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Abstract: In this paper, the inherent strain method is employed for the purpose of predicting welding residual stresses in large shell
structures. Such structures include roof structures in the construction industry and deck sections in the shipbuilding industry. The study
focuses on the numerical aspect of the inherent strain method, with the objective of investigating the most appropriate technique for
transferring analytically calculated inherent strains into the elastic finite element model of the structure. The approach under consideration
takes into account the thermally induced stresses, to the extent that they are considered to be significant for the structures and their
behaviour in question, with the objective of determining the field of welding residual stresses over the entire structure (macro-scaled). The
work proposes theoretical parameters for the alignment of finite element meshes within the weld seam domain. The discussion in the
conclusion encompasses the general application capabilities, limitations, and challenges for further development.
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1. Introduction

Stiffened shell structures are now being increasingly used in
different sectors of industry like shipbuilding, construction industry,
etc. The structure typically consists of a thin outer skin and, if
applicable, inner skin, which is stiffened by longitudinal and
transverse stiffeners. This structural design enables extremely
efficient and material-minimized built up. Due to the use of slender
metal sheets, the buckling influence needs to be taken into account.
A geometrically and materially nonlinear analysis [1] of the
imperfect shell corresponds to the theoretically highest degree of
realism. The quality of proofs depends decisively on whether the
imperfections introduced into the computational model adequately
describe the effect of, in particular, the welding residual stresses and
distortions, of real structures [2]. For this purpose, in general, more
appropriate is not the stress distribution in a small vicinity of the
weld, but rater than the stress field over the whole structure. It
means that more relevant is not the local maxima but their integral
values, i.e. the tensile and the compressive loaded domains.

Today, it is basically possible to reliably predict welding
residual stresses by means of thermo-mechanical numerical welding
simulation [3, 4, 5], denoted also as transient thermal, metallurgical
and elastic-plastic mechanical analysis (TMMA). The extensive
modeling and computational costs, however, prevent its practical
application. It becomes even more inapplicable if the aspects of
component assembling and their accompanying measures, e.g.
thermal or mechanical straightening operations, should be taken
into account. The employment of the inherent strain method, first
suggested by [6], enables to overcome these difficulties and to serve
practicable simulation tools. Today this method is generally used to
predict the welding distortions. Hence, there is a demand for its
development concerning the prediction of welding residual stresses.

The essence of the inherent strain method is the loading the
finite element (FE) model of the structure with initial strain, tendon
forces, etc., and running a simple elastic analysis. Usually, elastic
shell elements are used for modeling the structure. The inherent
strain is the residual irreversible strain arising in a vicinity of the
weld. It can be estimated either experimentally/analytically, or
using numerical or analytical models [7-17]. The relevance of the
analytical models is due to an easy-to-use and fast solution it offers.
Hence, the concept of analytical-numerical hybrid model for
distortion prediction [18-20] will be followed in this work.

The material of regarded structures is either non-alloyed or
austenitic structural steel and the applied welding processes (gas
metal arc welding, submerged arc welding) are generally
characterized by slow cooling rates. Thus the phase transformations
in the heat affected zone have very limited significance. Therefore,
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it is assumed that the thermally induced stresses are reasonable for
the regarded applications.

The scope of this work is to propose an applicable analytical-
numerical method for simulation of thermally induced residual
welding stresses in large shell structures. It is supposed that this
method shall enable in addition a coupling with different models,
such as for calculation of the load-carrying capacity of welded
structures.

2. Theoretical background of the approach

As stated above, in this work the inherent strain is assumed to
be equal to the plastic strain and acts in the plastic deformed zone.
The plastic strain depends on the temperature distribution, the
thermo-mechanical material properties and the reaction of structure
- structural stiffness and initial stress. The analytical solution, e.g. in
[20] enables to take into account all relevant influences. Thus it
allows an accurate calculation of the plastic strain distribution. But,
by the large structures the FE mesh must be rather coarse and the
plastic deformed zone is presented usually by only one or two rows
of elements along the weld path. It means that the plastic strain
components must be transferred into the FE-model as integral
values (sketched domain on fig.1). This aspect must be taken into
account by the formulation of the working hypothesis.
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Fig. 1 Sketch of the numerical experiment: a) transverse distribution of

the plastic strain mapped on the FE-model (points are the element
nodes) and b) kinetics of the accumulation of longitudinal plastic strain

a)

After revision of the theoretical models [21-25] it could be
found a strong relation between some characteristic points of both
the plastic strain distribution and the residual stress distribution.
Here, more critical appears to be the distribution of longitudinal
stress, because of the rather higher gradients. The point (transverse
distance from the weld axis) of transition from tensile to
compressive residual stress corresponds to the point (A;) where the
plastic strain differs from null, see fig. 1. The point where the
plastic strain attains its maximal value is very close to the point (A,)
where the tensile residual stress correlates with the yield limit. The
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leading hypothesis of this work is therefore to take into account
these two points by the calculation of stress distribution.

3. Calculation of inherent strain and A; and A,
coordinates

The inherent strain is assumed to be equal to the sum of plastic
strain £ and residual strain ¢, if any, represented by the equation:

e=e +eP +e™

where &' and £" are the elastic and thermal strain respectively.

Applying an analytical solution, e.g. in [20], which is derived
from the shrinkage volume model suggested from [21-25] the strain
components can be calculated as follow.

e longitudinal shrinkage volume v,:

” p'dxdz—sj ”‘ gt

e transverse shrinkage volume v, :
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In case of welding of flat and relatively width sheets, i.e. with
very high stiffness [23, 8, 15, 25], the residual strain is equal to
zero. The simple form is than given by the equation:

e
— th)y.th
pz Ix(gm )dgm -
f

VPZ

v, = g:bpzs and

2
2\/;;[ [ (pcvsfj thzJ+1 1 dey

+gy2)z

&y =& —&= _(gv ~&ini —éy1 _(8Y ~Eini _Sy)
where &y is the strain at yield point and & is the residual caused by

the limited stiffness of the structure. Thus:
& =& +&yTe, and g, = 2(.9Y + ey)

Hereby the Lamberd function Wy(u) can be solved using either
Fritsch’s or Halley’s interpolation, combined with Newton’s
method [26].

The transition between tensile and compressive stress
corresponds to the point where plastic strain goes to zero, i.e. point
A;. The strain equation for longitudinal component, i.e. the weld
axis aligns to Y-axis, either straight or curved, becomes:

CY +8y +8ini = aATm (bpz,O)

However, if sheets have a curvature along the weld their
stiffness is limited and therefore the residual strain differs from zero
[27, 28]. To simplify the expression it can be introduced by
functions Kg;=f(R,s), applied to the strain vector components, i.e.
entity. Here R and s are the radius of curvature and sheet thickness
respectively. Thus, the residual strain along the sheet curvature can
be written as follows:
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In that case the proportion function Kg;=f(R,s), can be determined
by the moment of inertia equation, considering the stiffness of the
curvature, as follows:
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In addition, a limited stiffness of flat sheets as well as a
presence of initial strain also contribute to the inherent strain, s.
[20], but in the current study these will be neglected due to the
reasonability of the considered welded joints. Hence, in a first
approximation, the point A; can be calculated by equalizing the
maximal thermal strain to the yield strain and analogues the point
A, — to two times to the yield strain.

2
2
__P x[_aq 1
=—_[|W,| = +1| -1+
2\/; O[Ee(pcvsJ (& +gmi+gk)zJ

2 aq 1 2
1-p)|£4 -
+i-p \/71'6‘ pev (e, +&,+8,) .

and
2
x| aq 0.25
Wo| S| — | ——=
me\ pcvs (gY + &

2\/} )J+1 -1+

0.5 2

2 aq _

]_ =
+i-p \/ne pev (e, +2.)

where z, = s/2 for the middle surface in case of thin sheets, & is the
strain caused by limited stiffness and is usually equal to zero, p is
the weld form factor that depends on the process and becomes 1 for
deep penetration weld, i.e. line heat source, and near O for surface
weld of relatively thick wall joints, i.e. point heat source.

3. Approval of the working hypothesis

To prove the reasonability of this hypothesis a simple numerical
experiment is considered. Assuming a known distribution of the
plastic strain we try to load it as an integral value on different FE
meshes (shell FE model). In this trial we will keep the width of the
target elements equal to the width of the plastic zone (by,) at its
centroid, i.e. the middle point between A; and A,, s. fig. 2. The
width of the other elements (b, see fig. 1) we will vary relative to
it. The results are than compared with the nominal stress
distribution. Here nominal denotes the stress and strain distribution
calculated by benchmark studies using 3D TMMA. The calculation
experiment performed considers a non-alloyed reference structural
steel, e.g., S235J2 with a yield strength of 290 MPa, with thickness
of 5 mm, and a reference parameter of a GMAW process, applying
single-pass double welds. The parameters are as follow: top side:
168+8 A, 20,6 V, 10 mm/s and bottom side: 225+25 A, 26,6 V,
12 mm/s.

The first case represents a butt weld of flat plates, while the
second case represents a butt weld of plates with longitudinal
curvature. For flat plates, the samples are 1 m long and 500 mm
wide, and for curved plates, the weld length is 500 mm and the joint
width is 1 m. These two cases result in different levels of stress
distribution due to the different stiffness of the joints.

The analysis of the residual stress calculation was only
performed on the thermally induced residual stresses in the
longitudinal direction. In the transverse direction of the seam, the
calculations show only marginal residual stresses in both the flat
sheets and the curved shells. The subject of the analyses performed
here is both the mathematically determined transition from the
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tensile to the compressive zone and the stress distribution in the
compressive zone.

In case of welding of flat plates the tensile stress near the weld
are equalized by nearly constant compressive stresses outside this
zone, see fig. 2 and the doted curve of fig.3. For the analytical-
numerical calculation the meshing parameter b, was varied
relatively to the width of the plastic deformed zone b,, starting with
relation ratio from 4/3 the width of by, until 1/4 of it.
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Fig. 2 Cualitative comparison of the calculated welding residual stress fields
(longitudinal stresses) in flat structures using: a) transient thermal
mechanical Simulation and b) the analytical-numerical hybrid model

The results show that, despite the variation, the equalizing
compressive stress remains unchanged, fig.3. In the same time, the
position of the turning point from the tensile range to the
compressive range is highly dependent on the meshing, i.e. bo-
parameter. After adjusting the mesh in the plastic strain range to a
value equal to A; and A, respectively, in that case the 1/4-value, the
analytical-numerical hybrid calculation delivers results that are
approximately the same as those obtained from the TMMA-
calculation. The deviations can be described as marginal.

300 TMMA
250 4/3 bpz
a
S 200 bpz
g 150 —— 3/4 bpz
o 100 —— 1/2bpz
50 | | —— 1/4bpz
0 T i i T
-50
-100
-150
-250 -150 -50 50 150 250
Distance, mm

Fig. 3 Calculated transverse distribution of the thermally induced
longitudinal welding residual stress in flat sheet structures after variation of
by parameter

In the curved specimens (fig. 4), the residual stress fields from
the TMMA simulation show an asymmetrical distribution along the
weld seam. This is due to the inconsistent development of plastic
strain along the seam, which was also observed in the distortion
calculation. The results of the calculations with the analytical-
numerical hybrid model, on the other hand, are symmetrical.
However, this can generally be described as a minor effect.

Both calculations also show a non-linear distribution of the
longitudinal compressive residual stresses in the transverse
direction, see fig.5. The quantitative comparison based on the
transverse distribution of the longitudinal residual stresses in the
center of the specimen illustrates the significance of the hybrid
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model, when adjusting the b, parameter, i.e. nodes location to A;
and A, respectively (fig. 5, curve 1/8 bpz). However, a slight
deviation can be seen between the TMMA (dashed curve) and the
stress curves calculated with the analytical-numerical hybrid model
(1/8 bpz) in the transition area from tension to compression. The
reason for this is primarily the lower mesh density in the analytical-
numerical hybrid model. Better agreement can be achieved by
refining the FE mesh or using shell elements with a quadratic shape
function. However, at small distances from the transition point, the
stress distributions correlate very well.
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Fig. 4 Cualitative comparison of the calculated welding residual stress fields
(longitudinal stresses) in curved structures using: a) transient thermal
mechanical Simulation and b) the analytical-numerical hybrid model
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Fig. 5 Calculated transverse distribution of the thermally induced
longitudinal welding residual stress in curved sheet structures after variation
of b0 parameter

The results clearly show that although the maximum
compressive stress value remains unchanged, the transition point
from tension to compression can be strongly influenced by the
mesh. When the FE mesh is adjusted using parameters A; and A,,
both the continuous and analytical-numerical simulations deliver
virtually identical results.

It is worth mentioning that performing a calculation of the
distribution of residual welding stresses using the analytical-
numerical hybrid model takes seconds and does not place any
particular demands on computer power.

4. Conclusions

The analytical-numerical hybrid model has already been
successfully applied to a large number of components of varying
complexity. However, the focus was on weld distortions. Little
attention was paid to the local stress state in the vicinity of the
seam. However, this influences the load-bearing behavior of welded
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components. Verification of the stresses calculated with the hybrid
model against the results of continuous thermo-mechanical
numerical calculations showed good agreement. To improve this
agreement, a new meshing strategy was suggested and developed.

The study is limited to thin sheet structures, where the plastic
deformed zone penetrate the sheets. Analytical expressions, that
support the determination of the characteristic FE parameters,
specially derived for this purpose is suggested. For thick sheet
structures, additional approval of the analytical expressions is
necessary.

The analytical-numerical hybrid model provides a practical
methodology for calculation of residual stress distribution in large
structural components.

To obtain a proper distribution of welding residual stresses the
finite element mesh must be aligned with the lower limit of the
plastic zone.

The analytical-numerical hybrid model has a great relevance
especially for the practice, because of incomparable calculation
times and power against the common calculation approaches.
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