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Resumen
El análisis de fatiga en viga rotatoria resulta crítico debido al riesgo 
de	fallo	catastrófico	común	en	maquinaria	con	componentes	rota-
torios.	Dichos	fallos	no	solo	comprometen	la	eficiencia	operativa,	
sino	que	también	plantean	riesgos	de	seguridad	significativos,	lo	
que ha impulsado una extensa investigación en este campo. Re-
cientemente, las técnicas ópticas han surgido como herramientas 
valiosas para el análisis estático y dinámico de componentes me-
cánicos. En concreto, la correlación digital de imágenes 3D (DIC-
3D) ofrece un enfoque de campo completo con gran potencial 
para la medición de mapas de desplazamiento y deformación. A 
diferencia de los sensores de contacto convencionales, que re-
quieren conexiones físicas y solo proporcionan datos discretos 
(esporádicos), DIC-3D permite realizar mediciones cuantitativas 
precisas y sin contacto, sin interferir en la operación del sistema.
Este	 trabajo	presenta	una	configuración	experimental	novedosa	
para monitorizar de forma continua la evolución de la fatiga en una 
viga rotatoria, sin necesidad de detener ni ralentizar el ensayo. El 
método emplea un sistema de cámaras estereoscópicas de alta 
resolución sincronizado con la rotación de la probeta. Este enfo-
que elimina la necesidad de costosas cámaras de alta velocidad 
a la vez que mejora la resolución de la imagen. Mediante el proce-
samiento de las imágenes con un sistema DIC-3D, ha sido posible 
obtener series de mapas de desplazamiento y deformación que 
permiten rastrear el crecimiento de la grieta a lo largo de los ci-
clos. Los resultados demuestran el potencial de este método para 
dilucidar el comportamiento de la grieta y predecir la vida útil de 
componentes críticos en industrias como la energía eólica, la auto-
moción, el sector ferroviario y el aeroespacial. Este método podría 
abrir una línea interesante para futuras investigaciones. 
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Abstract
Fatigue analysis in rotating bending is critical due to the risk 
of catastrophic failure in rotating machinery. Such failures 
not	 only	 compromise	 operational	 efficiency,	 but	 also	 pose	
significant	 safety	 hazards,	 driving	 extensive	 research	 in	 this	
field.	 Recently,	 optical	 techniques	 have	 emerged	 as	 valuable	
tools for static and dynamic analysis of machine components. 
Specifically,	 3D	 Digital	 Image	 Correlation	 (3D	 DIC)	 offers	 a	
robust,	full-field	approach	to	measure	displacement	and	strain	
maps. Unlike conventional contact sensors, which rely on 
physical connections and yield only discrete data points, 3D 
DIC provides precise, non-contact quantitative measurements 
without interfering with the system’s operation.
This work presents a novel experimental setup to continuously 
monitor fatigue evolution in a rotating beam without interrupting 
the test. The method utilizes a high-resolution stereoscopic 
camera system synchronized with the specimen's rotation. 
This approach eliminates the need for expensive high-speed 
cameras while improving image resolution. By processing the 
images via 3D DIC, it is possible to obtain displacement and 
strain maps that enable the tracking of crack growth throughout 
the cycles. The results demonstrate the potential of this method 
to elucidate crack behaviour and predict the service life of critical 
components in industries such as wind energy, automotive, 
railway, and aerospace, establishing a solid methodology for 
future research. 

Keywords
Materials fatigue, rotating beam, digital image correlation, crack opening, 
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1. INTRODUCTION
Fatigue is a phenomenon that occurs 
in materials when they are subjected 
to repeated cyclic loads, which can 
lead to the initiation of cracks and, 
ultimately, component failure even 
when the applied stresses are below the 
material's yield strength (R. Budynas 
& Nisbett, 2020; Lee et al., 2004a). 
Fatigue is a critical factor in the design 
of mechanical components, especially 
those subjected to dynamic loads, such 
as vibrating components or rotating 
shafts (Campbell & , 
2022; Chandan & Vikas, 2009; Kepka 
et al., 2024; Smith & Hillmansen, 
2004; Tridello et al., 2025). Thus, 
considering that microscopic cracks 
will always exist in a material —
typically generated in areas with stress 
concentrators, material defects or 
manufacturing imperfections— these 
cracks grow and coalesce with each 
applied load cycle. This process causes 
further stress concentration and a 
reduction in the load-bearing cross-
section, among other effects, leading 
to sudden failure (Suresh, 1998). 
Therefore, it is crucial to minimize 
stress concentrators during the design 
of mechanical elements and to pay 
special attention to the manufacturing 
process and surface !nish, 

avoiding both external and internal 
discontinuities or irregularities 
(Oberreiter et al., 2023). To evaluate 
or estimate this life, different methods 
are used. However, the most common 
in industry is the stress-life method.

The stress-life method, or S-N 
approach, is a traditional yet widely 
used technique for fatigue analysis 
(Budynas & Nisbett, 2017; Lee et al., 
2004; Tridello et al., 2022). This me-
thod relies on the experimental ge-
neration of an S-N curve, which cha-
racterizes the relationship between 
applied stress amplitude (S) and the 
number of cycles to failure (N). His-
torically, the foundational experiment 
for this method is the rotating beam 
test (International Organization for 
Standardization, 2021). In this con!-
guration, a specimen is subjected to a 
constant bending moment while rota-
ting around its longitudinal axis. Con-
sequently, with each rotation, every 
point on the specimen's surface under-
goes a complete cycle of fully reversed 
stress. This setup is particularly va-
lued for assessing the fatigue resistan-
ce of shafts and similar components, 
as it accurately replicates the loading 
conditions encountered in real-world 
applications (Carpinteri et al., 2000; 
DE Freitas & François, 1995; Rastogi 

& Kumar, 2009). By repeating these 
tests at various stress levels, the ma-
terial's fatigue life is determined (In-
ternational Organization for Standar-
dization, 2021). However, it is crucial 
to note that these results often exhibit 
considerable scatter due to micros-
tructural heterogeneities, defects, and 
variations in testing conditions (Lee et 
al., 2004a). In standard rotating beam 
tests, instrumentation is typically li-
mited to controlling the precision of 
the applied bending moment, veri!ed 
through dimensional measurements 
or strain gauges (International Orga-
nization for Standardization, 2021). 
Consequently, continuous monito-
ring of the fatigue damage evolution 
during the test remains a signi!cant 
challenge. 

However, optical techniques like 
Digital Image Correlation (DIC) have 
become essential in experimental me-
chanics for their ability to provide 
non-contact, full-!eld measurements 
(Niezrecki et al., 2018; M. A. Sutton 
et al., 2009b). DIC is an optical tech-
nique that allows for the measurement 
of displacements and strains maps on 
a component's surface by analysing 
digital images, so there is minimum 
interaction with the specimen and 
unprecedent spatial resolution in the 
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measurement. Thus, this technique 
has great potential for both static and 
dynamic scienti!c and industrial appli-
cations (He et al., 2024; Molina-Vied-
ma et al, 2018a; Molina-Viedma et al., 
2018b; Palanca et al., 2016; Pan, 2011). 

In fact, DIC has also been used in 
advanced studies of fatigue pheno-
menon. It has been applied for the 
characterization of crack tip !elds, 
enabling the calculation of stress in-
tensity factors (SIF), the evaluation 
of crack closure, and the continuous 
monitoring of crack propagation rates 
(Vanlanduit et al., 2009). This techni-
que has been extensively applied across 
diverse regimes, including low cycle 
fatigue (LCF), very high cycle fatigue 
(VHCF), and specialized studies such 
as fretting and corrosion fatigue (He 
et al., 2024; Hebert & Khonsari, 2023). 
Furthermore, its inherent multiscale 
adaptability allows for investigations 
ranging from the macroscopic struc-
tural health monitoring of large-scale 
components, such as wind turbine bla-
des and aircraft airframes (He et al., 
2024), to the micromechanical analysis 
of strain localization at slip bands and 
grain boundaries (Carroll et al., 2013; 
Hebert & Khonsari, 2023). The most 
common con!guration has focused on 
the study of fatigue from the fractu-
re mechanics approach, speci!cally in 
the analysis of fracture mode I (Díaz 
et al., 2020; Sánchez et al., 2021; Tong, 
2018; Vasco-Olmo et al., 2013). For 
this kind of tests, most reviewed im-
plementations focus on Middle Ten-
sion (MT), Compact Tension (CT), 
or dog-bone specimens subjected to 
tension load cycles, where the surface 
of interest remains optically accessible 
during the tests. DIC has been also 
employed to analyse the fatigue under 
fracture mode II and mixed-mode sce-
narios, although such implementations 
are less frequent compared to pure 
opening mode studies (Tong, 2018). 

To the best of the authors' knowle-
dge, the application of DIC to analyse 
fatigue phenomena in rotating ben-
ding tests —speci!cally under the 
Stress-Life (S-N) approach— remains 
unexplored. To address this gap, this 
work introduces a novel experimental 
setup using 3D DIC to monitor the 
crack initiation zone and crack ope-
ning continuously throughout the test, 
without interrupting it, employing 
high resolution cameras eliminating 

the need for expensive high-speed ca-
meras. This approach aims to enhance 
the reliability and reproducibility of 
such tests by facilitating a deeper un-
derstanding of fatigue failure mecha-
nisms, while simultaneously providing 
clear visualization for both analytical 
and educational purposes. Speci!cally, 
an optical system synchronized with 
the specimen's rotation was designed 
and applied to hourglass-shaped speci-
mens. Precisely, three types of speci-
men subjected to bending fatigue test 
inspired on ISO 1143:2021 have been 
analysed. This methodology offers 
signi!cant insight into fatigue beha-
viour, with high relevance for indus-
trial applications such as railway and 
transport sectors. The following sec-
tions detail the fundamental concepts 
and methodology, demonstrating how 
this implementation enables the mea-
surement of critical parameters.

2. FUNDAMENTALS

2.1. Fatigue test principle
As introduced, the rotating beam 

fatigue test consists of subjecting a 
rotating specimen to a fully inversed 
stress recording the number of 
cycles required to produce its failure 
(fatigue life) (Budynas & Nisbett, 
2020) as illustrated in Figure 1a. The 
rotating specimen test (International 
Organization for Standardization, 
2021), or the Moore machine test 
(Figure 1b), is one of the most effective 
and widely used for metallic materials. 
It employs small circular cross-section 
specimens that rotate driven by an 
electric motor (Budynas & Nisbett, 
2020).

2.2. Fatigue Analysis using the 
Stress-Life Method
To determine the fatigue strength of 
a rotating beam using the stress-life 
method, it is essential to establish 
a database derived from specimens 
subjected to fully reversed "uctuating 
stresses (zero means stress). Given 
the inherent stochastic nature of 
fatigue, a substantial number of tests 
is required to generate a statistically 
signi!cant average, though some 
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Figura 1. a) Moore rotating-beam fatigue testing machine, b) variable stresses at a point P on the specimen.

Figure 2. S-N diagram for rotating beam tests showing the relationship between the applied fully reversed 
alternating stress and the expected cycle life.
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degree of uncertainty inevitably 
remains. This empirical process 
de!nes the relationship between the 
applied stress amplitude (S) and the 
expected fatigue life (N ). Figure 2 
illustrates a typical S-N diagram for 
steel resulting from a test campaign 
and which is generalized for its use 
in streels. In this plot, the ordinate 
axis represents the fatigue strength 
(Sf), which is typically denoted with 
a subscript indicating the speci!c 
number of cycles at which the 
specimen fails (N ) in logarithmic 
scale (Budynas & Nisbett, 2020).

As it can be observed, the life ran-
ges from one single cycle —when an 
alternating stress equal to the ultima-
te tensile strength (Sut) is applied— to 
a value of 10^6 cycles when it is applied 
a stress of Se known as the endurance 
limit. Below this limit, the compo-
nent is assumed to have an in!nite 
life, typically de!ned as exceeding 
one million cycles (N#106). The va-
lue of Se has been analysed on a great 
quantity of tests in order to be related 
with Sut and enable further analysis. 
For steels under Sut=1400 MPa, it was 
observed that Se=0,5 Sut. It is impor-
tant to note that this S_e value is de!-
ned for a speci!c material with a par-
ticular size, !nish, or environmental 
conditions according to the standard 
employed for the rotating-beam fati-
gue test. To adjust this strength value 
when certain conditions vary respect 
the standard, a series of adjustment 
parameters is required. In this case, 
these are known as Marin factors and 
most common are related to surface 
condition, size, kind of load, and tem-
perature (Budynas & Nisbett, 2020). 

The range from N = 1 to N = 1,000 
cycles is generally classi!ed as low-cy-
cle fatigue, as indicated in !gure 2. 
Consequently, high-cycle fatigue re-
fers to failure corresponding to stress 
cycles greater than 103 cycles. The in-
"exion point at 103 cycles corresponds 
to a stress applied of  
being f a factor which depends on the 
ultimate strength of the material and 
ranges between 0,9 and 0,77 (Budynas 
& Nisbett, 2020). So, the calculation 
of the life (N in cycles) is usually li-
mited to applied stresses in the range 
between  and Se. In that range, 
the predicted life is related with the 
fatigue strength following the next 
equation:

  Eq. 1

Where, the constants a and b are 
de!ned by the points for 103 cycles 
when applying  and 
106 cycles corresponding to Se. Taking 
that into account in Eq.1, a and b beco-
me as followed:

  Eq. 2

  Eq. 3

Following the procedure described, 
the number of cycles that one rotating 
component could withstand a certain 
bending stress could be calculated 
from the Sutvalue. It is important to 
note that, this procedure could also be 
applied to non-rotatory components 
or submitted to different loads from 
bending, adjusting the corresponding 
Marin factors. Additionally, when 
mean stress conditions are not equal 
to zero, different criteria exist to re-
late the material's fatigue strength to 
speci!c alternating and mean stress 
conditions. Notable among these are 
the Goodman fatigue criterion, due to 
its simplicity, and the ASME elliptical 
criterion, for its better !t to experi-
mental results (Budynas & Nisbett, 
2020).

2.3. Digital Image Correlation
DIC is a full-!eld optical technique 
for surface displacement measurement 
based on the acquisition of digital 
images of a specimen during its 
testing. The basic principle of this 
method consists of tracking groupings 
of pixels, known as subsets or facets, 
in the images captured during the 
specimen's deformation process. To 

determine the displacement or strain 
of a point P (x0, y0), a reference image 
is required (typically the initial state), 
where a subset (a square window) 
with dimensions of 2 M+1 pixel, 
where M is the distance from the 
reference point to the edge of the 
window. Subsequently, this subset 
is tracked in each of the captured 
images to establish the deformation 
experienced by the specimen during 
the test relative to the reference image 
(Sutton et al., 2009). To facilitate the 
subset tracking process, a random 
speckle pattern is typically generated 
on the surface, making a facet easily 
differentiable respect its neighbours. 
This is usually achieved by applying 
a base of white paint, followed by 
a random black speckle pattern to 
create the maximum possible contrast 
(Figure 3) (Sutton et al., 2008). The 
variations in the shape of this pattern 
throughout the test allow for the 
calculation of displacements and 
strains by comparing the specimen 
from its initial state (considered the 
reference state) to its !nal (deformed) 
state (Pan et al., 2009; Sutton et al., 
2008; Sutton et al., 2009).

For its application, it must be noted 
that a single camera is used for two-di-
mensional displacement or strain stu-
dies; however, if a three-dimensional 
analysis is required, as it is the case of 
the study of non-"at specimens, a ste-
reoscopic vision system is necessary 
to provide spatial perception. In this 
case, system consists of two cameras 
observing the same area of interest 
to perform the analysis (Sutton et al., 
2009). In any case, the vision system 
requires calibration. For 2D DIC, 
determining the pixel-to-millimetre 
magni!cation ratio is often suf!cient. 
However, calibration for 3D DIC is 

Figure 3: Processing scheme for 2D DIC analysis.
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signi!cantly more complex, as the sof-
tware must determine the optical pro-
perties of each camera, as well as their 
orientation and position relative to one 
another and the specimen—namely, 
the intrinsic and extrinsic parameters 
of the optical setup. To achieve this, 
calibrated grid patterns are typically 
imaged, and correlation algorithms 
are applied to the images captured by 
both cameras. Once the relative posi-
tions are established and all imaging 
parameters are de!ned, the absolute 
3D coordinates of any surface point 
can be calculated. By performing this 
calculation for every point on the ob-
ject's surface, the 3D contour can be 
determined across the entire !eld of 
view throughout the test. (Pan et al., 
2009; Sutton et al., 2009).

3. METHODOLOGY
3.1. Specimens used
As commented, three kind of 
specimens were analysed during its 
rotating bar bending fatigue testing. 
Previously to the determination of 
the description of the experimental 
setup, it is important to describe the 
material tested. The three distinct 
single-point loading specimens made 
of steel C45 were designed based on 
the ISO 1143 standard as shown in 
!gure 4. The test campaign included 
a cylindrical specimen (parallel-
sided), an hourglass-shaped specimen, 
and a specimen featuring a stress 
concentrator (diameter reduction) 
to assess its in"uence on fatigue life. 
Based on the geometry, material, 
test conditions, and speci!c surface 
!nish of the specimen, the theoretical 
S-N diagram can be determined 
according to the procedure described 
in (Budynas & Nisbett, 2017). The 
ultimate strength of the steel used 
in the specimen, was considered as 
895 MPa according to supplier. To 
calculate the point corresponding to 
N = 10$ it has to be calculated the value 
of  according to procedure 
previously described, leading to a value 
of 751,8 MPa. To calculate the value of 
Se adapted to the characteristics of the 
specimen and test, it has to be applied 
the Marin factors as commented. For 
that purpose, Eq (4) is used, where Se’ 
is the original ultimate strength of the 
material according to the standard 
conditions and the k factors are the so-
called Marin factors, which modify the 

fatigue limit due to geometry, surface 
!nish, temperature, and other factors.

      Eq. 4

The value of Se, assuming a machined 
surface, an ambient temperature of  
20 ºC, and given the specimen 
geometry, is 343 MPa.

Next step is to calculate the load for 
each specimen to enable a stress that 
leads to a fatigue strength correspon-
ding to a life between 103>N>106. Table 
1 details the load range for each spe-
cimen. These values were selected to 
ensure testing within the !nite life re-
gime —speci!cally, maintaining stress 
below the ultimate tensile strength 
(Sut) but above the fatigue endurance 
limit (Se). The values were selected in 
multiples of 5N, taking into account 
that the 40 mm length area at the left 
of the specimen was the clamped area 

and the punctual load was applied in 
the middle of the 21 mm length part 
at the right of each specimen shown in 
!gure 4.

3.2. Experimental set-up
The fatigue testing machine used 
allows for rotating beam fatigue 
tests under single-point loading 
(cantilever bending), which is one 
of the methods described in the ISO 
1143 standard. To achieve this, the 
load is applied using weights placed 
on a long-articulated lever arm that 
rests on a Hottinger Brüel & Kjaer 
K-U9C 2kN load cell. This load cell 
allows the precise measurement of 
the force exerted on the specimen tip. 
The load cell and the specimen are 
connected through a bearing system, 
which allows the specimen to rotate 
freely while maintaining the load 
static. The rotation of the specimen 
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Figure 4. Specimen drawings used for testing, where: a) notched specimen, b) straight-sided (parallel) speci-
men, c) hourglass-shaped specimen.

Specimen Minimum load (N) Maximum load (N)

Notched 135 280

Straight-sided 150 330

Hourglass-shaped 185 415

Tabla 1. Load ranges for finite life regime testing for each specimen.
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was controlled through a three-phase 
motor, commanding a rotational speed 
of 400 rpm for all the tests.

Regarding the image acquisition 
procedure, given the cylindrical geo-
metry of the specimen and the poten-
tial for 3D displacement, the use of 3D 
DIC is mandatory. A key requirement 
of the methodology is to capture the 
same area of the specimen throughout 
the test; therefore, synchronizing the 
image capture with the specimen's 
rotation is crucial. To compensate for 
minor variations in rotational speed, 
the cameras are triggered via a TTL 
pulse based on the specimen's posi-
tion. This trigger signal is generated 
by a photoelectric sensor pointed at 
the machine's rotating component, 
which detects a narrow white mark on 
the grip system. Simultaneously, this 
signal is sent to an Arduino system to 
count the number of revolutions. Due 
to the high number of cycles expected 
on this kind of tests and, consequent-
ly, the high number of images to be 
stored and processed, it was decided 
to save and process only one every ten 

images, that is every ten cycles of rota-
tion. This allowed a suf!cient amount 
of data to observe the fatigue fracture 
process, while reducing storage and 
processing costs. For this purpose, 
a Python program was developed to 
control cameras and record one image 
every 10 TTL pulses.

Speci!cally, the optical system, 
consisted of two Allied Vision Mako 
U-130B (1,280 % 1,024 pixels) cameras 
equipped with 35 mm lenses. Given 
the high rotational speed of the speci-
men, a short exposure time was requi-
red to minimize motion blur; in this 
case 300 µs was employed. This short 
exposure reduced the light intensity 
reaching the sensor, necessitating an 
auxiliary lighting system to illuminate 
the area under study. Figure 6 illustra-
tes both the schematic diagram and 
the actual experimental setup. The ca-
meras were positioned to view the spe-
cimen from above —focusing on the 
zone subjected to tension where crack 
opening occurs— thereby, optimizing 
the visualization of crack initiation 
and propagation.

4. RESULTS AND DISCUSSION
The results obtained after testing the 
three specimens are shown below. 
Four specimens were studied of 
each geometry, but, for illustration 
purposes, DIC results from one of 
each type will be shown in this section.

First, the hourglass specimen is stu-
died. The mass selected for this test 
was 30 kg, which results in a load me-
asured by the load cell of 285 N since 
the load is not totally centred on the 
contact point with the specimen. This 
load generates a maximum alternating 
stress of 521 MPa located at the sma-
llest section, which, according to the 
S-N diagram, would imply a total of 
32,850 cycles.

3D DIC enables the simultaneous 
measurement of shape, displacement, 
and strain. Among these, longitudinal 
strain proves to be the most effecti-
ve indicator for detecting crack ini-
tiation. Since the cameras view the 
specimen laterally, the crack opening 
under tension manifests as a localized 
concentration of high positive strain. 
Although strain !elds are inherently 
noisier than displacement !elds due to 
the differentiation process required to 
calculated former from latter, this pa-
rameter offers superior sensitivity for 
identifying initiation sites. However, 
a theoretical distinction is necessary, 
strictly speaking, calculating strain 
across a discontinuity (the crack) is not 
consistent with the continuum me-
chanics assumptions. Therefore, these 
high values should be interpreted as 
a 'pseudo-strain' or damage indicator 
rather than a true measure of material 
deformation.

Fracture is expected to occur at the 
central point, as this is where the hi-
ghest stress is generated due to it be-
ing the area of smallest cross-section. 
Figure 7a shows how the crack is ob-
served in the strain map in the central 
section of the specimen, near the end 
of the test. Due to the camera viewing 
angle, only the zone of the specimen 
under tension is visible. In the lower 
zone, a similar distribution with nega-
tive strain values should appear, due to 
the compressive stress experienced. 

Continuing with the strain analysis, 
the evolution of strain at the point of 
maximum strain can be obtained over 
the number of images until fracture, as 
shown in !gure 7b. As it can be ob-
served, the strain remains practically 

Figure 5. S-N diagram for the test specimens.

Figure 6: a) Schematic diagram, b) final experimental setup for the rotating beam test.
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constant and positive, due to being 
subjected to tension throughout the 
test, until a point is reached where the 
trend changes and begins to increase 
at 55,000 cycles. At this moment, the 
crack size grows until it !nally reaches 
a maximum value, where the specimen 
!nally fractures. It is also observed 
that fracture occurred at 61,746 cycles, 
while the theoretical study predicted 
about 32,850 cycles. These differences 
can be attributed to the inherent un-
certainty of the fatigue process or to 
the fact that the surface !nish was not 
fully de!ned by the theoretical para-
meters. However, a larger test series 
would be necessary to draw more we-
ll-founded conclusions regarding the 
sources of discrepancy.

As commented, it can be conside-
red that strain values measured do not 
adequately mechanically represent the 
event when a crack is forming; there-
fore, once the crack initiation point 
was located, its opening was measured. 
To this end, the displacement along 
the longitudinal axis of two different 
points on the specimen near the crack, 
one on each side, was monitored. The 
crack opening was, therefore, calcu-
lated by the difference between the 
displacement of one point minus the 
other, for each captured image. The 
result is shown in !gure 8b. A trend 
similar to that of the strain is obser-
ved, in which the value is constant and 
practically zero until 55,000 cycles, at 
which point the crack width begins to 
increase exponentially until fracture at 
an opening of 0.12 mm.

Next, the results for the parallel-si-
ded specimen are shown below. In this 
test, the applied load measured by the 
load cell was 175 N, which corresponds 
to a maximum stress in the specimen 
of 399 MPa and an expected fatigue 
life of 270,000 cycles.

Figure 9a shows the longitudinal 
strain at a moment near the end of the 
test, when fatigue failure has begun to 
propagate. In this case, the crack did 
not appear in the central zone of the 
specimen; rather, due to the bending 
moment distribution, the zone sustai-
ning the highest stress is the one with 
the smallest diameter located fur-
thest from the load application point. 
Analysing the strain at the point of 
maximum strain yields the graph in 
!gure 9b. This remains constant, si-
milar to the hourglass specimen test, 

until it approaches 100,000 cycles. At 
this point, the strain increases expo-
nentially due to crack opening until 
!nal fracture occurs at 109,780 cycles. 
In this case, there is a certain discre-
pancy between the theoretical and 

experimental cycles; however, given 
the uncertainty inherent to the fatigue 
phenomenon, this is considered an ac-
ceptable error.

Once the crack location was deter-
mined, its opening was calculated as 

Figure 7. a) Longitudinal strain map, b) evolution of longitudinal strain vs. number of cycles (hourglass specimen).

Figure 10. a) Longitudinal displacement map, b) evolution of crack width vs. number of cycles (parallel-sided 
specimen).

Figure 8. a) Longitudinal displacement map, b) evolution of crack width vs. number of cycles (hourglass 
specimen).

Figure 9. a) Longitudinal strain map, b) evolution of longitudinal strain vs. number of cycles (parallel-sided 
specimen).
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a function of the number of cycles, repeating the process used for the 

previous specimen. This evolution 
is shown in the graph in !gure 10b, 
where it can be observed that the crack 
appears approximately in the last 1,000 
cycles and its width grows asymptoti-
cally until specimen fracture at almost 
0.06 mm of crack opening. 

Finally, the results for the notched 
specimen are shown. In this case, the 
measured applied load is 150 N, which 
corresponds to a maximum stress 
in the specimen at the centre of the 
notch, due to it having the minimum 
cross-section, of 274 MPa. It must be 
taken into account that due to the pre-
sence of the notch, a stress concentra-
tion is generated. Therefore, a stress 
concentration factor of Kf = 1.434 was 
applied so the actual stress at the notch 
section is !nally 392.9 MPa, for which 
a total number of 326,000 cycles is ex-
pected. Figure 11a shows the longitu-
dinal strain map for a moment near the 
fatigue fracture of the specimen. It de-
monstrates how the crack appears for 
this specimen in the notch zone, as it is 
the section with the smallest area and 
where the stress is highest. Following 
this, the strain is plotted for the point 
of maximum value as a function of the 
number of cycles, obtaining the curve 
in !gure 11b. The strain remains cons-
tant and practically negligible throu-
ghout the test until reaching 300,000 
cycles. From this point onwards, the 
value begins to increase exponentially 
until !nal fracture at 400,700 cycles. 
In this instance, crack initiation was 
detected after 75% of the test had elap-
sed, unlike in previous tests, in which 
the strain remained constant almost 
until specimen fracture

Finally, the graph of crack opening 
as a function of the number of cycles 
is shown in !gure 12b. A trend similar 
to that of the strain is observed, with 

Figure 11. a) Longitudinal strain map, b) evolution of longitudinal strain vs. number of cycles (Notched speci-
men).

Figure 13. S-N diagram showing experimental results from the test series: a) logarithmic scale; b) linear scale.

Figure 12. a) Longitudinal displacement map, b) evolution of crack width vs. number of cycles (notched 
specimen).

Figure 14: Macroscopic analysis of fracture surface for: a) hourglass-shaped specimen, b) straight-sided (parallel) specimen, and c) notched specimen.
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the crack beginning to widen starting 
from 300,000 cycles until its total fai-
lure with an opening of 0.1 mm.

As previously noted, three repli-
cate tests were conducted for each 
specimen type to ensure data robust-
ness and assess dispersion. Figure 13 
presents the S-N diagram alongsi-
de the experimental results, plotting 
maximum sustained stress against the 
number of cycles to failure. Despite 
some deviation between the predicted 
values and the measured experimental 
life, the theoretical curve shows good 
agreement with the data. The obser-
ved scatter is attributed to the inherent 
stochastic nature of the fatigue pheno-
menon and deviation previously noted 
are consistent with the general tenden-
cy. This sensitivity is more evident in 
!gure 13b (linear scale), which clear-
ly illustrates how minor variations in 
stress amplitude can lead to signi!cant 
variations in fatigue life.

Finally, an analysis of the fracture 
surface was conducted to assess the 
failure mechanism. Figure 14 shows 
the cross sections of the three types of 
specimens tested. In all cases, the sur-
faces exhibit the characteristic features 
of rotating bending fatigue: a smooth, 
dull region corresponding to the sta-
ble crack propagation stage, and a rou-
gher texture representing the !nal and 
abrupt fracture area.

5. CONCLUSIONS
This study presents a novel 
experimental setup for monitoring 
the rotating beam fatigue process, 
employing full-!eld optical techniques 
to observe displacements and strains 
across the entire surface. Furthermore, 
the crack opening and propagation 
processes were successfully monitored 
using the 3D DIC analysis derived 
from these images.

Speci!cally, the study quanti!ed 
crack opening and its in"uence on lo-
cal strain !elds. Observations revealed 
that crack growth remains latent and 
virtually undetectable for the majori-
ty of the test life, until a critical cycle 
count is reached, triggering exponen-
tial propagation until fracture. Hi-
gher resolution images could detect 
previous stages. This behaviour un-
derscores the importance of reliable 
monitoring procedures prioritizing 
high-resolution data acquisition over 
high-speed cameras, which typically 

suffer from lower spatial resolution. 
Additionally, future research could 
analyse the relationship between spe-
cimen tip displacement and crack dep-
th as an indirect measurement method.

Consequently, leveraging the fu-
ll-!eld capabilities of DIC, this work 
establishes a robust tool for precise fati-
gue analysis. This methodology holds 
signi!cant potential for both future 
research and industrial applications, 
particularly in predicting component 
service life and performing in-service 
inspections aligned with Structural 
Health Monitoring (SHM) strategies. 
Ultimately, this approach aims to bri-
dge the gap between theoretical mo-
dels and experimental reality through 
high-!delity data collection.
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