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Welds produced by the SA W process displayed 
favorable fatigue life and low initial discontinuities 

BY T. LASSEN 

ABSTRACT. The effect of four offshore 
welding procedures on the fatigue crack 
initiation and propagation from the weld 
toe region of fillet welded joints was 
investigated. The joints were made of 
low-carbon controlled-rolled and acceler
ated-cooled steel plates with transverse 
fillet welded attachments. Forty-four cru
ciform and T-joint test specimens were 
tested under constant amplitude uniaxial 
loading Aa = 150 MPa (21.7 ksi). The four 
welds were fabricated using submerged 
arc welding (SAW), flux cored arc welding 
(FCAW) and shielded metal arc welding 
(SMAW) with two different electrodes. 
The procedures were taken from normal 
offshore fabrication practices. 

An advanced automatic crack monitor
ing system based on the ACPD method 
was used to measure crack depths during 
the fatigue process. The depth measure
ments were calibrated by ink penetrant 
marking of the cracks and additional in
formation of crack shape was obtained. 
Measurements were carried out on the 
geometry variables such as weld toe ge
ometry and the size of initial crack depths. 
Stress concentration factors and stress in
tensity factors were evaluated. Statistical 
information for crack shape paths and the 
time to reach given crack depths are pre
sented. 

Finally, a fracture mechanics computa
tion based on the Paris law was carried out 
to estimate the propagation parameters C 
and m compared with current values from 
building codes. An accurate characteriza
tion of weld toe geometry, crack shape 
development and HAZ material parame
ters is necessary when the Paris law is used 
to describe the propagation process from 
a crack depth of 0.1 mm to final failure. 
When this information is available for dif
ferent welding procedures, the fracture 
mechanics approach has a great potential 
use in predicting the fatigue crack growth 
in welded joints. 

Introduction 

It is well known that the majority of 
fractures that occur in offshore steel struc
tures are caused by fatigue failure in 

weldments due to repeated wave loads. 
Fatigue failure often occurs by initiation 
and subsequent growth of surface break
ing defects in the weld toe region. The 
cracks initiate from an undercut or slag in
clusion caused by the welding process 
and propagate into the HAZ and through 
the base metal thickness perpendicular to 
the plane of stresses. Several investiga
tions have been made on the effect of the 
overall joint geometry such as plate thick
ness, attachment and weld size, etc. (Refs. 
1, 2). Other reports have described the 
severe stress concentration caused by the 
local weld toe profile (Ref 3). The local 
transition angle 0 and radius r together 
with the initial crack depth a, and material 
properties in the HAZ mainly govern the 
crack growth rate and the final fatigue ca
pacity of a welded joint. The variability of 
these source parameters causes a large 
scatter in experimental crack growth data 
for welded joints with the same nominal 
overall geometry even under constant 
amplitude loading and controlled labora
tory conditions. This could also be dem
onstrated theoretically by a fracture me
chanics analysis of the propagation pro
cess. The present study is concerned with 
the different welding procedures' influ
ence on the entire fatigue process, not 
only the final fatigue capacity. 

With this background, the main objec
tives are to: 1) Study the influence of the 
welding procedures on the weld toe ge
ometry and the initial crack depths, 2) 
provide data on the fatigue properties of 
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the new type of high-strength steel used 
in offshore structures, and 3) measure the 
fatigue crack shape development and 
growth rate during the fatigue process to 
provide data for a more comprehensive 
use of the fracture mechanics approach in 
current classification notes and tentative 
building codes. 

Model of the Fatigue Process*1* 

The crack process normally comprises 
two major phases. The first stage is the 
crack initiation, which consists of a micro-
structure growth based on a persistent slip 
band mechanism. The second is the prop
agation stage in which large-scale contin
uum mechanics apply. The total fatigue 
life is considered to be the sum of the cy
cles spent in these two periods: 

NT = N + NP (1) 

To estimate the number of cycles to crack 
initiation, it is possible to apply the local 
stress-strain approach (Refs. 7, 8). The 
model is based on the Basquin equation 
with the Morrow mean stress correction: 

^ K f = ( a ' f - a m ) ( 2 N , ) b (2) 

A common approach in the crack propa
gation range is that the crack growth rate 
is governed by the Paris law: 

da 
dNP 

= C (AK)" (3) 

Where C and m are treated as material 
parameters, while the stress intensity fac
tor range is given by: 

A K = A a JTI a F (4) 

Where F is a correction factor given as a 
function of welded joint geometry, crack 
geometry and type of loading. The cor
rection factor could be expressed as: 

1. Symbols used are defined in Appendix A. 

T. LASSEN is with Agder College of Engineering, 
Grimstad, Norway. 
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Table 1—Material Properties 

Yield Strength (MPa) 

416 

C Si Mn 

0.08 0.15 1.40 

of CLC Steel Plate 

Mechanical Properties 

Tensile Strength (MPa) 

501 

Chemical Composition (%) 

P S Cu 

0.006 0.002 0.01 

Ni 

0.02 

Elongation (%) 

25 

Cr Mo 

0.02 0.01 

Nb 

0.008 

F = F5 FT FE FG (5) 

Where: Fs is the free surface correction 
factor, FT is the finite thickness correction 
factor, FE is the crack shape correction 
factor, and Fc is the notch geometry cor
rection factor. 

For F5, FT and FE factors, good estimates 
can be found in the literature. The expres
sions adopted here are given in Refs. 3 and 
13. The Fc factor, which accounts for the 
stress concentration at the weld notch, is 
the most important factor. It is calculated 
by employing the superposition principle 
and influence function method. The ex
pression reads: 

details see Refs. 3 and 4. The total fatigue 
life can be evaluated by Equation 2 and 3: 

ac 

NT = N + J 
da 

C(Aov^TF)n (7) 

f o-(x) 
;g(x /a)dx(6) 

1.12* A a J fr 
Where <x(x) is the stress distribution at 
crack locus found by an uncracked body 
finite element analysis, and g(x/a) is the 
i n f l u e n c e f u n c t i o n f o r a p a i r oi s p l i t t i n g 

forces located at a distance x from the 
crack mouth. 

This approach has a great ability to deal 
with different welded joint geometries 
without performing a cracked body stress 
analysis in each particular case. For further 

The integral gives the cycles needed for 
crack propagation from initial crack a; to 
critical crack size ac. A practical engineer
ing approach to the crack growth from 
the toe region of welded joints is to 
neglect N, under the assumption that the 
sharp discontinuities introduced by fusion 
welding are acting as a direct start for the 
propagation stage. 

These imperfections could be caused 
by undercuts, solidification cracking or 
smaller slag entrapments or inclusions. If 
the total initial depth ranges from 0.1 to 
1.0 mm (0.007 to 0.04 in.), this assumption 
may hold. However, recent work has in
dicated that the initiating weld toe flaws 

a b k 3 m o l l c r t h a n Qv 

erage depth close to 0.05 mm (0.002 in.) 
and with an upper boundary of 0.1 mm 
(Refs. 5, 6). In these cases, the crack-initi
ation stage may play an important part in 
the fatigue process, especially when the 
stress concentration factor is low. Cracks, 
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which develop from this depth range, 
may spend 30 to 40% of their lives before 
reaching a crack depth of about 0.1 mm. 
For joints with postweld improvements or 
subjected to partly compressive loading, 
the initiation stage could be dominating. 

In the present study, with joints in the 
as-welded condition and with a high ap
plied stress ratio, we shall only pursue the 
dominating crack-propagation part de
fined from experimental measurements to 
start when: 

da , 
-qrr > 10"6 mm/cycle 

a = 0.1 mm (8) 

Fig. 1 — Test specimen geometry. 

This is regarded as a reasonable lower 
limit for the application of the Paris law for 
a typical grain size of 0.01 mm. All the 
fracture mechanics results presented are 
computed using the program offered in 
Ref. 3. 

Test Setup and Experimental 
Details 

Material and Welding Procedure 

All the test specimens were fabricated 
from CLC steel plates with a thickness of 
25 mm (1 in.). This is a low-carbon con-
trolled-rolled and accelerated-cooled steel 
used in North Sea offshore platform struc
tures. Mechanical and chemical properties 
are given in Table 1. The general docu
mentation of weldability verification and 
fracture toughness tests is given in Ref. 14. 

Thp fn i ir wplHing f\rctr&r\i irpc r icorl rli ir-
ing fabrication were: 1) SAW (DIN 32522 
(-81): BFP 155AC 8mHP5 2-12, DIN 8557 
(-81):ST),2)FCAW(AWSA5.29.80:E81T1-
Ni 1), 3) SMAW57, (AWS A5.1: E7028), and 
4) SMAW76 (AWS A5.5: E7018-G). 

All procedures were carried out in the 
horizontal position. The welding proce
dures followed normal offshore fabrica
tion practices. For further details see Fig. 1 
and Table 2. It should be noted that the 
weld built up by procedure No. 4 was re
paired by disk grinding and rewelding due 
to detection of solidification cracks in the 
toe region. 

Test Specimens 

The fillet-welded test specimens consist 
of a main plate with a gusset or gussets 
welded transversely to either one (T joint) 
or both surfaces (cruciform configura
tion). Figure 1 shows the nominal dimen
sions of the latter type. The uniaxial load
ing is transferred through the main plate 
no loads were applied on the gussets. For 
the cruciform configuration, the four fillet 
welds were built up using the four differ
ent welding procedures listed in Table 2, 
and with a buildup sequence as shown in 
Fig. 1. 

The T joints were built up by the first 
two procedures. The total fabrication 
procedure is described as follows: 

1) The plate is flame cut to the specified 
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dimensions, 
2) The gussets are welded to the main 

plate while restrained by clamping. 
3) The test specimens are obtained by 

sawing. 
4) Thermal stress relieving 1 h at 570°C 

(1058°F). 
For each test specimen, one of the 

welds was instrumented for crack depth 
measurements, while the other welds 
were burr ground at the toe in order to 
avoid crack growth. The hardness in the 
weld toe region was close to 210 HB for 
all four procedures. It was assumed that 
the different overall geometry between 
the T and the cruciform would only cause 
a minor influence on the stress-concen
tration factor with the current attachment 
thickness. 

Test Conditions 

The test conditions are defined by con
stant amplitude uniaxial loading with a 
stress range A<r= 150 MPa at an effective 
stress ratio of 0.5. The loading frequency 
was 8 Hz in normal laboratory conditions. 

Deviation from nominal stress range 
and stress ratio were measured by strain 
gauges, which indicated the unintentional 
bending stresses. The strain gauges were 
located 10 mm (0.4 in.) from the weld in 
order to avoid influence of the weld notch 
effect. The deviation from nominal axial 
stress range was very low with a mean 
value of 3%, and the dynamic part of the 
bending stresses was of the same magni
tude. The static bending stresses increased 
the R ratio from a nominal value of 0.08 to 
a mean value of 0.5. 

Crack Monitoring System 

The automatic fatigue crack monitoring 
system is based on the ACPD method. A 
constant AC current field is injected into 
the test specimen surface at a frequency 
of 6 kHz. The surface voltage distribution 
is measured by a crack microgauge U8 
receiving the signals from fixed pin probes 
spot welded to the test specimens. A mi
crocomputer HP integral controls both the 
microgauge and the test machine loading 
unit through a multiplexer switching unit. 
The test data are displayed graphically on 
the computer and stored on a diskette for 
further analysis. A sketch of the system is 
shown in Fig. 2. Each specimen had ten 
logged stations equally spaced over the 
weld length, i.e., with a space interval of 
5.5 mm (0.22 in.). A detailed description of 
the system if given in Ref. 9. 

The measurements were calibrated 
against the crack front marked by blue ink 
penetrant injected at a chosen nominal 
crack depth for each specimen. True 
crack depth could then be obtained from 
a fracture surface reading after final fail
ure. These readings also gave valuable in
formation about crack shape develop-

TEST SPECIMEN SWITCH UNIT MICROGAUGE 

7\ . E 

Fig. 2 — Crack monitoring system. 

ment. A few of the ACPD measurements 
and ink crack front markings were verified 
by beach marking. 

Experimental Results 

Weld Toe Profile and Stress Concentration 
Factor 

The local weld toe geometry given by 
the transition angle 9 and the radius r be
tween the base plate and the weld bead 
were measured by a profile replica and 
projection method with 10X magnifica
tion. The replicas were taken at the same 
locations as the fixed pin probes, i.e., ten 
recordings for each test specimen. A sta
tistical analysis of these data yielded the 
results given in Table 3. Two comments 
should be made on the derived results. 
The SAW procedure gave very low weld 
toe angles with a mean value of 34 deg 
combined with a very low weld toe radius 
with a mean value of 0.54 mm. The first 

PRINTER 

layer caused a relatively deep penetration 
into the base plate material and a corre
spondingly low flank angle, while the sec
ond layer over some length of the weld 
did not affect this first passage weld 
geometry; this is indicated in Fig. 1. 

The result was that some specimens 
fabricated with this welding method had a 
very low, almost constant, angle of ap
proximately 20 deg, while others, influ
enced by the second layer, had an angle 
of about 55 deg. This observation is 
important when analyzing the variability 
of the fatigue crack growth for the SAW 
welding procedure. Furthermore, it is in
teresting to compare the weld toe geom
etry of Procedure 3 with the geometry of 
a test series fabricated with the same 
welding parameters, the only difference 
being the base plate material (Ref. 10). This 
series had almost the same mean weld toe 
angle of 58 deg, while the mean toe radius 
was only 0.75, i.e., half the value recorded 
for the present series. These findings indi-

Table 2—Welding Procedure Parameters 

Weld 
Process 

1 SAW 

2 FCAW 

3 SMAW57 

4 SMAW76 

Pass 
No. 

1 
2 
1 
2 
3 
1 
2 
3 
1 
2 
3 

Inter
pass 

Temp 

20°C 
20°C 
50°C 
50°C 
50°C 
50°C 
50°C 
50°C 
50°C 
50° C 
50° C 

Dia
meter 
(mm) 

4.0 
4.0 
1.2 
1.2 
1.2 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 

I 
(A) 

600 
550 
265 
265 
265 
194 
194 
194 
195 
195 
195 

U 
(V) 

28 
28 
27 
27 
27 
28 
28 
28 
29 
29 
29 

Polarity 

DC 
DC 
DC 
DC 
DC 
AC 
AC 
AC 
AC 
AC 
AC 

Speed 
(mm/min) 

500 
500 
460 
500 
460 
380 
400 
400 
450 
550 
510 

Arc 
Time 

60 
60 
60 
60 
60 
80 
80 
80 
81 
81 
81 

Heat 
Input 

(kj/mm) 

2.02 
1.85 
0.93 
1.01 
0.93 
0.77 
0.81 
0.81 
0.95 
1.17 
1.08 

Table 3—Statistics of Weld Toe Geometry Parameters i 
Notch Effect SCF 

(deg), and r (mm), and Average 

Welding 
Process 

SAW 
FCAW 
SMAW57 
SMAW76 

6 
sm 

34 
54 
53 
69 

e 
sd 

14 
10 
9 
8 

r 
sm 

0.5 
1.3 
1.6 
1.8 

r 
sd 

0.3 
0.6 
0.7 
0.9 

SCF 
average 

2.8 
2.4 
2.2 
2.4 

< 
tn 
Hi 
oc 
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Fig. 3—Stress intensity correction factors. Fig. 4 — Crack shape development. 

cate that even with the same nominal ge
ometry and welding procedures, the local 
toe radius may change due to a different 
combination of filler metal/base metal. 

Based on this detailed information of 
weld toe geometry parameters, the stress 
concentration factor can be calculated 
using a two-dimensional FEM model as 
presented in Ref. 3. With the mean values 
of shape parameters, the corresponding 
SCF's are shown in Table 3. It is seen that 
the variation in weld toe profiles from one 
welding procedure to another causes 
changes in SCF ranging from 2.2 
(SMAW57) to 2.9 (SAW), i.e., rather small 
changes. 

The influence on the stress intensity 
correction factor is shown in Fig. 3 and 
one makes the same observation as for 
the SCF: the curves almost coincide after 
a/t reaches 0.05. The increase in correc
tion factor at a/t = 0.1 is due to crack co
alescence. No account is given for crack 
interaction before this stage. 

Initial Crack Depth 

As noted in the introduction, the size of 
the initial discontinuities in the weld toe 
region reported by different investigators 
is in the range below 0.1 mm, with a typ
ical mean value of 0.05 mm. In the present 
study, two types of observations of the 
initial crack depths were made. 

ACPD Readings 

All the test specimens experienced more 
than 6 X 104 cycles before the calibrated 
ACPD crack depth reached 0.1 mm. It was 
not possible to trace any ink penetrant on 
the fracture surface of specimens that 
were marked before this stage. 

Fracture Surface Microscopy 

One fracture surface for each of the 
four welding procedures was investigated 
by surface microscopy. First, by the use of 
a reflected light microscope at 100 and 
300X magnification, and then by a scan
ning electron microscope at 300 and 
500X magnification. It was not possible to 
trace any irregularities on the fracture sur
faces that could be interpreted as initial 
discontinuities apart from two exceptions: 
1) For the SMAW57 procedure, a surface 
discontinuity of the porosity type was 
sized to 0.07 mm, and 2) for the SMAW76 
procedure, a subsurface sharp flaw paral
lel to the plate plane was found at a dis
tance of 0.18 mm from the surface. This 
flaw was not sized. 

These two observations confirm that 
the initial crack depths are less than 0.1 
mm. It could also be concluded that a 
normal repair procedure by grinding and 
rewelding (SMAW76) is very efficient. 

Crack Shape Development 

When calculating fatigue crack growth, 
the fatigue crack configuration will have a 
bearing on the computed F factor. Nor
mally a semielliptical shape is assumed 
during propagation, and the crack aspect 
ratio a/2c characterizes the shape. For fil
let-welded specimens under tension load
ing, there are three factors that mainly 
govern the crack shape development: 

1) Initial configuration ai/2q, a/ t . 
2) Stress gradient. 
3) Material properties. 
All three factors are greatly influenced 

by the welding procedure through cre
ated welding flaws, weld toe geometry 
and material properties in the HAZ. A very 

typical observation reported by several 
investigators (Refs. 5, 6) is that there exists 
a stable crack shape relationship toward 
which any given initial crack will tend. In 
the present investigation, a linear regres
sion analysis was performed based on the 
crack shapes observed for 75 semiellipti
cal cracks, and the point estimates gave 
the following equation: 

2c = 2.92 a + 3.83 (9) 
The slope estimate is quite close to 

findings by Maddox and Smith (Ref. 5). Al
though the analysis was carried out for 
shape data belonging to all the four weld
ing procedures, the 90% confidence in
tervals for the point estimates were rela
tively narrow: 

(10) 
slope [2.05-3.80] 
constant [2.30-5.35] 

The reason for the relatively low dis
persion in the results obtained from all 
four welding procedures together is prob
ably due to the rather modest variation in 
stress gradients. The shape recordings for 
each welding procedure and the fitted 
mean curve are shown in Fig. 4. The 
cracks initiate at several positions along 
the weld toe. These small semielliptical 
cracks grow and coalesce at a depth of 
2.5-3.5 mm (0.1-0.14 in.), which is indi
cated on the figure. 

Statistics of Time to Reach Given Crack 
Depths 

The figures for sample mean (sm) and 
standard deviation (sd) of N at selected 
crack depths are given in Table 4. The 
crack depths are a = 0.1, 0.5, 1.0 and 3.0 
mm, and the failure crack depths are 12-
18 mm (0.47-0.71 in.). The figures are 
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based o n the max imum crack dep th mea
surement versus number of cycles for 
each o f the 44 test specimens. The num
ber o f specimens in the samples def ined 
by the we ld ing procedures are ten spec
imens in the S A W sample, 11 in the F C A W 
and S M A W 7 6 sample, and 12 in the 
S M A W 5 7 sample. 

The sample including all the specimens 
had an sm of 580 • 103 cycles to failure 
and a coeff ic ient of variat ion (cov) of 0.56. 
These figures are qui te close to the statis
tics fo r the F class design S-N curve. This 
fillet w e l d design curve in the European 
bui lding codes has sm = 513 • 103 and 
cov = 0.54. The cor responding figures 
fo r the t ime t o reach a = 0.1 m m are 
sm = 179 • 103 cycles and cov = 1.4. 
Thus, 30% of the tota l fat igue life was 
spent in the initiation stage. It is also inter
esting to note the increase in cov , indicat
ing that the relative scatter in t ime to reach 
small crack depths is higher than for the 
t ime to reach failure. 

If w e study the statistics of the samples 
de f ined by the test specimens fabr icated 
w i t h the same we ld ing procedures, w e 
see that the S A W group had the longest 
sm to failure w i t h 960 • 103 cycles, next 
came the F C A W g roup w i t h 585 • 103 

cycles, and finally, the S M A W 5 7 and 
S M A W 7 6 groups w i t h 456 and 370 • 103 

cycles, respectively. The cor respond ing 
fract ions spent in the initiation stage to 
reach a = 0.1 m m w e r e 39, 26, 28 and 
28%. The figures show very little var iat ion, 
except for the SAW group , wh ich has a 
relatively long init iation phase. The frac
t ions spent t o reach 0.5 m m are 63, 42 , 47 
and 39% of the sm to reach failure for the 
four groups. O n e notices that the SAW 
group spent more than half the fatigue life 
be fo re reaching this crack dep th . 

As expec ted , the coeff icients of varia
t ion wi th in each we ld ing p rocedure group 
are considerably l ower than for the w h o l e 
sample, w i th a typical value of 0.14. A n 
except ion is the SAW g roup having 
c o v = 0 .51 , wh i ch is close to the f igure for 
the who le sample. The large scatter o f the 
geomet ry parameter 9 discussed above 
could t o some extent explain these f ig
ures. It is also possible that fo r this auto
matic we ld ing p rocedure the initial f laws 
could be small or nonexistent ove r the 
w i d t h of one specimen. This has been dis
cussed in Ref. 11 . The fact that the SAW 
w e l d toe has the highest SCF bu t the 
longest initiation t ime indicates that this 
assumption may ho ld . 

Fracture M e c h a n i c Analysis 

Crack Propagation According to Paris Law 

The predic t ion of fat igue crack p ropa
gat ion in w e l d e d joints by the f racture 
mechanics approach wil l depend o n the 
fo l l ow ing parameters: 

1) Loading and boundary condit ions. 
2) Specimen and we ld bead geomet ry 

Table 4—Statistics of Time (103 cycles) to Reach Given Crack Depths 

Crack 
Depth (mm) 

0.1 
0.5 
1.0 
3.0 

Failure 

Whole 
Sample (44) 
sm sd 

SAW 
Group (10) 
sm sd 

FCAW 
Group (11) 
sm sd 

179 
294 
357 
446 
580 

255 
317 
325 
326 
322 

377 
609 
698 
874 
953 

479 
549 
546 
507 
487 

155 
246 
312 
497 
585 

42 
48 
70 
86 
7') 

SMAW57 
Group (12) 
sm sd 

129 
214 
269 
395 
456 

SMAW76 
Group (11) 
sm sd 

47 
48 
51 
53 
52 

103 
144 
188 
307 
370 

17 
23 
30 
44 
58 

(t, 6 , r). 
3) Size of initial defect aj. 
4) Crack path a /2c , stage of coales

cence. 
5) Crack rate parameters C, m. 
In the present study, the geomet ry pa

rameters w e r e chosen as the mean values 
given in Table 3. The a /2c aspect rat io was 
specif ied by the regression line in Equation 
9, w i t h a crack coalescence in the range 
a = [2.5 —3.5] m m . The initial crack was 
set t o ai = 0.1 m m and the number o f cy
cles Nj spent be fo re reaching this dep th 
was subtracted f r o m the exper imental 
data. The aim was to study the Paris law's 
ability to describe the crack propagat ion 
process f r o m aj t o failure for each we ld ing 
p rocedure g roup and to determine the 
crack g r o w t h rate constants C and m. 

As a first est imate, the mean value fo r 
the parameters was taken f r o m the DnV 
classification note 30.2 (Ref. 12) — Table 5. 
The chosen C and m values give a calcu
lated fat igue life o f about 50% of the mean 
exper imental values. If w e compare t w o 
joints having the same SCF, w e see that 
the variat ion in material fat igue propert ies 
may cause changes in p ropagat ion fatigue 
life f r o m 267 • 103 (SMAW76) t o 430 • 
103 (FCAW), i.e., an increase of 60%. 

To investigate this further, a regression 

Table 5—Crack Growth Parameters C, m (a) 

Welding 
Process 

SAW 
FCAW 
SMAW57 
SMAW76 
DnV (estimated) 

Correlation 
C Coefficient 

3.0 
2.5 
2.6 
2.6 
3.1 

2.6 E (-12) 
11.5 E (-12) 
12.6 E (-12) 
13.5 E (-12) 
4.9 E (-12) 

0.98 
0.97 
0.97 
0.98 
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(a) Based on a linear regression analysis in the crack depth range 
a = 0.1 to 10 mm, units (MPa, m). 

analysis o f log (da /dN) versus log A K was 
carr ied out . This type o f analysis is nor
mally based on results f r o m regular stan
dard test specimens for wh i ch K could be 
calculated w i th great accurancy. W i t h the 
present specimens, the analysis was car
r ied out based o n an average no tch effect 
of the we ld toe using a numerical solution 
of Equation 6. The crack g r o w t h rates 
w e r e calculated using the mean exper i 
mental crack g r o w t h curve for each of the 
four we ld ing procedures. The results are 
s h o w n in Fig. 5 and the cor respond ing C 
and m values are given in Table 5. 

The di f ference in material fat igue p r o p 
erties f r o m one we ld ing p rocedure to an
o ther is clearly il lustrated and the high 
correlat ion coeff ic ient fo r each o f the 

Fig. 5—Mean fatigue 
crack growth rates. 
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groups supports the Paris law approach 
for describing the crack growth rate. The 
discrepancy from a straight line is low, al
though the model does not account for 
the variability in toe profile along the weld 
bead and does not allow for material in-
homogeneities in the different parts of 
HAZ/base plate. 

The parameters correspond to growth 
rates, which are well below the mean 
curve proposed in the DnV rules and the 
rates reported for more conventional C-
Mn steels and low-carbon micro-alloyed 
steels delivered in the normalized condi
tion (Refs. 15, 16). In Ref. 16, some of the 
tests were carried out on specimens with 
a transverse stub machined to a constant 
radius and angle along the toe. A shallow 
surface crack was initiated by spark ero
sion. The crack growth rates measured in 
these specimens were substantially lower 
for a calculated stress intensity range than 
would follow from laboratory tests with 
smooth specimens and a single edge 
crack. The results are indicated in Fig. 5 by 
the dotted line just below the present re
sults obtained for the SAW welding pro
cedure. Possible explanations are devia
tion from the semielliptical crack shape 
and uncertainties in the calculated stress-
intensity factor. With this background, 
one should be careful about drawing ex
cessively rigid conclusions regarding the 
fatigue properties for the present steel 
material before additional tests have been 
carried out on simple standard test spec
imens. 

Conclusions 

Before drawing any conclusions, it must 
be emphasized that the results are ob
tained from T and cruciform fillet-welded 
joints under uniaxial loading only, and one 
should take care before generalizing to 
other loading conditions, joints and ge
ometries. On this background, and based 
on the discussions given in the previous 
sections, the main conclusions are: 

1) The four welding procedures inves
tigated had a mean stress concentration 
factor at the weld toe ranging from 2.2 to 
2.8, a rather small variation. 

2) The initial flaws or intrusions caused 
by the welding process were in the sub 
0.1 mm range for all the four procedures. 

3) The mean fatigue life of the total 44 
comparable test specimens was 580 • 103 

cycles with a coefficient of variation of 
0.56. These data are quite close to the F 
class specified in the design S-N curves in 
the building codes. 

4) When dividing the test specimens 
into samples with the same welding pro
cedures, the sample mean of time to fail
ure was 953 • 103 cycles (SAW), 585 • 
103 cycles (FCAW), 456 • 103 cycles 
(SMAW56) and 370 • 103 cycles 
(SMAW76). The corresponding coeffi

cients of variation were 0.51, 0.14, 0.12 
and 0.13, respectively. 

5) The favorable results obtained by 
SAW are probably due to a deep pene
tration on the first layer with favorable 
HAZ material properties and small initial 
discontinuities. There may be benefits to 
gain from this observation in design prac
tice if the welding process is carefully 
controlled. At these long fatigue lifes (106 

cycles), the initiation part becomes an im
portant part of the total life. 

6) The initiation process defined as the 
mean time to reach a = 0.1 mm had an 
average of 30% of the final fatigue life. The 
SAW group had the longest initiation 
mean time with 39%. 

7) The crack shape path was estimated 
by a linear regression analysis of 2c versus 
a and yielded the equation 2c = 2.92a 
+3.83. This means that the cracks were 
starting from a shallow flaw with low as
pect ratio and then growing toward a ba
sic shape of a/2c = 0.20 until reaching the 
crack coalescence stage at a = 2.5-3.5 
mm. The analysis indicated that there is no 
reason to establish separate relationships 
for each welding procedure. 

8) An LEFM model based on the Paris 
law showed good ability to describe the 
fatigue crack growth from crack depth 
a; = 0.1 mm to fracture. The stress inten
sity factor was calculated based on an av
erage weld toe notch effect, allowing for 
crack shape changes and coalescence 
during the growth. 

9) The differences in fatigue crack 
growth from one welding procedure to 
another are mainly caused by the variation 
of material parameters C and m in the 
HAZ. Using the model in Conclusion 8, 
one can derive crack growth parameters 
for the different welding procedures, cor
responding to crack growth rate curves 
that have the mean line from the DnV 
rules as an upper boundary. 
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Appendix A 

Symbols and Abbreviations 

a crack depth (half minor axis 
elliptical crack) 

b fatigue strength exponent 
2c crack length (major axis ellip

tical crack 
C crack growth parameter 
F correction factor for the 

stress intensity expression 
A K the range of stress intensity 

factor 
Kf fatigue notch factor 
m crack growth exponent 
NT number of applied loading 

cycles 
Nj number of cycles to crack 

initiation 
Np number of cycles in crack 

growth period 
R ratio of minimum to maxi

mum nominal stress 
t plate thickness 
9 weld toe angle 
r weld toe radius 
A o- applied nominal stress range 
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a (x) stress distribution at crack lo
cus (uncracked body) 

<Tf fatigue strength coefficient 
trm local mean stress 
ACPD alternating current potential 

drop 
CA constant amplitude 
FCAW flux-cored arc welding 

FEM 
HAZ 
LEFM 

SAW 
SMAW 
SCF 
sm 

finite element method 
heat-affected zone 
linear elastic fracture me
chanic 
submerged arc welding 
shielded metal arc welding 
stress concentration factor 
sample mean 

sd 
cov 

g 

x 

standard deviation 
coefficient of variation 
(cov = sd/sm) 
influence function for a pair 
of crack splitting forces 
distance from crack mouth 
to splitting forces 
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WRC Bulletin 330 
January 1988 

This Bulletin contains two reports covering the propert ies of several constructional-steel weldments 
prepared with different welding procedures. 

The Fracture Behavior of A588 Grade A and A572 Grade 50 Weldments 
By C. V. Robino, R. Varughese, A. W. Pense and R. C. Dias 

An experimental study was conducted on ASTM A588 Grade A and ASTM A572 Grade 50 microal loyed 
steels submerged arc welded with Linde 40B weld metal to determine the fracture properties of base 
plates, weld metal and heat-affected zones. The effects of plate orientat ion, heat t reatment , heat input, 
and postweld heat t reatments on heat-affected zone toughness were included in the investigation. 

Effects of Long-Time Postweld Heat Treatment on the Properties of Constructional-Steel Weldments 
By P. J. Konkol 

To aid steel users in the selection of steel grades and fabricat ion procedures for structures subject to 
PWHT, seven representative carbon and high-strength low-alloy plate steels were welded by shielded 
metal arc welding and by submerged arc welding. The weldments were PWHT for various t imes up to 100 
n at 1100°F (593°C) and 1200°F (649°C). The mechanical propert ies of the weldments were 
determined by means of base-metal tension tests, transverse-weld tension tests, HAZ hardness tests, 
and Charpy V-notch (CVN) impact tests of the base metal, HAZ and weld metal. 

Publication of these reports was sponsored by the Subcommit tee on Thermal and Mechanical Effects 
on Materials of the Welding Research Council. The price of WRC Bulletin 330 is $20.00 per copy, plus 
$5.00 for postage and handling. Orders should be sent with payment to the Welding Research Council, 
345 E. 47th St., Suite 1301, New York, NY 10017. 

WRC Bulletin 347 
September 1989 

This bulletin contains two reports: 

( 1 ) Welded Tees Connections of Pipes Exposed to Slowly Increasing Internal Pressure 

By J. Schroeder 

( 2 ) Flawed Pipes and Branch Connections Exposed to Pressure Pulses and Shock 
Waves 

By J. Schroeder 

Publication of these reports was sponsored by the Subcommittee on Reinforced Openings and Exter
nal Loadings of the Pressure Vessel Research Commit tee of the Welding Research Council. The price of 
WRC Bulletin 347 is $25.00 per copy, plus $5.00 for U.S. and $10.00 for overseas, postage and handling. 
Orders should be sent with payment to the Welding Research Council, Room 1301, 345 E. 47th St., New 
York, NY 10017. 
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First United States - Japan Symposium on Advances in 
Welding Metallurgy 

San Francisco 
June 7-8, 1990 

Yokohama 
June 12-13, 1990 

Welding engineers and researchers will want to a t tend one of these ident ical 
presentations to stay up-to-date on the latest developments in materials joining 
technology, including a d v a n c e d experimental techniques for characterizing weldments, 
new perspectives on hot and co ld crack ing, and weldabil i ty advances for stainless steels, 
HSLA steels, and advanced materials, including ceramics. This unique symposium offers a 
rare opportuni ty for researchers, educators, engineers, executives and other 
representatives worldwide to learn abou t the latest in these advances in weld ing 
metallurgy. 

The two-day symposium will include papers by 19 renowned international researchers, and 
was deve loped cooperat ively under the direction of Professor Fukuhisa Matsuda, Welding 
Research Laboratory, Osaka University (Japan) and Dr. Stan A. David, Oak Ridge National 
Laboratory (USA). The two international presentations are designed to maximize the 
dissemination of these important technica l advances around the wor ld. The program is 
jointly sponsored by the Amer ican Welding Society, the Japan Welding Society, and The 
Japan Welding Engineering Society. 

Papers on "New Developments in Welding Metallurgy" are: •Characterization of 
Weldments Using A d v a n c e d Experimental Techniques" by Dr. J. M. Vitek and Dr. S. A. David, 
Oak Ridge National Laboratory; "Hot Crack Susceptibility of Weld Metal" by Professor 
Fukuhisa Matsuda, Osaka University; "Test Methods for Evaluating Hot-Cracking - Review 
and Perspective" by Dr. G. M. Goodwin , Oak Ridge National Laboratory; and "Hardenability 
and Cold Cracking Susceptibility of HAZ of Steel," by Dr. Nobutaka Yurioka, Nippon Steel 
Corporat ion. 

Papers on "New Developments in the Weldability of Advanced Materials" are: "Welding 
and Welding Metallurgy of Ductile Intermetallic Alloys" by Dr. S. A. David, Oak Ridge 
National Laboratory; "Research on Joining of Ceramics in Japan" by Professor Yoshikuni 
Nakao, Osaka University; "Weldability of Al-Li Alloys" by Dr. J. R. Pickens, Martin Marietta 
Corporat ion; and "Welding of Some Advanced Materials in Japan" by Dr. Susumu Shono, 
Mitsubishi Heavy Industries, Ltd. 

Papers on "Advances in Weldability of High-Strength Low-Alloy Steel" are: "Recent 
Developments in HSLA Steel Welding" by Professor G. R. Edwards and Dr. S. Liu, Colorado 
School of Mines; "Toughness Improvement in HAZ of HSLA Steels in Japan" by Dr. Chiaki 
Shiga, Kawasaki Steel Corporat ion; "HAZ Microstructures in HSLA Steel Weldments" by 
Prnf^SSCir W C~.hrt\\G>nrjar. I l n i \ / o r c i t y r\f r N n c M n n a t b r^r\d " T o u g h n o c c I m p r o u o m o n t i n W o l d M o t a l 

of Carbon and HSLA Steels in Japan" by Dr. Yasuto Fukada, Sumitomo Metal Industries, Ltd. 
Papers on "Advances in Weldability and Welding Metallurgy of Stainless Steels" are: 

"Weldability and Phase Transformations of Duplex Stainless Steels" by Dr. D. J. Kotecki, The 
Lincoln Electric Company; "Development of Stainless Steel Welding Electrodes in Japan" by 
Dr. Yutaka Nishikawa, Kobe Steel Ltd.; "Weldability of Austenitic Stainless Steels for the 1990s 
and Beyond" by Professor C. D. Lundin, University of Tennessee; a n d "Performance of Duplex 
Stainless Steel Weldments" by Dr. Toyofumi Kitada, NKK Corporat ion 

For addi t ional information and registration materials, please con tac t either: 

Mr. William R. Oates 
Education Director 
Amer ican Welding Society 
P.O. Box 351040 
Miami, Florida 33135 

Mr. Keiji Tachiki 
Secretary General 
Japan Welding Society 
1-11 Sakumacho Kanda 
Chiyoda-Ku 
Tokyo, Japan 101 
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