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ABSTRACT: This paper focuses on designing fillet welds made from high-strength steel (HSS). It presents
a numerical design calculation (NDC) method for assessing weld strength using the regular inclined shell
element model (RISEM) in the finite element method (FEM). NDC uses FEM to design joints according
to standardised procedures. The inclined shell element in RISEM represents the geometry and stiffness of
welds, controlling its stresses in the plane. The paper recommends using a common inclined shell element
with rigid links to accurately represent the geometry and rigidity of fillet welds. A new strength criterion is
proposed based on stresses on the inclined shell element, using maximum equivalent stress as an indicator.
Validation of the method is confirmed by comparing RISEM and test results using finite element (FE)
simulation. Additionally, the weld resistance computed from the equation in prEN 1993-1-8:2020 is also in
good agreement.

KEYWORDS: Numerical design calculation, regular inclined shell element model, high-strength
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1. INTRODUCTION

High-strength steels (HSSs) have become more
prevalent in the steel market in the past few years.
Compared to the traditionally used steel grades,
it performs well in tensile strength, toughness,
and weldability. Steel yield strength is constantly
growing due to the continual development of new
production processes [1]. Many steel industries are
working to develop light and slender constructions of
steel structures having good welding characteristics
and high ductility [2]. HSS is used in a wide range
with a demand for lightweight design of structures
with increased structural performance [3]. It has a
lower deformation capacity, and with increasing the
strength of steel, the loads that have to be transferred
by the welded connections increase in the same
way [4]. Structural integrity is one of the crucial
aspects in many industrial sectors where welding is
a primary technique for connection. It is necessary
to ensure these welded connections' strength and
sufficient ductility and toughness to redistribute
stresses and internal forces when using HSS [5]. The
strength of welded connections can be determined
using classical or finite element analysis (FEA)
based on the details described in the respective
design guidelines [6]. Numerical modelling is a
valuable tool in design practice, providing reliable

results on the proposed system and its components
[7]. Recently developed modelling techniques mimic
the geometry and rigidity of welds for fatigue design
in structural steels. Using weld modelling techniques
can significantly reduce the time and effort required
in fatigue design. However, there currently needs
to be well-established methods for determining the
resistance of welds in structural steels using numerical
design models. The present study addresses this
issue by exploring determining welded connection
resistance from HSS welds using FEM.

The main scope of current work is developing
arealistic, advanced design model for determining
the strength of fillet weld connections of HSSs
for steel construction. In particular, the stresses
acting on the weld profile are considered the most
sensitive components of a welded connection,
and the design model corresponds with it through
FEM. The prEN 1993-1-14:2021 [8] outlines
two methods for finite element analysis-based
design: numerical design calculation (NDC) and
numerical simulation (NS). The volume model
is commonly used in research-oriented numerical
analysis in FEM, while the shell model is preferred
for design-oriented NDC. The NDC models are
used to check the direct resistances of a structure or
part of it for the static design check [8]. The study
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proposes a new strength criterion for transverse
and longitudinal fillet welded connections
based on the NDC of HSS welds. The proposed
strength criterion was validated through physical
experiments and verified by current design
equations. The proposed design model eliminates
the challenges of the volume model and helps
engineers accurately and efficiently determine
the strength of welded connections from HSS in
combination with FEM.

2. CURRENT DESIGN EQUATION

Extensive research has been conducted to
establish appropriate design guidelines for welding
connections in both ordinary and high-strength
structural steel. In Europe, EN 1993-1-8:2006 [9]
recommends using either the directional method or
the mean stress method to calculate the strength of
fillet welded connections. The directional method
resolves forces transmitted by the weld into
stress components, 6;, oy, T, and T, assuming the
throat section is the resisting and failing section
(see Figure 1). Normal stresses and shear stress
components are calculated from design loads,
assuming uniform stress distribution in the weld
throat. However, it is essential to note that normal
stress o parallel to the axis is not considered when
verifying the design resistance of the weld [9].

Figure 1. Stresses on the throat section of
a fillet weld [9]

The most recent version of Eurocode prEN
1993-1-8:2020 [10] states that if the steel grade is
S460 or higher, a fillet weld design resistance can
be deemed adequate for connections with different
base and filler metal strength, provided that a
specific requirement is met.
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Where o, is the normal stress perpendicular to
the throat, 1, is the shear stress perpendicular to
the axis of the weld, 7, is the shear stress parallel
to the axis of the weld, f,py is the nominal ultimate

tensile strength of the parent metal, which is of
lower strength grade, f,rv is the nominal ultimate
tensile strength of filler metal according to table 6.2
[10], ym2 = 1.25 is the partial safety factor for the
resistance of welds, Bymod 1 the modified correlation
factor that depends on the filler metal strength from
Table 6.2 [10].

The design weld resistance of a connection
with transverse fillet weld Fyrar and longitudinal
fillet weld Fyrar can be determined by following
functions:
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Where a is the throat thickness of the weld and
L is the length of weld. The length of longitudinal
fillet welds in lap joint of steel grades equal to or
greater than S460, is limited to 150 a [10].

3. EXPERIMENT

3.1. Specimen

The study analysed the strength and deformation
capacity of transverse fillet lap-welded high-strength
steel (HSS) connections. Steel plates 12 mm thick
made from S700 MC Plus HSS and AristoRod

Table 1. Measured average mechanical
properties of steel plates and weld metal

Yield Tensile Ultimate
Material strength strength strain (gp)
[MPa] [MPa] [l
700 MC Plus 811.58 888.16 0.048
OK AristoRod
571.14 778.85 0.067
13.12
520 mm
250 mm- 250 mm:
||
Weld
50 mm 40 mm Cover plate /Wcld
Base plate Base plate
Cover plate
Weld C ) l\Weld A
‘ Base plate ‘ ‘ Base plate ‘

WeldD ﬁ

Plate thickness: 12 mm

I/Weld B

Figure 2. Transverse fillet lap-welded specimen

Cover plate
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13.12 grade electrodes to create transverse fillet
lap-welded connections. In order to analyse the
properties of materials, conducted tests on four
base metal tension coupons and three weld metal
tension coupons following European Standards.
The mechanical properties of the steel plates and
weld metal coupons are presented in Table 1.

The typical geometry and configuration of a
transverse fillet lap-welded connection are present
in Figure 2. The mean measurements of the weld
profile summarized in Table 3. A vernier calliper
was used to determine the dimensions of plates and
weld profiles. Six specimens with a transverse fillet
lap-welded connection were created, with “TS”
denoting the transverse specimen.

Table 3. Mean measurement before and after
the experiment

Specimen Weld Total surface area
L a Am Ag

[mm] [mm] [mm?] [mm?]

TS-1 90 4.30 387.0 520.0
TS-2 90 3.15 283.5 338.0
TS-3 88 3.25 286.0 428.0
TS-4 88 3.45 303.6 398.0
TS-5 90 3.75 337.5 479.0
TS-6 88 3.30 290.4 473.0

3.2. Test execution

The test specimens underwent tensile loading
with a maximum capacity of 1 MN in the machine.
A specimen was set up in the testing machine to
carry out the test, as shown in Figure 3. All tests
are conducted with displacement control and a
1 mm/min loading rate. Displacement development
and strain distribution during the loading process
were measured using the digital image correlation
(DIC) technique. Two cameras were used to capture
measurements from both sides of the specimen’s
target surface area, which had speckle patterns.
Speckle patterns significantly impact the precision
of image correlation since the recorded speckle
patterns before and after a surface movement are
necessary for the analysis. If necessary, a light
projector facilitated lighting on the surface, as
shown in Figure 3. The recorded measurements
assessed the displacement and strain distribution of
the transverse fillet weld.

K 1 1
' A
1

Test machme
- Cameras back side

Light projector '

Target surface of the measurement

\ V"

2 Cameras- £mnt side
’

Figure 3. Setting of specimen on test machine

All transverse fillet lap-welded connections
failed in the weld from both sides. The fracture
surface area of the weld was measured by the
photogrammetry method. In this process, the
photos of the specimens were taken and created a
3D model of it. The target surface area of the weld
was extracted from the 3D scanning analysis. The
measured fracture surface area of the weld is present
in Table 3.

3.3. Result

Experiments were conducted to determine the
strength of transverse fillet welds by measuring
their ultimate load capacity (F.). Two welds are
made on opposite sides of the base plate in a test
specimen and are expected to share the ultimate
load equally. The ultimate strength of the weld is
calculated based on its failure surface area using
theoretical throat area (44) and fracture surface area
(Ag). Aw 1s calculated by multiplying the length and
throat thickness of the weld, while Ay is the entire
fracture surface area of the specimen after the test.
The computed ultimate strength of the transverse
weld (F./Aw) is based on the initial measurement
of the weld profile, while the ultimate strength
(FJ/Ag) provides a real strength of the entire
fracture surface.

350 =T3-1
—Ts-2
300 TS-3
— 250 ——Ts-4
g ——Ts-5
g 2% TS-6
8 150
o
100
50
o |

0 0.2 0.4 0.6 0.8

Deformation [mm]

Figure 4. Force-deformation curve of transverse
fillet lap-welded connection
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Table 4. Mean strength and deformation of
transverse fillet lap-welded connections from HSS

Ullt(i::;te Strength Deformation

F, (Fu/Aw) (Fu/Ag) du

[kN] [MPa] [MPa] [mm]
TS-1 287 742 552 0.66
TS-2 241 848 712 0.40
TS-3 259 906 605 0.37
TS-4 265 872 665 0.38
TS-5 279 827 582 0.45
TS-6 261 900 552 0.37

The deformation of the transverse fillet lap-
welded connection was measured using DIC. The
deformation of the fillet weld can be depicted by
the relative displacement of two arbitrary points
between the base and cover plate [11]. The process
involved recording the relative displacement of
two points and determining the corresponding
strain. The force-deformation diagram of the
transverse fillet lap-welded connections includes
the relative displacement of points recorded by
DIC measurement (see Figure 4). The summary of
the mean strength and deformation of transverse
fillet lap-welded connections from HSS presents in
Table 4.

The effect of weld size on the ultimate strength
of transverse fillet weld is presented graphically in
Figure 5. There is no identical relationship between
weld leg length and weld strength. However, the
ultimate strength computed from the fracture surface
area is less than that of using the theoretical area of
the weld. This is because the fracture surface area
is always higher than the theoretical area because,
in most cases, the failure planes did not lie on the
theoretical throat surface.

1050
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Figure 5. Ultimate strength of transverse fillet lap
- welded specimen corresponds to the weld leg

4. NUMERICAL DESIGN CALCULATION
(NDC)

The NDC uses numerical models to assess the
strength of a structure or component during static
design checks [8]. This study focuses on creating
models of fillet welded connections using common
inclined shell elements, known as regular inclined
shell element models (RISEM), to analyse their
direct weld resistances. This section outlines the
design approach for proposing a new strength
criterion for transverse and longitudinal fillet lap-
welded connections made from high-strength steel
(HSS) welds.

4.1.Regular inclined shell element model (RISEM)
4.1.1. General

RISEM uses finite shell elements to analyse
plates and welds. The weld model aims to yield
results similar to design codes with minimal
computational requirements rather than simulating
real-life behaviour. The calculations do not consider
the residual stresses and weld shrinkage. An
inclined shell element is utilised between multipoint
constraints torepresent the weld when analysing fillet
welds. The element behaves according to the code’s
assumption that stresses are uniformly distributed in
the weld throat, considering the thickness, location,
and orientation of the weld throat.

4.1.2. Material information

When creating finite element models of structural
steel, the most frequently used material diagrams
are the ideal plastic, the elastic-plastic model with a
small yielding plateau, the elastic model with strain
hardening, and the stress-strain diagram that has
been measured [8]. The RISEM model considers
the nonlinear elastic-plastic properties of steel
plates and welds, including a small yielding plateau.
To calibrate the material model used in RISEM,
standard coupon tests were conducted for both base
and filler metals, as described in section 3.1.

4.1.3. Plate and weld model

In Abaqus, the plate and welds are represented by
the shell element S4R, with six degrees of freedom
in each node. These elements are positioned at the
mid-plane of the real structural component [12], as
demonstrated in Figure 6 a and 6 b. In this model, the
inclined shell element represents welds and has the
same thickness as the throat thickness of the weld.
The thickness of other structural parts is defined as
plate thickness. The base and cover plates are the
master surface, while the inclined shell element is
the slave surface.

These two surfaces are connected by a multi-
point constraint rigid link, as illustrated in Figure 6b.
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Using multi-point constraints has many advantages,
such as allowing the connection of plates with
different mesh densities and modelling plates with an
offset, which considers the actual plate thicknesses
and positions. The FE modelling involved analysing
material nonlinearity behaviour using ABAQUS/CAE
6.14. The base plate was subjected to tensile load on
one end, while the other had a fixed support boundary
condition. The longitudinal edge of the base plate
and cover plate were permitted to move only in the
direction of the applied load, as shown in Figure 7.

Cover plate

Weld

Base plate

(a) Cover plate

Mid plane of cover plate

Inclined shell element
1 /—
Rigid Link \: Frg
; [

Mid plane of bée plate /'

(b)

Figure 6. Sample cut with cross weld,
(a) structural parts (b) mid plane of the
structural parts with weld model

U2=U3=UR1=UR2=UR3=0

o : Cover plate
o ¢ .

Base plate
Base plate F T
Cover plate | ., /
£ Inclined shell element i
2% U2-U3-UR1-UR2-UR3-0 U1=U2=U3=UR1=UR2=UR3=0

Figure 7. Regular inclined shell element model
(RISEM) with boundary conditions

4.1.4. Mesh sensitivity study

A mesh sensitivity study involves using various
grid resolutions in simulations to evaluate how the
accuracy of solutions changes with each mesh. This
study examines explicitly the inclined shell element,
which plays a critical role in determining the design
resistance of the welded connection. The mesh size
is notably finer in the inclined shell element than in
the base and cover plate, illustrated in Figure 7.

The number of elements along the length of the
inclined shell elements varies from 20, 40, 80, and
134 in the case of transverse weld having a weld
length of 40 mm, which corresponds to mesh size
(MS): 2 mm x 2 mm, I mm x 1 mm, 0.5 mm x
0.5 mm, 0.3 mm x 0.3 mm, respectively. The

influence of the number of elements on the weld
resistance presents in Figure 8. The black dashed
lines represent the +£5% differences with the results
of weld resistance by current design equations
in prEN1993-1-8:2020 [10]. For more accurate
calculations of weld resistance using RISEM and
design equations [10], it is advisable to utilize
a mesh size of 0.3 x 0.3 mm along the length of

the weld. This mesh size should be the & | in the
10

inclined shell element. The variable ‘a’ represents
the throat thickness of the weld.
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Figure 8. Influence of number of elements in the
inclined shell elements on the weld resistance

4.2. A new design resistance function of fillet
welded connections

This section describes the development of a
novel method for determining the load-carrying
capacity of transverse and longitudinal lap-welded
connections. RISEM determines the resistance of
fillet welds by considering the equivalent stresses
on the inclined shell element. These stresses are
obtained from FE shell models, where the element’s
bottom surface experiences the maximum stress.
The general principle of plane stress transformation
equations in the inclined surface is considered
to evaluate the equivalent stress. The theory of
transformation of plane stress has been developed
for a long time and is well explained in many
material and mechanic textbooks [13]-[15].

When the force is perpendicular to the weld
direction, the equivalent stress is determined by
calculating the resultant of normal and shear stress
that acts on the inclined shell element using the
following function.

c =0 +1T 4)

eqv,FE_T n 0

Where o, ;. . is the equivalent stress acting on
inclined shell element in FE shell model when line
of action of the force is perpendicular to the weld
direction, G, is the normal stress acting on inclined
shell element, 1y is normal shear stress acting on
inclined shell element.
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c,+6, (o, ,-0C )
o =——2>—| 2 Y 1c0s20—1_sin20 (5)
2 2 ”
T, = (GX ;Gy ]sin 20—t cos20 (6)

Similarly, suppose the line of action of the
force is parallel to the weld direction. In that case,
equivalent stress is calculated with the resultant
of normal and parallel shear stress acting on the
inclined surface from the following function:

Geqv,EFiL = \/ Ti + T; (7)

Where is the equivalent stress acting on inclined
shell element in FE shell model when line of action
of the force is parallel to the weld direction, is the
shear stress acting parallel on inclined plane, and is
the normal shear stress on inclined plane.

T :[Gx ;cjyjsin2(9+txy cos20 (8

p

T, =T, sin20 9

0

All stress components Gy, Gy, Txy, and Ty required
for the normal stress, normal shear stress, and
parallel shear stress on the inclined shell elements
are computed from the RISEM in Abaqus. Similarly,
the inclination of the inclined shell element 0 is
considered as per modelling of the specimens. The
values are corresponding to oy is marked as S11, oy
as S22, 1, = Tyx as S12 in RISEM.

The equivalent stresses acting on inclined shell
elements evaluated with equations 4 and 7 are
considered and limited as the maximum stresses
of the weld in RISEM. The RISEM stresses are
verified against the weld stresses calculated by
analytical models in European standards [10]. The
effective area of the weld is considered to calculate
the weld resistance in both methods.
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Figure 9. Comparison the strength with weld leg
of transverse weld

4.3. Validation and verification
4.3.1. Validation of RISEM

This study compares the strength of transverse
fillet lap-welded connections on various weld legs
through two approaches: evaluating the strength
based on the theoretical weld area and the fracture
surface area of the weld (see Figure 9). It found
that using the fracture surface area of the weld
provides more accurate results, as it reflects the
actual strength of the weld. The comparative results
show that the calculated strength from RISEM and
the actual strength from the test agreed well. In all
cases, the test to-RISEM ratios were equal to or
greater than 1.0, ranging from 1.0 to 1.29 (with a
mean value of 1.13).

To ensure safety, the ultimate experimental
strain of each specimen was compared to the
effective strain from the RISEM. The RISEM weld
model gives a conservative estimate of the ultimate
strain (see Figure 10), which confirms that the
welding techniques used in the design are safe.

Moreover, the validation of the proposed RISEM
is presented based on the experimental works on HSS
fillet welds in the following weld configuration.

0.12 .
B Experiment 4 RISEM

_— 0.10 u
= |
.2 0,08 -..
B [ ]
* 0,06
2
E 0.04 Py *
= *
S 0.02 X3 .

0.00

4 4.5 5 5.5 6 6.5 7
Weld leg [mm]

Figure 10. Comparison the ultimate strain with
weld leg of transverse weld

— 1000
L]
SI
— [ ]
2 600
£ .
o 400 *
L ©RISEM
8 200 ® Sun, Ran, Li & Wang
- 0 Collin & Johansson
N
Q- A
o o
6
&
o

Figure 11. Comparison of strength from
experiments and RISEM on transverse weld
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1. Transverse welds (loaded in perpendicular):
Collin and Johansson [16] and Sun, Ran, Li and
Wang [11] examined the transverse fillet welded
connection behaviour from HSS. The experiments
involved lapped splice specimens with different
welding consumables. The ultimate stress of
transverse fillet welds computed from RISEM is

500
g 450 m
2. 400 ®
g 350 4
= 300 $RISEM
ﬁu 250 ®Ran Sunli & Wang
200 BKleiner
o [
N} N
Qﬁ}b O
S 5
S
b

Figure 12. Comparison of strength from
experiments and RISEM on longitudinal weld

® Analytical model
g 200 m RISEM
g 150
g
-é 100
50
0
TS-1 TS-2 TS-3 TS-4 TS-5 TS-6

Test samples [-]

Figure 13. Comparison of the RISEM and
analytical weld resistance of transverse fillet
weld-CTU experiment

500
_ ¥ Analytical model mRISEM
4 400
g 300
.2
éj 200
100

]

Ran. Sun. Klenier
Li &
Wang

Sun, Ran, Collin &
Li & Johansson
Wang

Transverse weld Longitudinal weld

Weld configuration

Figure 14. Comparison of the RISEM and
analytical weld resistance of the transverse and
longitudinal fillet welds- previous studies

conservative in both experimental results, as shown
in Figure 11.

2. Longitudinal welds (loaded in parallel):
Kleiner [17] and Ran, Sun, Li and Wang [18]
experimented with various welding consumables
on longitudinal welds. Compared to the observed
behaviour in both experiments, the weld model
used in RISEM leads to conservative estimations
in terms of shear stress (see Figure 12) for an
example with one welding electrode type from
each experiment.

4.3.2. Verification of RISEM

In this study, the regular inclined shell element
model (RISEM) resistance compared to the
analytical resistance of weld calculated from the
analytical model (AM) as per prEN1993-1-8:2020
[10]. The ultimate stresses acting in an inclined
shell element were limited to compute the RISEM
resistance.

The analytical model from the CTU experiment
and RISEM results are presented in Figure 13, while
Figure 14 compares RISEM results with analytical
models prepared from previous studies. The
RISEM resistance showed excellent agreement with
analytical resistance in all cases, with a difference
of'less than 5%. This difference is acceptable for the
design purpose of the weld.

300
— L ¢
é 260 ’0
- ’
g‘ 220
o
47
o 180
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=
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140 180 220 260 300
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(a)
300
o %
Ezéo * o0 * .
:‘ L
220 .
o
a
— 180
@
jan
140 -
140 180 220 260 300
(b) Predicted strength [KN]

Figure 15. Test vs Predicted strength by (a)
theoretical area of weld and (b) Fracture
surface area of weld
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5. COMPARISION WITH THE CURRENT
DESIGN EQUATION

The weld strength of transverse fillet welds in
Figure 15 compares with the test strength and the
predicted strength by the current design equation
[10]. During the calculation of weld strength by the
current design equation, the ultimate strength of the
filler and base materials was taken from the coupon
test, along with a correlation factor from Table 6.2
[10] - a safety factor of 1.0 implemented to ensure
an objective comparison.

The test strength is more conservative than the
predicted strength based on the weld’s effective
theoretical and fracture surface area. The test-to-
predicted ratios by effective theoretical area vary
from 1.42 to 1.73 (mean value is 1.62) (see Figure
15a), while by fracture surface area vary from 1.06
to 1.36 (mean value is 1.17) (see Figure 15b). The
predicted strength of the weld computed using the
fracture surface area of the weld provides a better
prediction value.

6. SUMMARY

This paper introduces numerical design
calculation (NDC), which uses the regular inclined
shell element model (RISEM) to analyse plates
and welds. RISEM utilises finite shell elements
to provide reliable results comparable to design
codes with minimal computational requirements
rather than simulating real-life behaviour. RISEM
is verified against analytical models in prEN1993-
1-8:2020 and validated through physical tests of
HSS fillet welds loaded in different directions.
The RISEM method is recommended for NDC of
HSS fillet weld resistance and ductility for design
purposes based on computed results, and the
following observations and conclusions are made:

- Using the fracture surface area provides a more
accurate representation of the weld’s strength than
the effective theoretical area. The failure of the weld
does not usually occur along the throat section.

- The NDC determines weld resistance by
limiting ultimate stresses in a RISEM. Results
from experiments indicate that the weld resistance
of RISEM aligns with the analytical models in
prEN1993-1-8:2020, with only a 6% variance.

- RISEM’s weld model is conservative in
estimating ultimate strain, ensuring the suitability
of welding techniques for design purposes.

- RISEM test strength ratios are consistently 1.0
to 1.29 (average 1.13), similar to predicted ratios in
the current design equation (average 1.17).
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