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In order to study fatigue behavior of welded joints including weld defects with certain angles to the
applied stress, butt welded specimens containing lack-of-penetration inclined at angles of 0, 15 and 30
degrees to the direction perpendicular to the applied stress were fatigue-tested. The observations of fracture
surfaces indicate that the fatigue crack propagates on the same plane as the inclined lack-of-penetration until
it appears at the surfaces of the specimen, and then the through-thickness crack tends to propagate
perpendicularly to the applied stress. The comparison of test results indicates that change in the fatigue life
is little, despite the different inclined angles of 0, 15 and 30 degrees.
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1. INTRODUCTION

In most welded steel structural components, the
weld defects, such as blowholes, slag inclusion,
lack-of-penetration and similar imperfections, are
not avoidable due to economic and technical reasons.
The defects detected by non-destructive inspection
raise engineering problems whether or not such
defects are to be accepted in order to maintain
structural integrity subjected to cyclic loading. If the
defects are not repaired or if the repair is improper,
fatigue cracks are initiated at the defects and
propagate in the early stage. Thus, reasonable
acceptance-criteria are needed to assess the severity
of actual defects in welded joints.

In order to determine the acceptance criteria,
researchers have investigated the factors affecting
fatigue strength of welded joints, such as defect-size,
defect-type, defect-location and/or welding residual
stresses®. For example, Miki et al.” recently tested
thick butt welded specimens with five defect-types,
such as lack-of-fusion, blowholes, cracks,
incomplete penetration and slag inclusion. The

authors showed that welded joints containing
defects of certain size still satisfy the current design
S-N curve which basically derived from the
specimens with no detectable defects.

In actual welded structures, shape, size, location
and direction of weld defects show rather wide
variation. For example, a crack or crack-like-defect
exists and is not perpendicular to applied stress
direction. For such defects, Fatigue Design Rules”"
often recommend that the initial crack size evaluated
by projecting the defect on a plane perpendicular to
the applied stress direction be used for estimating
fatigue strength of the joints. However, fatigue
behavior of such defects is not clearly defined. It
may be that the fatigue strength of welded joints
with defects is the lowest when the defects are
placed perpendicularly to the stress.

In this study, fatigue tests were carried out on butt
welded specimens containing lack-of-penetration
(LOP) at the center of a tensile plate. The LOPs
were intentionally inclined at 0, 15 and 30 degrees to
the direction perpendicular to the applied stress.
Uniaxial tensile cyclic loading was applied to
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introduce local combined normal and shear stresses
to the inclined LOP. The effect of the inclined
angles on fatigue crack propagation behavior and
fatigue life is discussed.

2. FATIGUE TEST

(1) Fatigue Test Program

Fatigue test specimens are shown in Fig.1. The
specimens are made of 9mm thick steel plate
conformed to JIS SM490A. The chemical
composition and mechanical properties of the steel
plates are listed in Table 1. The specimens of
200mm wide and 1000mm long were butt-welded at
the center, which contains lack-of-penetration(LOP)
inclined at 0, 15 and 30 degrees to the width
direction of the specimens. The specimens with
inclined angles of =0, 15 and 30 degrees were
named as BOS, B15S and B30S, respectively. The
weld reinforcements of the specimens were removed
by a grinder so that fatigue cracks would be initiated
at the LOP. The number of B0S, B15S and B30S is
eight, ten and eleven respectively. Four specimens
were tested with weld reinforcements, which were
named as BOG. The weld toes were ground by a disk
grinder. In order to observe crack propagation, a few
beach-mark loading tests were carried out. In the
beach mark tests the stress range was halved, while
the maximum stress was kept the same.

The butt-welding was carried out as follows.
Double beveled grooves were made at the plates,
except LOP was to be introduced. Two plates were
first tack-welded, and then semi-automatically
butt-welded in double beveled part. Finally, whole
welding was placed from one end to the other. In this
way, the LOPs of about 30mm long and 3mm deep
were intentionally placed. Macro-sections with and
without LOP are shown in Fig.2. Under 0.1mm gap
size of LOP was measured through cutting some
pre-test specimens made under the same welding
condition as the test specimens.

(2) Testing Procedure

Tensile fatigue tests with constant amplitude
stress cycles were carried out by an Amsler type
fatigue-testing machine with 980kN loading
capacity at 4.5Hz. Three stress ranges were mainly
applied and the minimum stress was fixed at
16.3MPa. For 117MPa stress ranges, the minimum
stress was fixed at 16.3MPa or the maximum stress
was fixed at 221MPa. Thus, the stress ratios of the
minimum stress to the maximum stress, R, are 0.12
and 0.47 respectively. Most fatigue tests of the
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Fig. 1 Fatigue test specimens

Table 1 Chemical composition and mechanical properties of

base metal(after mill sheet
C(%) Si(%) Mn(%) P(%) S(%)
0.11 0.43 1.16 0.018 | 0.013
Yield point Tensile Strength Elongation
426MPa 524MPa 24%

specimens with R=0.47 were carried to check effect
of compressive residual stress near the LOP after the
fatigue tests of some other specimens with R=0.12.
Six strain gages were attached to all specimens to
calibrate the applied load statically and dynamically,
and to avoid any eccentricity. Shielded copper wires
of 0.04mm diameter were glued at the center of the
specimens and at two positions 50mm away from
the sides of the specimens, as shown in Fig.3. The
wires were used as crack detectors. When a fatigue
crack cut the wire, the fatigue testing machine was
automatically stopped.
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A fatigue tests were carried out until an internal
crack appeared at the surfaces of the specimens. The
number of cycles needed to propagate the crack
from the edge of the LOP to the specimen surface
was defined as N;. Then, the test was continued until
the through-thickness crack propagated to cut the
wires glued at 50mm away from the sides of the
specimens. This was defined as the final failure of
the specimens. The number of cycles needed to
propagate the crack from the through-thickness
crack to the final failure was defined as N;.

e

\‘/'\ ~ Xr
Lo? pese™

(a) Typical fatigue crack propagation pattern

(c) B30S-8
Fig.4 Fatigue crack propagation pattern appeared
on the surface

3. FATIGUE CRACK INITIATION AND
PROPAGATION

(1) General Observation of Fatigue Cracks

Fatigue cracks originated from the edge of the
lack-of-penetration(LOP), and propagated toward
the thickness direction of the specimens. Once the
crack appeared at the surfaces of the specimen, the
through-thickness crack propagated toward the width
direction of the specimen. For the BOS specimens,
the LOP was placed perpendicularly to the applied
stress, and therefore the fatigue crack propagated
also perpendicularly to the applied stress.

Typical fatigue crack propagation patterns of
B15S and B30S specimens are shown in Fig.4. The
two axes, X and Y, in the figure represent the center
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Fig.5 Fracture surface of BOG-3

Beach marks

(a) B0OS-4

(b) Beach marks in B0S-4

(c) BOS-8

Fig.6 Typical fracture surfaces of BOS specimens( =0 deg.)

line of the specimens perpendicular to the applied
stress and the stress direction, respectively. When the
crack appeared at the surfaces, it formed a
through-thickness crack which had the same inclined
angle as the LOP-plane. The crack propagated with
the angle 3 in short distance toward the width
direction. Then the crack propagated perpendicularly
to the applied stress and propagated close to X-axis,
as shown in Fig.4™'?, The Bis the angle between
the extent line of a through-thickness crack and the
crack propagation direction, as shown in Fig.4(a).
They were about 30 degrees for B15S specimens and

about 50 degrees for B30S specimens.

(2) Observation of Fracture Surface
a) BOG specimens( @ =0 degree)

In BOG specimens, the weld reinforcements were
not removed and the weld toes were ground. Two of
the four specimens failed due to fatigue crack
initiation from the weld toes, although the LOPs of
2.5 to 3.2mm deep existed. For the other two
specimens, no fatigue crack from the weld toes was
observed after over 1.5 million cycles and the fatigue
tests were stopped. However, small fatigue crack
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initiations were observed at the edge of the LOP on
the fracture surfaces. These crack depths were
between 0.7 and 1.1mm. As an example, the fracture
surface of BOG-3 specimen is shown in Fig.5.

b) BOS specimens( @ =0 degree)

Typical fracture surfaces for BOS specimens are
shown in Fig.6. The solid curves in the enlarged
figures represent the edges of LOP and beach marks
left on the fracture surface. The arrows in the figure
represent the direction of fatigue crack propagation.
The fatigue crack was initiated along the edge of
LOP and propagated toward thickness direction to
form a smooth crack front like a curve connecting
between convex. points of the edge. It eventually
propagated to form a narrow elliptical crack. Fatigue
crack propagation in concave part of the edge was
relatively fast in the early stage of fatigue crack
propagation. The simultaneous - fatigue crack
initiation along the edge seems to be due to high
stress concentration along the edge. The fatigue
crack propagated mainly toward the thickness
direction. No fatigue crack propagation toward the
width direction was observed until the crack
appeared at the specimen surfaces.

The first beach mark in Fig.6(b) corresponds to 11
percent of Ny, number of cycles needed to propagate
the crack to a through-thickness crack.
¢) B15S and B30S specimens( @=15 and 30 degree)

When the LOPs were placed with certain angles to
the applied stress, two types of fatigue crack
initiation and propagation behaviors are observed on
the fracture surfaces of B15S and B30S specimens.
First, the fatigue crack was initiated and propagated
in the same plane as the LOP-plane inclined to the
applied stress. Second, multiple fatigue cracks were
initiated and propagated along the edge of the LOP
perpendicularly to the applied stress.

Typical fracture surfaces of BI5S and B30S
specimens are shown in Figs.7 and 8. Also drawn
curves in the figures represent the edge of LOP and
the beach marks. In most specimens, fatigue cracks
were simultaneously initiated along the edge to form
a narrow elliptical crack, and propagated to the
thickness direction. The plane of crack propagation
coincides with the LOP-plane inclined to the applied
stress.

For B15S-1 and B15S-9 specimens, the fatigue
cracks emanated from smaller LOP-sizes, about a
half or less in LOP-length, formed one or two
elliptical crack and propagated to. the thickness
direction, as shown in Figs.7(a) and 7(b).

In the previous experiments'® 'Y, where fatigue
crack propagated under combined normal and
out-of-plane shear stresses, the fatigue cracks

(a) Previous tests (b) Present tests
Fig.9 Fatigue crack initiation and propagation at crack tip

Fig.10 Size and location of defect
> A — B
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! i 2
! |
L——. B

e A
Fig.11 Two section to compute stress ranges

propagated perpendicularly to the maximum
principal stress, as shown in Fig.9(a). However, the
fatigue cracks of B15S and B30S specimens except
B30S-1 propagated on the same plane of inclined
LOP until they appeared at the surfaces of the
specimens, as shown schematically in Fig.9(b). In
the figures, X and Y axes represent the direction of
the applied stress and the crack propagation,
respectively. ;

Numerous fine facets between small steps were
observed on the fracture surfaces of B30S-1
specimen, as shown in Fig.8(b). The fatigue crack
was initiated at the same plane as the LOP, which
inclined 30 degrees to the section perpendicular to
the applied stress, and propagated toward the finite
thickness direction. As they propagated, they
changed the direction gradually to perpendicular to
the applied stress. As a result of this process, the
small steps and the fine facets were formed on the
fracture surfaces.

4. FATIGUE LIFE

(1) General Description
The fatigue test results are summarized in Table
Al. The dimensions of the LOPs in the specimens
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Fig.14 Test results for 117MPa stress range

were measured using enlarged photograph of the
fracture surfaces after the fatigue tests. They are
expressed by H and W as listed in the Table Al,
where 2H and 2W represent the depth and the length
of a rectangular which encloses the LOP”® as shown
in Fig.10. The test results are plotted in S-N
diagrams, as shown in Figs.12 to 16. The ordinate of
the figures represents the nominal stress ranges
based on the section A-A in Fig.11. For the test
results of BOG specimens with the weld
reinforcements, the stress ranges based on the
section B-B in Fig.11 are taken additionally. In

calculating the stress range, the area of the LOP is
not considered.

The numbers written above or below symbols in
the S-N diagrams indicate the LOP-depth, 2H, and
the specimen-numbers are written in the parentheses.
The numbers representing the LOP-depth in B15S
specimens are underlined. When the specimens are
tested with the stress ratio of 0.47, they are specified
with symbol *.

(2) BOG specimens

The test results of BOG specimens are plotted in
Fig.12 with the nominal stress ranges with symbol
. Two BOG specimens, which exhibited fatigue
cracks from the ground weld toes, seem to exhibit
fatigue lives comparable to JSSC-C”. The other two
specimens, which did not show any fatigue cracks
from the ground weld toes, exhibit fatigue lives even
longer than JSSC-C.

The test results are replotted with symbol ¥/ for
the stress ranges computed using the section area
considering the weld reinforcements, the section
B-B in Fig.11. All the data are plotted with arrows,
because no fatigue failure caused by fatigue crack
initiation from the LOP at the number of cycles was
observed for BOG specimens. However, all these
specimens exhibited small cracks of 0.7 to 1.1mm at
the edge of the LOP. If we continued the fatigue
tests, it was possible that these fatigue cracks
propagated to the final failure.

From the comparison of test results of BOG and
BOS specimens plotted with the nominal stress
ranges, it is understandable that the weld
reinforcements reduced the stress range at the LOP,
and therefore the fatigue lives of BOG specimens
were longer than those of BOS specimens.

(3) BOS, B15S and B30S specimens
a) All the test results

All the test results of BOS, B15S and B30S
specimens without weld reinforcements are plotted
by the nominal stress range versus number of cycles
Ny, as shown in Fig.13. All the test results except
five data show longer fatigue life than JSSC-F and
the five test results are distributed between JSSC-G
and F. The fatigue life of the test results tends to
depend on the LOP-depth. The Ilonger the
LOP-depth is, the shorter the fatigue life results.
b) Test results for 117MPa stress range

As shown in Fig.13, test results are scattered,
even though the LOP-depth is about the same.
Especially, the test results obtained from 117MPa
stress range are widely scattered, as shown in Fig.14.
The ordinate of the figure is conveniently taken as
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the names of the test specimens.

For BOS specimens, the fatigue life of B0S-7
specimen with the stress ratio, R, of 0.12 is equal to
that of B0S-4 specimen, even though the LOP-depth
is longer. In case of B15S and B30S specimens, the
mean fatigue life of the test results obtained for
R=0.12 shows twice longer than that of the test
results for R=0.47, even though the LOP-depth is
about the same or longer. The comparison of the
fatigue lives shows that the fatigue lives for R=0.12
tend to be longer than those for R=0.47, even though
the LOP-depths for R=0.12 are equal or longer than
those for R=0.47. This can be explained by
assuming existence of compressive residual stress
around the LOP-edge". If the compressive residual
stress existed near the LOP-edge, it brought the
minimum stress of 16.3MPa for R=0.12 in
compression, and thus reduced the stress ranges in
tension. This yielded normally in longer fatigue life.
On the contrary, when the specimens were tested in
higher minimum stress of 103.8MPa for R=0.47,
compressive residual stress was not large enough to
bring the minimum stress in compression. We
estimated the compressive residual stress as about
40MPa from the comparison of the test results. In
this respect, the test results obtained for 117MPa
stress range and R=0.12 are excluded in the
following discussion in order that the LOP-depth is
taken as the basis to examine the effect of inclined
angles on the fatigue life. The test result of B15S-9
specimen is also excluded because of its different
fatigue crack propagation pattern, as shown in
Fig.7(b).
¢) Test results for 2.0 to 3.5mm

The test results of BO0S, BI5S and B30S
specimens with the LOP-depth of 2.0 to 3.5mm are
plotted in Fig.15. The solid line in the figure
represents the mean S-N curve obtained from the
test results of four BOS specimens with LOP-depth
of 3.0 to 3.2mm. From comparison of the S-N curve
and two test results of B30S specimens with the
LOP-depth of 3.3 and 3.5mm, it can be assumed that
the fatigue lives of BOS and B30S specimens are
almost the same. Two test results, B15S specimen
with the LOP-depth of 2.0mm and B30S specimen
with the LOP-depth of 2.5mm, have shorter
LOP-depth than BOS specimens, and therefore
fatigue lives of them are longer than those of B0OS
specimens.

d) Test results for 3.8 to 4.6mm

The test results of BOS, B15S and B30S
specimens with LOP-depth of 3.8 to 4.6mm are
plotted in Fig.16. The solid line represents the mean
S-N curves of BOS with the LOP-depth of 3.8 to
4.2mm. Among four B15S specimens with the
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LOP-depth of 4.0mm, two data show the same and
the other two data show shorter fatigue life than the
mean S-N curve of BOS. The fatigue life of most test
results tends to depend on the LOP-depth
irrespective of the inclined angles. The longer the
LOP-depth is, the shorter the fatigue life is.

(4) Test Results plotted by N,

Fig. 17 shows test results plotted by Ny, number of
cycles needed to propagate the crack from the
through-thickness crack to cut the wire glued at
50mm away from the sides of the specimens. The
solid lines represent the mean and mean £2s S-N
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curves (s: standard deviation) obtained from the test
results of all BOS specimens. The test results of B15S
and B30S specimens are mainly distributed between
the mean 25 S-N curves, despite the inclined angles.
This implies that the effect of the inclined angles of 0
to 30 degrees on the fatigue life of a plate with a
through-thickness crack of about 30 to 36mm long is
little.

(5) Discussion

In the present test, the LOP-depth is- about
one-tenth of the LOP-length and no fatigue crack
propagation in the width direction was observed.
The effect of the inclined angles on fatigue life was
examined using the LOP-depth. The test results
were divided into two groups according to the
LOP-depth 0f 2.0 to 3.5mm and 3.8 to 4.6mm. In this
way, fatigue life for almost equal LOP-depth and
different inclined angles can be compared.

When a crack or crack-like-defect is placed with
certain angles to the applied stress, it may be
expected that the fatigue life increase according to
the increase of the inclined angle because the normal
stress to the crack-plane decreases. However, test
results show that the fatigue lives of BOS, B15S and
B30S specimens are almost the same, when the
LOP-depth is about the same.

5. SUMMARY OF FINDINGS

In order to study fatigue behavior of welded joints
including weld defects with certain angles to the
applied stress, butt welded specimens containing
lack-of-penetration(LOP) with 2.1 to 4.8 mm deep
and 30 to 36mm long rectangular shape were
fatigue-tested. The inclined angles were 0, 15 and 30
degrees from the perpendicular direction to uni-axial
tensile cyclic loading. From the test results, the
following findings are obtained.

1) Fatigue cracks were simultaneously initiated
along the edge of the LOP and propagated toward
the thickness direction in the same plane as the LOP
inclined to the applied stress. After the crack
appeared at the surfaces of the specimen, the
through-thickness crack tended to propagate
perpendicularly to the applied stress.

2) The LOPs significantly reduce the fatigue lives of
9mm thick transverse butt welded specimens with
the weld reinforcements removed. All the test
results show shorter fatigue life than JSSC-B which
basically derived from the specimens with no
detectable weld defects.

3) Little change in the fatigue life, number of cycles
needed to propagate the crack from the edge of the
LOP to the surfaces of the specimen, was observed
despite the inclined angles of 0, 15 and 30 degrees.

4) The effect of the inclined angles on the fatigue life
of a plate with a through-thickness crack of about
30 to 36mm length is little.
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APPENDIX SUMMARY OF TEST DATA

Table A1 Summary of fatigue test results
(a) BOG specimens{ ¢=0 deg.)

Ao | Adg DLOPh fi Cra}igp Ni il
No | \pay | (MPa) (Iiﬁ) m{;m) (x 107y | AT
1 204.3 115.0 3.0 1.0 531 Toe
2 204.3 115.0 2.5 0.1~1.1 426 | Toe
3 | 1580 | 988 | 25 | ~11 |>159]| -
4 | 1580 | 889 | 32 | ~08 |>2289| -

A ¢ : Nominal stress range, LOP : Lack-of-penetration
A 0 gy : Stress range considering weld reinforcements
R : Stress ratio( 0 pin/ 0 max) » > © No failure

(b) BOS specimens( @ =0 deg.)

No. Ao R LOP Size(mm) N, . Nz~
(MPa) 2W 2H | (X107 | (X107)

1 12043 | 0.07 314 3.0 100 28
2 158.0 | 0.09 31.2 3.2 1,047 50
3 11763 | 0.08 36.0 4.0 182 37
4* | 1172 | 047 33.6 3.8 850 95
5 | 2043 | 0.07 34.8 3.1 123 26
6 | 176.3 | 0.08 34.1 4.2 135 34
7 | 1172 0.12 35.0 4.5 853 86
8* | 117.2 | 047 31.2 3.1 1,814 96
(c) B15S specimens( @ =15 deg.)

No. Ao R LOP Size(mm) N, \ N, i

(MPa) 2W 2H | (X107) | (X107)

1 | 2344 | 0.07 31.0 2.0 152 28
2 176.3 0.08 31.5 4.0 177 45
3 ] 2043 | 0.07 317 4.0 83 29
4 12043 | 0.07 339 4.6 50 36
5 | 1172 | 0.12 352 4.0 807 101
6 | 1172 | 0.12 35.0 4.0 1,673 126
7 | 2043 | 0.07 31.5 4.0 53 25
8* | 1172 | 047 322 4.0 492 119
9% | 117.2 0.47 32.0 3.5 1,884 80
10 | 1763 | 0.08 337 4.5 57 41
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(d)

B30S specimens( @ =30 deg.)

LOP Size(mm
No. (I%/II?a) R o ( xl\llé)’ ) (XI;J?P )
2W 2H
1 2344 | 0.07 | 31.2 35 48 22
2 158.0 | 0.09 | 29.6 25 | >1,634 -
3 2043 | 0.07 | 36.0 4.0 68 27
4 | 2043 | 0.07 | 335 4.5 67 36
5 176.3 | 0.08 | 32.5 33 211 33
6 117.2 | 0.12 | 327 4.8 2,069 146
7 1172 | 0.12 | 337 4.7 745 162
8 | 2043 | 0.07 | 325 4.6 30 30
9 | 2043 | 0.07 | 320 4.3 27 28
10¥ | 117.2 | 047 | 31.2 4.3 367 124
1+ | 1172 | 047 | 316 4.5 363 136
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