and propagation phases should be considered in



(4)

(6)
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modeling damage curves even for single level loading. A single
damage model could not be used to correlate both initiation and

propagation phases of the life in the HCF region under constant

amplitude loading.

Similar behavior 1is observed in pure torsion for both HCF and
.CF  under constant amplitude Tloading. A single damage
parameter can be wused because the initiation phase was
negligible in hoth regions for the strain amplitudes considered

in this investiyation,

Fatigue lives under variable amplitude loading can be predicted
from constant amplitude damage curves if a single type of crack

system dominates the fatigue procass.

Two competitive crack systems can he developed in a single

specimen during block leading. This results in conservative

prediction of fatigue life,
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4. FRACTURE MECHANICS APPROACH
4,1 Introduction

Three elements of fracture mechanics must be considered when the
growth of Type-S cracks in this study are analyzed. These are crack
shape, stress intensity factor {SIF) and the growth of small cracks.

Part-through cracks are among the most common flaws 1in many
practical structures. Many researchers experimentally examined the
crack shape during fatigue, Iida, et al [38] investigated the crack
shape under tension and bending. Sommer, et al [39] studied part-
through cracks in thick-walled plates and tubes. The shape of a part-
through crack has been successfully modeled as semi-elliptical shape by
many researchers [32]. Recent experimental results [40] for Inconel 718
with same specimen configuration used for this investigation has shown
that the shape of the small part-through crack is prevalently semi-
elliptical shape. Good solutions can be expected with the assumption of
a semi-elliptical shape,

Stress intensity factor has been extensively used for the crack
propagation under mode T loading. Few criteria have been proposed for
the propagation of cracks during mixed mode loading. Most of them
originate from the solutions of static fracture. Griffith's energy
release rate has been long recognized to be a driving force for crack
propagation. Erdogen and Sih [41] proposed the maximum principal stress
criterion to predict possible direction of the crack extension, Later
Sih [42) also proposed strain energy density criterion for the same
purpese.  Until now the latter two criteria has been applied to plane

loading only. Tanaka [43] suggested a propagation Taw based on
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dislocation models due to Weertman [44] and Lardner [45], Although a
tearing mode SIF was included in Tanaka's paper, only cpening mode and
sliding mode SIFs were employed in his analysis for the experiments of
in-plane loading. Miller [46] suggested that a two-parameter
dgescription for fatique fracture under complex stress. The two
parameters are the bulk maximum shear stress and the normal stress on
the plane of maximum shear.

Anomalous behavior of small crack growth was first shown by Pearson
[47]. A complete review will not be given here since it is the subject
of considerable research for mode I loading. The difference between
small cracks and long cracks can be summarized as follows. First, the
continuum mechanics concept is no longer applicable when Lhe crack size
is only few yrain sizes. Second, Irwin [48] has shown that the SIF can
sufficiently accurately describe the crack tip stress-strain state only
if the plastic zone size is small compared to the intensified stress
fiela. Third, the effect of crack closure is likely different in small
crack growth [49,507, PBased on the above considerations, linear wlastic
fracture mechanics s 1invalid to describe the small crack growth
behavior, Elastic-plastic fracture mechanics 1is necessary for this
case.

This chapter presents an elastic-plastic fracture mechanics
solution for small crack growth wunder biaxial fatigue loading.
Theoretical development for the SIF is treated briefly. Strain based
intensity factors and the total energy release rate are employed., The
maximum shear strain and the normal strain on the plane of maximum shear

strain were used to calculate the strain based intensity factors. With
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this background, the experimental data are generated and the results
discussed. The discussion focuses on the aspects of applicability of
energy release rate criterion and strain based intensity factor for
different loading modes, These small crack results are then.compared
with long crack data to examine the validity of the approach in this
study,
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4.2 Theoretical Formulation i 1 g row frapede oy Y Vi S fo co

Before beginning with the formulation of stress intensity factors,
several assumptions need to be examined. Consider a small stressed
element containing a part-through crack cut from the thin-wall tubular
specimen as the top of Fig. 59 shows. First, plane stress condition is
assumed for the stress state of a thin wall tube. The development of
the crack is assumed self-similar and semi-elliptical shape. The aspect
ratto 1s assumed to remain constant, Since the surface crack length of
1 mm is less than 1 percent of circumferential length and the crack
region is within 20 percent of thickness, the curvature effect and back
face correction are negligihle. Variation 1in chear stress due to
torsional loadiny is only 1 percent from the mean value over the crack
surface and a uniform distribution of shear stress is assumed in the
region.

Consider a flat elliptical crack in the bady with major and mingr
semiaxes ¢ and a shown in the hottom of Fig. 59 with the thickness of
the plate given as t. Irwin [51] first derived an expression for an

embedded elliptical crack under uniform tension on the basis of the

stress field around an ellipsoidal cavity derived by Green and Sneddon

[52). The results of Irwin's analysis is given by :
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¢ - oma)t” (k,9) (4.1)
I - Etkj s‘b .
where
K = alce
(k,p} = (sinzw + k2c052¢)1/4
E(k) = 772 (1ekxsiny) M2y
k* = 1-k2

Later Kassir and Sth [53] also ohtained SI¥ solutions for the case
of uniform shear applied to the surface of an infinite solid containing
an embedded elliptical crack. If the line of action of applied shear is

directed along the major axis of the ellipse, the results are given by

1/2
_ 1{%a) k* Kcosy
KI1 ° —F 9T RIEY) (4.2)
1/2 -
_ t{ma) (l-u)k* sing
K111 © TR RIK,Y) (4.3)
where

R(k,v) = (K*-v)E(K) + wkF(K)

F(k) = j"/? (1-k* sin”y) "1 2ay

For a circular shape, k=1 in the above three equations and they
reduce to the solution for an embedded penny shaped crack under uniform

tensile and shear stresses as follows:

K, = 2 g(na)l/2 (4.1)"

I m
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= 4 1/2 '

Kit = o5 1(na) cosy {4.2)

_ 4(1-v) 1/2 _. ;

KHI = T t{ma) siny (4.3)
A surface crack is comparable to an edge crack and requires a
correction for Ky and K. Thus Egs. (4.1) and (4.2) should be
multiplied by 1.12 for the surface crack problem. The total energy

release rate for mixed mode Toading under plane stress conditions is

given by:

(4.4)

From Eq. (4.4), the equivalent SIF can be expressed as:

_ /2 _ .2 2 2 4172 )
Kaqlod = (6,E)7 " = [KT + KTy + (1 + v} KT, 1€ (a.5)
For fatiyue situations, the stresses are repldced by the stress

ranges, Dowling [54] has pointed out that the small cracks may be open

even duriny compressive pertions of ioading cycles so that the entire

stress or strain range should be used in the calculation. The Paris law

for crack propagation may be written in the following form for mixed

mode growth,

dg i
an = (G”

AlA Keq

(4.6)
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The above solutions only apply to Jlinear -elastic fracture
mechanics, For the small crack problem, elastic-plastic fracture
mechanics should be considered Since net section plastic strains cannot
be neglected. The J integral method is a prospective analytical
approach and has been successfully applied in mode 1 loading [55,56].
For mode Il and mode III, no J integral solutions are availahle at the
present, Alternative methods are needed for combined tensile and shear
loading, Several investigators [57,58] have used correlations between
fatigue crack growth rate and parameters expressed in terms of strain
and c¢rack length. A strain based intensity factor for mode

I, AKI(e), has been defined as follows
AKI(S) = YEAst/—ﬂa— {4.7)

where Y is geometry factor and E is Young's Modulus, Recently, Imai and
Matake [59] also showed that the value of ﬁK?(E) is almost equal to the
value of EAJ fur strdin less than 0.5 percent totdal strain range as
shown in Fig. 6u. 0One of the materials (S 40 C) is close to the
material investiyated in this paper. The strain based intensity factor
was employed to account for the anomalous bhehavior ot small cracks. In
this case, Ao was replaced by EAat and At was replaced hy GAYt- The
shear and tensile strains are measured on the plane of maximum shear

strain., To examine the crack growth along the surface and along the

trace of the deepest point, the following two equations are employed:

a

r:xla
=

= ALaKy (e} v = w/2m  (4.8)
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= WAk (e) |y = o™ (4.9)

4.3 Test Results and Discussion

The important feature shown previously in Figs. 9 and 10 is that -

the crack tip grows alternately between two maximum shear strain planes i““fhr

s J;“e—-.
o 2t
even near final failure. The driving force for these small cracks is Aﬂrabtvwm
R
maximum shear strain amplitude and normal strain amplitude act1ng on the <¢iean

N Y A‘k AP | e f{/‘af‘ A
tanes of maximum shear strain amplitude For pure tors1on loadin as
p il [ Y,

Fig. 11 shows, the crack grew exclusively on one of the planes of
maximum shear strain amplitude. Cracks grow on this weak plane by
propagating and coalescing cracks rather than propagating by a single
dominant crack.

Figures 61 and 62 show the crack yrowth curves for aifferent
loading modes investigated. In Fig. 61 all three biaxial strain ratio
tests with the same equivalent strain amplitude have similar crack
growth behavior, The dimension of the growing crack for torsional
loading cannot be compared with other loadiny modes. Full scale of 10
mm was empleoyed in Fig. 62, The crack yrowth rates on the surface for
torsionat loading are much faster than other loading modes, but produce

. | effee¥o
a similar depth because of the lower aspect ratio (refer to Table 3). e

—

Ty 2 Jj’l‘;‘:}-\‘,,_,_;()
In Fig. 63, the elastic strain eneryy was first attempted to
correlate crack growth rate into the surface. Crack growth rate was b
evaluated by three points dincremental polynomial method which s 1 s
S@efn

recommended by ASTM Standard E647. The crack growth rate for the two Povwin
Lo iy i A {)
equivalent strain amplitude employed in this study cannot be correlated hﬁ&.PLAJ
A
by an equivalent stress intensity factorv, Ry employing a strain based
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intensity factor to account for plasticity effects, better correlation
was obtained as Fig. 64 shows. |lsing strain based intensity factor for
the crack yrowth along the surface is also shown in Fig. 65. The result
shows that the crack growth rate in these two directions is similar.
This correlation should occur because the aspect ratio is assumed
constant, Crack growth in these two directions is proportiocnal to the
aspect ratio., The energy available on the surface is a little higher
than at the deepest point.

The correlation of crack growth rate with strain based intensity
factor for torsional loading is plotted in Fig. 66, Similar results
have been appeared in another steel [AUT which also contained one weak
plane due to inclusions effect, Possible reasons for such results are
that (1) aifferent propagation law is needed for pure torsion or (2} a
propagation law with the consideration of crack cocalescence should be
employed.

Pearson {6171 examined the initiation and crack growth of small
cracks in aluminum alloys. He concluded that microcrack growth kinetics
are faster than macrocrack growth kinetics. To understand this
phenomenon, the results of small cracks in this study were compared with
long crack data in Fig. 7. Three series of the tests were performed
with same material. The solid 1ine 1S the small crack growth results
from Fiy. 64. The dashed line is the long crack results which were
ochtained from other independent study [62] with compact tension (CT)
specimen, The dots-and-dashed line is another set of the lony crack
results which was obtained with a center cracked tension (CCT) plate

specimens, The initial crack lenyth (2a) of CCT specimens was 3.7 mm,
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The test results of CCT specimens were shown in Fig. 68. Both long
crack results are tested under uniaxial tensile loading. The following
observations can be made from the comparison of these three ceries of
tests: (1) By employing strain based intensity factor, the small crack
growth rate 1is almost identical with the long c¢rack growth rate of
region II ({region of steady crack growth), {2} From CCT specimen
results, the threshold stress intensity factor (AKth) is 6 MPa v/m.
Compare the results of CCT specimen with the small crack growth shows
that small cracks can continuously grow even below the value of AKth'
This confirmea that the wmicrocrack yruwiil kinetics 1s faster than
macrocrack ygrowth kinetics below the threshold region of long crack,

One of the difficulties involved in this research is in determining
the aspect ratio.  Since crack depth cannot be measurea during the
test, The effect of aspect ratio on the crack growth results is

examined, Eqs. (4.1) through (4.3} can be rewritten wilh a singie

geometry tactor,

KI = YI c('na)lf2 (4.1)""

Ky = ¥, tlra)l/2 (4.2)""
~ 1/2 '

KIII = Y3T(na) (4,3)

where
y = .12 ¥ik,9)
1 E(k
Y = 1.12 k* kcosy

2~ ¥k, y) Blk,v)

Y. = (1-v) k*siny
37 w(lk,¢) Blk,v)
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Geometry factors Y, YZ’ and Y, depend on aspect ratio, poisson ratio,
parametric angle, and loading condition, The variation of geometry
factors as a function of aspect ratio are plotted in Figs. 69 and 70.

As shown in Fig. 69, within an aspect ratio range of 0.6 to 1.0,
the geometry factors are almost constant tor the crack growth along the
surface, For the same range of aspect ratios, Fig. 70, the variation of
geometry factors for the crack growth into the surface along the trace
of the deepest point deviate about 10 percent from average value. The
above results show that if the average aspect ratio is known, the
assumption of fixed aspect ratio only induces a 10 percent error in the
calculation, The approach employea in this study could be an important
step to the engineering application, If the measurement of total
tensile and shear strain amplitudes on the maximum shear strain plane
and long crack growth data are available, the fatigue life of small
cracks subjected to the combined stress/strain state can be predicted,

Since Lhe energy release rate has been considered to be a driving
force for crack growth, some of the researchers [63,64] suygested that
for an existing crack, the crack will propagate in the direction of
maximum energy release rate. The direction is also the principal
direction in which the shear stress vanishes. In this study, the
maximum shear strain dand the normal strain acting on the plane of
maximum shear strain are used to generate equivalent strain based
intensity factor. The square of the equivalent strain based intensity
factor corresponds to the total enerqgy release rate multiplied by
Young's modulus as shown in Eq. (4.5). The comparison of total energy

release rate and total shear strain range with respect to the surface
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crack direction is shown in Figs. 71 and 72. Energy release rate is
expressed as the strain based intensity factor normalized hy crack
deptn.  For the case of pure tension loading 1in Fig. 71, the maximum
energy release rate occurred where total shear strain vanishes,
Previous stuaies [63,64] have shown this for the Tong crack growth under
mode I loading. However, as observed from the photographs in Fig. 9 and
the results of Fig, 71, the maximum energy release rate is not a
necessary condition to cause crack extension for small cracks under
fatigue loading.

The early stages of crack nucleation and growth are controlled by
the cyclic shear strain., In tension loading, the cracks start on planes
of maximum shear strain and then turn to planes of maximum energy
release rate as they become long cracks. Figure /1 shows that this
behavior can be expected. For pure torsion, Fig. 72 shows that the
total shear strain and maximum energy release rate both occur on the
same plane. This implies that the cracks nucleate and continue to grow
on planes of maximum shear strain even for Tong cracks. The transition

behavior of the crack direction should not occur,

4,4 Conclusions
1. With the Strain based intensity factor and the total energy
release rate criterion, the extended Paris law is applicable to
the combined tension-torsion loading within the tested strain
ratios in the high cycle fatigue region.
2. The crack growth rate of small cracks under combined tension-
torsion loading could be predicted by long crack data under

uniaxial loading,
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3. Different propagation law for torsional loading is needed for
the materials containing inclusions on one of the maximum shear

strain planes.
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5. RECOMMENDATIONS
In this investigation, the applicability of life prediction by the
damage curve approach has been confirmed with two-level hlock loading.
As being pointed out by Marco and Starkey [5], the damage curves of
different crack systems have their own unique shapes. The damage by
Type=5 crack system accumulated very slowly during the early cycies of
life (initiation phase), but the rate of damage was very high during the
tatter stage of the life (propagation phase)}. On the contrary, Type-R
crack system follows a different shaped damage curve. Nuring the early
cycles, many cracks were accumulating damage simultaneously, Thus,
damaye progressed morc rapidly during the early stage Lhan in the
corresponding period of Type-S crack system. However, the increase in
damage rate at later stages was not as large as the increase for the
Type-S crack system. The shape difference between these two damage
curves implies that the life prediction in complex loading might be
analyzed by only two damage curves (hereafter called dual damaye curve
method). One is for Type-R crack system, the other is for Type-S crack
system., At different Jloading levels, the damage curves are not
identical, However, this difference is overwhelmed by the difference in
crack systems.
To achieve the goal of life prediction for complex loading, the
following future studies are recommended:
{1} The effect of mean stress on the transition life of Type-R
crack systems to Type-S crack system should be investigated,
(2) The life prediction of random loading might be analyzed by the

dual damage curve method, (Once the effect of mean stress is
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understood, the fatigue Tife of complex Joading can. be
predicted by classifying all loading cycles into two different
crack systems., Thus the prediction could be made by two damaye
curves only,

Many engineering components are subjected to out of phase
lvading. The study of non-proportional loading to crack

systems are needed for enyineeriny applications,
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Table 1 Mechanical Properties of 1045 Steel

Axial monutonic properties

Yield Stress (0.2 percent) 380 MPa
Fracture Stress 985 MPa
Fracture Strain 0.71
Percent Reduction in Area 50
Strain Hardening Exponent 0.23
Strength Coefficient 1185 MPa
Modulus of ETasticity 205 GPa

Axial cyclic poperties

Fatigue Buctility Coefficient 0.20
Fatigue Ductility Exponent -0.43
Fatiqgue Strength Coefficient 980 MPa

Fatigue Strength Exponent -0.11



Table 2 Constant Amplitude

. A§/2 = 0,01
10
4527
4553
4524
4525
4533
4526
4549
4537

II. Ae/2 = 0.0043

1D
4545
4523
4515
4520
4501
4503

4506

N

0 0.01

0 0.01
0.5 0.0096

1 0.00866

1 0.00866

2 0.00655

Ae

A ?

0 0.0043
0.5 0.00413

1 0.00372

1 0.00372

2 0.0076
2 0.0026

16

Loading Results

-%l %E(MPa) %E(MPa) \

3 450 . 1137
- 450 - 1107
0.0048 427 79 1258
0.00866 381 131 1616
0.00866 381 131 1229
0.0131 288 195 1758
0.0173 - 251 890
0.0173 - 251 889
L1 2%mpa)  SX(mpa) N
- 352 - 7839
0.00206 338 55 11777
0.00372 305 107 11611
0.00372 305 107 10377
0.00k2 234 153 20031
0.0052 234 153 16887
0.0072 - 197 8710
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Table 2 Constant Amplitude Loaaing Results (continued)

111. Ae/2 = 0.,0022

1D
4511
4552
4529
4516
4528
4514
4550
4522
4548
4512
4551

4531

RS
0
0
0

0.5

0.5

1

V. ae/2 = 0.0015

1w
4519
4517
4554
4521

4518

A
0.5
1
1

2

5 o 25(MPa)  SX(mpa) N,
0.0022 - 273 - 142541
0.0022 - 273 - 78271
0.0022 - 273 - 94525
0.0021  0.00106 266 52 115462
0.0021  0.00106 266 52 80000
0.0019  0,0019 238 88 123584
0.0019  0.0019 238 88 90000*
0.00144 0.00288 179 126 98778
0.00144  (0,N0288 179 126 B87500*
- 0.00381 - 168 102083
- 0.00381 - 168 57369
- 0.00381 - 168 93052
%E %l %E(MPa) %E(MPa) N
0.00144 0.00072 276 43 611780
0.0013  0.0013 212 80 595613
0.0013 0.0013 217 80 393633
0.00098 0.00196 147 111 545840
- 0.0026 - 147 1010210

*Test stopped after a visible crack (I to 3 mm) was detected.
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Table 3 Summary of Crack Aspect Ratio (a/2c)

A=0 A=1 A= ow
0.43* 0.36" 0.05%
--- 0.39% 0.066%
--- 0.45% 0.084%
Samples
Average 0.43 0.4 (.067

Note: (+) These are average values of measured points of

an individual sample,
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-+ Small Crack
Crack Initiation
Crack Nucleation <= Microcrack Growth

Long Crack
Crack Propagation
Macrocrack Growth

W
N N

14] 104 10%% 10%  1x 10x ] 0% 1lmm  10mm  10%mm  1mm

-

Atomic Austenite
Spaging Grain Size
(3A)

, Elastic - Plastic ' Linear Elastic
Fracture Mechanics Fracture Mechanics

~—Damage .Curve Approach—»
«—5Stress- Life —»
Approach

<+——— Strain-Life Approach ———=

<+—— Damage Mechanics —————

Figure 1 Approaches for fatique analysis
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Tangentigl

Figure 3 Unetched microstructure showing sulfide inclusions.
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Step Loading
.\

AAAAAA
VVVVY

Block Looding
A

AN AANA
VV VLo

—1 Block ———

Figure 6 Variable loading patterns,




Damage (D)

57

Cycle Ratio (X)

Figure 7 Damage curve concept
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Figure 9 Type-S crack growth under constant 1oading; A =0,
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=

@
P

s

Figure 10 Type-S crack growth under constant loading, X =1,
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50,000 N = 75,000
1045-31 Torsion {i = =}
i - o.221 R=-1
= 93052

Ne

Figure 11 Type-S crack growth under constant loading, A = =,



62

*Zz pue | ‘G0 ‘0 = Y *yoedD S-2dA] Joy oadnd dbeweq gy

oDy 919LH
80 ZO 90 G0 0 €O No

(2=Y)22SPh
(I=X) PIGH
(G0=X) 91GH
(0=X) L1IGPY
Ww T =47
¢c000=2¢/2V

140 ob

8anb14

HO OO

I I I

Q QN Q@ K £ M N =

0 OO0 3OS O o g O
¥4/ 9bowog

Q
—




63

‘o = Y “yoR4D §-3dA] Joy aaund abeweq €| aanb 4

olDYy 9109

60 80 O 90 G0 +O ¢O0 20 1O O
| I ) | I ]

T O
10
—-20

wwoz = 47 H205
22000=2/2Y a0
(©o=Y) TE€SH




66

*aeas Bo|-Boy uL yoedd §-adLl 40y SBAUND abeweq gf a4nbid

014Dy 8J0hH
L .TOH 2l
L A _-~ ~y 1 & L L i | |
[

i (©=Y) 1$GHO
; (eur] peyspQg) ww Qg =*7
- (2=X)22Sba
i (I=XY) ¥ISH o
(G0=X)9ISPo
(0=X) TIGb Vv
(S9uIn pIjOS) WWT = 7
22000=2/3V

] ] | 1 O T O O | L

[

Q

]

i1

bown(

aVal




67

L iy
| : B
wszyL = N
- = 1220 = %
(0 = ¥) NOISNIL LL~5P01

ATYHD 3IV4HNS

NIWIZ3dS
40 ¥3INTD

-
-t

¥ INIOd

SIxy

L 4




68

*L = Y f@dejuns 0jul yModb oedo s-adhl 8l a4nbL 4

00006 = N

- =¥ 0=%

(1 = Y} GINISWOD 05-5%01L

N3W103dS
40 ¥AIN3D

. 8.INT0d
¥ INIOd

sy (O R




e

69

POINT A

CENTER OF BER.
SPECTMEN ™ © Axs CAS

POINT B L
“SURFACE CRACK .
1045-51 TORSION () = w) ..
<028 ga=a

‘N}c = 57,369

Figure 19 Type-S crack growth into surface, A = =,
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Failure process by Type-R crack system.

Figure 21
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0)

TENSION (X =

104553

-1

Ne = 1107

Figure 22 Type-R crack growth under constant loading, X

= 0.
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Ao

(000866, 393 MPa)

%/

j
(-0.00866, -393 MPa)

-

AT

(000868, 131 MPa)

(-0008686, -131 MPa)

)

Figure 29 Hysteresis loops for variable loading, A = 1.
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Figure 30 Type-S crack growth under step

loading, A

OI



Figure 31
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“Lo-Hi Step Loading (3 = 1)

Mo

Type-S crack growth under step loading, A

1.
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Figure 32 Type-S crack growth under step loading, X
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Figure 33 Type-R crack growth under step loading, x = Q.
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Step Loading

R Crack System
S Crack System

!—I
(@)

Actual Sum of Cycle Ratios

Figure 42

BO 8

Predicted Sum of Cycle Ratios

Actual Tives versus predicted lives under step loading,



93

*Butpeo] Y20[q JO ucLie|nwiS €y B4nbLd

01Dy 8949
01 80 90 14%, Z0 OO
i \ ———== -
w\\. ] 10
= - .
e {0
)4 | g
2
Hoo <
=X 180

o1



*Buipeo| A20|1q JIpun yimodb yoedd s~adAl ¥ 2unbBL4
t-2-8

R

ASQUINN S LOA) sun ey

1

6L = OLyBY 3194 BALIE([BY:

{1 = Y] buLpeoy ¥do0|g LH-07 09-5¥01

94

g~y 1o e



ra—

b

1.0 mm

s

0.1 mm

0.1 mm

95

1045-62 Hi-Lo Block Loading (A = 1)

Relative Cycle Ratio = 19

-2-10640

=9

Failure Cycle Number

Figure 45 Type-S crack growth under block loading.
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N = 5-1-70

N=3-1-70

0.1 mm

1045-64 Hi-Lo Block Loading (A = 1)

1

Relative Cycle Ratio

7-2-5600

Failure Cycle Number

Figure 46 Type-R crack growth under block loading.
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N = 9-2-70

N = 6-2-70

Bxis

0.1 mm

1)

1045-61 Lo-Hi Block Loading (A

1

Retative Cycie Ratio

11-1-3360

Failure Cycle Number

Figure 47 Type-R crack growth under block loading.
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Type R Failure Crack

Axis

Type S Crack

N = 11-1-3360

1045-61 Lo-Hi Block Loa

Relative Cycle Ratio

H

Failure Cycle Number

Figure 54 Different crack systems

ding (x = 1)

11-1-3360

in a single specimen,

-

-

.



105

*BuLpeo| ¥20|g +4apun yiModb yoeud §-adfl GG auanb iy

Q09€E-L-1LL = J3qunN 3}24] aun|teq
{ OL}RY I[IA) dALte|ay

(L = Y) Buipeol ¥oo|g LH-07 |9-540t




106

*BupRO| ¥I01q JRPUN SWAISAS 3TBJD JUBJDSSLP 404 Fudwdo|4dp a6eWep JO UOSLJedwo) 9§ dUnbiy

(*a/d) oupy yooig

Ol 80 90 0 ¢0 0

_ _ _ | _ I 0]
- ¢ 20 §
i ® ‘ ,m
| | 0 @
B o W
B 9NN UoHOIpRId— | |on =
b <& NoDI1) g adk| ¢ X g
- WoI) Yy adhp o |1 O
u T=0UDY 89h ARy | {ga
| © Buppo %o0|g 1H-01]

(T=Y) 196Gt |

N 1 | 1 I t | t O.._“




107

*swa1SAS ¥2eJo |(Bnp 0 3aund Byl /¢ 3unbiy

%20|g 48d 0o1DY 81240 aAIiDIBY

Ot Ol O N.OH
|||||lquan|Jnv.lr:::M \\.\s.lu.|-+|.nss.Hudou:ann1na1uJAu
: NS m\\\ i
) g 10
\ S:d/
) \ |
i \ oo
\ | ®
- ’ ] i =l
v M
- —{c03
l ¥o0ig 48d 8417 %01 |
- 9dousnbag 07 - Iy -0
i =X i
_ G0




108

*swajsAS XDBJD |BNp 0 3AJND Bl gG sJnbt4

ooig 4od ooy 91940 anlD|IRY

Ol ot T Lol 2
L-I_l.l.l.ll.l..l. I .\\\\lnl-
~N -
B //m m \.\ ]
\ \\ .
B \ / —T0
= ’ﬂ \\\ P
\ ™M
B / —{20g
Jf mwumm \ MM
[ v\ i M
- \ He03
Vo
i \ | |woig sad 8y %01 7
i \/ a0uanbag I -0 dvo
1=X
] | i

GO




s

109

Figure 59 Part-through crack in a

finite plate.
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APPENDICES

APPENDIX A TABLES OF CRACK GROWTH DATA

APPENDIX B LISTS OF COMPUTER PROGRAM

* The results of crack density are the average values of three
samples,
** A1l cracks represent failure unless otherwise noted.
*** The notation for cycle number of block loading., For example, 8-
2-7: 8 is the number of blocks, 2 is the second level, and 7 is
the number of cycles for this level,
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Table A.1 Crack Growth Data

Specimen ID: 4511

Loading Parameters:; Constant Loading, x =0
Crack System: Type-5

Failure Cycles: 14254)

Cycles Surface Crack Length {mm)
20000 0.0188

40000 0.019

60000 0.066

30000 0.14]

100000 0.166

110000 0.27

120000 0.52

130000 1.06
140000 3.2

142541 f.U



130

Table A.2 Crack Growth Data

Specimen ID: 4516

Loading Parameters:

Crack System:
Failure Cycles:

Cycles
10000
20000
50000
60000
70000
80000
90000

100000

110000

115462

Type-S
115462

Constant Loading, A = 0.5

Surface Crack Length (mm)
0.027
0.032
0.052
0.0765
0.148
0.283
0.475

0.87
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Table A.3 Crack Growth Data

Specimen ID: 4528

Loading Parameters: {Constant Loading, A = 0.5
Crack System: Type-S

Failure Cycies: ---

Cycles Surface Crack Length {mm)

20000 0.032
30000 0.048
40000 0.144
50000 0.20
60000 0.384
70000 0,768

80000 3.136
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Table A.4 Crack Growth Data

Specimen ID: 4519

Loading Parameters: Constant Loading, X = 0.5
Crack System: Type-S

Fatlure Cycles: 611780

Cycles Surface Crack Length (mm)
100000 0.025

200000 0,042

300000 0.078

400000 0.116

500000 0.33

600000 2.6

611780 10.0
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Table A,& Crack Growth Bata .

Specimen ID: 4514

lL.oading Parameters: C{onstant Loading, x =1
Crack System: Type-S

Failure Cycles: 123543

Cycles Surface Crack Length {mm)
10000 0.0188
20000 0.026
30000 5.0282
40000 0.0353
50000 | 0.0376
60000 0.0835
76000 0.10
80000 0,186
90000 ' 0.266

100000 0.463

110000 0.89

120000 2.95

123543 14,0



Specimen ID:
Loading Parameters:
Crack System:

Failure Cycles:

Cycles

20000
30000
40000
50000
60000
70000
80000
85000
87500

80000

134

Tabte A.6 Crack Growth Data

Constant Loading, A = 1

Surface Crack Length {mm)

0.032
0.048
0.058
0.080
0.23
0.32
0.45
0.77
1.04

1.24
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Table A.7 Crack Growth Data

Specimen ID: 4517

Loading Parameters: Constant Loading, A = 1
Crack Specimen: Type-§

Failure Cycles: 595612

Cycies Surface Crack Length (mm)
100000 0.019

200000 0.0325

300000 0.05

400000 0.07

500000 0.337

595612 8.0
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Table A.8 Crack Growth Data

Specimen ID: 4522

Loading Parameter: Constant Loading, A = 2
Crack System: Type-S

Failure Cycles: 98778

Cycles Surface Crack Length {mm)
10000 0.024
20000 ¢.04
30000 0.047
40000 0.061
50000 0a7"
60000 0.255
70000 0.374
80000 0.67
90000 1.4
98778 7.0

TCoalesced with other crack
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Table A.9 Crack Growth Data -

Specimen ID: 4548

Locading Parameters: Constant Loading, A = 2
Crack System: Type-S

Failure Cycles: =--

Cycles Surface Crack Length (mm)
10000 0.028
20000 0.044
30000 0.053
40000 0.06
50000 0.176"
60000 0.192
70000 0.224
80000 0.768
85000 1,92
87500 3.65

TCoa"lesced with other crack
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Table A,10 Crack Growth Data

Specimen ID: 4531

Loading Parameters: Constant Loading, X = =
Crack System: Type-S

Failure Cycles: 93052

Cycles Surface Crack Length {mm)
20000 0.12

30000 0.2

40000 0.68

50000 1.35

60000 | 2.1

70000 4,2

80000 6.1

90000 | 11.0

93052 20.0
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Table A.11 Crack Growth Data

Specimen ID: 4518

Loading Parameters: Constant Loading, A = =
Crack System: Type-S

Failure Cycles: 1010210

Cyvcles Surface Crack tength (mm)
100000 0.47
200000 0.68
300000 0.8
400000 0.94
500000 1,12
600000 1.42
700000 1,51
800000 1.71
900000 2.12

1000000 5.0

1010210 14,0
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Table A.14 .Crack Growth Data

Specimen ID: 4549

Loading Parameters: Constant Loading, A = =
Crack System: Type-R

Failure Cycles: 889

Cycles Crack Density* (# of cracks per 0.15 mmz)
200 5
300 15
500 29
600 40
800 82

889 105
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Table A.15 Crack Growth Data

Specimen ID: 4542

Loading Parameters: Step Loading, A = 0, Lo-Hi Sequence
Crack System: Type-S
Failure Cycles: Hi-1122

Cyclies Surface Crack Length (mm)

Lo-4300 0.031
12900 0.05
17200 0.057
25800 0,059
34400 G.o7
43000 0.09

Hi-80 0.109
230 0.153
500 0.195
670 0.313
835 0.813
1000 1,08

1122 7.0



144

Table A,16 Crack Growth Data

Specimen ID: 4539

Loading Parameters: Step lLoading, A = 1, Lo-Hi Seguence
Crack System: Type-$

Failure Cycles: Hi-885

Cycles Surface Crack tength (mm)

Lo-5600 0.016
11200 0.023
22400 0.048
33600 0.075
44800 0.123
56000 0.218

Hi-100 0.281
200 0.421
500 0.555
400 0.641
500 0,781
750 1.62

885 10.0
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Table A.17 Crack Growth Data

Specimen ID: 4536

Loading Parameters: Step Loading, A ==, Lo-Hi Sequence
Crack System: Type-$S

Failure Cycles: Hi-572

Cycles Surface Crack Length {(mm)

Lo-4200 0.213
12600 0.42
21000 0.52
29400 0,79
33600 0,88
42000 1.15

Hi-100 1.34
220 1.97
340 3.25
460 5.57
572 20.0

TCoa]esced with other crack
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Table A,18 <Crack Growth Data

Specimen ID: 45635

Loading Parameters: Step loading, A = 0, Hi-Lo Sequence
Crack System: Type-R

Failure Cycles: Lo-33055

Cycles Crack Density* (# of cracks per 0.15 mm@)

Hi-50 4
1o 8
220 18
275 23
385 34
440 37
550 a4

Lo-1075 50
4300 59
7525 ) 68
11825 78
13975 82
20450 90

33055 102
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Tabte A,19 (rack Growth Data

Specimen ID: 4538

Loading Parameters: Step Loading, 1 = 1, Hi-Lo Sequence
Crack System: Type-R

Failure Cycles: L0-39690

Cycles Crack Density* (# of cracks per 0.15 mmz)

Hi-75 9
210 27
350 57
420 66
500 78
630 87
700 96

Lo-4200 115
7000 118
11200 120
16800 125
25200 131
30800 133

39690 138
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Table A,20 Crack Growth Data

Specimen ID: 4544

Loading Parameters: Step Loading, A = =, Hi-Lo Sequence
Crack System: Type-R

Failure Cycles: Lo-18641

Cycles Crack Density* (# of cracks per 0.15 mmz)
Hi-50 4

180 21

270 46

380 54

450 | 59
Lo-2000 77

4000 81

7000 90

11000 95

18641 97
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Table A.?21 Crack Growth Data

Specimen ID: 4560

Loading Parameters: Block Loading, A = 1, Lo-Hi Sequence
Crack System: Type-S

Failure Cycles: 8-2-7

Cycles Surface Crack Length {mm)
1-1-10640 ’ 0.043

2-1-10640 0.061

3-1-10640 0.070

4-1-10640 0.125

5-1-10640 0.224

6-1-10640 0.384

7-1-10640 0.872

8-1-10640 4.7

8-2-7 6.0
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Table A.22 Crack Growth Data

Specimen ID: 4562

Loading Parameters: Block Loading, A = 1, Hi-lLo Sequence
Crack System: Type-S

Failure Cycles: 9-2-10640

Cycles Surface Crack tength [mm)
1-2-10640 0.016

2-2-10640 0.048

3-2-10640 0.064

4-2-10640 0.070

5-2-10640 0.128

6-2-10640 0.208

7-2-10640 0.368

8-2-10640 1.02

9-2-10640 3.84
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Table A.23 Crack Growth Data

Specimen ID: 4564

Loading Parameters: Block loading, X = 1, Hi-lLo Sequence
Crack System: Type-R

Failure Cycles: 7-2-5600

Cycles Crack Density* (# of cracks per 0.15 mm?)
1-2-5600 22
2-2-5600 36
3-2=-5600 48
4-2-5600 70
5-2~-5600 92
6-2-5600 120

7-2-5600 134
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Table A.24 Crack Growth Data

Specimen ID: 4KA]

Loading Parameters: Block Loading, X = 1, Lo-Hi Sequence
Crack System: Type-R

Failure Cycles: 11-1-3360

Cycles Crack Density* (# of cracks per 0.15 mmz)
1-2-70 3
2-2-70 19
3-2-70 24
4-2-70 38
5-2-70 43
6-2-70 / 47
7-2-70 50
8-2-70 56
9-2-70 71

10-2-70 76
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Table A.25 C{rack Growth Data

Specimen ID: 4561

Loading Parameters: Block Loading, A = 1, Lo-Hi Sequence
Crack System: Type-S (not failure crack)

Failure Cycles: 11-1-3360

Cycles Surface Crack Length (mm)
1-2-70 0.033

2-2-70 0,082

3-2-70 0.098

4.2-70 0.116

5-2-70 ' 0.139

6-2-70 0.147

7-2-70 0.188

8-2-70 0.306

9-2-70 0.47

10-2-70 0.66
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Table A.26 Crack Growth Data

Specimen TN: 4561

Loading Parameters: Block Loading, A = 1, Lo-Hi Seguence
Crack System: Type-S (not failure crack)

Failure Cycles: 11-1-3360

Cycles Surface Crack Length (mm)
2-2-70 0.020

3-1-5600 0.041

3-2-70 0.061

4-2-70 0.069

5-2-70 0.082

7-2-70 0.137

8-2-70 0.233

§-2-70 0.36

10-2-70 0.53
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Table A.27 Crack Growth Data

Specimen ID: 4567

Loading Parameters: Biock Loading, A = 1, Hi-Lo Sequence
Crack System: Type-R

Failure Cycles: 10-2-968

Cycles Crack Density* (# of cracks per 0.15 m?)
1-2-7280 4

2-2-7280 15

3-2-7280 19

4-2-7280 25

5-2-7280 39

6-2-7280 56

7-2-7280 58

8-2-7280 64

9-2-7280 12

10-2-968 85
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Table A.28 Crack Growth Data

Specimen ID: 4567

toading Parameters: Block Loading, A = 1, Hi-Lo Sequence
Crack System: Type-S (not failure crack)

Failure Cycles: 10-2-968

Cycles Surface Crack Length (mm)
2-2-7280 0.032
3-1-49 0.056
4-2-7280 0.074
5-1-49 0.109
5-2-7280 0.125
6-1-48 0.135
6-2-7280 0.16
7-2-7280 0.288
g-1-49 0.336
8-2-7280 0.48
9-1-49 0.61
9-2-7280 0.25

10-2-968 1.5
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B,} The Calculation of Weighted Crack Density

10 DIM N{50),R{50),5(50},51(50)

20 N(0)=0 R(0)=0

30 PRINT "SPEC.I.D.ASAMPLE I.D,(####-##)"|INPUT I$

100 PRINT "PAIRS OF DATA POINTS"|INPUT J

200 FOR I=1 T0 J

300 PRINT “CYCLES;N("I") AND NO.OF CRACKS;R("I")"]|INPUT N(I},R(I)
500 NEXT I

600 FOR I=1 TO J

650 S1(1)=0

700 FOR K=0 TO I-1

800 S(K)=(N{I)=N(K)}/N(J}*(R(K+1)-R(K))
900 S1(1)=S1{1)+S(K)

1000 NEXT K

1100 NEXT I

1120 PRINT I$

1200 FOR I=1 TO J

1250 PRINT

1300 S1(I)=S1({I}/S1{J)
1400 N{I)=N{I}/N{J)
1500 PRINT I,N(1},S1{I)
1550 NEXT I

1700 STOP



100
200
300
350
400
500
600
700
800
800
920
930
940
950
1600
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000
2100
2200
2300
2400
2500
2600
1000
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B.2 The Simulation of Block loading

X=0 F=0 B=0
PRINT “CONSTANT FOR HI DAMAGE CURVE"|INPUT El

PRINT "CONSTANTS FOR L0 DAMAGE CURVE(A,B,C)" INPUT Al1,B1,C1
PRINT "CYCLE RATION FOR LO INITIATION PHASE" INPUT X9
PRINT "DAMAGE DUE TO INITIATION PHASE™|INPUT D9

PRINT "INCREMENTAL CYCLE RATIO FOR HI SUBBLOCK"]INPUT X1
PRINT "INCREMENTAL CYCLE RATIO FOR LO SUBBLOCK“]INPUTXZ
PRINT "FAILURE CYCLES FOR HI LOADING"!INPUT NI
PRINT “FAILURE CYCLES FOR LD LOADING" INPUT N2

PRINT "WHICH LEVEL APPLIFD FIRST(HI...I;LO...?)"IINPUT N
PRINT "N=1,..HI LOADING;N=2,,.L0 LOADING"
PRINT "INCR.CYCLE RATIO FOR HI=",X1
PRINT "INCR,CYCLE RATIO FOR Lo=",x2

PRINT "N","BLOCK #","RATIO ACC.","DAMAGE ACC."

ON N 60O TO 1800,1100

GOSUB 20000|IF F=1 THEN STOP

IF X>X9 THEN GO TO 1400

D=A1*X+BIIGO T0 1500

D=X+C1 :

GQSUB 10000

N=1

X=Dt+(1/E1)

GOSUB 20000/|IF F=1 THEN STOP

D=X+E1

GOSUR 10000

N=2

IF D>D9 THEN 2400

X=(D/A1)+(1/Bl)|GO TO 2500

X=D+{1/C1)

GOSUB ZOOOOIIF F=1 THEN STDP

GO TO 1200
0 B=B+.5

10200 PRINT N,B,X,D

1030
2000

0 RETURN
0 ON N GO TO 20100,20200

20100 R=X1!X=X+RIG0O TO 20300

2020

0 R=X2|X=X+R

20300 IF X<1 THEN GO TO 21000

20440
2050

0 X5=1-%+4R
0 ON N GO TO 20600,20700

20600 N8=N1*X5/GO TO 20000

2070
2080

0 NB=N2*X5
O PRINT "“N","CYCLE REM.","RATIO REM." "“DAMAGE REM,"

20900 PRINT N,N8,X5,1-D|F=1

2100

0 RETURN



