
Fatigue Behavior of Welded Steel Butt 
Joints Containing Artificial Discontinuities 

The effect of discontinuities on the fatigue behavior of 
welded steel butt joints are assessed by means of 

experimentation and analytical models 

BY M. D. BOWMAN AND W. H. MUNSE 

ABSTRACT. Zero-to-tension fatigue tests 
were carried out on notched low-carbon 
steel plain plate specimens, and on 
welded low-carbon steel and quenched-
and-tempered steel notched specimens. 
Notches for the welded specimens were 
machined in weld metal at mid-length to 
simulate an internal discontinuity. A range 
in behavior was examined by selecting a 
combination of various notch types, 
sizes, and positions. 

Analytical fatigue models were devel
oped to estimate the fatigue behavior of 
notched plates. Fatigue crack initiation 
and propagation stages of the cyclic life 
were considered separately. A crack initi
ation model was developed using low-
cycle fatigue concepts and a linear dam
age criterion; a crack propagation model 
was developed using a linear crack 
growth power law. 

Residual stress at the notch tip, notch 
position, sharpness, and size were found 
to notably influence weldment fatigue 
behavior. The fatigue lives of specimens 
containing a notch near mid-thickness 
were roughly equivalent to the mean 
fatigue resistance of sound butt welds, 
while the fatigue lives of specimens con
taining notches near quarter-thickness 
were markedly lower. 

Introduction 

Background 

The fatigue resistance of a butt weld in 
the as-welded condition is usually poorer 
than the base metal to which it is joined. 
The localized stress concentration result
ing from the profile of the weld is respon
sible for this inferior fatigue resistance. 
However, when the toe of a weld is 
treated by grinding or gas tungsten arc 
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(GTA) dressing, or when the weld rein
forcement is removed entirely, then 
internal welding discontinuities, acting as 
individual stress raisers, may control the 
fatigue behavior. 

The term "discontinuity" is used to 
denote an entity which interrupts the 
continuity of a weldment. Porosity, slag 
inclusions, incomplete fusion, and incom
plete penetration are examples of com
mon welding discontinuities. Usually, 
severe discontinuities occur as a result of 
improper or inadequate welding proce
dures. However, discontinuities can also 
occur inadvertently during normal weld
ing operations. Few, if any, welds are 
truly free of discontinuities. 

Weld quality fabrication standards 
should consider the degree to which 

weld discontinuities influence fatigue 
behavior. It is significant to note that 
fatigue cracks which emanate from inter
nal discontinuities often develop at ser
vice loads which are well below maxi
mum design loads. Accordingly, design 
standards for welded members sub
jected to repeated loads should be for
mulated by relating weldment fatigue 
strength levels to corresponding permissi
ble discontinuity severities. 

Purpose and Approach 

The primary objective of this study 
was to identify and evaluate variables 
that influence the fatigue behavior of 
transverse butt welds containing internal 
discontinuities. The degree to which dis-

Table 1—Physical Properties 

-

Designation 

Low-carbon steel 
Quenched-and-tempered 

stee|,c) 
E7018(d| 

E11018(d> 

of Base Metal and Weld Metal 

Yield 
strength, 

ksi(a> 

29.8 
88.5-90.0 

68.0 
103.0 

Tensile 
strength, 

ksi(a) 

55.1 
108.3-109.2 

75.0 
115.0 

Elongation 
in 2 in. 

(50.8 mm), 
' O 

34.1<b> 
22.6-25.3 

34.0 
22.0 

Reduction 
in area, 

% 
59.1 

69.2-70.4 

75.0 
62.0 

(a) 1 ksi = 6.895 MPa. 
(b) Percent elongation in 8 in. (203 mm). 
(c) Values reported in Ref. 1 for two heats of steel. 
(d) Values reported by electrode manufacturer. 

Table 2 -

Element 

C 
Mn 
P 
S 
Si 
Cu 
Ni 
Cr 
Mo 
Al 

-Chemical Compositions of Base Metal and Weld Metal, 

Low-carbon 
steel 

0.17 
0.44 

< 0.005 
0.030 

<0 .01 
0.04 

<0 .01 
0.02 

<0 .01 
0.024 

Quenched-and-
tempered steel<a) 

0.16-0.17 
0.28-0.33 

0.010-0.021 
0.009-0.019 

0.26-0.27 
0.06 

2.29-2.86 
1.31-1.61 
0.32-0.48 

-

Wt-% 

E7018(b) 

0.06 
1.10 
0.03 
0.04 
0.50 

-
-
-

0.40-0.65 

-

E11018(b> 

0.06 
1.53 

0.030 
0.030 
0.27 

-
1.88 
0.31 
0.42 

— 
(a) Values reported in Ref. 1 for two heats of steel. 
(b) Values reported by electrode manufacturer. 
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machined notch tch offset from centerline 
Table 3-
Plates 

-Welding Procedures for Low-Carbon Steel and Quenched-and-Tempered Steel 

Plain Plate Specimen Dimension 

- jeweler's sawcut 

£Ai 
l / 4 i n 

(6.35mm) 
Circular 

u 
I Mil l 

(6.35mm) 
Slotted 

Notch Types 

Fig. 1 —Plain plate specimen dimensions and 
notch types 

cont inui ty size, sharpness, and posit ion 
reduce the mean fat igue strength of a 
sound we ld was examined exper imental
ly and theoretical ly. 

Specimens for the exper imental fatigue 
testing p rogram consisted of na r row 
plain plate and w e l d e d no tched steel 
strips. Cont ro l of discontinuity size, 
shape, and posi t ion is vitally impor tant in 
an evaluat ion o f the ef fect o f these 
factors. There fore , it was dec ided that 
the best cont ro l cou ld be obta ined by 
using notches carefully machined in we ld 
metal to artificially mode l actual disconti
nuities. 

Analytical fat igue models f o r the 
fat igue crack initiation and propagat ion 
stages of the cyclic life w e r e deve loped . 
The inf luence of residual stress o n the 
compu ted fat igue lives was considered in 
the models fo r b o t h stages o f the life. 
Compar isons b e t w e e n exper imental fa
tigue test results and pred ic ted fatigue 
lives w e r e used to evaluate the applicabil
ity and per fo rmance of the analytical 
fat igue models. 

Experimental Test Program 

Materials and Specimen Fabrication 

Three di f ferent no tched specimen 
types w e r e tested: 

1. Plain plate l ow-ca rbon steel (PP 
Series). 

2. W e l d e d low-ca rbon steel (LC 
Series). 

3. W e l d e d quenched-and- tempered 
steel (QT Series). 

Double V-groove angle, degrees 
Root gap and midthickness rootface, in. (mm) 
Preheat and interpass temperature, °F (=C) 
Electrode type 
Voltage 

Root Passes: 

Number of passes 
Electrode diameter, in. (mm) 
Electric current, A 
Average weld speed, ipm (mm/s) 
Average heat input, kj / in. (k)/m) 

Remaining Passes: 

Number of passes 
Electrode diameter, in. (mm) 
Electric current, A 
Average weld speed, ipm (mm/s) 
Average heat input, k)/in. (kj/m) 

Low-
carbon 

steel welds 

70 
78 (3.2) 
None 
E7018 
22-24 

2 
"Yil (4.0) 
120-170 
5.5 (2.3) 
38.1 (1500) 

10 
3Ab (4.8) 
230-240 
7.6 (3.2) 
42.7 (1681) 

Quenched-an 
tempered 

steel welds 

60 

te (3.2) 
200 (93) 
E11018 
22-24 

2 
5/32 (4.0) 
130-170 
5.0(2.1) 
41.3(1626) 

10 
3Ab (4.8) 
220-230 
6.5 (2.7) 
47.9 (1886) 

The PP and LC Series specimens w e r e 
fabr icated f r o m a 1 in. (25 mm) thick 
l ow-ca rbon steel plate, whi le the Q T 
Series specimens w e r e fabr icated f r o m a 
1 in. (25 mm) thick HY-80 steel plate. The 
shielded metal arc process was used to 
manually jo in all w e l d e d specimen plates. 
E7018 covered electrodes w e r e used to 
w e l d the low-ca rbon steel plates, and 
E11018 cove red electrodes w e r e used 
for the quenched-and- tempered steel 
plates. The mechanical and chemical 
propert ies of the l ow-ca rbon steel, 
quenched-and- tempered steel, and the 
electrodes are listed in Tables 1 and 2, 
respectively. 

Plain plate specimen blanks w e r e 
removed f r o m base metal plate such that 
the longitudinal axis of all specimens was 
parallel t o the di rect ion o f plate roll ing. 
T w o test specimens w e r e ob ta ined f r o m 
each blank by dividing the blank thickness 
and machining each half t o a final thick
ness of Y\b in. (4.76 mm). Specimens w e r e 
then no tched th rough the thickness w i t h 
either a circular hole or a n a r r o w slot. 

The circular notches w e r e f o r m e d by 
drilling slightly undersized holes and 
reaming t o the desired diameter. The 
slots we re f o r m e d by first drill ing a 0.036 
in. (0.89 mm) diameter hole in the plate 
so that a jeweler 's saw blade could be 

inserted to cut the desired slot w i d t h . 
Three no tch posit ions w i t h respect t o the 
w id th w e r e used for each no tch type: 
m idw id th , or offset f r o m m idw id th by 
0.25 in. (6.35 mm) or 0.50 in. (12.7 mm). 
A sketch of the specimen dimensions and 
notch types are s h o w n in Fig. 1. 

Twe lve passes w e r e necessary t o fab
ricate the 12 in. (305 mm) long by 6 in. 
(152 mm) w i d e by 1 in. (25 mm) thick 
double plates. The underside of the roo t 
pass was backch ipped and thoroughly 
g round be fo re the second pass was 
placed. Subsequent passes w e r e placed 
o n opposi te sides of the roo t t o minimize 
distort ion of the we ldmen t . Details o f the 
we ld ing p rocedure fo r the low-carbon 
steel and the quenched-and- tempered 
steel welds are given in Table 3. 

W e l d e d specimens blanks w e r e care
fully r e m o v e d f r o m the 1 in. (25 mm) 
thick we lded plates. Af ter we ld ing , the 
re in forcement was r e m o v e d and the 
welds x-ray rad iographed. In w e l d 
regions that appeared to be f ree o f 
discontinuities, the plate was sect ioned 
perpendicular t o the w e l d axis into VA in. 
(6.3 mm) strips, and machined to the final 
specimen dimensions —Fig. 2. Notches 
fo r the w e l d e d specimens w e r e placed in 
we ld metal using techniques similar to 
those used to f o r m notches in the plain 

notch machined 
in weld metal 

notch offset from centerline 

(305mm) 

Welded Specimen Dimension 

| CD | 

i \ CO 

D 
/ 8 i n I / I 6 i n 

( 3 . 2 m m ) ( I .6mm) 

Circular 

I / 8 i n 

( 3 . 2 m m ) 

I / I 6in 

( I .6mm) 

S lo t ted 

Notch Types 

Fig. 2 — Welded specimen dimensions and notch types 

WELDING RESEARCH SUPPLEMENT | 37-s 



Table 4—Notch Details for Welded Specimens 

Notch 
location 

designator 

C 
D 

Notch size(a) 

Notch offset from 
midwidth, in. (mm) 

Hole Slot 

0 
0.125 
0.250 
0.325 

(0) 
(3.2) 
(6.3) 
(8.3) 

S0>) 

X 
X 
X 
X 

|_(b) 

X 

X 

S(b) 

X 
X 
X 
X 

L<b) 

X 

X 

(a) An X-markmg indicates [hat a specimen with given notch geometry, size, and position was fabricated and tested. 
(b) S denotes J/16 in. (1.6 mm) notch width, while L denotes Vz in. (3.2 mm) notch width 

plate specimens. 
Table 4 indicates the two notch sizes 

and four notch positions through the 
width which were used for the welded 
specimens to represent a range of possi
ble discontinuity configurations within a 
weldment. 

Fatigue Testing 

Fatigue tests were conducted under 
load control using a ± 50,000 lb. (222 kN) 
capacity closed loop, servo-hydraulic 
testing system. Test specimens were 
secured to the test frame with self-

aligning hydraulic grips. All tests were 
performed at 68° F (20° C) under ambi
ent laboratory conditions. The loading 
cycle used was zero-to-tension, applied 
at a frequency of 200 cpm (3.33 Hz). 
Loading was continued until complete 
specimen fracture occurred. 

Two techniques were used to detect 
fatigue crack initiation: 

1. Strain gages (Micro Measurements 
EA-06-062-AK-120) were mounted on 
the specimen surface, as closely as possi
ble to each side of a notch, to monitor 
the strain range at intervals throughout a 
test. A notable change in the observed 
strain range was taken as an indication 
that a fatigue crack had initiated. 

2. A X20 magnifying glass was used to 
examine the notch edges and the materi
al at mid-thickness of a notch for evi
dence of crack initiation. 

Cracking was first detected most reli-

Table 5— 

Specimen 

PP-1 
PP-2 
PP-3 
PP-4 
PP-5 
PP-6 
PP-7 
PP-8 
PP-9 

Fatigue Test Results of Notched Plain Plate Specimens 

Net 
stress 
range, 

ksi<a> 

30.0 
30.0 
30.0 
30.0 
30.0 
30.0 
30.0 
30.0 
25.0 

Initiation 
life, cycles 

45,000 
4,000 

64,650 
3,000 

60,100 
3,000 

55,000 
1,000 

514,000 

Total 
life, cycles 

88,820 
33,350 

136,480 
34,540 

134,300 
32,360 

102,590 
25,850 

943,120 

Notch 
offset 
ratio"" 

0.000 
0.000 
0.000 
0.003 
0.123 
0.130 
0.241 
0.256 
0.013 

Notch type 

Hole 
Slot 
Hole 
Slot 
Hole 
Slot 
Hole 
Slot 
Hole 

Remarks 

Hole formed by EDM(C) 

Slot formed by EMD,C> 

Overloaded at 286,000, 730,000 

PP-10 25.0 156,750 356,420 0.242 Hole 
and 878,400 cycles 

Precycled 1,217,000 cycles at 
15.5 ksi 

(a) Minimum stress was 0.5 ksi (3.5 MPa) for all tests. 1 ksi = 6.895 MPa. 
(b) Ratio of notch offset from midwidth to specimen width. 
(c) EDM denotes electrical discharge machining. 

Table 6—Fatigue Test Results of Notched Low-Carbon Steel Welded Specimens 

Specimen 

LC-1-SAH 
LC-2-SBH 
LC-3-SCH 
LC-4-SDH 

LC-5-LAH 

LC-6-LCH 

LC-7-SAS 
LC-8-SBS 
LC-9-SCS 
LC-10-SDS 
LC-11-LAS 
LC-12-LCS 
LC-13-LCH 

Net stress 
range, 
ksi'a> 

30.0 
30.0 
30.0 
30.0 

30.0 

26.0 

30.0 
30.0 
30.0 
30.0 
30.0 
30.0 
30.0 

Initiation 
life, cycles 

-
-
-

1,460,000 

932,000 

647,000 

1.896,000 

— 
315,000 
191,280 
568,250 

31,170 
435,000 

Total 
life, cycles 

2,130,000+ 
1,988,820+ 
2,200,000+ 
1,801,120 

1,520,420 

1,341,350 

4,001,870+ 
2,190,000+ 

476,010 
354,180 

2,013,000+ 
91,060 

634,520 

Notch 
type<b) 

H 
H 
H 
H 

H 

H 

S 
S 
S 
S 
S 
S 
H 

Notch 
offset 
ratio(c) 

0.002 
0.120 
0.258 
0.333 

0.009 

0.253 

0.011 
0.120 
0.243 
0.322 
0.001 
0.247 
0.245 

Location 
of 

fracture(d) 

C 
E 
C 
B 

A&B 

A 

D 
C 
A 
A 
D 
A 
A 

Remarks 

Run out 
Run out 
Run out 
Initiation at end of slag line 

and pore 
Initiation at small slag line 

near midwidth 
Overloaded on 3rd cycle to 

+40.5 ksi 
Run out 
Run out 

— 
-

Run out 

— 
— 

(a) Minimum stress was 0.5 ksi (3.5 MPa) tor all tests. 1 ksi = 6.895 MPa. 

(b) H denotes circular notch; S denotes slotted notch, 
(c) Ratio of notch offset from midwidth to specimen width. 
(d) The fracture mode is denoted by the fol lowing conditions; A. through the intended notch; 
not fracture; E, failed in grips, but uncracked at notch. 

B. through a small unintentional weld discontinuity; C, did not crack; D, cracked at notch but did 
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Table 7—Fatigue 

Specimen 

QT-1-SAH 

QT-2-SBH 
QT-3-SCH 
QT-4-SDH 
QT-5-LAH 

Test Results of Notched Quenched-and-Tempered 

Net stress 
range, ksi'a) 

45.0 

45.0 
45.0 
45.0 
45.0 

Initiation 
life, 

cycles 

1,422,660 

-
996,000 
365,000 

-

Total 
life, cycles 

1,498,840 

2,312,850+ 
1,334,070 

471,960 
1,306,750+ 

Steel Welded 

Notch 
type*) 

H 

H 
H 
H 
H 

Specimens 

Notch 
offset 
ratio(c) 

0.002 

0.146 
0.260 
0.336 
0.014 

Location 
of 

fracture'* 

B 

c 
A 
A 
C 

Remarks 

Initiation at small pore near 
plate surface 

Run out 

— 
-

Precycled 2,110,000 cycles 

QT-6-LCH 40.0 265,000 361,650 0.268 

(b) H denotes circular notch; S denotes slotted notch. 
(c) Ratio of notch offset f rom midwidth to specimen width. 
(d) The fracture mode is denoted by the following conditions: A, through the intended notch; 
not fracture. 

at 40.0 ksi (276 MPa) 
stress range. Run out 

Precycled 2,000,000 cycles 
at 26.0 ksi (179 MPa) 
stress range 

QT-7-SAS 
QT-8-SBS 
QT-9-SCS 
QT-10-SDS 
QT-11-LAS 
QT-12-LCS 
QT-13-LCH 
QT-14-LCH 

(a) Minimum stress w t 

45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
45.0 
36.0 

s 0.5 ksi (3.5 MPa) for 

-
86,800 
30,000 
45,000 

104,250 
21,000 
78,000 

894,000 

all tests. 1 ksi = 6 .8% MPa 

2,022,000+ 
120,720 
106,550 
86,060 

7,066,800+ 
44,070 

181,460 
1,016,990 

S 

s 
s 
s 
s 
s 
H 
H 

0.003 
0.132 
0.253 
0.334 
0.009 
0.251 
0.262 
0.266 

c 
A 
A 
A 
D 
A 
A 
B 

Run out 

-
— 
-

Run out 

-
— 

Initiation at slag line along 
weld boundary 

through a small unintentional weld discontinuity; C did not crack; D, cracked at notch but did 

ably using the X20 magnifying glass for 
specimens with circular notches, while 
both techniques were equally effective 
for specimens with slotted notches. 

The propagation of surface cracks was 
monitored with a traveling X40 micro
scope. Growth of a crack on the speci
men surface was determined by measur
ing the movement of the microscope 
with two 0.001 in. (0.025 mm) scale dial 
gages. 

Fatigue Data 

The results of all fatigue tests are sum
marized in Tables 5 — 7. Table 5 presents 

too 

80 

fatigue test results for the plain plate 
notched specimens. Tables 6 and 7 give 
fatigue test results for the welded low-
carbon steel and quenched-and-tem
pered steel notched specimens, respec
tively. The notch type and ratio of notch 
offset from midwidth to specimen width 
are indicated also in each table. 

The notched plain plate fatigue test 
results are compared in Fig. 3 to a mean 
S-N curve based upon fatigue tests con
ducted by Stallmeyer (Ref. 2) and Wilson, 
et al. (Ref. 3) on mild steel plain plate 
specimens containing a circular notch at 
midwidth. The fatigue lives for two of the 
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-
-
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rt 
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10" |05 2 4 6 8 |06 

Fatigue Life, Cycles 
IO7 

Fig. 3 — Comparison of plain plate low-carbon steel notched specimen fatigue test results with a 
mean S-N curve for centrally notched specimens 

three specimens with central circular 
notches are slightly less than one stan
dard deviation below the mean curve, 
possibly indicating a somewhat lower 
fatigue resistance than either A7 or A36 
steels. 

It can be seen also that notch sharp
ness and offset both affect fatigue life. 
Specimens notched with narrow slots 
(small notch root radii) have shorter 
fatigue lives than specimens notched with 
circular holes of the same diameter as the 
slot width. Moreover, for specimens con
taining either of the two notch types, a 
reduction in fatigue life is obtained for 
each corresponding increase in notch 
offset from midwidth. 

Figures 4 and 5 show the test data for 
the welded low-carbon steel and 
quenched-and-tempered steel notched 
specimens, respectively. Trends reflect
ing the effect of notch position and 
geometry on the fatigue behavior can be 
observed by comparing individual test 
results. Specimens containing notches 
near midwidth either did not crack or 
cracks that initiated at the notches 
appeared not to propagate; only three of 
the twelve specimens with notches at 
positions A or B (see Table 4) failed after 
2,000,000 or more loading cycles. How
ever, by offsetting the notch to at least 
quarter-thickness, positions C or D, all 
but one of the fifteen specimens failed. 

Residual stress, in addition to notch 
position, undoubtedly affected the 
fatigue behavior of the specimens. Mean 
stress at the tip of notches positioned 
near mid-thickness is significantly reduced 
as a result of the compressive residual 
welding stress. The extent to which a 
reduced mean stress prolongs the fatigue 
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Fig. 5 — Fatigue test results for notched quenched-and-tempered steel 
welded specimens 

life depends u p o n h o w quickly mean 
stresses shake d o w n for a given material. 
For some materials it is possible, as Boul-
t on (Ref. 6) reports for welds wh ich c o n 
tained slag inclusions, that the residual 
stress can have no effect on the fatigue 
strength. M o r e o v e r , w o r k by Babaev 
(Ref. 7) o n lack of fusion discontinuities 
indicates that a tensile residual stress at 
the no tch t ip can result in significant 
reduct ions in the fatigue life. 

The impor tance o f the comb ined 
effects o f no tch th rough thickness posi
t ion and residual stress at the notch t ip 
was demonst ra ted in the failure m o d e of 
four specimens. Small unintent ional dis
continuit ies w i th in specimens LC-4, LC-5, 
Q T - 1 , and QT-14 w e r e severe enough 
stress raisers t o act as p re fe r red fatigue 
crack initiation sites in place of the circular 

th rough thickness notches. 
Fatigue cracks initiated at small slag 

inclusions located close to the surface 
and slightly offset f r o m m idw id th for 
b o t h the low-ca rbon steel specimens and 
the quenched-and- tempered steel speci
mens—Fig. 6. The small, unintent ional 
discontinuities we re not visible on radio
graphs of the welds p repared for speci
men fabr icat ion. Undoub ted ly , the initia
t ion zones w e r e inf luenced by increased 
stresses at the discontinuit ies, sharp no tch 
roo t radii, and an unfavorable residual 
stress distr ibut ion. 

Fatigue Models and Data Analysis 

Fatigue Crack Initiation Life 

The fatigue crack init iation life N| may 
be def ined as the number o f loading 

Fig. 6 — Crack initiation sites and fracture surfaces: A—L C-4 fracture surface, X3.2; B — enlargement 
of slag inclusion spot on fracture surface of specimen LC-4, X10; C — QT-1 fracture path, X3.2; 
D — enlargement of slag line on fracture surface of specimen QT-1, XW (A, B, C, and D reduced 
45%, on reproduction) 

cycles necessary to initiate a macroscop
ic, subcritical fat igue crack. Topper , et al. 
(Ref. 8) def ined the requirements neces
sary for an analysis o f fat igue crack initia
t ion life: 

1. A mechanics analysis to relate n o m 
inal stresses and strains t o local (notch) 
stresses and strains. 

2. Know ledge o f the cyclic stress-
strain propert ies to determine material 
responses fo r a given stress or strain. 

3. Know ledge o f the fat igue p roper 
ties o f the metal . 

4. A cumulat ive damage p rocedure 
wh ich predicts H\ based o n the accrued 
damage. 

Implementat ion o f these criteria, h o w 
ever, requires " a p r i o r i " identi f icat ion o f 
the critical no tch locat ion fo r crack initia
t ion. Also, it has been assumed that the 
fatigue propert ies of smoo th laboratory 
specimens can be used to represent 
cyclic behavior at the t ip o f a no tch . 

A modi f ied Neuber relationship was 
assumed adequate for relating local and 
remote loadings. (Ref. 9, 10): 

(Kf AS) 2 

E 
= An • A« (1) 

in wh ich Kt- is the fatigue no tch factor , AS 
is the remote ly appl ied stress range, E is 
Young's modulus, A<r is the notch t ip 
stress range, and Ae is the no tch t ip strain 
range. 

Peterson's relationship (Ref. 11) was 
used to determine expressions for Kf as a 
funct ion o f the theoret ical stress concen
trat ion factor Kt, a material constant A , 
and the no tch root radius r: 

K f - 1 + 
K t - 1 

1 + A / r 
(2) 

The value o f Kt for circular and slotted 
notches depends upon the w i d t h of the 
no tch perpendicular to the appl ied stress, 
the no tch roo t radius, and a cor rect ion 
factor for no tch posi t ion relative to the 
plate edge. It was assumed that the wors t 
possible conf igurat ion fo r the no tch roo t 
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radius existed at some location along the 
notch length. The particular notch root 
radius which produces the maximum 
fatigue notch factor K(max can be found by 
solving the expression obtained by set
ting the derivative of the expression for 
Kf with respect to the root radius equal to 
zero. 

Material constant A depends upon the 
ductility and ultimate tensile strength of a 
metal. A relationship proposed by Peter
son (Ref. 12) for heat treated steels was 
utilized: 

O.OOipOO/Su)1 8 (in.) 
A = -o r -

0.0254(2070/Su)18 (mm) 
(3) 

where Su is the ultimate tensile strength in 
ksi (MPa). 

A curve for the cyclic stress-strain 
behavior of a metal can be obtained by 
connecting the tips of stable hysteresis 
loops for companion specimens tested at 
different strain amplitudes. The total 
strain amplitude is composed of elastic 
and plastic portions, and may be 
described by (Ref. 13): 

= = ^ + At 

2 2E T—V 
L2K'Jn 

(4) 

in which K' is the cyclic strength coeffi
cient, and n ' is the cyclic strain hardening 
exponent. 

The total notch root strain amplitude, 
elastic plus plastic, and the fatigue crack 
initiation life for a smooth specimen 2Nf 
are given in Morrow's (Ref. 14) equation 
as: 

y = ^ ( 2 N f )
b + ,',(2N,)c (5) 

in which a\ is the fatigue strength coeffi
cient, b is the fatigue strength exponent, 
e'f is the fatigue ductility coefficient, and c 
is the fatigue ductility exponent. 

The fatigue damage for a particular 
loading reversal may be defined as the 
inverse of the fatigue life; here the fatigue 
life represents the life required for failure 
of a smooth specimen subjected to a 
constant strain amplitude equivalent to 
the strain amplitude applied during the 
loading reversal. The damage caused by 
each loading reversal is accumulated until 
a limiting damage criterion is satisfied. 
Using Miner's (Ref. 15) linear cumulative 
damage rule, the number of loading 
cycles required for fatigue crack initiation 
can be obtained by summing individual 
damage components on a reversal-by-
reversal basis until the accrued damage 
equals unity: 

2N, 

SG8- 1.0 (6) 

combined to determine the fatigue crack 
initiation life. For each reversal, the 
remote loading range is input to the 
mechanics analysis, equation (1), and 
combined with the cyclic stress-strain 
curve, equation (4), to determine values 
of the local stress and strain ranges. The 
fatigue life relation, equation (5), and the 
local strain amplitude are then combined 
to determine the damage for the rever
sal, and added to the accumulated dam
age. Fatigue crack initiation is assumed to 
have occurred when the damage criteri
on is satisfied. 

A computer program was developed 
to compute the fatigue crack initiation 
life. The local stresses and strains for each 
reversal are determined according to 
Neuber control, using the computer to 
trace the cyclic hysteresis loop. 

Fatigue Crack Propagation 

The fatigue crack propagation life Np is 
the number of loading cycles necessary 
to propagate a crack from a macroscop
ic, subcritical size to a critical size associ
ated with failure. The crack propagation 
behavior of weld metal (Ref. 16-18), and 
the propagation of cracks from specific 
types of weld discontinuities (Ref. 18-23) 
have been studied extensively. Typically, 
crack propagation lives are computed 
based on the power law relationship for 
fatigue crack growth (Ref. 24): 

in which AS is the remotely applied stress 
range, a is the half-width of the crack, 
and FE, Fs, Fw, and Fc are crack size 
correction factors that account for the 
effects of an elliptical crack front, free 
surface, finite plate width, and nonuni
form opening stresses, respectively. 

The fatigue crack propagation life can 
be computed by transposing the vari
ables of equation (7), and integrating over 
the entire crack width: 

NP = / dN = f 
N, i 

da 

C(AK)n (9) 

in which a; and af are the initial and final 
half crack widths. However, the stress-
intensity factor is seldom a simple expres
sion and a closed form solution of equa
tion (9) is often impractical. Consequent
ly, numerical integration was used to 
estimate the propagation life. The crack 
width was divided into increments, Aa, 
small enough to minimize errors in the 
iteration procedure. Increments of the 
propagation life were then summed over 
the entire crack width: 

N P = E 
Aa 

», C(AKavg)' 
(10) 

da/dN = C (AK)" (7) 

in which C and m are material constants, 
and AK is the stress-intensity factor range. 
The form of the stress-intensity factor 
may be expressed as (Ref. 25): 

AK = AS \fAa FE F5 Fw Fc (8) 

in which AKavg is the stress-intensity range 
evaluated at the average half crack width 
aavg for a given interval. 

Data Analysis 

Comparisons between the computed 
and observed fatigue crack initiation and 
propagation lives are shown in Fig. 7 for 
the plain plate notched specimens. Esti
mates of the fatigue crack initiation lives 
for the test specimens were computed 
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Table 8—Low Cycle Fatigue and Cyclic Properties 

K', ksi<c> 
n ' 
E, ksi<c> 
<r',, ksi<c> 
b 

e'f 
c 

A 36(a> 

158.75 
0.249 
27,500 
147.4 
-0.132 
0.271 
-0 .451 

E60<b> 

179.0 
0.197 
27,400 
149.0 
-0.090 
0.602 
-0.567 

E110<b) 

242.0 
0.166 
30,300 
204.0 
-0.079 
0.595 
-0.590 

(a) Data from Mattos (Ref. 26). 
(b) Dala from Higashida (Ref. 27). 
(c) 1 ksi = 6.895 MPa. 

using the cyclic properties of A-36 base 
metal-Table 8 (Ref. 26). Reasonably 
good comparisons were obtained be
tween the computed and observed 
fatigue crack initiation lives. 

The fatigue crack propagation lives for 
the plain plate specimens were com
puted in two stages: 

1. The life necessary to propagate a 
small elliptical crack through the thickness 
of the specimen. 

2. The life required to propagate a 
through thickness crack to failure. 

The material constants which describe 
the crack growth rate were determined 
from a least-squares fit of crack growth 
data taken for the five center notched 
specimens —Fig. 8. The computed crack 
propagation lives were obtained by 
iterating over the crack width from an 
assumed initial crack size of 0.01 in. (0.25 
mm). The computed crack propagation 
lives compare very favorably with the 
observed crack propagation lives, with 
the exception of one specimen which 
experienced an accidental tensile over-

10 
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Fig. 8 —Fatigue crack growth data for centrally notched low-carbon steel plain plate specimens 

load. 
Comparisons between observed and 

computed fatigue crack initiation lives for 
the notched, welded specimens are 
shown in Fig. 9. Notable scatter of the 
data about the line of perfect comparison 
suggests that uncertainty of the residual 
stress at the notch root of the specimen 
had an affect on the computed initiation 
lives, especially when considering the 
success in modeling the initiation lives of 
plain plate specimens with similar geo
metries. Note that in most cases the 
computed initiation lives are less than the 
observed initiation lives. The conserva
tive nature of the initiation model and the 
possibility that cracks initiated before 
they were detected could be responsible 
for this result. 

Estimates of the fatigue crack initiation 
lives for the notched, welded specimens 
were computed using the cyclic and 
fatigue properties of either E60 or E110 
weld metal listed in Table 8 (Ref. 27) and 
an assumed residual stress Sr, consistent 
with notch position. Residual stress for 
the initiation fatigue model was induced 
at the notch root by application of an 
initial setup loading cycle that resulted in 
the desired stress level. 

A compressive residual stress of yield-
point magnitude of the base metal 
(Sr = —SYBM) was assumed to exist at the 
tip of notches near mid-thickness (posi
tions A, B, and C); while zero residual 
stress (Sr = O) was assumed to exist at 
the tip of notches near quarter-thickness 
(positions C and D). Both residual stress 
states, as indicated in Fig. 9, were utilized 
in computing the initiation lives for speci
mens with notches in position C since the 
residual stress transition zone can be 
quite variable. Tensile residual stresses 
were not considered, since no notches 
were positioned adjacent to the plate 
surface. 

Comparisons between observed and 
computed fatigue crack propagation lives 
for the notched, welded specimens are 
shown in Fig. 10. A small, but reasonable, 
crack size that would exist at an early 
stage in the fatigue life was selected for 
computing the crack propagation life. An 
initial crack size of 0.01 in. (0.25 mm) was 
selected for low-carbon welded speci
mens, while an initial crack size of 0.005 
in. (0.12 mm) was selected for quenched-
and-tempered welded specimens. 

Crack propagation fatigue lives for all 
specimens were computed for a range in 
behavior corresponding either to crack 
growth in base metal (Sr = O) or to 
slower crack growth in weld metal as a 
result of compressive residual stresses 
(Sr = —SYBM)- Table 9 summarizes crack 
growth rate constants for the base metals 
and E70 and E110 weld metals (Ref. 
17,18,28). The computed crack propaga
tion lives bound the observed behavior, 
indicating that the actual crack growth 
rate is in between the two assumed limits. 
This result reinforces the assumption that 
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Table 9—Crack Growth Parameters 

Material 

Ferrite pearlite 
steel average'3' 

Martensitic steel 
average'3' 

E70'b' 
E110'c' 

in 

3.0 

2.25 

5.8 
2.4 

(a) Data from Barsom (Ref. 28). 
(b) Data from Lawrence ef al. (Ref. 18). 
(c) Based on plot of data by Parry et al. (Ref 17). 
(d) 1 ksi in.'* = 1.0986 MN m ~3'2 

compressive residual stresses inf luence 
the g r o w t h of cracks posi t ioned near the 
middle of welds. 

Conc lus ion 

The effect that discontinuities have o n 
the fatigue resistance of a steel butt 
we ldmen t depends u p o n the stress 
range, mean stress (as a f fec ted by residu
al stresses), material strength, and discon
tinuity shape, size, and posi t ion. Experi
mental results o f this study indicate that 
notch th rough thickness posi t ion and 
sharpness at the t ip of a no tch can be just 
as critical as discontinuity size. This result 
was exempl i f ied by the fat igue behavior 
of four test specimens wh ich conta ined 
small, sharp unintent ional slag inclusions 
that acted as pre fer red points of fatigue 
crack initiation in lieu of larger machined 
notches located near mid-thickness. 

Residual stress distr ibut ion th rough the 
thickness plays an influential role in 
fatigue crack initiation and propagat ion o f 
w e l d e d members . The major i ty o f speci
mens w i th notches located near mid
thickness, in a beneficial compressive 
residual stress zone , had fat igue lives 
equivalent to or greater than the fatigue 
resistance o f a sound but t we ldmen t . 
Conversely, specimens w i t h notches 
located near quarter-thickness, in a zone 
o f l o w compressive or tensile residual 
stress, had marked ly lower fatigue lives. 

C, ksi in.' /2 'd ' 

3.6(10)-10 

6.6(1 or9 

2.7(10)"14 

3.2(10)-9 

Analytical models have been devel 
o p e d to estimate the fatigue crack initia
t ion and propagat ion port ions of the tota l 
cyclic life o f but t w e l d e d members c o n 
taining a we l l def ined discont inui ty. C o n 
sideration of the effects of material 
strength and no tch posi t ion, shape, and 
size resulted in favorable compar isons 
b e t w e e n c o m p u t e d fatigue lives and the 
no tched plain plate test data. Howeve r , 
considerat ion o f the effects o f we ld 
strength, no tch details, and an assumed 
range of values for no tch roo t residual 
stress resulted in c o m p u t e d fat igue lives 
bound ing the we lded specimen test data. 
Reliable estimates of the c o m p u t e d 
fatigue behavior of butt we ldments can 
only be obta ined by precisely def ining 
the notch size, sharpness, posi t ion, and 
associated notch roo t residual stresses. 
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