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Abstract

A residual stress generated in the steel structure is broadly categorized into initial residual stress during manufacturing steel material, welding
residual stress caused by welding, and heat treatment residual stress by heat treatment. Initial residual stresses induced during the manufacturing
process is combined with welding residual stress or heat treatment residual stress, and remained as a final residual stress. Because such final
residual stress affects the safety and strength of the structure, it is of utmost importance to measure or predict the magnitude of residual stress,
and to apply this point on the design of the structure. In this study, the initial residual stress of steel structures having thicknesses of 25 mm and
70 mm during manufacturing was measured in order to investigate initial residual stress (hereinafter, referred to as initial stress). In addition,
thermal elastic plastic FEM analysis was performed with this initial condition, and the effect of initial stress on the welding residual stress was
investigated. Further, the reliability of the FE analysis result, considering the initial stress and welding residual stress for the steel structures
having two thicknesses, was validated by comparing it with the measured results. In the vicinity of the weld joint, the initial stress is released and
finally controlled by the weld residual stress. On the other hand, the farther away from the weld joint, the greater the influence of the initial stress.
The range in which the initial stress affects the weld residual stress was not changed by the initial stress. However, in the region where the initial
stress occurs in the compressive stress, the magnitude of the weld residual compressive stress varies with the compression or tension of the initial
stress. The effect of initial stress on the maximum compression residual stress was far larger when initial stress was considered in case of a
thickness of 25 mm with a value of 180 MPa, while in case of thickness at 70 mm, it was 200 MPa. The increase in compressive residual stress is
almost the same as the initial stress. However, if initial stress was tensile, there was no significant change in the maximum compression residual
stress.
Copyright © 2017 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

A residual stress generated in the steel structure is broadly
categorized into initial residual stress induced during the
manufacturing of steel material, welding residual stress caused
by welding, and heat treatment residual stress by heat

treatment after welding. Initial residual stresses induced dur-
ing the manufacturing process is combined with welding re-
sidual stress or heat treatment residual stress and remains as a
final residual stress. Because such final residual stress affects
the safety and strength of the structure, it is crucial to measure
or predict the magnitude of residual stress, and to apply this
factor on the design of the structure. Therefore, the effect of
the initial stress on the buckling strength, fatigue strength, and
brittle fracture of the structure has been studied by several
researchers as follows.
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Initial stress which is generated during the manufacturing
steel structure occurs due to a temperature difference on the
surface and inner side of steel while it goes through the
heating and cooling process during manufacturing. According
to research results (Park et al., 2014a), it has been reported that
the magnitude of initial stress during steel manufacturing
occurred until almost 60% of yield stress. Such initial stress
occurred mainly during the manufacturing process of TMCP
steel during the initial stage, and such initial stress causes
large deformation (Kim and Bae, 1991), thus the effectiveness
of steel use is reduced. Dong et al. (2004) and Brust et al.
(1998) were trying to quantify the effects of steel
manufacturing processes on the residual stress characteristics
in original plates under as-received conditions using a series of
advanced computational modeling techniques. They reported
that the fundamental mechanism is the release of residual
stresses of the original plate during cutting, which cause plate
deformation, resulting in dimensional inaccuracies in cutting
and welding processes. Ueda et al. (1994) and Dean and
Shoichi (2010) reported that in case of symmetric cutting,
though initial stress did not affect welding deformation much,
when cutting position and method were changed, the initial
stress was affected much using FE analysis. Park (1997)
studied the effect of the initial stress and initial deformation
on the welding deformation. They reported that the shape and
magnitude of the initial deformation affected welding defor-
mation rather than initial stress, which was generated sym-
metrically. However, a detailed research was not executed on
the relationship between initial stress and welding
deformation.

In the buckling strength of the column member like H-
beam, H-beam which is widely used as a column component is
cooled and shrunk first at its end portion in the flange, and its
middle portion was slowly cooled, thus compression stress
occurred at the end, while tensile stress was generated at the
middle, affecting the buckling strength. If compression load is
imposed on the component having initial stress, compression
residual stress reaches yield stress from the end of the flange
having large compression stress, the area of yield stress is
widened towards the inside of the flange, and the effective area
becomes reduced as much as the original area. Such stiffness
values of the effective section are different from each other
based on a component's axis, and buckling stress values for the
buckling axis are also different from each other. Finally,
buckling stiffness (Uy, 1998; Real et al., 2004) is decreased by
the effect of initial stress. Further, since the buckling strength
(Chounga et al., 2014; Jeom Kee et al., 1999) of the structure,
on which a stiffener was welded on the main plate, was also
reduced by the effect of the welding residual stress during
welding, it is necessary to calculate buckling strength. It is
important to consider residual stress because buckling strength
is affected not only by initial stress but also by welding re-
sidual stress.

In the fatigue aspect, stress concentration by the geometry
of the welding joint and residual stress by welding affect the
mean stress (Kim and Kim, 2015) while the weldment receives
cycle load, finally affecting fatigue life (Fuchs and Stephens,

1980; McClung, 2007). Therefore, efforts are made in
reducing the effect of stress concentration using post-treatment
to improve fatigue strength on the welding toe by improving
the welding bead shape. Such post-treatment includes burr
grinding (Kang et al., 2006; Hansen et al., 2005), peening
(Haagensen and Maddox, 2001), TIG treatment (Haagensen
and Maddox, 1995, 2001), ultrasonic impact treatment
(Statnikov et al., 2002; Tryfyakov et al., 1993), and friction stir
processing (Park et al., 2011).

In the brittle fracture, the safety of the steel structure poses
an issue as the thick weldment is increased following the large
size of a structure which is intended to maximize productivity
and efficiency. With the increases of ships and plant structures
operating under a low-temperature environment, the brittle
fracture safety of the structure becomes another important
issue. An et al. (2011, 2014) performed a large scale brittle
fracture test for various thicknesses in order to find out factors
affecting unstable fracture by applying high-heat input weld-
ing and low-heat input welding. In addition, they investigated
the effect of residual stress on the unstable fracture by
measuring residual stress distribution (Luo, 1997; Park et al.,
2014b) according to each welding process. They found out
that crack propagation path, which was generated during un-
stable fracture, was largely affected by the residual stress ac-
cording to heat input welding. The residual stress towards
thickness particularly affected the crack propagation path
greatly. Therefore, the measurement and predication of the
initial and welding residual stress are highly important in order
to evaluate structure safety. In order to evaluate the generation
and propagation of a crack, it is important to measure not only
surface residual stress but also internal residual stress. Surface
residual stress can be measured by X-ray method (Birkholz
et al., 2004), hole drilling method (Sicot et al., 1999), etc.
while internal residual stress can be measured by neutrons
(Okido et al., 1999; Woo et al., 2000), deep-hole drilling
(Smith et al., 2000; Mahmoudi et al., 2009), inherent strain
(Murakawa et al., 1996; Prime, 2001), and contour method
(Ueda et al., 1986). In this study, neutron method was used to
measure internal residual stress. The above studies were car-
ried out on the effect of initial stress and welding residual
stress on the structure. However, these studies are mixed in the
initial stress and the welding residual stress, and it is unclear
how the initial stress affects the welding residual stress.
Therefore, it is necessary to study the effect of the initial stress
on the magnitude and influence range to welding residual
stress.

In this study, in order to investigate the effect of initial
stress induced during the manufacturing of steel material on
the welding residual stress, initial stress was measured and
analyzed for steel plates having a thickness of 25 mm and
70 mm. Thermal elasticeplastic FEM analysis was performed
by setting initial condition as measured initial stresses to
investigate the effect of initial stress on the welding residual
stress. Further, two types of initial stresses and welding re-
sidual stresses were measured using neutron method and FE
results compared with measured results in order to validate the
reliability of FE analysis.
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2. Measurement and analysis of initial stress

Initial stresses were measured for the flat plates having a
thickness of 25 mm and 70 mm to validate the effect of initial
stress on the welding residual stress, and the measured initial
stresses were reproduced with the FE analysis. The specimen
with a thickness of 25 mm had a width of 280 mm and length
of 100 mm, while the specimen with a thickness of 70 mm had
a width of 400 mm, and length of 200 mm. The physical
properties of two steel specimens and welding wires are shown
in Table 1. FCAW welding was applied for both specimens
and the detail of the welding condition is tabulated in Table 2.
Fig. 1 shows a micro cross-section of steel plates having a
thickness of 25 and 70 mm. The material having a thickness of
25 mm has 9 layers and 13 passes, while the material having
thickness has 21 layers and 60 passes.

Fig. 2 shows initial stress which occurs during the
manufacturing of steel material. In order to measure the initial
stress, a portion sufficiently distanced from the welded zone
was selected. First, strain gauges were attached to both sur-
faces of the test specimens and specimens were taken about 5
times longer than the thickness so that the initial stress in the
thickness direction could not be released. The strain gauge was
attached to the surface in the following thickness direction,
and then the strain gauge to be released was measured. The
initial stress can be calculated by multiplying the measured
strain gauge by the Young's modulus.

As initial stress, initial compression stress at around 200MPa
occurred at the surface of specimen, while initial tensile stress at
around 150 MPa occurred in the middle of the specimen inside.
The magnitude of the initial stress was around 40% of the yield
stress of specimen. Initial compression stress on the surface
occurred while the surface was cooled faster than the internal
part in the course of cooling, which was evenly increased in the
steel material duringmanufacturing.Meanwhile, the reasonwhy
the shape of the initial stress was almost constant at the center of
the thickness as thickness was increased was because the tem-
perature inside could not be cooled towards the outside as the
thickness of the material was increased. Further, the magnitude
and distribution of the initial stress towards the roll press (rolling
roll) and vertical direction were similar.

As mentioned above, a special heat treatment is assumed to
produce the initial stresses before welding for two specimens.
The entire model was slowly heated at more than 600 �C and
then it was cooled using cold water to the room temperature in
the ambient air. During heating, the heat exchange between the
atmosphere of furnace and the surface of specimen is
considering using Newton's law. During cooling, the all sur-
face of specimen is forcedly cooled by water and the used heat
transfer coefficient is Fig. 3 (Ueda et al., 1986) in heat elastic

plastic FE analysis. The material properties and mechanical
properties according to temperature changes are shown in
Fig. 4. These material properties were also used in the thermal
elastic plastic FEM analysis, which occurred during welding.
Figs. 5 and 6 show the entire model and distribution of the
cross-section of initial stress for materials having a thickness
of 25 mm and 70 mm. The results showed that compression
residual stress occurred on the surface and tensile residual
stress occurred inside as in the measured initial stress. The
initial stress occurring through thickness is presented in Fig. 7.
The results are well-matched with the measured results in both
specimens having thicknesses of 25 mm and 70 mm. From the
above results, the measured initial stress could be reproduced
through thermal elasticeplastic FE analysis.

3. Effect of initial stress on the welding residual stress

Thermal elastic plastic FE analysis carried out in order to
verify the effect of initial stress on welding residual stresses.
The initial stresses obtained after heating treatment FE analysis
were read as the initial condition before welding FE analysis.
The size of the specimen and welding condition (Table 2) are
the same as the model in Chapter 2, and 1/2 model was used
upon considering the symmetry of the model. An isotropic
hardening plasticity model was used. It is setting to zero the
plastic stains at the temperature above 1200 �C. Fig. 8 shows the
sequence and layers of welding and the boundary condition for
bothmodels. The specification of the computer employed in this
analysis is as follows: the CPU is an Intel Core™ i7-5775C
3.30 GHz processor, the memory is 16 GB, and the GPU is an
NVIDIA GeForce GTX 960 processor having 1024 computing
units. The size of the specimen was determined by considering
the measurement limits of the neutron equipment used in this
study. As a result of the preliminary analysis through the ther-
mal elastic plastic analysis before the experiment, the initial
stresses only affect the vicinity of the welded part, so the size of
those specimens is appropriate.

Figs. 9 and 10 shows the distribution ofwelding residual stress
in welding direction as contour band according to the consider-
ation of initial stress for thicknesses of 25 mm and 70 mm. The
overall distribution of weld residual stresses is almost identical
without initial stress relationship. However, the stress distribu-
tion at the cross-section of the center of thewelding joint showed
some different according to the distance from the welding joint.
This is because the initial stress near the weld zone is completely
eliminated by the welding heat, and the residual stress is gener-
ated by the mechanical behavior caused by the welding. How-
ever, the area distanced from the welding zone was affected by
the initial stress. Particularly, the distribution of initial stress at
the cross-section at the central zone was different in terms of
distribution and magnitude of the initial stress.

Fig. 11 shows the initial and weld residual stresses in the
welding direction at z ¼ 0, 12.5 and 25 mm in the thickness
direction in a model with a thickness of 25 mm. Though the
distribution and magnitude of tensile residual stress near the
welding zone were not affected by the initial stress, as it was
distanced from the welding zone, it was clearly affected by the

Table 1

Properties of base metal.

Thickness (mm) Material Remark YP(MPa) TS (MPa) EL (%)

25 mm EH47-grade Steel 490 590 21

70 EH40-grade Steel 390 530 21

Consumables 570 610 19
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initial stress. In the case of the initial stress for compression
stress, it was greater by around 180 MPa compared with that
case where initial stress was not presented. However, if the
initial stress was tensile stress, there was no significant change.
Further, the effect of the initial stress was apparent by zone
until around 60 mm from the fusion line.

Fig. 12 shows the initial and weld residual stresses in the
welding direction at z ¼ 0, 35 and 70 mm in the thickness

direction in a model with a thickness of 70 mm. It was not
affected in the zone of tensile residual stress as in the case of
butt welding joint having a thickness of 25 mm, but it was
gradationally affected in the zone of compression residual
stress. Maximum compression stress was affected more by
around 20 MPa compared with the welding joint having a
thickness of 25 mm. Further, the range which received initial
stress was broadened until the zone that was wider by around
20 mm than the welding joint having a thickness of 25 mm. It
was because the welding joint having a thickness of 70 mm
had a broader tensile residual stress.

From the results of the thermal elastic plastic FE analysis,
final residual stress according to the relationship between the
welding residual stress and the initial stress can be predicted in
three cases as follows. Fig. 13 shows how to predict the final
residual stress from the relationship between initial stress
(tensile or compressive) and weld residual stress. In the case of
Fig. 13 (a) where the initial stress is compressive stress, the
final residual stress can be predicted by adding the initial re-
sidual stress to the welding residual stress. When the initial
stress is tensile stress, it is classified into two cases. When the
welding residual stress is changed as tensile stress to
compressive stress as shown in Fig. 13 (b), the final residual
stress can be predicted by adding the welding residual stress as
much as the initial tensile stress. However, if the welding re-
sidual stress is in the compressive stress range, the final re-
sidual stress can be predicted by adding it gradually to the
secondary parabolic shape from the welding maximum stress
to the welding zero stress as shown in Fig. 13 (c).

4. Measurement of welding residual stress and discussion

Residual stress was measured using a neutron method in
order to validate the results obtained by thermal elastic plastic
FE analysis, while the experiment result was compared with

Table 2

Welding conditions.

Thickness (mm) Welding Process Welding consumables Shield gas Current Voltage Speed Heat input No. of Pass/Layer

25 FCAW SF-36E (NSSW) 100% CO2 255A 32V 30CPM 15~17 kJ/cm 13/9

70 60/21

Fig. 1. Cross-sectional macrostructure of: (a) thickness ¼ 25 mm and (b) thickness ¼ 70 mm.

Fig. 2. Distributions of initial state stresses along the x, y directions in the base

steel plate.

Fig. 3. Convection constant of steel in cool water.
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Fig. 4. Temperature dependent material properties.

Fig. 5. Distribution of initial stress (Sxx) in thickness, 25 mm.
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the FE analysis result. The reliability for the measurement of
the neutron method is mentioned in detail in the published
reference Jiang et al. (2013) by the authors. The residual stress
is measured by neutron diffraction method using the change of
the interplaner spacing of the lattice plane when elastic stress
loads on each grain constituting the material. Neutron beam
scatters in various directions due to atom but neutron beam can
be expressed by Bragg's law under atom regularly arranged in
three dimensions as follows.

2d sinq¼ nl ð1Þ
Here, d: the interplaner distance of the lattice plane, q: the

diffraction angle, and l: the wave length of the neutron.

ε¼ Dd=do¼ do� d=do¼�cotqo*Dq ð2Þ
Here, Dd: the difference of the interplaner distance of the

lattice plane (do-d), do: the initial interplaner distance of the
lattice plane without stress, Dq: the difference of diffraction
angle, qo: the initial diffraction angle without stress.

Diffraction angle is changed according to changing the
interplaner distance of the lattice plane due to residual stress or
load stress. Rewritten by differentiating Eq. (1), strain (ε) is
equal to the following expression as Eq. (2). Strain (ε) can be
calculated by measuring the difference of the interplaner dis-
tance of the lattice plane or diffraction angle. Therefore, when
we measure the residual stress using neutron diffraction
method, we should measure the initial diffraction angle (qo)

after stress relief. Finally, residual stresses can be obtained
using Hook's law to multiply the measured strains to Young's
modulus (E).

Fig. 6. Distribution of initial stress (Sxx) in thickness, 70 mm.

Fig. 7. Distribution of initial stress through thickness direction.

Fig. 8. Geography of analysis model and boundary condition.
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Fig. 9. Distribution of residual stress in welding direction considering with/without the initial stress at thickness, 25 mm.

Fig. 10. Distribution of residual stress in welding direction considering with/without the initial stress at thickness, 70 mm.

Fig. 11. Distribution of residual stress of welding direction through thickness

at thickness, 25 mm.

Fig. 12. Distribution of residual stress of welding direction through thickness

at thickness, 70 mm.
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Fig. 14 shows the results of the FE analysis result and the
measured residual stress by the neutron method through
thickness in welding direction (a) and in width direction (b) at
y ¼ 5, 12.5, 20, and 35 mm from the center of welding line.
The results are presented as FE analysis results (A) where
initial stress was not considered, FE results (,) where initial
stress was considered, and measurement results (△) using
neutron method for the comparison.

First, in the case of welding residual stress towards welding
direction (Fig. 14 [a]), the distribution of welding residual
stress at the welding joint showed that tensile stress occurred
in general, and then maximum stress occurred below the last
welding pass. As distanced from the welding joint, tensile
stress was decreased, and then compression residual stress

occurred at y ¼ 20 mm as a whole. Compression residual
stress occurs to establish equilibrium with tensile stress at the
welding direction. Further, welding residual stress distanced
from welding joint, if initial stress was considered, was well-
matched with the experiment results. The shape of stress
distanced far occurred as tensile residual stress at the inner
side due to the influence of initial stress, while compression
residual stress occurred near the surface. From these results, if
initial stress is not considered though welding residual stress
can be predicted, the results may be entirely different if
distanced from the welding joint.

Considering the residual stress in the width direction
(Fig. 14 [b]), tensile residual stress occurred in the first weld
layer. This is because the first weld layer restricts the

Fig. 13. Prediction of final residual stress from the relationship between initial stresses and welding residual stresses.
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shrinkage caused by the next welding. These effects were up
to y ¼ 20 mm. The effect of initial stress in width direction is
that welding residual stress is dominant near the welding joint.
Residual stress is partially dominant if distanced from the
welding joint, and then initial stress governs once distance is
increased more than any arbitrary threshold.

Fig. 15 shows the residual elastic stresses by thermo-elastic
plastic FE analysis and neutron method in the welding

direction (a) and width direction (b) of thickness, 25 mm and
70 mm. The results are presented as FE analysis results (A)
where initial stress was not considered, FE results (,) where
initial stress was considered, and measurement results (△)
using neutron method for the comparison.

The residual stress in welding direction (Fig. 14 [a]) was
gradually increased upon ascending from the root to the final
layer due to the constraint in the welding metal, which was

Fig. 14. Distribution of residual stress of welding direction with initial stress at thickness, 25 mm.
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welded first. On the other hand, the residual stress at y¼ 60 mm
from the welded part was affected by the initial stress and
occurred similar to the initial stress form. Fig. 15 (b) shows
welding residual stress inwidth direction from thewelding center
towards width. At the center of the thickness, the compression
residual stress was �200 MPa, while at both surfaces, a tensile
residual stress of 200MPa occurred.Meanwhile, when distanced
from the welding joint, welding residual stress occurred similar
with an initial stress by the effect of initial stress.

From the above results, it was clear that welding residual
stress was dominant at the welding joint, while initial stress
was dominant when distanced from the welding joint. The
transition region, which varies from the maximum compres-
sive residual stress to the initial stress, varies from 60 to
80 mm from the weld, depending on the thickness of the
member. The results of the neutron method are in good
agreement with the results of the thermal elastic plastic FE
analysis considering the initial stress except for the residual

Fig. 15. Distribution of residual stress of welding direction with initial stress at thickness, 70 mm.
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stress of 25 mm in thickness in welding direction and 20 mm
away from the weld.

5. Conclusion

In order to investigate the effect of the initial stress gener-
ated during the manufacturing of steel material, initial stress for
the material having a thickness of 25 mm and 70 mm were
measured. Thermal elastic plastic FE analysis for butt welding
was performed with the initial stress obtained as above as an
initial condition. In addition, the initial stress was measured
using neutron method and both results were compared. The
comparison results induced from this study are as follows:

1) Initial stress which occurred during the manufacturing of
steel material was measured, and the cooling process
which was similar to the manufacturing process of the
steel was performed through thermal elastic plastic FE
analysis. The results were well-matched with the results
obtained by the neutron method.

2) Thermal elastic plastic FE analysis and measurement result
by neutron method revealed that initial stresses near the
welding joint was re-melted by the welding, and was finally
governed by the welding residual stress. However, initial
stresswasmore dominant as distanced from thewelding joint.

3) The effect of initial stress on the maximum compression
residual stress was far larger when initial stress was
considered in case of a thickness of 25 mm with a value of
180 MPa, while in case of thickness at 70 mm, it was
200 MPa. The increase in compressive residual stress is
almost the same as the initial stress. However, if initial
stress was tensile, there was no significant change in the
maximum compression residual stress.

4) The range in which the initial stress affects the weld re-
sidual stress was not changed by the initial stress. How-
ever, in the region where the initial stress occurs in the
compressive stress, the magnitude of the weld residual
compressive stress varies with the compression or tension
of the initial stress.

5) Initial stress measured by the neutron method were well-
matched with the results obtained by thermal elastic
plastic FE analysis which considered initial stress, proving
the reliability of the FE analysis results.

6) Three types of methods are proposed to predict the final
residual stress from the relationship between welding re-
sidual stress and initial stress (tensile or compressive).
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