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e ABSTRACT

-,

'FATIGUE LIFE PREDICTION UNDER COMPLEX LOADING.

AR
BH

2 . CN
‘Attia A. El-Shakweer oY

s

A cumulative damage procedure for predicting the

fatigue‘failure of engineering metals subjected tg complicated

3

stress-strain histories is described.

The rain-flow cycle _counting method which counts all
closed stress-strain loops as cycles is employed in the

damage assessment procedure.

’ N

A \ i
Different counting methods are deséribed and compared

to the rain-flow counting method. ‘ a

L
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CHAPTER I
IR ... INTRODUCTION ~ ' - S
s, ) - o k !

3 e

3

Fatlgue de51gn of machine components is one of the
- 4”\

more difficult tasks tha£ engineers face. Many factors ake

involved and the relationships between these: factors are

only partially established and largely empirical. Fatigue
failure is caused by repeated loading with the number of
cycles to failure varying with’the lqad raﬁge. "Damage"
accrues gradually over the life epen‘of cyclical loadiné,
with small changes taking place during each cycle. Céack
initiation'occurs at verying percentages of the final life
and crack propagation continues until final_fgacfure taHeso
place. ) ) ‘ 'kdﬁ*
‘ Fatigue design requires a knoyle&ge of‘the‘foliow-
.ing [l]*: ‘ , ' o ‘ ‘ .

1) The expected load-time hisﬁory (or better, the - local

stress-time and strain-time. history at the most criti-

3

cal locations.)

Numbers in parentheses refer to the list of refer-
' ences at the end of the report. :
N oy

” '

s gl

s
o]
- T

e e+ ke w m e v v g
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s p—— - L

,
’ \ . . *
'
[N

2) The nature of the env1ronment in which. the conipon-

eqt is operated (wet, dry, qorr031ve, temperature,
_ etc.) . ) ' '
3)~\The probertiés of the material as it exists in the ,
flnished component at the most crltlcally stressed
l catlons (" xnherent“ fatlgue propertles, resldual
stress effects, surface efrects, Sensitivity to

corrpsion, "cleanliness", etc.)
‘ :

4) The §eometry of the:component and its qptcﬁes (stress
\ ' .
concentration, surface finish, manufacturing varia-
‘bility,.etc.)
‘\ E

A . v <«
A

In the decades that have foIIGWed the first recorded
observation of the fatigueAphenomenon, well ooer 100 years' 5903 »
{1]. much has been done to enable better fatigue life pre-,
dlctlons. The concept of the fatlgue limit - the Stress
level below which fatlgue fallure is hlghly lmprobable - has
been used’ exten51vely; probably because it 1s sxmple to apply
and because it has an erlrlcal relationship to the ultimate

tensile strength. Cw \

9 ‘This concept requltes the knowledge of the fatlgue limit

of the material. in guestion, fat1gue strength diagram and
8
the applied stresses., - - _ oo . ’

- ’ N \ . I
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., . “_ The fgtigue limit can ‘be deﬂérmined-by testing a - ,

L 2N

.number of similar test pieces of the same metal at stress
_ranges £,/€5£5, ..., etc.; and the number of cycles of
stress which each specimen can endure to fracture is noted.

a i <
The stress range applied to any test piece is kept constant

&

throughout ‘the tést. It is usual\;o test about eight .or .,
ten specimens each at a different load, so chosen that at

- ‘ ~ ’ b
least two test pieces remain unbroken after testing.

Génerally, the determination is made by subjecting

Nt b b idens

successive test pieces to decréasing stress ranges, and - ‘ . J \

noting the increasing féfigue lives. If thé test piece breaks
~ . ) before the fatigue liQes'attain the specified number of cycles
N ’ . for which the deZermination is being conducﬁed, the applied

ma e

bl b

stress is higher than the fatigue limit; if, on the other

-«

hand, the test ﬁiece is not broken at the specified number of

‘cycles, the applied stress is either less than, or equal to,

H
4
3
i -

the fatigue limit. A cgnsiderable amount of time is needed
to conduct these tests in order to £ihd the fatigue limit of
the material and to construct the S-N curve, as shown in

- Figure -1.1 [21. ' o R . {

(

o

The fatigue limit is determin%d for the case of the

completely reversed loading, where the mean. stress is zero.
» .

The effect of the mean stress on the fatigue limit should also
E Iﬁé determined experimengglly, so that a fatigue strength
NN '
diagram can be established. \\i;/~\ . .

. e - e
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As shown in Figure 1.2 [2], the fatigue strength
i» diagram is constructed for bending, tens}le and torsion

loading, so that machine components subjected to different

b
1

modes of loading can be designed.

After obtaining the fatigue limit arfi th; fatique
strength diagram, the design of the machine components
require the knoﬁledge of stresses resulting from their ‘ ' : ;
operating conditions, and for the design tb be gccepted, the , i
operating stress should be below the ailowable fatique

strength of the material. v

Even though the fatigue limit concept has been used |
-'Lidely in design, it is too simple to predict fatique lives 3
’ ' H

in components subjected Eo real complex load histories such®

A S a -

as those shown in Figure 1.3. \ The fatigue limit concept is

\
' \

'based upon sinusoidal repetitivé loading of constant amplii

' tude where real load histories may havé consecutive excf%ations
véf different amplitgdes:' The actual fatique damage is an
accumulatio; of damages done during these non-uniform cycles.

‘Therefore, during the past twenty years,. considerable effort

has Eeen spent in imﬁroving.fatigue life prediction. Many
cumulative theories have b@en proposed: thé‘thrée,frequently
used fatigue life predﬂéatio; routines includé'load life\ . - 1 T
predictioﬁ, nominal stress life prediction, and nominal strain
life prediction ‘{12].n All three methods of preéiction are

based on the Palmgren [13] and Miner [14] 1linear damage

-




. , N ‘
rule where the fatigue damage D is calcula

ted by linearly

summing scycle ratios for the history, as indicated by

/ ‘ c
D‘=2:ﬁ% ‘ (1.1) 2
. where . )
n = Number of cycles at a given amplitude
; ﬁ Nf = Fatigue life in cycles from constant émpligude
% . } ‘ load-life curve at the given ﬁmplitude.
. \ T L
A ¢
‘ The proceédures for these fatigue life prediction
| ‘ . :
_ ! routines are as follows.
1 \\\ ® ' i .
‘ ’ L]
. v 1.1 LOAD-LIFE PREDICTION (Fig.l.4) : .
i . l .
; . - ~ ’
' . ; 1) Input
. * " a) = Load - time history.
$ . A ]
; : b) - Load-vs-cycles to failure curve.
&\‘\ , . N
; 2) load time history rain flow counted for load "
% : range. : . v . v
} 3) Linear damage summation and life prediction. '
L, 1.2' ‘NOMINAL STRESS-LIFE PREDICTION (Fig. 1.5)
; . 1) quut . Lok
i ‘ : \
8 ’ . . /’ «
7 , / a) - Load~time history. o -
i ’ ¢ / . . . “"'l:’:u }
{ ' / b) - Smooth specimen monotonic stress- ' o

/ strain and fatigue properties._ e ?“‘;:

~
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2)

3)

4)

5y

Ny

‘ L ¢) Fétigue ndtch facfor. ,

"Nominal™ strain calculated from load or measured’

with strain’ gage. ' % _ ‘ J

"Nominal" Stress-time found by“folloﬁing stress

strain response for the material (as determined by

(':5 * o
. uniaxial testing of small polished gpecimen . 9y

*y

‘Appendix CJ.

"Nominal” stress-time rainflow counted.

Notqhed S~N curve estimated.

v S
a) Smooth specimen fatigue strength at
, c

r.
C .

1,000,000 cycles divided by the fatigue
notch factor. ( 7
' 'b)’ Notched S-N curve drawn between fatigue '

strength coefflclent and reduced strength

at 1,000,000 cycles.

.. ¢ Linear damage sumPation and life

prediction.




9 divided by fati-

fatigue strength

at .
. {1000,000 c¢cycles
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Load time si cgggn specimen b Fatigue
history - stréss-strain fatique 4 notch
i £
o properties ,  broperties factor
Calculate ° )\s
\ N 5

, .Smobdth -

Nominal , specimen
strain-time / i

FIG. 1.5 Flow Chart Diagram

N

1
>

.

Nominal .
stress-time
history

Nominal stress time
rainflow counted
for stress range

v

.Netched S-N curve
drawn between fatigue
strength coefficient
and reduced strength

at 1000,000 cycles

»

1

Prediction '

P

Lineaxr darmage
summation and
‘1life predic~

tion .

toé the'Nominal Stress Life
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‘g b} - "Nominal" sﬁrain‘COnverted to notch root

‘ . *
. -
© e

®

< 1.3 ABBREVIATED "NOMINAL" STRAIN-LIFE PREDICTION (Fig.l'.é)

1) Input .
a) Ioad-time history. - .
b) ' Smooth specimen monotonig siresgﬁatrain SR
LI . and fatigue properties. ' . e .
B o)) ‘?heoretical stress concentration factor. '
2) History abbreviation .

a) Find maximum peak and minimum,vallézh ‘
and use history which lies between those

two points. .

b) Screen out all ranges less than 40‘perr

cent of the maximum range., o

3{ load converted to notch root strain

A

. ~a) Load copvefted to "nominal®™ strain by

assuming linear elastic condition.

sﬁraig by multiplying the "nominal” strain
by stress concentfation factor,

.

4) Strain time history is rainflow counted. . : ’

'S)L‘Linear damage summation and life prediction..

‘ » ~ .
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Pind maximum
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minimum

valley and

Load convert-
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by assuming
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tic conditien
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which lies
N between
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$Yoints

. " Screen out
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. range
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PIG. 1.6 Flowv Chart Diagram for the Abbreviated Nominal

. Strain Life Prediction
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strain
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Strain time
history is
rainflow
counted
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sumnation
and life

 prediction -
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Linear damage .
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. . , \ .«
In the load life pre&icti?n routine, the only improve- .

ment over the convenfional construction load vs. cycles to
failure method is that the load history is rainflow gounted
for load range and linear damage summation is done for

13
damage prediction. The nominal stress life prediction routine

adds the precautious feature.of reducing the allowable fﬁ;igue
_iives by the fatigue notch factor. The: abbreviated nominal
Qtrain life prediction Qechhique uses the theoretical stress
concentration factor K, instéad of the fatigue notch factor
as in the nominal stress life prediction techniqye. One .
§dditional simplificatiqn in theée abbreviated nominal strain
life ﬁ#edictiop technique is thét the load history is screened

out to eliminate ranges that are less. than 40% of the maximum

range.

Reference [12] evaluates the accuracy that‘might be
expected in using these procedures in design analysis. -
Predictions given by the load-life method were always

longer than the actual life measured by test (conservative

prediction) "Nominal"” stress-life analysis yielded estimatei?

of life which were generally within the scatter of the test

dati. Even though a majority of the sérvice load history '

' 'was not considered, the abbreviated nominal strain life pre-

v
diction gave reasonable accuracy. ' s

1

Furthermore, emphasis has recently been shifted from
' . . b

LN

’ .‘
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.u51ng nom1na1 stresses, elastlc ana1y51s, and the concept of i

safe stress to the analysis using the elastlc-plastlc behavior

et the most highly strained region.. This is called the local
stress-strain approech [4,5] aq& is used to make a preéictioﬁA

of life to the formation of an engineering size crack.

-

Briefly, the local stress-strain approach involves
the following: (See Fig. 1.7)

1) A model of uniaxial stress-strain behavior is
employed to simulate theadeformatlon hlstory of an {

lmaglnary fllament at the critical 100at10n, such :

as notch root.

2) Using the applied loads or ngminal stresses in
conjuhction with cyclic load wersus notch strain

c%rve [16,17] or Neuber's rule\15] to generate

the local strain-time history.

3) A countlng procedure is used t identlfy events or
cycles, which can-be related to.increments ét damage -

or life exhaustion.

‘&) Smooth specimen fatigue test data .are needed to.
establish cyclic stress-strain curveg,has well as
fatigue resistance properties uaea in damage

. »- o :
equations. ' A Y

5) Patigue life prediction. ) L oo

Ty i ) ) '
.. . ol

. . . v
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"
E lied load
- Cyclic load App I Patique-
A ::id:i :ir:‘:ni versus notch ’g.,“ timt " test
strain behaviour ie | 5t¥ain curve history data
employed to simu-

late the derorma- . .
tion history of an’
imaginary filament
at the critical lo-

cation such as the '
notch root

* . L™ 1
] ‘ : Cyclic stress-strain
. . : ° ﬁ;:lﬁ;:.::m cuxve and fatigue
. 2 4 resistance properties
' .
w 3
(e

.

Cycle counting

Fatigue Life,
prediction -

+.PIG. 1.7 Flow Chart Diagram for Fatigue Life Prediction by

Local Stzain Approach

-
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?

As can be seen in the previous presentatlon, all
fatlgue life predlctlon technlques utilize the cycle count&ng
technlque to obtéﬁh an adequate number of load cycles that
do significant damage to the structuée without having to

include all cycles, most of which are unimportant.
! -

The cycle-counting technique therefore plays an

important role in the determination of the fatigue life .pre~ . °

diction. For that reason, many different céunting techniques . |

have been developed and improved upbn. Among the different
techniques, the rainflow countihg method hassproven to be

the most efficient and accurate.’

In the following Chapter, various counting technidues_

*will be presented, along with the rainflow counting method.

.Utilizing thé rainflow counting method, the local strain
approach has in recent yéars been developed to a.high degree

of sopHistication and has received favorable acceptance. This

- method utilizes the cyclic stress~strain properties, and the

i

. low cycle fatigue resistance properties which are experienced

by the elements of materials at the moét highly stressed

'local regions. These low cycle fatigue resistance properties

are also presented in a subsequent Chapter.

=
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CHAPTER II
COUNTING PROCEDURES

'3

2.1 OVERVIEW

The specific procedure used to identify cycles'can~
have a significant effect on the resulting.fat%gue life.
estimate. Some of the various"counting methods*currently
used are: peak-crossing-peak, range mean, order overall

method, range pair and rain flow. This Chapter discusses

\

. the above-mentioned counting procedures. Also, the.comparison

of the various cycle counting methods is considered.

4

2.2 PEAK-CROSSING-PEAK COUNTING METHOD

As illustrated in Figure 2.1, this method -[*] counts
the maximum peaks (and"valléYs) between zero crossings. The
strain history shown in Figuré 2.1, is composed of 9 re-
versals, the reVersa;s'ab, be, cd, ef are above zero, the ré—
versal fh is érossing the time axis at point g, indicat-

ing zero strain_and also reversals hI, . IJ and JK are cross-

ing the time axis at points m, n and K, points d and I

\

indicate the maximum peaks between zero crossing and points

h and J indicate the minimum valleys between zero cross-

. ings. According to ;his method, the history can be reduced

to five reversals: ad, dh, hI, .IJ and JK. Each reversal is

LS

v

-
- ——— S e




—~ omitting the small range Feversals.

LY N R ,
counted as a half-cycle for damage calculation.

As we can see, the method is neglecting the small range
reversal and is detecting the large range reversal. It can be.
applied to any complex strain history resulting in a higher o

fatigue life than actual, due to the error introduced by

4

2.3 RANGE MEAN COUNTING METHOD

This metﬁod [3] counts tﬁe ranges and means' between
the reversals. As illustrated in Figure 2.2, thé strain
history is composed of 9 reversals with ranges I;,Cf,,eeesLg
The range énd the mean of ‘each feversal is counted to”form
cycles in the following,manngr. If the load sequence is
random (the probability density curve of the truly random

signal should be similar to the probability density ‘curve of the

gaussian random signal [19]), positive(r3)aﬁd negatiYe(r4)ranges .

can be paired, and each pair is considered a cfcle.. If the
seqﬁence i§ not exactly random, one may count a range (from
valley~-to-peak) as a.half#cycle. ’fhis method tends to divide
’oé history info a large numbér of small range reversals;'w%th mean

.offsets and neglects ahx large~range reverSalé.

This method can be easily applied to any complex
histbry resulting in higher fatigue life due to the error intro-

duced by omitting the large reversals which contribute most of

4

the damage.

g n
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FIG. 2.1

~Peak Crossing Peak [3]’
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Range Mean

r = range
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2.4 ORDER OVERALL COUNTING METHOD \

2.4.1 Overview

. This method [7] starts by lqoklng for the highest
peak P and the lowest valley v of the sequence. The
difference between their values is assigned 100%. The method
then proceeds to select‘those peaks and valleys whose levels
are more than a certain specified level (for fexample, 50%
of the maximum range.) The neidhboring peak and valley will

then be connected to form cycles.

Many smaller ranges may intervene between the-.selected

peaks and valleys. They are screened out and neglected. As
an example, Figure 2.4 shows how this process is applied to
the sequence of ﬁigure 2.3, When "screenipg level" is as

19ﬁ as theAsmallest range of recorded history, all reversals
of the history are. included in their proper sedquence amohg
the order overall fanges. Higﬁer levels of screening lead to

greater ebbreviation of the history.

This method permlts the selectlon of a small number of

reversals (say, 10% of the total number) which account for a

Iarge fraction (say 90%) of the total damage. It also retains

the sequence of important events so that the residual stress
effects in notches can be evaluated. This method can be

applied where more confident,design'of’acce;erated life tests

is required. If a large- fraction of reversals can be eliminated

¢
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without major effect on the severity of the test, then the

_results can.be obtained at less expense and in a shorter

© time. _ h " )
. ' | ‘ o
. ’

2.4.2 Qrder Overall Counting Procedures

‘The range of stress or of strain is the main factor
~in all aémage~1aws, The S=N curve depends upon these factors

+ to a very high éegreg. _If the fatigye life is proportional

.

to the sixth power of the stress range, which is a reasonably
low guess [7], then half of the stress range will'prﬁduce .
only 1/64 of thé dgmage’df the full stress range, and one'
Mcycle at full range will proauce as much damége as 4,000

cycles at 25% of the full range. The range is therefore cﬁosen
as the primary variable‘that shall determine whether pﬁel

)

reverals are counted or neglected.

» v o

s

' At the beginning, in t?? counting proceés, twé\reversals

that include the largest range between them are selected. This

" w%ll almost always be én “"overall"”. range in'fhe sense that

smaller ranges intervene between them,

-

N £l ’ ’ -
The next step can be approached in several equally

valid ways. N

-~

[

|
|
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2.4.2.1 First method -

This method looks ﬁpr‘those two reversals that include

the next largest range between them and which form a series

13

‘of four revarsals with the previous pair or, in other words,

\'which form an alternating series of peaké and valleys with -

the préQiously selected reversals. ‘Figure 2.5 illustrates
the meaning of thfé clause. One can tfien proceed to the next

larggs;, and so on, until all reversals have been used.

t

s .

2.4.2.2 Second method .

Tpis method subdivides each .of the two or three ranges

defined by the first pair into subranges, and so on, until

all ranges that are larger than a selected minimum have been

{
found.

2.4.2.3 Third method

The third method starts from an extreme reversal
(say, the highesﬁ peak.) The next valley that differs by
more than the screenlng level from the peak becomes the first
‘tentatlve candidate. Succeeding reversals are then examined.

The peaks ‘are checked to seg.whether they differ from the

R candidate by more- than the ébreeninq level (event "X".) The

valleys are checked to see whether they are lower than the

candidate (event 'Y‘.) If event "Y" occurs first (before

“eveﬂ‘ "x*), the candidate is rejected, and the new valley

«

[




A

T

becomes a candidate. Ifﬂevené "X" occurs first (before
. event "Y"), the candﬁdatg i§ yalidatéd and the newly found peak

becomes the next candidate.

This method can be easily.applied to the complex strain |

history shown in Figure 2.5, as follows: -

‘ ' 1) Screening level is to be fixed (say 50% of the

overall range.)

2) The highest peak (point 1) is to be taken as the:

" starting point.

.

3) The next valiey (point 4) thaﬁ diffgrs by more
than the screening level from poiﬂ? 1, becomes
the first tentative canNdate, :

’

L

4) _Since the next peak (point 5) does not differ from
the ‘candidate (point 4) by more than the screening

1evei, the next valley . (point E; is to be examined.

5) Point (6) is ndt lower than point 4 and the next
peak (point 7) differs from point- 4 by more than
ﬁhe screening level; therefore, point 7 will be

| the new candidate.

~ . »

6) The process is to be continued until-the reversal

‘number 10 is reachéd.
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‘The three remaining.points are updated} i.e., X, becomes x

é 4 ' ’
2.5 RANGE PAIR COUNTING TECHNIQUE
v

T . :

In fatigue life prediction, the'copplex‘strain history

- » R .
obtained from component tests should be primarily reduced

. into discrete cycles so that the damagé calculation can be
easily made. The range pair counting method reduces the
.actual strain hisgory'into discrete cycles. This techniqpé [8]

" treats a strain history as theﬁcolléction,of n peaks and

valleys designated by Xy i=1,...,2n, such that if‘xj is peak
X501 is a valley, 1 < 3j < 2n - 1. This method considers
four points (xl,xz,x3,x4) at a time and the conditions for

counting a cycle (x,,x;) are as follows: %

If Xy> Xy, then the cycle is counted, provided

that X, £ %y and x5 > x; (Figure 2.6a).

Conversély, if Xy < Xy then a cycle is counted

provided that Xy 2 X, and X3 < Xy (Figure 2.6b).

‘Thus, starting at the beginniﬁg.of the history, the .
first four points il,xz,x3 and x4'are considereq. va X,
and x4 ‘meet the above conditions, 'a cycle is defined and
these two points are deleted from the history. Conéeéuently,
X4 Becomes X, and the next,£wo points are added té again
y;eld four points. Counting continues until the four points

considered do not defirfe a cycle. Then xq is omitted from

consideration and becomes an element of a residue h&&fory.

17
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| B x5 becomes x,,. x, becomes x,, and x; is ad&e§ sequentially~ |
h from the original history. This process continues until .
L - there are only two or three points remaining. These points ‘
T are added‘fe the residue spectrum, which:'is then analyzed in ~—

the same manner as the original history. Continuing in this

.manner, a residue spectrum is fihally generated which will

. yield no cycles that can be counted by the range pair ¢ycle -

oy

'counting method This residue sbectrum diverges to a maximum
range and then converges as shown in Figure’ 2 7. .Cycles are

J/// " generated from the flnal residue history as follows. palr the

% . highest peak D with the lowest valley E, to form a cycle.

‘ Then, moving away from this cycle in both directiens, each
succe551ve ‘peak and valley are paired together, 1 e., pair

. .+ peak B with valley C to form a cycle and peak F w1th valley G
to form another. cycle.' If ﬁhere is an extra peak or valley . ' v
left on either Slde, it is omitted, i.e., peak H is to be

omitted.

2.6 RAIN FLOW COUNTING TECHNIQUE,

2.6.1 Overview
. /’ . " ~
C ‘ /:. The name of the rain flow counting technigque is derived  *

T from the process of rain dripping down a series of pagoda roofs,

. . <.
as described by the strain-time history shown in Figure 2.8.

- . ] i
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‘mentioned above. The apparent reason:for this zg\that the rain-

flow method defines. cycles as closed stress-strain hysteresis
loops. To exemplify this point, a brief complex strain- -

time history and its aséociated stress-strain response are
showﬁ in Figure 2.8. 'The cycles'that would be determined by
the rain flow céunting‘method are identified by a-d-q, b—c-bl,
e—f-el, Each of these cycles is a closed stress-strain hystere~
sis loop of the type obtained from the constant amplitude\

test.

2.6.2 Description of Method

e

. The purpose of this section is td describe in detail
the means by which the,cofrespondihg stable stress-strain res-
ponse, Figure 2,8, is generated and how the completion of a

hysteresis loop i‘ detected mathematically, [4].

' As shown in Figure 2.8, the strain range between the

maximum and minimum strain reversal points is divided into a

£

number of strain "bands". Ten bands are used in the exaﬁple.
It is helpful to think of graphically reconstructing the
strain history by using one~dimensional strain elements, each

of which can traverse one strain band.

g s

Since it will never be required to traverse.more than

g'distance of ten bands, a total of ten elements are needed.

[0maneyry . [~ gl g N
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An orderly set of rules specify the use of theég

elements. Each element is assigned what will be called an

-~

"availability sign" or "availability". At point a, all ten e
elements are assigned an availability of -1, because it is

a negative strain. This indicates that each element can now

be used only in the tensile direction. At point a, and *

after every reversal'point, the elements are used in order,
starting with the first. An element is useq for tensile load-
ing only if its availability is -1} or for coﬁpressivé load-~-
iné, +1L When an elément is used, its availability is changed.
If an éleﬂgnt is not avéilable to be used in its turn, it is
passed over and ité avaifability.remains unchanged. If a
strain reversal point lies within a strain band and not atpthe‘
edge ofléne, its position is apéroximated by being placed at
the far edge of the strain band. This is done because an

.

\glement can only be used as a whole.

A ‘reversal-by-reversal record of the element avaiiabilities
is showh in Figure 2.9. "Note again, that at point a, the most
negative strain in thelhistory, all element‘availabiiities are .

initiatizéd at -1. At p&int b, the eight elements represent- //
‘ing the reversal a*? were‘used in the tensile'direétion and
" their availapilities changed from ~1 to +1; elements hige and

ten are not used and their availability signs remain unchaﬁgeé.
"At point a, the availability of every element ia'+l. Thig in-
dicates that the last time each element was used, it was used E

o
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in the tensile direction. Upon reaching point b, on

the reversal betwéen c and 4, the availability nﬁmbérs'of -
élementé seven and eight indicate that they cannot be used

in the tené;lé direction. Thus, these elements arg‘"skippéd“,
and elements nine and ten are used to reach point d. However,
the skipping of an element is the key to the means of cycle
counting. The fa?t that element~seven is unavailable after

the use of element six indicates that the strain cycle has

been completed with element six. Completion of a cycle is in=-

dicated in the‘same way when point e is reached during the

reversal between points f and g.

The most important cycle is the largest one which is :
completed at point g. If the example préblem hefe were actuélly
set ﬁp‘fqr computer use, eleven strain bands, and thus eleven
elements, would have' been established; and the eleventh
element's availability would also have been initiatized at -1.
Element ten is used to reach the last peak in the strain history
" at point g. But the unavailability of the eleventh element,
regardless of the fact that it is not used, signals .that a

cycle whose stradin range eguals ten strain bands, has been

conmpleted. .

Extension of the abdgg\?gncepts to simultaneously °
simulate stress-strain response and count cycles is a simple
. 8tep. The one-dimensional strain elements which were used as

~a tool for explaining cycle couhtipg are replaced by the two-

.
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dimensional stress-strain elements which represent a cyclic loop

shape. $§1pp1ng an elemgyt then provxdes the memory effect

.seen at2p01nts b and e (Figure 2.8), where the stress-straln

path of ;he large loop is rejoined.

When counting starts at any point in the history other

“than the maximum peak or minimum valle?, the method is counting

¢

' half cycles, as well as full cycles; as shown in Eiéure‘z.lo £3].

Th{ counting method corresponds to the stable cyclic:stress-
strain'béhavior of a metal in fhat stréin rangeé counted as
cycles'will form closed stress-strain hysteresié loops, and.
those counted as half cycles will'not,‘other than that the

i

method can be applied to any complex history, considering the

- effect of each stress-strain hysteresis 'loop on damage calcu-

 lation.

2.7 COMPARISON OF THE CYCLE COUNTING METHODS

; .

If various cycle-counting methods are ccmﬁared on the

basis‘of their applicabilig& to complicated strain histogies,

it is easily seen that for most of tbemdthere are situations-
where 'unreasonable results are obtainea. Iﬁ the sequence

shown in Figure 2,1la, ‘the small reversals do some fatigué

‘'damage that may or may not be significant, compared to the

. damage:done by the.large cycle on which they are superimposed.

Peak-crossing-peak counting gives the resuxt that is equiva-

lent to that of Figure 2.1llc, which is nonconservative in the -

s
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case where the small reversals do'significant damage.
. E
The. range mean counting method has the characteristic

that: if small reversals are counted, the lafge‘range is
"broken gé and counted as}several smaller ones. This gives the
unrealistic results that small ‘excursions do negative damage,
‘as the calculated&éamage can be’ decreased by including them..
For example, in Figure 2. 11a, the large cycle on whlch the
smallpr ones are superlmposed is not recognized by*’ ra7

¢
counting; therefore, “the calculated damage could easxly be

N

less than for Figure 2.1llc.

The order overall rahge (OOR) method abbreviates the
strain history to a certain screening level, but counts

all possible ranges. above the screening level. _

The range pair and rain flow counting results are much
more feasonable, the small reversals being treated as inte;-
ruptions of large strain ranges, and the damages for the large

and small strain rangeé are simply added.

- Excebflwhen half cycles are being counted, the rain

flow counting method reduces to the range pair method. All‘of
Ehé‘cyc%fg‘counted by the rain flow method are therefore count-
ed as'cxcles by the.;ange pair method. But the half cycles count-
. ed by the rain flow method (FPigure 2.10) are handled différént-
ly by the range pair method, resulting in no damage being ‘cal-

culated for some parts of the strain time history if the range

-~
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pair methpdfié used. 'This difference is significant only

1

in situations where the damage due to in%ividual half,chles

is important, namely where there are only\a few reversals
to failure, or where there are insignificant minor reversals

and most of the damage is done by a few major reversals.
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CHAPTER IIX

EVALUATION OF CYCLIC STRESS-STRAIN AND
FATIGUE RESISTANCE MATERIAL PROPERTIES

3.1 OVER VIEW,

The purposé of thilehapten is to outline a method
for evaluating the ;yclic stress-strain and fatggue résist-
ance material properties. As mentioned'by D.f. Rask ‘and
Jo.ﬁeaﬁ Morrow in [6] the fatigqe testing in ihe low cycle

regime, will be employed for this purpose. Consequently,

. it is necessary to distinguish between low cycle fatigue

testing and fatigue testing more generally. By definition,

. failure in low cycle fatigue occﬁrs in fewer than 50,000

cycles. It is further characterized by the existence of
st;gss-strain hysteresis. loop and by measurement of pléstic
strain range in the test specimen. To meet these reéuiré-
ments, certain Speci;l testing techniques not generaily
considered in high cycle fatigue tésting assume iﬁportance.
To pfquce failure in a few cycles, straiﬂ rather than strqés
must be controlled. .This plaées séecial emphasis on strain-
detecting devices and accompanying instrumentation for
measuremeét and control. Séecimen configuration becomes

important, since buckling or bending be avoided and

reliable strain measurements must be made.




3.2 THE SPECIMENS S .

-c

The overall size and type of specimen used for low,
cyclé fatigue testing™is often dictated by the form of the.
| available metal stock. Even when this is not a'consideraf ,
tion, theredare other factoré which may influence'the design.
Obyiogsly, the specimens must be "sized" to the i;a& capacity
of 'the teéting system employed. Also; the enlarged threaded
ends which are generally used to~ fasten the spec%meh to the
testing system ﬁust ﬁe designed to ensure failure iﬁ the
reduced section. A ratio of between 4 to 6 for the area of

the threaded end and the reduced section is usually satis-

factory.

Ed

Several successful low cycle: fatigue specimen configura- :
tions are given in Figure 3.1, along with comments on their

limitations and applicability.

The correct or optimum choice.of specimen size and
shape also ‘depends upon the stréngth and ductility of the o
 metal be}ng inves\}gated. Consequently, one should plan to
measure the tensilé\propertiés of the metal before extensive

fatigue testing is performed. . ° S

While it is impo;tahﬁ to machine the samples carefully
80 that they are straight and axial, it is noimally.not
necessary to be as careful about the surface finish in thé

reduced seétion as it is for long-life fatigue specimens. - . )

\
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greatly reduces the influence

to the gauge'seationﬁ
. .- [

Since plastic strain is usually present in low cycle fatigue
testing, the scatter in the results is ueually not as great
as in testsewhere londer lives result. One reason is éhal
the plastic action "washes out" many of the 3catter-produc-
ing factors. ThlS is particularly true for reasonably
ductile metals in the low cycle fatigue reglon because the
large amount of cyclic piastlc strain imposed during the
fatigue test eliminates tﬁe,initiai reaidual stresses and

&

of small scratches and other

. stress raisers. When longer lives are expected and when

metals have low ductility, the saﬁe care should be taken. to
obtain a smooth surface which'is as, free of reaidual stressee
as Is generally taken with longiiife fatigue samples.

After the machining has been completed, the diameter |
and hagdness,of the specimens are measured. Normaily, the
sPécimen diameter is measured at three locations, the dia-

meter is measured ; ﬂeast twice (90 apart) and the average

of the two values ig)) used to compute the area. If these

!

areas differ greatlyt the specimen should be rejected or used
only for prelutunary§ \Fests. )

: J

°
[

Hardness meas &ements should be made On eabh specimen

v

T ' i
to ensure un:.formlt:yg};‘l It is usually satisfaqtory’to use the

average. of three_har iess‘values from each'shoulder adjacent

;‘l___a____- e
:“3
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4

Once these preliminary steps have been completed,‘
it is desirable to store the spécimens in an evacuated bell

* jar or individually in test tubes containing noncorrosive

© anhydrous salts. | N

'3.3 THE CYCLIC STRESS-STRAIN CURVE

The initial cyclic rate of change in prsﬁerties is’
grgatly influenced by the cyclic strain range. However, thel
amount of change rapidly diminishes with repeated cycling
during the‘first few percent of fatigue life. As long as the
control condltlons are not altered, a metal will qulckly

|

adjust to a nearly stable condition yhlch is reflected by a

nearly stable mechanical hysteresis'loop.

[

By connecting the tips .of several stable loops at
different sérain’rgnges( a smooth curve is formed which is
called the cyclic stress-strain curve. This curve can be

maihemafically expressed as

F23

‘ 1
1.
(=5 = (-T) + ('-r-‘E) = (——) te f(a":)

%

(3.1)
wheré'

Jgr. €go 0, and n'c are as defined in -

“Figures 3.7.3.8,4.2 and 3.9, réspectively.

_Slnce most metals stabilize rather quickly after changes

in the ‘cyclic strain amplitude, it is posslble to determine
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the cyclic stress-strain curve from one specimen. The

following describes th techniques to determine this curve.

3.3.1° Multiple.Step Tests

Determining the cyclic stress strain curve from
multlple step testing con51sts of CYCllng one speclmen at
‘several levels of straln amplitude. The numher of cycles
at each level should be sufficient to achieve stability but

small enough to avoid serious fatigue damage. With the

.stable hysteresis loops éuperimposed, the cyclic stress-

strain curve'is obtained by drawing a smooth curve through

the tips of the loops. T s

I

3.3.2 Incremental Step Tests

‘ .Another means of producing the cyclic stress-sc;ain
curve consists of subjecting a specimen to blocks of
éradually decreésiné and then increasing strain amplitudes
as shown in Figure 3.2. A maximum strain amplitudc of ¢ 1:5

to 2.0 percent is usually sufficient to cyclically stabilize

"the metal quickly witﬁcut the danger of causing the speciméns

to neck, fail, or buckle before a stable state is achieved.

‘The cycelic stress-strain curve is then determined by the -

locus of superimposed hyséeresis loop tips.

-

. One means of produc1ng these curves is to use a’

Data-Trak (MTS Systems Corp., Minneapolis, Minn ) functlon

v

©
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a

generator to control the strain level of an MTS electro- -

hydraulic closed-loop testing syétem. With this equipment, ,

the. maximum strain amplitpde is set on the‘testing system

and the Data—Trak is used to provide a uhiformly decreasing

and lncreaSLng envelope for the strain amplltude. Figure 3.2

deplcts a typlcal strlp chart record obtained by this tech-

<

nique. Usually, the Data-Trak and testing system are co-

- ordinated so that the zero strain amplitude is reached after

°

40 cycles and the maximhm strain amplitgdes after aﬁether
40 cycles. In this way, a cyclic stress-strain curve is
genereted after three or four blocks of decreasing and in-
creasing §train,amplitude, as shown in Figure 3.3.

3.4 STRAIN-CONTROLLED LOW CYCLE
' FATIGUE TESTING

3.4.1 Testing Sequence - .

kY

Usually, from seven to ten specimens are required to

determlne the low cycle fatlgue resistance 'of a metal. For

L&

most metals, this can be adequately descrlbed by testlng at
strain amplitudes between t 2.0 and ¢+ 0.2 pexcent. The

result is the strain-lifeAamp;itude similar to that shown in
Figure 3.4, ‘ )

a

The testing should Pe conducted so that the data points

will be uniformly distributed along the 1og-life axie. To

accomplish this, the strain life-curve is approximated so that -

) . ‘ %

.
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. fatigue lives can be predicted. 'The initial approximation is

. those plastic stiainsAlarger than 10_3 and failurés at about

_fatigue life. As shown. inAFigure 3.4, the total strain ampli-

A

made from the results of the tension test the cyclic stress-

strain curve, and one qtrain-controlléd fatigue test. The . j
strain amplitude for this fatigue test must be selected,for
103, reversals result. It has been empirically found that a
strain amplitude of * 1 percent fulfills these requirements
1

for all steels regardless of strenéth and for most ductile

metals. . Thus, testing is usually begqun at this strain ampli-

" tude. Figure 3.6 shows typica1~hysteresis\loop§ and strain {
) J

e

life curves for métals of different strengths and ductilities

'

at this strain amplitude.

-

Before proceeding'with this approximation, it is

i ! ' ’ [ *

necegsary to develop the equations which relate strain to

tude can be segarated into its elastic and plastlc components.
In low cycle fatigue testing, the plastic component of the °
strain amplitude is qharaqterlzed by the fatique ductillty
properties and elastic component by the fatigue strpngth pro-

perties of metals. . . b .

3.4.2 Fatigue Ductility Properties

-

For a series of completely reversed testa at different - [

strain ranges, a log-log plot of the fatigue life versus the‘
stable plastic strain amplitude usually gives a straight 1ine.

~
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As illustrated in Figure 3.7, the plasiic htraiﬂ intercept at
one reversal is defined as the. fatigue ductility coefficient [6]
and it can be approximated by

1
1
e'y =0.002 (-%rf—)—n—r' (3.2)
. ' .8'yg", . ‘ |
/ S
where : Sy
. . - P -

m

o'f Uf = True tensile stress to cause fracture,x£
) ' £

- Sfy = cyclic 0.2 percent offset yield strength

: \ )} ;
The slope of the curve in Figure 3.7 is also.a fatigue ductility

property. This is defined by the fatigue ductility exponent,

cl.
Thus, the plastic strain amplitude can’be written
as L o
. Ae ' .
. = g! c
- . (B = etgang) \ (3.3)

3.4;3 Fatigue Strength Properties

“%

As illustrated in Figure 3.8, the stress amplitude
fintefcépt at oné reversal is defined as the fatigue‘strength
coefficient. The fatigue strength" exponent, b, is defined

as the slope of the curve. g Hence, a relationship s?.ﬁi;ar‘

to that of Equation (3.3) can be written fo;‘thé stress ampli~
tude. '




.‘ de o ol b .
(‘—2—) =5 = (T) (ZNf) } (3.5?

where
%a is taken as.the half-life value of the stress

aﬁplitude. ' ' Vs

The strain life curve can now be approximated as

-

B foliowsw The firét reversa; intercepts are ‘determined.by

the ﬁatigue ductility coefficient computed from Eguation (3.2)
ané the fatigue strength coefficient ;pproximated by the true
fracture strength. The h&lf-life plastic strain amplitude ‘
from * 1 perceng test is determined fromvéhe hysteresis_loops
fecorded during the test. This results in a datum poin{ on
the sérain—lifé éurveﬂ A straight ‘line a;awn through this
point and the fatigﬁé ductility éoefficient results in the
plastic strain-life curve. Similarly, the elastic strain-life
curve is the iiné drawn through the half;life elastic straiﬂ'

.t

amplitude and the fatigue stfquth coefficient. *

The curves representea by ﬁquations (3.5) and (3.5),
are those sum@ed to give the total strain-life curve, as
shown in Figure 3.4. The equation of this curve is written

‘as
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Ae Ae :
(55 = (=) + (=D (3.6)
or k
A O£, i b i
. €y _ 4 C ’ : '
(jg—é = (g )(ZNP)‘ + €' (2Ng) (3.7 o
| The results of subsequent tests can then be used to €

improve the approximation of the strain-life curve. An

accurate strain-life curve is especially important in long liwves

wﬁgre a small change in the §train amplitude can change the
life of tﬁe specimen by several orders of magnitude. There-
fore, it is best to test the larger strain amplitude first.
‘Also, since the scatter is usmnally-less at higher sfréin ampli-
tudes, the fatigue lives of any subsequent tests can be

3 s

predicted with more confidence.

3.5 CYCLIC STRESS-STRAIN PROPERTIES

"o

| 3.5.1 "Cyclic Strain Hardening Exponent (n')
For each metal thgre is a range of potgntial strength
o% hardness which can be achieved by cold working, annealing,
B‘hgétrtreating, etc. If a metal is ipitially‘soft, it.will ‘
éyélically harden; if it is initially hard, 'it will probably
so%teh. Some intermediate state will apﬁroach which represents
é\stable condition for the particular Qetai under thé'imposed
conditions. The initial sg&te ts ieflegted by the monotonic

'strain-hardening exponent,'n. For ﬁqsﬁ metals sﬁbjected to

T -
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cyclig-loadings, the value of the cyclic strain-hardening“

[

A

exponeht n', lies betweeh 0.1 and 0.2: As illustrated in
. . o ‘ ‘
Figure 3.9, we can use the cyclic stress-strain curyve to find

the cyclic sprain—hardenipg exponent. \ : : -
3.5.2 Cyclic Strength Coefficient (K') . : .
. T
o As illustrated in Figure 36?f the relationship between "
the stress amplitude and the plastic strain amplitude can be )
'..' written in the following f£orm: ‘ : (
. “ ‘ o . j . .
= \ , |
. ‘ Oq = K (ep) , - (3.8) |

o

, The cyclic strength coefficient (K') can be calculated

from Equatioh (3.8) as follows:

g
K!' = a

. v
. ()

»

- s L f

N TP s sy e ey - - R
ARSI AL ;,m,ﬂﬁ}_‘i;; g piaHg
" VAR e e

o Y




A
tb
:
i
-
'
t
.
)
)
.
.
o
)
)
. -
o
]
f
.
.
.
R
’
s
.

ca et e ung
’ -
.
.
T
.
- . .-
s,
3
o
e
.
.
. B
®
.
‘e
-
.
.
B
.
]
a
+
’
f . -
.
*
¢ .
» .
- ]
h 1
A\
) .
W v " .
.

Ny
'
[
PN
L
'
3

N , C
| ~ CHAPTER IV.
. DAMAGE ASSESSMENT

¢
4
.
' oo :
- . -
.
N
. )
’ 4
o
L, e
[
« .
5 . *
. +
v ' .




@

CHAPTER IV

DAMAGE: ASSESSMENT
4.1 OVERVIEW

In this Cﬁapter, the Basic requirements of the daﬁage
'cglculation‘are considered separately. The following areas
are coverec: stable st;ess-strein hys?eresis loop, strain-life
cﬁ;ves and cyclic stress-strain curve. .This information will

- |
be_cpmbined into a specific.method of damage assignment.

4.2 STABLE STRESS-STRAIN HYSTERESIS LOOP
AND CYCLIC STRESS-STRAIN CURVE |

During a constant amplitude contrclled strain test,
after the initial rapid harden}ng or softeniﬁg is ccmplete
so that the stress—strein behavior is approximately stable; a
stress-strain hysteresis loop,.as is sho&n in Figure ‘4.1a,
is fprﬁed.  Usually, hysteresis lcops.taken at half the
fatlgue life may be used to approximate the behav1or durlng
most of the 11f4 1f half-life hysteresis 1oops from tests
at several different strain levels are plotted on the same
set of axes as that illustrated in Figure 4. lb, a cyclic

,stress-straln curvells defined by the locus of the loop tips,

Curve OABC in Fig..4.lb,




\

FIG.4.1(b) Cyclic Stress-Strain Curve Determined ' ,
' ' From a Set of Stable Hysteresis Loop. [5]

]

FIG.'4.1(a) Stress-Strain Hysteresis Iloop [5] - '
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4.3 STRAIN-LIFE FATIGUE CURVE ‘ o

et

£ e
is needed. This is usually obtained in the uniaxial state of

A strain versus cycles to fatigue crack initiation curve
. (

stress by testing un-notched axial test specimens.

‘o 4
d

Constant amplitude, completely reversed, controlled
strain tests on such specimens provide both of the needed .

curves, Strain-life curves so obtained are shown in Figure

3

3.5 [6].

3 ‘

4.4 DAMAGE ASSIGNMENT DEVELOPMENT

.

To obtain mathematical reilationships realistically

¢

descfibihg the cyclic stress-strain and strain-life curves,

the total strain range, Ae in Figﬁre 4.1a;'is divided into .

elastic and plastic components:

¥ N

Ae = (-%9 e Aép : ©(4.1)

. o

where

3

(—%20 is the elastic strain range determined from .
+ L]

the stress range, Ao, and the elastic i
modulus, E, and where to . f

Aep,is ﬁhe'plastic strain range. ‘ ) : o .
i . . |

NS AJ

. Amplitudes ,or half—ranéés, of theée quantities are ushally -

v

u

- employed: A .
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If .a log-log plot is made of stress versus piastic

strain, a straight line usually results, implying a mathe-

matical relationship of the form

n' ’
0y = K'(ep) . B (4.2)

where ' - . "

Kl

i

cyclic'strength coefficient,

v

-,
"

cyclic strain-hardening exponent. Vo

To mathematically represent the strain-life curve:
elastic and plgétic strains are plotted separateiy versus-
cycles on log-log coordinates, as in Figure 3.5. ‘Straight
lines usually result, giving equations of the forms:

q

Y

. o " L g
- =o' (MNP (4.3)
, ' R ’ - c . . ° o,
ot . . EP ; E'f (.mf) ( (4.4)'
where | o . . oy - O

o'f -‘cyclid fatigue strength‘coefficientr
€' = cyclit fatjgue ductility coefficient

b = cyclic fatigue strength exponent

A ) -

P . . . o,

“\a

i}
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5 cr ,, 0,70 ¢ | ( )‘
vhere - ’ o bt L
Oor = equivalent completely :evgrsed'atreas o
» . ‘ ‘D 'u ‘.‘
amplitude : ‘ . . ’ o
o, = stress amplitude of the cycle with mean . :

a N

-

c = cyclic fatigue ductility expogént ) ":

2N, = reversals to failure. - ‘ B ,”‘ :

The above damage equations have been developed for
complétely reversed stress-stfain éycleé with zeto mean_stress,"
however, most of th; stress—sﬁraih cycles to be evéluahed‘

~ have a tensile or compressive mean stress'associafed with fhem.

. It is éenerally recognized tqét tensile mean sFreéses"reduée )
'fatigue life and compressive mean s;res;es inerease it. For
the purpose 6f démage assessment, an equivalent stress-strain

, éycie of zero mean stress is calculated. Most approximations-
involve an equivalen;‘completely reéversed Qtress cycle. .The

following form was, suggested by Morxow - [11]: n ,

a
14 N - B "
. stress Oo . - \

2

g

4.5 MSETHOD OF DAMAGE ASSIGNMENT

[y
.
a <

¢ ) 1

T - To evalﬁateféyclés~;n the basis of strain amplitude *“~*~*~—%T

directly requires iteration because life cannot be. explicitly

o

expressed in the strain-life equation: As stated by W.R. Brose

[Y

D ‘. . R ' . P [
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"in [4], the stress-life equation will be used-: at 1ong lives
and the inelastic strain-life. equation at short lives. .
B : ' Division is made on the basis.of a somewhat arbitrarily

~ chosen "transition strain amplitude" Eope The cyclic stress-

J

! - plastic strain relation, representing the results of an incre- .
: ; o mental step ¢yclic stress-strain test, is also uséd. -« Very |
; . ' - .smal'l cycles below a specifjed "computationa.l \l:uut strain
L amplitude”, e &n’ w111 be ignored to reduce computational time.
- Miner's ruie [14] is being used for 11near1y summ:.ng cycle
ratios for the strain history. '.l'he method of calculating the
damage for stress-sts:ain cycles is smnmai-ized*

- 4 ) y . "y
.~ . . > - o \ =! — (l‘

‘C£‘ R ) . ! Nf

' ' ‘< “: - . ' = a
. s T -, ! i cl @ f. tr* .‘\ e .,‘ l — ‘ O/U'fT (4.7) .
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o ‘ " CHAPTER V
S | ILLUSTRATIONS '

’
- ¢ ¢
'

5.1 OVERVIEW . = ., . | .

Eaiszihapter illustrates the procedure required in
predicting 'e fatigue life of structures under complex load-
ing. It will\discuss the use of‘the\coﬁputer in counting the
complex cycles, using;rain flow counting technique; the low

~ cycle fatigue resistance properties and the damage .assessment.

5,2 s'rgm'nlswomr
v 4
5.2.1 Nominai Strain Hiatory” ’,

AIn fati;ue analysis of components in rea1|structures,‘
it is often impractical to obtain strain gauge data at criti;
cal locat}ons such as’those at the notch root. Access to
those locations is often difficult, and gauge life is uncertain
when large cyclic strains are present, strain gauge recordings
at essent1aIly~elastica11y stressed locations away from '
notches are easier to obtain, or elastic &Ghlysis may. provide

accurate stresses at small distances £from plastically‘strained

iareas. Consequently, the strain measurements were intended

b )

to be nominal-strain measurements and the strain history éener- .

ated in this Chapter is, in fact,‘nominal strain history.
| . ‘ ]" o S .

5.2.2- MeE;gperimént S

- ¥

mhe strain history. is gcnarathd throughout an axnari- |

LY

[
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yracket, located in the laboratory of the Mechanical

\blas errors.- lﬁhch sxq?al was then converted into dlgital

events was preaerved.
. being separated by a range of ‘at least 10% of “the maximum

. range, and the smaller ranges were filtered out from the

66

' mentalflaboratory work, in which three étrain,gaugés vere

installed (see Figure 5.1) on\the diesel engine mounting

Engineering’Departmenf, Concordia University, to produce the .
cemplex strain history, while a random loading was applied
to the' running engine by the hydraulic brake. Figure 5.1

111ustrates the experiment set-up, as well as the straln

gauge locations, while Figure 5.2 1llustrates the experlmental

A
S

connectionbdiagram.

Each strain gauge was calibrated by shaking the engine
manually and reading the value of the outéut signal from the

strain indicator. The main output signal, as well as the

calibration signal, were recorded separately for each strain '
gauge on a magnetic tape, using a tape-recorder, as shown in

L

Figure 5.1. ~ ‘

Tﬁe firing frequency of the ehgine was considered to

_be the main exciting frequency, hence the maximum frequency

content was set to 200 HZ(4-cycle diesel engine at 3,000 r.p.m.)

and the analog signal was sampled at 5 KHZ to eliminate the

series of peaks and valleys, dhlle the original sequence of

Valleys’ and peaks were then defined as

original analog dataa Ehe output signals of the strain gauges

were, comparad and the lqrgest one was considered.-
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" [4] the local strain history can be caicﬁla#ed from loads or \

".subjecting the cqﬁponent‘to blocks of incrementally increas-

‘The calibration signal was then introduced through a .
A

special computer prograﬁ to genefate the strain history. The
calibration and strain signa 1s, as displayed on the FFT (Fast

Fourier Transform Analyzer) are shown in Figures 5.3a and

5.3b, respectively. ' n »i | a

\ Fl '
5.2.3 Local Strain History ' , o ¢

In order for an accur?te fatigue life to be made the
nominal strain history must be converted to local strain
;history, i.e., the local strain approach, as described in

_fchaptei I, should be.followed:

* . \) *
Utilizing the technique developed by W.R. Brose in

nominal strain in conjunction with load-notch strain curves.
The' load-notch strain e can be obtained either experimént—l,
ally [16] or analyti aiiy. [17]. Experimentally, the cyclic,
load-notch strain curve can be obtainea in one test, By .

ing and decreasing reversed loadihg which allows the metal at

{ ,
the notch to cyclically stabilize. Analytically, an elastic-
plastic finite element analysis can produce the curve if: the

cyclic stress-strain curve is employed ih place of the static

stress-strain curve.

Also, the. Neuber Rule’can be used to calculate the '\faf
local strains from nomirial stresses, if nominal elasticity is . @R

. assumed. ' The Neuber rﬁle [15] ‘sﬁaﬁed’ihat, for:a nofghed

4 . . -

¢ * . o h
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.Chapter, will be considhred as local strain history, for:
the purpose of illustrations only. -

©

member subjected to a nominal stress excursion, As, the notch

. root will deform until the product of the local stress

strain excursions is equal to the fellowing constant:

- Y.

N »
o ¢ P L
w0 x e = —E (5.1)
» ' '

where ‘ L

A

J K = the fatigque notch factor for any

partiiflar material and geometry, and

, ’ . (R
E = the elastic modulus. ‘ o | '

[ N 0

B Equation (5.1) is of the form of fecténgular hypex-
bola and defines the control condltlon at the notch .root.
Now, the materlal Wlll be allowed to deform along the cycllc

stress-straln curve until it intersects the control hyper~
L)

bola, thus satisfying the required equality. .

- " T
[ N EN
In order to obtain the cyeclic load-notch strain

curve or fatigue notch factor, an additional experimental

.’

work is required whlch is not considered throughout this report.

Consequently, the nominal straln history produced in this

12




FIG. 5.1 Instrumentation Used for Generating the
- \ Stxain History in the’ Lab ‘
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© e 5.3 'FORTRAN PROGRAM FOR GENERATING THE

STRAIN HISTORY ‘ B :

YT TR XY Y

A special sorting program has been désignéd'to re-
arrange the digitized signal for thé fatigue program. The

, program is Qesigned to locate the maximm peak and minimum
; valley in éhe-array, so that the fatigge analysis can
i begin with the peak of the maximum value. Th?s guarantees
e proper orientaﬁion of tﬁe stress-strain response since .
either peaké‘or valleys must lie on'the cgcli& stress-st;ain(
curve, as shown in Figure 4.1lb. lill other\pointslliq(on - ‘
the°outérlioop cgrve.'-Startiné with the ma;imum peak or -
minimum.valley'insures only the’closed loop'full.cycles
for eVaiu;tion of'daﬁage. .

For the purpose of this Chapter, the program is’

e creéting.a magnified strain history (300x), rearranged so '

that the history ends with the maximum peak or minimum

valley. - - - : o

3

The Cdmputer Program is shown in Figure 5.4, and fﬁf
produced ®train history is presented in Appendix A, ‘ T

» N

-

o K N
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5.4 FORTRAN PROGRAM FOR SIMULATING STRESS-STRAIN

' PONSE ] N

&

ra

a

5.4,1 FORTRAN Listing

‘.,
'
@

Figure 5.5 contains'a listing of FORTRAN program

]

which predicts the initiation life for a given strain history.
3 o ! @

and material. The body of the program is shown in flow

° chart form, in Figure 5.6, and the FORTRAN notation is des-— "

cribed in Table 5.1. . 1

4 It

5.4.2 Comments on the Structure of
the Program .

4 ',n

In the form shown:vtﬁe prograh accepts one stréin‘history,"
arranged so that the ﬁaxﬁmumkmagniéude strain is last. The
stress .and strain values which rgpreaent the poin%'whe;e the
stress-strain path'begins are input as initial values of the'
ruﬁning stress and running strain. While the program uses
50 eLgments; ten straight-line segments ad?quately represent
the'stiess-strain‘loop shapé curve. Thﬁp, théfso eleménts |
are: actually ten‘sets of five. OnlyAthe firsﬁ element of each

set is input, and the program is duplicating the rest.

]
o v
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00100
0010
00120 .
00130
" 0b14d
00150
00160
00170
00180 20
00190 10
00200
00210
00220
- 08230
700240
© 00250
.~ 00280
00270
00280 3
. 00290
00300 " 40
00310
00320
00330
00340
09350
. 00380
04370°
09380 50
. 00390
00400

zxc. 5 & Listing

LR ]

-

PROGRAN ATTIA(UOLT,DUTPUT,TA?Ei=VOL?)

DIMENSION

A(2210),K(2210)
NS=1 ° ’

. NF=10

D0 10, KL=1,220
READ(1, 20) NI (A I=N8,NF)

.HS=NS#10

NF=NF410 —
FORMAT(16,10F5.2)
CEONTINUE :
I=2 - :

PHAX=A(1) . . : 7
N=2200

B0 30 J=2,N :
IF(AC(J).LE.0) GD TO 30
IF(PHAX.GE.ACJ)) GD° T0 . 30
PHAXZAC)) ’
JHAX=J ‘ '
CONTINUE '

PRINT 40,PNAX,JNAX

"FORMATA7X,F6.2,18)

=t
VNIN=A(T)

D0 50 Js2,N

IF(ALJ).GE.0) GO TO 50
IF(VKIN.LE.ACJ)) B0 'TO " 50
VHIN=AC)) |,

JEIN=J : :
CONTINUE ~ . N
PRINT “40,VHIN,JHIN.

‘IF(IAIS(PIAX),LE.IABS(VHINJ)

L Y
7 3
Lo
+
)

4

s

"

50 70 "60

Ny,

of EORERAN Program for Gene:qting‘the strain

Eiatomy ‘From. Diqitixuul Stfhin Bignml




N ez

‘00410
00420
00430
00440
00450
00440
00470
00480
00490
00500
00501
00502

00503°

" 00504
00505
00510
00520
" 00530
00540
00550

00560.

. 09561

00562

00563
- 00564

00565

00568
00570
040580
00590
00600

L

FIG. 5.4

50
70

4

TF(I.ER.2201) 60

90
80

120

oy

107
108

100
110

<

- KF=KF+1 "~

-Jnnx+1

8610 20 | . S
1=JNIN+1 -

D0. 80 L=1,2200
K(L)=1500%A(1)

1=1+1 '

0 90
60 T0 80
3
CONTINUE
PRINT -120
FORNAT(///71)
KH=1 °
KF=1

KZ=1

NR=1 ‘
N2=10 -
DO 100 1IL=1,220 T
PRINT 110,KH,(K(L¥,L=NR,N2) '}
HR=NR+10 ~ ‘
NZ=NI+10 '
KH=KH+1 ‘
IF(KH/KF.£0.5) 60 10 ' 107

60 TO 100

PRINT, 108 - ‘

FORMAT(/)

-

CONTINUE ' ' ,
FORNAT(I3,7X,1017)

5T0P o
END ' ) "

{

75

b

e

'Listing of FORTRAN Program for Generating the Strain
History From Digitized Strain signal ‘

¢

(continued)
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NOTATION USED IN FORTRAN ' PROGRAM FOR
STRESS~STRAIN SIMULATION AND DAMAGE
. CALCULATION -

" KEB

KSEL(I)

K8S(I)

Sh -
SM
PE
Fsc
FSE
FDC
FDE

3

.-Strain peak counter

Element counter

Strain peak j

Numbér of stréin peaks in history,
Availability of element {

Running® value of strain’ v
Running value of sttess

Strain'Sa;d; strain range of element
Stress range of elément i

Save stress for elemegt i; when a loop is

- closed on element i, the save stress is the

stress reached the last time element l’was
used, and thus is the opposite stress peak

« .
L]
®

Straip amplitude . | é
Stress amplitudé’ ' .
Mean stress '
Plastic strain amplitude
Fatigue strength dbefficient:
Fatigue sgfen;th expone;t

Fatigue ductility coeffiéient

Fatigue dﬁ$tility exponent . B
) o




TABLE 5.1 NOTATION USED IN FORTRAN PROGRAM FOR

STRESS~-STRAIN SIMULATION AND DAMAGE
7 CALCULATION (Contlnued)

CSsC
CSE

ET

DAMSUM

BTF @

Cyclic strength coefficient.
Cyclic strain-hardening exponent
Transition strain amplitude; used to divide
small cycles from b1g cycles for damage
calculation ‘

Computational limit strain amplitude, for:
computational efficiency, damage is not -
assessed for cycles below this level (it is
much less than the conventional fatigue
limit)

/

'Damgge assessed for one.cycle

i

Damage sum ‘

Predicted blocks to failure (initiation)

s
S ppeveensrprayepprersrreseae et IR S




20
.

- . ‘r' N
. ) ‘ i N
' - 00130 _PROGRAM HALA(HIS)STRAINsOUTPUT, TAPE1=HIS)
. 00140 uxnensxou KEPK(::;O).KnE( 22 1KSEL (507 1KSS(50)
00150 C .
' 00180 C FILL ARRAY WITH STRAINS FROM FILE
. 00170 C .
— 00180 C .
- 00190, . NG=1 ‘e 1 R
00200 NF=10 -
00210 ~ DO 10 1I=1,220 A
. - 00220 READ 20s (KEPK(J)sJuNS,NF). . .
: N 00230 NSaNS+10 . : ) . .
- 00240 NFSNF+10
00250 10 CONTINUE
00260 20 FORMAT (1017) .
, 00261 READ 21, (KEPK(J)rJ=2201) _
e 00262 21 FORHAT (17) ° »
! ‘ 00270 °C . :
‘ ) © ' 00280 C . .
. 00290 C READ IN CONSTANTS
-+ 00300 C :
, 00310 ° READ 35, JHAX+KREsKRS KEB - .
. 00320 READ 36,F5C,FSE,FDC/FDE,CSC,CSEIET/EFL R
00330 35 FORMAT (4173 ’ . .
. . 00340 35 ‘ FORMAT(F9.011Xs3F6.3+F9.0:F5.3,2F5.0) .
‘ 0035Q C . -
00360 C INITALIZE  AVAILABILITIES o . ’ i ‘ -
L., 00370 C . 3 )
00380 IF(KRE.GT.0) GO TO 40 ) ‘
00390 La-g . ' o
00400 G0 TO S0 - .
. 00410 40 Lai . ) , . ‘
H 00420 SO DO &0 1=1,%5) * )
. s 00430 KAE(I) =i '
S 00440 &0  CONTINUE ‘
. - 00450 KAE(SQ)e= ° ’ - . ’
) : 00440 C ° ' .
: o ) 00470 C READ IN STRESS STRAIN ELEMENTS . .
. 00480 C . - . ‘ .
‘ 00490 NS=} . .
: N - 00500 NF=S A . ' A
: ) . 00510 pg 70 M=1,10 . .o -
Y 00520 .. READ  73/K. . ) . )
, ‘ 00530 DO, 74 I=NS,NF S )
. - o 00540 KSEL(I)=K v - p
{ ‘ 005S50_ 74  CONTINUE . © o .
i ) . 005460 NSaNS+S . )
s \ . 00570 NFaNF+S “
: . 00580 70  CONTINUE ‘ : ‘ .
' 00590 75 FORMAT(IS) . C . .
. rm. 5.5 ntting of FORTRAN Program for s:hanhti.ng the Stress-Strain
- Response and Calculating Damage [4] = |
B -
’ . . - - -
~ I ’ N
. ‘ \,v :
- .




T e} wox AR . C ey

14
X , , 79,
\ 2
y ‘ “ . ¢
. o ‘ . ‘ - - \
3 - \ ~ . by ) ! |
I - : A i’ |
!
|
; . ‘
I' . . *‘
. § 00400 C ' ) g :
¢ ' 00610 C BODY OF THE PROGRAM ,
oot 00620 C ' , .
. , 00430 DAMSUN=0.0 . . .- :
00640 DO 195 J=1,JMAX .
. 00450 I=1 - - s
00660 80 KAE(I)==KAE(I) ’ .
‘ 00670 KRE=KRE+KAE ( 1) KEB . . . ‘ !
. 00480 KRS=KRS+KAE (1) #KSEL(I) S
00490 C . .
00700 C LOOP CLOSURE TEST (CHECK AVAILABILITY OF NEXT ELEMENT ' )
. +00720 C ‘ .
00720 . IT=1+1 ‘ ' .
. 00730 90 IF(KAE(I}.GT.0) GO TO 100 , : ,
-00740 B0 TO 110 - ?
. 00750 100 IF(KAE(1T).GT.0) GO TO '140
‘ . 007560 60 Y0 20,
* ! 00770 110 IF(KAE(IT).LT.0) GO TO 140 ' .
' 00780 120 N=O . o . '
. \ 00790 C ' : N .
. - , 00800 C STRAIN LIMIT  TEST : \
| . . 00810 C . ) )
: 00820 IF (KAE(1) 6T, 0) GO TO 130 .
" 00830 GO TO 140 v - i
00840 130 IF((KEPK(J)-KRE).LE.0) GO TO '190 \ . ‘ , 4
- g © 00850 G0 TO 150 / g ' S
! : 00840 140 IF ((KEPK(J)~KRE).GE.0) GO 710 - 190 oo
i ' 00870 150 I=IT . ' ) - -
: . . 00880 ° G0 TO BO A . . ; '
00890 160 IT=IT+1 . , " <
00900 IF(N.GT.0) GO TO %0 "
00910 C ’ - s
00920 C DAMAGE CALCULATIONS .
00930 C ’ : .
. EA=IXKEB/2
IF(EA.LE.EFL) GO TO 90 .
SB=IABS (KRS-KSS(1))/2 ' -~
- SH=(KRS+KSE(I1)) /2 '
SAmSB/ (1=(SM/FSC))
. IF(EA.GT.ETY GQ TO 170
4 * DAM=2,0%(FSC/SA)XX(1.0/FSE) , -
. 60 TO 180 , s . ' :
: 01020 170 PE=(SA/CSC)xxX(1.0/CSE) o
© 01030 - DAMm2#(FDC/PE)%xx(1.0/FDE) . " | f
: 01040 180 DAMSUM=DAMSUM+DAM . , . !
: 01050 N=] . A ‘
i 01060 GO 70 . %0 ) ’ !
7. 01070 190 KS5S(I)sKRS o '
i 01080 195 CONTINUE .-
: 01090 BTF =1.0/DANSUN
; . 01100 C DOUTPUT BLOCKS TO  FAILURE . .
j 01110-C . - .
. - 01120 WRITE 200+BTF ' _ S
¢ ' 01130 200 FORMAT(EL0.4) : .
. ' 01140 sTOP " : - K

01150 END _ . : . 5 o .

¥1G.5.5 Listing of FORTRAN Program for Simulating the Stress-Strain &
Response and Calculating Damage [4] (contimued) :

. . . \
. " . . » . \
) W ——pern S SR TR el L e . —rep ) ,
. R LR~ ._Z;;ﬁ*;... ; . ?{,:,,, . " N
PYREEE N i 20, Lo I . Y ' « s ¥
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= = KAE(I)

+ (KAE(I) x KXEB)
+ (DEMD) x xsEL)

b o mpAmA .

- e =

BTF = 1.0/DAMSUM
D

|
'
+
i
i
!
!
E
|
;

DAMs2, (PSC/SA) i'%!’

gy
m-zl. PDC

I ooty 7 ot F -~



Y

For. computatianal efficiency, part of the program uses

integer arithmetid. Thus,ivariables of both types, integer
”. S R e

and. real, are used inuthe program, The necesséry mixed mode

v ’ l 3 ‘Y Cotot '
statements were written so as not to result in inaccurate

PR o T

f‘\ calculations. Integ%p arithmetic .also requires that the

units of input data representing stress and strain quantiéies
< - ’ ' '
"are psi and micro inches per inch. The one exception to
. : - . ‘ . : :
\ this is FDC (Fatigue ductility '‘coefficient). which is input

N ¢

* in inch pér inch.

5.4.3 Development of Stress-Strain " f (
Elements . ,
Q. s l‘ . -

The cyclic stress-strain curive:of RQC-100 Steel, shown ) ;
L 4 ¢ .

in Figure 5.7, is used to develop the stress-strain elements. L/

“ . . ¢

o

The total strain range was calculated to cover, the ' )
: « ' j _
maximum peak to minimum valley (maximum range).in the strain

history,qthe total stréin-range, as described by the cyclic .
stress strain curve, was dividea'into ten equal strain
bandé, creatingdtén sffaigh£—1{ne éegments on the cyclic
stress+5train curve.r Each of these elements weré‘uqed‘tp
generate thé coire3ponding element on the outer loop curve,
v the‘lgngtﬁ of the'eiément on the ou?e: loop curve is t&ice

the length of thé@ element on the cyciic stress-strain curve

ﬁh;le setaining the same slope [18]. The outer loop curve

« )

generaééd this way, is.shown in Figure 5.8), while the values

of stress and strain are shown in fgblq (5.2) . ’ . .
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. tion with the available data in RQC-100 Steel and the ‘strain

. .
N L.
i

5.4.4 Material Constants
7

v R&C-—loo Steel w;e ;take'nv to be the mater.ial of the ®
bracket. The cyclic stress-strain and fatigue resistance
‘material. properties of the RQC-100 Steel have been’deterﬁin-

ed [4] in accordance with the technique given in Chapter IIf.
These constants are given in Table'5.3. Also, the chemicel /

composition and processing are given in Table 5.4..

5.5 RESULTS ]

»

Utilizing the Computer Program listed above in conjunc-

n

history produced in this Chapter, the fatigue life is pre-
dicted to be 730 blocks, i.e., in order to initiate a fatigue
crack in this specific material, the strg}n history produced

in this Chapter should be appliedhon this type of steel 730

~

times.

e .

™

Using thls Computer Program with a small amount of
materlalg’ property information,’ the life prediction may be
made for a wide variety of situationg. The needed material

properties may be obtained by tegting'smal; 1ah&ratory

. specimens, and such information is becoming in&reasingly

available through the published literature. ; )
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TABLE 5.2 OUTER LOOP STRESS-STRAIN

ELEMENTS
: Elem;ant Strain i—-h-u"' ‘ Stress (psi) 9-'* .
€ . ne 4 [»] ’ 5 ’ 13
1 y 800 28468 ' 569¢
2 800 128468 | 5694 '
) . ' . ) L
3 800 ; :
. ; ~| s?sg\ 5153 |
4 800 t_ 21659 V/~\\ 4332 .
s L " 800 - ‘| ¢ 18865 377134 |
g - 6 . 800 14527 2905
.L 7 800 8032 1606
8 800 8032 1606
| 9 800 3352° | 619 .| . .
: . 10 800 3352 670
s i . |
C
¢ .
H * Stress element as read by the Computer Program. )
§ ‘
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’ TABLE 5.3 CYCLIC STRESS~STRAIN AND ‘FATIGUE
‘ . RESISTANCE MATERIAL PROPERTIES FOR
: ‘ ©°  RQC-100 STEEL' S
6 . ] . a
] o'e 200 . KSI
| ‘ b -0.094
1 . ‘ P
Eg ’ 1.0 .
\ .
¢ ‘ -0.75
, S L . 208 KSI / - o 1
' n' , 0.14 ¢
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2 .
TABLE 5.4 COMPOSITION AND PROCESSING OF °
. RQC~100 STEEL

s
Y

COMBOSITION , R )
{ N
Carbon = - . " "0.19
Manganese ° . .0.79  °
Phosphorus  ° ] 0.005 v
Sulphur ‘ ' 0.021
_silicon - A A 0.24
Boron . e 0.0028
PROCESSING )
RQC-100 (Bethlehgm Steel Corp.) - 8.5 nim (3/8 in.) plate,
,rollér quenched from approximately 1,650 F, tempered at
900 F or higher to 690 MPa (100 KSI} minimuh yield
strength. '
‘ -
¢ ® . -
; ¥ . ~ _ s
7 ) .
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, CONCLUSION AND RECOMMENDATIONS
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for calculating nominal stresses and subsequent local strains

CHAPTER VI .
¢ g
CONCLUSION AND RECOMMENDATIONS ° S

-

A

. ‘7 . |
In order for accurate fatigue life prediction to be

made, the local strain\gggziifh described in Chapter I must
s /‘\ ' ’ .

‘be folllowed.

The'use of any method of cycle counting o;ﬂér&Shan

. and gross differences between the predicted and actual -

fatigue life.

7/ . Measuring local strain at the critically stressed
locations is SEten impractical. Access to Fhose locations
iS‘ofteH difficult and gauée life is uncertain when large
cyclic strains are present. Elastic strains measured at

small distances from plastically strained areas can be used

-

. [ .
' range pair or rain flow methods can resylt in inconsistencies

.lv

The cyclic stress-strain curve is ;he most important concept

in p:jg;éékng the fatigue life by estimating local strains.
& £

Asi

. N

perimental information essential for making life gstimates.
Consequently, the technique of using the cyclic stress—strain
curve for simulating the stress-strain response from an input

strﬁin,history can be used for all. steels.with the excapfion

' ¢

of annealed austenitic stainless séeels, as they appear to .

have h&steresis loops ihat change -shape signiﬁicantly with

e

, ¢

-

rom the tensile'prpperties, it is the single piece of ex-
. -

[}




°

strain level. [5]

Addipionai&develOFment of the 1oca;,5train'approqch' =

is needed in certaip areas. Approximate methedé of obtaining
load versus notch strain calibrations, such as Neuber's
. Rule, need to be verified for addiﬁionalcﬁeometries and modes . Y

of loading. Procedures are needed for deflnlﬁg crack initia- .

‘

tion 1n terms of crack sizey whzch is small, relatlve to the
AN .

Q{Otch root radius. : .

s C
:This would remove the difficulty how encountered with t
the size effects in sharply notched members, and it qpuld
allow the local strain ana1y51s to be linked w1th a fracture:

*mechaplcs‘ltypevanaly51s for determining the total fatigue:

'life for both initiatidn and pxopagaticn.

¢

Additional 'experimental work is needed that results in
improved procedures for using uniaxial data to estimate

<

¢ material prcpefties for other states of stress.
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LINE NO.

!

E 70 N ]

tom Nt

10

t
12
13
14

15
16
17
18
19

20
21
22
23
4

A
28
27
28

17 -

30
"
12
13
14

H]
36
37
i8

39

€

480
570
944
234

474
849
570
450
444

1214

438

714
600

77%

1109
833
370
779
434

570
629
629
1434
930

1440
509
400

1559
914

674
8o¢
B84
1275
509

83%
644
624
1664
659

-809
—385,
~809
-884

- =490
=370
~7135
~613

. =509

"-1440

-825
-930
-§14

-1450
-114
-429
-3
-434

-43%
=339
=114
~2054
-1345

1170
=524
~495

-1410
=629

495
1465
-1140

-1484°

=720

~00
~100
~7035
~823
-720

~480

705
554
980

2ﬂ4

1065
793
389

1319

1500

990
480
- 1065
629
1574

1484
639

STRAIN (MICROINCH PER INCH)

-960
=793
=600
-83%

1335

-89
=983
-72)
1419

1424
-450

- =

825 .

639
£ 705

62%
400
985
1724
1035

1679
534
629

2190
674

80y
8235
795
16035
360

705
L
293
1363
6135

=750

1275

1244
=434

=375

=370
~600

=483

~480
=434
1454
1154

1230
~763
=524
-629

~809Y
/

101Y
~283
=450
=690
~33

-434
-570
-404

=383

-884

269
214
309
1214

260
413
615
825
700

1125
960
1045

809.

<1825

809
674
874
600
" 430

7635
509
600
733
825

825
495
779
1184

- 823,

1349
659
370
8235
450

BO%
339
. 1063
1095
744

f

-495
-1140
-419
-930

-720
=779
-300
-765
-124
{1

~§2%

-509
-765
7554
-750

-730
=750
~300
-394
-32%

-3B89
~129

-539°

-1200
-112%

“450
415
-134

1045
=735

@

1919

-1095 ¢

N3

10

~434
-493
-1710
=193
=150

495

4935
1479
690
1125

735
6135
F1}]
By
990

705
1ee
434
6%0
fak]

1349 -

509
870
434
779

674
509
519

1005
750

04
480
674
BO®
B5Y

1470
244
763

1019

389

730
a0y
944
990
8§y

-585 735
-884 1410
-629 415
-1410 884
-480 419
-674 570
-570 4465
=539 429
-1035 1045
-720 524
-855 750
-900 750
-900: 445
-108% 779
S1170 0 1244
=539 415
-300 474
-495 419
-450 429
-404 585
-944. 524
-539 750
-1170 859
-765 855
-375 914
-83% 539
-509 1005
-1349 1149
-855 705
-8B4 1500
-104 690
-1230 990
-539 570
-554 474
-640 %554
-629 554
-128 990
-96b 570
-1108 914
-

93 -

-809
-809

-539 -
450

-A34
-779

, =360,

~85%
<443

=205
~339
-1003
-4%90
=500

~705
-474
-450
~534
-419

~269
-445
-524
-1380

=795

=720
~570
=735
=509
- =884

=749

~1305
-1454
-30¢
-690

=375
-480
-1514
=480
=720
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40
4
42
43
44

15
4
i
AB
49

50
31
32
33
o4

33

b
37

]
59

60

61
62

. 83

b4

779
1005
1530
1154

" 809

613
939
254
750
884

" 1184

690
?14
189
450

P

735!

ped

- 1230

1035

324

944
944
1210
1484
720

705

1739
735
874

- 161%

80y
. 434
524
1230
12359

1710
750
844

1484

90

-1410 1049
-84 944
-1200 1154
-1125. 6990
1170 624
-554 495
-570 855
=459 1214
-585 990
-644 1109
-785 930
-459 524
-765 855
-$15 4090
-450 735
-459 490
-1500 1109
-1019 7590
-839 823
-615 4674
-1349 1005
-1710 1244
-1109 1310
-1440 1045
-444 345
=944 745
-1574 1200
-615 490
-285 705
-1005 1170
=705 1275
=720 570
-419  82%
-825 855
~1949 2719
-690 445
-404 539
-585  524.
-1275 * 1289
-944 2280

-1319

. =17
-12735

-674
-1184

-524
-300
-375
-480
-444

795
-404
-269
-839

-1065°

-375
<1449
-855
-705
-735

~1330
=1333%
-1454
-1619
-98%

<884
=703
-463
-839
-1949

<1275
-600
-1019
=314
=213

-434
-459

-1619
-1559

=524

944
1184
- 1125
509
890

793
339
419
985
815

1230
750
815
600

1095

600

825 |

1049
735

" a8% ¢

869
1140
2070
1619

509

1095
944
829
434

2610

1125
507
1349
730
1949

524
750
674

. 2340

1125

-1019
~-14895

-833 |

~763
=463

=779
=720
-705
~b44
-500

-4350
=300
~324
=790
-629

-974
=960
-939
=509
-635%

1319
-884
1019
1019
-629

-1200
-480
~914

-1319

- =2034

-720
-570
-314
-900
-944

-495

~570

-80¢9
=125
=130
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1035 -1289
2144 -1170
495 -50%
B55 -1109
485 -585
839  -809°
495  -434
B84  -415
960 -974
1275  -839
809 - -434
1005 -1049
404  -585
3By -720
615  -77%9
629 -745
.. 705 -554
859  -474
570 =765
659  -539
884 -1514
1085 -1635
1574 -1154
1365 -1184
509  -254
14B4  -1405
615  -415
B25  -429
1980 ~1244
1889 -1980
735  -445
855  -554
659 1394 ..
1424 -1335 °
869 -1200
644 ° -434
450  -429
705 -1365
1085 -1275
930  -419.
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80 314 -1184 974 -30 1095 -2099% 1650 -2985 2159 -3329 .
B1 2460 -1500 1140 -1005 855 -554 434 -385 585 -900 '
82 1019 -465 570 -300. 495 -404 434 -554 459 -37S

83 495 =375 615 =524 400 -419 570 -465 400 -485
84 585 -839 944 -1349 629 -434 1035 -1259 459 -46¢
85 644 -1184 974  -8B4 ' 644 -BBA 674 -900 750 -340 '
86 495 -404 720 . -389 570 -450 4300 -539 38y -779

87 900, -930 1457 -1035 1829 -1095 1464 -1724 1949  -B849 1
88 1424 -1200 1590 -839 2235 -1605 2025 -1860 1035 ~-1755 i
BY o 1184 75 9747 -944 35BS -9AA 77% . -629 1440 -1385 !
zq o 750 . -A65 980 -765 B89 -795 1650 -960 900 -329 ’
? 1394 -1259 1815 -1380 2309 -2130 1470 -2010 2280 -1275 L
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95 389 -450 1065 -990 1109 -765  BSS -434 509 -570 : ‘
15 765 -554 329  -4B0 659 -859 745 -389 , 779  -480 :
77 539- -445 795 -629 825 -524 720 -A45 779 -300 2
18 674 -389 735 -300 735 -434 554 -419 849 -434 1
99 615 -480 585 -524 29 -509 340 -387 474 -509 ;

' |

" 100 629 -A34 A4 -50%  ABD  -444 495 =345 7657 -b44
101 450 -300 1079 -839 1289 -795 570 -615 . 509 -554
102 195 -524 554 -415 | 644 585 735 -629 524 -3
103 - 839 -750 690 -360 705 -720 615 - -A50 474 ° 4RO ‘
104 765 -404 615 =524 415 <360 ‘434 -4B0“” 674 -4

. ‘ M

105 509 -524 600 -1B0 415 -3A5 434 -495 434 -495 ]

106 659 -509 644 -375 629 -360 720 -509 674 -53% :

107 © 829 -429 495 -629 B9, -495 570 -554 400 -539 (o

108 BOY -615 539 -629 - 674 ~615 ' 795 -554 690 =720 A

109 BBA =859 779 -415 659 -450 495  -345 429  -450 S

110 490 509 524 -735° 765 -585 644 -434 385 -539 ‘
m 869 -345 735 -400 884 -735 B84 459 705 -539 {

* 112 . 914 -404 sA4 375 5247 -450 900 509 990 -795 !
13 884 -524 659 -269 480 -29 1019 -690 940  -585 : ~
114 600 -$70  B25 -465 855 - -415 944 -745 825 -554
15 720 -434 930 -~629 1019 -509 974 -434 495 -389
114 . 705 =509 990 -570 615 -495 345 -480 944 -404
117 765 =370 585 -404 809 -554 745 -434 445 -285
118 765 -429 980 -360 629 -J60 765 -AS0 &4 -3MA
119 720 419 1019 -615 A4S0 -4B0°  6A4  -209 459 -524
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96
N 120 974  -419% 50  -370 720 -114 985 =613 765  «240
2 12y 570 -629 1095  -554 39 ~-119 639 -413 . 990 -419¢
: 122 554 -285 849 -444 629  -300 B39  -329 450 =750
, . 123 705 -194 690  -404 733 =340 615  -444 750 -343 .
124 690 -18y 825 -S54 629 -340 B39 -404 520 =300 '
128 ~ 439 x'690 554 -570 990 -279 214 =225 659 -42¢9
128 - 795 -509 940  -400 495 -340 690  -444 974 419
- 127 939 'Z§9 600 -524 419 415 10485 -4844 705 =209
128 690 -~ 615 * -37% 825 -429 974 -354 705 -524
129 ges  -375 884 -72¢ B84 -985 705 -690 745 2445
130 . 944 -~4BO 735 =53¢ 795 ~474 795 -4%90 . 539 =735
131 B3y -340 509 -u09 385 -39 674 -509 594 615
132 - 708 ~45¢0 795 =400 815 -429 495  -383 85% -4
133 765  -750 930 ~474 6%0 =703 779 =720 705 -358%
134 77%  -444 779 -659 85% -33¢ 613 -429 839  -49%
; - ' .
135 765 =674 705 =735 795 -79% B85S  -705 795 -495
134 815 -4 570 -369 674 -554 1079 ° -750 738 =793
137 900  ~4350 795 -A0M 309 -l40 944  -58B5 1005 -209 -
. 138 339 -400 839 -499 960 -240 600  -404 9%4 =375
139 765  -495 474 . -4B0 659 =329 720 -570 720 -38¢9
: ' -
140 720 -480 324 310 900 -450 434  -795 530 =674
. 141 1049  -114 495  -7039 914 -249 339 -629 839 -419
\ 142 659 -42% 8oy -329 495 -429 80 -720 914 -703 -
\ 143 674 =120 370 -554 939 -389 809 -4B0 - 849 -439
144 g0 -703 429 -450 400 613 570 -429% 434 -4A19
B ' "
143 524 495 465 -463 309 -S4 583  -480 459 ~509
144 629  -404 375 ~463 495 -339 434 . -419 370 -360
147 480 -524 585  -58% 435 -419 444 -800 " S70 TT=Al4
t . 148 465  -360 570 -61% 985 -3I8% 629  -53¢9 385 =450
‘ 149 799 490 1140 -~1033 465  -283 324 -3539. 779 -539
i 130 C 419 -39 ‘B&Y  -615 600 -1184 11720 =490 1200 ~1035
; 151 490 -220 1035  -B35 1860 , -1410 2054 -1184 1500 -1244
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157 1650 -1724 1335 -9%0 444 -B09 1019 -1244 1424 -1784
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160
161
182
143

164

165
164
162
148
149

170
171
172
173
174

1735
126
177
178
179

180
181
162
183
184

185
184
187
188
189

190

191
192
193
194

195
1%
197

198

199

600  -415
1440 -1545
839 -554
809  -375
585 -500
944 -34S
914 -1275
9%0  -570
360 -720
1365 -1184
1214 =254
1035 -509
1454  -524
434 -134
720 51200
750  -509
944 =750
735 -175
539 -779
539 =629
659 -345
554 -249
779 -495

B15 495
930 . -459
434 -944
795  -585
77% =779

© 800 . -434
B55 -i74
674  -585
434 -329
524  -400
705  -389
720 44
900 -720
765 =434
944  -404
960  ~¢15
314

-524

- 705

509
1140
450
. 600
600

~ 884
8235
450
254

1749

930
974
450
524
765

624
914
509
450
524

674
539

720

944
509

705

8535
815
324

785
815
83%
900
703

944
524
373
350
735

~459 &74
~2010 2474
-809 795
443 §59
720 813
1214 1019
=450 1154
=690 3835
=765 795
-339 825
-524 639
=613 1019
~345 539
~44% 404
-83% 705
L o495 AsS
-944 1305
434 b44
~389 733
-419 493
-779 629
~-629 413
-345 80?9
-493 62%
-884 1035
~85% 613
=629 644
-283 690
-324 77%
=373 524
-329 480
~-434 600
-BBA 765
-389 644
-44%5 629
-495 884
-314 8oy
-82% B3¢
-690 900
~-490 214
: e ?:%!fm
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