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Abstract

Numerically efficient and user-friendly modelling of component distortions is the key for
enabling numerical design of thin-plate structures accounting for welding distortions. This
especially concerns large structures, e.g., bridges or ship panels. The direct description of
inherent strains is a method for introducing inherent strains into a commercial finite element
solver. The presented version utilizes thermo-mechanical local modelling with 3D solid
elements in Abaqus as a source for the inherent distortion fields. The resulting inherent
strain fields are post-processed and subsequently applied to a low-fidelity component
model utilizing 3D thin shell elements in Abaqus. The new direct description method of
introducing the inherent strain fields for thin shell elements is presented in this paper, and
it shows promising results.

Keywords: welding distortions; finite element simulations; inherent strain method;
thin-plate structures; thin shell elements

1. Introduction
Welding deformations readily occur in welded thin-plate structures, and they are a

critical factor influencing production/construction, acceptance criterion for weld defects
and structural performance. Accurate, computationally efficient, and user-friendly methods
for modelling of component distortions is one key element for enabling numerical design
of thin-plate structures accounting for welding distortions. The concept of inherent strains
bulks and quantifies the in-elastic strains, which are considered to cause distortions [1,2].
The inherent strains method allows for applying the result of a thermo-mechanical process
without the need to model the entire thermo-mechanical history. In turn, the inherent
strain method allows for computationally efficient simulations of complex structures, and
it is extensively used in residual stress analysis and distortion analysis. Large structures
comprising multiple welds, especially thin-plate structures, provide a numerical challenge,
as the thickness of the plates constrains either the size of the idealized model or the
resolution of the model, i.e., limiting the element size. Marine structures such as ships
have motivated previous research on this topic, prompting techniques for introducing
inherent strain into computationally efficient 3D-shell element meshes, e.g., refs. [3–5]
implemented the layered approach into an in-house finite element solver. Another example
is Qweld [6,7]. Commercial code implementations include the implementation of the
layered approach [8–10] or strain as a direct boundary method [11]. The novel approach

Eng. Proc. 2026, 151, 32 https://doi.org/10.3390/engproc2026151032

https://crossmark.crossref.org/dialog?doi=10.3390/engproc2026151032&domain=pdf&date_stamp=2026-08-18
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/engproc
https://www.mdpi.com
https://orcid.org/0000-0001-7826-5568
https://doi.org/10.3390/engproc2026151032


Eng. Proc. 2026, 151, 32 2 of 9

proposed in the present work for describing the three-dimensional distortion field using 3D
shell elements is based on the well-known inherent strain theory, with a direct description
of both the uniform and through thickness variations in the in-plane normal inherent
strains. The main focus of this paper is the implementation and demonstration of an
efficient method for introducing inherent strains into 3D shell element models. The method
is implemented in the commercial finite element code Abaqus via a UEXPAN subroutine to
impose the inherent strain field on the 3D shell elements. High-fidelity thermo-mechanical
local modelling using 3D solid elements in Abaqus is employed as the source of the inherent
distortion fields. The resulting inherent strain fields are post processed and subsequently
applied to a low-fidelity component model utilizing 3D thin shell elements in Abaqus.
The new implementation for describing inherent strain fields in thin shell elements shows
promising results and is validated against experimental distortion measurements from a
two-pass thin-plate fillet T joint.

2. Materials and Methods
2.1. Experimental

The experimental work consists of four specimens comprising a 70 mm wide × 150 mm
long and 5 mm thick extruded 6082 aluminum plate, denoted P1, welded to the middle
of a 150 mm wide × 150 mm long and 5 mm thick extruded 6082 aluminum plate, herein
denoted P2. The geometry is visualized in Figure 1, wherein the weld is highlighted as
the red section. The plates were welded together by GMAW (Gas Metal Arc Welding) by
a two-pass fillet and using a 5183 welding wire. The welding parameters used were the
following: a wire feed rate of 8.6 m/min, a current of 154 A, and a voltage of 18.4 V. The
plates were left to cool for 600 s between the two passes.

 

P2 

P1 

Figure 1. The nominal specimen geometry, showing the fillet weld in red.

2.2. Numerical
2.2.1. Themo-Mechanical “High-Fidelity” Model

The numerical work consists of two parts; the first part is a “high-fidelity” finite
element simulation which is used as a source for inherent strains that are post-processed
and subsequently applied to the second part, i.e., the “low-fidelity” 3D-shell finite element
model. A brief description of the “high-fidelity” model is provided; however, the focus is
on the “low-fidelity” model and it will therefore remain the primary focus of this paper.

The “high-fidelity” model consists of 3D solid finite elements in an uncoupled-thermo-
mechanical model. The finite element mesh is shown in Figure 2, and the mesh is refined
towards the welded zone. The “high-fidelity” thermo-mechanical modelling framework is
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not fully optimized, and due to this several simplifications were used: The base material
(light grey) and the weld material (green) are provided with the same thermo-mechanical
parameters. For the heat transfer simulation, the materials were given the density of
2.7 × 10−3 g/mm3, the thermal conductivity of 0.120 W/mmK and the specific heat of
0.9 J/gK. For the mechanical simulation, the materials were given a constant thermal
expansion coefficient of 2.66 × 10−5 1/K, and a thermo-elastic–plastic material model
was applied. The content of the J2-dependent thermo-elastic–plastic material model is,
at the time of writing, unpublished work, and will be disseminated at a later date. Time-
dependent progressive element activation was used in both the heat transfer simulation
and the thermo-mechanical simulation, and the rate of activation corresponded to the
(room temperature) volume of filler wire added per second. The heat source was modelled
as the commonly employed Gaussian volumetric heat source via DFLUX subroutine [12].

Figure 2. 3D solid finite element mesh, whereas the fillet mesh is colored green.

2.2.2. Direct Description of Inherent Strains

The direct description of inherent strains is a method of implementing the venerable
inherent strain method into a commercial finite element solver. Similar to the layered
approach, this method assumes that the distortion field (longitudinal shrinkage, transverse
shrinkage, longitudinal bending and transverse bending) may be modelled with the in-
plane strains. Figures 3 and 4 depict the application of in-plane normal strains; whereas,
Figure 3 depicts the direct description method, and Figure 4 depicts the layered approach.

 

Figure 3. Application of through-thickness strain gradient using the direct description.
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Figure 4. Application of through-thickness strain gradient using the layered approach, shown here
for 5 layers.

In both figures, the strain field is shown to the left, while the discretization of the
strain field with the respective method is shown to the right of the equal sign. In the case
of direct description method, the strain field is discretized as a uniform part, εu, and a
part representing the gradient εg. The former part contributes to the shrinkage while the
latter contributes to the out of plane bending. Here the gradient is assumed to vary linearly
with respect to the curvature κ. In the case of the layered approach, the strain field is
discretized as stacked layers; whereas, the magnitude (strain) is determined by the strain
value sampled at the middle of the layer. A common way of applying the layered strains is
to utilize “composite lay-up” with individual thermal expansion coefficients.

One benefit of the layered approach is that there is no need for any implementation of
subroutines; however, it is significantly more cumbersome to apply the inherent strains as
each layer for each considered element must be described with unique thermal expansion
coefficients. However, bulking the behaviour of elements would reduce the number of
assigned coefficients.

In Abaqus, the direct description method requires the implementation of a user sub-
routine, and the simplest method is to utilize a UEXPAN, and an incremental formulation
is derived here. A coordinate system is oriented with the X-direction parallel to the weld
direction, and the Y-direction parallel with the in-plane perpendicular direction. The
Z-direction is parallel to the out of plane normal (see Figure 5). The user subroutine is
formulated around using the middle of the plate thickness as the reference Z-position.

 

Figure 5. Plate coordinate system.

A scaling parameter was employed to ensure stability of complex structures. This
scaling parameter, φ, linearly varies with respect to time between the initial activation time,
ta, and the fully activated time, ts so that φ = 0 at ta and φ = 1 at ts. UEXPAN does not
provide any direct information on the position of the section point, and it requires the
derivative of the thermal strains with respect to the temperature to construct the tangent
for Newton–Raphson iterations. The former can be circumvented by applying a unit
temperature gradient to the shell element, which in turn turns the section point temperature
equal to the section point Z-position. Regarding the latter, a uniform temperature equal to

https://doi.org/10.3390/engproc2026151032
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the φ is assigned to the midsection, Tm, such that Tm = 0 at ta and Tm = 1 at ts. Figure 6
depicts the applied temperature field for a given element.

 

Figure 6. Plate neutral axis and the applied temperature gradient.

The applied uniform temperature offsets the temperature gradient, and the position of
the section point may then be found by:

z =
Ts − φ

φ
(1)

Here, z is the section point Z-coordinate and Ts is the temperature of the section
point. The total applied inherent strain of the section point in the x-direction, εx, can be
found using:

εx = εx,u + z·κx (2)

Here, εx,u is the uniform strain component in the x-direction, and κx is the curvature in
the x-direction. The total applied inherent strain of the section point in the y-direction, εy, is
found using a similar expression, however the components are replaced with the respective
y-direction counterparts:

εy = εy,u + z·κy (3)

The increment in the scaling factor is ∆φn+1 = φn+1 − φn, and its computation is
constrained to ensure that the sum of all the increments in scaling factors between ta and ts

remain 1, further that the sum remains 1 for t → ∞ .

∆εx,n+1 = ∆φn+1εx (4)

∆εy,n+1 = ∆φn+1εy (5)

Lastly, the derivative of the strain components with respect to temperature, is found
by applying a numerical perturbation scheme.

2.2.3. 3D Shell “Low-Fidelity” Model

The low-fidelity model was established using 10 mm × 10 mm S4R elements, except
for the outer row that was 10 mm × 15 mm S4R elements (see Figure 7). A local material
coordinate system is applied to the model to ensure that the inherent strain is correctly
applied, and the shell element normal is set parallel to the material Z-direction. The
latter part is conducted to ensure that the applied temperature gradient shown in Figure 6
correctly describes the Z-position. The elements are given an elastic modulus of 70,000 MPa
and a Poisson’s ratio of 0.3. The inherent strain field applied to the model is applied to
each row spanning out from the welded joint. Only two of four inherent deformations
were applied to the model, namely the transverse shrinkage and transverse bending.
Longitudinal shrinkage and longitudinal bending were not considered in this work.

https://doi.org/10.3390/engproc2026151032
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Figure 7. The shell element mesh of the “low-fidelity” model.

3. Results
The welded specimens were quite consistent. One of the specimens was selected for

measuring the out of plane distortions of P2. The experimental results are shown in Figure 8.
A local coordinate system was applied to one of the corners of P2, and the measurements
were expressed in the local coordinate system to quantify the distortions. This coordinate
system corresponds to the coordinate system of Figure 5 with the origo placed in the bottom
left corner. The Z-axis are purposely not in scale to emphasize the out of plane distortion.
The relative distortions are significant with a maximum value approaching 5 mm. Both
transverse bending and longitudinal bending are visible in the results.

Figure 8. Out of plane distortions of the P2 plate.

The results of the “high-fidelity” thermo-mechanical model is shown in Figure 9. The
out of plane distortion reaches a magnitude of 3 mm to 4 mm on the right edge of P2. Both
longitudinal and transverse bending are visible in the figure.

https://doi.org/10.3390/engproc2026151032
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Figure 9. Numerical results from the “high-fidelity” model depicting displacements in the Z-direction.

The results from the “low-fidelity” model are shown in Figure 10. Here, it is seen
that the model does not describe any longitudinal bending, and a maximum deflection of
4.2 mm is estimated.

Figure 10. Numerical results from the “low-fidelity” model depicting displacements in
the Z-direction.

4. Discussion
The “high-fidelity” model is clearly not optimized. The out of plane distortion is

underestimated by about 20%. However, the model can reproduce the visible trend, i.e.,
longitudinal bending in addition to transverse bending. The lack of differentiation between
the 5183 welding wire and 6082 plate material and using “generalized” parameters for
aluminum are substantial sources of errors. The lack of optimization is strictly due to
the down priority of the model, as the development, implementation and debugging of
the “low-fidelity” model has been the focus of the current work. When comparing the
“high-fidelity” and “low-fidelity” models it is apparent that the “low-fidelity” models
over-estimate the out of plane distortions based upon the results from the “high-fidelity”
model. To investigate this, a simplified benchmarking model was established. The model
consisted of five shell elements (1 × 1 size), and element 1 (from the left) was given a
negative curvature of 0.05, and the fourth element was given a positive curvature of 0.05.

https://doi.org/10.3390/engproc2026151032
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The analytical solution to this problem is an upward deflection of 0.15 mm, and a zero
angle of the fifth element. The deflection is clearly captured by the elements as seen in
Figure 11, as well as the zero angle for the fifth element.

 

Figure 11. Simplified benchmark model.

This indicates that the post-processing procedure might have introduced errors into
the applied inherent strains. Further, mathematically, the direct description of inherent
strains is capable of reproducing the exact same deformation modes as the layered approach,
meaning that for a given inherent strain field the resulting deformation field will be equal
using either method. In addition, current frameworks utilizing the layered approach may
be adapted to use the direct description with little effort.

5. Conclusions
A new method of introducing inherent strains into 3D shell element models was

proposed. The method is mathematically capable of describing the same deformation
modes as the layered approach and may therefore be easily implemented into current
modelling frameworks. There was a discrepancy between the experimental and numerical
results, and the non-optimized 3D solid thermo-mechanical model which is used as a
source for the inherent strain is a major contributor to the accumulated error. Further, the
omission of longitudinal bending, and the post-processing procedure contributed to the
discrepancy between the two numerical models. It is evident that future work is required
on optimizing the source of inherent strains, i.e., the 3D solid thermo-mechanical model,
and that a more robust post-processing script is required.
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