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Abstract
This study examined the low-cycle fatigue behavior of load-carrying cruciform-welded joints containing incomplete penetration.
Five types of specimens with different sizes of weld penetrations and weld leg lengths were tested under cyclic plastic strains.
During testing, cracking behavior was observed on the side surface of the specimen. The test results revealed that the fatigue
strength and cracking patterns depend on the ratio of the weld penetration to the main plate thickness and the ratio of the weld leg
length to the 5main plate thickness, respectively. Elasto-plastic finite element analyses including the effective notch concept were
then performed. The results indicate that the fatigue strength and cracking pattern of the specimens can be correlated with the
local strain distribution around the effective notch.
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1 Introduction

Defects and imperfections in welds, which are often detected
in steel members, have a negative effect on the fatigue strength
of welded joints. For example, internal flaws such as incom-
plete penetration are often reported at beam-to-column con-
nections of steel bridge bents, which are widely used in ele-
vated highways in urban areas [1] and at connections in seis-
mic resisting systems to prevent bridges from collapse during
a huge earthquake, although they are designed to be fabricated
with full-penetration welds.

When large cyclic plastic strains due to excessive external
force, such as those due to an earthquake, are induced in
welded joints with defects and imperfections, the joints may
develop a higher risk of low-cycle fatigue failure because of
strain concentrations newly generated by the defect. In partic-
ular, incomplete penetration is a crack-like notch and can eas-
ily trigger fatigue cracking due to high strain concentration.

Therefore, the effect of weld defects on the low-cycle fatigue
strength of welded joints should be carefully investigated.

Extensive research on the fatigue performance of welded
joints containing incomplete penetration has been conducted in
high-cycle fatigue regions [2–8]. It has been demonstrated that
the fatigue life of load-carrying cruciform-welded joints with
incomplete penetration can be predicted based on a fracture
mechanics approach. Moreover, limit curves separating weld
toe and root failure in cruciform joints have been developed.

In low-cycle fatigue regions, the effect of weld defects on
fatigue performance has been investigated with butt-welded
joints [9, 10]. In addition, low-cycle fatigue behavior of
cruciform-welded joints has been revealed primarily from
the viewpoint of the strength mismatch between the base met-
al and the weld metal, and a fatigue strength evaluation meth-
od based on a local strain approach has been proposed
[11–14]. These studies [11–14] focused primarily on a fatigue
crack occurring from the weld root and propagating into a
weld bead or along a fusion line. On the other hand, in order
to establish a method for predicting failure patterns between
weld toe and root failures of cruciform joints with incomplete
penetration, it is necessary to consider the fatigue strength,
including both weld toe and root failures.

In this study, focusing on weld toe failure, the low-cycle
fatigue strength and cracking patterns of load-carrying cruci-
form-welded joints were investigated through experiments
and elasto-plastic finite element analyses.
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Fig. 1 Specimens (unit:mm). a
Load-carrying cruciform joint. b
Detail of welded part. c Round
bar specimen

Table 1 Welding conditions
Welding Material Current (A) Voltage (V) Welding speed

(mm/min)
Heat input
(kJ/mm)

CO2 gas–shielded
arc welding

JIS Z 3312
YGW11

240~270 33~35 212~514 1.04~2.53

(a) FP (b) PJP40 (c) PJP70 (d) FL (e) FLH

Fig. 2 Macrographs of
specimens. a FP b PJP40. c
PJP70. d FL. e FLH

Table 2 Measurement results

Specimen name tp 2a H1 H2 2W p 2a/tp a/W H1/tp
(mm) (mm) (mm) (mm) (mm) (mm)

2a

tp

H1 p p H1

2W

H2

FP 22 0 9.97 14.98 41.93 11.00 0 0 0.45

PJP40 22 9.73 10.98 13.27 43.97 6.13 0.44 0.22 0.50

PJP70 22 16.02 10.53 11.15 43.07 2.99 0.73 0.37 0.48

FL 22 17.70 12.70 12.27 47.40 2.15 0.80 0.37 0.58

FLH 22 18.12 16.85 18.08 55.70 1.94 0.82 0.33 0.77
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2 Low-cycle fatigue tests

2.1 Specimen configurations

Low-cycle fatigue tests were performed in load-carrying cru-
ciform-welded joints as shown in Fig. 1. The specimens were
made of 22-mm JIS SM400 class steel with various weld
penetrations and weld leg lengths. There are three categories
of the specimens, which are denoted as FP, PJP, and FL. The
FP and FL specimens were fabricated by full-penetration
welds and fillet welds, respectively. Partial joint penetration
groove welds were applied to the PJP specimens. The PJP
specimens were designed to have incomplete penetration ra-
tios of 40% and 70% (denoted as PJP40 and PJP70, respec-
tively). The incomplete penetration ratio is the ratio between
the length of unfused portion (2a) and the thickness of the
loading plate (tp). The FL specimens were prepared for two
sizes of weld leg lengths, where FLH denotes the specimen in
which the leg length is larger. Each type has three specimens
for fatigue tests and measurements. The weld root gaps were
set to be approximately 0 mm. The welding conditions are
listed in Table 1. CO2 gas–shielded arc welding with a solid
wire of 1.2 mm in diameter (JIS Z 3312 YGW11) was used to
fabricate the specimens. The specimen was fabricated under
the condition that the loading plate was placed in the horizon-
tal state during welding.

Macroetch tests were carried out to locate theweldmetal, base
metal, and heat-affected zones. Macrographs of the specimen are
shown in Fig. 2. The weld leg length (H1, H2), the length of the
unfused portion (2a), and theweld penetration (p) weremeasured
from photographs, and their average values are given in Table 2.
The incomplete penetration ratio (2a/tp) and weld leg length ratio
(H1/tp) in the specimen ranged from 0 to 0.82 and 0.45 to 0.77,
respectively. Based on the limit curve separating the weld toe and
root failures in cruciform joints [2, 6], the PJP40, PJP70, FL, and
FLH specimens are satisfied by the condition that ensures weld
root failure in the high-cycle fatigue region.

Weld bead profiles consisting of the weld toe radius and the
toe angle weremeasured for each specimen. Themeasurement
was performed using a replica method, in which silicon rep-
licas of weld bead were sliced; then, a profile of each sample
was measured by image analysis. The number of samples for
each type was about 20 on average. The measurements of
weld toe configurations are shown in Fig. 3, and their average
values are given in Table 3. All of the specimens have similar
toe configurations, regardless of specimen type.

2.2 Mechanical properties of materials

In order to determine the material properties of the base metal
(BM), tensile tests were conducted using the round bar spec-
imen shown in Fig. 1. The round bar specimen was cut from
the steel plate in the specimen. In the tensile test, the true strain
in the loading direction was calculated from the change in the
diameter at the throat of the round bar specimenmeasured by a
displacement transducer. The tensile test result is shown in
Fig. 4 and Table 4.
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Fig. 3 Weld toe measurement

Table 3 Weld toe measurement results

Specimen name Toe radius (mm) Toe angle (deg)

FP 0.84 57

PJP40 0.98 51

PJP70 0.76 64

FL 0.96 61

FLH 0.89 58

0 0.1 0.2 0.3
0

200

400

600

True strain

m
m/

N( sserts e
u r

T
2
)

Base metal

Fig. 4 Tensile test result

Table 4 Mechanical properties

Material Yield stress
(N/mm2)

Tensile strength
(N/mm2)

Base metal (BM) 299 451
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Vickers hardness tests were performed in all types of the
specimen, and their average values are given in Table 5. A
measurement line is shown in the table. The average values
are almost similar between the weld metal (WM) and the heat-
affected zone (HAZ), which are approximately 20% higher
than that of the base metal (BM). Generally speaking, the
strength mismatch between the weld metal and the base metal
(WM/BM) implies that a joint with a value of less than 1.0
indicates the occurrence of under-matching and that with a
value of more than 1.0 indicates the occurrence of over-
matching. Considering the correlation of the hardness and
material strength of steel [15], the specimen can be estimated
to be approximately 20% over-matched.

2.3 Experimental procedures

Low-cycle fatigue tests were conducted by a fatigue testing
machine with an electric hydraulic servo system, the dynamic
and static loading capacities are 300 kN and 450 kN, respec-
tively. PI displacement transducers (referred to hereinafter as
PI gauge) of 80 mm in gauge length were mounted to both
side surfaces of the loading plate over the weld roots, as
shown in Fig. 1. During testing, the fluctuation range of the
displacement measured by the PI gauge was controlled to be
constant. The displacement ranges were 0.8, 1.0, and 1.2 mm.

The minimum displacement was set to be 0 mm. A cyclic load
with a low loading rate of 0.05 mm/s was applied to the
specimen.

The side surface of the specimen was periodically
photographed with a digital camera at the maximum load in
loading loops to record the crack initiation and propagation
behavior. The PI gauge was removed in order to facilitate
crack monitoring, after the relations of the displacement
values between the PI gauge and the loading jack became
stable, and the displacement range of the jack was then con-
trolled instead of that of the PI gauge. The test was stopped,
and the specimen was broken statically after the maximum
load was drastically decreased.

3 Experimental results

3.1 Crack initiation and propagation

Figure 5 shows photographs taken at the side surface of the
specimen during the test, and the crack lengths measured from
the photographs are summarized in Fig. 6. In all of the spec-
imens, a fatigue crack was initiated from a weld toe. After
crack initiation, crack propagation patterns differ depending
on the incomplete penetration ratio and the weld leg length

Table 5 Hardness test results

Material FP (Hv) PJP40 (Hv) PJP70 (Hv) FL (Hv) FLH (Hv)

Measurement line

2 mm

Base metal (BM) 167 170 168 169 171

Weld metal (WM) 199 200 200 201 203

Heat-affected zone (HAZ) 183 197 196 206 211

(a) Toe failure (PJP40)

(b) Toe-root failure (FL)

Fig. 5 Cracking patterns
(displacement range: 0.8 mm). a
Toe failure (PJP40). b Toe-root
failure (FL)
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ratio. In the FP, PJP40, and FLH specimens, which have small
incomplete penetration ratio or large weld leg length ratio, the
crack passed through the loading plate. On the other hand, the
crack propagated along a fusion line to a weld root in the
PJP70 and FL specimens. In this study, the former is referred
to as toe failure, and the latter is referred to as toe-root failure.
A crack growing along the fusion line was also observed in a
previous study [12], but this crack grew from the weld root.

Figure 7 indicates fracture surfaces of the toe failure and
toe-root failure specimens, respectively. A crack grows from
the weld toe into the loading plate or along the fusion line to
the weld root. No crack was initiated from the weld root in any
of the toe-root failure specimens.

3.2 Changes in maximum load

Figure 8 shows the relationship between the change in the
maximum load and the number of cycles when the displace-
ment range was 0.8 mm. The ordinate represents the ratio of
the maximum load of each cycle to that of the initial cycle.
The maximum load decreases with the number of load cycles,
althoughmaterials used in the specimen generally show cyclic
hardening behavior which can be actually observed in a pre-
vious study [11] using the materials similar to this study. This
decrease in load may be caused by crack occurrence and its

growth with cyclic loading. The red marks in the graph show
when the crack length in Fig. 6 reaches 0.5 mm. The maxi-
mum load decreases by approximately 10% due to the crack
growth to 0.5 mm.

3.3 Fatigue life

The low-cycle fatigue test results are shown in Fig. 9. The
ordinate represents the nominal strain range, as calculated by
dividing the displacement range applied to the specimen by
the gauge length of the PI gauge. The abscissa represents the
fatigue life, which is defined as the number of cycles at which
the crack length indicated in Fig. 6 reached 0.5 mm. In the
graph, the fatigue test results obtained in previous studies [11,
12] are also indicated. The details of the specimens are sum-
marized in Table 6. The tests were conducted using 25% over-
matched cruciform joints, and the fatigue cracks from the weld
root, referred to hereinafter as root failures, were observed in
all specimens. The fatigue life was defined as the number of
cycles at which the maximum load decreased by 10% due to
crack propagation, which can be considered to be almost
equivalent to the fatigue life definition in this study.

The fatigue strength of the specimen is shown to depend on
failure pattern, meaning that the toe failure has a higher fatigue
strength than the root failure. Among the specimens with a toe
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Fig. 7 Fracture surfaces (displacement range: 0.8 mm). a Toe failure (PJP40). b Toe-root failure (FL)
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crack, the fatigue strength of the toe-root failure is slightly
lower than that of the toe failure.

The test results mentioned above indicated that the fatigue
strength and cracking patterns of the load-carrying cruciform-
welded joints are influenced by the incomplete penetration
ratio and the weld leg length ratio in the low-cycle fatigue
region.

4 Finite element analyses

Elasto-plastic finite element analyses were performed to order
to investigate the local strain behavior around a cracking point
in the specimens of all types.

4.1 Analysis models

Figure 10 shows an example of the FE model and the bound-
ary conditions. Two-dimensional analyses under plane strain
assumption were performed with ABAQUS code. A one-
quarter symmetry model was created by taking advantage of
symmetry.

The measured geometric parameters given in Table 2 were
reflected in the model. The concept of a fictitious notch [16]
with a radius of 1.0 mm, which is referred to as effective

notch, was adopted for the weld toe and root. For quantitative
comparison among all models, the vicinity of the notch was
meshed in the similar configuration. The minimum element
size was 0.05 mm [12].

Based on the macrographs shown in Fig. 2, the base metal
region (BM), the weld metal region (WM), and the heat-
affected zone (HAZ) were individually modeled in the FE
mesh. Different stress-strain relationships were assigned to
each zone. As for the base metal region, the stress-strain rela-
tionship obtained in the tensile test shown in Fig. 4 was used.
Based on the results of the hardening test as mentioned above,
considering the correlation of the hardness and material
strength of steel [15], the weld metal region and the HAZwere
assumed to have a 20% higher yield stress than the base metal
(BM: 169 Hv, WM: 201 Hv, HAZ: 199 Hv on average). The
combined isotropic/kinematic hardening model provided in
ABAQUS was applied to all regions. Young’s modulus and
Poisson’s ratio were 200 kN/mm2 and 0.3, respectively.
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Fig. 9 Fatigue test results

Table 6 Specimen configuration [11, 12]

Specimen name tp (mm) 2a/tp a/W H1/tp WM/BM

FL-O25 28
28

0.86
0.88

0.52
0.52

0.32
0.34

1.27
1.26

PJP-O25 28
28

0.62
0.61

0.43
0.44

0.22
0.18

1.27
1.26

Weld root

Weld toe

Sym.

Sym.

Cyclic

displacement

WM

HAZ

BM

Fig. 10 FE model (PJP70)

Equivalent

plastic strain

1.60
1.47
1.33
1.20
1.07
0.93
0.80
0.67
0.53
0.40
0.27
0.13
0

(a) Toe failure (PJP40)

(b) Toe-root failure (FL)

Fig. 11 Strain distributions. a Toe failure (PJP40). b Toe-root failure (FL)
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Tensile and compressive loads were applied to the loading
plate with displacement control, as in the experiment. In the
analysis, crack initiation and propagation were not considered.

4.2 Strain distributions

The equivalent strain distributions after 5.5 loading cycles are
shown in Fig. 11. High strains occur from the weld toe to the
loading plate in the FP, PJP40, and FLH specimens, which fail
due to toe failure. On the other hand, the strain concentration
can be observed along the fusion line in the PJP70 and FL
specimens that exhibited toe-root failure. The strain distribu-
tion agrees with the cracking path in the specimen.

4.3 Fatigue strength evaluation using effective notch
strain

The maximum value of the equivalent total strain range calcu-
lated in the element along the notch is used as the effective
notch strain range in this study [12]. Figure 12 shows the rela-
tionship between the effective notch strain range and the fatigue
life. The effective notch strain range was obtained at the weld
toe for the toe and toe-root failure specimens. The differences in
the fatigue strength due to specimen type (failure pattern) be-
come small. The effective notch strain can be successfully used
to evaluate the fatigue strength of the load-carrying cruciform
joints with incomplete penetration, regardless of the incomplete
penetration ratio and the weld leg length ratio.

4.4 Indication of cracking points

The effective notch strain range is one of the governing pa-
rameters for the low-cycle fatigue strength as mentioned
above. Thus, a cracking point was correlatedwith the effective
notch strain value, and the toe, toe-root, and root failure oc-
currences were investigated.
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Fig. 12 Fatigue strength evaluation with effective notch strain range

Fig. 13 Effect of incomplete penetration ratio

Fig. 14 Effect of weld leg length ratio

Table 7 Ratio of effective notch strain range

Specimen name Failure pattern Average ofΔεeff,root/Δεeff,toe

FP Toe 0

PJP40 Toe 0.55

PJP70 Toe-root 0.88

FL Toe-root 0.97

FLH Toe 0.92

Ref. [14] Root 1.18~1.33
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Figure 13 shows the effective notch strain range in terms of
the incomplete penetration ratio among the FP, PJP40, and
PJP70 specimens, in which the weld leg length ratio is almost
same. The ordinate represents the effective notch strain range
at the weld toe and root (Δεeff,toe, Δεeff,root) divided by the
nominal strain range (Δεn). The difference of the effective
notch strain range between the weld toe and root is relatively
large in the toe failure specimen, whereas it becomes small in
the toe-root specimen. Figure 14 shows the effective notch
strain range in terms of the weld leg length ratio between the
FL and FLH specimens, in which the incomplete penetration
ratio is almost same. The same tendency can be observed in
Fig. 13 with respect to the relation between the effective notch
strain range of the weld toe and root and failure pattern.

The ratio of the effective notch strain range at the weld root
to that at the weld toe (Δεeff,root/Δεeff,toe) was used to indicate
the cracking location. The ratios calculated for the specimens
are given in Table 7. Additionally, the ratios of the root failure
specimens in a previous study [14] are also given in the table.
The results reveal that the ratios tended to be less than 1.0 in
the toe and toe-root failure specimens. By contrast, the ratio
becomes higher than 1.0 in the root failure specimen.
Consequently, the effective notch strain range ratio can be
used to determine the cracking location.

5 Conclusions

This study carried out the low-cycle fatigue tests using load-
carrying cruciform-welded joints with incomplete penetration
in order to investigate fatigue strength and failure pattern. The
test results revealed that the fatigue strength and failure pattern
were affected by the ratio of the incomplete penetration size to
the main plate thickness and the ratio of the weld leg length to
the main plate thickness. In addition, FE analyses introducing
the effective notch concept showed that the effective notch
strain range can be used to evaluate the fatigue strength of
cruciform joints and that there exists the possibility that the
crack initiation point and failure pattern can be predicted by
comparing the effective notch strain range between the weld
toe and the weld root.
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