An algorithm for statistical evaluation of weld toe geometries using laser triangulation
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Highlights:

e Determination of a representative method to evaluate digitalized weld profiles
e Statistical evaluation of the weld toe geometry, i.e. radius and angle
e Determination of stress concentration factors based on artificial neural networks

e Comparison of geometry and stress concentration factors of long and short welds
Abstract:

Commonly, to evaluate the influence of the local weld geometry in fatigue test, small-scale
specimens are used, assuming those represent a longer weld adequately. In this study, a
comparison between short specimens and a long weld is performed. A method is developed
for the statistical evaluation of weld toe radii and angles, stress concentration factors and weld
guality classes. The results show a strong sampling rate dependence and lower ISO 5817:2014
weld quality results for higher sampling rates. Comparable results between short specimens
and a long weld can be achieved using modal values of the parameters assuming a lognormal

distribution.

Keywords: Local toe geometry, stress concentration factor, weld classification, 3-D scans,

statistical assessment
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Nomenclature:

Variable Meaning Unit
112 Weld toe angle °
Omax Maximum stress MPa

ON Nominal stress MPa
a Throat thickness mm
a; Polynomial coefficient -
d Distance between two points mm
[ Node number -
K, Stress concentration factor -
K p Stress concentration factor for bending | —
K. Stress concentration factor for tension | —
Li10 Weld reinforcement of a fillet weld mm
Li16 Asymmetry of the leg length mm
Li19 Weld reinforcement of a butt weld mm
Li50 To small throat thickness mm
L1 To large throat thickness mm
Ly~ Depth of the undercut mm
n Total node number -
R Radius mm
S Number of slices -
t Cord length mm
X x-coordinate mm

[oloele)
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x' Spatial derivatives of x with respectto t | —

Xm x-coordinate of the centre of the circle | mm
y y-coordinate mm
y' Spatial derivatives of y with respecttot | —

Y y-coordinate of the centre of the circle | mm
Z1 Bottom leg length mm
Zy Top leg length mm

1 Introduction

For fatigue analysis the local geometry of the weld toe is an important factor. In welded
constructions the weld reinforcement leads to a stress concentration which affects the fatigue
behaviour [1, 2]. Especially high strength steels are sensitive to notches and lose their strength
potential under cyclic loading compared to the base material [3, 4]. Accordingly, the local
geometry at the weld toe has a great influence for high strength steels. The geometry is mostly
affected by the welding technique, shop floor position, weld type and by the welding
parameters [5-9]. A sharp weld toe or even undercut reduces the fatigue strength [9-11]. The
importance of the weld toe geometry can be seen on different post weld treatments to modify

the weld toe geometry [12-14]. This shows how significant the weld toe geometry is.

To investigate the impact of the weld toe geometry, a reliable measurement method of the
weld toe is necessary. This measurement method can be done manually or computer-aided
based on the digitized surface geometry. A problem with manual procedures is that the result
highly differ between users [15]. For this reason, a computer-aided procedure is much more
efficient. Examples for computer-aided measurement systems can be found in [4, 16-19].
Important parameters for the fatigue behaviour are the weld toe radius and the flank angle
[20-22]. Other investigations also show a high influence of the weld leg length [23]. The stress
concentration factor represents local stress concentration at the weld toe and can be

estimated from weld toe radius and flank angle [24-26].
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A computer-aided measurement method is usually based on a 2D profile of the weld. As a
challenge the weld toe geometry is not constant along the weld [27]. Therefore, a common
approach is to analyze the weld toe on a specific number of slices along the weld. Small
number of slices lead to large scatter of the weld toe parameters, especially for uneven
manual weld seams, with a high risk of missing critical areas. Large number of slices, however,

need more time for the evaluation which should be avoided if possible.

For fatigue tests small-scale specimens are typically used. However, such short weld seams
are rarely used in real structures. Since the geometry changes along the weld seam the
question arises whether small-scale specimens are representative for long weld seams. Small-
scale specimens only represent a specific section of a weld seam [28]. Thus, the parameters
as well as the quality might be different for each specimen. This problem occurs especially
with manual welding processes since the weld geometry depends on the user [29]. For this
reason, a statistical assessment is required to determine a representative number of slices for

each specimen to achieve a comparable result.

In this study a statistical evaluation of a fillet weld in the as-welded condition is conducted by
using a computer-aided measurement method to investigate the comparability between short
specimens and a longer weld. For this an assessment of the statistical distribution is conducted
with respect of the weld parameters. Therefore, a representative number of 2D slices were
determined which was used for the comparison between short specimens and long welds. For
this comparison a weld seam was separated into four specimens. Each specimen was
measured and the results were compared to the longer weld. The considered parameters are
the weld radius, weld angle and leg length. With these parameters it is also possible to conduct
an evaluation of the stress concentration factor regarding the approach in [24]. In addition to
the measuring of the weld toes, a quality assessment according to I1ISO 5817:2014 [30] is
carried out. The aim of this study is to provide a method that permits a statistical evaluation
of the local weld geometry and the weld quality along weld seams based on a sensitivity study

on sampling rate effects.

2 Measurement of the weld geometry
For reliable and repeatable results, a manual evaluation of the weld geometry is not suitable

because of the comparably high effort to create a representative number of measurements
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along the weld. To avoid this, a computer-based approach was used. A deterministic program
implemented in the commercial software package MATLAB was used for the automatic

assessment of the geometrical parameters of the weld toe.
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Fig. 1: Laser scanning of specimen (a) and visualization of the welded geometry curvature with

ten 2D slices (b)

2.1 Import of the geometry

For the import of the weld geometry a 3D laser scanner with a spatial resolution of about
0.107 mm and a vertical accuracy of 0.01 mm—attached to a carriage on a stiff frame—was
used (see Fig. 1 (a)) with supports for specimens’ positioning. The scanned geometry (point
cloud) was exported as STL-File. Afterwards the point cloud can be exported as an ASClI-file in
the x,y,z — coordinates data format. Next, a variable number of 2D slices was extracted from

the 3D point cloud (see Fig. 1 (b)).

2.2 Mathematical description of the weld profile

For the geometrical assessment of the 2D weld profile the curvature method was used (see
[17, 31]). The curvature in a geometrical context represents the inverse values of the radius
and can be comparable easy calculated for each point of a mathematical function. The
complex shape of a weld profile cannot be represented by a continuous analytical function. A
solution for that is a piecewise polynomial function (spline). A major requirement for the
spline algorithm is that the spline passes through all knots to avoid a manipulation of the
measured data. Furthermore, it is necessary to represent vertical segments for fillet welds. A
cubic parametric spline fulfils these requirements [32]. This spline algorithm is also very

suitable for the description of circles [32], which is useful for the evaluation of round weld
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toes. The used cubic parametric spline uses the cord length t as the parameter (see
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Fig. 2(a)).

(@) (b)

yA |
40.4 | Data points
| - Interpolation points
507 la0.2 P P |
48+ 40| e |
. \
| 45+ |39.8 )
i+1 sl [396"
i1 -53 -52.8-52.6-52.4-52.2
I V 42+
A J
—
38 . ‘
- 60 55 50 45

X

Fig. 2: Parameters of the cubic parametric spline (a) and application to fillet weld with ten

interpolated data points (b)

For each segment count the following equations:

x(t) = Azt + ay, t? + at + agy (2.1)

y(t) = azyt® + ayyt? + as,t + agy (2.2)

The chord length t is defined as a linear function between the consecutive points:
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t=(x—x_1)2 4+ —yi_1)? ,forO0 <t <At (2.3)

At =/ (x; — x;21)% + (Vi — Vio1)? (2.4)

From this follow eight unknown polynomial coefficients. They result from the boundary

conditions at each node which are constant angle and constant curvature from each segment

to another:
1 Ax; (2.5)
A3y = A—tlz(—zA—t: + X; + xi+1>
1/ Ax o (2.6)
Apx = A_tl(g A_t: — 2x; — xi+1>
A1y = X| (2.7)
Aox = Xj (2.8)
1 Ay =, (2.9)
azy = A_ti2<_2 At tyi + yl+1>
1 Ay; , , (2.10)
Azy = A_tl(3 At 2y; — )’i+1)
ayy =yi (2.11)
Aoy = Vi (2.12)
With:
Ax = x; — x;_4 (2.13)
Ay =y = yi1 (2.14)
o 5x (2.15)
Y
,_ Sy (2.16)
Y =6t

The unknown derivatives x’ and y' can be calculated by using a linear system of equations.
To solve the system boundary conditions are required. The boundary areas of a butt weld or
filled weld profile are even plates which means that the curvature can be assumed as zero.
The impact of the boundary conditions is very small with a high amount of data points [32].
That means that the boundary conditions affect only the boundary areas. Measured areas
should lay outside this area to avoid incorrect measurements. With the boundary conditions

the coefficient matrix can be written as follows:
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'2 1 1
Aty Aty
1 5 ( 1 2 1 ) 1
Aty Aty At, At,
A=
1 2 ( 1 42 1 ) 1
At,_, At,_, T At,) At (2.17)
1 1
At, At,,
The linear system of equations needs to be solved for x" and y':
! Axl
X 32
! At?
! Ax Ax
X2 31,4 3272
At? T At:
A- =
3 Axn—z Axn—l
Xhoq Atz A (2.18)
Axn_q
! 3
- Az,
Ay,
3_
At?
Y1 3 Ay, 3 Ay,
[ , ] 1235
Y2 1 2
Al ¢ |= :
y,'q_lj A}’n—z Ayn—l
, 3 +3
l Yn Aty , Aty (2.19)
Ay,_
3 YZ 1
Aty 4

The derivatives x" and y' describe the slope with respect to the local coordinate t. With the

results the slope and curvature of the weld can be described in the global coordinate system:

6_y _ 6_yﬁ (2.20)
§x Ot Ox

For the curvature the difference quotient of the slope is used:

, 0Yis1 _ Oy;
6%y _0Xipq  Ox; 591
Ox? Ax (2.21)

For the evaluation of fillet welds the contour of the stiffener is a problem because the global

slope with respect to the x axis is infinite. To avoid a complex transformation, it is possible to

@@@@ © 2021. This manuscript version is made available under the CC-BY-NC-ND 4.0
license http://creativecommons.org/licenses/by-nc-nd/4.0/



http://creativecommons.org/licenses/by-nc-nd/4.0

describe the slope and curvature with respect to the y axis which is the reciprocal of the slope

and the curvature with respect to x.

2.3 Application to welded joints
The equations—as defined in Section 2.2—were implemented into MATLAB to describe the
profiles of different weld seams. For test purposes of the spline algorithm, different weld

profiles can be represented with interpolated data points.
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Fig. 2(b) shows a fillet weld in the as-welded condition with 10 interpolated points between

each node. The fitted data points represent the profile well.

2.3.1 Measured parameters
The required main parameters are the weld radius and the weld angle. The radius at a point

can be calculated by using the osculating circle [33]:

3
Sy 2\2

(1 + (a) )
% (2.22)

X

To plot the weld radius the centre coordinates are required [33]:

) oy

m =X 8%y
Ox?
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(2.24)

To avoid the infinite slope areas—mentioned in Section 2.2—for the stiffener in fillet welds,
the same equations can be used by replacing §y/8x with 8x/8y and (82%y)/(6x?)

with (6%x)/(8y?) without transformation.

The approach to calculate the flank angle is an independent function without an input
parameter based on a tangent evaluation, see Schubnell et al. [17]. With this method the
osculating circle with the centre coordinates from Eq. 2.23 and 2.24 is plotted. The circle
covers some data points in the close range of the evaluation point. The last point that is
covered from the circle defines the tangent point. The flank angle is the intersection angle of

the two tangents. This is schematically presented in Fig. 3.

weld contour

inflection-
point

right curve ;

,\"‘2 5 " Horizontal

inflection- line
point

Fig. 3: Schematic presentation of the weld angle measurement technique

The main objective is to find the bottom and top weld toe. At the beginning of the
measurement, the characteristic domains of the weld are identified. For our case, these are
the plate, the weld, and the stiffener. For identification, the curvature of the spline—as
defined in Section 2.1—is used with the Eq. 2.21. The curvature is calculated with respect to

the x and y axis. As a result, four zones follow:

e Maximum curvature with respect to x
e Minimal curvature with respect to x
e Maximal curvature with respect to y

e Minimal curvature with respect to y
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For the calculation of the curvature the slope is used (see Eq. 2.20). With respect to the x axis

that means for the slopes:

8y
5ol
Ox Plate (2_25)
b
— — 0
Ox Stiffener (2.26)
The same applies for the curvature:
62
[6—)271 -0
X Ipiate (2.27)
62yl
—2 — 00
x Stiffener (2.28)

With respect to the y axis, it is the other way around. These conditions can be used to identify

the plate and the stiffener domains:

) F)
e Plate: [—y] or [—x
Sxlmin

o Stiffener: [%]max or [2—;]

53/ max

min

In these domains a polynomial fit of first degree is performed. These fitted lines represent the
plate and the stiffener. With the intersection point of these two lines the resulting leg length
can be measured. The weld toe areas can be identified with the intersection of the leg length
and the weld profile. At this point a defined search radius represents a search area for the

exact weld toe. The point with the highest curvature in the search radius is the weld toe which

can be evaluated.

2.3.2 Detection of incorrect measurements

After the analysis of the weld toes, it is possible to check the evaluated results of the weld
radius and the weld angle. These two parameters are a good indicator whether a
measurement is correct or not. An example of an incorrect measurement is an evaluation on
a straight surface. The result is a high radius and an angle close to 180 degrees (see Fig. 4 (a)).
Another indication of an incorrect measurement is an intersection of the plotted radius with
the weld profile (see Fig. 4 (b)). In this case the plotted radius is too big and the resulting angle

does not represent the weld toe. A problem like that can be identified by searching data points
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in the plotted radius. A given maximum value (0.1 mm) was used to identify such an incorrect

measurement.

The program automatically increases the search radius as long as the measured value exceeds
the given maximum or until a given iteration limit is reached. If the iteration limit is reached

without an acceptable result the measurement is marked as incorrect and the output is

ignored.
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Fig. 4: Examples of incorrect measurements with measurement on a straight surface (a),

Intersection of the radius and the profile (b) and a correct measurement (c)

2.3.3 1SO 5817 Evaluation

To assess the quality of the weld profiles—based on a well-established method—an evaluation
according to ISO 5817:2014 [30] (with reference to ISO 6520-1 [34]) was also implemented. It
is also a representative character for the fatigue strength [35]. For this, the evaluation is
reduced on geometrical irregularities, see Table 1. The lengths (indicated by ‘L") corresponding

to these parameters can be seen in Fig. 5.
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Table 1: List of included geometrical irregularities and corresponding reference numbers in

ISO 5817:2014 [30] and ISO 6520-1:2007

Category

I1SO 5817:2014 [30] I1SO 6520-1 [34] Quality level
number number
D C B
Undercut of a 1.7 501 h<02-t h<01-t h<0.05-t
fillet weld Max. 1 mm Max. 0.5 mm Max. 0.5 mm
Weld 1.10 503 h<1+4025'h | h<1+4+015-h | h<1+4+0.1:-b
reinforcement Max. 5 mm Max. 4 mm Max. 3 mm
of a fillet weld
Weld angle of 1.12 505 a = 90° a = 100° a=>110°
a fillet weld
Asymmetric 1.16 512 h<2+02-a h<2+015-a h<15
fillet weld +0.15-a
Too small 1.20 5213 h<03+4+01la | h<03+4+01l-a Not allowed
throat Max. 2 mm Max. 1 mm
thickness of a
fillet weld
Too large 1.21 5214 Allowed h<1402a |h<1+4+015-a
throat Max. 4 mm Max. 3 mm

thickness of a

fillet weld

h: Limit (see category), b: Diagonal distance between weld toes, a: Throat thickness

Ly 16=121-2Z5)

L1.7

Fig. 5: ISO 5817 parameters for the quality assessment

[glolse)
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For each irregularity the quality class B, C and D can be defined in which quality class B
represents the highest quality. If the result does not fulfil the requirements of quality class D,
it is marked with no classification. The classification is done for each slice of the weld seam.

For the weld the lowest class defines the result for the whole weld.

2.3.4 Stress concentration factor
The stress concentration factor K; describes the local stress increase compared to the nominal

stress gy due to the weld toe:

K, = Uzax (2.29)
N

The local weld geometry has a high impact on the stress concentration. To avoid a time-
consuming FE-modelling of each local weld geometry, a calculation of K; with empirical
equations is possible [36, 37]. These approximations typically lead to a high scatter in results.
An alternative way is the use of surrogate models obtained from regression or the application
of artificial neural networks (ANN) [24-26, 38]. The ANN used for our application by Oswald et
al. is based on 4136 linear elastic FE-simulations of parametrized design samples and has
proven high accuracy compared to former existing empirical formulas as well as a significant
increase of applicable parameter ranges. More information can be found in [24]. However,
the evaluation is currently only possible for fillet welds in the as-welded condition (mechanical
post-weld treatment is so far excluded). For the evaluation, the highest stress concentration
factor along the weld is decisive. Following parameters are used for our scanned geometries:

The leg length, weld toe radii and angle.

3 Experimental procedure

For evaluation, a fillet weld is tested with the measurement method introduced in Section 2.

3.1 Specimen

The specimen is a transverse stiffener made of a S235J2+N structural steel with four fillet
welds and with a total number of eight different weld toes, see Braun et al. [39] for further
details. Four weld toes are located at the plate (bottom) and four weld toes are located at the
stiffener (top), see Fig. 1 (a). Each fillet weld is produced by a metal active gas (MAG) welding
process (process number 135 according to DIN EN 1SO 15614-1:2017-12 [40]). All four welds
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remain in the as-welded condition. For the evaluation only one weld is used. In Fig. 1 (a) the

used weld can be seen.

Plate and stiffener have a thickness of 10 mm and a length of 250 mm. For the production of
the specimen no throat thickness was specified which is necessary for the ISO 5817:2014 [30]
assessment. For this reason a manual measurement is conducted by using a welding gauge.
All four weld seams have a throat thickness between 4 and 5 mm. A throat thickness of 4 mm
is used for the quality evaluation to avoid a manipulation of the weld quality in the beginning

because too a small throat thickness is not allowed for quality class B.

3.2 Specimen preparation and laser scanning

To achieve reliable results, the imported data has to represent the real geometry. This requires
a good scan result which depends on the preparation of the specimen. To avoid gaps in the
imported surface, a high contrast of the specimen should be prevented. A surface without

contrast can be obtained by the application of a thin layer of chalk (see Fig. 1 (a)).

The input data for the evaluation derives from a laser scan, which produces a 3D point cloud
composed of slices. For the following case study up to 1000 slices are generated with 512 data
points per slice. This high resolution allows a good representation of the weld toes. Of each
weld seam, the middle segment of 160 mm is scanned to achieve a maximum number of 1000

slices (data storage limit of the used 3D laser).

4 Statistical evaluation

Box plots represent the data on the basis of a normal distribution, see Fig. 6 for box plots for
the bottom weld toe radius and angle. The centred red line is the median value and the grey
box has its upper bound at the median of the upper half (Q3) of the data set and the lower
bound at the median at the lower half of the data set (Q1) (see Fig. 6 (c)). Values outside the

whiskers are regarded as possible outliers.
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Fig. 6: Box plots of radius (a) and angle (b) at base plate weld toe for various slice numbers of

specimen MAG-A-1, including boxplot legend (c)

The more the median (red line) is out-centred between Q1 and Q3 the more skewed is the
distribution and a good fit of the normal distribution is less likely. This is very pronounced for

the radius measurements (Fig. 6 (a)).

On the basis of the boxplots other distributions have been tested for their goodness-of-fit test
(Kolmogorov-Smirnov test) for the bottom weld toe radius and angle for each of the four weld
toes (numbers behind the radius und angle refer to the segment of the weld). The results of
the goodness-of-fit tests are found in Table 1, where the index, 1, means that the null-
hypothesis, i.e. the distribution is a good fit, is rejected, meaning that there is a statistical
significant difference between the data points and the distribution [41, 42]. This means that
the goodness-of-fit-test is passed when the cell is 0 and failed when it is 1. In all cases a default

significance level of 5% has been used.

Table 2: Results of the goodness-of-fit test for the corresponding distributions (0 = fit test

passed, 1 = fit test not passed) with and without outliers
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Yes

No

Yes

No

Yes

No

Yes

No

Yes

No

Yes

No

The results in Table 2 indicate that the log-normal is the best fit, despite the Null Hypothesis
is rejected for Radius 3 and Radius 4. This agrees with results obtained by Schork et al. [11].
However, using the box-plot as a basis the data points beyond the whiskers are considered as
outliers and the goodness-of-fit test is repeated. Table 2 reflects that the log-normal
distribution appears to fit expectedly better without the potential outliers, which confirms the

assumption of a log-normal distribution.

However, the Kolmogorov-Smirnov (KS) test can reject the hypothesis if the selected
distribution fits well over most of the CPD (cumulative probability), but e.g. with large

differences at upper end of the CPD. This is due to the mathematical nature of the KS test.

5 Data Analysis
For further investigations a data analysis is necessary to evaluate the parameters of a weld.

With this knowledge a representative slice density (slices per length) can be determined.

An important factor for the evaluation is a reliable measurement method. The method can
detect incorrect measurements (see Section 2.3.2). For a reliable assessment 1000 slices for
each weld seam are generated and are measured and the reliability can be evaluated with the
error rate which is the percentage of the rejected slices out of 1000. The results are presented
in Table 3. It can be seen that each weld has a very low error rate (rejected assessments) which

is an indicator for a reliable method. Visual inspections of all rejected slices and exemplary
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measurements confirmed the results. An example for a correct measured slice is shown in Fig.

4 (c).
Table 3: Error rate of the measurement method

Weld Number of rejected | Number of rejected Error rate Error rate

name slices bottom slices top bottom [%] top [%]
MAG-A-1 5 10 0.5 1.0
MAG-A-2 3 15 0.3 1.5
MAG-A-3 6 6 0.6 0.6
MAG-A-4 7 5 0.7 0.5

5.1 Measurement Results

Since the measurement method proofs its reliability, it can be used on the given welds. The
important weld parameters are the weld toe parameters which are the radius and the angle.
With these parameters an evaluation of the stress concentration factor is possible. To conduct

a quality analysis of the weld, an assessment regarding ISO 5817:2014 [30] is carried out.

Each weld is divided into a specific number of slices. Also, a new parameter of the slice density
is used. The parameter represents the slices per millimetre and is made independent of the

weld length by dividing the weld length by the chosen number of slices.

5.1.1 Weld parameters and stress concentration factor

Subsequently, the effect of number of slices and slice density is exemplarily investigated for
the bottom weld toes (between base plate and weld flank). For the evaluation the modal value
is used which represents the value that is most likely to occur. The modal value (most frequent
value of the data-set, distribution peak) of the radius and angle can be plotted with respect to
the slice number and the slice density (see Fig. 7 (a) and (b)). It can be observed that for the
lower slice numbers a comparable value cannot be reached because the variation of the modal
value is too high.

The same approach can be used for the stress concentration factors. For the evaluation of
stress concentration factors with respect to the approach in [24] the parameter range is as

follows:
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e Radius: 0.1 mm—2.5mm
e Angle: 110° - 160°

e Leglength: 3 mm—20 mm

Fig. 6 shows the majority of the weld toe radii and the angle fulfil the requirements. Out of
1000 slices the weld leg length lies between 3.5 mm and 10 mm which also fits the parameter

range.

(a) (b)
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Fig. 7: Modal values of the weld parameters: radius (a) angle (b), stress concentration factor

for bending (c) and tension loading (d) with respect to the number of slices and slice density

With the parameters in the given range an evaluation of the stress concentration factors for
bending (K ;,) and tension (K;.) is possible. For a better representation the modal value of
the stress concentration factor can also be plotted with respect to the slice number and slice
density for the bottom and the top weld toe (see Fig. 7 (c) and (d). The scatter of the modal

value of the stress concentration factors also clearly decreases with higher slice density.
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5.1.2 1SO 5817

An evaluation regarding ISO 5817:2014 [30] is conducted for every number of slices. The fillet
welds are tested with the in Section 2.3.3 presented categories. The last two categories are
considered as one category because the throat thickness is either too high or too low. If the
weld seam has areas with too small and too high throat thicknesses it has results in both

categories and, by extension, the worst class result counts.

For each class a plot with the corresponding slice number is plotted in Fig. 8. The horizontal
lines show the transition to each class. Each area above these lines gives the ISO 5817:2014

[30] quality class of the weld.

(a) Category 1.7: Undercut (b) Category 1.10: Weld reinforcement (c) Category 1.12: Weld angle
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Fig. 8: Quality results for each category of 1ISO 5817:2014 [30]

Fig. 8 (a) shows the evaluation of the undercut (category 1.7). For a lower number of slices the
best category B can be observed. With a higher number of slices the quality drops down and
is even worse than the quality class D. Category 1.10 (see Fig. 8 (b)) respects the weld
reinforcement. Each specimen has such a low weld reinforcement that quality class B applies.
The class for the weld angle in Fig. 8 (c) (category 1.12) decreases with higher slices from class
B to class D for four specimens. Fig. 8 (d) shows a low quality in category 1.16 which indicates
an asymmetric weld. The asymmetric shape can be seen in Fig. 4 (c). In Fig. 8 the deviation of

the aimed throat thickness is presented. The quality class lays between class B and D.
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5.2 Determination of the slice number/density

For the evaluation of a weld seam, it is necessary to determine the results with an adequate
number of slices. Too low slice numbers show a high scatter in the data which leads to
inconsistent results. Very high slice numbers produce more reliable results but this approach
needs much more calculation time. For this reason, a minimum slice number needs to be
evaluated. The slice number is a factor which is affected by the weld length. Due to this reason

the slice density (slices per length) is used because it is independent of the weld dimensions.
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Fig. 9: Normalized weld parameters and normalized stress concentration factors with respect

to the number of slices and slice density

To calculate the minimal slice density, it is necessary to identify the point where the values
become nearly constant. For this reason, the values in Fig. 9 are normalized with the value of
the maximal slice number. A nearly constant value is reached when the difference between
this value and the value at maximal number of slices is not greater than £1 %. The results can
be seen in Fig. 9 (a) to (b) for the weld parameters and in Fig. 9 (c) to (d) for the stress
concentration factors. Fig. 9 shows that the values reach the +1% area at 200 slices which

equals a slice density of 1.25 S/mm.
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6 Comparison between small-scale specimens and long weld seams

To assess whether small-scale specimens are representative for long weld seams, a
comparison between a long weld and a specific number of smaller specimens is conducted. A
representative evaluation is performed for the bottom weld toe MAG-A-1 because it has the

lowest scatter, see Fig. 9.

To compare the smaller specimens with the long weld, the total weld length of 160 mm is
separated into four specimens with a length of 40 mm—typical for small-scale specimens.
Thus, it is possible to investigate the comparability of small-scale specimens which are used
for fatigue testing with a real weld. The weld seam does not contain a start or stop section.
For a reliable result the slice density should be at least 1.25 S/mm (see Section 5.2). In this
approach a higher slice density is used. The long weld is separated into 800 slices which results
into 200 slices for each specimen. With this arrangement a slice density of 5 S/mm is achieved.
The distribution of the radius, the angle, the leg length, stress concentration factor for bending

and for tension are presented in Fig. 10(a).
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Fig. 10: Distribution of the radius, angle, leg length a stress concentrations factors for a 160

mm long weld separated into four 40 mm segments representing four specimens

It can be seen that each value has a high scatter along the weld length. The shape of the both
K; factors are nearly identical and differs only in the magnitude. Also, the impact of the radius
and the angle on stress concentration can be seen. With higher radius and angle, the
consequence is a lower stress concentration. Compared to the other parameters, the scatter
of the weld angle and the leg length is low. Due to the high scatter of the other parameters
the results for each specimen differs. To differentiate the results, the modal value and the
most critical parameters of each specimen are compared with the results of the complete
weld. The results are plotted as bar plot in Fig. 10(b) which allows the comparison with the

global weld.

Especially the modal value of the radius is clearly above the max value. The reason for that are
high magnitudes of the radius in both directions. This differences between the magnitudes are
not so high for the other parameters. However, in all cases the modal value cannot match the

critical values.
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In order to classify the quality of the weld an evaluation of the ISO 5817:2014 [30] along the
weld is conducted. The evaluation of each slice is conducted in the categories 1.7, 1.10, 1.12,
1.16 and 1.21. Because the weld seam has not a too small throat thickness, category 1.20 is

not considered. The results for each slice are plotted along the weld in Fig. 11.
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Fig. 11: Weld quality along the weld according to I1SO 5817:2014 [30]

The categories 1.7, 1.10 and 1.12 have the highest quality along the complete weld. However,
the categories 1.16 and 1.21 show different classes along the weld. Based on class 1.16 it can
be seen that the weld is asymmetric in the second half while it is not the case in the first half.
The throat thickness differs in the range of the first two specimen. The problem is caused by

the manual welding torch, which leads to a deviation of the weld shape.

7 Summary and discussion
A measurement method was devolved and used for a statistical evaluation of the weld toe
parameters and the weld quality, and subsequently applied to a filled-weld. A comparison of

small-scale specimens with a long weld seam was carried out. The evaluated parameters were
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the weld toe radius, the weld toe angle and the stress concentration factor. Furthermore, an
assessment of the weld quality was conducted with respect to the 1SO 5817:2014 [30]

standard.

The radius or the angle alone cannot describe the quality or fatigue performance of a weld. A
better parameter for that is the stress concentration factor which takes the geometry and the
loading condition (tension or bending) into account. Overall, four weld segments with bottom

and the top weld toes were scanned and evaluated.

The weld quality classification (according to 1ISO 5817:2014 [30]), showed a strong slice density
dependence. A constant quality for all specimen along all evaluated slice numbers was only
achieved in category 1.10. In the other cases the quality decreased with higher slice density,
e.g. for the undercut depth criterium (category 1.7). All weld seams fulfilled class B for less

than 200 slices. Then two weld seams dropped from the best quality to the worst.

The weld quality along the weld demonstrated that category 1.7, 1.10, and 1.12 showed the
same quality along the whole weld. For category 1.16 a decrease in quality was seen for weld
3. The quality dropped from B to under the conditions of class D due to an asymmetric weld
shape. However, the throat thickness which is evaluated in category 1.21 showed the best
guality for weld 3. This means that a comparable result between the specimen and the global

weld is not possible for category 1.16 and 1.21 in this case.

The long weld seam was separated into four welds with a length of 40 mm each and the
bottom weld toe was exemplarily assessed. Due to the low error rate and the low scatter of

parameters the fillet weld MAG-A-1 condition was used.

The course of the parameters for the long weld with four separated sections which represents
small-scale specimens showed a similar value of K;, and K;,. That became clear by the
consideration of the global and local extreme values. Compared to the radius, the angle had a
lower scatter along the weld. To compare the scatter, it is meaningful to compare normalised
parameters (see Fig. 12). The parameters are each normalised by the corresponding modal
value. Fig. 12 shows a high scatter for the radius compared to the other parameters. The
lowest scatter is observed for the angle. Both stress concentration factors have a similar

scatter; however, the scatter for the bending case is slightly larger.
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Fig. 12: Scatter of the normalised data normalised by the corresponding modal value

The comparison of the modal value and the most critical value showed a wide difference
between the mode and the critical value especially for the radius. That was due to the high
scatter in the data for the radius and the skewed distribution. The angle with the lower scatter
in the data had nearly the same mode and critical value for each weld. Similar results were
observed for both K; values. In all cases, except for the radius, it was possible to deduce the
modal value of the individual specimen to the modal value of the entire weld. The critical
values, however, only fitted for the angle. In all other cases weld number 1 and 3 showed

deviations from the global value while the other two specimens showed comparable results.

It should be noted that the modal value does not represent a conservative value. Therefore,
the critical value is clearly the better parameter, because the weld tends to the crack initiation
at the most critical location [27]. The critical stress concentration factors are the most suitable
parameters compared to the other geometrical parameters to describe the fatigue
performance along a weld seam because it combines the measured parameters [24, 25]. A
problematic aspect of the critical value is that this value is only meaningful when all slices are
taken into account. Only then it is secured that the most critical value is part of the evaluated
data. With a lower slice density, the most critical slice could lie in an unassessed area. Also,
due to the differences between the local and the global weld it is not possible to conclude the
fatigue of the whole weld based on the fatigue strength of a single specimen. In all cases,
except for the leg length, weld 4 had the most critical results, which defined the global results.

This disagree with the results in [23] where the leg length had the largest contribution for the
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crack initiation while the radius had less contribution. However, no actual fatigue tests were

performed on the here presented specimen.

In order to expand this investigation, the contribution of each parameter to the stress
concentration factors are compared. In Fig. 13 the normalised three input parameters weld
radius, weld angle and leg length are shown. To ease comparison, the reciprocal values of the
stress concentration factors are shown in Fig. 13 since these become maximum for small input

parameters. Next, the five largest maxima are marked with circles.
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Fig. 13: Normalised values along the weld seam with the five highest maximums for

geometrical features (a) and stress concentration factors for tension and bending loading (b)

It can be seen that the radius clearly affects the location of maximum stress concentration
factors, because the peaks are in the same area. The leg length increases along the weld.

However, this does not seem to affect the stress concentration factors.

8 Conclusion

A statistical evaluation of the weld parameters and the weld quality along the weld seam was
conducted for a fillet-weld in as-welded condition. For the measurement and the quality
assessment an algorithm was developed to determine the necessary slice density which is

needed for a reliable and repeatable representation of the weld seam. With the gained
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knowledge a comparison of smaller specimens with the global weld was conducted. The

following observations and conclusions are made:

The usage of a slice density of 1.25 slices per millimetre leads to representative results
for the weld toe parameters and the stress concentration factors of the long weld seam
and the four segments (representing small-scale specimens). This information permits
a determination of the minimum slices number required for a representative
geometric description of weld seams.

A statistical evaluation supported the assumption of log normal distributed weld
parameters (weld toe radius and angle).

With more slices the quality according to ISO 5817:2014 [30] reduced because the
probability of the existence of a slice with a lower quality increased.

Comparable results between single specimens and the global weld are only valid for
the modal value of the weld parameters. The critical value showed differences
between the single specimens which resulted in different parameters for each
specimen. This can affect the fatigue strength.

To evaluate the fatigue strength the modal value is not conservative. The better option
is the critical value. This value is only usable if all critical areas (or an agreed-upon
guantile of the critical value) of the weld are respected by determining a suitable slice
density. Assuming that the most critical slice determines the fatigue strength, the most
critical specimen is representative for a longer weld seam. This should be further
investigated.

For the assessment of the fatigue performance along a weld seam the highest stress
concentration factor is the most suitable parameter because it combines different
weld geometry parameters.

The stress concentration factors were mostly affected by the radius and the angle. Only

a minor effect of the leg length was observed.

With the developed algorithm it is possible to measure different weld geometries with a

guality evaluation with respect to ISO 5817:2014 [30]. Based on the measured data a statistical

evaluation was conducted. The method worked very reliable for fillet welds in as-welded

condition which can be seen in the low error rate of the evaluation.
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