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ABSTRACT

The fatigue behavior of welded steel tees loaded in cantilever
bending was examined using simple variable amplitude stress
waveforms. These waveforms were developed by superimposing two sine
wave signals, i.e., a high frequency/low amplitude signal upon a low
frequency/high amplitude signal. The test pfogram involved changing
the relative size and frequency of these two sine signals. The goal
of these tests was to determine the effect that smaller high
frequency stress cycles would have upon the fatigue life associated
with a major stress cycle.

The results of the tests indicated that the damage effect of
these smaller stresses was greater than anticipéted. In fact, the
current AASHTO method of bridge fatigue design may be inadequate
because of the damage associated with these additional stresses. The
current AASHTO design practice considers only one cycle per vehicle,
The smaller dynamic oscillations of the structure are ignored. The
impact fraction included in design only accounts for the increase in
maximum stress. The influence of the smaller cycles can be included
in design by increasing the impact fraction to account for their
fatigue damage. The future tests in this project using measured

stress histories will be used to develop this approach.
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IMPLEMENTATION

The results of this phase of the study cannot be directly
implemented into current design practice. However, they will for a
part of the basis for suggested revisions to current bridge practice
in the final report.

The report is of immediate interest to engineers assessing the
fatigue 1ife of bridges or other structures from recorded stress
histories. The non-linear damage model or Gurney's damage model
should be employed to eQaluate these stress histories. Employing the
commonly used linear damage model of Miner will result in unconserva-

tive life predictions.



CONTENTS

Chapter 1: Introduction . . . . . . . . . . .. . ...

1.1 Problem Statement

1.2 Objective

1.3 Cumulative Damage

1.4 Effective Stress

1.4 Reservoir Counting

1.5 Tensile Counting Method
1.6 Gurney's Effective Stress
1.7 Test Approach

Chapter 2: Testing Program
2.1 Specimen Design

2.2 Specimen Fabrication

2.3 Test Setup

2.4 Testing Procedure

2.5 Superimposed Sine Testing

2.6 Test Load Monitoring and Accuracy

Chapter 3: Test Results . . . . .. ... ... ...

3.1 Constant Amplitude Test Results

3.2 Superimposed Sine Test Results
Chapter 4: Discussion of Effective Stress Calculation

4.1 Evaluation of Gurney's Method

4.2 Evaluation of a Non-Linear Damage Model

vi

—h

-y N B~ -

17
21

25
25
25

28
3

37
4]

52
52
60

67
67

69



Chapter 5:

Appendix |

References

Summary and Conclusions . . . . . . . .. . ...

vii



Table

2.2

2'3

3.2
3.3
3.4
3.5
4.1

4.2

LIST OF TABLES

Page

Mill Test Report ® 8 0 00 00 060 00 00 OO0 20O OO OE OO PO OO Oe OSSOSO
Superimposed Sine, SS, TeSt TYPeS .cecetcesccscscesnces

Comparison of Effective Stress Calculations
for Stress Histogram of Figure 2.15 .cieeecececsccscenes

Constant Amplitude, CA, Test ResultS .eeeeevcecesccenes
Bending Specimens Used in Other Investigations ........
Superimposed Sine, SS, Test ReSults ...ceesesescocesesne
Weldment 3: SS TeSt SUMMArY ...cseesccscsscscasccsanss
Weldment 4: SS TeSt SUMMArY ..ececececsssccccsccsccsanns

Comparison of Gurney's Predicted Fatigue Life of
SS Testing against Actual Fatigue Lives ..cececsvescsse

Comparison of Failure Life Prediction Methods ...cceccese

viii

27
42

50
53
58
61
64
64

68
T7



Figure

1.1

1.2

1.3

1.”

1.7

1.8

1.9

1.10

1.1

LIST OF FIGURES

. Bridge stress history for a truck velocity of

5 and 50 mph © 0 0600005000680 000000008000 0000000008880

Plot showing use of impact fraction to account for
increase in static stresses due to dynamic loading ...

Prediction of cycles to failure from S-N curve based
on constant amplitude fatigue tests ..cc.eveeeccccenese

Example S-N curve and stress loading histogram .......
Applying reservoir counting to a stress history ......

Constant amplitude wave with a single stress
€XCUrSion Z ..eeecesscscsoscssesssscossssscacssnsonssne

Constant amplitude wave with "v" excursions
of Str‘essz ® & ® 6 8 55 05 00 08 00 OO OSSN OSSO S0 S OO BSOS e e e

Single constant amplitude wave with single
Str‘ess excur‘sionz ® 8 & 0% 80 08 08 05 80 SO OSSOSO 0O PE eSS SE DN

. .
Srg/srr vs..zﬁr at m = 3 for single
Isize eXCUrslon stresses ® & & &0 00 00 008 0 5O OSSN e e eE SN NED

Superimposed sine waveform from two sine waves .......
Experiment 1: SS testing ...veeiiescvtceccesscesancnne
Experiment 2: SS testing ..ceeeeeeccccss cessccccns o
Test specimen geometry .ceeceeecececccococscsososonsos
Welding procedure .....cceeeeesscesscssssssssssssscncce

Test arrangement ....c.ceveesecvecsscsscssscccssonsonse

[ Y
B850 (THBME cucoecensssccsctsssssssccsstossssscscsstsssssscas

Kn:fe edge ioading Systeém ..eieececsrvecocsvoscsccccese
Tapgatico: and growth of initial cracks in CA1406 .....
Failure surfaces of two CA tests .cievecveccoorscscensee

ix

Page

13

14

14

18

21
22
24
21
26
29
30
32
33
35
36



Figure

2.8

3.3
3.4
3.5
3.6

3.7

8.1

4,2

4.3

4.4

LIST OF FIGURES (continued)
Page
Crack grown to half of thickness ...c.eeoeesesceesseses 38
Dye penetrant indication of crack extension .......... 39

Shape of SS stress distributions (based on
reservoir counting) ® 0 0 5 8 08 00 000000 00 VO PPN uo

Desired waveform ....eeeeeeeecsoscesccsssesssssnsssons 4y
Waveform from superposition of two sine waves ........ 46
Stress histogram of a computer simulated waveform .... 47

Digital recorded amplitudes of a constant sine
amplitude signal at 1 HZ ® 9 00 00 080 000 8500 000 S00 S O S0 S0 u8

Stress histogram of SS3300 ceseececsveccsscncsssassoas 49
Constant amplitude test data ....ciccvciecvecccccacenes 54

Constant amplitude test data with best fit
of each weldment Broup ...ececeesvececscscsccnssccasnes 55

Standard S-N curve based on weldments 2, 3, and 4 .... 56
Constant amplitude test data on bending specimens .... 59
Plot of o vs. N for superimposed sine testing ....... 62

Effective stress of superimposed sine tests
(m=4.2) vs. fatigue 1ife ® 0 5 5 08 000000 0000008 00808000 63

Plot of z/e¢ vs. Navg/Nt cecscsesser st esacesetrsenn e 66

SS test results with stress sequences, v + 1,
equal to 10 .l...........lll.l...l.....I......‘l..l.l.' 70

SS test results with minor stress range, z,
equal to 15 ksi ® 8 00 00 5 5 20 0O OO 0O PN PO OO L PPN 0SSOSO 71

SS test results with minor stress range, z,
equal to 20 KSI .teeeveecesrornsncssoscesescssscocensvne 72

Log(N/Nc) vs. PLOEGIV + 1) teeevenenasnscoscssosenses 73

X



LIST OF FIGURES (continued)

Figure Page
uos zeff/z VS. z/c ® 0 0 00 00 0000 0000000 0000 BSOS SIS B DS 75
4.6 SS testing error histograms of various fatigue

life prediction methods ® 90 8 00 00 50 000800 PSS 0 0O BN BSE NS NS 78

xi



=z

rms’ Nrmc

NOTATION

Crack depth

Final crack depth

Amount of crack extension

Intercept

of log-log S-N curve

Total damage as fraction of fatigue life

Fractional Damage due to n. cycles of stress Si

1

AASHTO impact fraction

Span length of bridge

Distance from knife edge to weld toe on test specimen

Slope of constant amplitude log-log S-N curve

Power term of an effective stress expression

Number of
Cycles to
Cycles to
Cycles to
Predicted
Predicted
Predicted

cycles at Si

failure of a complex waveform

failure of stress Si

failure under constant amplitude loading, o
fatigue life using Srg

fatigue life using S, based on Miner's rule

fatigue life using Sre based on

non-linear Miner's rule

Total cycles to failure

Additional cycles needed to grow specimen crack to mid-

section
Predicted
Cycles to
z/o

Sj/smax,i

average fatigue life

failure of Srms’srmc

xii



SRminor

SRmajor
z

Zl

Zeff

J

Section modulus

Stress level i, j

Effective stress range

SmaX or o of a complex cycle i.

Effective stress based on Gurney's cycle life
interaction expression, eqn. 1.27

Effective stress of minor cycles, z, in SS waveform
Effective stress of major cycles, o, in SS waveform
Stress range of excursion from main constant amplitude cycle
See Fig. 1.7

The value of "z" which produces the same damaging
effect as a constant amplitude stress Zoff

Occurrence of Sj, S

ni/N

1J

Fractional occurrence of o, z

Maximum stress range in a complex stress cycle

xiii



CHAPTER 1: INTRODUCTION

1.1 PROBLEM STATEMENT

In a recent research program at The University of Texas at Aus-
tin, stresses generated from truck loading on a bridge were monitored
[5]. As the speed of the test truck increased, the maximum stress range
increased. Associated with the major measured stress cycle are many
smaller stress fluctuations. These smaller stress fluctuations become
sizable with increased speed. This is shown in Fig. 1.1 for a truck
moving across the bridge at 5 and 50 MPH.

Current AASHTO bridge fatigue specifications associate one
cycle of stress for each passage of a truck over longitudinal members.
The stress range produced by the design truck loading is increased by an
impact fraction, I, based on the épan length, L, as follows:

[ = 50
L + 125

(1.1)
where "I" can not exceed 30 per cent. This impact fraction is used to
account for the increase in the maximum stress which occurs from the
dynamic loading in a bridge as graphically shown in Fig. 1.2.

There is concern that the impact fraction, I, defined in the
AASHTO specification is inadequate as the impact fraction does not
directly account for the possible damage due to the additional stress
cycles associated with a truck loading. The amount of damage that
occurs from these additional stress cycles is not known.

Damage associated with a stress cycle, such as shown in Fig.

1.1, is normally accounted for by a linear cumulative damage rule. The
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application of linear cumulative damage to complex waveforms as exhib-
jted by a bridge in the field is uncertain. In addition, there are var-
jous methods of counting stress cycles. The new British bridge fatigue
design rules employ reservoir counting.[4] However, no experimental
verification of this stress counting method currently exists. Most of
the experimental work done in variable amplitude testing has been per-
formed on waveforms with constant minimum stress. The stress cycles in
these waveforms are well defined, but the damage caused by these wave-
forms may not be similar to the damage associated with bridge stress

waveforms.

1.2 OBJECTIVE

The primary objective of this study is to determine exper-
imentally the influence that superimposed high frequency/low stress
cycles have on the fatigue life of low frequency/high amplitude stress
cycles. Tests were conducted on welded steel tees loaded in bending.
The validity of using an effective stress approach based on reservoir
counting and linear cumulative damage rule to predict fatigue life was
investigated. Other fatigue 1ife prediction methods were examined. The
findings of these tests will aid in linking constant amplitude data to
variable amplitude data measured in the field.

This is the first part of a larger study addressing the problem
of how much damage occurs due to the additional stress cycles associated
with truck loading. An effective stress approach will be employed to

account for this additional damage.



1.3 CUMULATIVE DAMAGE

Cumulative damage rules account for the damage effect of stress
cycles by using known constant amplitude fatigue behavior. This can be
demonstrated by looking at the S-N curve obtained from constant ampli-

tude fatigue tests as shown in Fig. 1.3. For each level of stress, Si’

there is an associated failure life, Ni' The damage can be expressed as

a fractional quantity of the number of cycles to failure, ns. This

fractional damage, D., due to "51" which occurs ni“ cycles is as fol-

i
lows:

N3
D, =—1 (1.2)
N;

When Di =1, failure is predicted since n; = Ni'
If we assume that the damage effect of each stress range in a

complex waveform 1is independent of one another, a generalized

expression for total damage, D, can be expressed in terms of Di as fol-

Tows:
D= 10D, (1.3)
i
As before, failure is predicted when D = 1 or more commonly expressed:
"
PNy

This linear damage accumulation hypothesis is referred to as the Palm-
gren-Miner hypothesis or Miner's rule. Miner's rule is well suited for
determining the percent of fatigue life used. In order to predict fail-
ure 1ife, the application of Miner's rule is cumbersome. Usually an

effective stress approach is used in predicting failure life.
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on constant amplitude fatigue tests



1.4 EFFECTIVE STRESS

An effective stress, Sre’ is a constant amplitude stress
reproducing fatigue life associated with some stress history. An
expression for Sre can be developed from the equation of an S-N curve
and the application of Miner's rule. In general, the equation of an S-N
curve is given by

Log Ni =A-mlog Si (1.5)

or

A_m
Ni =10 Si (1.6)
where "A" and "m" are regression coefficients obtained from a least
squares best fit. Substituting Ni from eqn. 1.6 into eqn. 1.4, Miner's

rule, gives:

n.
—aom= 1.0 (1.7)
i 10 Si
Using eqn. 1.6, the fatigue life N is written 1in terms of Sre as
follows:
Y Yo
N=10 Sre (1.8)
or
N sm
—x = = 1.0 (1.9)
10
Equating eqn. 1.7 with eqn. 1.9 and solving for Sre gives
- mq1/m
s = |5 M (1.10)
re TN .
or
- m1/m
Spe = _g %54 (1.11)



where ¥, is the relative occurrence of n; with respect to the total num-
ber of cycles N.

In general, welded bridge details have a slope of 3 on a log-log
S-N curve. In constant amplitude testing done by the U. S. Steel Corpo-
ration[10], two details, a cover-plated beam and a welded beam, had
slopes of 2.982 and 3.296 respectively. Variable amplitude tests were
conducted on these two details using a Rayleigh distribution of stress
ranges where every stress range had the same minimum stress level. Dif-
ferent ordering of the stresses did not cause an apparent difference in
fatigue life. The variable amplitude data was plotted at effective
stress values using m equal to 2 (root mean squared - rms) and 3 (root
mean cubed - rmc) in eqn. 1.11. In these tests, the effective stress
plotted at either the value of Srms or Srmc fell within a scatter band
bounded by the 95 percent confidence limits of the constant amplitude
data. Since the fatigque lives at Srms led to a slightly better fit of

the constant amplitude S-N curve than did S they concluded that the

rmc’
rms value is more accurate than the rmc value.

In general, S s Mmay not lead to a good fatigue 1ife prediction.

rm
This becomes apparent from the following fatigue life prediction exam-
ple using both an rms and an rmc calculated effective stress range. The
S-N curve and stress loading histogram for this example are shown in
Fig. 1.4. Note that the slope of the S-N curve has purposely been set to
3 to demonstrate that the fatigue life prediction based on Srmc would
give a Miner's sum = 1. Based on the stress histogram shown in Fig. 1.4:

[0.8(10)3 + 0.2(25)371/3
15.77

w
1]

rmc

and
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= [0.8(10)2 + 0.2(25)%71/2
14.32

w
I

rms

The corresponding cycles to failure are given by

- 9 -3
Nrmc = 7.8125 x 107(15.77)

= 1,990,511 cycles

and

- 9 -3
Nrms = 7.8125 x 107(14.32)

= 2,661,601 cycles

The associated cumulative damage becomes

n n n
§ —= 25 . 10
N Npg  Nyg
n 0.2(1,990,511) 0.8(1,990,511)
I — for rmc = +
500,000 7,812,500
= 0.7962 + 0.2038
= 1.0000
n 0.2(2,661,601) 0.8(2,661,601)
L= for rms = +
N 500,000 7,812,500
= 1.0646 + 0.2725
= 1.3372

Note: 0.7962 and 1.0646 are the damages associated with the 25 ksi
stress.

The results of this particular example show three interesting
points. 1) The rmc approach gives a cumulative damage of 1.00 which
follows the linear cumulative damage law. 2) The rms approach gives a
linear cumulative damage of 1.34. 3) The number of 25 ksi stress

cycles required using the root mean squared approach is greater than the
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number of 25 ksi stress cycles needed for failure in a constant ampli-
tude test. The coefficient in the example is seen to be greater than 1.
In other words, the effective stress based on an rms approach indicates
532,320 cycles of 25 ksi stress range would occur before failure,
although the S-N curve predicts 500,000 cycles of 25 ksi stress range to
failure. If this is true, the smaller cycles at 10 ksi increase the
fatigue life. This is contrary to what experimental results in the pre-
sent study would indicate. Had the value of "m" been equal to the slope
of the log-log S-N curve, the smaller cycles of stress would not have
increased the number of 25 ksi stresses needed to failure above Nc’ the
number of constant amplitude cycles to failure. A proof follows in
Appendix I. Thus, the effective stress calculations, where effective

stress range, S is defined as in eqn. 1.11, should be performed with

re’
a value of m set as close to the slope of a representative log-log S-N
curve. Again, the rmc approach is expected to give good fatigque predic-

tion as welded details have S=N curve slopes of about 3.

1.4 RESERVOIR COUNTING

Before an effective stress concept can be employed, the stress-
es from a stress history must be determined. In a stress history as
previously shown in Fig. 1.1 for the truck Toad moving at 50 mph, it is
not obvious what constitutes a stress cycle or how stress cycles should
be counted. The reservoir (or rainflow) counting method is generally
used in counting stresses. The reservoir counting method is considered

the best method for predicting fatigue life.[2] This is because the
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reservoir counting method identifies major stress range cycles associ-
ated with low frequency components (i.e. as may result from a slowly
varying mean stress). It does this while simultaneously identifying
smaller high frequency stresses. The reservoir method is particularly
attractive because it is easy to apply and makes complete use of the
stress history.

The easiest way to illustrate the reservoir counting method is
to consider a stress history, like the one shown in Fig. 1.5, filled
with water. In order to determine the stresses, the reservoir is
drained by letting the water out at the minimum peak stress values. The
water is first drained at the lowest peak stress value, point 6 in Fig.
1.5. Then the water is drained at the next lowest peak stress value and
so on until all the water has been drained. Each minimum peak desig-
nates a stress cycle. The number of stress cycles in a stress history
can be determined by counting the number of times a minimum peak stress
occurs. The corresponding height of the water drained at each minimum
peak stress constitutes a stress range as shown by cross hatching in

Fig. 1.5. From these stresses, an effective stress can be calculated.

1.5 TENSILE COUNTING METHOD

Since fatigue crack growth occurs during the tensile portion of
a stress range, an alternate method referred to as the tensile counting
method can be employed. The tensile counting method counts only the
stress ranges as they are confronted. Using the stress waveform shown

in Fig. 1.6, the tensile counted stresses are denoted z'. The effective
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Fig. 1.6 Constant amplitude wave with a single stress excursion z

Fig. 1.7 Constant amplitude wave with "v" excursions of stress z
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stress range using tensile counting with designation Srt would be:
Srt =z where z' = (o + 2)/2 (1.12)
The corresponding effective stress range using reservoir counting with

designation Srr would be:

1 1 +1/m
Spp = [o" + —2"] (1.13)
oL 2

Note that 2 cycles of stress are counted by both counting methods for
each occurrence of the waveform shown in Fig. 1.6. In general, both
counting methods produce the same number of stress cycles.

It is of dinterest to see which of the two counting methods
above, if any lends itself to a more accurate prediction of fatigue
1ife. For the waveform of Fig. 1.7, both of these counting methods give
y" cycles of stress for each occurrence of the stress waveform. Thus,
the fatigue life prediction based on either of these counting methods
can be directly related by viewing the ratio of the effective stresses.
A higher effective stress would yield a more conservative prediction of
fatigue 1ife. It can be shown that for a waveform of Fig. 1.7 with "v"
occurrences of single stress excursion size "z", that Srr > S,y ifm>

1. Srr and Srt are expressed as:

1 v 1/m
S, = [ oM + zm} (1.14)
1+ v 1+
and
Srt = z! where z' = (¢ + vz)/(1 + v) (1.15)

The ratio of Srr to Srt can be expressed using eqns. 1.14 and 1.15 as

[ 1. v m}l/m

S - o + z
1+v 1 +vy
e - (1.16)
Srt {o + vz}
v+1

Multiplying the numerator and denominator by 1/o, substituting p for
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z/o0, and re-arranging terms gives:

Sy (1 + v)m-l(l + vpm)l/m

= (1.17)
1+ vp

Sr‘t

With p equal to 1, Srr/srt reduces to 1. Assuming that Srr/srt > 1, we
can say that zn(Srr/Srt) > 0. Defining F = zn(Srr/Srt), then:

(1 + v)m-l(1 + vpm)l/m

F o zn[ ] (1.18)
(1 + vp)
or
m=-1 1
F= gn(1 + v) +—en(1 + vp™) - en(1 + vp) (1.19)
m m

From this follows:
aF vpm-1 v
—= == (1.20)
ap 1 + vp 1+ vp

To find the location of minimum or maximum p value, set aF/3ap = 0. From
eqn. 1.20
1+ vp™ = (1 + vp)p™! (1.21)

1= p"! (1.22)
For m > 1, F is a minimum or maximum when p = 1. Thus, in order to
determine if F is a minimum or maximum when p = 1, find 3%F/3p?. It can

be shown that

22F
— = 0 when p = 1 (1.23)
ap
and
a%F
5 > 0 when 0 < p<1andm>1 (1.24)
ap

This implies that F is a minimum which verifiesour initial assumption
that Srr/srt > 1. Thus, for constant amplitude waveforms with constant

size excursions "z", a more conservative fatigue life prediction will
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result from effective stresses based on reservoir counting rather than

on tensile counting.

1.6 GURNEY'S EFFECTIVE STRESS

Another alternative for possible consideration in effective
stress determination is stress interaction effects. Stress interaction
means that the damage effect of one stress range can influence the dam-
age effect of another stress range. Stress interaction is very diffi-
cult to model. An easy way to handle stress interaction is to relate
the damage associated with complex waveforms to upper and lower limit
constant amplitude waveforms as Gurney did in ref. 4. Gurney took a
lower limit - upper limit approach in obtaining interaction effects
between various Tevels of stress range. An upper and lower limit can be
established by examining the waveform in Fig.1.8. This waveform is a
simple sine function of amplitude o with a single excursion of size z.
By upper limit, we mean that the effective damage caused by the waveform
can not be greater than the same waveform with stress excursion size z =
o. By the same token, the lower limit approach implies that the effec-
tive damage caused by the waveform can not be less than the same wave-
form with stress excursion size z = 0. As shown in Fig. 1.8, the
waveform degenerates into constant amplitude waves at upper and lower
Timits. Gurney performed fatigue tests with simple waveforms 1ike the
one shown in Fig. 1.8. He observed a linear relationship between p, the
ratio of the magnitude of the stress excursion z to the stress range o,

and Tog N, where "N" is the number of times the stress o occurs. In
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Fig. 1.8 Sinale constant amplitude wave with single
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mathematical form, this relationship becomes:
Log N « p where p = z/o (1.25)
A generalized equation using eqn. 1.25 can be written which satisfies
upper and lower limits as follows:
Log N = Log N. - p Log(l + v) (1.26)
or
N=nN.(1+v)P (1.27)
where "v" is the number of excursions of size "z" and "N_" is the number
of constant amplitude cycles with amplitude "o" to cause failure. At
lower limit, z = 0, the predicted life becomes Nc/(l +v) as the total
number of peaks in a complex waveform is "1 + v",
The number of cycles, Nt’ of o plus every cycle of excursion

size z, based on an effective stress approach is as follows:

-m
Nt = A Srg (1.28)
or
- 1/m
Srg = (A/Nt) (1.29)
where Srg is the effective stress based on Gurney's cycle life inter-
action expression, eqn 1.27. Substituting (1 + v)N = Nt and eqn. 1.27
for N gives
— 1-pqy1/m
Srg = (A/[Nc(l +v)" ] (1.30)
Substituting Ac M = NC and cancelling terms gives
Spq = o(1 + v)(p=1)/m (1.31)
Srr’ effective stress based on reservoir counting of waveforms with sin-

gle size excursion z, is given by

Spr =

o + z
1+v 1+v

[ 1 v m}l/m (1.32)

Substituting po = z into eqn. 1.32 and dividing Sr by Srr gives

g
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S, o(1 + v)(p-l)/m
g - B (1.33)
Spr T—%——Vom +q X v(po)m
Factoring and substituting z/o for p, and cancelling terms results in
S.q (1 + 0O

Srr 1+ v(z/o)m

(1.34)

This is a simple expression for waveforms with constant size z in terms
of only z/o, v, and m.

Using m= 3, a plot of Srg/srr vs. z/o is shown in Fig. 1.9 for v
excursions of stress size z. From this plot, it is evident that with
just a single stress excursion of z/0 = 0.25 that Srr is 5% lower than
Srg‘ It is possible for these effective stresses to differ by as much
as 18%, which translates into a fatigue prediction difference of 39% for

this example. Note that Srg/srr are a maximum at z/o between 0.3 to 0.4

when v is 5 to 15.

1.7 TEST APPROACH

The testing performed in this study was either constant ampli-
tude, CA, or superimposed sine, SS. Superimposed sine tests involved
taking two separately generated sine functions and summing the signals
together. A resulting general waveform is shown in Fig. 1.10. Vari-
ations of this waveform could be generated by adjusting the relative
magnitude and the relative frequency of the sine waves.

Once the S-N curve was established from constant amplitude
tests, a series of superimposed sine tests were conducted. From these

preliminary SS tests, two different experiments were initiated.
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-=—— SS WAVEFORM

o = Major Stress Range
z = Minor Stress Excursion
v = Number of Minor Excursions, z

Fig. 1.10 Superimposed sine waveform from two sine waves
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The first experiment was performed to examine the ability of an
effective stress range based on reservoir counting and linear cumula-
tive damage rule to predict fatigue 1ife. Waveforms were chosen to pro-
duce a constant effective stress range, 18 ksi. Since little CA data
was available at the time the experiment was begun, effective stresses
were determined on the basis of a root mean cubed approach. The minor
stress excursions, z, were kept at an average of 15 ksi with the major
stress, o, being varied between 25 ksi and 35 ksi. The ratio of major
stress occurrence to minor stress occurrence was varied between 1/5 and
1/16 for the respective tests as shown in Fig. 1.11.

The second experiment was performed to determine the damaging
effect of small stresses. This was achieved by fixing the major stress
range at 30 ksi and the cyclic ratio of major and minor occurrences at
1/10. The minor stress was varied between 20 ksi and 10 ksi. This is

shown in Fig. 1.12.
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| 10 30
2 16 35
3 5 25
z =15 ksi
Fig. 1.11 Experiment 1: SS testing
Case _Z
| 20
2 14
3 10

Fig. 1.12 Experiment 2: SS testing




CHAPTER 2: TESTING PROGRAM

2.1 SPECIMEN DESIGN

The tests were conducted on welded steel tee sections loaded in
cantilever bending. This specimen could be easily fabricated and proved
to be an attractive solution to the overall experiment design. The pri-
mary reason for selecting this specimen was the ability to test at high
frequency. This was critical in reducing testing time. To ensure that
failure occurred along the weld toe (not in the weld root), the end of
the stem plate to be welded was beveled to produce a partial
penetration. The weld was sized in accordance with recommendations made
by Ouchida & Nishioka [8]. Specimen geometry is shown in Fig. 2.1.

A1l steel used was from the same heat of steel. The mill test
report shows that this steel meets the chemical and mechanical require-
ments as set forth by ASTM Type 1 A572-50 grade steel. A summary of the
mill test report is shown in Table 2.1. The chemistry of a sample was

checked and shown as the laboratory results in Table 2.1.

2.2 SPECIMEN FABRICATION

This weldment was made from 2 plates of 1 inch thick A572-50
grade steel. These plates measured 13"x3'-6" and 8"x3'-6"

respectively. A 5/16" bevel was flame cut along each side of one of the
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TABLE 2.1 MILL TEST REPORT

Steel Grade: A572-50

Chemical Composition

c Si Mn P S Cr Ni Mo v Cu Nb

Mi1l Ladle Analysis (%): 0.19 0.23 1.12 0.019 0.019 0.007 0.030
Mi11 Product Analysis (%): 0.18 0.22 1.09 0.018 0.016 0.029
]Laboratory Analysis (%): 0.17 0.23 1.11 0.013 0.022 0.18 0.02 0.01 0.01 0.027
ASTM Heat Analysis (Type 1) 0.23 0.40 0.80- 0.04 0.05 0.005-
Requirements max max 1.65 max max 0.05

1Chicaqo Spectro Service Laboratery, Inc.

‘Mechanical Strength (Mi1l Test Results)

Tensile Test ASTM Required
Yield Point: 58 ksi 50 ksi
Tensile Strength: 81.2 ksi 65 ksi

L2
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long edges of the 13"x3'-6" plate. This large plate was placed perpen-
dicular to the 8"x3'-6" plate with the beveled edge centered on the 8"
side. The plates were tack welded to hold the plates in position.

A series of 18 weld passes, 9 for each weld, were made alter-
nately on each side using a manual SMAW process. The first weld pass on
each side of the long edge was made using a 3/32"-7018 low hydrogen rod
at 26 volts DC and 120 amps. The remaining eight passes on a side were
made using an 1/8"-7018 low hydrogen rod at 27 volts DC and 150 amps.
The welding sequence is shown in Fig. 2.2.

After the welding was finished, the weldment was marked for
identification by painting an edge with a stripe so the origin of each
specimen could be established. Since only one side was painted, the
same side weld toe could be identified and tested for a given weldment.

Next, the specimens were cut out of the weldment using a machine
saw. First, a 1/2" slice was cut away from each end of the weldment to
remove the beginning and end of the weld. Then thirteen - 3" wide spec-
imens were cut out. Following the cutting, each specimen had two -
13/16" diameter holes drilled 5" apart in the flange of the tee. The

holes were used to bolt the specimen to the test frame.

2.3 TEST SETUP

The test arrangement shown in Fig. 2.3 is a closed loop hydrau-
Tic fatigue testing system comprised of three major components: 1) the
testing frame, 2) the hydraulic system, and 3) the electronic console.

The test specimen is bolted to the inside vertical face of the



Weld Pass
Sequence

Weld Pass No. Electrode Current, Amps Voltage, Volts DC
1&2 3/32"-7018 100 26
Low Hydrogen
3-18 1/8"-7018 150 27

Low Hydrogen

Fig. 2.2 Welding procedure
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Fig. 2.3

Electronic Console

Test arrangement
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"L" shaped test frame as shown in Fig. 2.4. The knife edge loading sys-
tem is shown in Fig. 2.5. A 5 kip load cell is connected between the
hydraulic ram and the knife edge.

The hydraulic system provides a constant 3000 psi pressure. The
servo valve mounted on the Toading ram directs the hydraulic flow to the
top or bottom of the ram in response to commands from the servo control-
ler. The hydraulic ram always applies load in one direction, i.e.
upwards into the specimen.

The programmed waveforms were developed from function generator
signals. Unlike CA testing where one sine wave signal is needed, two
function generators were used together to produce the superimposed sine
testing experiments. The function generator signals were run at differ-
ent relative frequencies and different relative amplitudes. The two

signals were superimposed by the use of a summing junction circuit.

2.4 TESTING PROCEDURE

The programmed loads were determined from the desired nominal
bending stress (o) in the extreme tensile fiber of the test specimen at

the weld toe as follows:
p=oS
L
where "S" 1is the section modulus and "L" is the moment arm (distance
from knife edge to weld toe). One measurement of the specimen width and
four of the specimen thickness were made. The specimen's width was mea-

sured at the weld toe. The average of the measured dimensions were used



Fig. 2.4 Test frame
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Fig. 2.5 Knife edge

loading system
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to calculate the section modulus of the specimen. Thickness was deter-
mined by averaging the measured plate thickness at four locations along
the weld toe. The moment arm was computed from the average of the two
measurements made from each side of the knife edge support centerline to
the weld toe on the tension side of the specimen. All tests were run
with a minimum nominal tensile bending stress of 5 ksi at the weld toe.

The test was terminated when the error signal, which is the dif-
ference between the command signal and the feedback signal, increased by
10 percent of its initial value. This increase in error occurred due to
stiffness changes within the cross-section where the fatigue crack
grows.

The fatigue failure of the specimen starts from small surface
cracks along the weld toe of the fusion 1line on the tensile loaded side
of the specimen. The first visible cracking normally occurs near the
center of the weld toe with other cracks initiating along the weld toe.
These cracks grow as semi-elliptical cracks in planes offset slightly
from one another due to the irregularities of the weld toe. The cracks
eventually coalesce as shown in Fig. 2.6. The rings shown on the frac-
ture surface in this figure were made by tinting the crack with dye pen-
etrant after 62% of the total fatigue T1ife. The two cracks shown
coalesced together to form the large semi-elliptical crack. The result-
ing crack depths at the end of the tests were a quarter to half of the
plate thickness as shown in Fig. 2.7. The fatigue crack depth is the
elliptical smooth surface at the top of the plate in the figures.

In order to determine the magnitude of the additional 1ife
remaining in the uncracked section of the test specimen, one test was
continued until the loading system was unable to maintain the desired
loads. This occurred because the ram displacements had to increase to

maintain the same level of Toads as the section failed. The resulting
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Fig. 2.6 Formation and growth of initial cracks in CA1406
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Fig. 2.7 Failure surfaces of two CA tests
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crack shown in Fig. 2.8 is half the specimen thickness. The life con-
sumed beyond the 10% error cutoff 'was 6%.

To further examine the rate of propagation, da/dN, dye pene-
trant was used to tint the crack of another specimen near the end of
its test life as shown in Fig. 2.9. The amount of extension, Aa, is
given by

Aa = ac - a = 0.45 in. - 0.38 in. = 0.07 in.
The corresponding number of major cycles, AN, was 7280. The correspond-
ing crack propagation ratio is 1/10%. Assuming that the rate of crack
propagation does not increase, AN' (the number of cycles needed to grow
the crack to midsection) is given by

AN' = (0.50 in. - 0.45 in.) x 10° = 5000 cycles
The test failure life was 393,810 cycles meaning that there was only a
1.3% potential increase in fatigque testing life. Remember, once the
crack grew to mid-section, the experiment was halted as ram displace-
ments became too large to attain the same Joad levels. It is concluded
that there is no real difference in specimen test 1ife when the crack is

between one third to one half of the plate thickness.

2.5 SUPERIMPOSED SINE TESTING

In general, the stress distribution for an SS waveform based on
reservoir counting can be expressed as shown in Fig. 2.10. The relative
occurrence, ¥, of major and minor stresses is a function of the number
of minor stress excursions, z, present in an SS waveform.

Eight different waveforms were used for all the SS testing



Fig. 2.8 Crack grown to half of thickness
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Fig. 2.9 Dye penetrant indication of crack extension
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Fig. 2.10 Shape of SS stress distributions

(based on reservoir counting)
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employed as shown in Table 2.2. This table shows the settings of the
two function generator signals before summing. Table 2.2 also shows the
effective stress range calculated for the major and minor stresses and
will be called SRmajor and sRminor respectively. These effective
stresses are evaluated using m = 4.2, since 4.2 is the slope of the CA
data presented in Chapter 3. An effective major stress is determined
using the major cycles of stress and similarly the effective minor
stress is determined using all the minor stress excursions. These
effective stresses were based on reservoir counted computer simulated
stresses of the actual waveform. These values are then rounded to the
values of o and z shown in Table 2.2. These values of o and z are used
in discussing the effective major and minor stress respectively in the
remainder of the text and will be used in all succeeding tables. The
results of SS testing will be presented in two ways: 1) the effective
stress range, Sre based on reservoir stress counting at the total number
of cycles involved, Nt’ and 2) the major stress range, o, at the number

of major stress cycles, N.

2.6 TEST LOAD MONITORING AND ACCURACY

In the constant amplitude, CA, tests, the peak to peak load val-
ues were monitored using a peak detector. The peak detector was used to
initially set and maintain the desired absolute minimum and maximum load
on the specimen. To ensure that the load signal shown on the peak
detector corresponded to the load monitored by the electronic console, a

shunt calibration test of the feedback signal was performed before every



TABLE 2.2 SUPERIMPOSED SINE, SS, TEST TYPES

Function Generator Settings

Superimposed Sine Signal

Function Gen., #1

Function Gen. #2

Nominal

Tizt Frequency Amplitude Frequency Amplitude - Hmsior SRminor o z
Type (Hz) (Hz) (ksi) (ksi) (ksi) (ksi)
1 1 12.77 8 21.05 8 33.63 19.32 35 20
2 172 17.94 8 15.55 16 33.47 14.38 35 15

3 1 25.76 10 7.73 10 33.42 5.17 35 5.4
4 1 8.61 10 20.10 10 28.50 19.21 30 20

5 1 13.16 10 15.55 10 28.50 14.17 30 15

6 1 17.23 10 11.48 10 28.50 9.72 30 10

7 2 7.66 10 16.27 5 23.60 14.51 25 15

8 1 9= 57 10 14.36 10 23.82 13.36 25 14
m= 4,2

4/
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test run.

In the superimposed sine, SS, wave tests, only the absolute min-
imum and maximum peaks of the major wave were monitored. The SS testing
presented certain problems as the SS waveform was created by summing two
different function generator sine wave signals. It was impossible to
eliminate the drift which existed between the function generator sig-
nals. This drift was caused by the drift in the frequencies and in the
phasing of the signals at the start of the test. As a result, a vari-
ation in the major amplitude value occurred. Also, as sine waves are
not linear functions, the superposition of the generated sine waves
leads to a scatter of the minor wave amplitudes. These minor wave peaks
could not be detected by the peak detector.

In order to estimate the resulting distribution of loads, com-
puter simulation of the generated superimposed sine waves were per-
formed for each type of superimposed sine waves used in the testing
program to acquire a realistic distribution of stresses. Simulations of
the actual SS waveforms were performed using the amplitudes and frequen-
cies of the two function generator signals and selecting a frequency
error between the two signals as demonstrated in the development of the
following SS waveform using two sine waves.

The SS waveform with a major amplitude of o = 30 ksi and nine
excursions, v =9, of minor amplitude of z = 15 ksi as shown in Fig. 2.11
will be approximated by the superposition of two sine waves. In order
to have nine minor amplitudes, the frequency ratio, v + 1, between the
two function generator signals must be ten. Since a small frequency
error occurs between the signals, let one signal run at 1 Hz and the
other signal at 10.05 Hz. This will cause one minor wave to drift in
every 20 cycles of the major waveform. If the respective programmed

amplitudes are 13.92 and 16.25, then one cycle of the resuiting complex
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waveform is shown in Fig. 2.12. The scatter of stress ranges associated
with the minor amplitude is 14.1 to 15.7 ksi and the major amplitude is
29.9 to 30.2 ksi. The corresponding stress histogram is shown in Fig.
2.13. A high speed digital data acquisition system was employed to
verify some of the simulation tests. High speed recordings were made
from the load cell output of actual test loads on the specimen using a
fixed sampling speed of 84 samples per second. The ability of the high
speed recorder to sample the absolute minimum and maximum values dimin-
ishes at higher input frequencies due to the fixed sampling rate. The
rolloff of the recording system was determined using a constant ampli-
tude sine signal run at the same frequency as the high frequency minor
wave signal portion of the SS waveform. Figure 2.14 shows a histogram
of the recorded load range divided by the programmed load range for 36
cycles of loading at 10 Hz. The largest recorded load range is 96% of
the actual with a mean of 95.4% for the recorded data. A similar analy-
sis of a 1 Hz input sine wave produced a mean measured load range of
99.6%. This implies that the digital recorder is accurate and that the
inaccuracy is attributable to sampling. Thus, all digitally recorded SS
waveforms with minor wave frequencies of 10 Hz were corrected by divid-
ing recorded stress ranges by 0.954. Fiqure 2.15 shows a stress range
histogram for a particular SS test where the stress range predicted by
computer simulation and recorded data during experimental testing
divided by 0.954 is presented. The results indicate that the computer
simulated stresses exceed the recorded stresses by less than 0.5 ksi.
This implies that the actual stresses are slightly lower than predicted,
meaning that fatigue Tives of the SS testing should be longer than pre-
dicted.

An effective major and minor stress is calculated in Table 2.3

for the stress histogram of Fig. 2.15. Also, an effective stress based
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TABLE 2.3 COMPARISON OF EFFECTIVE STRESS CALCULATIONS FOR STRESS
HISTOGRAM OF FIGURE 2.15

1Effective Stress (ksi)

Major Minor Major & Minor
Computer Simulated 29.8 14.8 18.9
Hi-Speed Digital/0.954 29.3 14.4 18.8
Reported 30.0 15.0 19.1
Reported/Digital 1.02 1.04 1.02

1m =4.,2
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on the overall stress histogram is provided using m= 4.2 in Table 2.3.
These effective stresses, determined from computer simulation and high
speed digital recording, are compared with each other. The effective
major and minor stress predicted from computer simulation as shown in
Table 2.3 are within 4% of the respective digital recorded effective
major and minor stress. The corresponding effective stress of the
entire computer simulated stress histogram is within 2% of the entire
digital recorded stress histogram when m = 4.2, This implies good cor-
relation between the stresses predicted and recorded. Thus, the stress-
es predicted from the computer simulation can be taken as the actual

stresses and will be used to report the test results.



CHAPTER 3: TEST RESULTS

3.1 CONSTANT AMPLITUDE TEST RESULTS

Constant amplitude, CA, tests were conducted on 4 weldment
groups to establish an S-N curve to serve as a basis to evaluate the
complex stress function results. A1l of the CA test results are summa-
rized in Table 3.1 and are plotted on a log-log S-N plot shown in Fig.
3.1. Note that weldment 1 test results produced the longest lives. The
same results plotted in Fig. 3.1 are plotted in Fig. 3.2 along with a
best fit regression line for each weldment type. In Fig. 3.2, the
regression lines of weldments 2, 3, and 4 nearly lay on top of one
another. The similarity of the regression lines of weldments 2, 3, and
4 indicate that they have the same behavior in constant amplitude
fatigue. The CA results of weldment 1 did not correlate well those of
weldments 2, 3, and 4. Thus, an S-N curve based only on weldments 2, 3,
and 4 was established to evaluate the superimposed sine, SS, test
results. SS testing was restricted to only weldments 2, 3, and 4 so
that results could readily be compared between weldment groups. Note
that weldments 2, 3, and 4 will be treated as producing identical behav-
ior when comparing SS to CA test results. A plot of this standard CA
data considering only weldments 2, 3, and 4 is shown in Fig. 3.3. The
slope of the mean regression line is 4.2. Included in the plot, is a two
sided 95% confidence band of the mean 1ine. A11 CA testing performed on
weldments 2, 3, and 4 resulted in specimen failure. The lowest CA test
level run was 12.5 ksi for a weldment 4 specimen which failed at 22.3

million cycles.
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TABLE 3.1 CONSTANT AMPLITUDE, CA, TEST RESULTS

Stress Cycles to
Test Weldment Range Failgre
Specimen Number (ksi) x10
CA1201 1 33.42 566
CA1205 1 33.46 411
CA2203 2 33.46 210
CA2204 2 33.46 338
CA1302 1 28.71 645
CA2302 2 28.68 584
CA3301 3 28.65 693
CA3303 3 28.71 422
CA4301 y 28.65 541
CA1403 1 23.90 1,182
CA1U406 1 23.92 1,870
CA2401 2 23.82 1,064
CA2405 2 23.93 1,433
CA3402 3 23.87 1,105
CA4403 4 23.90 1,138
CAU40O4 4 23.92 11.062
CA1504 1 19.16 9,739
CA2506 2 19.12 2,095
CA4502 y 19.12 3,873
CA3610 3 17.19 4,245
CAUT10 y 14,35 9,314
CAu812 y 11.98 22,460

1 Test discontinued
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Other investigators [1,6,8,13] have conducted fatigue tests on
various as-welded bending specimens. The type of loading and specimen
geometry varied in these investigations. Table 3.2 shows schematically
the types of specimens and weld geometry used in these studies. The
results of previous studies along with all of the CA results of this
present study are plotted in Fig. 3.4. 1In general, the lives of the CA
tests conducted in this study had longer fatigue lives. Al11 the slopes
of the S-N curves were comparable with the exception of those in ref. 1
which had a flatter slope (a larger value of the stress range exponent).
Tests from refs. 1 and 13 produced shorter lives. This could be due to
the fact that the plate thicknesses were larger in these tests than in
the other tests reported, which would correlate with Gurney's findings
that thicker specimens should produce shorter lives [3]. Also, a 4
point bending load scheme was employed in refs. 1 and 13 as opposed to
cantilever bending used in the other studies. Only one set of data [1]
plotted used fully reversed loading (R =-1). Since no significant dif-
ference in the test results occurred when the stress ratio, R, was equal
to 0 or -1, no distinction of R was made in plotting this data. Overall,
the test results of this study appear to show fatigue behavior that is

consistent with other investigations.



TABLE 3.2 BENDING SPECIMENS USED IN OTHER INVESTIGATIONS

Specimen Type and Loading Weld R | Ref.
/ t=0.63 in. or
j L * 1.26 in. Partial
/] ' —l
A .
Penetration 0.1 8
1 [ to
Fillet
+Pl__‘ v_’_
S5 A Full- 0
¢t=|.5p
} | M.l pepetration and ]
' T L Fillet -1
P
4
; | ] Fillet 0.1 6
AN
5_( ft=o.s7' in.
P P
Voo ¥ i}
g Non-Load
: Carrying Weld
See detail below
t=158in.
Type A: Full-
Type A 0.1 13
— 1=158in. Penetration
N * F111et}We1d
Type B
EE— L Type B: Fillet

Weld
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3.2 SUPERIMPOSED SINE TEST RESULTS

A1l superimposed sine, SS, test results are summarized in Table
3.3. In order to determine the significance of the minor stress ranges,
Z, upon the fatigue life of the specimens, the major stress range, o,
was plotted with the corresponding number of major cycles to failure, N,
in Fig. 3.5. Al1l of the data except one test result falls to the left of
the 95% confidence 1imit for the corresponding CA regression line indi-
cating that the smaller stress cycles produce a significant reduction in
the fatique life. A similar result occurs when the effective stress
range, S was plotted with the total number of cycles to failure, Nt’

re’
as shown in Fig. 3.6. S __ is determined using m = 4.2 in this fiqure.

re
This plot has a better correlation with the CA 1ine than did the plot of
o vs. N. However most of the fatigue results in this plot fell short of
the predicted fatigue life. Therefore, the linear cumulative damage
model used to calculate Sre does not appear to adequately account for
all damage occurring from the small stress cycles.

Initially one purpose of the study was to investigate whether
minor wave damage could be represented in variable amplitude testing by
cumulative damage rules where stresses are determined from reservoir
counting techniques. Two sets of experiments were initiated as dis-
cussed in Section 1.8 on weldments 3 & 4 respectively.

In weldment 3, 3 pairs of SS tests were conducted. The minor
stress range, z, was kept constant at 15 ksi, while the major stress
range, ¢, and the stress sequences, v + 1, were varied so that Sre was
constant at approximately 18 ksi when using a root mean cubed effective

stress, S calculation. This implies that the lives of the test spe-

rmc’
cimens should be the same. It is apparent when viewing Table 3.4 that



TABLE 3.3 SUPERIMPOSED SINE, SS, TEST RESULTS

1

Weld- — Nomipal . s N
Test ment (v+1) ¢ z Z, r? N 3 t3
Specimen No. (ksi) (ksi) o (ksi) x10 x10
352207 2 10 35 5.4 . 154 19.3 183.0 1,830
$52208 2 10 35 5.4 .154 19.3 339.2 3,392
SS3204 3 16 35 15 429 18.9 85.2 1,363
583205 3 16 35 15 .AU29 18.9 91.1 1.457
552209 2 8 35 20 571 23.2 140.9 1,127
5582210 2 8 35 20 571 23.2 163.8 1,311
SS4306 y 10 30 10 .333 16.8 224.7 2,247
SS4309 y 10 30 10 .333 16.8 203.8 2,038
SS3306 3 10 30 15 .500 18.1 187.3 1,873
SS3307 3 10 30 15 .500 18.1 195.3 1,953
SS4305 y 10 30 15 .500 18.1 181.4 1,814
SS4311 y 10 30 20 .500 18.1 198.6 1,986
SS4307 y 10 30 20 .667 20.9 133.4 1,334
SS4308 b 10 30 20 .667 20.9 164.4 1,644
352411 2 10 25 14 .560 15.8 393.8 3,938
ssa2412 2 10 25 14 .560 15.8 503.7 5,037
SS3408 3 5 25 15 .600 17.8 392.6 1,963
SS3409 3 5 25 15 .600 17.8 435.6 2,178

m= 4.2
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TABLE 3.4 WELDMENT 3: SS TEST SUMMARY

Nominal N
: p Nominal °© 3 2N ) 2%Nt 3y 3%Nt
Spemn  (ksi) v+1 p x10 pre pred

SS3204 35 16 429 1,363 4,667 .292 3,226 .423
583205 35 16 429 1,457 4,667 .312 3,226 .452
SS3306 30 10 .500 1,873 5,013 .374 3,831 .489
553307 30 10 .500 1,953 5,013 -390 3,831 .510
Ss3408 25 5 .600 1,963 4,743 A1y 4,113 477
SS3409 25 5 .600 2,178 4,743 459 4,113 .530

1
z = 15 ksi

2

Npred is based on S.. using m = 3 and is x 103

. . 3
3Npred is based on Srr using m = 4.2 and is x 10

TABLE 3.5 WELDMENT 4: SS TEST SUMMARY

Nominal Nominal N
z t 2y .
1Specimen (ksi) p x103 pred v
SSu4306 10 .333 2,247 5,164 435
SS4309 10 +333 2,038 5,164 .395
3S4305 15 .500 1,814 3,831 474
SS4311 15 .500 1,986 3,831 .518
3S4307 20 .667 1,334 2,084 .640
SS4308 20 .667 1,644 2,084 .789

1
6 = 30 ksi and v+1 = 10

Based on Srr USing m= 4,2
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the life corresponding to Srmc shows no relation to the actual fatigue
lives. Although an Sre based on m = 4.2 gave better fatigue life pred-
ictions, the predicted lives were much larger then the experimental
results. Also, as the major stress range decreased, the fatigue life
increased and the predicted lives were closer to the actual.

In weldment 4, 3 pairs of SS tests were performed to determine
the damage effect of minor stress, z. The minor stress, z, was varied,
while the major stress, o, and the ratio "v + 1" were held constant at 30
ksi and 10 respectively. Table 3.5 summarizes the results. The results
of Table 3.5 show that for smaller values of z, the ratio of the actual
failure 1ife to the predicted failure 1ife decreased. This implies that
there is a non-linear damage interaction between minor stress, z, and
major stress, o. This is similar to the effect found in the results
from weldment 3.

A plot of p, z/o, against the ratio of the predicted average
fatigue 1life, N using Sre divided by the actual number of total

avg’

cycles to failure, N_, is shown in Fig. 3.7 for all the SS tests. The

t’
bars shown in the figure represent the range of the individual test

results. The scatter in the figure is large, however it does indicate

that the error in the fatigue life estimation is not constant with

z/06". The maximum error occurs in the vicinity of p equal to 0.3 to
0.4. The corresponding fatigue 1ife is overestimated by a factor of two
or more. When discussing Gurney's model in section 1.6, where Srg/srr

was plotted against z/o, the maximum value of Srg/s the ratio of

rr’
Gurney's effective stress to the linear cumulative damage model stress,
for values of "v'" between 5 and 15 occurred in the same range of "p".
This would indicate that Gurney's effective stress should provide a bet-

ter estimate of fatigue performance.



Q|N

0.7
(F——
[S—
0.6}
—
[
0.5  —
[—
0.4+
—
0.3
0.2+
O.lF
] | | ]
050 1.00 1.50 2.00 2.50
Nave
Ny

Fig. 3.7 Plot of z/ovs. N /N
avg

t

66



CHAPTER 4: DISCUSSION OF EFFECTIVE STRESS CALCULATION

Three effective stress methods (Miner's, tensile, and Gurney's)
were investigated to determine their ability to predict the failure of
the SS tests. SS test results indicated that a Miner's effective stress
calculation gave unconservative fatigue life prediction. Thus the ten-
sile effective stress method was not considered further as tensile
effective stresses for any SS waveform would have an even lower effec-
tive stress than the corresponding Miner's effective stress. This lower
effective stress would yield a more unconservative fatigue life predic-
tion. On the other hand, Gurney's effective 1life prediction would

appear to give slightly closer fatigue 1ife prediction.

4.1 EVALUATION OF GURNEY'S METHOD

A comparison of the fatigue life prediction based on Gurney's
approach and Miner's rule is shown in Table 4.1. The predicted lives
from Gurney's approach are in better agreement with the experimental
results then the 1lives predicted from Miner's approach. Miner's
approach gave unconservative predictions that were off by a factor of

two or more. Gurney's approach gave only four fatigue life predictions

that were greater than 10% off on the unconservative side.

The SS test results have been plotted at the cycles to failure

using "N", the number of major stress cycles of the major stress range,
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TABLE 4.1 COMPARISON OF GURNEY'S PREDICTED FATIGUE LIFE OF
SS TESTING AGANST ACTUAL FATIGUE LIFE
Cycles Gurney's
to Predicted

Specimen Nominal Failure Lif Ac’f;ual Z n

Number 'hajor P (v+1) Nx10 x10 Predicted N
552207 35 .154 10 183 208 0.880 0.617
552208 35 .154 10 339 208 1.630 1.144
552209 35 571 8 141 88 1.602 0.820
S$s52210 35 .51 8 164 88 1.864 0.953
Ss2411 25 .560 10 394 338 1.166 0.576
Ss2412 25 .560 10 504 338 1.491 0.737
SS53204 35 U429 16 85 90 0.944 0.414
583205 35 429 16 91 90 1.011 0.442
5S3306 30 .500 10 187 185 1.011 0.479
SS3307 30 .500 10 195 185 1.054 0.499
SS3408 25 .600 5 393 475 0.827 0.467
SS3409 25 .600 5 436 475 0.918 0.518
SsSH#305 30 .500 10 181 185 0.978 0.463
SS4311 30 .500 10 199 185 1.076 0.507
Ss4306 30 333 10 225 264 0.852 0.426
SS4309 30 .333 10 204 264 0.773 0.386
SS4307 30 .667 10 133 123 1.081 0.627
334308 30 .667 10 164 123 1.333 0.772
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o, in Figs. 4.1, 4.2, and 4.3. Figure 4.1 shows only the SS data with
stress sequences "v + 1" equal to 10. Prediction curves based on
Gurney's formulation are plotted as dashed lines for each different val-
ue of o shown. In Figs. 4.2 and 4.3, only SS test results with ¢ equal
to 15 ksi and 20 ksi respectively are plotted. Prediction curves of
these figures are plotted for each different value of "v + 1". Constant
amplitude points are designated by a bar — on the plotted symbol in
Figs. 4.1, 4.2, and 4.3. These plots show that the data corresponds
well with the prediction curves. Generally, the data falls to the right
of its predicted value, meaning that the fatigue 1ife prediction curves
are conservative.

Fig. 4.4 shows how well the results of this study and Gurney's
experiments [4] correspond to Gurney's fatigue life prediction. The
solid 1ine represents full agreement between tests and theory. Both
sets of data contain a good deal of scatter. However, most of the scat-

ter is on the conservative side.

4.2 EVALUATION OF A NON-LINEAR DAMAGE MODEL

The test results indicate that the damage caused by the small
stress cycles is non-linear. A non-linear damage theory was investi-
gated to explore this effect. Assuming that the damage effect of the
major stress cycle, o, is unaltered and taking "m" to be constant, an
effective stress z, .. can be calculated which will emulate the

non-linear damage by manipulating the Sre calculation as follows:
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1/m
_ m m
Sre B [ch PN ] (4.1)
and
-m
Nt = A Sre (4.2)

By substituting the expression of Sre in eqn. 4.1 into eqn. 4.2 and
solving for Zoff gives:
A ]l/m

- - m
Zeff = [W 50
z't

(4.3)

Constants "A" and "m" are known from the regression analysis of the CA
data. xz and Kc are fixed for a given test. Therefore, Zogs Can be cal-
culated.

The ratio zeff/z is plotted in Fig. 4.5 as a function of z/o for
all SS tests. The SS test data for a given test type are plotted as a
mean plus or minus the deviation of zeff/z. Rather than disregarding
the result of SS2208 because its Zoff value was negative, the result was
averaged with the Zoff from the result of $S2207 and plotted simply as
"x". Also included in the plot is Gurney's data which was tested by
waveforms with shapes similar to SS waveforms and is plotted as single
points. Although Gurney used pulsating tension specimens with a fillet
welded attachment, the results of both studies exhibited the same behav-
jor. There is a definite trend in both data sets to have higher rela-
tive damage for Tower values of z/o. A simple expression was developed
using o/z to describe this variation in damage. This expression is Zoff
= SQRT(zo). A plot of zeff/z = SQRT(o/z) is shown in Fig. 4.5.

The non-linear damage effect can easily be incorporated into
Miner's rule by modifying the effect of the lower stress by the
expression SQRT(1/p), this is the same as SQRT(o/z), which results in

the following effective stress expression for a given SS cycle:
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o m +1/m
S; = [v(p 1/22)m + Smax] (4.4)
or y
_ -0.5¢ \m] /M
s, = [§ a5(p70-35,) ] (4.5)

where o5 is the occurrence of Sj, and pj is the value Sj/smax‘ By
expressing the effective complex stress, Si in terms of the occurrence,
a, of a stress range rather than in terms of the fractional occurrence,
¥, the number of cycles to failure will be expressed as the number of
complex cycles, N

to failure. At Sj =S =1 and at Sj =0, Zoff

c’ max’ pj
= 0. Thus egn. 4.5 meets boundary conditions at p = 0 and p = 1. By
substituting eqn. 4.5 into eqn. 1.11, the following non-linear Miner's

expression results.

-0.5 m}l/m

Spe = [§§ Kiaij(pij Sij) (4.6)

where LE is the fractional occurrence of the complex waveform i. «a.. is

1]
the occurrence of Sij’ and Pi; is the value Sj/smax,i’ Smax,i is the
S corresponding to a complex cycle "i". Thus different complex

max
cycles generated from different truck traffic 1loadings can be

accounted.

The non-linear Miner's expression gives fatigue life pred-
ictions close to Gurney's expression as shown in Table 4.2 for the dif-
ferent types of SS waveforms tested. Although some of Miner's estimates
are closer to the actual prediction than either the Gurney or the
non-linear Miner prediction, half of the Miner's estimates are off by a
factor of two. Figure 4.6 shows the error associated with the fatigue
life prediction based on each of the effective stress methods. Miner's
rule had the most unconservative predictions with a mean error of -35%.
Both Gurney's and the non-linear Miner's formulas gave comparable

results. Their results were mainly on the conservative error side, a



TABLE 4.2 COMPARISON OF FAILURE LIFE PREDICTION METHODS

33 Nominal N N N
Waveform (v+1) o z 1 5 3
Type (ksi) (ksi) Ng Nn Nm
1 8 35 20 1.73 1.68 0.91
2 16 35 15 0.98 1.06 0.44
3 10 35 5.4 1.26 1.04 0.90
4 10 30 20 1.21 1.27 0.71
5 10 30 15 1.03 1.01 0.50
6 10 30 10 0.81 0.72 0.41
T 5 25 15 0.87 0.79 0.50
8 10 25 14 1.33 1.34 0.67

Ng is the predicted fatigue life using Gurney's method

Nm is the predicted fatigue life using Miner's rule

N is the predicted fatigue life using non-linear Miner's rule
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positive error, with errors ranging from -32% to +86%. The mean error
using the non-linear Miner's formula was 10% and using Gurney's formula
was 14%. The validity of these two formulations needs to be tested fur-
ther using waveforms from actual field stress histories.

The type of increase in design stress that a non-Tinear Miner's
approach would cause can be modeled by an SS waveform with v = 10 and p =
0.25. Setting m = 3 and substituting the values of v and p into eqn. 4.4
leads to Si =1.31 Smax' This is slightly over 1.30, which is the maxi-
mum factor that can be obtained using an AASHTO impact fraction of 0.3.
Thus, the use of an AASHTO impact fraction to modify the design stress

for bridge fatigue design, may be inadequate.



CHAPTER 5: SUMMARY AND CONCLUSIONS

A research program was carried out to study the influence of
high frequency/low stress cycles superimposed on low frequency stress
cycles upon the fatigue 1ife of a welded steel tee loaded in bending.
The results show that:

1) the damage effect of minor stresses, z, need to be considered in
fatigue 1ife prediction.

2) an effective stress, Sre based on Miner's rule gives unconservative
fatigue 1ife predictions.

3) the damage due to minor stresses, z, are non-linear.

4) Gurney's effective stress, Srg gives relatively conservative
fatiqgue 1ife predictions.

5) an alternate method which provides similar fatigue 1ife predictions
as Gurney's for SS waveforms can be obtained by modifying Miner's rule

by the expression SQRT(1/p) as follows:

-0.5

— m
Spe = [?? iog3(Pyy 345) ]

1/m

where p equals the ratio of the minimum stress cycles to the maximum
stress in the waveform.
6) the use of the current AASHTO impact fraction, I, can lead to an
unconservative bridge fatigue design stress.

Further work should be concentrated on stress waveforms of
actual field measured stresses. Assuming that further work continues to
find the same fatigue behavior as presented in this study, the

non-linear Miner's expression for Sre is a practical design formula.
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APPENDIX |

The number of cycles that are required of any stress range used
in an effective stress approach will not exceed its corresponding con-

stant amplitude fatigue 1ife pending that the power "n" is equal to the

constant amplitude slope, "m". This 1is demonstrated using the
expressions for Sre and N.
n; n 1/n
S, = L;N—si] (1.1)
-m
N=AS. (1.2)
Substituting eqn. I.1 into eqn. I.2 gives
N = A[zﬁsr.']-m/n (1.3)
iN ]

Setting n = m and solving for A gives

A=Engs, (1.4)

Expanding eqn. I.4 results in
_ moJ m
A= nOS0 +1§1nisi | (1.5)

Re-arranging terms, ng becomes

m
A-Zn.,S.
n0=‘_‘_‘_sm + (I.6)
or 0
“m Si m
ng = A Sg -EniH (1.7)

Sg

The corresponding CA value of ng is
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Since

Then

82

ng = A S (1.8)
-m -m Si m

ASy, >AS, -}:ni[—] (1.9)

nU(from CA test) > nU(from variable amplitude tests) (I.10)

Thus when m = n, the number of cycles that are required of any

stress range used in an effective stress approach will not exceed its

corresponding constant amplitude fatigue life.
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