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THE FATIGUE OF WELDMENTS SUBJECTED TO COMPLEX LOADINGS

ABSTRACT

Cruciform and double-gtrap lap weldments were fatigue trested
under constant amplitude axial load and SAE Bracket Spectrum load
conditions. For the cruciform weldments, fatigue cracks generally
initiate at the root but may initiate at the toe if higher bending
stresses are induced by joint distortion. For double strap lap weld-~
ments, the stress ratio (R) and weld shape are the major factors
influencing the fatigue crack initiation site.

The fatigue test results were compdred with predictions made
using an initiation-propagation model, and good agreement between
experiment and theory was observed. The model for the predictions
assumes that the fatigue crack initiation period, which is the number
of cycles for the initiation of a fatigue crack and its early growth
and coalescence into a dominant fatigue crack, 1s the main portion of

the total fatigue life at long lives.
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LIST OF SYMBOLS

2y A7, Apy Ay Crack length, initial crack length, final crack
length and threshold crack length

a Peterson’s material constant

o Geometry coefficient

b Fatigue strength exponent

C Crack growth rate material conatant

C Half length of lack-of-penetration

Di’ Dblock Damage per histeresis loop and damage per block

he, Ae Range of 1local strain and remote strain

1 Crack growth integral constant

Kf, Ke Fatigue notch factor and maxlmum fatigue notch
max factor

Kt Theoretical stress concentration factor

AK, AKth, Kmax KC Range of stress intensity, threshold

stress intensity, maximum stress intensity and
fracture toughness

ﬁo Intrinsic crack length

£ Weld leg length

m Crack growth rate constant

MS, My, My Magnification factor for free surface, width
size and stress concentration

NT’ NI, NP Total, initiation and propagation fatigue life

¢D Crack shape correction factour

r Notch root radius

3, Sb’ Sn’ - Remote stress, remote surface stress,maximum

Smax’ Sa remote stress and amplitude of remote stress

3

1 Ultimate tensile strength
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Fatigue strength
Initial mean stress

Residual stress
Range of local stress

Plate thickness

Ratio of bending stress to axial stress




1. INTRODUCTION

1.1 The Fatigue Resistance of Weldmentis

Because weldments are less fatigue resistant than the members they
Joln, the fatigue resistance of welded joints has been extensively
studied. Fatigue failures of weldments rarely occur in base metal; in
mosi cases, Fatigue cracks initiate at external discontinuities
{undercut, overfill and reinforcement) or at internal discontinuities
{porosity, slag inclusions, lack of fusion (LOF) and lack of penetration
(LOP}). These discontinuities are always located in region which have
material poperties different from base metal and cause local stresses
higher than the nominal stress in the base metal.

Fatigue data for weldments often exhibit a large amount of scatter
which is caused by uncertainty as to the magnitude of actual sbtresses
because of the residual stresses and the induced stresses resulting from
the weld joint's eccentricity and angular distortion. These stresses are
very significant but difficult to measure and predict.

In the past few years, the effect of variable amplitude loading on
the fatigue behavior of welded structure has begun to receive attention
because most struetures in service are subjected to complex, variable
loadings.

This study attempts to interrelate the influence of material
properties, geometry, stress state, and load history on the fatigue life

of welds and to deveiop further the analytical methods for predicting the

fatigue resiatance of welds.



1.2 Role of Disecontinuities in Weldment Fatigue

Fatigue cracks generally initiate and propagate from
discontinuties in weldments. Many investigators have tried to predict
when and where this will cecur. Harrison [1], Gurney [2], Maddox [3] and
Frank [U] assumed that all internal diacontinuities were arack-like
defects or that there were preexisting cracks at external discontinuities

after fabrication; therefore, the fatigue crack initiation life (NI) was

said to be negligibly short or nonexistent. Under this assumption, the

total fatigue life (N;) of welds was considered to be the fatigue crack

propagation 1ife (Np) of yelds which could be estimated using linear
elastic fracture mechanics (LEFM) concepts.

However, the work of Lawrence and Munse [5], and Lawrence and Burk
[6] suggested that the fatigue life of butt welds with LOP (a crack like
defect) could not be explained solely by crack propagation and that the
initiation 1life was found to comprise as much as half the total fatigue
life. Alsoc, studies by Lawrence [7], and Burk and Lawrence [8] on A36
butt welds showed that a significant portion of fatigue life was spent in
initiating a 0.01-in. fatigue crack at the weld toe and that unrealis-
tically small values of initial crack length would be required, espically
in the long life region, to account for total fatigue life. In addition,
Smith and Smith [9] in their recent work measured fatigue cracks in the
fillet weld by pontential drop methods and found that at stress ratio R=
«17 initiation life occupied as mueh as 39% of total fatigue life (1.5x106
eycles). Thus, it does not seem proper to consider all discontinuities

to be crack-lilke defects beecause the initiation life may be appreciable;



and neglecting it may be excessively conservative. Moreover, it is

doubtful that there is always a preexisting crack in a sound weld.

1.3 Role of Material Properties in Weldment Fatigue

The base metal of a weld is seldom involved in the fatigue crack
initiation process. Most fatigue cracks will initiate either at internal
discontinuities in tempered weld metal or at the weld toe in the grain
coarsened heat affected zone (HAZ) (high wetting angles) or in untempered
highly diluted weld metal (low wetting angles). Thus, from the viewpoint
of initiation, the fatigue properties of the weld metal and HAZ are more
relevant than those of the base metal and must be determined from tests
on smooth specimens.

Test data on weld metal and HAZ materials are generally
unavailable and difficult to obtain experimentally [10]. However,
Langraf [11] and Higashida [10] developed relationships between strain
controlled fatigue properties and Brinell hardness that provide a very
convenient means of determining the fatigue properties of HAZ and weld
metal mierostructures without having to do costly and time consuming
tests. Hardness can be determined by microhardness measurements

performed in the region where the fatigue crack is expected to initiate.

1.4 Role of State of Stresses in Weldment Fatigue

Bending Stresses

Seidom are welds subjected to either pure bending or pure axial

loadings: most applications involve both. This situation requires that



welds under test be gauged on both sides of the plate so as to determine
axial and bending strain components. Even situations seeming to be pure
axial loading may involve considerable bending. Angular distortion and
misalignment of the weld joint are more or less inevitable; so, cyclic
bending stresses are induced during fatigue testing of a welded joint
subjected to apparently pure axial loading. Burk et al. [8] found that
the induced bending stresses ﬁere a function of the Young s modulus,
distortion angle, applied axial load and the ratio of specimen’s length
to its thickness at R > 0 condition and had a significant effect on
fatigue erack propagation life. The work of Berge and Myhre [12] showed
that increasing joint misalignment increased induced bending stresses and
decreased the rfatigue strength of weldment. Lohne [13], also, observed a
reduction in fatigue strength of butt and fillet welds as a result of
Jjoint misalignment. However, no analytical models have been proposed for

estimating the fatigue crack initiation life considering the combination

of axial and bending stresses.

Residual Stresses

When a weld deposift cools, contraction of the hot weld metal is
restrained by adjacent parts that have not been heated to as high a
temperature, and this contraction causes tensile residual stresses in the
weld metal (and at weld toe) upon cooling. Normally, the residual
stresses in the neighborhood of a weld will reach the magnitude of the

yield point of the base metal.

It is currently accepted that residual stresses (whether they are

introduced by the welding process or introduced during subsequent



treatment) may be treated as mechanical prestresses and thus can be
considered to be additive to the applied stresses [14,15,16,17,18].

The influence of residual stressses on the fatigue 1ife of
weldments has been reviewed and summarized by Munse [19], Gurney [20],
Pollard and Cover [21], Kelsey [22], and Reemsnyder [23]. Tensile
residual stresses at the weld toe decreases the fatigue resistance of a
weld. Stress relief (no residual stresses) improves weld fatigue
resistance by reducing the tensile residual stresses. The compressive
residual stresses improve the fatlgue resislance [18,283,25], Burk [18]
found that, when A514 F butt welds were overloaded above 100 ksi. before
fatiguing sc as to induce compressive residual stress {-120 ksi.
assumed), their fatigue strength was about two times more than that of
as-welded welds. Lawrence and Ho [24] further found that overloading Tig
dressed AS14 F butl welds before fatiguing resulted in plain plate
failure instead of weld toe failure. Also, Booth [25] studied shot
peened, non load carrying fillet welds and found that plain plate fallure
oceoured. It seems possible, therefore, that compressive residual
stresses may permit the recovery of the fatigue life lost through
welding.

The influence of residual stress on weld fatigue life may be
explained using the set-up-cycle analysis which predicts the established

mean stress in the first few cycles of load application [15,187.

Welded components are seldom subjected to constant amplitude

loading, instead, variable load conditions are usually encountered. A



better understanding of the effect of variable load spectrum on fatigue
crack initiation and propagation is essential for the successful
prediction of the fatigue 1ife of most welded structures. However, very
few laboratory studies have been conducted on the fatigue behavior of
welds under variable load histories.

Several methods have been proposed to predict variable amplitude
fatigue behavior of notched ﬁembers, and these have been applied to
welds. The Palmgren Miner linear cumulative damage summation rule
[26,27] was applied to the weld by Maddox [28] using LEFM. The
statistiecal [29] and RMS [30) methods were proposed later by Munse and
Barsom. However, neither of these methods took sequence effects and mean
stress effects into consideration. A most promising method has been
proposed by Dowling [31] who showed that the combination of the rain flow
counting method, Palmgren Miner s linear cumulative damage summation rule
and strain controlled fatigue data allowed sequence effects and mean
stress to be considered and yvielded better fatigue 1life estimates for
smooth speclmens. Subsequently, thls approach has been applied and

modified by Socie [32] to prediet notched member fatigue crack initiation

and propagation life.

1.5 Seope

The total fatigue life model developed by Lawrence, Mattos,
Higashida and Burk [33) was modified for predicting the total fatigue
life of welds and evaluating the severity of welds’ discontinuities under

the combination of axial and bending stresszes and under constant and

variable amplitude loadings.



A stress analysis of the critical region (discontinuity) was
performed for several complex weld shapes including the cruciform and
double strap lap weldments to determine the stress concentration factors
and the variation of stress on the inward path along which the fatigue
crack will propagate.

Fatigue tests of cruciform weldments with stress ratio R = 0, and
-1 and SAE bracket loading spectrum were conducted. Fatigue tests of
double strap lap joints with stress ratio R = 0, -1, =2, -» and SAE
bracket loading spectrum were alsco conducted. The results of these tests

were compared with predictions made using the analytical metods

developed.



2. METHOD FOR PREDICTING FATIGUE RESISTANCE QF WELDED

COMPONENTS SUBJECTED TO COMPLEX LOADING

2.1 Stress Analysis of Weldments

The first step in a fatigue analysis of a weld joint is to
identify the location(s) where a fatigue crack is most likely to
initiate. MNext, a stress analysis of that region must be performed to
determine the elastic stress concentration factor (Kt) and the variation
of stress on the inward path along which the fatigue crack will
propagate. The finite element method (FEM) is particularly useful in
this connection.

The finite element program used in this study is call Polo Finite
347, and was developed at the Civil Engineering System Laboratory of the
Department of Civil Engineering at University of Illinocis. The constant
strain triangle element was chosen because of its simplicity. The rinite
element mesh was refined to an element size less than 1/30 of the notch
root radius at the notch root in order to produce accurate results.

The peak stiresses at a weld toe cccur in an exceedingly small
region which precludes their direct measurement using strain gage
or cbher convenlenl strain measursment methods. The peak stresses
decrease rapidly with distance along the surface of the weldment away
from the weld toe (y/t) and with distance inward {x/%) along the path of
the fatigue crack will take (Fig. 1) [35]. At {y/t) of 0.3 away from the
weld toe, the stresses have decreased to the level of the nominal

stresses in the plate and mounted strain gaunges will not be inflienced hy



the stress concentration of the weld toe unless the size (scale) of the
weldment is very large. Measurements of the nominal strain near the weld
toe can be used in gonjunction with the FEM analysis of the weld shape
to determine the state of stress at the weld toe, the elastic sbtress

concentration factor (Kt), and the inward variation of stress along the

fatigue crack path.

2.1.1 Cruciform Weldment

In general, the elastic stress concentration factor (Kt} for a

notch such as a weld toe can be expressed as [168]:

Kt = 1+ o (t/r)l/2 (n

where Kt is the ratio of the local stress to the remote stress, t is the
plate thickness, r is the notch root radius and o is macrogcometry
coefficient. The exponent has been found to be about one half for all
cases studied [35]. Thus, it is possible to estimate K, for any notch
root radius from a single finite element analysis that can determine the
value of coefficient {o) which is a function of the plate thickness (L),
LOP length (a), weld leg length (&) and the weld angle {(8) (see: Fig.
24)., Only a gquarter of a cruciform joint need be analysed because of the
two lines of symmetry. Both axial and bending loadings were considered.
The FEM analysis results for the weld toe are plotted in Fig. 3
and Fig. 4 for axial and bending loadings, respectively. The coefficient

{a) can be determined at t/r equal to 1. Fig. 5 and Fig. 6 show the
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relationships between ¢ and ¢/¢ and o and 0, respectively. Weld leg (%)
Wwas varied from 2t to 1/2t and was found to have little influence on the
value of o at the weld tcoe when no LOP exists

Fig. 7 and Fig. 8 show the results for the root of LOP under axial
and bending loading conditions, respectively. Kt of LOP seems to have
the same form as that of weld toe. 1In Fig. 9'Kt of LOP under axial
loading was rearranged and céuld be eXpressed as:

K, = L+e (_Ct/sar)l/2 (2)

2.1.2 Double Strap Lap Weldment

An attempt has been made to formulate the stress concentration
factors of the double-strap lap joint using FEM analysis. Two different
sizes of (inite element mesh were used. A refined mesh was used to
obtain the local notch root stress and a coarse one was used to obtain
the nominal stress along the line from the toe to the root. One half of
the double strap joint was analysed because one line of the symmetry
exists {(see Fig. 2B).

The FEM analysis results for the weld toe for axial and bending
loadings are plotted in Fig. 10 and Fig. 11, respectively. Fig. 10 shows

that the Kt for axial loading is not only a function of (t/r) but also a

function of (t/ﬂl):

K, = 1+a (e/2pt? (emt? (3)
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where t is the main plate thickness and 21 is horizontal weld leg length.
For both axial and bending loadings the coefficient (g) was found to be a
function of weld angle {B) as can be seen in Fig. 12.

Fig. 13 shows the non linear stress distribution arcund the weld
root region. The normal stress which is high at the tip of the root has
a direction perpendicular to the axial loading direction and has a sign
opposite to the appliedlload {compressive siress at the root, when a
tensile load is applied and vice versa). The results of the coarse mesh

analysis for obtaining the norminal stress (Sn) can be formulated as:

- 0.45 0.2
s, = L35S (t/2) (£/1,) )
where: Sy is the remote stress. Then, the Ky of the root could be
approximately expressed as:
o 12 1/2
R, = 2= 13 @wm (5)

811 the equations for estimating Kt are listed in Table 1.

2.2 Fatigue Crack Initiation Life Estimates

For high cycle fatigue (NI >> Ntr) eyelie hardening and

softening effects can usually be ignored. NI can be estimated using the

Basquin equation and the linear damage summation rule [333:

ZNI -1/b

' Ly -
{ [{o£/80/2) (mo -, (2N /og] dy, =1 (6)

H
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where: NI = fatigue crack initiation life
G; = the fatigue strength
b = the fatigue strength exponent
K = the mean stress relaxation exponent
Uo,i = the local initial mean stress
Ag = the local stress range

When test results are unavailéble, it is possible to estimate roughly the
fatigue properties and mean stress relaxation exponent from the hardness
(Fig. 14) determined by micro-hardness measurements performed in the
region where the fatigue crack is expected to initiate.

The notech root stress (Ag), i.e. the stress at the critical
region in the weld ( weld toe or internal discontinuity) can be obtained

using Neuber’s rule [36] and a set up cyele analysis [15,181:

AoAs = (KfAS)2/E (7N

where: A3 is the remote stress range which is in the elastic region and
Kf is the fatigue notch factor which can be estimated using Peterson’s
Equation [371 (also Kfmax) and the known stress concentration factor (Kt)
for the weld shape. For a weld, Lawrence el al. [33] have found that
there is a maximum value (Kfmax) at notch root radius (r) equal to

material parameter (a) (= 0.001(300/Su)2 for steel, ksi., inch in unit).

Kfmax =17 (a/Z)(t/a)l/z =1+.053 ¢ Sutl/z (in steel) {8)
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2.2.1 PFatigue Crack Initiation Life with Complex Loadings

When a weld is subjected to axial stresses, bending stresses and
residual stresses, a modification of Neuber’s rule is necessary to
simulate the notch root stress and strain. As is explained in Fig. 15,
the notch root stress strain reponsc at the end of the first reversal
(0-1 in Fig. 15} can be obtained by solving Eq. §

A A B B

oe = (K + o )0/ (9)

fmax max fmax max

where the subscript A is for axial and the subscript B is for bending
lcading conditions. At the end of the second reversal (1-2):
A B 2

Aophe = (A S, K + A SB Kfmax)

A fmax /B (10)

the 40, At and initial mean stress Oo,i’ can be determined and W; can be
caloulated using Eg. 6.

For the variable amplitude load history, the rule of linear cumu-
lative fatigue damage was used to sum up the fatigue damage (Di) of each

closed hysteresis loop in one block of the load history:

, 1/b
_ f o
Dyiock = & Py =1 =577 ] an

i
Mean stress relaxation is a second order effect that can be neglected

considering the uncertainty of stress-strain simulation and linear damage

under variable amplitude loading. Then, NI is the reciprocal of Dblock:

A P (12)
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Although many cycle counting methods have been proposed in the past
years, the "availability" concept developed by Wetzel [38] was considered
to be most effective and easier to program for a digital computer. TFor a
notched member without bending stresses and residual stresses, the load
history was rearranged in such a manner that the largest absolute value
of the history was made to be the first and the last value of the
histeory. However, for a weld sublected to bending stresses and

containing residual stress, one must consider the ith value (Si) of the

A A B B g )
fmax"i * KemaxSi + 9¢

as the first and last values while performing the cyele counting.

history having the largest absclute value of (K

2.3 Fatiguc Crack Propagatbtion Life Estimates

The fatigue propagation 1life (NP) for a weld can be estimated by

integrating Paris’ Equation [39]:

da/aN = C(AR)™ (13)

°f
N o= [ da/c(ar)” (14)
P aI

where: a; and ap are initial and final crack length, C and m are

material constants, and

BK = yAS (raylf? (15)

The geometry factor (Y} usually must be determined for each shape.

Y may be considered to be the superpeosition of several effects [407:
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M M
—S—d}& (16)

O

Y =

MS is a magnification factor for free sruface, My is a magnification

factor for finikte width (W):

for a center crack

Mt = (gec 'rrz:t/iw)l'/2 (17)
for a single edge crack
. 2 2
M, = Sin (ra/2W) + Sec” (wa/2w) . (1%}

Mk is a magnification factor for stress concentration of the weld
discontinuity in question and ¢O is a correction factor for crack shape.
The biggest problem in applying Eq. 16 is determining M, which is usually
a function of crack length (a). £ method proposed by Lawrence (7] is
based on the principle of clastie ouperposition and Emery’s solution [U1]

for an edge crack subject to any arbitary system of crack opening stress:

a _
Moo= 1/s | 1120 - £ (x/a) 92 dx (19)
a dx
o .
wheres
= x x2 -6 = N
£(=) = 0.8(3) +0.04 (= + 3.62 x 10 exp (11.18 =) (20)
a a a a
o, = stress at X = a,

do/dx = stress gradient.
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Albrecht and Yamada [42] also has given an expression for f{x/a):

e = 112 Zsint &
& m

(;J (21

2.3.1 Fatigue Crack Propagation Life under Complex Leoading

The notch-roct residual stresses were assumed to have no effect
on the long crack growth because the crack was outside the plastic
zone at the tip of the weld discontinuity. Sinee Bending stresses
have a direction parallel to the axial load and normal to the crack
surface, the stress intensity factor (AKT) for combined axial and bending

1oads can be obtained using superposition methods [8]:
E 2
A, AR, + A (22)

where: AKA is the stress intensity factor for axial load and AKB is the
stress intensity factor for bending load. Substituting AKT for AK into

L

Eq. 14 the NP can be calculated.

The method for calculating fatigue crack propagation life with
variable load history developed hy Socie [37] was nsed and extaendad.
Spectrum was truncated at zZero load and stress ratio effect was neglected.
The crack growth rate per block (Aa/AB) is calculated by considering the

crack length being fixed at the initial crack size and by summing the

incremental crack extension for each ecycle:

pafbB = ] da, (23)
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Combining Eq. 15 and Eq. 23, Aa/AB for axial loads is:

pa/ap = o™ (ra)™? ] §" (24)

The crack propagation life (N,) in terms of blocks can be calculated.

When a weld is subjected to both bending and axial loads, Eg. 24 should

be:

ha m m/2 m - m
i T CY, (ra) 5 88, (1 + Ypa8./Y,48)) (25)

Using Eq. 26 rather than Eq. 24, N, under combined axial and bending

loadings can be obtained by performing the integration of Eq. 26.
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3. EXPERIMENTAL PROCEDURES

3.1 Materials and Test Specimens

Three types of load-carrying mild steel fillet weldments were used
in this study: MS4361 cruciform weldments donated by General Motors”
Eeleotro-Motive Division {EMD), 1EA50 cruciform weldments in three groups
donated by Caterpillar Tractor Co., and SAE 1020 HR double strap lap
weldments donated by Deere and Co.

The cruciform weldments were fabricated with a nearly 45 degree
weld angle (0), weld size (&) roughly equal to 0.5-in. plate thickness
and T.OP of various lengths ( <0.7-in. for 1EAS0 CGroup A specimens, >0.35.
in. for 1EB650 Group B specimens, <0.4-in. for 1EH50 Group C specimens
< 0.35 -in. for MSH4361 specimens). All specimens were cut to
a 3-in. width after welding. The welding process for the M34361
weldment provided by EMD was a FCAW process with 5/64.in. AWS E70T-1 wire
30 volts 40 amps DC for the final (main) pass (138 Ki/in). The welding
process for 1E650 weldments provided by Research Department of
Caterpillar Tractor Co. was a semiautomatic SAW process with Linclon
LNOF/DC600 equipment and L50 wire, L980 flux.

The double-strap lap weldments of 1020 HR steel were fabricated
with a 90 degree weld angle (B). The main plate (t) was 0.5-in. thick
and the cover plate was 0.375-in. thick. The horizontal weld leg length

(%) was O.3-in. and verlical weld leg length was 0.25-in..
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3.2  Heat-Affected-Zone and Weld Metal Specimens of MS4361 Steel

Both heat-affected-zone (HAZ) and weld metal (WM) specimens of
MS4361 steel were made and donated by EMD. The HAZ specimens used in
this study were artifieially produced [43] by a programmable weld thermal
simulator {Gleeble machine). The thermal cycle utilized to produce the
specimens was determiﬁed at the toe of 1/2 inch FCAW process fillet weld
iy, The weld metal specimens were cut longitudinally from muti-pass U
butt weldes and, thereafter, were heat treated to obtain a hardness which
was close to the hardness in MS4361 WM [45]. All the specimens were
carefully machined and polished to the final dimensions of 0.25-in. in

diameter and 0.4-in. gage length.

3.3 Test Programs

Test of Smooth Specimens

HAZ-simulated and WM-simulated smooth specimens were tested
monotonically with 20 kips. MTS closed loop, z2ervo-controlled axial
hydraulic test system to obtain the monotonic properties. Strain was
controlled before necking, then stroke was controlled to failure.
Fatigue tests were conducted under strain control using the same
equipment employed for monotonic tension test. A sine-wave function
generation was employed to control the strain signal, and the test
frequency was to 0.1 Hz to 10 Hz. Stress-strain hysteresis loops were

stored in a digital computer for later analysis.
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Test of Welded Specimens

A1l specimens were Tatigue tested to failure under load control in
a 100 kip MTS; haydraulic testing machine using frequencies ranging from
2 HZ to 5 Hz. Every cruciform weldment and some double strap lap
weldments had four strain gauges mounted 0.5-in. inch away from weld toes
so that nominal secondary Bending stresses could be recorded just outside
the influence of the weld toe.

For constant load amplitude fatigue tests of cruciform weldments,
the slress ralilos (considering axial load only) R=0 and R=~-1 were oet.
Stress levels were chosen to give fatigue lives from 10u to 107 cycles.
The stress ratios, R=0, R=-1, R=-2 and A==« were used for double strap
iap weldments to study the effect of stress ratio on the fatigue crack
initiation site.

For variable amplitude fatigue test, the SAF bracket 1oad history
was recorded into a special function generator that was connected to the
MTS machine. This function generator which were designed and donated by
S. Downing of Deere and Co. can store all kinds of load histories aund
reproduces these at various frequencies. A signal is sent to the MTS cyecle
counter to count lives as blocks when the end of the history {one block)
was encountered. SAE 1020 HR double strap lap weldments and 1E650 Group
8 cruciform weldments were fatigue tested using the SAE bracket load

history without any imposed average mean stress.
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4. RESULTS AND PREDICTIONS

I Properties of MS4361 HAZ and E70-T1 Weld Metal

The monotonic and eyclie stress-strain properties for both the
M34361 HAZ and ET0T-1 weld metal are listed in Table 2 and Table 3,
respectively. Monotonic and eyelic true stress strain response are
reproduced in Fig. 16. Comparison of the monotonic and cyclic reponse of
the HAZ and weld metal shows that the weld metal 1is stronger and more
ductile. The weld metal cyclically hardens, but the HAZ cyeclically
solftens.

The results of strain controlled fatigue tests are plotted in Fig.
17 and Fig. 18 for MS4361 HAZ and E70T-1 weld metal, respectively. The
fatigue strength coefficient (OE) and exponent (b) and fatigue ductility
coefficient (EE) and exponent (c) were calculated by a least square fit
to the elastic or plastic strain 1life results. Comparison of the total

strain-life curves shows that the two materials are almost identieal.

b,2 Predictions of Weldment Fatigue lLife

The total fatigue lives of the weldments studied were estimated

using the method discussed in Chapter 2. The value of K

fmax for

each specimen was calculated bused on its weld geometry. If the specimen
failed at the LOP, the largest LQOP length measured on the fracture
surface was used; otherwise, the LOP length observed at the polished end
of the specimen was used. Nominal bending stresses measured using strain

gages were taken into consideration. For all specimens, estimation of
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their fatigue crack initiation life was based on the properties of MSU4361
HAZ and ETO0T-1 WM.

Crack growth rate for HAZ was obtained from Barsom’s work [46].
Crack growth rate for WM were obtained from Maddox’s work [47] by
matching the hardness and tensile strength., The crack growth rates for

HAZ and WM are listed in Table 5. The notch root radii (r) equal to

Peterson’s material constant (a) (K condition) was used in

fmax
calculating the Mk' For simplicity, Albrecht’s equation was used to
calculate the Mk instead of Emery’s equation. The comparison of
Albrecht’s and Emery’s equations is shown in Fig. 19. Emery’s Equation
gives f(x/a) about 5% higher than Albrecht’s. The M, for a cruciform

weldment can be calculaled by koowing stress distribution [35] and ror

axial loading can be expressed approximately as:

Moo= 14 (K - 1) exp ((Kr -1y %) (27)
for bending loading
Moo= 1+ - D oexp [ - 1) 2 (28)

For cruciform weldments, the method for predicting total fatigue
life was applied to both the toe and the LOP. It was assumed that the
LOP was not a crack-like defect but a sharp notch; thus a fatigue crack
initiation life was calculated for the LOP, also.

To calculate the fatigue crack propagation life of the LOP, the

Stress intensity factor (K) was obtained from Frank’s work [4].
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For double strap lap weldments, the method was applied to both the
toe and the root. Thé induced bending stresses in the weld, which can
not be measured experimentally were estimated using FEM and are shown in
Fig. 13. It is difficult to formulate the stress distribution for the
double strap lap weldment; thus a

1T could not be estimated analytically

and an 81 of 0.01-in. was assumed for calculating the fatigue crack

propagation life. This point will be discussed further in Secs. 5.1 and

5.2.

Computer programs are listed in the AppendiXx.

4.3 Fatigue Life of the Cruciform Weldment

Results for the constant amplitude fatigue tests on crueciform
Wweldments are listed in Table 6 to Table 8 with predictions, and graphed
in Figs. 20 to 25. The vertical axis represents the applied axial
stress. The number associated with each point is the measured bending
stresses. Solid lines are predictions for toe failure for different
bending stresses. The dotted 1ine is the prediction for LOP failure.

All the predictions shown in figures are based on the same weld geometry.

For MSU4361 cruciform weldments, two of eight specimens under R

= =1 condition and sgix of eleven under R = 0 conditions failed at the

toe. The remainder of the specimens failed at the LOP. Most of the toe
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failures occured al higher applied loads and in specimens which had
greater bending stresses. Those specimens which failed at the LOP
experienced lesser bending stresses.

For 1E650 cruciform weldments, only one of the specimens in Group
A failed at the toe with higher axial and bending stresses in short life
region. All specimens of Group B with longer LOP contained fatigue
¢racks initiating at the LOP. The results also show that shorter LOP
lengths improve the fatigue resistance by factor two to three in the long
life region, but none were sufficiently short to avoid LOP fajilures.

The total fatigue life of the toe and the LOP was estimated. The
locaticn glving the shortest life was assumed to be the fajilure site and
the predicted total fatigue life associated with it was considered
to be the predicted total fatigue 1ife of the specimen. Tn Tables 6 to
8, one can see that the actual failure site was correctly predicted in
each case. Comparisons of the predicted total fatigue lives with the
observed total fatigue lives were shown in Fig. 26. The predictions of

the total life agree with the experimental results within a factor of two.

b4 Fatigue Life of the Double-Strap Lap Weldments

Fatigue test results for the double strap lap weldments are
listed in Table 9 with coresponding predictions and are graphed in Figs.
27 to 30. Induced bending stresses in the main plate were neglected

in the prediction because they were small in comparison with the applied

axial stresses.

For the R=0 condition, toe failures were observed and

fatigue cracks propagated either through thickness (at low stress levels)
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or through weld (at high stress levels). MNone of these specimens were
found to have cracks which initiated at the root. For the Rz—» (zero to
compression) condition, cracks initiated at the root and propagated
through wold to the weld toe. There was no sign of cracKs initiating at
the weld toe on the other side of %the specimen. However, for the R=-1
and R=-2 conditions, cracks initiated at both toe and root.

For R=-1 and R=;2 conditions, bthe shortest predicted total faticue
life (the toe or the root) was considered to be the predicted total
fatigue 1life for the specimen. In Table 9 and Figures 27 to 30, the
predicted life assuming toe failure and predicted life assuming root
failure are shown. One can see that for RB=-1 conditions, the toe has a
lesser fatigue resistance than the root; and for Rz-2 conditions, the
root has a lesser fatigue resistance than the toe. The comparison of the
prediocted and obaerved total fatigue lives is shown in Fig. 31. Most of

the predictions are within the factor of two scatter band.

4.5 Fatigue Life for Variable Amplitude Loading

The SAE bracket load history fatigue test results for tE650 Group
B cruciform weldments and 1020 HR double 3¢rap lap weldments are listed
in Table 10 and Table 11 with predictions and are graphed in Figs. 32 and
33, respectively. The nominal stresses shown in the figures were the
largest absoclute value of the load history, and the life was represented
as blocks (5937 reversals in one block).

For 1E650 Group B cruciform weldments, all fatigue cracks occured
at the LOP. As can be seen in Table 10, the total fatigue life

predictions were shorter for the LOP than for the toe. Comparison of the
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predicted and the observed total fatigue lives in Fig. 34 shows that the
predictions were slightly nonconservative.

For 1020 HR double strap lap weldments, the fatigue cracks
initiated at both the toe and the root. The shortest predicted total
fatigue life was chosen as thc predicted total fatigue life and is

plotted in Fig. 35 against the actual fatigue life.
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5. DISCUSSION

5.1 The Relative Importance of Crack Initiation

According to the model of Lawrence et al. [33], the total fatigue

Tife of a weldment (NT) may be considcred to be the sum of the faligue

crack initiation 1if9‘(NI) and the crack propagation life (Np):

Ne = Np + Np (30)
NI is defined as the number of cycles for initiation of a Fratigue crack
and its early growth and coalescence into a dominant fatigue crack (of
length (aI)); and Np is the number of cyecles to propagate the crack,
thereafter, to final fracture. 7Tt is controversal whether NT is
appreciable or whether NP donimates NT of a weldment. There is mounting
evidence [5,6,7,8,91 that a significant portion of NT iz spent in fatigue
crack initiation (as defined above), particularly at long lives.

The predicted percentage of NT spent in crack initiation for the
eruciform weldment is plotted as a function of total fatigue life in Fig.
36 in which it is seen that, for fatigue failure at the toe, crack
initiation should dominate at 1ives greater than 105 cycles. However,
for failure at the LOP, fatigue crack propagation should dominate at
lives less than 5x105 ¢ycles. These findings are also clearly shown in
Figs. 37 and 38 in which the predicted NI and Ny are compared with the
observed NT. In Fig. 37, the predicted NI for fatigue failure at the toe

and the LOP, lie within the factor of two scabtber band forr vbserved NT
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greater than 105 cycles and 5x105 cycles, respectively. 1In Fig. 38 the
predicted NP for failure at the weld toe only occupied a small portion of
the observed NT’ and the predited NP for failure at the LOP erack
propagation dominate only for observed NT less than 5x105 cycles.,

The predicted percentage of NI as a function of NT for the
double-strap lap weldments is shown in Fig. 39 from which it is apparent
that NP should dominate at toéal fatigue lives less than 106 cycles. The
predicted NI and NP are compared with observed NT in Figs. 40 and 341.
Fatigue crack propagation dominates at lives less than 106 cycles for all
conditlions except R = -» for which a larger percentage of the total
fatigue life was spent in crack initiation.

As discussed above, a sigrnificant portion of NT appears to be
spent in ecrack initiation for all weld geometriea studied. Neglecting NI
would give conservative fatigue 1life estimates. Even Ffor welds which
contain LOF and tail at the LOP, NP cannot entirely account for NT. In

general, NI is the main portion of NT in the long life region; however,

NP is the main portion of NT for lives less than 106 eyeles.

5.2 Estimating the Initiated Crack Length (aI)

When initiation occurs at an obvious defect such as a pore, slag
or LOP, the sizec of the initiated crack length (aI) may be taken as the
dimension of the defect. However, a discontinuity such as a weld toe at
which fatigue failure often occurs is not a deep notch, and the value of
8; is not obvious. It has been past practice of Lawrence et al. [7,87 to

assume arbitarily that 2y was 0.01-in. regardless of the stress level or
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the material. The British Welding Institute researchers have back
calculated values of &, for some materials assuming Np to be entirely
devoted to fatigue crack propagation; while this is a convenient ex post
facto method, it does not seem entirely reasonable and leads to rather
small estimated values of ar.

An alternative strategy for the definition of ar was suggested by
Chen and Lawrence [U48] énd applied to the weld toc by Lawrence e al.
[35]. Using this strategy, 41 can be expressed as:

a = X - Q198 ¢t = 0.1878 tl/

L K -1

?/s,) (31)
K = K o

Hence, aI should depend upon the weld geometry (o}, the scale of the

weldment (t) and the strength of the material (S,). For t-in. mild
steel single-V butt weld, ar is about 0.071-in.

One can see fﬁgm»Eq. 14 that different aI will give different NP'
Fig. U2 shows the variation of calculated AK/AS with erack length for a
weld toe. Surprisingly, AK/AS seems nearly constant in the range of
crack length from 0.003-in. to 0.01-in. for values of Kt between 2 to 5.
Thus, while the crack propagates from a; (which is generally greater than

0.003-in. and less than 0.01-in. for mild steel) to 0.071-in. the

difference of N5 can be estimated as:

AN, = 1.0 x 1010 3.3

, (3.3 + 2.4 (a)"33 (g.01 - a)  (32)

where x is the ratio of bending stress to axial stress. For a cruciform
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weldment (G-T6 in Table 6) subjected to 22 ksi. axial stress and T ksi.
bending stress, the ANP is about 4.6x10% cycles which is about 35% of the
calculated propagation life (1-61x105 eycles) which is in turn 3U8% of the
total life. So if a; was unknown and one was, therefore, forced to
assume a value of 0.07-in., the fatigue crack propagation life would

yield a Np which would give a Ny of 5.6x105

cycles, a value which is very
¢lose to a NT of 6.1x105 oyclés (obtained using ag estimated using Eq.
31) and which underestimates Np only by ahout 10% of Np. This small
difference may be the reason why the predictions for the double strap lap

weldments which were made using 0.01-in. for aI agree as well as they do

with the experimental results.

5.3 The Influence of Bending on Fatigue Resistance

Most of the cruciform weldments tested in this study experienced
some bending stresses which were measured using strain gauges. In Table
1, one can see that the bending stress concentration is much larger for
the weld toe than for the LOP (which lies close to the neutral axis).
Consequently, bending stresses lower the fatigue resistance of the weld
toe but only slightly diminish the fatigue resistance of the LOP. The
principal influences of bending stresses on NI of welds are to change the

sign and magnitude of the initial mean stress and to change the loecal

stress range (40), Ny is also influenced by bending stress as was

explained by Burk et al. [8].
If the bending stresses act in the direction opposite to the

applied axial load, NT should be improved. However, for cruciform
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weldments, bending stresses always have a negative effect on fatigue
registance because they will always inareasze the loecal stresses at one or
the other of the opposing weld toes. However, as pointed out by Chang
139] for single-V butt welds, properly controlling the angle of
distortion could induce bending stresses at the weld toe which are
compressive and which, therefore, improve the fatigue resistance.

The influence oflbending stresses on NT of the crucilform weldment
which failed at the weld toe can be seen in Fig. 43. The open symbols
are estimates made neglecting the bending stresses: the predicted lives
are greater than the observed lives. When bending stresses are
considered in the estimates, the predictions agree well with the observed
life.

The presence or absence of bending apparently influences the
location of failure. The predicted LOP life and predicted toe life in

the absence of bending are clearly shown that:
Life{Toe,nc bending) > Life(LOF) > Life(Toe,bending)

Thus, LOP failure may be expected if the specimens are straight and the
induced bending stresses are small. This observation explains why more
LOP failures were observed for 1E650 Group A cruciform weldments which
exhibited very low bending stresses due to weldment straightening under
load. The magnitude of becnding stresses necessary to change the failure
site from LOP to toe can be deduced from the curves of Figas. 20-25 for
various weld geometries and stress ratios.
I% seems that bending stresses decrease the fatigue crack

propagation life more than the fatigue crack initiation life. Thus,
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bending stresses cause the initiation life %o increase in dominance: see

Fig. 44,

5.4 The Influence of Weldment Geomeiry

The influence of the several weldment geometries studied cn their
fatigue resistance is shown in Fig. 45. For mild steel at a stress ratio
(R) equal to zero, a transverée butt weldment has the highest fatigue
strength and a double strap lap weldment has the lowest. This difference

can be explained by comparing the value of Kfmax of these three

weldments: 2.51 for the butt weldment, 3.57 for the cruciform weldment
(LOP=0.2-in.} and 4.5 for double strap lap weldment. According to Eq. 7
decreasing the Kf {or decreasing Kt} will increase the fatigue strength
The fatigue test results for mild steel cruciform butt weldments with
weld angle of 20 and 50 degrees showed that at 107 cycles, the weld with
a 20 degree weld angle had fatigue strength of 20 ksi.-a value which is
higher than the fatigue strength for the 50 degree weld angle (14 ksi.)
[50]. The calculated Kfmax values are 4.78 and 6.0 for 20 and 50
degrees, respectively. Thus, Kfmax (or Kt) seems to be an effective
index of the fatigue strength of different geometry weldments. In other
words, for the same material, the geometry coefficients (o) of weldments
will determine which weldment has-the better fatigue resistance.
Weldments are olften divided 1nto classes by eXperimental
determination of their fatigue strength. There were seven classes in the
oid British fatigue design rule BS 153 [51] and nine classes in the
revised design rule BS 5400 [52]. A summary of these classifications is

given in Table 12. Typical examples are followed by the available stress
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concentration factors and their weld classes. Also for most examples,

the Konax values for mild steel were calculated. Eight of nine classes
of BS 5400 design rule refer essentially to weldments involving toe
failure; and only one {class W) refers to root failure, i.e. the load

carrying cruciform weldment.

Aetually, class A refers to a polished surface (not a weld) and
has the greatest fatigué strength of all classes. Classes B, C and D of
BS 5400 design rule may be considered members having different kinds of
noteches at their surfaces. From Chang s work [49], Kfmax of an as rolled
surface (class B) is about 1.47. The Kemayx for ciasses C and D can be
calculated from the surface roughness of flame cut and flame gouged
{(similar to the start/stop in a weld) surfaces [53] and have the values
1.32 and 1.59, respectively. For weldments other than classes i, B, C

and D, the following conditions were assumed for estimatiag KfmaX: the
anotch root radius (r) was equal to the material constant (a) which is

0.0%7-in. for mild steel, the plate thickness (t), weld leg (2) and LOP
length (2C) were equal to 1 in., and the weld angle (0) was 45 degree.

In Table 12, it seems that the values of Kfmax correlate well with the

British claasifications.

The K. . (or K.) of a weldment varies with changes In its
macrogeometry and microgeometry. If the weld angle {0) of transverse

butt weld (class E) varies from 20 to 60 degrees, the Kemax Varies from

2.05 to 2.6. For similar variation in the weld angle of a cruciform butt

(class F) weld, the Kemax varies trom 2.32 to 3.02. Thus, overlap

between the classes B and F must exist. It is clear then, that a lower

¢class does not necessarily have a poorer fatigue performance than a
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higher class when variations in weld shape are considered. Moraover, it
is difficult te classify the load carrying cruciform weldment (class W)
which has two potential failure sites. 7If the LOP length is short, the
fatigue failure may occur at the toe, and the weldment is classified as
¢lass ¥23 otherwise, it is classified as class W. However, British
classifications do not clearly describe the condition under which the
load earrying cruciform weldmént is in c¢lass W or class F2,

For the double-strap lap weldment (class F2), the loading
conditions will change the failure locations and the weldment s fatigue
strength. This study showed that for zero to tension conditions, fatigue
failure occured at the toe; and for zero to compression loading, fatigue
failure occured at the roct. The root has a lesser fatigue strength than
the toe. This phenomenon of stress ratio dependent falilure site was not
dealt with in the British classification system.

Another important factor which was not considered by British
classification system for classifying weldments is the bending stresses
induced by joint distortion and misalignment. As discussed in the
Previous scction, the bending stresses may drastically decrease (or
increase) the fatigue strength of a weldment and alter the fatigue
failure site. The available bending stress concentration factors for
weldments are compared with the British classifications in Table 13.

Again, there is a reasonable agreement between the K for bending and

fmax

the British eclassification syatem since K i i i
¥ 1 Pmax for bending is proportiona

to Kemax for axial loading (for external notches).

Although usually useful and roughly correct, the current British

¢lassification system does not seem to describe completely the fatigue
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strength of different kinds of weldments and their severity under all
conditions. A case by case estimation of weldments’ fatigue strength

through comparison of their Kfmax values for axial and bending loadings

seems preferable and will not mislead. A further discussion of Kfmax as

an index of fatigue severity will be found in the next section.

5.5 Fatigue Severity of Weldment

For long life fatigue, the present model predicts that the crack

initiation 1life (NI) will dominate the total fatigue life. Ny can be

estimated using the Basquin equation substituting KfAS/E for the local

stress 4o,
_ f 0
2N = (o) (33)

U£ and b may be estimated from Fig. 14 which shows the variation in

fatigue properties with hardness. Equation 33 can be rewritten as:

b
S + 50 - ¢ Log 2 (1 + 50/8 )
2N, = (2 " (34)
w58
£ 2

For R=~1 conditions g, ean be aonsidered equal to the residual stress

Ur-For a cruciform weldment, the presence of bending must be taken

into account and Eg. 34 should be:

6
S 4+ 50 -~ g Log 2 (1 + 50/8 )
2N = (—————L ) v (35)
(KA + XKB 23
f £f' 2
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where x is the ratio of bending stress to the axial str-ess.~ Thus, a
rational approach to rating the severity of an internal disconftinuity in
fatigue would be to compare the expected NI (:NT) due to fatigue failure
at the internal discontinuity with the expected NI due to the extermal
discontinuity (weld toe ete.). An internal discontinuity causing failure
before external discontinuity must be considered detrimental. From the
Kfmax concept and the model uéed here, it is ¢lear that the relative
severity of an internal discontinuity will depend on the materilal
properties, the scale of the weldment, the geometry of the weldment and
type of loading. For example, the relative severity of a c¢ruciform
weldment subjected to axial loading, the ratio of 2NI of the toe to 2N

of the LOP may be written as Eq. 36 assuming the same fatigue exponent

(b).

£ (36)

b
(2 n_)Toe ] o Toe 4 kP LOP
___,.__I_M~, g(_Af_,._f_._) (_f____._,,_)
¥ 50 - + 50 -
| @ NI)LOP J Su 5 or Su 50 or

Thus, a LOP in a cruciform weldment should become the more serious

fatigue failure site when the value of Eq. 36 is less than 1. The
critical weld size which 1s the smallest weld size to avoid the LOP
failure may be determined from Eq. 36. In Fig. 46, 45 degree weld angle
cruciform weldments are considered. The Su for the notch root materials
of toe and LOP are 90 ksi. and 110 ksi., respectively; I is assumed To be
36 ksi., the yield stress for the mild steel; the plate thickness is
0.5~in. The region to the right of the lines is the region of LOP
failure, and Lhe reglon Lo the left 1s the reglon of Lhe Lue fallure,

The present model shows that the fatigue fallure site depends on
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the magnitude of bending stresses and the geometry of bherweldments. For
1E650 Group A specimens (R=-1), unless bending stresses are above 25% of
the axial stresses, LOP failures are expected; while for the MS4361
specimens {R=-1), bending stresses should be about 50% of the axial
stresses to cause toe failures. For 1E650 Group B specimens, bending
stresses should be more than 100% of the axial stresses to avoid LOP
failure. AS ean be seen in Table 7 and 8, all 1E650 specimens (Rz=1)
failed at LOP; but the measured bending stresses were not more than 15%
of the axial stresses. For MS4361 specimens (R=-1) only Lwo speclmen
with bending stresses larger than 50% of the axial stresses failed at the
toe. For R=0 conditions, even though the weld toe is subjected to a
higher tensile mean stress which reduces its fatigue life, only those
specimens with sufficient bending stresses experienced toe failure. Only
une ol 1E650 Group A specimens which was subjected to bending stresses
50% of the axial stresses had a toe failure rather than an LOP failure.

For practical design purposes, the toe failure 1is probably more
desireable because it is easier to detect and to repair. The present
model shows the toe failure can be favored by inecreasing the weld angle
(6) in addition bto increasing the bending stresses. 1In TFig. 47 the weld
angle is inecreases to 60 degree and the predicted lines which separate
the toe and the LOP failures are shifted to the right.

The effect of the plate thickness can be seen in Fig. 48. The
predictions are made for three different plate thickness and show that by
increasing the plate thickness and keeping the same weld geometry, a

weldment in the toe-failure region may shift to the LOP-failure region.

Bending stresses will amplify this effect.
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Maddox [3,54] of the British Welding Institute (BWI) used linear
elastic fracture mechanics (LEFM) concepts to predict and compare the
fatigue strength of eruciform weldments. The aI of the weld toe was back
calculated from the experimental S-N diagrams and is therefore an
adjustable parameter. For axially loaded cruciform weldments, the

eritical weld size was determined [547:

w2 - 0.189 (37)

where I is an integral constant dependent on the weld size and LOP
length, and W is the sum of the weld leg length (2) and half of the plate
thickness (t). The resulting relation [for different LOP length (c¢) and
weld leg length (2} is replotted from Maddox’s work [SY4] and shows that
by increasing the plate thickness a weldment in the toe failure region
could be shifted to the LOP failure region (Fig. 49). One can see that
according to Maddox’s work all specimens tested in this study should have
had toe failures except the 1E650 Group B apecimens; see Fig. 49. But
the fatigue results showed that only those weldments having larger
bending stresses failed at the toe, while weldments with lesser bending
stresses failed at the LOP. Note particularly that ten of eleven 1E650
Group A specimens had LOP failures which were not predicted by the LEFM
approach of the BWI.

In the BWI's method, induced bending stresses which are usually
more than 50% of axial stresses were not considered in the calculations
but, without a doubt, they lower the fatigue resistance of the toe. This
underestimation of the fatigue resistance of the toe under axial loading

conditions leads to the larger estimates of allowahle LOP length.
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5.6 Comparison with Cther Prediction Methods

El Haddad, Topper and Smith [55] developed an elasto-plastic
fracture mechanics method (which will be termed the ETS method)} which
includes the behavior of short cracks. The ETS method is based upon the
asasumption that the fatigue crack initiation life (NI) is small and
negligible compared with the total fatigue life (N.), The ETS method

considers the threshold crack length (RO) of a smooth specimen at fatigue

1imit to be the initiated fatigue crack length (aI) of the weld toe. The
ETS method is summarized belows
(1) In the highly strained region, the strain intensity factor or
AJ integral are substituted for AK. [56,57]

(2) An 20 is introduced into AK:

K = Y S [« (a+go)]l/2 (38)
and QQ can be estimated by
AK 2
_ th 1
ot ) () (39)

where AKth is the threshold stress intensity which is assumed
5.5 ksi.(in.)"” for mild steel and o_ is the fatigue limit which
can be calculated from the strain controlled fatigue data at
107 cycles.
(3) McEvily’s orack propagation equation [58] was substituted Ffor
the Paris law [39]

— — M —
da/dN = AQK - AR )" (R /K, = K ) (40)



ho

Where K. is the fracture toughness (assumed to be 70

ksi.{in.)0:5 for mild steel.

In addition, the effect of nominal mean stresses or siress
ratios are taken into consideration for lives greater than 105 - 3x105
substituting an equivalent stress (ASe) [17] for nominal stress (AS) in
Eq. 38:

AS = 2 (85 S )l/2 . (41)

e a max

where 5 .« is the maximum peak stress and S, is the stress amplitude.

Bending stresses were neglected by ETS method. However, in this
work, bending stresses have been seen to influence the total fatigue life
of the weld toe, and were therefore introduced in the prediction of the
fatigue lives of the cruciform weldments using the ETS method. The

comparison of the predicted and observed NT for the specimens failing at

the weld toe are shown in Fig. 50. The solid symbols are predictions
made assuming the effect of the imposed mean stresses. The predictions
are a fachor of twe to four less than observed total fatigue lives.

However, the predictions made using the ETS method and neglecting mean

stresses are in good agreement with the observed NT and are within the
factor of two scatter band.

The ETS method was also used to predict the total fatigue 1life of
the eruciform weldments failing at LOP. Since bending is insignificant
at the root of the LOP, the predictions for R = -1 conditions for which
the mean stress are zero agree well with the observed total fatigue lives

(Fig. 51). For R = 0 conditions, the ETS method predictions which



b

consider the imposed mean stiress effects show the factor of two to three

underestimation. The predictions without mean stresses are within the a

factor of two scatbtter band (Fig. 52).

It is clear,then, that the ETS method predicts well the fatigue
life of a weldment not having induced bending stresses and/or imposed
mean stresses. For weldments with significant bending or mean stresses,
the BTS method underestimate the total fatigue lifc.

A similar method which considers the fatigue crack propagation
life to be the total fatigue life was proposed by Smith and Smith [59]
(which will be termed the 35 method). The SS method is:

(1) The Hartman and Schijve’s propagation equation [60] was used:

= - m {ue)
da/dN = C(AK AKth)

(2) There is no evidence of faster growth rate due to plastieity
or short crack effects [61]." It was not necessary therefore
to use the RO and the strain intensity factor concept.

(3) The preexisting initial crack at the weld toe was found ho
have a 45um (0.0017-in.) average length using the potential
drop measurements [9,62].

The 35 method gave good predictions for longitudinal cruciform
weldments for stress ratios larger than zero. However, the influence of
stress ratios less than zero, the influence of the tensile and
compressive residual stresses, the influence of induced bending stresses
un Lhe prediclions made using Lhe 335 method were nol studled and from the

results of this study would seem Lo warrant further attention.
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6. CONCLUSIONS

Bending stresses induced by the joint distortion and misalignment
significantly influence the fatigue crack initiation and crack
propagation life of external discontinuities (weld toe etc.} but
only slightly diminish the fatigue resistance of internal
discontinuities. Therefore, a weld which should fail at an internal
discontinuity may because of bending stresses fail at an axternal
discontinuty.

The present study showed that c¢rack initiation (as defined herein,
i.e. crack initiation plus early growth and coalescence)} dominated
the total fatigue life in the long life region.

The critical weld size of the load-carrying crueiform weldment which
avoids failure at the LOP, is more accurately predicted using the
proposed initiation propagation method than by LEFM method of Maddox
(propagation only).

The comparison of the values of Kfmax for both axial and bending
loadings leads to a more accurate and versitile classification of
the weldments than the current British standard.

The L1 Haddad, Topper and Smnith method reliably predicts the total
fatigue 1ife of a weldment not having induced bending stresses
and/or imposed mean stresses; however, for weldments with
significant bending or mean stresses, their method underestimates
the total fatigue 1ife. The method of Smith and Smith gives good

predictions for weldmcnto subjected to stress ratios larger than

zero; however, the influences of bending stresses, residual stresses
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and stress ratios less than zero were not studied; whereas, the
initiation propagation method does accurately predict the total

fatigue 1ife in these circumstances.
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Fig. 1 VARIATION OF STRESS WITH DISTANCH AWAY FROM THE WELD TOE (o /3)
AND DISTANCE INWARD ALONG THE PATH THE FATIGUE CRACK WILL

FOLLOW (0, /5). TWO MATHEMATICAL APPROXIMATIONS TO THE FINLTE
ELEMENT STRESS ANALYSTS RESULTS ARE INDIGATED [35].
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Fig. 2 CRUCIFORM WELDMENT (A) AND DOUBLE~-STRAP LAP WELDMENT (B).
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VARIATION OF K
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VERSUS t/r FOR THE WELD TOE OF CRUCIFORM
RENT VALUES OF C/¢ UNDER AXIAL LOADING
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t/r

Fig. 4  VARIATION OF K__q VERSUS t/r FOR THE WELD TOE OF CRUCIFORM
WELDMENTS UNDE]t-l BENDING LOADING CONDITIONS.
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1.0
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GEOMETRY COEFFICIENT () AS A FUNCTION OF WELD ANGLRE (a) rOR
THE WELD TOE AND LOP OF CRUCIFORM WELDMENT.
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VARIATION OF K .1 VERSUS
WELDMENT UNDER“AXTAL LOAD

t/r OR c¢/r FOR LOP OF THE CRUCIFORM
ING CUNDITIONS.



72

iooo_ 1] T [] T T ¥ 1 1 | T T 1] [-
- "‘—’1 l g p
- SB / g i
= o
— hﬂ(la-lé r 2c t ‘)M'
| ‘I A |
100— - , ]
— WP Trnay _ 1 /2 1
B Kt'a - sn - |+ QB ( r ) )
— ag=3.22 ()%
| 3 t 2¢ 2 1
i Sn=Sg/{W x (51 —(57)")
10 | RN N
10 t00
1
Y
Fig. 8 THEGRETICAL STRESS CONCENTRATION FACTOR (K ) VERSUS t/r FOR LOP

OF THE CRUCIFORM WELDMENT UNDER PURE BENDI&G CONDITIONS.
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Fig. 9  THEORETICAL STRESS CONGENTRATLOUN FACTOR (K_) VERSUS (t/r){a/2)

FOR LOP OF THE CRUCIFORM WELDMENT UNDER AXEAL LOADING
CONDITIONS.
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o] | Ll | L1
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)
Fig. 10 VARIATION OF K -1 VERSUS (t/r)(t/f) FOR THE WELD TOE OF DOUBLE

STRAP LAP WELDﬁENT WITH VARIOUS WELD ANGLES (6) UNDER AXIAL
LOADING CONDITIONS.
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VARIATION OF K, __1 VERSUS t/r FOR THE WELD TOE OF DOUBLE STRAP
LAP WELDMENT WITH VARTOUS WELD ANCLES (8) UNDER PURE BENDING
CONDITIONS.
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Fig. 12 GEOMETRY COEFFICIENT (&) AS A FUNCTION OF WELD ANGLE (9) FOR

DOUDLE-3TRAP LAP WELDMENT UNDER AXIAL OR PURE BENDING LOADING
CONDITIONS.
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Flg. 13 VARIATION OF NORMAL STRESS (¢.) ALONG THE PATH FROM THE TOE TO
THE ROOT FOR DOUBLE-STRAP LAPYWELDMENT.
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Fig. 15 COMPUTER SIMULATED LOCAL STRESS-STRAIN RESPONSE AT THE WELD TOE
WITE TENSILE RESIDUAL STRESSES.
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Fig. 18 STRAIN-LIFE PLOT FOR E70T-1 WELD METAL.



Fig.

83

| .4 1 7 T T
Edge Crack I
~—~Emery's Equation I
.21 H
X % x 2 & /
f(£)=08(%) + 004 (%) +362x10 l
Exp (11.18 %) |
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19 COMPARISON OF EMERY S AND ALBRECHT S EQUATIONS.
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o) io® io® 10’
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Fig. 20 TOTAL FATIGUE LIFE PREDICTIONS AND EXPERIMENTAL RESULTS FOR

MS4361 CRUCIFORM WELDMENTS AT A STRESS RATIO OF R = O.
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Fig. 21 TOTAL FATIGUE LIFE PREDICTIONS AND EXPERIMENTAL RESULTS FOR
MSL361 CRUCIFORM WELDMENTS AT A STRESS RATIN OF R = -1,
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Fig. 24 TOTAL FATIGUE LIFE PREDICITONS AND EXPERIMENTAL RESULTS FOR
1E650 CRUCIFORM WELDMENTS (GROUP B) AT A STRESS RATIO OF R = O.
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APPENDIX

The computer program which was used to calculate the total fatigue
life ia liasted in this appendix. The program was based oo Lhe method
discussed in the Chapter 2 and was written in FORTRAN IV language and the
computation was performed on a Cyber 175 computer. Most of the principal
variables appearing in the program are easily understood by their names
and by comparing the input data files. The program used free formatted
input which need only blank(s} toc separate the data. The input data were

stored in two separated files. The material properties are stored in the

first input file which is listed bellow:

"MATERIAL™ "MILD " "™M354361 HAZ" “CRUCI " “TOE"
"ord++"  UMONOTONICH "PROPERTIESY  "agdass!t
"YQUNG"S"™ "MODULUS"™ V“CONST" M"E(KSI)" 28700.00

", 2%0FFSET" "YIELD" P"STRENGTH"™ "SY(K3I)" 60.00
"TENSILE" "STRENGTH" "eeee- o OMOTS(KSI)T 90,50
"REDUCTION™ WIN® "AREA" "RA%"™ 60.7

"TRUE" "FRACTUREY™ "STRENGTH" "SF(KSI)" 133.00
"TRUE" "FRACTUREY "DUCTILITY" "REF® 0.745
WSTRAIN" "HARDENING™ "EXPONENT"™ "N"™ (.102
"STRENGTH" M"COEFET® "ee—wot ®wK(KSI)" 142.0
M UCYCLLTCN NPROPERTIESH Wopgga?

"CYCLIC" "YIELD"™ "STRENGTH"™ "SY (KSI)" 50.00
"CYCLIC"™ "STRENGTH"™ "COEFFT" wK’(KSI)" 148.00
WSTRAIN®" "HARDENING™ “EXPONENT" "N'" 0.175
"EATIGUE"™ “STRENGTH™ "COEFFT" "SF"(KSI)" 120.00
"FATIGUE"™ "DUCTILITYY "COEFFT" "EF’'" 0.280
"FATIGUE™ "STRENGTH"™ "EXPONENT™ "Bw -0.0820
TFATIGUE" "DUCTILITY"™ ®EXPONENT" vwCe -0.520

"TRANSITION"™ " FATIGUE"™ "™ STRAIN" " ETR" 0.0050
"RESIDUAL "™ "3TRESS " Yemeeeo " "SFR(KSI) ™ 34.0
"PROPAG. ™ ™MCONST ™ v C " »M" 1,00E-10 3.30 0.0 70.0 0.0

In the first line of the above input file, the forth and fifth data
specify the type and leocation of a weld to be analysed. 1In the last
line, crack growth rate constants rnorrespond to the first twe numbcrs, a

I
corresponds £o the third number (if zero, Eq. 31 will be used to
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calculate a;), and the forth and fifth numbers correspond to the fracture
toughness and crack opening leoad, respectively.

the weld gecmetry and load history are stored in the second input
file which is listed below:

For constant amplitude fatigue

"THICKNESS" "—e "ot ~=" T (IN.) "  0.50
"WELD " "SIZE " M"erow " WL2(IN. I 0.40

NYELD " "SIZE f* w_____ " "L1(IN.) " 0,400

"LENGTH" " OF LOP " RET e " "C(IN.} " 0.20
"LOADY MHISTORY®™ " CONST® " AMPT"

"NUMBER" "0F " UYREVERALS Y Yemaea no3

WAXIAL" 25.00 -~0.00 25,00
"BENDING" 10.0 2.00 10.0

For Variable amplidude fatigue

WTHTCKNESS! Mo LI noonp (KST) » 0.50
"WELD " USIZE " e " "L2(IN.)"  0.4300

"WELD " USIZE M e " "LI(ING) " 0.450

"LENGTH"™ " OF LOP " Mo w "C(IN.) " 0,200
"LOAD " "SAE " "VARIABLE" " BRACKET"

"NUMBER " " QF ® WYREVERSALS" " ——--1 5Gg35%
WMAXIMUM " “ABSOLUTE™ *® STRESS" Mee KSI O 30
WNUMBER ** "OF * ©MONITOR " WNETW 3

"PRINT " ™©"QONE ™ UWRESULT "™ "FQR EVERY " 1000
"BENDING™ " FACTOR, ™ " RANGE " "MEAN © 0.2 5.0

-999 255 875 201 -177 433 -487 -172 .708 182 -201 295 -196 63
-354 113 <167 63 -191 B4 -172 34 177 34 246 137 -226 177
-506 191 -142 314 388 108 -113 334 -433 113 ~-329 359 -305 88
-585 113 -344 24 221 319 =413 19 -324 285 108 388 -1971 216
-600 118 =162 177 -757 236 =29 U408 374 359 -226 177 =403 275
-255 34 442 8B -226 275 472 -88 44T 196 -369 265 -177 34
-383 226 -314 103 -290 231 -467 U4 -275 260 -433 211 -285 329
=310 211 =398 68 -255 118 383 206 -39 157 -285 73 ~167 354
-565 260 -270 9 =230 U433 -132 93 -bg2 .59 433 123 -157 59
~447 241 290 738 -2B0 364 _67% 260 29 310 -556 255 14 201
-452 -83 -324 295 -354 206 -501 132 -216 49 -201 177 -349 108
=447 281 2383 167 -27% 54 =182 285 =275 24 -378 201 =462 127
<842 319 -196 172 =551 270 =211 201 -428 290 442 241 -344 152
-359 -9 664 U403 49 285 U467 54 324 182 ~201 88 -511 73
437 W72 9 329 -374 236 -516 383 .172 205 -280 329 -639 314
-314 24 .595 280 -191 147 -58B0 167 ~-2B0 255 -226 329 =393 0
-703 265 -255 211 -442 285 -29 383 -172 246 -570 172 -605 3ub
-84z 324 354 0 -442 265 452 167 ~34 265 -6T7G¢ 290 -206 250
-78 241 -359 123 467 182 -187 221 -3t4 295 -314 88 .127 226
~285 398 -521 393 ~142 285 -250 24 -265 275 344 177 -64H _275
------ CONTINUED BUT NQT LISTED HERE ——ceeeeemmmmw
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The out for constant amplitude fatigue is

MATERIAL MILD MS4361 HAZ  CRUCI TOE

b MONOTONIC PRCPERTIES++++++
YOUNG'S  MODULUS  CONST E(KSI) 28700.00000
+250FFSET Y1ELD STHENGTH SY(KS1) 60.00000
TENSILE  STRENGTH ~e-—-— UTS(KSI) 90.50000
REDUCTION IN AREA RA% 60.70000
TRUE FRACTURE STRENGTH SF{KSI) 133.00000
TRUE FRACTURE DUCTILITY EF . 74500
STRAIN HARDENING EXPONENT N . 10200
STRENGTH COEFFT —— K(XSI) 142,00000

At CYCLIC PROPERTIES#4+++
CYCLIC YIELD ‘STRENGTH  SY “(K3I) 50.00000
CYCLIC STRENGTH COEFFT K" {KSI) 148,00000
STRAIN HARDENING EXPONENT N~ .17500
FATIGUE  STRENGTH COEFFT SF’(XKSI) 120.00000
FATIGUE DUCTILITY COEFFT EF” . 28000
FATIGUE  STRENCTH EXPONENT B -.08200
FATIGUE  DUCTILITY EXPONENT ¢ -.52000
TRANSITION  FATIGUE STRAIN ETR .00500
RESIDUAL STRESS  -—=-—- SFR(KST) 34,00000
PROPAG.  CONST c M . 1000E-09 3.300

GEOMETRY OF  CRUCI TOE
THICKNESS —momme e T (IN.) .50000
WELD SIZE ——m-- L2(IN.) . 40000

WELD SIZE = —-eeo L1{IN.) 40000



LENGTH OF LOP  —-—a-- C(IN.)

FATIGUE NOTCH FACTCR OF TOE

AXTAL BENDING
2.729 1.760
LOAD HISTURY CONST AMPT
NUMBER OF REVERALS wm=-=a
NCMINAL AXTAL STRESS 25.00 G.00
NCMINAL BENDING STRESS 10.00 2.00
AXIAL BENDING LOCAL
REVS. LOAD LOAD STRESS
0 0.00 0.00 0.00
1 25.00 10.00 60.77
2 0.00 2.00 -12.38
3 25.00 10.00 60.77

MEAN STRESS RELAXED#2NI= .410E+06
NO MEAN STRESS *¥#¥¥2NT=: ,196E+07
FULL MEAN STRESS*%% 2NI= .126E+06

PROPAGATION LIFE®* NP

. 158E+06

TOTAL LIFE EARER NT

.36TE+06

.20000

3
25.00
10.00

LOCAL
STRAIN

0.000C00
.008297

.005069
.008297

XK==.0U43792

.2984
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The output for variable amplitude fatigue is:

NUMBER OF REVERSALS 5936
LOAD SCALE 30.00
MONITOR NET 3

PRINT EVERY 1000 POINTS

BENDING FACTOR .20 5.00
AXTIAL BENDING
PEAKS LOAD LOAD STRESS STRAIN DAMAGE LOOP
0 0.600 0.000 0.00 0.000000 0. 0
1 22.162 9.432 59.06 .207306 0. 0
1000 -13.003 2.399 -23.28 .002503 LT7T1R-00 Lo
2000 -9.429 3.114 -8.67 .002586 .10UE-03 999
3000 -11.952 2.610 ~18.66 002541 «182E-03 1499
4000 -5.736 3.853 ~5.52 .003385 .315E-03 2008
5000 -9.429 3.114 -14.85 .002972 +351E-03 2508
5937 22.162 9.432 59.23 .007357 .390E-03 2978
INITIATION LIFE = .128E+0C4  BLOCK
PROPAGATION LIFE = .508E+03 BLOCK

TOTAL LIFE = .1T79E+04 BLOCK
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Program listing for constant amplitude fatigue:

COMMON/ONE/SL, EL,PS{100),PB(100),YKC,YNC,SFC,EFC,NSIGN
COMMON/TWO/TPS(100) ,TPN( 100) ,XKFA,XKFB,T,E
COMMON/THREE/CC,XM,XPN,CK,A,0PX
c .
C *#%%% THE FOLLOWING DATA ARE MATERIAL PROPERTIES ##%#
C
READ(5,#)M1,MAT,M2,NSHAPE,NPOST
WRITE(6, 100)M1,MAT,M2,NSHAPE,NPOSI
100 FORMAT(1H1,///,5X,3A10,3%,2410)
READ(5,*)M1,M2,M3,M4
WRITE(6,101)M1,M2,M3,M4
11 FORMAT(///,5%,4A10)
READ{5,%*)M1,M2,M3,M4,E
WRITE(6,102)M1,M2,M3,M4,E
102 FORMAT(/,10X,4410,3X,F12.5)
READ(5, *)M1,M2,M3,M4,5Y
WRITE(6,102}M1,M2,M3,M4,SY
READ(5,#)M1,M2,M3,MU,UTS
WRITE(S, 102)M1,M2,M3,M4,1UTS
READ(5, #)M1,M2,M3,M4,RA
WRITE(6,102)M1,M2,M3,M4,RA
READ(5, *)M1,M2,M3,M4,SF
WRITE(6, 102)M1,M2,M3,M4,SF
READ{5,*)M1,M2,M3,M4,EF
WRITE(6,102)M1,M2,M3,M4,EF
READ(S, #)M1,M2,M3,M4,¥YN
WRITE(6,102)M1,M2,M3,M4,YN
READ(5,*)M1,M2,M3,MU,YK
WRITE(6,102)M1,M2,M3,M4,YK
READ(5,*)M1,M2,M3,M4
WRITE(6,101)M1,M2,M3,M4
READ(5, #)M1,M2,M3,M4,3YC
WRITE(6,102IM1,M2,M3,Ml,8YC
READ(5,#*)M1,M2,M3,M4,YKC
WRITE(6,102)M1,M2,M3,M4,YKC
READ(5, ¥)M1,M2,M3,MU4,YNC
WRITE(®,102)M1,M2,M3,M4,YNC
READ(5, *)M1,M2,M3,MH,SFC
WRITE(6,102)M1,M2,M3,M4,SFC
READ(5, ®}M1,M2,M3,MU,EFC
WRITE(6,102)M1,M2,M3,M4,EFC
READ(5,#)M1,M2,M3,M4,B
WRITE(6,102)M1,M2,M3,M4,3
READ{5, #)M1,M2,M3,M4,C
WRITE(6,102)M1,M2,M3,M4,C
READ(5,*)M1,M2,M3,MU,ETR
WRITE(6,102}M1,M2,M3,M4,ETR
READ(5, *)M1,M2,M3,M4, SFR
WRITE(6,102)M1,M2,M3,M4,SFR
READ(5, *)M1,M2,M4,M5,CC, XM, AT, CK,OPX
WRITE(6,110)M1,M2,MU4,M5,CC,XM
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110 FORMAT(/,10X,4410,E10.4,5%,F6.3)

c

C**%¥¥% THE GEOMETRIC FACTOR DATA %#%x#»

c
AM=0.001*((300.0/UTS)*%1,8)
IF(NSHAPE.EQ.HHBUTT) GO TO 300
IF(NSHAPE.EQ.3HLAP)GO TO 400

112 FORMAT(//,5%, 1 1HGEOMETRY OF,3X,2410)

WRITE(6,112)NSHAPE,NPOSI

C

C ®%*%® CRUCIFORM JOINT s#asxxx

C
READ(N,*)M1,M2,M3,M4,T
WRITE(6,102)M1,M2,M3,M4,T
READ(H,*)M1,M2,M3,M4,XLC
WRITE(6,102)M1,M2,M3,MH4,XLC
READ(4,*)M1,M2,M3,M4,X1S
WRITE(6,102)M1,M2,M3,M4,XLS
READ (4, *}M1,M2,M3,M4,XLOP
WRITE(6,102)M1,M2,M3,M4,XLOP

IF{NPOSI .EQ. 3HLOP) GO TO 10

ITH={(XL.C/XLS) #%0 25
XKFA=1.0+0.5*0.3u0*(1.0+1.06*((XL0P/XLS)**1.65))*SQRT(T/AM)*XTH
XKFB=1.0+.20/2.0%3QRT{T/AM) *{TH
GO TO 14
10 XKFA21.+.5%1. 15*5QRT (XLOP*T/AM/XLS) * ( (XLC/XLS) ##(~.2))

XKFB=1.0+O.5*3.22*((KLOP/XLS)**.150)*SQRT(T/AM)
BFACT=1./(((XLC+T/2.)**3.o)/XLOP/T/T-(XLOP/T)**2.0)/4.0
XKFB=XKFB¥BFACT
GO TO 14

C

C *#%%% BUTT WELD

c

300 READ(5,%*)M1,M2,M3,M4,T

WRITE(6,102)M1,M2,M3,M4,T
READ(5, *)M1,M2,M3,M4, XTHETA
WRITE(6,102)M1,M2,M3,M4,XTHETA
ZKFA=1+0. 135% (TAN(XTHETA) ) #%0 , 25%(T/AM) %0 .5

XKFB=1+0.83* (TAN(XTHETA) ) ¥%(1./6, ) %(T/AM) #%0. 5
AFACT=1.
BFACT=1.
GO TO 14

C

C ##% DOUBLE STRAP LAP WELD *#%#%

C

400 READ(M,*)M1,M2,M3,MH,T1

WRITE(6,102)M1,M2,M3,M4,T1
READ(Y4,*)M1,M2,M3,MH4,T2
WRITE{6,102)M1,M2,M3,M4,T2
READ(H, *)M1,M2,M3,M4,XL1
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WRITE(6,102)M1,M7 ,M3,MU,XL1
READ(Y4,#)M1,M2,M3,MH4,XL.2
WRITE(6,102)M1,M2,M3,M4,XL2
READ(Y,#)M1,M2,M3,M4,XTHETA
WRITE(6,102)M1,M2,M3,M4,XTHETA

IF(NPOSI.NE.3HTOE) GO TO 401

XKFA=1.40. 3% (XTHETA#®,25) ¥ (T 1¥T1/AM/XL1) %%,5
KKFB=1.+.008% (XTHETA®#* ,25) #(T1#T1/AM/XL 1) ##. 5
BFACT=1.0

AFACT=1.0

T=XL1

GO TO 14

C ##* BELOW IS FOR ROOTX

401

¢ oBEE
hoz

Th
99

98

97
c

IF(NPOSI.NE.SHROOTX) GG TO 402

XKFA=1.+.152% ((XL2/AM) #* 5) R ((T1/XL2) ## 59)#( (XL2/XL1)##, 1)
XKFB=1.+.084%(XL2/AM) #% 5
BFACT=.5%((XL2/XL1)#¥(..U43))*((T1/XL1)%%#1, 3)#((XL2/T1)%#%,73)
AFACT=T1/XL2/2.

T=XL2

GO TO 14

BELOW IS FOR ROOTY

KEFB=1.+.25%((T1/AM)#% S)#((XL2/XL1)%%,12)
BFACT=1.35%( (T1/XL1)##* U5)#( (T1/XL2)#%0,20)

AFACT=0.0

¥KFA=1.0

T=XL1

WRITE(6,99)NPOSI

FORMAT(1H1,//,5X,24HFATIGUE NOTCH FACTOR OF ,A10)
WRITE(6,98)

FORMAT(/,TX, 1THAXTAL BENDING)
WRITE(6,97)XXFA,XKFB

FORMAT(/,5X,F7.3,5%,F7.3)

CHERRXXNTHE FOLLOWING BLOCK IS LOAD HISTORYR*#%ssus

C
301

106

103
104

READ( 4, #)M1,M2,M3,M4

WRITE(6,101)M1,M2,M3,M4
READ(4,%)M1,M2,M3,M4,NPEAK

WRITE(6, 106)M1,M2,M3,M4,NPEAK
FORMAT(/,10X,4410,1I5) -
READ(Y4,*)M1,(PS(I},I=1,NPEAK)

READ(Y4,*)M1, (PB(I),I=1,NPEAK)
WRITE(6,103)(PS{(I),I-1,NPEAK)
WRITE(6,104){PB(I),I=1,NPEAK)
FORMAT(/, 10X, 20HNOMINAL AXTIAL STRESS,5X,10F8.2)
FORMAT(/, 10X ,22HNOMINAL BENDING STRESS, 3X,10F8.2)
IF{NSHAPE.NE.3HLAP} GO TO 330

DO 320 I=1,NPEAK

PB(I)=PS(I)*BFACT
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PS(1)=PS(I)®AFACT
320 CONTINUE
C
C  #*#*%x* INITIATION LIFE CALCULATION *%*®xax
C
330 IF({SFR*¥(XKFA*PS(1)+XKFB*PB(1))).GE.0.0) GO TO 201
TP5(1)=SFR
TPN(1)=0.0
PS0=0.0
PBO=0.0
NREV=1
GO TO 202
201 TPS(1}=0.0
TPN(1)=0.0
PSO=0.0
PSI=PS(1)
PBO=0.0
PBI=PB(1)
XNEU=YNEUB(SFR, PSO,PSI,XKFA,PBQ,PEI,XKFB,E)
NREV=1
CALL COUNT(NREV, 1.0,P50,0P5I,PBO,PBI,XNEU)
P30=PST
PBO=PBI
NREV=2
202 DO 203 I=NREV,NPEAK
PSI=PS3(I)
PBI=PB(I)
XNEU=YNEUB{0.0,P30,PSL,XKFA,PB0,PBI,XKFB,E)
CALL COUNT(I,2.0,PS0,PSI,PBO,PBI,XNEU)
PS0=PSI
PRO=PRI
203 CONTINUE
WRITE(6,108)
108 FORMAT(/, 17X, SHAXIAL, 7X, 7THBENDING,5X, SHLOCAL, 7X, SHLOCAL, /,
*7X,5HREVS.,5X, 4HLOAD, 8X , 4HLOAD, 8X , 6HSTRESS, 6X , BHSTRAIN)
PS0=0.0
PBO=0.0
I=0
WRITE{6,105)1,PS0,PRO,TPS{I+1),TPN(I+1)
DO 30 I=1,NPEAK
WRITE(6,105)1,PS(I),PB(I),TPS(I+1),TPN{I+1)
105 FORMAT(/10X,I2,5X,F7.2,5X,F7.2,5X,F7.2,5%X,F8.6)
30 CONTINUE
¥K=0.0
EXNI=Q.0
SMN=TPS(NPEAK ) +SL*NSIGN/2.0
¥K=-4625.%(EL-SL/E)/E/ETR
IF(EL .LT. 0.0080) XK=XK#¥2.D
%={10,0-AL0OG10(50.0))/150.0
Fz0.0
DO 500 K=1,50
G={ (SFC-SMN¥®{K**YK))/SL*¥2.0)%%(1.0/B)
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500

505

510
520

502

503

540
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F=F+(

CONTINUE

XNI=K

DO 510 J=1,150

ANN=50.0%10%%( (J=1)%X)H(10*%K~1)
IF(F.GT.0.70) XNN=XNN/2.0

XNI=XNI+XNN

G1=({SFC-SMN* (XNI®¥XK))/SL*2.0)*#%(1/B)
F=F+{G+G1)#*XNN/2.0

G=G1

WRITE(6,505)F,XNI

FURMAT(2X,F8.6,2%X,E9.3)

IF(F.GE.1.0) GO TO 520

CONTINUE

WRTITR(6,502)¥NT, XK ‘
FORMAT(//5X,24HMEAN STRESS RELAXED*2NI=,E9.3,10X,3HXK=,F8.6)
XI=(SL/2.0/SFC)#**(1/8)

WRITE(6,503)XI

FORMAT (/5X,24HNO MEAN STRESS #%###2NT1=,E9,3)
X1=(8L/2.0/{SFC-SMN) )##(1/B)

WRITE(6,540)XI

FORMAT(/5X,25HFULL MEAN STRESS*** 2NI= ,E9.3)

C#®#*%%* PROPAGATION LIFE AND TOTAL LIFE *¥as#sns

c

125

132

135

133

131

40
111

XPN=0.0

CC=CC/{0.THH#XM)

PSI=PS{NPEAK)

PSO=«PS(NPEAK-1)

PBI=PB(NPEAK)

PBO=PB{NPEAK-1}

IF{NPOSI .EQ. 3HLOP) GO TO 131
IF{NSHAPE.EQ.3HLAP) 132,133
IF(NPOSI.EQ.3HTOE)GO TO 135

CALL TOELIFE(PSI,PSQ,PBI,PBO,AI)

GO TO 140

PBO=PSO

PBI=PSI

CALL TOELIFE(PSI,PSO,PBI,PRO,AI)

GO TO 140

CALL TOELIFE(PSI,PS0,PBI,PBO,AT)

GO TO 140

X=ABS(PS(NPEAK )+PB(NPEAK)*BFACT) *T/0.T07/UTS
CA=XLC+T/2.-X

CALL LOPLIFE(PSI,PSO,PBI,PBO,XLOP,XLC)
WRITE{6,111)XPN,A
FORMAT(/,5X,25HPROPAGATION LIFE%** NP
TN=XPN+XNI/2.0

WRITE({6,530)TN

FORMAT (/,5%,25HTOTAL LIFE EARER NT
STOP

END

»£10.3, 10X, 3HAF=,F7.4)

,E913)
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c
CRAEXREERARERREERFXARXERRFRFREXENR

FUNCTION YNEUB(SFR,PS0,PSI,XKFA,PBO,PBI,XKFB,E)
YNEUB=( {SFR+XKFA* (PSI-P30 ) +XKFB* (PBI-PBO) ) **2)}/E
RETURN
END
C
C*!***********i******!********

SUBROUTINE COQUNT(I,COF,PS0,PSI,PBO,PBI,XNEU)
COMMON/TWO/TPS(100),TPN(10C) ,XKF4,¥KFB,T,E
COMMON/ONE/SL,EL,PS{100),PB{100),YKC,YNC,SFC,EFC,NSIGH
DRSN=0.0 :
SL=0.0
EL=0.0
IF(XKFA*{PSI-PSO)}+XKFB*(PBI-PBO) .GT. 0.0) GO TO 20
NSIGN=-1
GO TO 30

20 NSIGN=1

30 SL=SFC
EL=EFC

B0 Y1=8SL¥*EL-XNEU
IF(ABS(Y1/XNEU).LE.0.01) GO TO 50
Y2=EL+SL¥(1./E+1./YNC/YKC*(SL/COF/YKC)#%*(1,/¥YNC-1.))
SL=SL-Y1/Y2
EL=SL/E+CQF*(SL./COF/YKC)**{ 1, /YNC)
GO TO 40 .

50 TPS(I+1)=TP3(I}+NSIGN*SL
TPN(I+1)=TPN(L)+NSTGN*EL

75 RETURN
END

SUBROUTINE TOELIFE(SAI,SA0,SBI,SBO,AI)
COMMON/TWG/TPS(100},TPN{100) ,XKFA,XKFB,T,E
COMMON/THREE/CC,XM,XPN,CK,4,0PX
COMMON/FIVE/XKTA,XKTB
XKTAz1.0+(XKFA-1)%#2.0
XKTB=1.0+(XKFD=1.0)%*2.0

IF(AT.NE.0.0) GO TO 20

I (XKTA.EQ. 1.0) GO TO 10
AI=0.0198%T/(XKTA~1.0)

GO TO 20

10 AI=0.0154%T7/(XKTB=1.0)

20 FF=ALOG10(T/AI)/100.0
SKA?:FW(AI,T)*FMA(AI,T)*SQRT(B.14159*Al)
SKB1=FMB(AL,T)*SQRT (3. 14159%AT) #(1.122-1 4% (AT/T)+7.33%(AT/T)**2,0

* ~13.08%(AT/T)*%3.0+14.0%(AT/T)**4.0)
A=AT
SK1=SKA1*3ATI+5KB1*SBI
SKMN=SKA1*SAO+SKB1#SB0
IF (SKEMN .GT.{SK1¥0.3)) 30,40

30 SA=SAT-SAD
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42

43
b5

100
101

128

SB=3BI-SBO

GO TO 45

IF (SKMN .GE. 0.) 43,42
SA=SAI-0OPX*SAQ

SBzSBI-OPX#*3R0

GO TO U5

SA=0.T7T#*3AL

SB=0.7%58B1T

SK1=SKA1#SA+SKB1#5B
FE1=1.0/{CC*(SK1%%XM))

DO 100 I=1,99

AA=pR(1OR4FF).p

A=A+AA
SKA2=FW(A,T)}*FMA(A,T)*SQRT(3.14159%4) %34
SKB2=FMB(A,T)*SQRT(3.14159*A)*(1.122-?.4*(A/T)+7.33*(A/T)**2.0
#o13.08%(A/T)#%3.0414 0% (A/T)¥#4,0)#3R
XK12=FS*FM(A)#3QRT(3.14159%4)
SK2=SKA2+3KB2
IF{(S8K2.GT.CK).OR.(A.GT.T))GO TO 101
FK2=1.0/(CCR(SK2#%YM) )
XPN=XPN+(FK1+FK2)*aAA/2.0

FK1=FK2

CONTINUE

RETURN

END

FUNCTION FW(A,T)
COMMON/FIVE/XKTA,XKTB
W=3.14159%5 /7
ST=SIN(W/2.0)
CT=C0S(W/2.0)
PI=SQRT(3.14150)
FW=2.0/P1I%( (ST**2.0)+(CT**(-2.U)))
TT=1.0/C03(T)
FW=SQRT{TT)

FiW=1.1

RETURN

END

FUNCTION FMA{(A,T)

COMMON/FIVE/XKTA,XKTB
FMA=1+(XKTA-1.0)*EXP(-22.5*(XKIA-1.o)*A/T)
FMA=1.0

RETURN

END

FUNCTION FMB(A,T)
COMMON/FIVE/XKTA,XKTB

FMB=1+(XKTB—1.0)*EXP(-45.0*(XKTB~1.0)*A/T)
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RETURN
END

SUBROUTINE LOPLIFE(SAI,SAO,SBI,SBO,AI,XL)
COMMON/TWO/TPS(100) ,TPN(100) ,XKFA,XKFB,T,E
COMMON/THREE/CC ,XM,XPN,CK,A,0PX

A=aT
BFACT=1./(({XL+T/2.)%¥%3.0)/A/T/T-(A/T}%%2.0)/4.0
FF=ALOGT10((XL+T/2.)/41)/100.0
XA1=PW(AI,T,XL)*FM(AI,XL,T)*SQRT(3.14159%AT)
XB1=PMB(A,T)*SQRT(3.14159%4 ) #BFACT
XK1=XA1%*3AT+XB1%3BI

SKMN=XA1*¥SA0+XB1%*5B0

IF (SKMN .GT. 0.3%XK1) 10,20

SA=SAI-SAO

SB=SBI-SBO

G0 TO 30

IF (SKMN .LT. 0.0) 25,26

SA=SAT

5B=SBI

GO TO 30

SA=SAI*0.7

SR=SRI*0.7

XK1=SA*XA1+SB*XB1

FK1=1.0/(CC* (XK 1%%M))

DO 100 I=1,99

ABR=AR(10%RFP) o

A=A+BA

BFACT=1./({(XL+17/2.)%%3 0)/A/T/T=(A/T)%*%2,0)/4.0
XAZ=PW(A,T,XL)*FM(A,XL,T)%SQRT(3.14159%3)*5
XB2=SB*PMB(A,T)*SQRT(3., 14150# ) *RFACT
IK12=XB2+XA2

FK2=1.0/{CC* (XK 12%*1M))
IF({A.GE.T).OR.(XK12.GE.CK)}GO TC 101
XPN=XPN+(FK1+FK2)%AA/2.0

FK1=FK2

CONTLINUE

RETURN

END

FUNCTICN PW(A,T,XL)
W=3.14159%4/ (2. 0*XL+T)
CT=COS(W)
PW=CT**({.-0.5)

RETURN

END

FUNCTION FM(A,XL,T)

A1:.528+3.287*(XL/T)-H.361*(XL/T)**2.+3.696*(XL/T}**3.-1.874*
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E(YL/T)m®Y, 4 U15R(YL/T)"%5,

A2=.218+2. T1TH(XL/T)-10. 1T1#(XL/T)*##2, 413, 122% (XL/T) ¥#3,-7.755%
®(XL/TI®%L 41, TB5%(XL,/T)#45,
FM=(AT+A2%( A/ (2%XL+T) ) )/ (1+(2%L/T))

RETURN

END

FUNCTION PMB(A,T)

PMB=0.5%{ 140 . 417%( A/ 1 5/T)#%L,.0 1U6%(A/1.5/T)#%6_0)
RETURN

END
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Program listing for variable amplitude fatigue:

DIMENSION PS(6002),PMAX(10),PMIN(10),TSMX(11),TSMN(1T),TNMX(11)
DIMENSION TNMN(11),BMIN(11),BMAX(11),PB(6002)

COMMON /ZERQ/ SEGS(150),SRGN(150)

COMMON/ONE/ NAV(151},NC

COMMON/TWO/TPS, TPN,XKFA,XKFB,XNI,CC,XM,PN,T,E,ISTOP
COMMON/THREE/ 3FC,B,C,DAM,LOOP,ETR,M3,SAM,0PX, AF,CK
COMMON/FQUR/YNC,YKC,N3IGN, SL,EL,NPOSI,XB,XXB

READ(5, *)M1,M2,M3,M4 ,NPEAK
READ(5, ¥)M1,M2,M3,M/I,XMF
READ(S,*)MT,MZ,MB,MM,NN
READ(B,*)M1,M2,M3,M4,N
READ(5,*)M1,M2,M3,M4,XB,XXRB
1 WRITE(6,107)NPEAK,XMF,NN,N,XB,XXB
107 FORMAT(/10X,20HNUMBER OF REVERSALS +15,//10X, 11HLOAD SCALE,
*F7.2,//10X, 1THMONITOR NET,IH4,//10%,11HPRINT EVERY,I5,2X,
#6HPOINTS,/, 10X, 14HBENDING FAGTOR,FT.2, 10X,¥5.2)
READ(5,#){PS(I),I=1,NPEAK)
c READ(5,*)(PB(I),I=1,NPEAK)
IMF=XMF/9499.0
XMX=0.0
SAM=0.0
C
C ¥®%X FIND STARTING PUINT ®ee##
o
DO 220 I=1,NPEAK
PS(TI)=PS(T)#¥MF
PB{I)=(PS(I}*X{B+XXB)#*BFACT
PS(1}=PS{I)*AFACT
PX=PS(I)*XKFA+PBE(I)*XKFB+SFR
IF(ABS(PX).GT.XMX)221,220
221 ¥MX=PX
MAX=T
220 CONTINUE
OPX=OPX#(PS{MAX)+PB(MAX))
WRITE(6,106)
106 FORMAT(//,23X,5HAXIAL,SX,THBENDING,/,10X,SHPEAKS,8X,MHLOAD,6X,

*HHLOAD,SX,6HSTRESS,6X,6HSTRAIN,SX,GHDAMAGE,SX,HHLOOP)
LO0OP=0
DAM=0.0
ISTOP=NPEAK+1
CALL SIMU(.10,YKC,YNC,E)
DO 200 I=1,151
NAV(T)=0
200 CONTINUE
C
C *%%% STRATING CYCLE COUNTING
C

PBO=PB{MAX)
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IF((SFR+XKFA*PS(MAX ) +XKFB*PBD) .GE.U.0} GO TQ 201
TPS=SFR

TPN=0.0

P30=0.0

PBO=0.0

NREV=1

M=0

WRITE(6,105)M,PBO, TPS, TPN,DAM,LOOP

GO TD 202

TP3=0.0

TPN=0O.0

PS0=0.0

PSI=PS(MAX)

PBO=0.0

PBI=PB{MAX)
INEU=YNEUB(SFR,PS0,PSI,XKFA,PHO,PBI,XKFB,E)
NREV=1

M=0

WRITE(6, 105)M,PS0,PBO, TPS, TPN,DAM, LOOP
CALL COUNT(NREV,P30,PSI,PBO,PBI,XNEU)
PSO=PSI

PBO=PBI

PMAX(1)=PSI

PMIN(1}=PSI

BMAX (1)=PBI

BMIN(1)=PBI

TSMX(1)=TPS

THNMX (1) =TPN

NREV=2

M=1

WRITE(6, 105)M,PSI,PBI,TPS,TPN,DAM,LOOP
DO 203 I=NREV,NPEAK

J=T+MAY~1

IF{J.GT.NPEAK)} J=J-NPEAK

PSI=P3(J)

PBI=PB(J)

XNEU=YNEUB(C.0, PS0,PSI,XKFA,PBO,PBI,XKFB,E)
CALL couNnT(I,PSC,PSI,PBO,PRI,XNEU)
IF(I.NE.1) GO TC 206

M=1
WRITE(6,105)M,PSI,PBL,TPS,TPN,DAM,LOOP
PMIN(1)=PS51

C ¥¥*% MODIFY THE LOOP PATH

C

PMAX(2)=PSI
BMIN(1)=PBI
BMAX(2)=PBI
TSMN(1}=TPS
TNMNC 1)} =TPN
GO TO 203

206 DO 210 K=1,NN
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211

212
213

210
215

205
105

203

204

108

133

IF({PSI.LT.PMIN(K)).OR.(PBI.LT.BMIN(K))})211,212
CALL PEAK(PSI,PMAX(K),PBI,BMAX(K))

PMIN(K)=PSI

PMAX{K+1)=P8I

BMIN(K)=PBI

BMAX (K+1)=PBT

TPS=TSMX (K )-SL

"TPN=TNMX (K}-EL

TSMN(K)=TPS

TNMN (K ) =TPN

GO TO 215
IF((PSI.GT.PMAX(K+1)).OR.(PBI.GT.BMAX(K+1)))213,210
CALL PEAK(PSI,PMIN(K},PBI,BMIN(K))

PMAY (K+1)=PSI

PMIN(X+1)=PSI

BMAX (X+1)=PBI

BMIN(K+1)=PBI

TPS=TSMN (K ) +SL

TPN=TNMN (K) +EL

TSME (K+1}=TPS

TNMY (¥+1)=TPN

GO TO 215

CONTINUE

PSO=PSI

PBO=PBI

IF(I.NE.(I/N*N)) GO TO 203
WRITE(6,105}1,PSI,PBI,TPS,TPN,DAM,LOOP
FORMAT(/10X,15,5X,F7.3,4%,F7.3,4X,F7.2,2X,F10.6,5X,E9.3,2X,I4)
IF(DAM.GT. 1.0) GO TCO 204

CONTINUE
XNEU=YNEUB(0.0,PSI,PS(MAX) ,XKFA, PRI, PB{MAX) ,XKFB,E)
CALL COUNT(ISTOP,PSI,PS{MAX),PBI,PB(MAX),XNEU)
WRITE(6,105)ISTOP,PS(MAX),PB(MAX),TPS, TPN,DAM, LOOP
INI=0.,5/DAM

WRITE(6,108)XNI

FORMAT(/, 10X, 18HINITIATION LIFE = ,E9.3,3X,5HBLOCK)

®#%% DROPACATION LIFE CALCULATTON *#%%sxxs

500

501

505

506
510

PN=0.0
IF(NPOSI.EQ.3HLOP)500,501
CALL LOPLIFE(SAM,XLOP,XLC)
GO TO 510

IF (NSBAPE.NE.3HLAP)GO TO 506
I (NPOSI.EQ.5HROCTY GO TO 505
XB=BFACT

CALL TOELIFE{SAM)

GO TO 510

CALL TOELIFE{SAM)

30 TO 510

CALL TCELIFE(SAM)
WRLITE(6,503}PN
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FORMAT(//10X, 19HPROPAGATION LIFE = ,E9.3,3X,5HBLOCK}
TN=XNI+PN

WRITE(6,504)TN

FORMAT(//10X,13HTOTAL LIFE = ,E9.3,3X,5HBLOCK)

3TOP

END

FUNCTION YNEUB(SFR,PS0,PSI,XXFA,PBO,PBI,XKFB,E)
YNEUB={ (SFR+XKFA*(PSI-PSO)+XKFB®(PBI-PBO) ) ##2)/E
RETURN

END

SUBROUTINE STMi{F,XK,XN,XE)
COMMON /ZERO/ SEGS(150),8EGN(150)
DE=ALOG10(F/.0001)/75.0
SL=XK#(0.0001)*%{N
DS=8L/T75.0

EL1=0.0

DO 10 I=1,75

SEGS(I)=DS
EL=DS*I/XE+(DS*I/XK)**%(1./XN)
SEGN{I)=EL-EL1

EL1=RI,

CONTINUE

SL1=SL

DO 20 I=T6,150
EP=0.0001#(10.0#%( (I-T5.0)*DE))
SL=XK*(EP}##XN

EL=SL/XE+EP

SEGS(I)=8L-8L1

SEGN(T)=EL-EL1

SL1=8L

EL1=EL

CONTINUE

RETURN

END

SUBROUTINE COUNT(I,PSO,PSI,PBO,PBI,XNEU)
COMMON/TWO/TPS, TPN,XKFA,XKFB,XNI,CC,XM,PN, T, E,ISTOP
COMMON/ZERO/ SEGS({150),SEGN{150)

COMMON/ONE/ NAV(151),NC
COMMON/FQUR/INC,YKC,NSIGH,SL,EL,NPOSI,XB,XXB
IKS=0.0

SKN=C.0

SL=0.0

EL=0.0

8LX=0.0

J=1

IF(XKFA*{PSI-PSO)+IKFR*¥(PBI-FBQ) .GT. 0.0) GO TC 20

5
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NSIGN=~1
GO TO 30

NSIGN=1

IF(NSIGN*NAV(J).GT. 0) GO TO 40
IF{NAV(J}.EQ.CQ) GO TO 31
COF=2.0

GO TO 32

COF=1.0

NFLAG=1

NAV(J)=NSIGN

SL=COF*SEGS(J)+SL
EL=COF*SEGN(J)+EL
IF(SL*EL.GE.XNEU) GO TO 53
J=J+1

GO TO 30

IF(NAV{J)*NAV{J+1).LT. 0) GO TO 55
CALL DAMP(PSO,PBO)

CALL DAMAGE(I,SL,EL,NSIGN)
TPS=TPS+SL*NSIGN
TPN=TPN+EL*NSICN

GO TO 75

NAV(J)=NSIGN¥2
WRITE(6,41)J,8L,EL,NPOST, XB,XXB,NAV(J)
aKS-oKS+COF*SEGS(J)
SKN=SKN+COF*SEGN (J)

J=Jd+1

IF(NFLAG.NE.1) GO TO 30

NFLAG=2

CALL DAMP{PS0,PBQ)

CALL DAMAGE(I,SL,EL,NSIGN)

GO TQ 30

RETURN

END

SUBROUTINE DAMAGE(I,DRSS,DRSN,NSIGN)
COMMON/TWO/TPS, TPN,XKFA,XKFB,XNI,CC,XM, PN, T,E, TSTOP
COMMON/THREE/SFC B,C,DAM,LOOP,ETR,M3,SAM,0PX, AF ,CK
IF(I.NE. 1) GO TO 6

DAM=0.0

XK=0.0

XNI=0.0

GO TO 12

SMN=TP3+DRSS*NSTGN/2.0
DAM=DAM+(DRSS/ (2% (SFC-SMN) ) ) #*(-1/B)

LOOP=zLOOP+1

RETURN
END

SUBROUTTNE PEAK(A,B,C,D)
COMMON/TWO/TPS,TPN,XKFA,XKFB,XNI,CC,XM,PN,T,E,ISTOP
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COMMON/FOUR/YNC, YKC ,NSIGN, SL,EL,NPOSI,XB,XXB
XNEU=YNEUB(0.0,A,B,XKFA,C,D,XKFB,E)
EL=SL/E+2.0%(SL/2./YKC)¥**(1,/YNC)

Y 1=SL*EL-XNEU

IF(ABS(Y1/XNEU).LE.0.01) GO TO 10
Y2=EL+SL*(1./E+1./YNC/YKC*(SL/2./YKC)**(1,/¥NC=1.))
SL=SL-Y1/Y2

GO TO 1

RETURN

END

SUBROUTINE DAMP{SO,SB)
COMMON/TWQ/TPS, TPN,XKFA ,XKFB,XNI,CC,XM,PN,T,E, ISTOP
COMMON/THREE/ SFC,D,C,DAM,LOOF,ETR,M3,S5AM,0PX ,AF,CK
COMMON/FOUR/YNC,YKC,NSIGN,SL,EL,NPOST,XB,XXB
IF(XKFA.NE.1.0)G0 TO 10
SI=SQRT({SL¥*EL*E)/XKFB

S0=5B

GO TO 30

SI=SQRT(SL*EL*E)/{XKFA)

3TI=80+3T*NSIGN

IF(SI.GT.30)1,2

SMAX=SI

SMIN=S0

GO TO 3

SMAYX =S0

SMIN=SI

IF(SMIN.GE.OFX)5,6

SAM=SAM+( SMAX-SMIN) ##3M

GO TO 4

TF(SMAX.LT.OPY) GO TO U
SAM=SAM+ ( SMAY-0PX ) #%yM

RETURN

END

SUBROUTINE LOPLIFE(SA,AI,XL)

COMMON/TWO/TPS, TPN,XKFA,XKFB,XNI,CC,%M, PN, T, , ISTOP
COMMON/THREE/ SFC,B,C,DAM,LOOP,ETR,M3,SAM,0PX, AF,CK
A=AT

AF=XL+T/2.

AA=(XL+T/2.)/100.
XA1=PW{AT,T,XL)*FM(AL,XL,T)*SQRT (3. 14159%4T)
FK1=1.0/{CC*(XAT#%*{M)%*54)

DO 100 I=1,99

A=A+AA

XA2=PW(A,T,XL)*FM(A,XL,T)*SQRT(3.14159%4)
FK2=1.0/(CC*(XA2%%{M)*#34)

IF((A.GT.AF))GO TO 101

PN=PN+(FK1+FK2)*aA/2.0

FK1=FK2
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100 CONTINUE
101 RETURN
END

FUNCTION PW(A,T,XL)
W=3.14159%a/ (2. 0%XL+T)
CT=COS{W)
PW=CT**{.0.5)

RETIIRN

END

FUNCTION FM(A,XL,T)
A1=.528+3.287#(XL/T)-U.361%(XL/T)*¥%2 ,4+3,696% (XL/T)%%3,.1.874*
®(XL/T) %L, 4+ U15%(XL/T)#*5,

A2=.2184+2. T1T#(XL/T)~10. 17T 1#(XL/T)¥%2, 413, 122% (XL/T) *%3 7, 755%
#(XL/TI®REY 41, T85#(XL/T)**5,
FM=(A1+A2%(A/ (2%XL+T) ) )/ (1+(2%XL/T))

RETURN

END

SUBROUTINE TOELIFE{34}
COMMON/TWO/TPS, TPN,XKFA,XKFB,XNI,CC,XM,PN,T,E, ISTOP
COMMON/THREE/ SFC,B,C,DAM,LOOP,ETR,M3,S4M,0PX, AF,CK
COMMON/FOUR/YNG, YKC,NSTGN, SL,BL, NPOST, XB, XXR
COMMON/FIVE/XKTA,XKTB
XKTA=1.0+(XKFA-1)%2.0
XKTB=1.0+{XKFB-1.0)%2.0
AT=0.01
GO TO 20
TF (XKTA.EQ. 1.0) GO TO 10
AI=0.0198%T/(XKTA-1.0)
G0 TO 20

10 AI=0.0154%T/{XXTB-1.0)

20 FF=ALOG10(T/AI)/100.0
SKA1=FW(AL,T)*FMA(AL, T)*SQRT(3.14159%AT)
SKB1=FMB(AL,T)*SQRT(3. 14159%AT)*(1.122=1.4%(AL/T)+7.33%(AT/T)*¥%2.0
* -13.08%(AT/T)*%3,0+14.0%(AT/T)%%4,0)
A=AT

QA0

AF=T

IF{XKFA .NE.1.0) GO TO 30
FK1=1.0/(CC*{SKB1**xM)#3a)
GO TO 40

30 SK1=(SKA1+SKB1#XB)
FK1=1.0/ (CCHRSA*({SK1%%3¥M))

40 DO 100 i=1,9Y
AA=A*{10%*¥FF)~p
A=A+AD
SKAP=FW(A,T)#FMA(A, T)*SQRT (3. 14159%4)
SKBE:FMB(A,T)*SQRT(3.1“159*A)*(1.122-1.4*(A/T)+7-33*(A/T)**2.0
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¥_13.08%(A/T)*%3 0414, 0%(4/T)*#4,0)
IF(XKFA.NE.1.0) GO TO 50
FK2=1.0/(CC*SA* (SKB2#3%¥M))
GO TO 60
SK2={SKAZ2+SKB2*XRB)
FK2=1,0/{CCH¥SA*(SK2##¥xM) )
IF(A.GE.AF) GO TO 101
PN=PN+(FK1+FK2)#AA/2.0
FK1=FK2

CONTINUE

RETURN

END

FUNCTICON FW(A,T)
COMMON/FIVE/XKTA,XKTB
W=3.14159%#5/T
ST=SIN{W/2.0)
CT=COS{W/2.0)
PI=SQRT(3.14159)
FW=2.0/PI*((ST**2.0)+(CT#*(-2.0)))
TT=1.0/C0S(T)
FW=SQRT(TT)

FW=1.1

RETURN

END

FUNCTION FMA(A,T)

COMMON/FIVE/XKTA ,XKTR
FMA=1+{XKTA-1.0)*EXP(~22,5%(XKTA-1.0)*4/T)
FMA=1.0

RETURN

END

FUNCTION FMB(A,T)

COMMON/FIVE/XKTA,XKTB
FMB=1+(XKTB-1.0)*EXP(~45.0%(XKTB-1.0)*#4,/T)
RETURN

END

"
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