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Abstract

This study investigated fatigue strength of out-of-plane gusset welded joints under variable amplitude plate bending loading
in a long life region. First, constant amplitude stress fatigue tests using a plate bending fatigue test machine were previously
carried out under R =0.0, around 0.5, and — 1. Its fatigue limit (constant amplitude fatigue limit (CAFL)) was assumed from
the minimum stress ranges in which fatigue failure occurred and was approximately 51, 40, and 45 MPa, which tended to
depend on the stress ratio. Thereafter, a loading system for the machine was originally developed to handle variable amplitude
stress. The system’s accuracy was verified by a ratio of output versus input data and improved up to around 90% by slightly
modifying applied loading conditions. Then, variable amplitude stress fatigue tests were carried out using the developed
system under several magnitudes of variable stress ranges determined based on the CAFL. From the results, fatigue crack
initiation and propagation occurred when any of the stress components exceeds the CAFL, despite the equivalent stress
range being lower than it, and damage accumulation could be evaluated using the modified Miner’s rule. In contrast, when
none of the stress components exceeds the CAFL, fatigue crack initiation was not observed even after 500 million cycles.

Keywords Variable amplitude loading - Constant amplitude loading - Long life region - Out-of-plane gusset welded joints -
Plate bending fatigue test

1 Introduction

It is well known that structure members in steel bridges are
subjected to a large number of variable amplitude stress dur-
ing their service lives [1-3]. An actual stress measurement
shows that the majority of variable stress ranges is distrib-
uted in lower stress side of a recorded histogram [4]. Even
though the stress ranges are biased toward the lower stress
side, accumulation of fatigue damage on welded joints might
be caused, resulting in crack initiation and propagation. It is
thus of major importance to investigate fatigue behavior of
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welded joints under variable amplitude stress including low
stress ranges, i.e., in long life region.

Already, numerous studies on fatigue strength under
variable amplitude loading in welded joints have been per-
formed. However, its fatigue strength in the long life region
has not been fully evaluated. The reason for this is that
the experimental data in the long life region, particularly
N> 10x 10° cycles are very limited [5-7], since the fatigue
tests are expensive and very time-consuming. Instead of
experimental tests, several studies have investigated such
fatigue behaviors so far numerically [8—11]. For instance,
Miki et al. [9] estimated fatigue strengths and fatigue limits
of various welded joints under variable amplitude loading in
the long life region by numerical simulation applying a rela-
tionship between crack growth characteristics and the linear
cumulative damage conception. Mori et al. [10] proposed a
procedure to predict fatigue life under variable amplitude
stress in the long life region by using fatigue crack propaga-
tion analysis.

Figure 1 shows format of fatigue design for variable
amplitude loading used in several design codes. In the design
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Fig.1 Format of fatigue design for variable amplitude loading used
in several design codes

code of JSSC (Japanese Society of Structural Construction)
[12], either the modified Miner’s rule or it considering cutoff
limit is employed. On the other hand, in the design code of
Eurocode 3 [13], the curve’s gradient is changed from m=3
to m=5 within the region of 5x 10°<N<10x 107 cycles,
and cutoff limit is adopted in the region of N>10x 10’
cycles. In the design code of IIW (The International Institute
of Welding) [14], it adopts not a cutoff limit but a change
of curve’s gradient, and its gradient is m =35 in the region of
N> 10x10° cycles. Even in these design codes, transition
points and with or without cutoff limit are different on a
fatigue strength evaluation under variable amplitude stress in
the long life region due to scarce experimental data. There-
fore, an efficient fatigue test system for variable amplitude
loadings with superior features, such as low running cost and
fast test speed, is strongly aspired to be developed.

A plate bending fatigue test machine was recently devel-
oped [15] and has been widely used in Japan [16-18]. An
outstanding advantage for the plate bending fatigue test
machine is a loading speed. It can run a fatigue test with

Fig.2 Setup of fatigue test
machine and location of strain
gauges (unit: mm)

a Specimen and fatigue test machine
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around 20-Hz frequency. With its faster loading frequency
operation, one can achieve to obtain the fatigue test data
of over 10 million cycles at low stress levels in a relatively
short period. In a previous study [19], the fatigue strength
of out-of-plane gusset welded joints under constant ampli-
tude loading in the long life region of more than 10 million
cycles by using the machine has been studied. Therefore, a
further development of a loading system, which enables to
study variable amplitude stress, for the machine is needed.

This study investigated fatigue strength of out-of-plane
gusset welded joints under variable amplitude plate bending
loading in the long life region. First, in order to obtain the
constant amplitude fatigue limit, namely CAFL, constant
amplitude stress fatigue tests were carried out using the plate
bending fatigue test machine in the co-authors’ previous
study [20]. Thereafter, to handle variable amplitude stress,
a loading system for the machine was originally developed
and the system’s accuracy was verified in the authors’ previ-
ous study [21]. Then, variable amplitude stress fatigue tests
were carried out using the developed system under several
magnitudes of variable stress ranges determined based on
the CAFL. The test results were discussed in terms of fatigue
strength, fatigue life, and damage accumulation.

2 Outline of plate bending fatigue test
setup

2.1 Plate bending fatigue test

Figure 2 shows a fatigue test setup of plate bending devel-
oped by Yamada et al. [15]. The specimen geometry of out-
of-plane gusset welded joints is given in Fig. 2a. The speci-
men is fixed to a jig like cantilever beam. Bending forces are
applied to the specimen through the machine equipping with
an eccentric mass inside. The machine produces an excita-
tion force due to vibration of the mass. Stress ranges at inter-
est location must be monitored by strain gauges because they

b Location of strain gauges
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depend on magnitudes of the excitation force derived from
a rotation speed of the mass. Location of strain gauges is
shown in Fig. 2b. In this study, with reference to the previous
studies [17, 19, 22], strain gauges were attached 12 mm away
from the weld toe and 50 or 75 mm away from the center of
the width of the specimen. The 12-mm location was used for
monitoring fatigue crack initiation, and the 50- or 75-mm
location was used for calculation of nominal stress range. An
inverter installed in the machine controls the rotation speed
of the mass, and its maximum value is approximately 20 Hz.
The speed coincides with loading frequency of fatigue tests;
i.e., one can run a test with 20 Hz under constant amplitude
loadings when the inverter is set to 20 Hz.

To detect fatigue crack initiation and propagation, a
copper wire with a diameter of 0.05 mm was glued in
the vicinity of/around the weld toe. Figure 3 shows the
locations of the glued copper wire [15] and definition of
fatigue lives in accordance with fatigue crack lengths.
When fatigue cracks are initiated from the weld toe and
propagate along the weld toe, these cracks are defined as
N, and Ny, respectively. Fatigue crack separates from the
weld toe and propagates to the base metal. When the crack
length becomes 10 or 20 mm away from the weld toe, the
crack is defined as N, or N,, respectively. At N,, fatigue
crack propagates to more than 80% of plate thickness in a
depth direction [19]; thus, the final failure of the specimen
is defined as N,,. In [20], fatigue cracks were captured at
fatigue crack length of 30 mm away from the weld toe,

which was defined as N;,. The glued copper wire is cut
by either fatigue crack initiation or propagation, and the
plate bending fatigue test machine automatically stops. At
this moment, the number of cycles is recorded. To ensure
the existence of fatigue cracks, magnetic particle testing
is performed as well.

2.2 Out-of-plane gusset welded joints specimen

The specimens are made of 490-MPa class steels, Japan
Industrial Standard-SM490. The mechanical properties
and chemical compositions are given in Table 1. The spec-
imens have almost the same geometry, but some have the
different main plate widths and gusset heights as shown in
Table 1 and Fig. 2a. Ones that have 300 and 100 mm for
pilot test, 300 and 300 mm for constant amplitude stress
fatigue tests, and 200 and 100 mm for variable amplitude
stress fatigue tests were used respectively. To avoid fatigue
cracks from the weld root area, full-penetration welding
was applied up to 50 mm from the weld toe. In the design
code of JSSC, the classification reference of the out-of-
plane gusset welded detail is categorized into G class
(50 MPa), corresponding to 2 million fatigue strength.
The fatigue limit and cutoff limit are 32 and 15 MPa
for constant amplitude and variable amplitude loading,
respectively.

N N

Ntoe Nb

Copper| _—»

wire

Copper N
wire

N

N20 or 30

20 or 30 mm

b N

toe b

aN

dN
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Fig. 3 Definition of fatigue lives in accordance with fatigue crack lengths

Table 1 Mechanical properties and chemical compositions and detail of plate width and gusset height

Type of steel Yield strength Tensile strength Elongation Chemical composition (%) Plate width Gusset height ~ Ref
C Si Mn P S
(MPa) (%) %100 X 1000 a (mm) b (mm)
SM490 - 300 100 -
395 559 23 16 34 143 13 5 300 300 [20]
378 546 26 16 43 144 14 3 200 100 -
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3 Fatigue test under constant amplitude
loading [20]

3.1 Test condition

To obtain the constant amplitude fatigue limit (CAFL), the
constant amplitude stress fatigue tests have been carried out
in the co-authors’ previous study. A total of 12 specimens
were tested at stress ratios of R=0.0,— 1, and around 0.5.
The fatigue tests were continued until a fatigue crack length
reached up to either N,, or N;,. At each stage on the crack
lengths, beach mark tests were carried out. A nominal stress
range was increased when no crack was recognized in more
than 20 million cycles.

3.2 Testresults

Figure 4 shows the fatigue test results. The detailed infor-
mation such as stress range, stress ratio, and the number
of cycles required for reaching each fatigue life on fatigue
crack lengths are given in Table 2. The specimens are named
using the initial letters of constant amplitude loading and
numbered, e.g., CAl. In addition to the fatigue test results
in the present study, this figure indicates fatigue test results
that were carried out under R= — 1 using the same speci-
men geometry as the present study by Yamada et al. [15].
Also indicated in this figure are the fatigue design curves
for constant amplitude stress given by the design code of
JSSC. Arrow marks mean that there is no fatigue crack at
the weld toe.

From Fig. 4, it can be seen that all specimens in which
fatigue failures occurred are plotted along the curve of
JSSC-F class. Within the specimens, the results are
arranged by the stress ratio in order to obtain the CAFL.
It is defined as a minimum stress range in which fatigue
failures occurred. As results, the CAFL is 51 MPa under
R=0.0, the one is 40 MPa under around R=0.5, and
the one is 53 MPa under R = — 1. Meanwhile, referring
to the Yamada et al.’s result [15], fatigue crack of N,
was observed at equivalent stress range 45 MPa, and
then fatigue crack reached N, at equivalent stress range
51 MPa. Hence, the CAFL is determined as 45 MPa under
R= —1. As aresult, a different CAFL is observed depend-
ing on the stress ratio. Previous studies showed that either
tensile residual stresses [23] or compressive residual
stresses [24] are present at the weld toe of out-of-plane
gusset welds. Occurrence of compressive residual stress
around the weld toe is presumed to be due to the deforma-
tion of the base plate toward the gusset plate during cool-
ing after welding because a gusset is welded on one side
of a base plate (see Fig. 2a). Although the residual stress
states at the welds of constant amplitude stress fatigue
test specimens were not exactly confirmed, it is probable
that the stress ratio affects their stress states at the welds.
After fatigue tests, to confirm whether a small fatigue
crack is initiated from the weld toe, the run-out specimens
were cut out. Their cross-sections were observed using a
microscope whose magnification was approximately X 200.
The observation results showed that there was no visible
fatigue crack. Thus, it is found from the experimental
results that the CAFL tended to depend on the stress ratio,
resulting in 51 MPa under R =0.0, 40 MPa under R=0.5,
and 45 MPa under R = — 1, respectively.

Fig.4 Fatigue test results under 300
constant amplitude loading [15,
! 03
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Table 2 List of specimens for constant amplitude stress fatigue test [20]

. Stress range | Stress Number of cycles required for reaching each fatigue life Crack
Specimen [MPa] ratio, R New N, Nio Nao Nso initiation
CAl 37.8 110000000 -
CA2 49.4 41700000 -
CA3 51.1 100000000 -
CA4 51.0 0.0 - - - - 4000000 | Weld toe
CAS 59.4 100000000 -
CA6 65.3 - - - - 1650000 | Weld toe
CA7 70.2 - - - - 1650000 | Weld toe
CA8 85.9 - - - - 730000 | Weld toe
28.5 0.6 30000000
323 0.5 20000000
34.7 0.5 20000000
CA9 37.1 0.5 20000000 )
39.8 0.4 20000000
42.0 0.4 20000000
43.8 0.4 1286600 | 3356900 | 6154800 | 8829700 - Weld toe
349 0.4 20000000
37.4 0.4 20000000
39.9 0.4 20000000
42.1 0.4 20000000
45.0 0.5 60000000
CA10 47.8 0.6 30000000 )
50.0 0.6 30000000
52.5 0.6 20000000
55.0 0.6 20000000
57.5 0.6 20000000
60.0 0.6 2098000 - 2137500 | 2219600 - Weld toe
CAll 53.4 955200 | 1912200 | 2676400 | 3231100 - Weld toe
40.0 130000000
45.0 30000000
47.4 30000000
48.5 -1 30000000
CA12 50.0 30000000 )
55.0 30000000
57.5 30000000
60.0 30000000
40.0 0.4 1114000 | 2912100 | 4865300 | 7184200 - Weld toe

4 Fatigue test under variable amplitude

loading

4.1 Developed variable amplitude loading system

Figure 5 shows a variable amplitude stress fatigue test sys-
tem developed for the plate bending fatigue test machine. A

sequencer allows to apply the variable loading on the speci-
men. The sequencer, Omron Zen 10C1AR-A-V2, is addi-
tionally incorporated into the machine as shown in Fig. 5a,
and it is capable of giving an external automatic control to
the inverter. A ladder program is inputted to the sequencer,
consisting of an on—off control circuit based on a set timer.
A part of ladder program is shown in Fig. 5b. By using the
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Fig.5 Developed variable
amplitude stress fatigue test
system

Control panel

Inverter

Sequencer

Plate bending fatigue
test machine

Weld bead Specimen

Jig

e

a Loading system

inverter controlled by the sequencer in accordance with the
ladder program, one can achieve a variable amplitude stress
fatigue test with plural loading frequencies which are deter-
mined in advance. Since the inverter can assign up to dif-
ferent 15 steps for loading frequencies, a fatigue test with
maximum 15 steps variable amplitude stress is feasible.

4.1.1 Frequency distribution and loading sequence

A previous study [2] collected numerous stress histories
and/or histograms that were recorded on various types of
highway bridges by strain gauges. These stress ranges were
normalized with respect to each maximum stress range,
while low-stress ranges below 25% of maximum stress range
were omitted. After that, the cumulative frequency distri-
bution curve was computed by the least squares function.
The cumulative frequency distribution can be expressed as
follows:

fx)=—-12.0- (x — 1.0)> +0.07 (1)

where x = ¢/0,,,,(0.25 < x < 1.0) is the normalized stress
range. Note that the area sum between x=0.25 and x=1.0
is equal to 1 in this function. The calculated average prob-
ability density is shown in Fig. 6, corresponding to a histo-
gram of 15 bars. In a previous study [25], a 15-block loading
sequence which is derived from the histogram rearranged
as a function of random number table was used to carry out
the variable amplitude stress fatigue test. Figure 7 shows the
15-block loading sequence. It was used in this study as well.

4.1.2 Determination of test conditions and pilot test
A previous study [15] stated that the resonance between

the specimen and the machine generated by increase of
applied stress range accidentally should be avoided. Thus,

@ Springer
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Fig. 8 Relationship between power spectra and natural frequency

a natural frequency of the specimen was measured before
a pilot test. Figure 8 shows the results of the natural fre-
quency measurement. Relationships between power spec-
tra and the natural frequency at different stages on fatigue
lives in accordance with fatigue crack lengths are shown in
this figure. The relationships were obtained as the following
steps: First, strain data during free oscillation were collected
by a strain gauge attached 12 mm away from the weld toe.
Then, the number of cycles and magnitude of stress range in
collected data were counted by using the rainflow method.
Finally, the counted data were translated into the relation-
ship between power spectra and natural frequency via the
fast Fourier transform method. From the results, the natural
frequency is around 26 Hz when no fatigue crack develops.
It is decreased toward around 22 Hz as a fatigue crack propa-
gates. As a result, it can be thought that the resonance does
not happen if a loading frequency is less than 22 Hz. Thus,
given the result, the loading frequency was chosen so that
the resonance does not occur. Table 3 shows the stress ranges
chosen for the pilot test under variable amplitude loading.
They include low-stress ranges below 15 MPa, which is a
cutoff limit given by the design code of JSSC. Loading fre-
quencies are derived from corresponding stress ranges, and
loading times are decided such that one loading sequence
is approximately 9000 cycles. The mean stress is fixed to O,
and stress ratio is R= —1.

Figure 9 shows an example of stress range versus time
history. The pilot test was carried out up to two loading
sequences. It is observed that stress range changes automati-
cally in the order of inputted loading sequence. To check
the performance for input data, the number of cycles during
one loading sequence was counted by the rainflow method.
Hereafter, the number of cycles recorded from one loading

Table 3 Detailed information of variable amplitude loading

Block number  Stress Frequency (Hz) Loading Calculated

range time (s) number of
(MPa) cycles
1 11 12.2 175 2079
2 13 12.9 130 1720
3 15 13.5 105 1426
4 17 14.1 75 1104
5 19 14.7 60 828
6 21 15.3 40 607
7 23 15.7 30 460
8 25 16.0 21 331
9 27 16.5 14 230
10 29 16.9 9 156
11 31 17.3 5 92
12 33 17.6 4 64
13 35 17.8 2 37
14 37 18.1 2 37
15 39 18.4 1 28
Total 676 9200

sequence is called output data, and the number of cycles cal-
culated from one loading sequence according to frequency
distribution shown in Fig. 6 is called input data. Figure 10
shows comparison of the ratio of output data versus input
data. From the result, the number of cycles in the low-stress
range agrees with input data at around 100%, while that of
block number 15 is 30% less than input data. It can be obvi-
ously seen that the ratio of the high-stress range is lower
than that of the low-stress range. To reveal the reason for
this, a sequence around block number 15 is extracted and
examined. Figure 9b shows a successive loading sequence
of block numbers 5, 10, and 15. From the figure, one can
observe that it takes time slightly to transfer loading fre-
quency to that of the next block. This is because the loading
frequency is switched in accordance with on—off timer of
the ladder program. Hence, the time during the change of
loading frequency needs to be considered to improve the
accuracy of the system.

4.1.3 Modification of accuracy of variable amplitude stress
fatigue test

In order to improve accuracy of variable amplitude stress
fatigue test, some modifications on loading time and fre-
quency were made for the highest stress ranges, i.e., block
number 15.

To increase the amount of output data of block number
15, loading time to be assigned is modified from 1.0 to 2.0,
3.0, and 4.0 s. Figure 11 shows the results of changed load-
ing time. Because these loading sequences were taken from
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Fig. 10 Comparison of the ratio of output data versus input data

a different pilot test, extracted time was slightly different.
As an outcome, loading length of block number 15 becomes
clearly longer as the loading time increases. Figure 12 shows
the ratio of output data versus input data. The ratio is around
30% in 1.0 s of the loading time. The low accuracy is fairly
improved up to around 90% when the loading time is set
to 2.0 s. The ratio in more than 3.0 s is too high, such as
150% (in 3.0 s) and 210% (in 4.0 s). Therefore, it can be said
that slight modification with respect to loading time leads to

@ Springer
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improvement of output variable stress. In subsequent tests,
2.0 s that fits the best input data was used for the loading
time of block number 15.

To examine whether the order of loading sequence affects
the ratio of output data versus input data of block number
15, additional pilot tests were carried out based on 13 dif-
ferent loading sequences. Detailed information of loading
sequences is described in the authors’ previous study [21].
As a result, it was found that the accuracy is decreased when
the low-stress range is arranged before block number 15.
Figure 13 shows a loading sequence with the low accuracy
of block number 15. In this case, block number 2, whose
magnitude of stress range is 13 MPa, is arranged before
block number 15. Figure 12 shows the ratio of output of
variable amplitude stress. It can be confirmed that the ratio
of block number 15 is around 70%. Figure 14 shows the
power spectrum of block number 15 along with natural fre-
quency of out-of-plane gusset welded joint specimen shown
in Fig. 8. From the result, the power spectrum of block num-
ber 15 contains natural frequency of specimen (see around
26 Hz in Fig. 14). This might be caused by loading frequen-
cies assigned to block numbers 2 and 15. Thus, loading fre-
quency of block number 15 was slightly adjusted from 18.4
to 18.6 Hz. The results before and after adjusted loading fre-
quency of block number 15 are compared both in Fig. 12 and
Fig. 14. From Fig. 14, the power spectrum around natural
frequency is not confirmed after adjusted loading frequency.
In line with the change of power spectrum, the ratio is also
improved from 65 to 100%, as presented in Fig. 12. There-
fore, it can be said that slight modification of applied loading
frequency leads to improvement of applied stress range.
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4.2 Fatigue test

4.2.1 Test condition

Variable amplitude stress fatigue tests were carried out using

Frequency [Hz]
Fig. 14 Relationship between power spectrum and frequency

the developed system. The modified frequency distribution
and 15-block loading sequence were utilized to the tests; see
Fig. 6 and Fig. 7. Table 4 shows the list of specimens for var-
iable amplitude stress fatigue test. A total of 12 specimens,
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Nc (%) Np (%) Damage accumula-
tion

life

stress

Maximum Minimum Number of cycles required for reaching each fatigue
range

stress
range

Equivalent stress

range (MPa)

ratio

Specimen  Stress

Table 4 List of specimens for variable amplitude stress fatigue test and test results

Steel
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Without
cutoff

With

cutoff

N20

NIO

(MPa) N toe M b

(MPa)

Without
cutoff

With

cutoff

Weld toe

1.12
1.47
0.92

0.70
0.70
0.84

0.74

0.30

354,100
465,000

300,200
399,600
760,400
963,000

165,200
240,300

107,000
138,000
157,000
295,700

7
7
48

254
254
175
171

120
119
811
81

120

119
81

1

SM490A VAl

Weld toe

0.30
0.16

1,134,900 0.26
4,871,500 0.23

VA2
VA3
VA4
VAS
VA6
VA7
VAS
VA9

Weld toe

961,700

470,700
596,800

Weld toe

1.08
1.63
1.42
1.37
1.31

0.94

48

81

Weld toe

0.77

4,092,400
5,918,400
7,430,200
11,891,100
13,092,800

2,843,400
4,079,200
4,961,800

1,121,400
1,603,900
2,878,500
5,717,200

32
29
26
22
19
16
14

52 113
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24
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named using the initial letters of variable amplitude loading
and numbered, e.g., VA1, were tested under stress ratio of
R= —1. For VA1 to VA4 specimens, they were tested to
verify applicability of variable amplitude stress fatigue test
using the developed system. For VA5 to VA10 specimens,
the equivalence stress ranges were gradually decreased by
each 5 MPa per specimen, starting from 53 MPa of VAS.
This magnitude of stress range is identical to the one of
failure specimen acquired from constant amplitude stress
fatigue test under R= —1 in the present study (see Fig. 4).
For only VA11 and VA12 specimens, stress ranges below the
cutoff limit are included in their variable amplitude stress.
The fatigue test was continued up to fatigue life of N,,, and
the beach mark test was not carried out.

In previous studies [26, 27], the fatigue test results were
evaluated based on Woehler lines made from results of con-
stant amplitude stress tests and Gussner lines with the max-
imum stress amplitude and the number of cycles to failure.
They recommend this method of presentation because the
degree to which the Gussner lines exceed the Woehler lines
can be evaluated by the exceedance factor and the factor
offers a potential for lightweight design [27]. On the other
hand, the calculation of equivalent stress range was pro-
posed [1, 2]. With this way, the variable amplitude results
can be well correlated with constant amplitude ones. This
study considers the equivalent stress range when arrang-
ing the fatigue test results. The equivalent stress range can
be calculated on the basis of the modified Miner’s rule
and with the cutoff limit according to the design code of
JSSC. The former rule counts all stress ranges as they affect
fatigue damage. The latter rule does not count stress ranges
below the cutoff limit, which is 15 MPa given by the JSSC.
The equivalent stress range and damage accumulation can
be formulated as the following Eqs. (2) and (3).

m nio-im
Ao—eq = Z T (2)
n.
p=3 (%)
N 3)
where,

o; ith stress range.
n; The number of cycles for ith stress range.

N  Total of the number of cycles.
m  Slope of S—N curves, and m =3 is utilized.

4.2.2 Testresults
Figure 15 shows the fatigue test results under variable ampli-

tude loading, and the detailed information such as equivalent
stress range and number of cycles required for reaching each
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Fig. 15 Fatigue test results 300 300
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fatigue life on fatigue crack lengths are given in Table 4. In
addition, fatigue test results under constant amplitude load-
ing in previous studies [15, 20, 22] are plotted in Fig. 15.
Also indicated in this figure are the fatigue design curves
for variable amplitude stress given by JSSC. The red-colored
arrow mark means there is no fatigue crack initiation.
From Fig. 15a, the fatigue cracks on N, are observed
at equivalent stress ranges from 25 to 120 MPa. From the
results for VA1 to VA4 specimen, the fatigue strengths of
N, show around JSSC-G and H class. These results are well
in agreement with the constant amplitude stress fatigue test
results obtained in [22]. Hence, it can be said that applica-
bility of variable amplitude stress test using the developed
system is verified. From the results for VA5 to VA6 speci-
mens, fatigue crack initiation results because the magnitude
of equivalent stress ranges is slightly larger than the CAFL,
i.e., around 45 MPa based on the experimental results. On
the one hand, as shown in the results for VA7 to VA1l
specimens, even when the magnitude is below the CAFL,
fatigue cracks are initiated. Especially for VA11 specimen,
the equivalent stress range is 25 MPa, i.e., a large portion of
variable amplitude stress consists of smaller stress ranges
than the CAFL. In terms of the given maximum stress range
for VA11, the magnitude is 50 MPa. It is found that the
magnitude is larger than the CAFL; and thus, it can be said
that the stress ranges larger than the CAFL contribute to
fatigue crack initiation. According to a previous study [5],
if any of stress range cycles contained in variable amplitude
stress exceeds the CAFL, crack initiation will likely occur,
even if the number of exceeded cycles is as few as one per a
thousand cycles. On the other hand, in the VA12 specimen
tested at 22 MPa, the fatigue crack is not confirmed even
after 500 million cycles. The given maximum stress range
for VA12 is 39 MPa; in other words, none of the stress range
cycles contained in variable amplitude stress exceeds the
CAFL. This is the reason why fatigue crack does not occur
even after 500 million cycles. Although this specimen seems

not to fail, variable amplitude stress fatigue test continues.
Thus, fatigue crack initiation was observed, in the case any
of the stress range exceeds the CAFL, despite the equivalent
stress range is below the limit. In contrast, in the case none
of the stress range exceeds the CAFL, fatigue crack would
not occur.

The non-failure VA12 specimen allows checking the
ratio with respect to the numbers of cycles up to 500 mil-
lion cycles as shown in Fig. 16. The check is respectively
performed using the one loading sequence of the time when
the total number of cycles reaches 50, 100, 200, 300, 400,
and 500 million cycles. From the figure, especially for the
ratio of the number block 15, it is confirmed that the ratio is
around 90% when the total number of cycles is 50 million
cycles. Furthermore, it is kept when the total number of
cycles reaches until 500 million cycles. Thus, it can be said
that stable variable amplitude fatigue test can be carried out
using the developed system.

gg 1154 Em [nput data
35 E13 Output data of
33 E12 — 50 300
31 Ell 1 100 = 400
29 E10 1 200 =3 500

[Unit: million cycles]

Stress range [MPa]

10 15 20
Frequency [%]

25 30

Fig. 16 The ratio of input data to output data in the long life region

@ Springer



1894

Welding in the World (2022) 66:1883-1896

From Fig. 15b, the variable amplitude stress fatigue test
results on N,, agree well with the constant amplitude ones
and follow the curve of the modified Miner’s rule. Focused
on the distribution feature of data plot, the results of N, fall
linearly along the S—N curve. On the other hand, those of
N,.. fall non-linearly as equivalent stress ranges get lower.
Ratios of fatigue crack initiation life and fatigue crack propa-
gation life against total fatigue life (herein, N,) are provided
in Table 4. In this table, the percentages on fatigue crack ini-
tiation life (V) or fatigue propagation life (N,) are calculated
by dividing N, by N,, or dividing from N, to Ny, by N,,
respectively. For the VAI1 specimen, the N, and N, were
not calculated because of missing detection of N,.. From
Table 4, the N, is around 30% and tends to be increased
progressively in the long life region, while the N, is around
70%. As a result, it is found that the fatigue life under vari-
able amplitude loading in the long life region is dominated
by Np. Thus, it can be said that the distribution feature found
for results of N, i.e., non-linearity, vanishes with fatigue

toe?
crack propagating.

4.2.3 Damage accumulation

To examine application of the modified Miner’s rule with
and without cutoff limits for variable amplitude fatigue
strength in the long life region, the resulting D values are
discussed. For the calculation, a cutoff limit was chosen as
21 MPa of JSSC-F class based on the fatigue test results
under variable amplitude stress. The D values for each speci-
men are in Table 4. From the table, the results assessed by
the modified Miner’s rule with the cutoff limit are about
D=1.0~2.0, while being the relatively low D=0.7 for
VAL11 specimen. If the cutoff limit is not used for the VA11
specimen, the result shows approximately D=0.9. As a
result, the modified Miner’s rule gives acceptable evaluation
in comparison with the results by the rule with the cutoff
limit. Thus, the modified Miner’s rule could give suitable
evaluation to the fatigue damage accumulation of the joints
under variable amplitude loading in the long life region.

4.2.4 Observation of fractured surface

To reveal crack propagation, the fractured surfaces were
observed. Figure 17 shows fractured surfaces obtained
from constant and variable amplitude stress fatigue test.
One was treated at the stress range of 53 MPa, and the other
was tested at the equivalent stress range of 48 MPa where
the maximum stress range was 102 MPa and the minimum
stress range was 29 MPa. From the fractured surface by
constant amplitude loading, in Fig. 17a, fatigue cracks of
approximately 5 mm long and 1.5 mm depth were detected
at 955,200 cycles as N,,.. The detected crack propagated in
semi-ellipse shape and reached N,, N,,, and N,,. The beach

@ Springer

mark test was conducted at half of the stress range, around
25 MPa, when N, N, and N, As aresult of the test, beach
marks were clearly left on the fractured surface. On the other
hand, from the fractured surface by variable amplitude
loading, in Fig. 17b, although the beach mark test was not
conducted during the variable amplitude stress fatigue test,
plural marks having different widths are left on the fractured
surface. These marks are due to fluctuation of stress range.
The plural marks would be made by low stress ranges such
as number block 1, 2, 3, or 4 (see Fig. 7) because a large
portion of load sequence consists of these stress ranges. The
marks left on the surface of around N, seem to increase in
comparison with the ones on the surface around N,.. This
implies that subjecting low-stress range became large along
with fatigue crack propagation. Hence, it is found that the
contribution of the low-stress range became large along with
crack propagation. However, it is still unclear from surface
observation when extremely lower stress ranges such as ones
below the cutoff limit start to contribute to crack propaga-
tion. Thus, it can be said that the low-stress range contributes
to fatigue crack propagation after fatigue crack initiation.

5 Conclusions

This study investigated fatigue strength of welded joints
under variable amplitude plate bending loading in the long
life region. Constant amplitude stress fatigue tests were
conducted using a plate bending fatigue test machine in
the co-authors’ previous study [20] in order to obtain con-
stant amplitude fatigue limit (CAFL). Thereafter, to carry
out fatigue tests under variable amplitude stress, a loading
system for the machine was originally developed, and the
system’s accuracy was verified in terms of a ratio of output
versus input data and improved by modifying applied load-
ing conditions. Then, variable amplitude stress fatigue tests
were carried out using the developed system under several
magnitudes of variable stress ranges determined based on
the CAFL. The test results were discussed in terms of fatigue
strength, fatigue life, and damage accumulation. The main
conclusions are summarized in the following bullets:

1. From constant amplitude stress fatigue test results, the
CAFL was assumed from the minimum stress range in
which fatigue failure occurred and was approximately
51 MPa at R=0.0, 40 MPa at around R=0.5, and
45 MPa at R= — 1, which tended to depend on the stress
ratio.

2. By incorporating a sequencer with a ladder program into
the plate bending fatigue test machine, a variable ampli-
tude loading system was originally developed, and the
system’s accuracy was verified in terms of a ratio of out-
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Fig. 17 Fractured surface of
constant and variable amplitude
stress fatigue tests Nag=

3.2% 106

Njp=
2.6% 109
4

EEREREREREEUREC he

W= o= : Beach marks

1.9x 106

b Variable amplitude loading (Fractured surface of VA6)

put versus input data. The result shows that the accuracy
can be improved up to around 90% by slightly modifying
applied loading conditions. Furthermore, from the check
of the accuracy after variable amplitude stress fatigue
test starts, the accuracy can be maintained even when a
fatigue test continues over 500 million cycles.

3. From variable amplitude stress fatigue test results using
the developed system and observation of fracture sur-
face, fatigue crack initiation and propagation in the
long life region were observed, in the case any of the
stress components contained in variable amplitude stress
exceeds the CAFL, despite the equivalent stress range
being lower than it. In contrast, fatigue crack initiation
was not observed until 500 million cycles when none of
the stress components exceeds the CAFL.

4. The application of the modified Miner’s rule could
provide suitable evaluation to fatigue strength of out-
of-plane gusset welded joints under variable amplitude
stress in the long life region when any of the stress
components contained in the variable stress exceeds the
CAFL.

Variable amplitude block loading fatigue tests were per-
formed under limited conditions, such as frequency dis-
tribution and loading sequence. As used in the frequency
distribution in this study, the low stress ranges below 25%
of the maximum stress range are omitted. These low stress
ranges could influence fatigue strength on fatigue crack
propagation stage. Meanwhile, as observed on block load-
ing test using aluminum alloys in the previous study [28],
fatigue crack growth retardation and/or acceleration was
observed when the order of high-low or low—high block
loading sequence is used; and hence, loading sequence
could also influence the fatigue strength. Thus, further
comprehensive variable amplitude block loading fatigue
tests are desirable using a wider frequency distribution
and/or different loading sequence.
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