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Abstract
In this study, the residual stress simulations of the out-of-plane gusset welded joints examined by Leitner et al. (2016) in As-
welded and HFMI-treated conditions which are performed by Ruiz (2018, 2019) are reviewed and verified. Based on the
reviewed simulation’s results, the changes of residual stress under constant amplitude and compressive spike loads with various
stress amplitudes are simulated. Sensitivity analyses of the simulation parameters in stress response simulation are carried out,
and recommendations on residual stress relaxation simulation are proposed. From the residual stress relaxation simulation results,
the following are found: (1) for constant amplitude cyclic loading cases, the residual stress induced by HFMI treatment shows
considerable relaxation. The longitudinal component of the residual stress shows a slight increase when the maximum stress of
the cyclic loading is large, about 44.5%; (2) for spike followed by constant amplitude cyclic loading cases, the residual stress
shows considerable relaxation. The degree of the relaxation becomes more significant with the increase of spike load and/or the
maximum stress in the constant amplitude loading except the longitudinal stress component on the top face. The longitudinal
residual stress near top face shows considerable improvement showing around 21% of increment compared with the as-peened
condition.
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1 Introduction

The advantage of removing potential threats of the harmful
tensile residual stresses (RS) and exploiting the beneficial
compressive stresses by mechanical treatments is already
known in the welding communities. A mechanical post-weld
treatment such as high-frequency mechanical impact (HFMI)
has been found to exhibit a significant fatigue life enhance-
ment of welded joints. The effectiveness of HFMI treatment is
primarily based on three effects: the local work hardening,

introduction of compressive RS and the rounded weld toe
[1–11].

A concern regarding the relaxation of the RS induced by
HFMI treatment has become an important topic in welding
community. Measurements by Tai [12] indicated that the com-
pressive RS was reduced just after the first loading cycle. This
was confirmed by Miyashita [13] for laser peening treatment.
For variable amplitude loadings, Yildirim [14] analysed the
change of RS in longitudinal stiffeners made of high-strength
steel, and reported that the HFMI’s benefits are reduced more
significantly than that for constant amplitude loadings. Hara
[15] examined the fatigue strength improvement due to ultra-
sonic impact treatment (UIT) for ship structural members, and
reported that the RS introduced by the treatment showed con-
siderable relaxation when a large compressive load was ap-
plied, reducing the welded structure life about 35% compared
with the obtained results with tensile loads.. This was con-
firmed bymeasurements in Okawa [16] showing that the com-
pressive residual stress at the hot spot in HFMI-treated joints
decreases by about 45%. Leitner et al. [17] studied the stability
of HFMI-introduced RS in an out-of-plane welded joint under
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cyclic loadings, and showed the RS relaxation in low- and
high-cyclic fatigue regions, getting up to 37% of relaxation
in the longitudinal component.

It is considered that the welded joint’s constraint affects the
RS’s relaxation. This suggests that the RS’s relaxation de-
pends not only on the stress amplitude but also on the struc-
tural detail. The applicability of the knowledge related to the
relationship between RS’s relaxation and loading condition to
a welded joint in an actual structure has to be examined by
performing a numerical (finite element, FE) RS relaxation
simulations. However, the recommendations on FE meshing
and choice of simulation parameters, for practical applications
to ships and marine structures, has not been established yet.
The objective of this study is set out best practice guidelines
with respect to these simulations.

In this study, the RS simulations of the out-of-plane gusset
welded joints examined by Leitner et al. [17] in As-welded
and HFMI-treated conditions which are performed by Ruiz
[18] are reviewed and verified. Based on those results, the
changes of RS under constant amplitude (CA) and compres-
sive spike loads with various stress amplitudes are simulated.
Sensitivity analyses of the simulation parameters in stress re-
sponse simulation are carried out, and recommendations on
RS relaxation simulation are proposed. From the RS relaxa-
tion simulation results, the relation between RS’s relaxation
and the loading condition is discussed.

2 Material

For the constitutive equation, the modified Chaboche’s kine-
matic hardening model [19], which was chosen in the previ-
ous report [18], is adopted. The yield condition is defined by
Eq. (1):

J 2 ¼ σ−αð Þ ¼ σo ð1Þ
where σ is the Cauchy stress tensor and α is the back-stress
tensor. The development law of α is given by Eq. (2):

dα ¼ ∑M
i¼1dαi; dαi ¼ Ci

dεp

σo
σ−αð Þ−γiαidεp ð2Þ

where Ci, γi are the material parameters, dεp is the equivalent
plastic strain increment, M is the number of kinematic hard-
ening components and i is the component number. M = 2 is
used in this study. σo is the yield stress and σo is given by Eq.
(3), so that it can account for combined isotropic-kinematic
hardening and strain rate dependency:

σo ¼ σo;0ℱ ε̇
p

� �
G εpð Þ;

ε̇
p

� �
¼ 1þ ε̇

p
=H

� �1=ρ
; G εpð Þ ¼ 1þ a εpð Þb

ð3Þ

where σo,0 is the initial yield stress, H and ρ are strain rate
hardening parameters from Cowper-Symonds strain rate func-
tion and a and b are isotropic hardening parameters from
Jonson-Cook Yield function.

Material parameters are the same as those adopted in [5],
and are listed in Table 1. The presented material parameter
was calibrated by Foehrenbach [20], by performing a single-
element calculation under uniaxial load. The parameters “H”
and “a” are set to large value and zero respectively to disable
the isotropic part of hardening and strain rate effect (strain-rate
independent pure kinematic). Chemical composition is listed
in Table 2.

3 Review of the numerical study of HFMI
treatment process of out-of-plane gusset
welded joints [18]

3.1 Analysis target and the FE model

The simulation target is a single-sided out-of-plane gusset
welded joint studied by Leitner et al. [17]. Ruiz [18] carried
out numerical simulations of welding and HFMI processes.
The HFMI tool is composed of a conical pin and a guide. Pin
nose radius R is 2 mm. Rigid shell elements were used to
model this tool. In that study, a one-half FE model was devel-
oped and simulation parameters were chosen following the
recommendations of ISSC2018 V.3’s benchmark report [22].
The minimum element size is 0.2 × 0.2 × 0.2 mm, recom-
mended by Ruiz [23]. The impact pitch P and indentation
depth D are 0.4 mm and 0.2 mm respectively. Figure 1 shows
the FE model composed of 8-node hexahedron elements. This
model is adopted in the cyclic loading simulations in this
study. Let “target location” be the weld toe on the main plate’s
centreline (see Fig. 1).

3.2 Welding process

Ruiz [18] carried out welding simulations by using the implic-
it thermal elastic-plastic (TEP) FE code JWRIAN [24]. The

Table 1 Material
parameters used in flat
sheet analyses

Parameters Values

E [GPa] 210

ν 0.3

Yield Stress σo [MPa] 435

C1 [MPa] 8.9718E + 03

C2[MPa] 1.265488E + 04

H [1/s] ∞
γ1 218.65

γ2 106.98
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base metal is S355 steel and the filler material is G3Si1. The
temperature-dependent material parameters shown in Fig. 2
were adopted. Phase transformation was neglected because
in the used material it occurs at high temperature and its effect
on welding RS is small. The simulation results were veri-
fied by the comparison with experimental measurements
by Leitner et al. [17] and simulation result by Kim [25].
In the thermal analysis, Goldak heat source model was
adopted, and the welding heat input was about 6.4 kJ/
cm for both fillet and rounded seams. Welding travel
speed of 1 cm/s and welding heat efficiency of 0.85
were assumed. Figure 3 shows the calculated fusion
zone (the region which experienced a temperature >
1450 °C) and the macroscopy image measured in
Leitner et al. [17]. The calculated fusion zone size
shows a good agreement with the measured one.

3.3 HFMI treatment process

Ruiz [18] carried out HFMI treatment simulations by
using explicit elastic-plastic (EEP) FE code MSC.Dytran
[26]. HFMI simulations are either displacement-controlled

simulations (DCS) or force-controlled simulations (FCS)
[20]. Pin’s impact velocity has to be prescribed in FCS,
but is difficult as a matter of practice, especially for man-
ually treated cases. Therefore, DCS is chosen in this
study. For simplicity, pin is modelled as a rigid body,
and it is assumed that the indentation depth and impact
period are constant, USING an indentation depth D of
0.2 mm and impact pitch P equal to 0.4 mm.

As shown in Fig. 4, the out-of-plane (Z-dir.) motion was
constrained at all nodes on the back face of the joint. The
longitudinal (X-dir.) constraint was applied at all nodes on
the symmetrical plane. The transverse (Y-Dir.) motion is
prevented at only one node on the symmetrical plane. The
HFMI treatment was performed only along the rounded seam
(see Fig. 1).

Figure 5 shows the calculated distributions in thick-
ness direction of RS’s X-component before and after the
HFMI treatment. The stresses measured in Leitner et al.
[17] are also plotted in this figure. The calculated RS
profiles shows reasonable agreement with the measured
ones at depth < 1 mm. Over 1-mm profile is different,
because X-ray diffraction was used to measure the ex-
perimental RS, wrong values could be obtained using
this method away the surface. Figure 6 shows the cal-
culated distributions in thickness direction of X-, Y- and
Z-stress components and von Mises stress after the
HFMI treatment. All components show high compres-
sive values on the surface, and von Mises stress is
comparable to the yield stress with consideration of
strain hardening. Similar RS distribution was observed
by neutron diffraction measurement in Foehrenbach
et al. [20].
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Fig. 1 The one-half FE model of the out-of-gusset welded joint for welding, HFMI and cyclic loading simulation. [18]

Table 2 Chemical
composition [21] Elements Values (%)

C 0.22

Si 0.55

Mn 1.6

P 0.03

S 0.03
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4 Stability of residual stress under cyclic
loading

4.1 Boundary conditions

After welding and HFMI treatment simulation reviewed in
Chapter 3, the changes of RS under cyclic loading conditions
are simulated. As shown in Fig. 7, cyclic remote uniform

stress in X-dir. is applied while the out-of-plane displacement
is constrained at all nodes on the back face. Let Spl,min be the
smallest maximum nominal stress which produces plastic de-
formation at the target location. Cyclic loading analyses of a
stress-free model (the same FE mesh, constraint/loading con-
ditions but without RS) are carried out in order to evaluate
Spl,min. The material parameters are the same as those adopted
in the HFMI treatment simulations.
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4.2 Constant amplitude cyclic loadings

In this section, the effect of CA cyclic loading on the RS’
stability is examined. Figure 8 shows the nominal stress wave-
form applied to the FE model. Five cycles of constant ampli-
tude (CA) cyclic loadings with stress ratio R of 0 are applied.
Let ΔS be nominal stress range. The maximum nominal
stresses, Smax (=ΔS) are + 50 MPa, + 75 MPa and +
150 MPa. Figure 9 shows the changes of equivalent plastic
strain εp and surface stress’s X-component σxx at the target
location (the element facing the top face at the weld toe) of the
stress-free model during constant amplitude cyclic loadings
with various ΔS. The marks show εp and σxx at each stress
reversal. It is shown that no plastic deformation occurs when
ΔS = Smax = +50 MPa and + 75 MPa. For ΔS = Smax = +
50MPa, finite tensile plastic deformation during the first load-
ing can be observed, but there is almost no subsequent plastic
deformation during the following cycles. These results show
that Spl,min is not less than 75 MPa and not more than
150 MPa.

Figure 9a shows that tensile plastic strain is generated on
the top face during the first tensile load only when Smax >
Spl,min (Smax = 150 MPa). Upon unloading, this tensile plastic
strain induces compressive residual stress, which increases the
compressive RS in HFMI-treated cases, as shown in Fig. 9b.

Figures 10 shows the changes of the profiles of RS’s nor-
mal X-, Y- and Z-components and von Mises stress at the
target location of the HFMI-treated model after applying three
CA cyclic loadings with various ΔS (=Smax) as shown in
Fig. 8. The dotted lines show the as-HFMI-treated profile.
The longitudinal (σxx) residual tress comparison on the top
surface is shown in Fig. 11; this figure shows that the applied
tensile constant amplitude loading introduces compressive
(σxx) residual stress on the top surface, getting an increment
of about 44.5% with + 150 MPa. Figure 12 shows the change
of the equivalent plastic strain εp of the element facing the top
face during constant amplitude cyclic loadings. The following
is shown in these figures:

X-component σxx CA loadings with Smax < Spl,min (ΔS =
Smax = +50 MPa and + 75 MPa) have a negligible effect on
the RS profiles induced by the HFMI treatment, while that
with Smax > Spl,min (ΔS = Smax = +150 MPa) causes the
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increase of the compressive RS on the top surface and slight
decreases of those at a depth > 0.2 mm. This is due to the
induced tensile plastic strain caused by a nominal tensile stress
larger than Spl,min.

Y-component σyy Relaxation of the compressive RS is ob-
served up to a depth < 1 mm for all CA loading cases regard-
less of Smax. The decline of RS occurs even if Smax < Spl,min.
The decrease in RS becomes larger when Smax is larger.

Z-component σzz CA loadings have a negligible effect on the
RS profiles regardless of Smax.

Von Mises stress VM Relaxation of the VM is observed up to a
depth < 1 mm for all CA loading cases regardless of Smax. The
decline of VM occurs even if Smax < Spl,min. The decrease in
VM becomes larger when Smax is larger.

Equivalent plastic strain εp εp increases during the first loading
for all CA loading cases regardless of Smax, but there is almost
no subsequent plastic deformation in following cycles. The
increase in εp becomes larger when Smax is larger (0.03% for
ΔS = Smax = +50 MPa ~ 0.20% for ΔS = Smax = 150 MPa).

In summary, for CA cyclic loading cases, it is found that the
transverse stress and von Mises stress of RS show
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considerable relaxation even if Smax < Spl,min, while the cyclic
loading has small effects on the longitudinal and through-
thickness stresses. The longitudinal compressive RS shows a
slight increase for the largest Smax. This is due to a large tensile
stress in CA cyclic loadings that causes the tensile plastic
strain at the weld toe, which induces the compressive residual
stress.

Under the conditions chosen, the crack face of a fatigue
crack, which is at the target location, lies on the transverse
plane (YZ-plane). In this case, the critical stress component
is σxx. Above results show that the compressive RS in this
critical direction will not deteriorate by the CA cyclic loadings
examined in this study.

4.3 Cyclic loading with spike loads

In this section, the effect of a spike load and subsequent CA
loading on the RS’ stability is examined. Figure 13 shows an
example of nominal stress waveform applied to the FE model.
Since the RS relaxation due to a compressive spike load is
more significant than that due to a tensile one [15, 18, 27,

28], a compressive spike load and subsequent two cycles of
CA loadings with R = 0 are applied. Let “spike load factor” k
be defined by Eq. (4).

kt Sminj j ¼ k SY ð4Þ
where kt is the stress concentration factor of 1.6, SY is the yield
stress of 355 MPa. As shown in Table 3, four spike loads with
k = 0.75 ~ 1.36 and two CA loadings with ΔS=Smax = 75 and
150 MPa are applied.

Figure 14 shows the changes of the profiles of RS’s normal
X-, Y-, and Z-components and von Mises stress at the target
location of the HFMI-treated model during the spike and CA
loadings with Smax = 150 MPa (> Spl,min). The dotted lines
show the as-HFMI-treated profile. The following is shown
in these figures:

X-component σxx The compressive RS is relaxed and it chang-
es to tensile for cases with k > 1.0 (|Smin| > 221.8 MPa) inside
of the plate (depth > 0.3 mm), and the decrease in the inside
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RS becomes larger when k is larger (|Smin| is larger). In con-
tradiction to this, the compressive RS is nearly unchanged in
the top face element. It is supposed that this is due to the
tensile plastic strain induced by a large tensile stress (Smax =
150 MPa > Spl,min) applied in the CA load cycles.

Y-component σyy Relaxation of the compressive RS is calcu-
lated up to a depth < 1 mm for all loading scenarios regardless
of k (Smin). The decrease in RS becomes larger with the in-
crease in k, but reaches a plateau when k > 1.0.

Z-component σzz Spike and CA loadings have a small effect
on the RS profiles regardless of k.

Von Mises stress VM Relaxation of the VM is observed up to a
depth < 1 mm for all cases. The decrease in VM becomes
larger when k is larger.

Figure 15 shows the changes of the profiles of RS’s normal
X-, Y-, and Z-components and von Mises stress at the target
location of the HFMI-treated model during the spike and CA
loadings with Smax = 75MPa (<Spl,min). The dotted lines show
the as-HFMI-treated profile. The following is shown in these
figures.

X-component σxx The compressive RS is relaxed over the
whole range, and it changes to tensile in the centre part of
the plate thickness when k ≥ 1.0. The change in RS becomes
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Table 3 Material parameters used
in flat sheet analyses Scenario Min. nominal stress (spike load)

(MPa)

Spike load factor

k

Nominal stress range in CA loading

(MPa)

1 − 166.4 0.75 75, 150

2 − 221.8 1.00 75, 150

3 − 277.3 1.25 75, 150

4 − 301.7 1.36 75, 150
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larger when k is larger (|Smin| is larger). The reason why the top
face element also shows stress relaxation, which is not ob-
served in the case with larger Smax (see Fig. 14a), is that tensile
plastic strain is not generated during the CA load cycles be-
cause Smax < Spl.min.

Y-component σyy Relaxation of the compressive RS is calcu-
lated up to a depth < 1 mm for all loading scenarios regardless
of k (Smin). The decrease in RS becomes larger with the in-
crease in k, but reaches a plateau when k > 1.0. The change in
RS is smaller than that for the case with the same k but larger
Smax (Fig. 14b).

Z-component Szz Spike and CA loadings have a small effect
on the RS profiles regardless of k.

VonMises stress VMRelaxation of VM stress is observed up to
a depth < 0.8 mm for all cases. The decrease in VM stress
becomes larger when k is larger. The change in VM stress is
smaller than that for the case with the same k but larger Smax

(Fig. 14d).

In summary, for spike and CA cyclic loading cases, the
longitudinal and transverse components and von Mises stress
of RS show considerable relaxation, while the applied load
histories have negligible effects on the stress in the through-
thickness direction. The degree of RS’s relaxation becomes
more significant with the increase of |Smin| and/or Smax other
than the longitudinal component on the top face. The RS’s
longitudinal component on the top face shows considerable
change only when Smax < Spl ,min because the large
Smax(>Spl,min) applied in the CA load cycle induces tensile
plastic strain at weld toe.

Figure 16 summarizes the longitudinal (σxx) residual stress
comparison on the top surface between residual stress after
HFMI with that after the cyclic loading scenarios shown in
Fig. 13. Figure 16a shows that the applied maximum nominal
stress, Smax = +150 MPa after the compressive peak load,
gives negligible relaxation of about 7% (from − 378 to −
352 MPa). When compressive peak loads of Smin =
−166.4 MPa and Smin = −221.8 MPa are applied, compressive
residual stress is introduced on the top surface, getting a max-
imum increase of about 20% (from − 378 to − 468 MPa).
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On the other hand, applying a maximum nominal stress,
Smax = +75 MPa after the compressive peak load gives stress
relaxation of about 32.9% (from − 378 to − 254 MPa).

5 Conclusions

In this study, the residual stress simulations for the out-of-
plane gusset welded joints in As-welded and HFMI-treated
conditions performed by the authors are reviewed and veri-
fied. Based on these results, the changes of residual stress
under constant amplitude and compressive spike loads are
simulated. From the simulation results, the following is found:

(1) For constant amplitude cyclic loading cases, the trans-
verse component and von Mises stress of the residual
stress induced by HFMI treatment show considerable
relaxation even if the maximum stress is smaller than
the minimum nominal stress for plastic deformation in
the stress-free model, being the relaxation of about 50%
and 40% near the top surface respectively, under a CA
loading of + 150 MPa, while the cyclic loading has neg-
ligible effects on the stresses in the longitudinal and

through-thickness directions. Only when the longitudinal
component of the residual stress shows a slight increase
when the maximum stress of the cyclic loading is larger
than the minimum nominal stress for plastic deformation,
getting an increment of 44.5%, however, through-
thickness direction the different is negligible.

(2) For spike and constant amplitude cyclic loading cases,
the longitudinal and transverse components and von
Mises stress of the residual stress show considerable re-
laxation, getting relaxation of about 48.8%, 67% and
46% respectively near the top surface, when the com-
pressive peak load of Smin = − 166.4 MPa followed by
constant amplitude loading of + 150 MPa is applied,
while the applied load histories have negligible effects
on the stress in the through-thickness direction. The de-
gree of the relaxation becomes more significant with the
increase of spike load and/or the maximum stress in the
constant amplitude loadings except the longitudinal
component on the top face. The longitudinal residual
stress on the top face shows considerable change only
when the maximum stress of the cyclic loading is smaller
than the minimum nominal stress for plastic
deformation.
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6 Future works

It is necessary to find out the magnitude of the loading that
does not considerably deteriorate the benefits of the post-weld
treatment. Furthermore, use realistic loadings conditions with
variables wave amplitudes.

Due to lack of information from the literature comparison
using the proper material properties and welding/HFMI/cyclic
loading conditions could not be done. Therefore, it is neces-
sary to carry out a comparison between numerical simulations
with experimental measurements, where all conditions are
well known.
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