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Abstract: The study contains quantitative conditions and limitations of the use of butt, fillet and butt-fillet
welds in modern welded constructions. Examples of improper use are given. Calculated loss of material
and capacity structures associated with the use of fillet welds with a convex face, their asymmetry, as well
as the benefits of in-depth penetration obtained by hybrid (plasma-MAG, laser-MAG) or other, leading to
the achievement of butt welds and butt-fillet welds with high-efficiency welding technologies. A list of the
requirements for the correct use of fillet welds and features differing from butt, butt-fillet and fillet welds
1S given.
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Introduction

Welded constructions usually consist of joints made with two types of welds: fillet welds, whose share
in constructions reaches even 90% and butt welds. These proportions result from the ease of making fillet
welds, the lack of necessity of bevelling the materials, the lower qualifications of welders and the dominant
share of mutually perpendicular combinations of sheets and profiles to obtain a lattice, openwork or box
shape of the structure. Such a significant share of fillet welds in the construction of various types of structures
resulted in the separation of welding permits in EN ISO 9606-1:2014-02: the first qualification stage includes
the possibility of welding only fillet welds, while the next - butt welds of sheets and pipes. This division is
perpetuated by the constant lack of highly qualified welders who should first master lower skills and then
perform more responsible butt welds. In contrast to manual welding (e.g. MMA) or partially mechanized
(e.g. MIG/MAG), robotic and automated welding requires only the training of operators
in accordance with EN ISO 9606-1:2014-02 and EN ISO 14732:2014, and the quality of the welds obtained
depends mainly on the setting and maintenance of the assumed welding parameters. In addition, after the
robots are connected to the periphery (e.g. positioners) welding is carried out almost exclusively
in the flat (PA) or lateral (PB) position, which in turn allows the use of higher current-voltage parameters
leading to deep penetration of the welds. This way we achieve the combination of the advantages of welding
resulting from the possibility of non-chamfered even thick elements of angular, T-shaped and cross joints to
achieve the butt welds or butt-fillet welds (EN 1993-1-8: 2006 Eurokod 3 part 1+8).

These possibilities are a derivative of the application of new variations of the MAG process in the field
of high performance welding without arc rotation and hybrid welding (laser-MAG, plasma-MAG). It is
paradoxical to recognize in PN-EN 1993-1-8: 2006 welds with incomplete penetration, i.e. with two notches
in ridges, as full-fledged, provided only the following conditions are met (Fig. 1). Butt-fillet welds take over
the characteristics of both butt welds and fillet welds:

e the thickness of the butt-fillet welds and butt welds ag, can reach the thickness of the joined material

tmin (Flg 1)

Asp = Anom1 t Anom2 = timin 1)

and
Crom < t";i" and  Cpom < 3mm ()
Asp = tmin ®)
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Fig. 1. Effective full penetration in T-joint with butt weld acc. EN 1993-1-8:2006

Fig. 2. Thickness of fillet welds a

Fig. 3. Thickness of fillet weld a with deep penetration

¢ may require bevelling of welded materials;

the face can be flat or concave;

they are designed for joining thick elements, which are not loaded with vibrations due to the lack of full
penetration (notch in the ridge);

can be enlarged "inwards", provided that technological control of the penetration depth is ensured and
increase the volume of the structure;

the occurrence of notch and the presence of gases in their ridge is inevitable;

they may have the length of combined materials or they do not meet this condition.

Butt welds differ from the fillet ones with several features that can generally be classified as follows [1-3]:

Butt welds Fillet welds

Properly designed and made, they never reach the thickness
of the materials being combined, within the limits (above 3 mm):

t5p>0.2 tmax,
Practically, they always have a thickness tsp<0.7 tmin for one-sided welds,
of combined materials, possibly a thinner one tsp<0.5 tmin for double-sided welds.
(except for butt joints with incomplete
penetration allowed by Eurocode 3). When it comes to welding hot-rolled
sections, these values are 0.6t and 0.8t t
respectively:
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Above a certain thickness-specific welding
method, joints must be assembled from bevelled They do not require bevelling of welded materials.

materials.

The convex face is always unfavourable, both for strength
Should have a flat or slightly convex face. and economic reasons.

The most preferred is the concave face, and the accepted — flat.

They do not increase the volume of the structure. They increase the volume of the structure.

. . . Designed for connecting weakly loaded components
They are designed for carrying main loads. . .
and those not subjected to vibratory loads.

. o ) ) They can be enlarged "inwards" provided that this fact
Their cross-section is defined by the thickness ) . . )
. LT . is documented. By using deep welding welding methods,
of the elements, and its reduction is possible by . ; .
the thickness of fillet welds can be increased

using methods with the use of a high-density arc. .
according to EN 1993-1-8: 2006.

Ease of non-destructive inspection and the ability Both in the case of one-sided and double-sided welds, there
to obtain ridges of welds with high strength is a limited possibility of controlling the existence and quality
parameters (except for butt welds with of the penetration, which may lead to the presence of notches
incomplete penetration). in the ridge and initiators of cracks.

The calculated length of the weld is not rigidly related
to the length of the elements. There are intermittent beads.
The length of the weld is always equal The length of individual sections of fillet welds is between 6asp
to the length of the joined materials. and 150asy (asp — calculated joint thickness), however not less

than 30 mm. Above 150as or 1.7 m, the welds have lower design

strength.

During automated or robotic welding and the use of deeply fusing methods [2], the above weld features
can be used, bringing fillet welds to the butt-fillet or butt ones, which reduces the volume and mass of the
structure, consumption of additional materials, as well as the size of welding angular deformations leading
to the construction in higher accuracy classes (Fig. 4).

The property of modern welded constructions is not only the oversizing of welds, i.e. the use of
oversized thick joins in relation to the used thicknesses of bonded materials and necessary needs, but also
in spite of the requirements in the relevant standards of excessive approaching in the corners and on both
sides of the welded elements so that they are exposed to stretching on its thickness.

In addition, the constructors do not differentiate between the load-bearing and joint functions of
the welds, thus they do not differentiate their thickness, which unnecessarily introduces excessive stresses
and final deformations. The principle that construction materials transfer loads, not welds connecting them
is also not often applied [3+6].

The most common mistake at present is the use of fillet welds equal to material thickness by constructors
with double-sided welds asp = 0,5tmin or asy = 0,7 tmin with one-sided welds, while these are the maximum values.
It is not possible to take into account the depth of penetration in the dimensioning of fillet welds and to bring
them to the butt-fillet or butt joints.

When reviewing the solutions of modern welded constructions, one gets the impression that the fillet
welds used in them are not individually designed and arranged but assumed and executed without taking
into account the real construction and strength requirement.

Meanwhile, proper understanding of the impact of welds on structures can reduce not only their costs,
but also reduce the final state of stress and deformation, and thus improve the accuracy of performance,
strength and operational safety of the welded structure. In order to understand the effect of a fillet weld in a
construction, several of its features should be considered:

e The fillet weld volume and its strength

The volume of a symmetrical fillet weld is:

Vop = agpl 4)

The strength of this weld is proportional to the area of the cross-section:
F, = a,l 5)
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Fig. 4. Tllustration of the formation of angular distortion in T-joints connected with various types of welds (P — force
causing joint deformation, r — arm of force P between the neutral axis and the mass centre of the weld cross-section)

The above equations show that the weld volume increases in proportion to the square of the thickness,
and the strength to the thickness of the fillet weld, and thus much slower (Fig. 5).

This simple analysis clearly shows that the use of thick fillet welds is not profitable and taking into
account deeper penetration in strength calculations gives an additional benefit by introducing the weld into
the interconnected materials. The volume and weight of the structure do not increase, but the load capacity
compensation is not sufficient. Also, the consumption of additional materials and welding time can be
significantly reduced.
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Fig. 5. Difference of strength increase (1) and volume (2) of symmetrical fillet weld with flat surface (3) — the area
of possible increase in strength due to the increased penetration allowed by the standard EN 1993-1-8:2006
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¢ Loss of material related to the convexity of the fillet face
If the cylindrical shape of the face is assumed and the height of the ridge should be as much as the weld
thickness, then the material loss for the unusable part of the fillet weld, contributing additionally to the shape
notches, can be presented as in Table I and figure 6.

Table I. Useless volume (NO) of fillet weld depending on the ratio QL
Sp
h
0.1 0.2 0.3 0.4 0.5
ag,
NO [%] 13 27 40 53 67

NO [%]
70

60

50

40

30

20

0 005 01 015 02 025 03 035 04 045 05
hlag,

Fig. 6. The share of the inactive (useless) volume of the weld depending on the ratio h
sp
* the area under the straight line means that there is a possibility of obtaining a more favorable ratio if deep welding

methods are used and confirmed technologically

¢ Loss of material due to the asymmetry of fillet weld
The calculation assumptions of Eurocode 3 EN 1993-1-8: 2006 and [7,8] allow to calculate the strength of
asymmetrical fillet welds. However, their use is not effective, because the higher the asymmetry of

the weld occurs, the greater the disproportion between the load capacity of the symmetrical and
asymmetrical weld (Fig. 7):

2
S as asp
Sp

= sin2a (6)

wzgledna nosnos¢ [%]

0 300 45° 60° 90
2a[°]
Fig. 7. The relative load capacity of the asymmetrical weld in relation to the symmetrical weld
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The presence of the riser leads to even greater material losses than in the case of symmetrical welds
(Table II).

h

Table II. Useless volume (NO=) of the asymmetrical fillet weld depending on the ratio — and the angle a

asp
h
ag,
a 0 0.1 0.2 0.3 0.4 0.5
15° 100% 127% 153% 180% 207% 233%
22°30’ 41% 60% 79% 97% 117% 135%
30° 15% 31% 46% 62% 77% 92%
45° 0% 13% 27% 40% 53% 67%

Thus, it can be concluded that with the same fillet weld thickness (as), the smallest cross-sectional area,
and therefore the volume (Ssp =a2 and Vs = %l respectively) is obtained for a flat isosceles weld (without riser).
The higher the asymmetry of the weld and the higher the riser, the time, material and energy losses for
welding are higher [8-11]. This is accompanied not only by the increase of undesirable deformations of the
structure, but also by the creation of concentration of stresses that may cause the critical values to be
exceeded, the achievement of fragile states of combined materials, and, as a result, the development of cracks
[12-17]. The guiding principle of effective use of fillet welds should be to guarantee their smooth transitions
to combined materials. The use of methods characterized by deep penetration can lead to the elimination of
the critical part of these welds — the ridge, by achieving penetration into the previously made weld in
the welded joints. Many studies indicate a significant effect of the lack of full penetration or similar
incompatibilities forming an internal or external shape notch on a radical reduction of the mechanical
properties of joints [18+22].

Summary

The conditions of using fillet welds in welded constructions can be included in the following points:

Use materials with good weldability.

Minimize the number and volume of welds.

Do not place welds in the most strenuous places.

Use butt welds and then fillet welds.

Use support ribs and diaphragms to relieve welds.

Fillet welds should be symmetrical, thin and long (instead of thick and short) with a flat or concave face.

The design length of fillet welds should be between 645 or 30 mm and 150as or 1.7 m. Above these lengths

it is necessary to apply strength correction factors.

8. The thickness of fillet welds equal to as < 0,7tmin for one-sided welds and as < 0,5tmin for double-sided
welds and asy > 0,2tmax, respectively, must not be exceeded.

9. Do not arrange fillet welds in the corners of the structure, using ribs so that joints do not approach
a distance of less than 30 mm. Avoid multidirectional convergence of welds.

10. Reduce the number of welds made in forced and assembly positions.

11. Arrange the fillet welds in such a way that they do not tear the materials (sheets and rolled profiles)
on their thicknesses.

12. When making multilayer joints, avoid igniting the arc in the same places.

13. Avoid welding near corners, internal arches of hot-rolled sections, edges, threads, surfaces treated
accurately, heat-treated and thermo-chemically treated.

14. Avoid (with few exceptions) the use of any intermediary elements, such as overlays and inserts
or connectors.

15. Use automated and robotic deep penetration methods for both butt welds and fillet welds.

16. If possible, use intermittent stitches in structures which are not exposed to corrosion and vibration loads.

17. Place welds in technologically easily accessible places.

18. Place welds at points, neutral axes or in their vicinity.
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