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ABSTRACT 

THE EFFECTS OF RANDOM LOADING 

AND BLOCK LOADING 

ON FATIGUE LIFE 

A study of the fatigue failure of welded T-sections under cyclic 

loading is presented in this thesis. 

Fatigue is a problem of great concern to industry today, especial¬ 

ly in the area of offshore platform design and analysis. The goal of 

this thesis is to examine one specific area of fatigue failure and 

provide some insight into the basic concepts of fatigue. 

The first half of this study deals with the application of constant 

amplitude loading to a large number of welded T-sections. Failure 

points were carefully recorded and from this data a curve was generated 

for expected life of a specimen. This curve was then used to predict 

the failure for all subsequent tests. 

The second section of this study is a review of the Palmgren- 

Miner rule of damage accumulation, which has been used for many years 

for prediction of fatigue damage and failure. Tests were run under 

several different types of loading, including random loading and 

block loading, and experimental results were compared to those pre¬ 

dicted by the rule. 
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1 
Introduction 

This study was designed to determine how effective the Palmgren- 

Miner rule is in predicting the failure of a typical structural de¬ 

tail when it is subjected to random loading and block loading. 

The first half of this experimental program dealt with the 

establishment of an S-N curve (load range versus number of cycles) 

for failure. The specimens were loaded with constant amplitude 

sinewave load. They were cycled in compression/tension until failure, 

with failure defined as the point where current deflection was four 

times the original deflection. A total of 15 tests was run, and these 

15 points were plotted as load range versus number of cycles to failure, 

and a line was determined for fourteen of these points using linear 

regression analysis. One point was disregarded as an outlying point. 

Once this curve was established, it was used to predict the failure 

for all subsequent tests. 

The second half of this program involved two separate types 

of tests. A total of ten tests was run in this series. The Palmgren- 

Miner rule was applied to the established S-N curve and percentages 

of total cycles were chosen at three load amplitudes to obtain one-third 

fractional damage proportions at each of the three load levels. 

The first four tests, W1 through W4, were loaded in a random 

pattern using the chosen percentages of the three loads. The six 

remaining tests, W5 through W10, were cycled at the same three levels 

and fractional proportions of damage, but in a block fashion rather 

than in a random manner. 



For several of the tests, strain gages were applied to observe 

the stress patterns in the specimens. At the end of the test program, 

the results of experimentally determined damage and theoretical 

damage were compared and discussed. 



Metal Fatigue 

Fatigue failure of metal and the welds of metal structures has 

been a topic of study for nearly one hundred years. The study of 

fatigue has become especially important in the design of offshore 

structures. Fatigue failure is a major problem due to the large vary¬ 

ing stresses a structure must undergo in the offshore environment. 

Fatigue failure occurs in metal due to a hardening process on 

a microscopic level. One individual load is not nearly enough to 

harm the metal, but when the load is repeated thousands of times a 

change gradually occurs in the structure of the metal crystals.^ 

Theoretically, the planes of the crystals perpendicular to the 

stress harden enough to the point where they separate from one another, 

to form minute cracks. With each additional load the cracks begin to 

join up, and eventually this crack grows enough to cause the specimen 

to fail.2 

Actually, on a microscopic level, fatigue has not been completely 

observed or understood. Nearly all that an observer can do is care¬ 

fully monitor the specimen to.discover the point when cracks become 

measurable. It is clear that some form of stress buildup occurs before 

that crack was detected, but there is no one perfectly accurate means 

of detecting this buildup. Strain gages were applied on several speci¬ 

mens to detect crack initiation but no definite conclusions could be 

formed from the data obtained. The strain gage data is discussed more 

fully in a later section. 



Description of Specimens 

Each specimen was a small welded T of A572 grade 50 steel. The 

two pieces were nominally one inch thick, with the horizontal piece 

approximately 18"x6" and the vertical piece approximately 4.7"x6" 

The specimens were sawed from a 10 foot long welded piece to the 

6" width. (Figure 1) 

The welds used were full penetration using AWS wire EM12k with 

F72 flux (Lincoln designation L61 wire and 860 flux). (Figure 2) 

Figure 1 



PREQUALIFIED JOINT WELDING PROCEDURE 

PROCEDURE SPECIFICATION * SA ZQ 

5 

Material Specification- A5?2 G,l 50 
Welding process Submerged Arc. 

Manual or machine M&cKine. 
Position of welding Flat 
Filler metal specification A W5 A 5.17 
Filler metal classification EM 12 K ^Lincoln - LG>I) 
Flux F 72 f Lincoln. AkO) 
Single or multiple pass Multiple. 
Single or multiple arc Singly 
Welding current D.C.+ 
Polarity Re verst _ .... 

Root treatment •c’irM/e rMn a • orr fiimc B G.c k jouge. oc^-re ut'fli 
Preheat and interpass temperature 70* F rof* setonW -site. 
Postheat treatment cool i® ambi^t t^p 

WELDING PROCEDURE 

Pass Electrode Welding Current Travel Joint Detail 
No. size (Amps) (Volts) Speed  

3/3£ /JOO 32. IT ».p.nr\. 

2 
* 1 3/_, AOO 32 19 

?-(4 1^2- 

This procedure may vary due to fabrication sequence, fit-up, pass size, 
etc. within the limitation of variables given in 4B,C, or D AWS Dl.l, 
Structural Welding Code. 

Manufactured by Austin Steel Co. Inc, January 1979 

Figure 2 



Equipment used in testing 

6 

A small load frame was designed to hold the specimens firmly in 

place in the testing machine. (Figures 3 and 4.) The frame needed to 

be quite rigid and strong enough to endure many millions of cycles. 

Great care was taken to insure that no unwanted bending moments would 

be applied to the specimen. The frame was closely examined after every 

few tests for signs of wear, and various parts were oiled or replaced as 

was required. 

The frame was placed in a large 110 kip capacity MTS load frame, 

Model 312-41. The hydraulic actuator used was a 22 kip model. Even 

though the large frame could have handled a much larger actuator, the 

small actuator was used to increase the system response which was 

limited by a 20 gpm hydraulic power supply. The load cell used was a 

10 metric ton MTS cell. The smaller cell, rather than the original 

50 metric ton cell, was used to increase the accuracy of load 

measurements. 



Figure 3 
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Figure 4 



Preparation of Specimens 

After sawing 40 individual specimens to 6" widths, it was dis¬ 

covered that with all specimens, the vertical portion of the T was 

not perpendicular relative to the horizontal plate. In every case, 

the vertical plate was bent towards the side of the last welding pass. 

This angle was large enough (approximately 5°) to make it impossible 

to fit the specimens into the testing machine. A frame was set up 

where the vertical plate was brought into 90° alignment by means 

of pressure from a 100 ton actuator. (Figure 5) 

After straightening, holes were drilled in the specimen. Three 

5/16" diameter holes were drilled at both ends of the horizontal piece 

for fastening bolts and one 1" diameter hole was drilled in the vertical 

piece for the pin. Edges of the metal were carefully filed to remove 

all burrs for both safety in handling and ease in placement in the 

testing frame. 

It is not known just what effect this straightening might or 

might not have had on the test results. In the tests, fatigue cracks 

appeared on both sides of the welded T, although there was a bias 

for failure on the next-to-last pass side. Whether this bias was 

due to the welding or to the straightening was not determined. 



10 



General Test Procedure 
11 

A test of a specimen generally ran as follows. Each T was 

straightened and appropriate holes were drilled for bolts and a pin. 

The specimen was placed in the small holding frame and all bolts and 

bearings were tightened as far as possible. In the case of the con¬ 

stant amplitude tests, the specimen was cycled slowly (approximately 

one Hertz) while a load versus deflection loop was drawn on the X-Y 

recorder. (Figure 6.) At this time the bearings were tightened 

further on the frame. Then the cycling rate was increased anywhere 

from 2 Hertz to 20 Hertz. The maximum allowable cycling rate was 

limited by the response of the test system. 

The specimen was carefully observed for the first sign of crack¬ 

ing. A light oil was sprayed on the weld toe periodically, and, with 

the help of a bright light, it was possible to first see a crack when it 

was approximately 0.2" long. These observations were made every few 

minutes until a crack actually was noted, at which point the current 

number of cycles was recorded. The test was then left to run until 

failure. Failure for all tests was arbitrarily defined as the point 

where current peak deflection reached four times the original peak 

deflection. Crack growth was observed and recorded from time to time 

throughout each test. 

For the particular specimens used in this program, fatigue failure 

always occurred at a "weld toe," the intersection of a weld and the base 

metal. This intersection was a point of particularly high stresses, 

called a hot spot. Stresses in the specimen concentrated on the hot 

spot, and eventually the metal grain hardened enough to fracture. The 



12 

Figure 6 
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microscopic crack slowly widened with each cycle of loading in a path 

which was perpendicular to the direction of the applied load. The craçk 

nearly always began near the center of the weld and grew more or less 

evenly towards the edges of the specimen. Figure 7 is taken from the 

data for test number one. Each line indicates the end point of a crack 

at a particular cycle. The crack was only a hairline until it reached 

the edge of the specimen and then began to widen and show increased de¬ 

flections. Failure was recorded when current peak deflection was four 

times the original peak deflection of the specimen. 



CRACK GROWTH 

Figure 7 



CONSTANT AMPLITUDE TESTS 



Tests 1; 2, and 3-- ±10 kips 

16 

Specimen 1 was a constant amplitude test of loads + 10 kips. This 

test was somewaht of a trial run in that various frequencies of cycling 

were applied to observe the various responses of the hydraulic system 

and the testing apparatus. The specimen was cycled at one Hertz for the 

first 8,000 cycles. During this time a trace of the deflection versus 

load was made on the X-Y recorder, load was manually adjusted to the 

+ 10 kip and - 10 kip levels, deflection readings were taken, and 

various observations were made to check that the loading system was per¬ 

forming satisfactorily. At such a high level of loading, a crack was 

observed very soon after the start of the test, at 250 cycles. It was 

a hairline crack, about 0.3 inches long, at the weld toe, near the 

center of the horizontal piece on the right side (last pass side). In 

all tests the specimens were placed in the test frame with the last pass 

side on the right side of the load frame. Within the next few hundred 

cycles, several other small cracks (approximately 0.2 inches long) 

appeared on the right side of the specimen. At about 3,000 cycles, 

cracks began to form on the left side of the specimen, again in the 

middle portion of the piece. Various cycling rates were tried—the 

rate was gradually raised to 7 Hertz and then to 9 Hertz. Nine Hertz 

seemed to be the optimum rate as far as system noise and vibration were 

concerned. This cycling rate of nine Hertz was maintained until about 

37,500 cycles when it was noticed that edge cracks had begun to form 

and grow down the sides and deflections had begun to increase. The 

cycling rate was lowered to five Hertz to insure a more accurate 

reading of final crack growth and final deflections. At 39,000 cycles 
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the cycling was lowered again to one Hertz. The deflection reached 

four times the original deflection at 39,170 cycles and this point was. 

recorded as the official end of the test. 

This specimen was cycled further at a reduced load of 1 kip 

at 0.1 Hertz. The cycling rate was gradually increased to 9 Hertz and 

at 42,200 cycles the load was increased to + 2 kips. The specimen broke 

apart at 43,883 cycles. Complete failure was desired in order to in¬ 

spect the fracture surface. However, complete fracture of the specimen 

caused excessive bending in the test frame itself and was therefore 

not attempted in subsequent tests. 



Specimen 2 was the second of the constant amplitude tests at + 10 

kips. The testing procedure was quite similar to test number 1. For * 

the first 3,600 cycles, the loading rate was 2 Hertz while deflection¬ 

load loops were drawn and the weld toe was observed for initiation 

of cracks. The first crack was noted at 175 cycles on the right side 

of the specimen (last pass side) again near the center of the plate at 

the weld toe. Cracks began on the left side of the specimen at about 

11,000 cycles. For most of the loading the cycling rate was raised to 

four Hertz. At about 27,500 cycles edge cracks formed on both edges 

of the left side and on the front edge of the right side, at which 

time the deflection of the specimen began to slowly increase. Failure 

occurred at 31,552 cycles. 
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Specimen 3 was the last of the 10 kip tests. For this test, 

9 rosette gages and 4 single element gages were applied to the specimen. 

(Figure 8.) These gages were applied in order to have a strain history 

of the behavior of the specimen under load. It was hoped that the gages 

might give some indication of when the crack first began along the weld 

toe. The first four cycles of the test were loaded manually to + 10 

kips as force-deflection loops were traced and gage readings were taken 

for each cycle in two kip increments. (Figure 9.) Then cycling began 

at 2 Hertz for the first 2,600 cycles. Cracking was first noted on the 

left weld toe at 820 cycles. Strain readings were taken throughout the 

test every 5,000 cycles beginning at 10,000 cycles. At 22,500 cycles, 

edge cracks developed on the left side of the specimen. Deflection 

began to increase at 25,000 cycles, and failure occurred at 32,744 

cycles. Strain readings were recorded at this point. No cracks were 

ever noted in the right weld toe. 

This specimen was the one test out of the 15 constant amplitude 

tests where strain gages were applied. The main concern was to record 

a stress-strain history for a typical specimen. Because no gage data 

was recorded near the point where cracking was first seen, no effort 

was later made to correlate gage data with crack initiation. The gages 

were used to learn more about the stresses in the metal, beginning in 

the center of the specimen and moving out to the edges, on both the 

top and bottom plates. The results of these data (Figures 10-19) show 

the strains at each gage in the specimen for two kip increments from 

zero to ten kips. It should be noted that most of the curves are non¬ 

linear which indicates that yielding occurred at most gage locations 

during the first cycle. 



20 

n 

OS 
jd 
§ 

1 
u 
as 
CL 

U) 

tn 
as 

QJ 
v> 
O 

c 
ns 
1/1 
QJ 
Ol 
ta 
Q 

G 
•M 
US 

O 

c 
o 

as G 
O* as 
ns L» 
OS as c 

4-> 
os as 
ns as o 

C as_c 
as -M g 
e ■4-* O 
as G G 4-» 

as o 4-* 
QJ £ o 
as 

as >>xs 
r—- »— 

r~* as »— as 
OS ns JC 
G as c 4-» 
<S* OS TO *♦— 

□ 
coo 

•r- 44 
Wr- C 

OS O 
« CT* 

O 4-» 
in •— u 
-r- as 

"O (/I 
as •—» as G (SS 
os o as as 
ns 0) <0 44 G 
OS OS.— C • 

ns CS»-r- i 
as CD 

-M 
4-» # # 
as UJ 
us 1— 
o o 
G z G 

X 
m 
u 
o 

c 
as 

G 

2 

QJ 
U 

*o >» o as 
as r- 4-» 

ns ns o as 
C*r* ü 

CM 
n 

X» 

•O U <U v / 
ai 3 ÜT5 XX 

4-4 4-» l/l **— * . — 
•Mf- L. VI M XX 
oi os as as X - X 

 ï 
as 

O O C -C 
or. r- v- L» .— 

3 
CÔ 
oo 

CPS 
CM 

-X3 
CM 
os 

X 
CO 
CM 

00 
CM O 

"CM * 

aJl as 

aj _J 
«J 

as —J 
o in 

Figure 8 

13
,1

2,
11

 



STRAIN GAGE READINGS 

LOADS 

Gage No* Zero Two 

i - 1 - 129 

2 - 5 172 

3 - 4 146 

4 - 4 128 

11 1 - 4 

12 0 - 66 

13 - 3 4 

14 - 1 105 

15 0 221 

16 3 109 

17 1 114 

18 0 231 

19 2 113 

20 3 110 

21 2 211 

22 3 87 

23 - 2 107 

24 2 221 

25 3 72 

26 3 - 1 

27 ‘ 0 9 

28 3 - 4 

29 - 2 - 7 

30 0 0 

31 - 2 - 7 

32 1 - 19 

33 2 - 11 

34 0 - 1 

35 3 - 23 

36 - 4 - 40 

37 4 - 5 

Six Eiqht Ten 

- 398 - 533 - 670 

670 1050 1480 

486 692 906 

399 552 700 

- 2 1 2 

- 213 - 290 - 366 

0 - 3 - 4 

469 713 993 

1019 1553 2180 

515 782 1091 

510 771 1069 

1075 1626 2270 

542 817 1131 

456 697 973 

886 1355 1884 

394 607 847 

421 662 935 

908 1392 1938 

291 411 538 

0 3 - 4 

37 52 59 

- 7 - 7 - 15 

- 8 - 10 - 18 

28 41 51 

- 11 - 11 - 11 

- 35 - 50 - 65 

- 13 - 8 - 13 

- 5 0 2 

- 63 - 84 - 110 

- 95 - 121 - 155 

- 16 - 28 - 20 

(X1ps) 

Four 

- 264 

363 

303 

262 

- 6 
- 137 

6 
253 

547 

275 

275 

574 

288 

.249 

481 

206 

228 

488 

163 

- 3 

17 

- 10 

- 9 

8 

- 11 
- 30 

- 21 
- 7 

- 47 

- 76 

- 15 

Figure 9 
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Figure 20 is a plot of the strains for the gages along the central 

axis of the specimen. (Gages 2, 3, 4, and 15.) Unfortunately, it was . 

physically impossible to place a gage any closer to the weld toe, and 

therefore one can only conjecture the true value of strain at the toe. 

A curve was drawn through the four points and a value of 3700 x 10~® in/ 

in is suggested for the strain at the toe. The strains were taken at 

the highest load level of 10 kips at cycle number one. 

If the transverse stress is taken as zero (an assumption justified 

by rosette data from gages 14, 15, and 16), then this strain would 

correspond to a stress of approximately 115 ksi if no yielding took 

place. Hence, the hot spot stresses must be in the plastic range for 

a grade 50 material. 
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The vertical and horizontal stresses and strains at the rosettes 

for a two kip load are plotted in figures 21 and 22. Stresses were 

calculated for the two kip load because the yielding at higher load 

levels invalidates Hooke's law. These stresses and strains are not 

necessarily the principal ones in the specimen at each site but they 

do give some idea of the non-uniformity of the stresses throughout 

the metal. 

To obtain the horizontal and vertical (x and y) stresses and 

strains at each rosette site it is recognized that the sum of the 

strains of any two gages at perpendicular angles at a site is equal 

to the sum of strains of any other two perpendicular directions at 

the same site. 

^ + ey = *0° + ^0° 

34 

Strains are related to stress by 

e = 1/E (a - ua ) where E = Young's modulus 
x x y = 29,000 ksi 

o = Poisson's ratio 
£y = 1/E (oy - uax) = 0.285 

or 

ax = ” u2) x (£x 
+ U€y) 

ay = E^ “ y2) x (ey 
+ ue

x) 



Thus, at two kips, the x and y stresses and strains at the 

eight rosettes on the vertical and horizontal plates are-- 

Rosette £ (in/in x 10”6) £(in/in x 10'6) (fv(ksi) (T, (ksi) 
A Jr X J 

14,15,16 - 7 221 1.77 6.91 
17,18,19 - 4 231 1.95 7.26 
20,21,22 - 14 211 1.46 6.53 
23,24,25 - 42 221 0.66 6.60 

26,27,28 • 14 9 -0.36 0.16 

29,30,31 - 14 0 -0.44 -0.13 
32,33,34 - 9 -11 -0.38 -0.43 

35,36,37 12 -40 0.02 -1.15 

Gages 14-25 are on the horizontal plate; gages 26-37 are on the 

vertical plate. 
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Figure 21 



Figure 22 
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Tests 4, 5, 6, 12, and 13— ± 5 kips 

Specimen 4 was a constant amplitude test with loads of + 5 kips. 

The first 2,500 cycles were run at one Hertz, at which point the cycling 

rate was raised to 11 Hertz. The first crack was noticed on the right 

side of the specimen at 104,000 cycles. At about 600,000 cycles, edge 

cracks appeared on the right side. Deflections slowly began to in¬ 

crease until failure at 716,447 cycles. No cracks were seen on the 

left side of the specimen. 

Specimens 5 and 6 were run in nearly the same fashion. The first 

few cycles were run at one Hertz for drawing load-deflection loops, at 

which point the cycling rate was raised to 20 Hertz. Cracks developed 

in both specimens at the left weld toe; at 154,000 cycles in test 5 and 

at 74,000 cycles in specimen 6. Edge cracks appeared in specimen 5 at 

275.000 cycles, and at 162,000 cycles in specimen 6. Tests 5 and 6 

failed at 386,840 cycles and 202,810 cycles, respectively. 

It is apparent from these three tests at+ 5 kips that there is 

quite a disparity in the values of cycles to failure. For this reason 

two more tests, numbers 12 and 13, were run at this load level to provide 

more information on the failure point of the specimens. 

The first several cycles of specimen 12 were run at one Hertz to 

allow for the drawing of a force-deflection loop. The cycling rate was 

then increased to 10 Hertz. The first crack was at the left weld toe at 

40.000 cycles. At 158,000 cycles an edge crack developed on the front 

left edge of the specimen. The test failed at 212,350 cycles. 

Specimen 13 was very similar to test 12. Cycling began at one 

Hertz and was increased to 10 Hertz, after force-deflection loops were 



drawn. The first crack on the left side was seen at 60,090 cycles 

Edge cracks developed on the left front and back at 220,000 cycles 

Failure occurred at 284,000 cycles. 



Test 7-- + 2.5 kips 
40 

Specimen 7 was a constant amplitude test at 2.5 kips. The first 

several cycles were at one Hertz and load-deflection loops were drawn 

at that time. The cycling rate was then raised to 20 Hertz. Cracks 

were first observed on the right weld toe at 1,496,400 cycles. Edge 

cracks developed on the right side at about 4,437,780 cycles. 

The test continued until 10,026,108 cycles, at which time it was 

stopped. There was some concern over the extreme longevity of this 

test, and there was a question of whether or not the specimen was being 

loaded in a correct manner. The specimen was removed from the test 

frame and strain gages were applied to each side of each connecting link 

of the holding frame, a total of eight gages. The specimen was then 

replaced in the frame and was manually cycled to +_5 kips for one cycle 

while gage readings were taken. The average strain in each link was 

0.00000663 inches per inch with the deviations all less than 0.0000008 

inches per inch. This deviation was about the same as the accuracy of 

measurement, and it was felt that the load was indeed being evenly 

distributed to each of the four connecting links. Because the specimen 

showed no signs of impending failure at this point, it was decided to 

finish the cycling at a load of + 5 kips, in order to fail the specimen 

to enable an inspection of the fatigued surface. An additional 21,000 

cycles were applied to the specimen at this higher load, until failure 

occurred at a total of 10,047,200 cycles. 

At this time a decision was made not to run any more tests at the 

+ 2.5 kip level because testing time was somewhat limited. A load 



level of _+ 3.5 kips was chosen for the next four tests in the series. 

The failure point, in an excess of 10 million cycles, is shown 

on the S-N curve but is not included in linear regression analysis nor 

is it used in prediction failure of other specimens. 



Tests 8, 9, 10, and 11-- +3.5 kips 

For each of the tests, the first few cycles were taken at one 

Hertz to allow for load-deflection loops. Cycling rate was increased 

to 20 Hertz until the specimens failed. 

Specimen 8 first showed a crack on the left side at 214,000 cycles 

Edge cracks appeared at about 936,000 cycles. The specimen failed 

at 1,163,750 cycles. 

Specimen 9 cracked on the left at 770,000 cycles. Edge cracks 

were not recorded, and the specimen failed at 1,564,730 cycles. 

Specimen 10 was first observed with a crack at 702,000 cycles. 

At about 1,140,000 cycles edge cracks formed on the left side of the 

specimen. At 1,850,000 cycles the load rate was slowed to 10 Hertz 

to reduce noise and to enable more accurate readings of deflection to 

be recorded. The specimen failed at 1,866,680 cycles. 

Specimen 11 first showed a crack at 610,000 cycles on the weld 

toe of the left side. Edge cracks developed on the left side at about 

1,000,000 cycles. The loading rate was reduced for this test for the 

same reasons as in test 10. The specimen failed at 1,109,100 cycles. 



Tests 25 and 26— + 12.5 kips 
43 

Tests 25 and 26 were run at load levels of 4^ 12.5 kips. These 

tests were run to add a few additional points to the existing S-N curve. 

A question had arisen as to the validity of the curve at the far left 

side (high amplitude-low life). These two tests were run to check out 

the theory that the curve might not be linear in this area but rather 

might have a bend or a "knee" in it at such high stress levels. The 

level of +_12.5 kips was chosen as the highest level that could be 

applied without damage to the test frame. 

Specimen 25 was cycled at one Hertz. The weld toe was carefully 

observed until a crack of about two inches suddenly appeared at 1,250 

cycles. Just prior to this, no crack at all was seen. At 11,100 cycles, 

edge cracks began to form on the left side. At 13,400 cycles a crack 

was noted at the right weld toe of the specimen. Failure occurred 

at 15,338 cycles. 

Specimen 26 was also cycled at one Hertz. The first cracks 

suddenly appeared at 1,300 cycles, on both the left and right sides. 

The cycling rate was raised to two Hertz, and edge cracks were first 

observed at 12,000 cycles at the right weld toe. Failure occurred on 

the right side of the specimen at 14,406 cycles. 

The two points were plotted on the S-N curve and fell almost 

exactly on the line drawn through the previous twelve points. This gave 

evidence that the S-N curve is indeed linear in this region, even with 

the very high stress levels. 
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SUMMARY OF CONSTANT AMPLITUDE TESTS 

Specimen Load 1 Range 
Crack 

Initiation 
Length of Crack 
at Initiation 

Edge 
Crack Failure 

1 + 10.0 250 0.3" 37,500 39,170 

2 + 10.0 175 0.3" 27,500 31,552 

3 4* 10.0 820 0.8" 22,500 32,744 

4 + 5.0 104,000 pinpoint 600,000 716,447 

5 + 5.0 154,500 2.7" 275,000 386,840 

6 + 5.0 74,000 0.5" 162,000 202,810 

7 + 2.5 1,496,400 0.8" 4,437,780 10,000,000+ 

8 + 3.5 214,000 2.2" 936,000 1,163,750 

9 + 3.5 770,000 6.0" not noted 1,564,730 

10 + 3.5 702,000 1.3" 1,140,000 1,866,680 

11 + 3.5 610,000 4.0" 1,000,000 1,109,100 

12 + 5.0 40,000 0.8" 158,000 212,350 

13 + 5.0 60,090 2.6" 220,000 284,000 

25 + 12.5 1,250 2.3" 11,100 15,338 

26 + 12.5 1,300 2.5" 12,000 14,406 



S-N Curve 

The S-N curve is used for the prediction of the behavior of 

metal specimens under fatigue loading. To establish this curve, an 

amplitude of loading was selected and the number of cycles to failure 

was recorded. When plotted on log-log paper, the S-N curve is linear. 

(Figure 23.) Several tests were run at each of four different load 

levels and recorded on the graph. Using linear regression plotting, 

a line was drawn through the points. This curve was then used to 

predict the number of cycles to failure for all subsequent tests. 

The equation of this line is 

N = 1.1255 x 109(Prr
3*4922 

where N = number of cycles to failure 

Pr = load range in kips 

The slope of the line is -3.4922. Confidence bands fall at N/1.91 

for the lower band and 1.91 (N) for the upper band. 
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VARIABLE AMPLITUDE TESTS 



The Palmgren-Miner Rule 

One of the most significant hypotheses used in the prediction 

of fatigue failure is the one proposed by A. Palmgren and M. A. Miner. 

This rule for prediction, finalized by Miner in 1945, assumes that a 

specific level of cycling can be considered as a fractional part of the 

total number of cycles a specimen undergoes to failure. Miner's rule 

is an aid in determining the accumulation of damage when a specimen is 

tested under varying loads. The equation is— 

n, n9 n~ 
— + — + — + 
N1 N2 N3 * 

n x n. 

* + N“ = 1 ; or i^! NT = 1 
A I 

where N. is the total number of cycles to failure at a certain load 

level, and n.. is the number of cycles actually applied at that load 

level. Failure, by this rule, should occur when the sum of all the 

fractions of load equals one. The second half of this testing program 

is devoted to the study of this rule. 
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Tests W1, W2, M3, and M4—random load order 

These four specimens were tested using a random loading pattern. 

Three different load amplitudes were used: + 10 kips, +^5 kips, and 

+ 3.5 kips. These three levels were chosen because failure levels 

for each had been clearly established from the constant amplitude tests, 

and it was felt that three levels were adequate for testing the Palmgren- 

Miner rule. It was decided to first apply these loads in a random 

fashion. A simple program was written for a PDP11/04 computer to 

generate and record a random loading sequence. (Figures 24 and 25.) 

Under the Palmgren-Miner rule, loads of different amplitude applied 

to a specimen can be expressed as a fraction of the total damage that 

occurs. The rule is-- 

x 
2 

i=l 
1 

For the three load levels chosen, the total number of cycles to failure 

were (from the S-N curve)— 

at + 10 kips ... 32,027 cycles 

at + 5 kips  361,846 cycles 

at + 3.5 kips 1,260,000 cycles 

Using the rule, if one-third of the total number of cycles is 

applied at each load level, damage should equal one, and failure should 

occur. 

Thus, 10,680 L 120,620 J 420,000 _ , 
32,027 361,846 1,260,000 ' 1 

.333 + .333 + .333 = 1 



Figure 24 
Random Loading Program 
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WHIT1 24-SEP-79 MTS BASIC V01B-02C 

100 DIM A(1001)»B(1001)»X(500)»Y(500)rG(500)»HC500)»K1<500)»K2(500) 
110 REM- EACH ARRAY IS DIMENSIONALIZED 
120 J=-1\N=0\Q=0\A(1)=4095\B(1)=4095\L1=0 
130 F=1\P=1\M1=0\M2=0\D1=0\D2=0\G3=0\Q4=0 
140 REM-VALUES OF VARIABLES ARE INITIALIZED 
150 A=1001\B=*1001 
160 PRINT 'SPECIMEN NUMBER IS ')\INPUT S$ 
170 REM- IN THIS PROGRAM» A RANDOM SEQUENCE OF LOADING WAS APPLIED TO 
180 REM- THE SPECIMEN* AN ARRAY OF TWO THOUSAND POINTS WAS CONSIDERED 
190 REM- TO BE OF SUFFICIENT LENGTH TO ASSURE A RANDOM SAMPLING* 
200 REM- TWO SEQUENCES» A AND B» EACH OF LENGTH ONE THOUSAND» WERE 
210 REM- NEEDED TO OBTAIN AN ARRAY OF SUFFICIENT LENGTH. 
220 FOR 1*2 TO 1001 
230 Z=RND ( O ) \ J=—J 
240 IF Z<*761848 THEN A(I)=358*J 
250 IF Z>=.761848 THEN A(I)=512*J 
260 IF Z>*980634 THEN A(I)=1024*J 
270 NEXT I 
280 FOR 1=2 TO 1001\Z=RND(0)\J=-J 
290 IF Z<*761848 THEN B(I)=358*J 
300 IF Z>= «761848 THEN B(I)=512*J 
310 IF Z>.980634 THEN B(I)=1024*J 
320 NEXT I 
330 REM- LOADSCZ) WERE APPLIED IN PERCENTAGES OF— 
340 REM- 1 ♦ 942 AT +/- 10 KIPS 
350 REM- 21*88% AT +/- 5 KIPS 
360 REM- 76*182 AT +/- 3.5 KIPS 
370 FG1(0)\EDMP\STAR 
380 PRINT \PRINT \PRINT \PRINT 'SPECIMEN NUMBER ')S*»' '»' '»' '»'PAGE 
390 PRINT 
400 PRINT 'PASS PEAK LOADS'»'PEAK DEFLECTION '»' PEAK STRAINS' 
410 PRINT ' NO. (KIPS) (KIPS)'»'(IN-3) (IN-3)'»'(VOLTS)(V0LT5) 
420 PRINT 
430 IF P>1 THEN 980 
440 DACQ(0»D»0»0) 
450 DACQ(1»X»1»50»X)\DACQ(6»Y»0»0»Y)\DACQ(6»K1»2»0»K1) 
460 DACQ(1»G»1»50»G)YDACQ(6»H»0»0»H)\DACQ(6»K2»2»0»K2) 
470 G=INT(-1 )\H=INT(—1 )\Y=SINT(0)\X=INT(0) 
480 K2=INT(—1)\K1=INT(0) 
490 FG1(A»1»3»4) 
500 FG1(B»1»3»4) 
510 IF F*1 THEN 640 
520 F=3 
530 FOR 1=1 TO G4 
540 IF G(I)>M1 THEN M1=G(I) 
550 IF G(IXM2 THEN M2=G(I) 
560 H(I)=H(I)-D 
570 IF H(I)>D1 THEN D1=H(I) 
580 IF H(I)<D2 THEN D2=H(I) 
590 IF K2(I)>Q3 THEN Q[3=K2(I) 
600 IF K2(I)<Q4 THEN G4=K2(I) 
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610 NEXT I 
620 IF C4=0 THEN 1000 
630 GO TO 850 
640 BUFKDNIF L=i THEN 640 
650 X4=X\X=INT(-1 »\Y=INT <-1>\H=INT <O)\G=INT(0)\F=2 
660 K1=INT(-1)\K2=INT(0) 
670 FGKA.1.3.4) 
680 FOR 1=1 TO X4 
690 IF X(I»M1 THEN M1=X(I> 
700 IF X<I)<M2 THEN M2=X(I> 
710 r(I)=Y(I)-D 
720 IF Y(I)>D1 THEN D1=Y(I) 
73a "IF—rTTKD2' THEN D2=T( I > 
740 IF Kl(I)>Q3 THEN G3=K1(I> 
750 IF KXIX04 THEN G4=K'l ( I ) 
760 NEXT I 
770 REM- IN LINES 530 THROUGH 760r PEAK VALUES(UPPER AND LOUER) 
780 REM- ARE RECORDED FOR LOADS. DEFLECTIONS. AND STRAINS 
790 IF X4=0 THEN 1000 
800 GO TO 850 
810 BUFKDNIF L=1 THEN 810 
820 G4=G\G=INT(—1)\H=INT(-1>\Y=INT(O)\X=INT(0) 
830 K2=INT<—1)\K1=INT(0) 
840 GO TO 500 
850 N=N+1\D3=D1\D4=D2\M3=M1\M4=M2\D1=0\D2=0\M1=0\M2=0 
860 Q1=Q3\Q2=Q4\Q3=0\Q4=0 
870 M3=INT((M3/204.7*2+5.OOOOOE—03XI00)/100 
880 M4-INT < < M4/204.7*2+5.00000E-03)*100 >/100 
890 D3=INT((D3/204.7+5.00000E-03)*300) 
900 D4=INT((D4/204.7+5.00000E-03)*300) 
910 REM- IN LINES .870 THROUGH 900» VOLTAGES ARE CONVERTED TO CORRECT UNITS 
920 IF N=1 THEN 950 
930 U=N/5 
940 IF U—INT(U)>1.00000E-03 THEN. GO TO 980 
950 PRINT N»TAB(9)îM3»TAB(19)rM4.D3.TAB(37)»D4 »TAB(56)»Q1.TAB(63)ÎQ2 
960 L1=L1+1\IF LK52 GO TO 980 
970 PRINT \PRINT \PRINT \PRINT \PRINT \PRINT \P=P+1\L1=0\G0 TO 380 
980 IF F=2 THEN 810 - 
990 GO TO 640 
1000 PRINT 'G4= 'iG4.'X4= '.X4 
1010 PRINT N)TAB(9)»M3»TAB(19)»M4.D3îTAB(37)»D4îTAB(56){Q11TAB(63).02 
1020 FG1(0)\DUMP\QUIT\END 

READY 
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Figure 25 
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In percentages, 

10,680 + 120,620 + 420,000 = 551,300 cycles 

10,680 L 120,620 A 420,000 , 
551,300 5FÏ73ÜÔ 551,300 ' 1 

1.94%+ 21.88%+ 76,18% = 100% 

The program was designed to randomize the order of peaks and 

valleys but still apply them in the correct proportions. 

Specimens W1 through W4 were all of the type using variable loading. 

In writing the program, it was decided that rather than randomize the 

entire loading pattern up to failure, a series of one thousand peaks and 

one thousand valleys was of sufficient length to assure true randomness 

of loading. The nature of data acquisition of the PDP made this two- 

thousand series an easy way of assuring that the same loading pattern 

was applied to each of the four random-loading tests. 

For convenience in recording the data, the life of the specimen was 

recorded in passes, not in cycles. One pass consisted of 500 peaks and 

500 valleys, and one cycle was counted as peak to peak (or, similarly, 

valley to valley). At the end of the tests, for comparison purposes, the 

passes could be easily converted into numbers of cycles. 

Specimen W1 first cracked on the left side at pass number 70. Edge 

cracks appeared at pass 405, and failure occurred at pass 600. 

Specimen W2 was very similar to Wl. First cracks appeared on the 

left side at pass 65, and edge cracks were noted on the left side at 

pass 485. Cracking began on the right side at pass 660. Failure 

occurred when deflection reached four times the original maximum deflec¬ 

tion (measured from the deflections caused by a 10 kip load), at 

pass 700. 
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Specimens W3 and W4 had strain gages applied at the weld toe on 

both sides of the specimen. These were placed in order to test the 

theory that crack initiation could be detected by gages more accurately 

than by visual inspection. The output from these gages was plotted in 

Figure 26 and it can be seen that there is no definitive point where 

cracking is indicated by the gages. The readings listed are propor¬ 

tional to bridge output but are not in strain units. The slope of the 

line changes several times throughout the measurements but just what the 

changes mean would require more information and more gage readings. 

Visual inspection, though an inexact method, seemed a more reliable 

method of crack detection for these specimens. 

Specimen W3 first showed a crack at pass number 60. Edge cracks 

were not recorded, and failure occurred on the left side at pass 869. 

Specimen W4 first showed a crack at pass 55. Edge cracks appeared 

on the left side at pass 475, at which point a crack on the right side 

was also noted. Failure occurred at pass 727. 
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Strain Gage readings for Specimens W3 and W4 at +10 kips 

Pass Cycle Bridge Reading Bridge Reading 

No. No. Specimen W3 Specimen W4 

1 500 1188 963 

5 2500 1190 9.65 

10 5000 1161 963 

15 7500 1150 963 

20 10000 il so¬ 962 

25 12500 lus 959 

30 15000 1150 959 

35 17500 1146 957 

40 20000 1146 947 

45 22500 1144 937 

50 25000 1146 923 

55 27500 1144 Crack first  915 

60 30000 1143   seen —— 914 

65 32500 1142 914 

70 35000 1144 913 

75 37500 1141 912 

80 40000 1140 913 

85 42500 1139 899 

90 45000 1141 902 

95 47500 1139 899 

100 50000 1140 899 

Failure at 
434,500 cycles 

Failure at 
363,500 cycles 
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Ràinflow Analysis 

Rainflow counting is a method developed in an effort to make an 

accurate summation of the damage caused by each cycle in variable 
4 

amplitude loading. In the true load spectrum of an offshore platform, 

the loading pattern is not the simple sinewave type used in all of 

these tests, but instead has directional changes of load between zero 

crossings. In these tests, there is a zero crossing after every single 

peak and valley of load. An elaborate method of counting numbers of 

cycles is not necessary; one simply sums up the number of zero crossings 

and divides by two. (Figure 27a.) 

There is an aspect of rainflow analysis that is of possible 

significance to these tests. The loads applied were +10 kips, j^5 kips, 

and +3.5 kips, and thus the load ranges could be any of the following- 

20 kips, 15 kips, 13.5 kips, 10 kips, 8.5 kips, or 7 kips. Rainflow 

analysis would help determine the effect of these six different load 

levels. 

Damage accumulation was first determined from the total percentages 

of each load applied to the specimen (call it D^). This method is not 

theoretically correct in that it does not consider any of the load ranges 

caused by a load of one amplitude followed by a load of a different 

amplitude (e.g., a +5 kip load followed by a + 10 kip load). 

The total number of half cycles at each of the six possible load 

ranges was determined (Figure 27b), using the rainflow analysis program 

written by E. C. Smetak of Exxon Production Research (figure 28). 

One other aspect of damage accumulation was considered for the four 

randomly loaded tests. In these random tests, the mean load was not 



Figure 27 



Figure 28 
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RAINFLOW ANALYSIS 

100 OPEN 'DXIJTRSI' FOR INPUT AS FILE VFX3000) 
110 DIM Fl(1801) 
120 PRINT * 'F' 'F'FATIGUE DAMAGE PROGRAM* 
130 PRINT * *#• 'F' (RAINFLOU ANALYSIS)*\PRINT \PRINT 
140 PRINT 'ENTER TOTAL NUMBER OF CYCLES'»SINPUT N2SPRINT 
150 FOR 1=1 TO N2SFl<I)=VFlfI)SNEXT I 
160 CLOSE VF1 
170 OPEN 'DX1JPKS1' FOR INPUT AS FILE VF2C3000) 
180 DIM F2(1801) 
190 DIM S5<1801)9S6C1801) 
200 PRINT 'ENTER RMS OF STRESS HISTORY'rSINPUT RSPRINT 
210 PRINT 'ENTER S-N CURVE CONSTANT'JSINPUT QSPRINT 
220 PRINT 'ENTER S-N CURVE SLOPE'fSINPUT PSPRINT 
230 PRINT 'NOTE? DAMAGE DISTRIBUTION ADJUSTED TO RMS=1'SPRINT \PRINT 
240 FOR 1=1 TO N2 
250 F2CI)=VF2(I> 
260 S6(I)=1•OOOOOE+11SNEXT I 
270 FOR 1=1 TO N2 
280 I=INT(1+•1) 
290 K=0\S7=F2(I) 
300 IF S6(I)>F2<I) GO TO 330 
310 S5(I)=S6(I)-Fl(I) 
320 GO TO 490 
330 IF I+1+K>N2 GO TO 350 
340 IF Fl<I+l+K)>F1(I) GO TO 370 
350 S5 <I)=S7~F1(I) 
360 GO TO 490 
370 IF F2(I + 1+KXS7 GO TO 460 
380 IF S6(I+1+K)>F2(I+l+K) GO TO 420 
390 S5CI)=S6<I+1+K)-F1(I) 
400 S6(I+l+K)=S7 
410 GO TO 490 
420 S6<I+1+K)=S7 
430 S7=F2<I+l+K) 
440 K=K+1 
450 GO TO 330 
460 S6(I+l+K)=S7 
470 K=K+1 
480 GO TO 330 
490 NEXT I 
500 CLOSE VF2 
510 PRINT ' STRESS RANGE'F'CYCLES'F'DAMAGE'F'TOTAL' 
520 PRINT ' 'F' 'F'INCREMENT'F'DAMAGE'; 
530 PRINT 
540 DIM H(80)\N=32 
550 FOR 1=1 TO N\H(I)=0\NEXT I 
560 FOR 1=1 TO N2 
570 J=S5(I)/R*N/8\J=INT(J) 
580 J=J+1\HCJ)=H<J)+1\NEXT I 
590 U=-.25\V=0\D=0 
600 FOR 1=1 TO N 
6*10 S=8/N*<I-.5) 
620 D1=H<I)*<S/0)~P 
630 D=D+D1\U=U+•25SV=V+•25 
640 PRINT TAB(4)#UF'TO '?V»H(I)FDIFD 
650 NEXT I 
660 PRINT SPRINT SPRINT SEND 
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necessarily zero, as it was in all the other tests. (Figure 27b.) For 

this reason, a third damage total, Dg, was calculated to determine the. 

effects, if any, of this non-zero mean on the total damage to the 

specimen. 

The first problem encountered was how to adapt the load ranges 

with non-zero means to the rainflow counting method, which assumes mean 

zero. This was accomplished by using Goodman's Diagram. (Figure 29.) 
5 

Goodman's diagram is a stress envelope which enables one to 

transform load ranges with non-zero means into equivalent damage load 

ranges with zero mean. This method is a somewhat inexact science, but 

it is useful in comparing the relative effects of non-symmetrical 

loading. 

The Goodman theory makes the assumption that a tension load is 

more damaging than a compression load, and therefore a half cycle with 

a positive (tension) mean contributes more to the fatigue damage than 

one with a negative, or compressive, mean. 

Goodman uses the approach that the damage level for complete 

reversal of load (e.g., plus 10 to minus 10 kips) is approximately equal 

to one-third of the ultimate tensile strength. 

Using the envelope shown, defined by the lines 

Ll: yl = V1+x)/2 and L2: y2 = V 
the following equivalent zero mean load ranges result— 
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Figure 29 



Loads True Pr Mean Load Equivalent P] 

+ 10.0 to - 10.0 20.0 0 20.00 
+ 10.0 to - 5.0 15.0 2.50 16.67 
+ 10.0 to - 3.5 13.5 3.25 15.67 
+ 5.0 to - 10.0 15.0 - 2.50 13.33 
+ 5.0 to - 5.0 10.0 0 10.00 
+ 5.0 to - 3.5 8.5 0.75 9.00 
+ 3.5 to - 10.0 13.5 - 3.25 11.33 
+ 3.5 to - 5.0 8.5 - 0.75 8.00 
+ 3.5 to - 3.5 7.0 0 7.00 

Because of the random nature of load application, it is assumed 

that for a particular load range, e.g., 13.5 kips, one half the total 

cycles at that range would be plus 10 kips to minus 3.5 kips, and one 

half would be plus 3.5 kips to minus 10 kips, with equivalent load 

ranges of 15.67 kips and 11.33 kips, respectively. These equivalent 

load ranges are then used to determine the damage accumulation, Dg, 

in the same manner that and D2 were established. 

For the four random load tests, the three damage constants are— 

-°1 —2 —3 
W1 .544 .492 .470 

W2 .636 .575 .550 

W3 .789 .712 .682 

W4 .660 .596 .571 

Average D. .657 .594 .568 

It could be argued that one needs the added refinement of con¬ 

sidering verying means and load ranges when totalling damage. However, 

the coeffecient Dj, found by summing percentages of load range, seems 

more accurate for these series of tests. 



The Palmgren-Miner rule appears to be greatly unconservative 

from the numbers generated in these tests. Further refinements 

of counting cycles make it even more unconservative, so for this 

reason the first and simplest damage coefficient is used for summing 

up fractional damage. These data do not necessarily prove the rule 

wrong, but they do show the need for more study of just what is 

happening to the specimen while it is undergoing fatigue cycling. 

Perhaps an additional factor must be applied to the damage summation 

for instance, crack initiation, cross-sectional area, frequency of 

cycling, or some other such factor should be taken into account 

when considering overall damage to the specimen. 



SUMMARY OF VARIABLE AMPLITUDE TESTS- 
RANDOM LOADING 

Specimen Cycles, ± 10 kips Cycles, ±5 kips Cycles, ±3.5 kips 

64 

W1 5,820 65,640 228,540 

W2 6,799 76,689 267,011 

W3 8,429 95,068 331,002 

W4 7,052 79,534 276,914 
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Tests V15, W7, and W9--b1ock load order(+ 10 kips, ^ 5 kips, +_ 3.5 kips) 

Specimen 5 was the first of the six block loading tests. The 

loading order for this test was the same as for tests W7 and W9. From 

the S-N curve established from the constant amplitude series, it was 

determined that total damage from cycling at +10 kips was 32,027 cycles, 

therefore one-third of the damage should be 32027/3, or 10,680 cycles 

(rounded to the nearest ten cycles). Similarly, one-third damage at 

+5 kips came out as 120,620 cycles, and one-third damage at +^3.5 kips 

came out to be 420,000 cycles. The specimen would be loaded with 

10,680 cycles at + 10 kips, 120,620 cycles at + 5 kips, and then cycled 

to failure at +_ 3.5 kips. 

The first block of load applied was at + 10 kips. Cracking first 

appeared in W5 at cycle 1,450. The block of 10,680 cycles was com¬ 

pleted and cycling at +^ 5 kips was begun. The crack (on the left-hand 

side) slowly grew and the second block of 120,620 was completed. Next, 

the final block of 3.5 kips was applied to failure. Though only 420,000 

cycles at this load were expected, the specimen did not fail until 

1,069,480 cycles at + 3.5 kips had been applied. 

Test W7 had cycling applied in the same order. Cracks first 

appeared on the left side at 1,600 cycles of the + 10 kip block. The 

block loading at + 5 kips was completed, and the specimen failed after 

only 333,180 cycles at +3.5 kips. 

Test W9 was the last of the 10, 5, 3.5 tests. Cracking began on the 

left side during the + 10 kip loading at 7,080 cycles. The block load 

at +_ 5 kips was completed, and the specimen failed after 1 ,552,600 

cycles at + 3.5 kips. 
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Tests W6, VJ8, and M1Q.--block load order (+3.5 kips, +5 kips, +10 kips) 

Specimens W6, W8, and W10 were also block loaded, using the same 

loads but in the reverse order from the three previous tests. After the 

third block of loading, at +_ 10 kips, it was decided that if the speci¬ 

men had not yet failed, then a final block of +3.5 kips would be 

applied to failure to make runout conditions comparable to the 

previous tests. 

Specimen W6 was cycled first at +3.5 kips, and no cracks were 

seen at this time. Cracking appeared during the second block of +5 kips 

on the left side after 76,540 cycles at this load level. The third 

block of + 10 kips was begun, and the specimen failed after only 2,412 

cycles at this level. 

Specimen W8 was cycled in the same way. No cracks were observed 

in the first block of 420,000 cycles. Cracks were seen at 400 cycles 

of the + 5 kip block. The third block of + 10 kips was applied, but the 

block was completed with no sign of impending failure. A runout series 

was started at +3.5 kips and 852,720 cycles were added at this level 

until the specimen failed. 

Specimen W10 had no observed cracks in the first block of + 3.5 

kips. A crack was seen at 100 cycles of the second block of + 5 kips. 

The third block of +_ 10 kips was started but the specimen failed after 

only 2,470 cycles. 



SUMMARY OF VARIABLE AMPLITUDE TESTS 

BLOCK LOADING 
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Cycles Cycles Cycles Runout Cycles 
Specimen at ± 10 kips at ± 5 kips at ± 3.5 kips at ± 3.5 kips 

Block order- — + 10 kips, +_ 5 kips, +_ 3.5 kips to failure 

W5 10,680 120,620 420,000 649,480 

W7 10,680 120,620 333,180 0 

W9 10,680 120,620 420,000 1,263,900 

Block order- - +3.5 kips , _+ 5 kips, + 10 kips, + 3.5 kips to failure 

W6 2,400 120,620 420,000 0 

W8 10,680 120,620 420,000 432,720 

WIO 2,470 120,620 420,000 0 

Damage Coefficients— 

W5 1.515 ) 
W7 .931 > Average— 1.448 

W9 1.898 ) 
W6 .741 

W8 1.343 
/ Average— .942 

WIO .743 ) 



Summary and Conclusions 
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Fifteen constant amplitude tests were run and fourteen of the 

tests were used to establish an S-N curve for fatigue failure. Test 

number seven was run at a level of + 2.5 kips and had not failed after 

10 million cycles, and was not used in the regression analysis. The 

following formula was used to draw the line, where 

N = cycles to failure and ?T = load range 

N = 1.1255 x 109(Pr)"3*4922 

The 95% confidence bands, were at N/1.91 and 1.91(N). 

In the random load level testing, expected damage predicted by the 

three methods of counting were—(averaged for the four tests) 

D] = .657 

D2 = .594 

D3 = .568 

Dj, though not conservative, still was closer to the predicted 

value of 1 than were D2 and D^. 

Theoretically, the damage coefficient should be 1, but for 95% 

confidence, 1/1.91 - D 1.91 

.524 £ D 51.91 

In the block loading tests, D2 and are the same as D-j. Two 

orders of block loading were applied, with the following damage 

coefficients 

Block 10, 5, 3.5; D = 1.45 
, Averaged over three tests 

Block 3.5, 5, 10; D = .942 * in each block series 
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All three values determined by the different methods of calcu¬ 

lating damage in the random load tests were unconservative with each . 

predicting more fatigue life than actually existed. 

In block loading, the series of low loads to high loads seemed 

to cause more damage than the series of high to low,.but both fell 

within the 95% limits. 

The 95% confidence bands obtained for the constant amplitude 

tests are considered fairly narrow for the usual scatter of data points 

that are found in fatigue testing. But the effect of the sequence of 

loading in all the variable amplitude tests is relatively small and 

the effect of scatter may be overshadowing any load sequence effects. 
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