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How to Experimentally Monitor the Fatigue Behaviour  
of Vibrating Mechanical Systems?
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Fatigue damage and, in general, fatigue behaviour is not simple to observe or estimate during the operational life of a generic vibrating 
mechanical system. There are a lot of theoretical or numerical methods that allow to evaluate it or by knowing a priori the loading conditions 
and obtaining output stress states by adopting numerical models of the mechanical system or by directly experimentally measuring and 
acquiring stress/strain states. A few examples of instruments (e.g. rain flow recorders) or measurement chains dedicated to estimate it in time 
domain or frequency domain are found in the literature but none that fully both observes the system dynamic behaviour and estimates the 
related actualized cumulated damage, and, thus, none that can estimate the residual life of the system itself.

In this paper, a simple time-domain method, designed to monitor the instantaneous fatigue behaviour by definition of the instantaneous 
and cumulated potential damage or of equivalent damage signal amplitude is presented, based on rain-flow counting method and a damage 
linear cumulation law and starting from system dynamics signals. This methodology was designed to overestimate real damage to alert the 
system manager before any crack starts and to be simply translated into electronic boards that can be mounted on generic mechanical 
systems and linked to one of the sensors that usually monitor system functionality.
Keywords: fatigue; damage; rain flow counting; random loads

Highlights
•	 A smart procedure to on-line evaluate the fatigue behaviour of mechanical systems is presented.
•	 It is based on rain-flow counting method and a damage linear cumulation law.
•	 It is designed to be simply translated into electronic boards.
•	 This method allows placing fatigue among the phenomena to be controlled in feedback in any mechanical system.

0  INTRODUCTION

Fatigue damage and, in general, fatigue behaviour 
is not simple to be observed or estimated during the 
operational life of a generic vibrating mechanical 
system (e.g. automotive [1] and [2], aeronautical [3] 
and naval applications [4] or wind turbines [5]). Many 
theoretical or numerical methods allow evaluating it 
by knowing a priori the loading conditions (i.e. force 
or acceleration) [6], expressed in time [6] to [10] or 
frequency domain [10] to [12], and obtaining output 
stress states by adopting numerical models of the 
mechanical system (i.e. multibody (MBS) [13], finite 
element (FE) [14], multibody with flexible elements 
(Flex/MBS) [15]) or by directly experimentally 
measuring and acquiring stress/strain states, knowing, 
by hypotheses, the fatigue strength (i.e. S-N Wohler or 
Basquin curve [16]).

A few examples of instruments or measurement 
chains dedicated to evaluate it in time domain (rain 
flow recorder [17]) or in frequency domain [18] 
and [19] are available the in literature but none that 
fully observes the system dynamic behaviour (i.e. 
accelerations, internal loads, strains) and foresights 
the related actualized damage and, is thus able to 
estimate the residual life of the system itself. 

In this paper, a simple time-domain method (used 
in previous papers [20] and [21]), designed to monitor 
the instantaneous fatigue behaviour by definition of 
instantaneous and cumulated potential damage or 
equivalent damage signal amplitude is presented, 
based on the Rain Flow Counting (RFC) method 
[16], on a damage linear cumulation law (Palmegren-
Miner’s rule [16]), and starting from signals coming 
from system dynamics. This methodology was 
designed to overestimate real damage to alert the 
system manager before any crack starts and to be 
translated simply into an electronic board to be 
mounted on a generic mechanical system and linked 
to one of the sensors that usually monitor system 
functionality. To this aim, this paper presents its 
translation in a computing environment dedicated to 
the dynamic multi-domain simulation of mechanical 
systems and to the design and verification of control 
systems. This passage made it possible to verify 
how the results, obtainable from the evaluation tool, 
can be obtained online both directly, by the physical 
measurements made on the turbine, and, in any case, 
by numerical measures, obtainable through more or 
less complex dynamic models of the generator itself.

The fundamental hypothesis of this work is that 
many experimental measures are acquired online, 
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for various reasons, on generic machines (i.e. speed, 
accelerations, moments) and whose values are 
instantly used to control any condition without being 
affected by assessments related to the duration, fatigue 
or damage of the system itself.

Assuming the linear behaviour of the machine 
and of the mechanical system, a relationship can 
always be established between these measures and the 
generic stress state in any location of the components, 
allowing to drive evaluations toward fatigue on such 
generic signals but adopting the classical evaluation 
tools adopted on stress state time histories. If the 
evaluation of the fatigue behaviour is made starting 
from a generic signal on which all the hypotheses 
and tools developed over the years for the evaluation 
of the damage starting from stress state cannot 
be directly adopted [16], the definition of fatigue 
Potential Damage and, therefore, the proposed method 
can be justified.

1  TIME DOMAIN FATIGUE ANALYSIS

If a generic signal (i.e. acceleration, force, moment) 
x is considered, to evaluate the mechanical system 
or component fatigue behaviour and to evaluate its 
durability performance, the fatigue strength curve 
related to it has to be known. Its expression is the 
following, similar to that of the Basquin [16] curve for 
stress signals:

 x Nf � �� � ,  (1)

where xf is the strength amplitude value of the signal 
related to an applied cycles number N, α is the 
intercept of the curve on the amplitudes axis for N = 1, 
β is the curve slope considered constant in the whole 
cycles range.

Its inverse representation is also valid:

 N
xa�
�

� ,  (2)

where N represents the strength cycles number when 
an amplitude value xa of the alternating signal is 
applied.

The choice to adopt a single slope curve is 
justified by the nature of the proposed method 
intended to monitor potential damage but not real 
damage. The most common evaluation method of 
the fatigue behaviour, i.e., of the damage, therefore, 
requires two further steps: to identify a damage model 
and to choose a counting and identifying method for 
the alternating cycles of the signal under examination.

The adoptable damage model is the linear 
damage cumulation law of Palmegren-Miner [16]. 
Regarding the cycles counting, the counting method 
considered as standard in this paper; however, the 
scientific community and international standards 
uses the RFC as standard [16]. The RFC identifies 
the closed hysteretic cycles defined by the signal and, 
generally, the cycles are collected in bands (bins) 
to reduce the result dimensions of this evaluation. 
A load spectrum (i.e. a three-column matrix) can be 
obtained in which the number of counted cycles n, 
the associated mean value xm and amplitude value xa 
of the signal are represented in its generic row. All 
the counted cycles can also still be kept in memory, 
with relative amplitude and mean value, without to be 
sampled in bands, obtaining, in this case, a spectrum 
with as many rows as many cycles were counted, that 
is assuming for each row n = 1.

The presence of a mean value would require a 
further step to adopt the previously mentioned damage 
model. By adopting, for example, the correction of 
Goodman or Gerber [16], it is possible to trace back to 
an equivalent amplitude value of the cycle by knowing 
ultimate static strength related to of the variable, xut.

However, following the hypothesis introduced in 
the introduction and at the beginning of this sections, 
that the signal that is going to be analysed does not 
allow going back to parameters strictly related to the 
component strength, for example to the ultimate static 
strength, the first simplification hypothesis assumed 
is that the mean value of the generic cycle will be 
neglected.

Assuming the above hypothesis, the load 
spectrum can be represented as shown below:

 x na , �� � , (3)

with, respectively, xa and n the vectors of amplitude 
and number of applied or counted cycles.

By knowing spectrum (Eq. (3)), fatigue damage 
is evaluable by Palmegren-Miner rule, that is by the 
following:
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where m is the total number of counted cycles, Dp 
the cumulated damage [16]. Subscript p is used to 
remember that the damage, not being calculated 
necessarily starting from a stress value, is potential 
damage [22] and [23], very useful for comparative 
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analysis but not to be analysed as the absolute value 
of the real damage 

Another definition, useful to better understand 
the subsequent steps proposed by the method object of 
the present paper, is that of damage equivalent signal 
(DES) [5], often used in the field of wind engineering.

Under the hypothesis of the constant slope of 
the fatigue strength curve, by knowing the damage or 
equivalently the load spectrum, it is possible to define 
a stationary cyclic condition equivalent to the entire 
spectrum [23] in terms of damage. Given an arbitrary 
number of cycles, to which it is possible to assign the 
value of the total number of cycles m, it is always 
possible to evaluate the equivalent amplitude value  
xa des  of the signal that determines the same damage of 
the whole spectrum (xa, n) by means of the following 
equation:
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that can be also expressed as follows by adopting 
damage definition (Eq. (4)):

 x m
Da
p

des
� �

�

�
�
�

�

�
�
�

�
�

.  (6)

2  PROPOSED PROCEDURE FOR DAMAGE MONITORING

To evaluate the cumulative damage at a given 
moment in the life of the mechanical system requires 
acquiring the whole history of the signal, considered 

representative of its behaviour, from the first use of 
the machine, seamlessly, to the moment of evaluation. 
Moreover, it is useful to instantaneously know if the 
dynamic condition is dangerous or critical for system 
fatigue behaviour.

The evaluation of cumulated damage is difficult 
to be performed both for reasons of memory space 
allocation and for reasons related to computational 
times to perform cycles counting through RFC and 
then to damage evaluation. As concerns the second 
aim, an instantaneous damage definition does not 
exist, such as an instantaneous equivalent damage 
value of the reference signal to be adopted to control 
system dynamics actively.

The author wants to demonstrate the possibility of 
monitoring the potential damage of a generic machine 
by evaluating it at any of the operating times without 
taking up all the memory space required by the ideal 
methodology, evaluating it by adopting a mobile 
window defined in the time domain, of appropriate 
characteristics, allowing by this approach to define the 
“instantaneous” damage such as the “instantaneous” 
equivalent damage signal.

Let us imagine having a signal measured 
throughout its temporal extension T and on which it 
is, therefore, possible to evaluate the real potential 
damage by applying the RFC and Palmgren-Miner’s 
rule (Eq. (4)) in increasing time intervals [0, ti], with ti 
between 0 and T. This enables defining a time history 
of the damage Dp(t). Associated with this time history, 
the time history of the damage equivalent signal 
x ta des � �  can also be obtained. Fig. 1 shows the flow 
chart of the process.

Fig. 1.  Flow chart of standard evaluation of damage time history [20]
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The formulation of the RFC method is a function 
of the hypothesis that the signal time history is single 
or repeats itself several times, which introduces a 
dichotomy of the load spectrum and, therefore, of 
the damage and of the equivalent alternating value 
of the signal caused by the definition of residue [16] 
and [24] and its management within the counting 
method. The residues are the values of the signal that 
do not determine any closed hysteretic cycle and, 
therefore, are not considered in the evaluation of the 
damage for single signal time history. For signals that 
repeats several times, however, by adopting the rule of 
Cloorman-Seeger or ASTM [24] and [25], all the cycles 
are forcibly closed, which determines a different 
assessment of the damage for the two aforementioned 
hypotheses.With the objective of monitoring fatigue in 
mechanical systems that are typically very long-term 
loaded with variable and random loads, the hypothesis 
of repeating signal is adopted in this paper and in this 
proposed approach.

The first step of the proposed procedure is to 
define a moving window.

Which sampling time dt should has to be taken? 
How long must the mobile window be ΔT?

The answers to these two questions define the 
fundamental choices of the procedure.

Answering these questions means analysing the 
mechanical system and the load conditions to which 
it is typically subjected and, therefore, presumably, 
to which it will be subjected in the future, during 
operating conditions.

The analysis of the frequency content of the loads 
(accelerations or forces) and of the natural frequencies 

of the system and/or component constitutes the 
instrument with which to reach and define these two 
values.

The sampling time  must be such as to capture 
the maximum frequency fmax that is wanted to be 
observed, whether this is the maximum observable 
in the input or that represents the natural mode of 
maximum natural frequency that is to be considered. 
The sampling time dt must be k times lower than that 
corresponding to the maximum frequency value:

 dt
k fmax

�
�
1

.  (7)

The length of the mobile window ΔT must instead 
be such as to capture the minimum frequency fmin that 
is wanted to be observed, whether this is the minimum 
observable in the input or that represents the natural 
mode of minimum natural frequency that is to be 
considered. ΔT must be at least k times the value of 
the one corresponding to the minimum frequency:

 �T k
fmin

� �
1
.  (8)

These two limit values allow observing and, 
therefore, being able to count the cycles associated 
with both fast and slow phenomena in the mobile 
window, in an appropriate number that can represent a 
significant spectrum for the loading condition.

Once the floating window has been defined, this 
is the data buffer that is continuously filled in for the 
evaluation of fatigue behaviour.

In Fig. 2, a flow chart of the proposed procedure 
is shown.

Fig. 2. Flow chart of proposed evaluation of damage time history [20]
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When the mobile ith window is post-processed, 
the load spectrum obtained by RFC is:

 x na i
, .�� �  (9)

The Cloorman-Seeger hypothesis is followed 
without considering the cycle mean value.

If a strength curve such as Eq. (1) is adopted, 
it is possible to define the ith potential damage dp i, 
which is called instantaneous damage, meaning by 
instantaneous the one associated with the current 
mobile window:
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in which subscript i refers to ith window and k to the 
generic spectrum cycle (Eq. (9)), counted in the same 
window. mi is the total number of cycles counted in 
the window.

The cumulated damage at the generic instant, that 
is at the generic ith window, is:

 D dp
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.  (11)

Similarly, the DES related to the window is:
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The value xa des i  is strongly influenced by the 
number of cycles counted in the window, mi, and 
therefore window by window, could vary in value, 
increasing or decreasing, without, however, meaning 
that the damage has increased or decreased. For 
example, if two windows ith and (i + 1)th generate the 
same instantaneous damage dp but the two windows 
contain different numbers of cycles mi and mi+1, 
two different values of xa des  occur for the same 
damage. To overcome this result and have a value 
of  comparable among the various windows and, 
therefore, independent of the number of cycles, the 
value of the normalized DES has been defined xades
that is evaluated in the hypothesis of a number of 
cycles constant for all the windows. In the case of the 
number of cycles constant and equal to 1 its definition 
is:
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It has to be highlighted that the definition of the 
fatigue curve as previously done and the consequent 
damage evaluation procedure are strictly related. If 
we have to manage signals that are not stresses or 
strains and thus not directly related to the concept 
of the Basquin curve or of hot spot stress or of the 
damage rule, a virtual damage evaluation has to be 
accepted, which that means the definition of a strength 
curve that implicitly considers aspects such as stress 
concentration, mean effect, or reliability. As more 
these are well modelled into the curve, the potential 
damage and the instantaneous damage will be closer 
to the real one.

3  SIMPLE TEST CASE

The example (signal) considered to test the goodness 
of the method is shown in Fig. 3 and relative to an 
accelerometric measurement carried out in a wind 
tunnel, on a mini-wind generator [20], [21] and [26]. It 
varies in a rage from 2 m/s2 to –2 m/s2.

Fig. 3.  Time history of signal test case

Figs. 4 and 5 show the rain flow matrix, the 
cumulative of the amplitudes of the cycles (Fig. 4) 
and the time histories of the equivalent signal (DES) 
and of the damage (Fig. 5). The calculation of the 
damage and of the equivalent signal was carried out 
by assuming a fatigue strength curve with parameters 
α = 19.247 m/s2 and β = –0,2228.
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Fig. 4.  a) Rain flow counting matrix, and b) cycles amplitude cumulative of test case time history

            
Fig. 5.  a) Damage equivalent signal and b) cumulative damage time histories of test case signal

                                  
Fig. 6.  a) Example of ith signal time window of proposed process (i = 58), and b) its rain flow matrix
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Analysing the temporal profile of the wind 
speed, which in this case was constant (therefore 
without a defined frequency content), the minimum 
and maximum frequencies were defined exclusively 
starting from the natural frequencies of the tower [26]. 
Considering as a minimum factor a factor k (Eqs. (7) 
and (8)) equal to 5, a mobile time window has been 
defined, characterized by ΔT = 1.0 s and dt = 0.005 s, 
which satisfies both relations (Eqs. (7) and (8)).

Fig. 6 shows one of the moving windows (i = 58) 
corresponding to an absolute time ti (Fig. 2) equal to 
58 s and the relative Rain Flow matrix; Fig 7 shows 
the instantaneous damage (dp) and the cumulated one 
(Dp) evaluated over the whole test time history. 

In order to understand the evaluation of DES 
carried out following the hypothesis adopted in Eqs. 
(14) and (15), Fig. 8 shows the time histories of DES 

obtained by considering the real number of cycles per 
window mi (see Eqs. (12) and (13)) and considering it 
equal to 1 (see Eqs. (14) and (15)).

In the end, the time history of the real cumulated 
damage (Fig. 5) was compared with the corresponding 
trend obtained by means of the proposed methodology 
(Fig. 9). The trend of the instantaneous damage dp i  
obtained from the proposed methodology cannot be 
compared to a similar real value since the damage 
cannot be defined in absolute terms as an instantaneous 
value. In order to carry out a qualitative comparison, 
however, dp i  was compared with the first derivative 
of the real cumulated damage dDp / dt (Fig. 9). A 
comparison between the equivalent signals (DES) is 
not possible since, by definition, while for the real 
signal the number of cycles m grows monotonously 
over time (see Fig. 1) in the sampled one (proposed 

            
Fig. 7.  Proposed method results; a) instantaneous damage dp, and b) cumulative damage Dp time histories

             
Fig. 8.  Proposed method results; a) damage equivalent signal amplitude xa des , and b) normalized damage equivalent signal amplitude  

xades  time histories
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b)

Fig. 9. Comparison between results obtained by proposed method (Estimated) and standard one (Real); a) cumulative damage Dp,  
and b) instantaneous damage dp time histories

           
Fig. 10.  Proposed method sensitivity analysis; potential damage cumulatives; a) comparison among results obtained by adopting windowing 

sizes of Table  1, b)  detailed comparison (in linear scale) for the last 30 seconds of the signal

            
Fig. 11.  Proposed method sensitivity analysis; comparison among results obtained by adopting windowing sizes of Table 1;  

a) instantaneous damage and b) normalized DES
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method) each window shows a number of increasing 
or decreasing variable cycles (see Fig. 2).

The comparison between the cumulative damage 
time histories (Fig. 9) shows how the proposed method 
is sufficiently accurate to estimate both the trend but 
also the absolute value of the damage.

In the final part of the paper, how the choice of 
an incorrect sampling time rather than an incorrect 
size of the mobile window can negatively affect the 
obtainable results is shown.

In Figs. 10 and 11, the results previously obtained 
with ΔT = 1.0 s and dt = 0.005 s are compared with 
those obtained with other two pairs of values of ΔT 
and dt for which values too small of ΔT have been 
deliberately adopted, from not being able to count the 
low-frequency cycles accurately (in this test case the 
most important), and too large values of dt have also 
adopted, losing the small-amplitude cycles (in this test 
case, the greater number) (Table 1).

Table 1.  Windowing parameters adopted for sensitivity analysis

Mobile window parameters
dt [s] ΔT [s]

Analysis no.1 0.005 1.00
Analysis no.2 0.005 0.10
Analysis no.3 0.020 1.00

Fig. 10 compares the time histories of the 
cumulative damage, real and estimated by the 
proposed method (represented in a logarithmic scale 
on the left and in a linear scale and for the final part 
of the signal on the right). In Fig. 11, the trends of the 
instantaneous damage (Fig. 11a) and of the normalized 
equivalent signal (Fig. 11b) are instead compared.

It can be noted that the choice of these two 
parameters significantly influences the results.

4  CONCLUSIONS

In this paper, it has been demonstrated how, starting 
from the online measurement of any representative 
signal of the behaviour of the mechanical system, 
it is possible to define and obtain an instantaneous 
evaluation of the potential damage of the signal in 
terms of damage (DES) in the time domain. This 
possibility provides the scientific and technical 
community the automatic control the possibility 
to insert the fatigue among the phenomena to be 
controlled in feedback in any mechanical system 
(i.e., automotive vehicles, aircraft, trains, ships, 
wind turbines) evaluating not only the maximum or 

minimum values in the signal but also their damaging 
potential.

In this way, in addition to an instantaneous 
evaluation, a cumulative evaluation of the potential 
damage is also obtained, which becomes a further 
control parameter, given an admissible threshold for 
this signal.

The author does not want to estimate the final 
damage related to an assigned time duration of 
the system by observing a single time window 
(in this case, that has to be sufficiently long to 
stabilize damage variance) but only to evaluate an 
“instantaneous” one and obtain the actual cumulated 
damage by cumulating these values, which is a 
characteristic of the approach that allows it to be used 
as a monitor.

The proposed methodology highlights how 
particular attention must be paid to the choice of the 
characteristic parameters of the window, specifically, 
its time length and sampling time. The results obtained 
in the final part of the paper show how, although in 
absolute value the result is influenced by this choice, 
the trends of the cumulative damage, as well as of the 
instantaneous one and of the DES, are very similar to 
different window parameters.
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