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A B S T R A C T

Mechanical joining techniques are fundamental in the industrial landscape, with welded joints
standing out as a primary method across diverse manufacturing sectors. In this work, we present
a novel contribution to fatigue life assessment of welds through 3D-Scanning of weld seam.
The methodology is applied on welded specimens tested in alternate bending fatigue, showing
that for real case applications, statistical approach to surface irregularities of the joint plays a
keyrole. In particular by means of surface scanning, some statistical geometric parameters are
obtained to characterize the weld seam. Then by experimental fatigue testing a relation between
geometrical measured parameters, experimental cycles to failure and crack nucleation sites is
obtained. Then FEM models generated basing on 3d scanning are used for FEM simulations
aiming at validating the stress concentration related to surface geometric irregularities and
fatigue life. A dedicated software, called 3D-life, was developed to process surface scans and
the results of the numerical simulation and life estimations were used to predict the crack
nucleation sites.

1. Introduction

Mechanical joining techniques are fundamental in the industrial landscape, with welded joints standing out as a primary method
across diverse manufacturing sectors. Their ubiquity underscores the need for continuous research and optimization.

The welding process, while indispensable, is inherently intricate. Achieving consistent mechanical properties amidst this
complexity remains a challenge. Today, a vast array of alloys can be welded, but steel, particularly the S275 mild steel, is a mainstay
in industrial applications. The mechanical attributes of S275 are well-documented, as highlighted in [1]. However, welding can
introduce a metallurgical notch effect due to microstructural alterations [2]. With the right parameters, it is possible to minimize
common defects such as porosities and lack of wall fusion [3–7]. Moreover, despite the presence of the heat-affected zone and
residual stresses [8,9], the overall mechanical integrity of the joint typically remains uncompromised [10,11].

Welding versatility is evident in its adoption across diverse industries, from oil and gas to automotive and railways. In applications
where the weld geometric appeal is paramount, such as in cars or trains, the welds are often externally visible. These welds, termed
’aesthetical welds’, might undergo processes like milling or ‘dressing’ to enhance their appearance, though this comes at an added
cost. Beyond aesthetics, this milling process can enhance the joint mechanical properties [12–14], especially when considering the
significant role surface defects play in fatigue analyses [15–17]. Given that real-world loading conditions often involve bending or
multiaxial stresses [18], ensuring the surface integrity becomes even more critical, especially for thicker components. So, the bead
geometrical parameters plays a crucial role in fatigue design of weld joint [19]. Due to the technology itself, the welded joint [20]
has to be fatigue designed and then tested in order to assess welding defects.
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Nomenclature

𝛼𝑒 dihedral angle of two faces meeting at edge 𝑒
𝛽 Neuber constant
𝜆𝑖𝑛𝑓 , 𝜆𝑠𝑢𝑝, 𝜆𝑖𝑛𝑓 ,𝑔𝑎𝑢𝑠𝑠, 𝜆𝑠𝑢𝑝,𝑔𝑎𝑢𝑠𝑠 inferior and superior limit threshold for minimum, maximum,
𝜎 mechanical stress [MPa]
𝜎𝐷−1 fatigue limit at R=-1
𝜎𝑣𝑚 simulated von Mises equivalent stress
𝜏 shear stress
𝜃𝑓 interior angle of face 𝑓 [rad]
𝐴𝑓 Area of a facet 𝑓 [𝑚2]
𝐴𝑟𝑒𝑎𝑏𝑒𝑎𝑑 surface area of the weld bead
𝐴𝑟𝑒𝑎𝑡𝑜𝑡 total surface area of the specimen
b support distance
𝐷𝐼 damage index [m]
𝑒 identifier of an edge
𝐹 force applied by the testing machine
𝐹𝑎 force amplitude
𝑓 unique face of the triangulation 𝐓
𝐹𝐯 set of facets meeting at vertex 𝐯
FSF fatigue safety factor
GMAW gas metal arc welding
HAZ heat affected zone
𝐻𝑒 curvature of an edge 𝑒 [1/m]
𝐻𝑒 average of the curvature over an edge neighbor 𝑒 [1/m]
𝐻𝐯 average curvature of a vertex 𝐯
𝑘𝑓 effective fatigue notch factor
𝑘𝑡 stress concentration factor
𝐾𝐯 Gaussian curvature [1∕𝑚2]
𝜅𝐯,𝑚𝑖𝑛 minimum curvature of a vertex 𝐯
𝜅𝐯,𝑚𝑎𝑥 maximum curvature of a vertex 𝐯
𝑙𝑒 length of an edge 𝑒
𝑀 bending moment
𝐌 3D scan mesh
𝑛 Neuber’s constant
𝐧 normal vector of a facet
𝑝 percentile of vertex in the weld bead
𝑞 fatigue notch sensitivity
R stress ratio
RSS residual sum of square
𝑟 curvature radius [m]
𝑅2 coefficient of determination
s thickness of the specimen
SMAW shielded metal arc welding
𝐓 Triangulation
|𝐯| total number of vertex in the scan
𝐯 vertex of a triangle
w width of the specimen
𝑊𝑓 section modulus
y generic variable studied during fitting procedure

The research landscape in fatigue design domain is wide. A significant portion focuses on the stress intensification effects due to
he geometrical complexity of the weld toe, especially in T-joint or K-joint weld beads [21–25]. This approach is also evident in butt
oints [26,27]. In these situations, fatigue damage often originates at the weld toe, and statistical analysis on macro-sections can be
2
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Fig. 1. Specimen.

Table 1
Chemical composition (%wt) of S275JR steel.
C% Mn% P% S% N% Cu%

0.21 1.5 0.035 0.035 0.012 0.55

applied in order to assess the weld toe angle [28,29]. Automated methods, such as the one proposed in [30], offer a simulation-based
assessment of these joints based on the peak stress method [26,31–34]. Another widely adopted methodology is the theory of critical
distances [35], which, besides welding, finds applications in additive manufacturing [21,36–45].

However, automated welding processes offer consistency to these approaches as the welded surface is smoother and more regular.
n the other hand, manual weld bead can be more variable. Factors like torch position or weld groove preparation can introduce

rregularities, leading to unevenly distributed defects along the joint. This variability underscores the need for comprehensive quality
ssessments, as a single section might not fully represent the joint’s quality. Although there are weld quality standards [46], as
eviewed in [47], a universally accepted fatigue criteria for weld defects remains elusive relating to both internal and superficial
efects.

Given this backdrop, 3D scanning of weld bead emerges as a pivotal tool, enhancing quality inspection [48]. It has been leveraged
o explore various facets of welding, from studying corrosion effects [49] to developing methods for measuring weld angles and
adii [50,51]. The significance of a statistical approach in actual applications is further emphasized in [52]. The methodology is
ased on the experimental hypothesis that there is a relationship between the geometric parameters and the initiation of the fatigue
rack and therefore on the fatigue life. Among the geometric parameters, in this paper we considered the local curvature of the
eld bead surface. In general, macroscopic geometric irregularities are described by material and geometric parameters such as 𝑘𝑡,

stress concentration factor [53], and 𝑘𝑓 , fatigue notch factor [53], which describe their effect in terms of overstress and damage
effect. In particular the stress concentration factor is related to the effect of the irregularities on the actual stress distribution and
how the curvature and the dimension of the irregularities can affect the multiaxiality of the stress. On the other hand, the fatigue
notch factor 𝑘𝑓 is related to the estimation of this irregularities on fatigue life. For a highly irregular surface such as that of a weld,
each irregularity constitutes a notch. Each notch has both a local and global effect, as the number of notches influences the number
of cracks triggered. Therefore, the global reduction in fatigue life, has an effect on the overall fatigue behavior of the welding. For
this purpose, a global and statistical approach to quantify the effect of irregularities is required on one hand. On the other hand,
a description of each individual welding surface is required. In this work, some possible risk indices of fatigue crack initiation in
welded surfaces are proposed and investigated, based on the surface morphology and therefore linked to the geometric welding
parameters. They are parameters which can be obtained by simple and economical procedures and starting from scans of the weld
surfaces. These parameters allow quantifying in detail the risk index of each individual weld.

In the present paper the influence of geometric defects in fatigue life of manual welding is investigated. This paper introduces
a novel contribution to the 3D scanning fatigue life assessment domain. In particular we present an empirical estimation method
of the weld fatigue notch factor 𝑘𝑓hereon called effective notch factor related to geometric defects, designed to bypass simulations,
aiming at streamlined result interpretation and industrial applicability.

2. Materials

This work investigates the fatigue behavior of carbon-steel manually-welded joints. To this aim, the plate welds were executed
using two distinct welding methods. The first method was Shielded Metal Arc Welding (SMAW), a traditional approach. The second
method employed was Gas Metal Arc Welding (GMAW), which is often referred to as GMAW (Metal-arc Inert Gas) or MAG (Metal-
arc Active Gas) welding. This latter method embodies a more complex welding process. The specimens used for laboratory tests are
obtained from welded plates, 5 mm thick. Seven specimens were extracted (4 GMAW and 3 SMAW), 60 mm in width and a length
of 250 mm, compatible with the testing equipment (see Fig. 1).

The specimens are composed of S275JR steel (Yield stress 275 MPa). Chemical composition is reported in Table 1. Material
alternating fatigue limit (𝑅=−1), is 160 MPa [1].

The welding system is TECNOWELD MIG 110, 35–100 A, 0.6–0.8 mm and AWELCO ARC 250, while the consumable used for
SMAW technique is Oerlikon TENAX 35S of 𝜙 = 2 mm. The specimens were obtained by means of setting the optimal welding
parameters for each welding technique, presented in Table 2.

The micrographic analysis of welding cross-section was performed by means ofNital 3% chemical etching; microhardness
measurements were run by means of Innovatest Nova 130 microhardness testing equipment, according to [54]. In Fig. 2(a) a pearlitic-
ferritic microstructure is evident for base material, Fig. 2(b) shows a lower bainite microstructure for SMAW weld bead, and in
Fig. 2(c) a bainitic microstructure with large martensite isle is present for GMAW weld bead. The measured hardnesses are 120HV1
3

for the base material, 150HV1 for the SMAW weld bead, and 190HV1 for the GMAW weld bead.
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Table 2
Optimal welding parameter.

Voltage Current Power Travel speed Heat input

SMAW 18 V 95 A 1700 W 2 mm/s 850 J/mm
GMAW 25 V 50 A 1250 W 2 mm/s 625 J/mm

Fig. 2. Microstructures.

3. Methods

This work was developed starting from some welds performed on flat plates described in the materials section. To quantitatively
describe the specific irregularities of each weld and obtain descriptive parameters of fatigue behavior, the activity was carried out
in 4 phases.

• In the first phase, the surfaces of each individual weld were scanned. The scan data were then processed and the results
displayed. In particular, data processing focused on surface curvature definition and measurement.

• In the second phase, symmetrical alternating 4-point flexural fatigue tests were performed to find the fatigue strength at 1
million cycles and the crack initiation points.

• In the third phase, static structural simulations were performed for each specimen, characterized by its specific geometric
parameters, to obtain the local stress concentration factor 𝑘𝑡 and Fatigue Safety Factor (FSF, see Section 3.3) value on the
surface of the bead.

• In the fourth and last phase, an empirical model relating the curvature parameters and the fatigue strength at 1Mln of
cycles [53] of the specimens is calibrated and validated. Furthermore, the values of the curvature parameters obtained in
phase 1 and the simulations obtained in phase 3 were compared with the results of the experimental tests obtained in phase 2
in order to study their influence on the mechanical behavior of the joint and point out a possible correlation. Furthermore, the
fatigue crack initiation points obtained in phase 2 were compared with the areas with FSF lower than 1 obtained by numerical
simulations and with metrics lower than a threshold obtained in phase 3.

3.1. Surface acquisition and processing

The specimens were scanned by a CreaForm Go!Scan Spark with an accuracy of 0.05 mm and a texture resolution of 200DPI.
The core data for this investigation is sourced from a set of STL (Stereolithography) files which depict three-dimensional scans

of welded specimens. STL, a widely accepted format, stores three-dimensional models as raw triangulated surfaces. An STL file
comprises a series of triangular facets, each defined by its vertices and a unit normal vector (see Fig. 3). Mathematically, a triangular
facet is represented as:

𝐓 =
{

𝐯1, 𝐯2, 𝐯3;𝐧
}

, (1)

where 𝐯1, 𝐯2, 𝐯3 are the vertices of the triangle, and 𝐧 is the unit normal vector to the triangle plane. The triangulation 𝑇 consists of
|𝐯| unique vertices. The normal vector 𝐧 can be computed as:

𝐧 =

(

𝐯2 − 𝐯1
)

×
(

𝐯3 − 𝐯1
)

‖

‖

‖

(

𝐯2 − 𝐯1
)

×
(

𝐯3 − 𝐯1
)

‖

‖

‖

. (2)

Upon importing the STL files, the data undergo processing to extract the essential geometric and topological features, laying the
groundwork for subsequent curvature calculations.

A subsequent action of mesh cleaning is required to purge the mesh of any redundancies. Specifically, it identifies and eliminates
duplicate points, unused points or cells that might be lingering in the mesh structure. This cleaning process does not refine or alter
the mesh quality or resolution. Mathematically, the cleaning process can be visualized as a transformation:

𝐌 → 𝐌 , (3)
4
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Fig. 3. Scheme of triangulation definitions.

here 𝐌raw signifies the initial, unprocessed mesh, and 𝐌clean denotes the cleaned, non-redundant mesh. This cleaned representa-
ion, 𝐌clean, forms the basis for all ensuing computations.

.1.1. Curvature computation and range definition
The Discrete Gauss curvature in the generic vertex 𝐯 (𝐾𝑣) is given by:

𝐾𝐯 =
1
𝐴𝐯

(

2𝜋 −
∑

𝑓∈𝐹𝐯

𝜃𝑓

)

(4)

where:

• 𝐾𝐯 is the Gaussian curvature at vertex 𝐯.
• 𝐹𝐯 is the set of faces that meet at vertex 𝐯.
• 𝜃𝑓 is the interior angle of face 𝑓 at vertex 𝐯.
• 𝐴𝐯 is the area associated with the vertex 𝐯

The contribution of every facet is weighted by the facet area 𝐴𝑓 by 3, so 𝐴𝑓
3 = 1

2 ∗ 1
3 ∗ ‖(𝐯2 − 𝐯1) × (𝐯3 − 𝐯1)‖. The units of

aussian Curvature are m−2. So that, 𝐴𝐯 =
∑

𝑓∈𝐹𝐯
𝐴𝑓
3

The Mean Curvature of a vertex 𝐯 can be defined as follows. Let 𝐻𝑒 be the average over the edge neighbors of 𝐻𝑒:

𝐻𝑒 = 𝑙𝑒 × 𝛼𝑒 (5)

where 𝑒 is an edge, 𝑙𝑒 is the length of the edge 𝑒 and 𝛼𝑒 is the dihedral angle between the two facets meeting at edge 𝑒 such that
−𝜋 < 𝛼𝑒 < 𝜋.

Then 𝐻𝐯 is defined as:

𝐻𝐯 = 𝐻𝑒. (6)

This means that the surface is assumed to be orientable and the computation creates the orientation. The units of Mean Curvature
re m−1.

The Maximum (𝜅𝐯,max) and Minimum (𝜅𝐯,min) Principal Curvatures are given by:

𝜅𝐯,max = 𝐻𝐯 +
√

𝐻2
𝐯 −𝐾𝐯, (7)

𝜅𝐯,min = 𝐻𝐯 −
√

𝐻2
𝐯 −𝐾𝐯. (8)

Excepting spherical and planar surfaces which have the same principal curvatures, the curvature at a point on a surface varies
ith the direction one ‘‘sets off’’ from the point. For all directions, the curvature will pass through two extrema: a minimum (𝜅v,min)

and a maximum (𝜅v,max) which occur at mutually orthogonal directions to each other.
For what concerns the signs of the curvatures, the sign of the Gauss Curvature is a geometric invariant; it should be positive

hen the surface looks like a sphere, negative when it looks like a saddle. However, the sign of the Mean Curvature depends on
he convention for normals. This code assumes that normals point outwards (i.e., from the surface of a sphere outwards).

Therefore it is necessary to define a threshold on curvature value to be considered in our calculations. To this aim a preliminary
tudy has been conducted in order to find a threshold value which might discretize whether a n irregularity on the surface can be
5
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considered a notch or not. Under the assumption that all the notches are in the weld bead, and under the hypothesis that the scan
texture is uniform, it can be said that the number of vertex of the scan inside the weld bead is |𝐯| × 𝐴𝑟𝑒𝑎𝑏𝑒𝑎𝑑

𝐴𝑟𝑒𝑎𝑡𝑜𝑡
, where |𝐯| is the total

umber of vertex in the scan. The total Area 𝐴𝑟𝑒𝑎𝑡𝑜𝑡 is defined as 𝐴𝑟𝑒𝑎𝑡𝑜𝑡 = 250 × 5 × 60 = 75000𝑚𝑚2, while the 𝐴𝑟𝑒𝑎𝑏𝑒𝑎𝑑 for a 45◦

groove is defined as 𝐴𝑟𝑒𝑎𝑏𝑒𝑎𝑑 = 5 ∗ 2 ∗ 60 = 600𝑚𝑚2. We can define a value 𝑝 = 𝐴𝑟𝑒𝑎𝑏𝑒𝑎𝑑
𝐴𝑟𝑒𝑎𝑡𝑜𝑡

× 100. Then the assumption that all the
notches (𝑘𝐯, 𝐾𝐯,𝐻𝐯 < 0) are inside the weld bead we could say that the 𝑝𝑡ℎ percentile of vertex surely contain all the notches. In
fact, all the notches have negative curvature and so the 𝑝𝑡ℎ percentile of the curvature (1∕𝑟) contains the information about the
notches. This information has been used to define a threshold for the data to be evaluated. So, the right limit of the 𝑝𝑡ℎ percentile
of the curvature values has been evaluated for all the tests. All these values lay around −0.6 [1/mm], so a unique value is chosen
as the threshold. Defining the limits symbolically:

𝜆inf = −100

𝜆sup = −0.6

𝜆inf, gauss = −𝜆2inf

𝜆sup, gauss = −𝜆2sup

The valid ranges for Mean, Maximum, and Minimum Curvatures are:

𝜆inf ≤ 𝜅𝐯 ≤ 𝜆sup, (9)

and for Gaussian Curvature:

𝜆inf, gauss ≤ 𝐾𝐯 ≤ 𝜆sup, gauss. (10)

The Radii of Curvature 𝑟𝑡𝑦𝑝𝑒 are defined related to each curvature definition:

𝑟𝑡𝑦𝑝𝑒 =

⎧

⎪

⎨

⎪

⎩

− 1
𝜅𝐯

for 𝜅𝐯 ∈ {𝐻, 𝜅v,max, 𝜅v,min},
1

√

|

|

|

𝐾𝐯
|

|

|

for 𝐾𝐯,
(11)

where the 𝜅𝐯, and 𝐾𝐯 are the arithmetic average of respectively 𝜅𝐯 and 𝐾𝐯.
Finally, the Damage Index Calculation 𝐷𝐼type is again defined according to the curvature definition:

𝐷𝐼type = −1
∑

𝜅
. (12)

The summation is over curvature values within the specified limits 𝜆inf and 𝜆sup.

3.1.2. Visualization
In the context of our study, where the irregular and complex geometry of welded joints is distilled into numerical curvatures,

graphical representations of parameters become indispensable.
The primary tool employed for this purpose is the histogram. Each bar in a histogram represents the tabulated frequency at each

interval, making it an effective tool for understanding the distribution of curvature values.
For the computed curvature values, as an example,histograms are plotted (Fig. 4) to provide insights into: spread, skewness,

outliers.
As regards spread, the range covered by the histogram bars indicates the variation in curvature values. This information is crucial

to quantify the ranges of notches radius.
For the skewness, the asymmetry or symmetry of the histogram reveals whether the curvature values have a particular direction

of skewness. It is possible to comprehend the concentration of flaws that have the same curvature.
Regarding the outliers, any bars that are detached from the main body of the histogram might indicate outlier values that are

significantly different from the rest.

3.1.3. Dataset segregation and mathematical modeling
The dataset is categorically divided based on the welding techniques employed: GMAW and SMAW. Owing to the inherent

differences between these techniques, it is paramount to analyze them separately. Their distinct characteristics might have specific
influences on the curvature values and the ensuing mathematical modeling. For each subset, the focal point of the mathematical
model is the hyperbolic relationship [55]:

𝑦(𝜎𝑑−1) = 1 +
(

1
𝜎𝑑−1

)𝑎
. (13)

Here, 𝜎𝑑−1 represents the fatigue limit specific of each welded specimen, serving as the independent variable. The parameter 𝑎
is optimized to fit the data most aptly. The non-linear least squares method, employed for this optimization, aims at minimizing the
residual sum of squares RSS:

𝑅𝑆𝑆 =
𝑛
∑

(

𝑦𝑖 − 𝑦(𝜎𝑑−1,𝑖)
)2 , (14)
6

𝑖=1
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Fig. 4. Histograms representing the minimum curvature 𝜅𝑚𝑖𝑛 distribution of the points with negative curvature of specimen 1(a) and specimen 3(b).

where 𝑛 is the number of data points, 𝑦𝑖 are the observed values, and 𝑦(𝜎𝑑−1,𝑖) are the values predicted by the model.
The efficacy of the model in capturing the underlying data trend is quantified using the coefficient of determination, 𝑅2:

𝑅2 = 1 −
∑𝑛

𝑖=1
(

𝑦𝑖 − 𝑦(𝜎𝑑−1,𝑖)
)2

∑𝑛
𝑖=1

(

𝑦𝑖 − �̄�
)2

. (15)

In this formula, �̄� designates the mean of the observed values. An 𝑅2 value nearing 1 is indicative of an excellent model fit.
pon completing the mathematical modeling, the results, encompassing graphical plots and optimized parameters pertinent to both
MAW and SMAW techniques, are systematically stored thanks to our ’in-house’ software 3D-Life which automatizes this process.

.2. Fatigue test

An Amsler HFP 100 resonating testing machine was utilized for alternating bending fatigue tests. The specimens underwent a
our-point bending test (Fig. 5), with support distance 𝑏 = 26 mm. The weld bead has been placed inside the zone of constant
ending moment. Each specimen was subjected to a sequence of loading blocks (1 million cycles) with increasing stress amplitude
nd constant stress ratio 𝜎𝑚𝑖𝑛

𝜎𝑚𝑎𝑥
= −1 until failure. In Fig. 6 an example of the load history is provided in order to better clarify the

testing methodology. This procedure aims to discern the stress level at which the specimen will fail, thereby determining the real
𝜎𝐷−1 — the stress limit allowing the specimen to achieve infinite life.

For each loading level, the maximum bending moment 𝑀𝑚𝑎𝑥 is:

𝑀𝑚𝑎𝑥 = 𝑏 × 𝐹
2
, (16)

here 𝐹 is the force applied by the testing machine.
Given the rectangular cross-section of the specimen, the nominal maximum stresses can be deduced using:

𝜎max =
𝑀𝑚𝑎𝑥
𝑊𝑓

, (17)

where 𝑊𝑓 is the section modulus.
The section modulus 𝑊𝑓 , dependent on the specimen shape, can be calculated as:

𝑊𝑓 = 𝑤 × 𝑠2

6
, (18)

where 𝑤 is the specimen cross-sectional width, and 𝑠 is its thickness.
Initially, a low bending force amplitude (𝐹𝑎) of 400 N is applied to the specimen. This force is incrementally enhanced by 200

after every 106 cycles. When the specimen fails, the nominal maximum stress in the weld bead corresponding to the last loading
lock is assumed as experimental 𝜎D-1. This value is expected to change for each specimen as the surface morphology of each weld
ead differs for each specimen. Accordingly, the 𝑘𝑓 of each specimen is then calculated as the ratio between the material fatigue
imit (160 MPa) and the fatigue limit 𝜎D-1 of each specimen.

𝑘𝑓 =
𝜎D-1

160 MPa
(19)

The corresponding values are reported in Table 5.

.3. Numerical model

The numerical model was developed using ANSYS Mechanical APDL 2023R2. The STL file from the scan underwent preprocessing
o transform the triangulation into a parametric surface. This transformation allows the mesh to adapt to the surface curvature,
7

nsuring that regions with higher curvature have denser mesh configurations.
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Fig. 5. 4 Point bending test: (a) scheme and (b) testing equipment with load reversal.

Fig. 6. Load history example.
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Table 3
Fatigue test results.
Specimen
no.

Type Nominal 𝜎𝑑−1 Cycles no.
last step

1 GMAW 83.2 48 847
2 SMAW 83.2 545 232
3 SMAW 62.4 497 201
4 GMAW 78.0 977 424
5 GMAW 87.3 966 223
6 GMAW 74.88 680 006
7 SMAW 49.92 264 062

Let the mesh density function be represented as 𝜌(𝜅), where 𝜅 is the surface curvature. In areas of pronounced curvature, 𝜌(𝜅)
increases, indicating a denser mesh.

Material constitutive model is linear elastic. The fatigue toolbox was then employed, setting the fatigue endurance at 160 MPa
for 10 × 106 cycles, based on the findings of [1]. A constant bending moment, denoted as 𝑀𝑚𝑎𝑥 and corresponding to the load at
which each specimen failed, was applied along the longitudinal direction of the weld.

In particular the moment applied to each model, 𝑀𝑚𝑎𝑥, was chosen based on the fatigue test results, as detailed in Section 4 and
Table 3.

In the post-processing phase, emphasis was placed on two outputs: the equivalent von Mises stress, 𝜎𝑣𝑚, and the fatigue safety
factor, 𝐹𝑆𝐹 . This factor is calculated by the solver as the ratio between the material fatigue limit and the local value of the von
Mises equivalent stress. The maximum value of 𝜎𝑣𝑚 on each simulated weld sample, 𝜎𝑣𝑚,𝑚𝑎𝑥 was normalized using 𝜎𝑑−1 to compute
the stress concentration factor, 𝑘𝑡 related to each sample, as follows:

𝑘𝑡 =
𝜎𝑣𝑚,𝑚𝑎𝑥
𝜎𝑑−1

, (20)

where 𝜎𝑑−1 is assumed as the nominal applied stress for the simulated sample. In Table 5 the resulting values of 𝑘𝑡 are reported.
Additionally, Biaxiality indications were retrieved and studied. it is defined as the principal stress smaller in magnitude divided by
the larger principal stress, with the principal stress nearest zero ignored. A biaxiality of zero corresponds to uniaxial stress, a value
of –1 corresponds to pure shear, and a value of 1 corresponds to a pure biaxial state. Biaxiality of load in fatigue life assessment of
welded joints cannot be neglected, as discussed in [56].

4. Results and discussion

The experimental tests have been performed as explained in Section 3.2, therefore the maximum nominal stress amplitude 𝜎𝑑−1
pplied during the step loading for each specimen is presented in Table 3. As expected, a large scatter in the fatigue endurance is
resent. All the specimen were fatigued along step of the same duration. So, if present, the same coaxing effect affected all of them
nd this could be reflected in the 𝜎𝑑−1 values.

.1. Curvature influence in fatigue life

The experimental 𝑘𝑓 vs each extracted curvature-based features was plotted and the data were fitted with the model described
n Eq. (14) for each subset. In particular for each studied curvature, the average curvature radius and the corresponding damage
ndex vs the experimental 𝑘𝑓 is plotted. In Table 4 the curve fitting optimized parameters are presented with the corresponding
𝑅2. Since the curvature values considered for this calculation were only the negative one, we could say that almost every type of
curvature might contain information about notch effect.

In Figs. 7 and 11–13 these results regarding the two subsets are presented. The Average Curvature Radius value represents a
quantification of the value of the investigated parameter, while the Damage Index is related to how many irregularities characterized
by the investigated radius are present on the surface. For example in Fig. 6(a) the 𝑘𝑓 vs the average radius obtained from Minimum
Curvature is plotted, while in Fig. 6(b) the same plot vs the corresponding Damage Index. The Minimum radius, corresponding to
maximum curvature, captures the sharpest irregularities. It can be observed that for both welding techniques the approximating
curve fits the experimental data with good correlation coefficient (0,730 for GMAW and 0,996 for SMAW) thus confirming the
choice of the model and the ability of the model to capture the sensitivity of this curvature parameter to welding fatigue behavior.
When considering the corresponding Damage Index, it can be observed that while for SMAW samples the correlation coefficient is
0,997, for GMAW samples the correlation is less significant and R2 is 0,182. This can be due to the fact that the surfaces of the
different GMAW samples shows the same degree of irregularity. On the other hand the SMAW samples result, for what concerns the
Minimum Radius, with different distribution of irregularities. Similar discussion can be extended to the average radius corresponding
to Gaussian Curvature (figure 9), to Maximum Curvature (figure 10) and to Mean Curvature (figure 11). For all subsets, SMAW
specimen shows higher 𝑘𝑓 with respect to GMAW specimens, and the two subsets group in different areas of the plots. Additionally
the GMAW tests showed really low scatter, the point are in fact grouped in a small area, and it is consequently difficult to find
a pattern, however the minimum curvature shows a clear trend both for the radius and the damage index plot, also the gaussian
curvature radius plot shows a good trend. As expected, the average radius and damage index of the minimum curvature best fits
9

the experimental data and it will be used for results discussion in the following sections.
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Fig. 7. Experimental kf vs (a) Minimum curvature and (b) Damage Index for SMAW (’x’, continuous fitting curve) and GMAW (’o’, dotted fitting curve) welds.

Table 4
Fitting curve parameters for curvature-based mathematical modeling.

Parameter Type 𝑎 𝑅2

𝑟𝑚𝑒𝑎𝑛 GMAW 0.130 0.567
𝑟𝑚𝑒𝑎𝑛 SMAW 1.500 0.434
𝑟𝑔𝑎𝑢𝑠𝑠𝑖𝑎𝑛 GMAW 0.664 0.387
𝑟𝑔𝑎𝑢𝑠𝑠𝑖𝑎𝑛 SMAW 3.410 0.999
𝑟𝑚𝑎𝑥 GMAW 0.000 0.000
𝑟𝑚𝑎𝑥 SMAW 4.250 0.995
𝑟𝑚𝑖𝑛 GMAW 0.269 0.730
𝑟𝑚𝑖𝑛 SMAW 4.210 0.996
𝐷𝐼𝑚𝑒𝑎𝑛 GMAW 0.088 0.352
𝐷𝐼𝑚𝑒𝑎𝑛 SMAW 0.442 0.990
𝐷𝐼𝑔𝑎𝑢𝑠𝑠 GMAW 0.025 0.005
𝐷𝐼𝑔𝑎𝑢𝑠𝑠 SMAW 0.651 0.902
𝐷𝐼𝑚𝑎𝑥 GMAW 0.000 0.000
𝐷𝐼𝑚𝑎𝑥 SMAW 0.376 0.971
𝐷𝐼𝑚𝑖𝑛 GMAW 0.091 0.182
𝐷𝐼𝑚𝑖𝑛 SMAW 0.464 0.997

4.2. Numerical simulation

In Table 5, for each specimen the minimum radius (column 2), the experimental 𝑘𝑓 (column 3) and the simulated 𝑘𝑡 obtained
according to Eq. (20) (column 4) are reported. The 𝑘𝑡 in table is related to the point, in the weld bead where the equivalent Von
Mises stress 𝜎𝐷−1 reaches the highest values, that is corresponding to the smallest 𝑟𝐯,min on the surface. In Fig. 12(b)–18(b) the red
areas show the point where the curvature radius lies in the threshold range.

In Fig. 8, the 𝑘𝑡 and 𝑘𝑓 vs the minimum value of the minimum radius for each specimens. It is evident that the maximum
equivalent von Mises stresses (related to 𝑘𝑡) are higher than the effective fatigue stresses (related to 𝑘𝑓 ), given the same nominal
stress on the specimen. The relation between these different conditions is defined by the fatigue notch sensitivity 𝑞, and it is expressed
by the formula:

𝑞 =
𝑘𝑓 − 1
𝑘𝑡 − 1

. (21)

According to Neuber’s equation [57], we can express 𝑞 as:

𝑞 = 1

1 +
√

𝛽
√

𝑟

, (22)

where 𝛽 is the Neuber constant and depends on the material, and 𝑟 the curvature radius of the notch. This well assumed approach,
ocumented in literature for conventional notch effect modellization, reports for a relation of 𝑘𝑓 and 𝑘𝑡 with the material properties
nd an inverse proportional relation with the square root of the notch radius. In the present case, where the notch are represented
y welding irregularities, the same pattern is observed.

The local surface curvature generates a local multiaxial stress distribution. For example, in [58,59] the effect of the curvature
adius concerning the angle with the load was deeply studied. The stress biaxiality indication map of specimen 1 is presented in
ig. 9 as an example. Referring to [56] a critical value for the biaxiality stress ratio (𝜎∕𝜏) is 1, so when the normal stress is equal or
ower with respect to the shear stress (45 degree angle of the defect with respect to the load direction) the biaxiality is not negligible
10
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Table 5
Simulated stress concentration factor 𝑘𝑡 and experimental effective
fatigue notch factor 𝑘𝑓 for investigated specimens.

Specimen
no.

min(𝑟𝑚𝑖𝑛) 𝑘𝑓 𝑘𝑡 simulated

1 0.045 1.9 4.0
2 0.235 1.9 2.5
3 0.039 2.5 5.0
4 0.050 2.1 5.1
5 0.061 1.8 2.4
6 0.036 2.1 4.0
7 0.083 3.2 2.5

Fig. 8. Overview on 𝑘𝑡𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 (full markers) vs 𝑟𝑚𝑖𝑛, and 𝑘𝑓 (empty markers) vs 𝑟𝑚𝑖𝑛, for SMAW (square) and GMAW (round) specimens.

Fig. 9. Specimen No. 1 - Biaxiality indication.

when assessing the fatigue limit of the welded joint. By biaxiality indication definition (see Section 3.3), the corresponding range for
biaxiality indication is −0.38 ÷ 1. In all the investigated specimens the biaxility indication was within the acceptable range. Where,
as in Fig. 9 these values were lower than −0.38, they were located in protruding points and therefore not loaded. Actually, different
defects could interact [60] and interaction can be more effective than the sum of each irregularity. Then, instead of considering the
effect of each single irregularity orientation with respect to the load direction, a statistical approach of estimating the global effect
of surface irregularity was applied.

4.3. On the crack nucleation

The results of the numerical simulation and 3D-life software were used to evaluate the crack nucleation sites. In Figs. 14–20 the
minimum radius of curvature 𝜅𝑚𝑖𝑛 is plotted for each specimen and the red colored areas represent the areas where the radius lies
in the threshold range.

The experimental fracture surfaces were therefore evaluated in order to point out the crack initiation sites, and those were
compared with the simulation results (that is the most stressed points), and 3D-life indications (that is the points with the minimum
radius of curvature). An example of crack initiation points on fracture surface for specimen no.3 is reported in Fig. 10.
11
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Fig. 10. Ratchet lines on fracture surface of specimen no.3.

The visual fracture analysis conducted on experimental samples revealed that many ratchet lines are present, pointing out that
cracks originated from multiple points. In fact, the irregularities are evenly distributed in the surface and tend to interact between,
and so several cracks generate. In some cases the crack crossed transversally the weld bead, showing how complex is the pattern of
cracks that generate and propagate in the weld. This evidence corroborates the predictions made by the curvature-based algorithm.
This methodology identifies the critical range of values of the radius of curvature where crack can nucleate due to irregularities
notch effect. Furthermore, the algorithm maps their locations allowing the operator to correct/mitigate the notch effect due to
irregularities. However, there is a need to clarify the relationship between these initiation points and the high-stress zones identified
by the numerical simulation. The simulation suggested the most stressed point as the likely crack initiation site, despite its association
with a low Fatigue Safety Factor (FSF). This discrepancy raises questions about the correlation between the predicted and actual
initiation sites. In fact, crack initiation was found also in part with 𝐹𝑆𝐹 < 1. However, since the simulated stresses are correlated
to the curvature, the cracks initiated in the most stressed zones. This suggests that the fatigue limit of 160 MPa does not represent
the actual behavior of the HAZ and the weld bead, that it is weaker. The curvature-based method shows the critical points for
crack nucleation in the specimen; while the numerical solution relies on the material fatigue limit and the loading condition to
estimate the ’not-safe’ points. The curvature method highlighted several critical points on each specimen and experimental evidence
of multiple distributed cracks confirmed this forecast. The numerical simulation was not able to predict multiple crack nucleation
points.

In comparing the methodologies, it is noteworthy that the simulation method requires a predefined load to locate potential crack
initiation sites, whereas the curvature-based approach does not rely on any pre-assumed load. The latter leverages the geometry of
the weld bead itself, enabling the estimation of stress concentration locations without the need for external load information. This
distinction is crucial for understanding the inherent capabilities and limitations of each method in predicting fracture initiation.

5. Conclusion

The traditional approach to the influence of notches in fatigue life of components is based on three main parameters: the stress
intensity factor 𝑘𝑡 related to geometry, the effective fatigue notch factor 𝑘𝑓 and the notch sensitivity 𝑞 both related to geometry and
material. The 𝑘𝑡 can be calculated according to theory of elasticity and most common notch shapes have tabulated stress intensity
factor values. In the case of non-tabulated notches geometry, the stress distribution and the corresponding 𝑘𝑡 can be obtained by
means of FEM analysis. Then the fatigue safety factor can be obtained based on material data, available in software libraries. In the
case of weldings, where material uncertainties and surface irregularity make these models inapplicable, an alternative procedure is
required to propose reliable life estimation and fatigue safety factor, especially for manual welding.

In the present paper a 𝑘𝑓 estimation model based on weld bead surface morphology is proposed. The presented approach includes
the fundamentals of fatigue notch effect knowledge, implemented in a simple and low cost procedure. The paper investigates the
relationship between fatigue life and the geometric parameters of weld bead surface. In particular a set of parameters related to
local curvature in surface irregularities is defined. For each parameter, a Damage Index is defined to quantify the occurrence of
irregularities on the weld bead surface. Specimens surfaces were scanned, and their weld beads surfaces were characterized. Then
the specimens were tested by means of alternating testing fatigue. Empirical models were calibrated and validated relating the
effective fatigue notch factor 𝑘𝑓 vs the investigated local curvature parameters. Fatigue testing confirmed a notable scatter in fatigue
endurance of welded specimens, emphasizing the inherent challenges posed by welding processes.
12
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The influence of curvature parameters on fatigue life was a standout aspect of this research. For all subsets, SMAW specimen
hows higher 𝑘𝑓 with respect to GMAW specimens, and the two subsets group in different areas of the plots. The curvature related
arameters are better fitted by the numerical model for the SMAW samples then for the GMAW ones The GMAW tests showed
ow scatter, the points are in fact grouped in a small area, and it is consequently difficult to find a pattern, however the Minimum
urvature Radius shows a clear trend both for the radius and the damage index plot. The gaussian curvature radius plot shows an
ppreciable trend. The fracture analysis conducted on experimental samples revealed that cracks originated from multiple points,
onfirming the predictions made by the curvature-based algorithm. This methodology identifies and maps the critical range of the
adius of curvature where crack can nucleate on weld bead surface. The multiple cracks occur in sites where the traditional FSF is not
ble to identify a risk. Actually, the simulation method requires a predefined load to locate potential crack initiation sites, whereas
he curvature-based approach is based only on surface morphology, enabling the estimation of stress concentration locations without
he need for external load information. This distinction is crucial for understanding the inherent capabilities and limitations of each
ethod in predicting fracture initiation. The aim of the authors in this research is to propose a standardized parameter related to

urface geometry that can be used in industrial application, and then valid in generic loading condition. This approach is coherent
ith the Standard approach (eg. ISO 5817).

Curvature, particularly the Gaussian and the maximum ones, emerged as potential indicators of the notch effect in the welding
rocess. The close grouping of data points for GMAW tests indicates a consistent performance, which can be instrumental in
redicting the fatigue life in industrial applications. On the other hand, the higher 𝑘𝑓 values of SMAW specimens suggest a different
ehavioral pattern, necessitating more tailored approaches when dealing with SMAW welds. In conclusion, this research underscores
he importance of understanding the nuances of different welding techniques. The insights drawn from this study can pave the way
or optimizing welding processes, ultimately leading to more durable and reliable welded joints in industrial settings.
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ppendix

See Figs. 11–20.

Fig. 11. Experimental kf vs (a) Gaussian curvature and (b) Damage Index for SMAW (’x’, continuous fitting curve) and GMAW (’o’, dotted fitting curve) welds.
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Fig. 12. Experimental kf vs (a) Maximum curvature and (b) Damage Index for SMAW (’x’, continuous fitting curve) and GMAW (’o’, dotted fitting curve) welds.

Fig. 13. Experimental kf vs (a) Mean curvature and (b) Damage Index for SMAW (’x’, continuous fitting curve) and GMAW (’o’, dotted fitting curve) welds.

Fig. 14. Specimen no. 1.
14



Engineering Failure Analysis 157 (2024) 107944R. Sesana and L. Santoro
Fig. 15. Specimen no. 2.

Fig. 16. Specimen no. 3.

Fig. 17. Specimen no. 4.
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Fig. 18. Specimen no. 5.

Fig. 19. Specimen no. 6.
16



Engineering Failure Analysis 157 (2024) 107944R. Sesana and L. Santoro
Fig. 20. Specimen no. 7.
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