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Abstract. High-cycle fatigue behaviour of structures can be obtained through vibratory tests using frequency
response functions or transmissibilities. To this end, this study deals with the qualiﬁcation of the vibratory
fatigue bench developed at the Laboratory of Mechanic of Normandy. This bench uses an electrodynamic shaker
which can reach excitation frequencies that are higher than conventional fatigue machines. To carry out relevant
tests, the capacities of the test bench must be well known. Correlations between excitation and response were
investigated to determine the allowable setpoints to maintain linearity between the input and output signals to
validate our system. The difﬁculties related to the experiments were presented and discussed.
Keywords: Vibratory fatigue test/ instrumentation/ vibratory bench capability/ linearity of the system

1 Introduction
In many industrial designs (automotive, aviation, etc.), it is
necessary to predict fatigue strength and correctly improve
reliability to ensure structures are safe. Traditionally,
material fatigue tests are performed on servo-hydraulic
machines whose cycle frequencies can range from few hertz
to 1 kHz [1,2] on the most recent models. Thus, tests using
high-cycle fatigue to reach the endurance limit are costly
in both time and material. Other equipments have been
developed in order to create a greater number of cycles in
a short time and to study the dynamic response of the
structures, such as electrodynamic exciters, vibrophores,
etc. Stanzl–Tschegg have described these different test
methods in reference [3]. In 2004, George et al. gave a brief
historical overview of these test benches [4]. The acceleration of vibratory fatigue tests with electrodynamic shakers
has become more and more common in recent years [5,6].
These controlled closed-loop vibratory fatigue systems [7,8]
can be used at relatively high frequencies (>1 kHz) and
therefore reduce the duration of the tests. The advantage of
these benches is the possibility of exciting the structure
close to the resonance without playing on the fatigue
properties of the materials, unlike the vibrophores.
The ampliﬁcation due to the resonance allows to increase
the strain levels (and consequently the stress levels) even if
the input excitation level is relatively low, which implies
a reduction in energy cost. More recently, different
* e-mail: christophe.gautrelet@insa-rouen.fr

experimental studies of vibratory fatigue damage with
complex excitations have been developed in the literature
(for example, we can quote the Ref. [9]) to better predict
fatigue behaviour close to the actual service life. We can
ﬁnd in the literature a certain number of recent studies
oriented towards vibratory fatigue. Some of them
were concerned with structure design under random
excitations [10–13] and multiaxial fatigue [14–17].
Others had established SN curves [18–20] or yet damage
detection [21–26].
The Laboratory of Mechanic of Normandy (LMN) has
set up a vibratory fatigue bench [6,19] consisting of an
electrodynamic shaker and a closed-loop control system
that allows precise control. In order to set up complex tests
(random, multiaxial, etc.) in the future, it is essential to
know the behaviour of the bench according to the structure
studied and the accessible excitation levels. The goal of this
work was therefore to study the capability of the test bench
from a linearity investigation between the excitation
(amplitude of the imposed acceleration) and the response
of the specimen (amplitude of the measured acceleration at
the beam end and the related strain measured by a gauge)
while highlighting the difﬁculties by carrying out such a
test. The insufﬁciency of deterministic tests to represent
the actual loads supported by a structure has been known
for a long time [27], but this excitation type has allowed the
qualiﬁcation of our testing means. The experimental
linearity of this bench should also lead to lighten the
specimen instrumentation. Indeed, the added masses of
the accelerometer at the beam end and the strain gauge
bonding tend to disturb the measure structure response
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Fig. 1. Shape and dimensions of specimens (mm).

Fig. 2. Finite element analysis of the specimen.

Fig. 3. Test bench and a schematic representation of the sensor
positions.

by lowering its resonant frequency. In this way, we want
to remove unnecessary response sensors (gauge or
accelerometer).
The ﬁrst part of this study gives details on the vibratory
bench, the specimen and the experimental procedure, while
the second part presents the results of the linearity tests
for two ampliﬁcations, and the last part discusses the
difﬁculties encountered in explaining the linearity zones
deﬁned by this study.

The specimens were made with a low-carbon steel
(%C <0.1) material, with a yield stress of 235 MPa and
Young’s modulus of 205 GPa. The series of ﬁve tested
specimens underwent standard heat treatment [28] (900 °C
in a vacuum for 1 h, followed by slow cooling in an air oven)
to reduce the residual stresses in the specimen.
Note. Resonance frequency measurements may differ
by a few tenths of hertz between one specimen and another
due to the variability of machining.

2 The experimental procedure

2.2 The vibratory fatigue bench

In this study, the low-carbon steel specimens were excited
with sweep sines with the electrodynamic shaker. The test
frequencies were ﬁxed values obtained from the transmissibilities recorded between each test. A sinusoidal
excitation level was then imposed at this frequency,
increasing in increments from 1 to 20 g. We have chosen
to follow in this work the same approach as in reference
[19]. An analysis of the experiments on a series of ﬁve
samples was carried out in order to show the inﬂuence of
the test frequencies.
2.1 Specimen
The dimensions of the tested specimen are described in
Figure 1. The specimens were designed in order to deﬁne a
stress raiser zone far from the clamp in order to ﬁx the
strain gauge and to have the ﬁrst resonant frequency close
to 100 Hz (see Fig. 2). The mode-I bending vibration leads
to a higher deﬂection. Resonance modes are decoupled to
limit any possible interaction.

The vibratory fatigue bench consists of an air-cooled
electrodynamic shaker (TiraVib TV50100 + BAA1000 +
FPS). An acquisition control system (ACP: Acquisition
Control Peripheral of Spectral Dynamics) ensures the
control of the tests. The power ampliﬁer transforms
the control signal into a vibration motion of the shaker
ﬁxture on which each specimen is ﬁxed. The entire device is
shown in Figure 3.
The instrumentation of the bench and each specimen
consists of the following (Fig. 3):
– An accelerometer PCB 333A30 ﬁxed to the ﬁxture at
the head of the shaker which will serve to control the
regulation of the closed loop. This accelerometer
measures the input acceleration that should follow the
reference acceleration (the imposed setpoint value).
– A ﬁxed accelerometer Dytran 3225F3 at the beam end to
directly record transmissibilities (acceleration ratio of
response and excitation). This accelerometer weighs 0.6 g
excluding its cable to minimize its inﬂuence on the
structural response.
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– A strain gauge HBM 1LY15-1.5/350 ﬁxed to the useful
area of the specimen. The size of the grid is 1.5 by 1.2 mm
in order to get more accurate measurements.
To determine the maximum acceleration supported by
the shaker, it was necessary to know the moving mass of
the system (Tab. 1). Thus, the maximum acceleration is
26.2 g knowing that the shaker achieves its maximum force
at 650 N.
Table 1. Masses (in kg) moved by the shaker.
Vibratory system

Clamping device

Specimen

Total

1.3

1

0.18

2.48

3

2.3 Experimental procedure and data processing
When a structure is excited at a frequency close to its
resonance, a response ampliﬁcation can be observed,
which allows an ampliﬁcation of the strain measurement
on the specimen useful area. In this case, a phase shift is
observed between the input and output signals. To study
the linearity between the acceleration (input) and the
specimen response (output) at different levels of ampliﬁcation, we have considered two ampliﬁcation levels:
the ﬁrst one at 5 g/g and the second at 10 g/g. These
ampliﬁcation values were arbitrarily chosen before the
resonance peak to keep the phase between the input and
the output at less than 20° [29]. As shown in Figure 4b,

Fig. 4. (a) Flowchart of the experimental procedure and (b) example of a transmissibility obtained for 0.8 g excitation.

4

C. Gautrelet et al.: Mechanics & Industry 20, 101 (2019)

these values were located on the transmissibility plateau
to limit the variations of the related frequencies.
An L-shaped template was designed for ensuring the
repetitive positioning of the specimens, the tightening
being adjusted by means of a torque wrench.
The experimental procedure is described by the
ﬂowchart in Figure 4a:
Step 1. The test procedure began with a sweep sine at 5 g.
Without this ﬁrst step, the linearity is not correct
because we had found in a previous study that
stress relief was observed when a structure was
excited at high levels of acceleration [19,30].
Step 2. A second sweep sine was performed at 0.8 g over
the frequency band from 95 to 120 Hz. This
interval contains the ﬁrst resonance frequencies
of the specimens. The sweep sine duration was
2 min (or 22.5 Hz/s). From the recorded transmissibility, the frequencies, denoted f5 and f10,
related to the two selected ampliﬁcations were
extracted. The acceleration value (0.8 g) was
chosen in order to differentiate the sweep sines
with magnitudes greater than 1 g and the transmissibilities. It has simpliﬁed the data postprocessing and it is easier to compare transmissibilities at the same acceleration level in
order to detect if a change of material properties
occurs.
Note. The ACP controller does not allow to
excite a ﬁxed frequency structure. Thus, to
automate successive series of tests, each specimen
was excited with a sweep sine over a very narrow
frequency band (±1 Hz), including the frequencies extracted per ampliﬁcation considered.
According to the example of Figure 4b, the
ampliﬁcations of 5 and 10, respectively, give
frequencies of 97.7 and 102.6 Hz. The sweep sines
are, respectively, performed from 96.6 to 98.7 Hz
and from 101.6 to 103.6 Hz.
The acceleration levels were arbitrarily chosen
from 1 to 20 g with increasing steps of 1 g. A
decrease of acceleration levels was also considered
in order to detect whether a change in the
material behaviour has occurred. Only four levels
are carried out (15, 10, 5, 1 g). These sweeps were
performed at small numbers of cycles (duration:
10s, about 1,000 cycles) to avoid the fatigue
phenomenon. The amplitude measures of each
sensor are extracted from these data experiments.
The same specimen was used for each test to
avoid the change in test conditions. During this
test phase, the time signals of the both accelerometers and the strain gauge were recorded
continuously by an HBM quantum 840 A system.
The sampling rate of the time signals was 1200
samples per second, which allows a good
representation of each cycle. At the same time,
the transmissibilities are calculated and saved by
the ACP.
Step 4. Step 3 was repeated for the next excitation level or
step 1 was performed on another specimen.

Figure 5 shows the time measurements of the three
sensors during a complete test on the left and on the right,
the associated focus on the 1 g acceleration level. The latter
clearly shows the alternation of sweep sines at an
ampliﬁcation of 5, then at 10 and the transmissibility
(much more visible for the output acceleration and the
strain).
®
Post-processing was carried out using Matlab . For
each excitation level of Figure 5, the maximum and
minimum per cycle with period Ti were extracted to obtain
all signal amplitudes such that:




maxt∈T i Xk ðtÞ mint∈T i Xk ðtÞ
k
Xa ¼
2
ðk ¼ 1 to 20 or k ¼ 15; 10; 5; 1Þ;

ð1Þ

where Xk(t) corresponds to time acceleration or strain
quantities and Xka the related amplitudes per level denoted
by k. These amplitudes were represented in Figure 6 for
each specimen. The ﬁrst part shows the ascendant levels
corresponding to the increase of the acceleration levels. The
second one shows the descendant levels corresponding to
15, 10, 5 and 1 g.
To obtain one point per level of excitation, the means of
the amplitudes was calculated for each level and exhibited
in Figure 7.
The efﬁciency of closed-loop regulation of the excitation
signal was also checked from the amplitudes obtained from
equation (1). Figure 8a gives the measures obtained by the
accelerometer at the shaker ﬁxture (input acceleration)
according to each imposed acceleration level (reference
excitation) for both ampliﬁcations (5 and 10). This ﬁgure
allows checking that the input acceleration is equal to the
reference excitation. Figure 8b corresponding to the set of
transmissibilities for one specimen shows the test repeatability. Despite the little variation observed around the
resonance frequency, we can conclude that there is no
change in the specimen behaviour during the test.

3 Results of the experiment and discussion
3.1 Linearity
We have tested ﬁve specimens by following the procedure
described in Figure 4. The amplitudes of the output
acceleration and the strain at each step were extracted for
both ampliﬁcations. All these amplitudes are plotted
in Figure 9 to exhibit the result dispersion. Although the
specimens are manufactured using electrical discharge
machining (wire-cut EDM), the dimensions vary slightly
from one specimen to another. This has an impact on the
modal response of the specimens and therefore has an
impact on the dispersion observed in Figure 9.
We can see in Figure 9 that the linearity is perfect for
the ampliﬁcation of 5, whereas the curves related to the
ampliﬁcation of 10 present a break in the slope and a
plateau. Therefore, the ampliﬁcation of 10 was not
respected in our study from a certain acceleration level.
The following sections provide some hypotheses to explain
the trend observed for the ampliﬁcation of 10.
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Fig. 5. Example of time signals for a complete test (on left), and a zoom on the 1 g level (on right) of the input acceleration (a), output
acceleration (b) and strain (c).

3.1.1 Irreversible strain
Intuitively, the ﬁrst hypothesis deals with the irreversible
strain of the specimen. We had performed monotonic
tensile tests at the maximum velocity of the used
hydraulic machine in order to approach the strain rate
obtained from the vibratory bench. The results presented
in reference [19] have shown that the stresses reached
always remained below the yield stress of the considered
material. We have anticipated this hypothesis with the
descendant stages 15, 10, 5 and 1 g presented in
Figure 4a. Figure 10 shows that the descendant stages
are superimposed on the related ascendant stages. We can
then conclude that the specimen does not undergo any

irreversible structural strain. In addition, Figure 8b does
not show a variation of the resonant frequency and
damping, knowing that a stiffness loss has a non-negligible
effect on the modal parameters [21–26].
3.1.2 Inﬂuence of the assembly
The vibration of the output accelerometer cable is
inevitably accentuated during the tests because of the
high excitation levels. The vibration cable generates
dispersions in the response and has a non-negligible
effect on the strain amplitude measures. We have then
carried out tests with the glued cable to verify its
signiﬁcance.
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Fig. 6. Amplitudes of the input acceleration (a), output acceleration (b) and strain (c).

This test conﬁguration cannot be adopted for the
fatigue experiment as the cable increases the area
rigidity, which may delay the failure. Figure 11 shows
that the noise induced by the cable vibration is
limited by the bonding and Figure 12 shows through,
by another test, that the break in the slope is still
present. It can be then concluded that the cable
vibration is not responsible for the behaviour observed
in Figure 9.
Another way has led us to investigate the effect of
shaker misalignment. We therefore equipped the bench
with a 3D accelerometer (X1,Y,Z) and a 1D accelerometer
(X2). Figure 13a presents a schematic view of the shaker
head and the accelerometer locations. A sweep sine was
used as excitation on the frequency band from 95 to 120 Hz.
The measurements presented in Figure 13b show that the
imbalance is negligible. Indeed, X1 and X2 are of the same
values, Y and Z are almost zero, so no misalignment of
the shaker head is observed.
According to the literature, the break in slope is
explained as follows:
– Too large deﬂection due to high level of excitation leading
to geometrical nonlinearity [31];

– Damping of the complete system due to inertial forces
and microscopic damages [32];
– Frictions in the clamp [33], which can result in an
opening of the shaker ﬁxture for high levels of
excitation or micro-slips of the specimen in the ﬁxture
[34,35].

3.2 Delimitation of usable domains and simpliﬁcation
of instrumentation
In order to guarantee the validity domains of a fatigue test,
we chose to work only on the linear response domains.
These domains were extracted from Figure 9a and
Figure 9b and represented in Figure 14 in considering
the following:
– A linear regression passing through the origin of the
axes;
– The straight lines are deﬁned to obtain a slope coefﬁcient
close, respectively, to 5 or 10 for the ampliﬁcations 5
or 10;
– A linear regression coefﬁcient R2 close to 1;
– To have the largest linearity domain possible.
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Fig. 7. Means calculated from Figure 6 of the input acceleration (a), output acceleration (b) and strain (c).

Fig. 8. (a) Control veriﬁcation and (b) set of transmissibilities (in magnitude and phase).

The results are collected and shown in Table 2. The
curve does not show a break in slope for the ampliﬁcation
5, the (0–20 g) excitation domain is then usable. For
the ampliﬁcation 10, the domain is reduced to (0–15 g)
due to the presence of the break in the slope. It can

be deduced that the increase in ampliﬁcation (leading
to work on a frequency close to the resonant frequency)
will have the consequence of reducing the linearity
domain. Thanks to this study, we can consider
simplifying the instrumentation so as not to disturb
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Fig. 9. Amplitude measures of the (a) beam response and (b) strain versus input accelerations.

Fig. 10. Evolution of the input excitation level with the beam response. Example for one specimen.

Fig. 11. Comparison between (a) not bonded and (b) bonded wire.
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Fig. 12. Evolution of (a) output acceleration and (b) strain with the bonded wire for one specimen.

Fig. 13. (a) Schematic representation of the shaker head. (b) Acceleration measures with three levels of excitation (1, 10 and 20 g).

Table 2. Characteristics of the extracted linear domains.
Ampliﬁcation

5

10

Slope coefﬁcient (g/g)
R2
Linear domains (g)

5.31
0.997
0–20

9.82
0.995
0–15

the response of the structure by considering the following
cases:

Fig. 14. Representation of extracted linear domains for both
ampliﬁcations.

– The strain gauge ﬁxed to the stress concentration raiser
zone will tend to disturb the propagation of cracks due to
the rigidity of the bonded area;
– The accelerometer adds mass to the structure and
changes its response, but it is necessary for accessing to
the transmissibilities.
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Fig. 15. Correlation between the specimen responses for ampliﬁcations (a) 5 and (b) 10.

Table 3. Linearity parameters extracted from Figure 15.
Ampliﬁcation

5

10

Slope coefﬁcient (mm/m/g)
R2

9.55
0.984

9.49
0.971

The correlation between the accelerometer at the
specimen end and the strain measurements is presented in
Figure 15. We have only considered the experimental data
included in the linear domains previously obtained
(Fig. 14). The linear regression lines associated with both
ampliﬁcations were plotted from these data.
The values are resumed in Table 3. The slope
coefﬁcients for both ampliﬁcations are close, which shows
that the test frequency has no effect on the strain
measurement. Therefore, we can consider removing the
strain gauge in future tests, especially since the strain
measurements obtained show a greater dispersion compared to the accelerometer measurements (Fig. 9).

4 Conclusions
In this study, we have carried out experimental tests to
delimit the linearity domains of the system. These domains
will be used for fatigue high-cycle vibratory tests using the
bench. Thanks to this study, we have highlighted some
difﬁculties of implementation, as a consequence of the test
system choice.
It was possible to deﬁne linear response domains
according to the excitation amplitude. The choice of
ampliﬁcation will be then a compromise between
– the levels of input acceleration and strain measures. The
ampliﬁcation of 5 corresponds to a test frequency lower
than an ampliﬁcation of 10 but the latter makes it
possible to reach higher levels of strain;
– the phase difference between the input and output
measurements. Effectively, the ampliﬁcation of 5 will

allow a negligible phase shift compared to the ampliﬁcation of 10. In addition, the ampliﬁcation of 5 does
not show a break in its slope and presents very little
dispersion.
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