FORCED VIBRATION TEST OF STRUCTURES BY MEANS
OF BI-AXIAL VIBRODYNE
L. Collini, R. Garziera
University of Parma, Department of Industrial Engineering, V.le delle Scienze 181/A, Parma, Italy.
e-mail : lucaferdinando.collini@gmail.com, rinaldo.garziera@gmail.com

ABSTRACT
The techniques of dynamic identification of structural characteristics of buildings are successfully employed since many years. On new constructions these techniques permit the study of the
building response to low- or high-energy vibrations (i.e. to earthquakes) for a safe design, while
on ancient/historical buildings they can be employed to monitor the healthiness of the construction i.e. detect any damage repeating the tests during some years.
In this work we present an innovative vibrodyne we have designed with the aim of produce a
bi-directional excitation harmonic force controlled in amplitude and frequency. This machine is
portable, economic, and is suitable for the use into ancient or delicate buildings.
In this work we present the preliminary results of a series of tests carried out on an ancient
and vast castle undergone to a very elaborated structural investigation. A very interesting comparison between mechanical vibrodyne excitation vs. traditional impact hammer excitation has
been worked out.
Keywords: vibrodyne test; vibration based NDT; modal analysis.
1 INTRODUCTION
Traditional electro mechanical vibrodynes are well known vibrating machines able to generate
strictly unidirectional harmonic dynamic forces. Usually, these forces are controllable in intensity and frequency in quite narrow ranges.
These machines are normally built on a unique base frame on which there are mounted two
shaft with counter wise rotation motion with respect to each other.
Special design has to be carried out when you are facing the task of ancient building dynamic
investigation. This is mainly due to two separate needs. First, ancient buildings present a huge
number of different dynamic situations. Even in one single floor you can easily find a few important frequencies which are somewhat distant one from each other. This implies that, if you
do not want to employ several machines, your vibrodyne must provide a broad range of frequencies. Second, ancient historical buildings often present inconvenient ways for the harmonic
load to be applied. This is because of never plane surfaces, not well connected points and so on.
From a technical point of view, this leads to an accurate design of the vibrodyne’s “feet”. In
fact, they should provide easy regulation, they must be easily moved trough prefixed displacements, and they should have selectable elasticity and dump.
This work presents the design and the development “on the battle-field” of a special vibrodyne, among with some tests. With respect to a “traditional” machine, for example the model
VIBRO-D25 we developed and presented in Collini and Garziera (2011), this vibrodyne pre-
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sents the peculiar characteristic of being fully tuneable in terms of intensity and direction of the
transmissible force, being as a matter of fact a multi-directional machine.
2 OPERATING PRINCIPLE
2.1 “Traditional” vibrodyne
The vibrodyne is a machine apt to impose dynamic vibration strictly sinusoidal and unidirectional, with known frequency and amplitude, to a structure or a part of it. The vibrodyne is used
to make experimental modal analysis, or in dynamic characterization tests to determine the natural frequencies of a structure, in order to determine the deformed and the corresponding associated modal damping parameters, Clough and Penzien, 1993. A sketch of the cross-section of a
traditional vibrodyne is illustrated in Figure 1.
Dynamic tests conducted with the aid of a vibrodyne can be distinguished primarily according to two approaches:
1. processing of signals generated by environmental disturbances on a continuous source:
natural (wind) or anthropogenic (road and rail traffic, and other activities);
2. forced excitation of low intensity, with recording of the response of the structure in terms
of displacements, velocities and accelerations: for this purpose, depending on the case, are installed suitable actuators such as a vibrodyne.
Reviewing briefly the principle of operation of vibrodyne, schematized in Figure 1, one can
say that it consists of two (or more) masses integral with two discs mounted on counter-rotating
shafts driven by an electric motor of sufficient power; generally there is the possibility to vary
the number of revolutions of the engine and thus the frequency of excitation. The two countermasses are in fact due to two centrifugal forces: the “horizontal” components of the two forces
elide each other, while “vertical” components are added together giving rise to a sinusoidal unidirectional force, along the perpendicular to the axis of the two shafts on which the masses are
mounted. We refer to “horizontal” and “vertical” direction in the most common and intuitive
way, thinking to the vibrodyne acting along the perpendicular axes of its frame. We will see in
the following that this “traditional notation” decays in the case of our multi-directional vibrodyne.
In order to vary the frequency of the force generated is sufficient to change the speed of rotation of the motor. Such a force, of the sinusoidal type, is transmitted to the structure via the connections between the support system vibrodyne and the structure itself. The motor is usually
controlled by an electronic control unit, and via an inverter it is possible to vary its speed. Varying the number of masses keyed on the two discs, or their distance (eccentricity) from the axis
of rotating shafts, it is also possible to vary the maximum force generated at a given frequency.

Figure 1: scheme of functioning of a traditional vibrodyne.
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As regards the transmission system between the two contra-rotating shafts, the maximum frequencies of electro-mechanical vibrodynes go from 25 ÷ 30 Hz with dry gears, up to maximum
frequencies of 50 to 60 Hz with rectified dry gears, and up to 100 Hz by toothed belts on both
faces and pulley systems for the reversal of the rotational motion of the two shafts.
In general, these machines are called vibrodyne with counter-rotating vectors, i.e. exciters
which provide the forcing in a specific (unidirectional) direction, according to the orientation of
installation of the machine. Usually the transmitted force is tuneable by moving the masses
along the rotating discs, in such a way to change their eccentricity, as schematized in Figure 2.
With reference to this scheme, the resulting direction of the force vector F = F/2 + F/2 depends
on the imposed α angle.

Figure 2: scheme of the tuneable masses eccentricity.

From a practical point of view, the main applications of vibrodyne concern:
o tuning of theoretical and numerical models;
o monitoring of changing of dynamic behaviour after restoration;
o estimation of changes in the dynamic behaviour following the occurrence of damage
(fire, earthquake, etc.);
o identification and location of any structural damage;
o definition of a reference configuration for a program of structural monitoring.
As already stated, the principle of function consists in the fact that an eccentric mass rotating
about an axis with a constant angular velocity generates a centrifugal force that can be represented by a rotating vector in the plane orthogonal to the axis of rotation, with an amplitude given by the following relationship:

F = meω 2 = me(2π f )

2

(1)

where:
m = eccentric mass expressed in Kg;
ω = angular velocity expressed in rad/s;
f = frequency in Hz;
e = distance of the mass barycentre from the rotation axis (eccentricity) expressed in meters;
|F| = amplitude of the force generated, expressed in N.
The eccentric mass of the vibrodyne is obtained by means of two equal masses placed on the
peripheral crown of each disk, as illustrated in Figure 2; moving along the circumference of a
peripheral crown of the two masses (moving mass) than the other (fixed mass) you can adjust
the value of the eccentricity from zero – in principle – to the value of the single mass.
The resultant force vector acts along the bisector of the angle α formed by the two half-lines
coming out from the centre of rotation and passing through the centre of gravity of the respective masses. That is, while the components orthogonal to the plane containing the axes of rotation of the counter-rotating force vectors are added together, the components lying in the plane
containing the axes of rotation of the counter-rotating force vectors will elude each other.
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The characteristic constant of a vibrodyne defines its “potential mechanics”. This constant is
denoted by C, is measured in N/Hz2 and represents the maximum force that can be expressed by
the machine at a frequency of 1 Hz if it were possible to superimpose the masses on the same
radius of the disc. The characteristic constant C groups all the mechanical parameters of a given
machine equipped with a certain eccentricity, and can be expressed by the relation:

C = dnme(2π)

2

(2)

where:
d = number of discs (in the usual case d = 2);
n = the number of masses (in the usual case n = 2);
C = value of the constant, expressed in N/Hz2.
Usually it is also defined an utilization constant of the machine K(α) as the relationship between the force expressed and the square of the frequency:

K (α) =

F
f2

(3)

The constant K, expressed in N/Hz2, is a function of the phase angle α between the masses,
and can be expressed as a function of the characteristic constant C of the vibrodyne by the following relationship:

⎛α⎞
K (α) = C cos⎜⎜ ⎟⎟⎟
⎜⎝ 2 ⎟⎠

(4)

From equations (3) and (4) one can calculate the desired force at a certain frequency to be
produced by the vibrodyne as a function of the phase angle between the masses:

⎛α⎞
F = K (α) f 2 = C cos⎜⎜ ⎟⎟⎟ f 2
⎜⎝ 2 ⎟⎠

(5).

2.2 Multi-directional vibrodyne VIBRO-BD160
The model of vibrodyne here presented, called VIBRO-BD160, was developed in the NDTL laboratory (Non Destructive Technique Laboratory, www.ndtl.org) of the Department of Industrial Engineering, University of Parma. Some technical drawings and a picture of the machine are
illustrated in Figure 3 and Figure 4. The essential novelty of this construction is the possibility
of operating with three “independent” shafts, on which a couple of masses of about 7kg each is
mounted. The resulting direction of the force vector can be chosen to be vertical, when the horizontal couple of shafts involved, or horizontal, in the case the vertical shafts are chosen to work.
Naturally, all other “hybrid” combinations are possible.
The equipment is substantially composed of a rigid base that houses a mechanical group
equipped comprising the driving (brushless) motor of the three shafts, the housing system of the
rotating masses with adjustable eccentricity and phase shift, a sensor measuring the frequency,
and an electrical panel containing the control system of the rotation speed of the motor.
In particular, the main features of the mechanical part are:
o Structure of welded steel frame;
o Rotating shafts in NiCrMo steel;
o Conical and radial bearing couples;
o chamfered shafts with 10° pitch for adjustment of α angle (see detail of Figure 3);
o Transmission belt system designed to achieve 2 rotating and 1 counter-rotating shaft.
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Figure 3: The multi-directional 3 shafts vibrodyne.

Figure 4: A photograph of the brand-new machine (the electric motor is not mounted yet).
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Other particular characteristics of the machine we realized are:
o low weight;
o portability and accessibility in confined spaces;
o wide range of exciting frequency;
o exciting force up to 16kN;
o bi-directionality of the exciting force, horizontal or vertical;
o choice of the damping of the “feet” through the choice of material/dimension;
o possibility of acquiring the force transmitted through the instrumentation of the feet;
o magnetic sensor counting the speed (frequency);
o electric control panel with possibility to adjust the engine speed and display of the excitation frequency.
These features make the vibrodyne VIBRO-BD160 particularly suitable for dynamic tests for
the characterization and identification of ancient structures, such as castles or churches, and of
architectural details at high elevation, such as towers.
With reference to equations (1) – (5) above, in Table 1 we summarize the main characteristics
of the equipment of electro-mechanical excitation. A typical representation of the operational
characteristics of a vibrodyne is a plot in which the transmitted force is plotted as a function of
the rotating speed (or frequency) and of the masses α angle. This plot is illustrated for the current machine in bi-logarithmic scale in Figure 5, for some typical values of angle α. The plot is
representative of horizontal or vertical force, indistinctively.
3 APPLICATION TO A CASE STUDY
3.1 Experimental testing on an ancient castle
An experimental activity was recently conducted at the suggestive Castle of Zena, near the
town of Piacenza (Italy), shown in Figure 6(a). The tests consisted of the vibrational excitation
of a relatively small part of the castle (2 rooms) and in the dynamic identification of these structures. The sensors were placed on the floor of the two rooms. Tests were performed with two
specially designed pieces of equipment: an instrumented hammer and the mechanical vibrodyne,
three accelerometers, a NI-DAQ acquisition unit and a notebook PC. In a recent work, the same
authors present the elaboration of the data acquired by the accelerometers with the excitation
provided by the instrumented hammer, see Garziera et al., 2013.
Table 1: Characteristics of the vibrodyne VIBRO-BD160.
Dimensions (cm)
Disc diameter (mm)
Eccentricity (mm)
Number of shafts
Number masses/shaft
Single rotating mass (kg)
Frequency range (Hz)

52x55x40
230
67.7
3
2
6.5
1 – 15

Max unidirectional force (kN)
Characteristic constant (N/Hz2)
Min-max utilization constant (N/Hz2)
Angle sensitivity (°)
Power (kW)
Approx. weight (kg)

Figure 5: Forcing characteristic of the VIBRO-BD160.

16
69.4
6.0 – 69.4
10
2
100
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The arrangement of the accelerometers in one room is illustrated in Figure 6(b). In particular,
the scheme shows the positions of the accelerometers at the corners of the room “W”, indicated
with capital letters from A to D, and of the central accelerometer (position 0). The hammer excitation consists in a single shot given with an opportunely mass, dumped by a rubber head; what
we measure in this case is the acceleration in a point of the free vibration of the room pavement.
The excitation provided by the vibrodyne is a ramp in frequency, starting from 2 up to 11Hz,
once an opportune masses disposition is chosen in order to produce adequate force intensity.

	
  

	
  

Figure 6: (a) the ancient castle where our team operated; (b) position of accelerometers in room “W”.

3.2 Preliminary results
A preliminary result of the comparison between the two techniques of excitation, i.e. the instrumented hammer excitation and the electro-mechanical vibrodyne excitation, is shown in
Figure 7. The accelerometric signals, acquired over the time domain, are here elaborated towards the frequency domain via the FFT function. The two plotted FFTs are relative to the same
position on the floor, namely the position 0, A and B of the scheme in Figure 6(b). The FFT
amplitude is plotted in logarithmic scale in order to compare the two responses.
Analysing the plots of Figure 7 some peaks in the FFT functions appear revealing the modal
frequencies in the range 0 – 60 Hz. In particular, we point out the coincidence of the first three
peaks A, B and C between 10 and 14Hz, for all the considered positions. This is an outstanding
result, because enables the researcher to employ the two methods of excitation choosing one respect to the other by taking in consideration just logistic aspects. Other considerations about the
plotted FFTs regard the noise put accidentally by the vibrodyne, which however lets the researcher to operate with big power and less precision required.
4 CONCLUDING REMARKS
A special vibrodyne was designed and built in the laboratory NDTL of the Department of Industrial Engineering, University of Parma. This equipment is specially designed for dynamic testing
of old buildings, where special care must be taken in the excitement. The pride of this machine
is the ability to have a very strict control on the exciter force transmitted, in terms of intensity
and of direction.
A preliminary vibration test conducted on the floor of an ancient castle indicates that the dynamical response in the frequency domain obtained via the vibrodyne excitation is in agreement
with the response obtained via a traditional single-impact hammer.
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Figure 7: Comparison between vibrodyne excitation (red line) and impact hammer excitation (black line)
on the FFT of the accelerometric signals in positions 0 (centre of the room), A and B.
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