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Abstract: New possibilities of vibration monitoring can be found in completely different physical ap-
proaches, where all measuring technology is currently based on sensors in the electrical domain. This
paper presents two different promising alternative approaches to vibration measurement, specifically
in the field of fiber-optics and pneumatic sensors. The proposed solution uses a Michelson fiber-optic
interferometer designed without polarization fading and with operationally passive demodulation
technique using three mutually phase-shifted optical outputs. Experimentally developed sensor
systems for the registration of anthropogenic seismic phenomena were complemented by standard
instrumentation for measuring seismicity used as a standard. The measurement was performed
under simplified conditions using a calibrated stroke as a source of dynamic loading. In addition
to alternative systems, the paper also presents the results of recalculation of the measured values
in a time domain and basic relationships for the conversion to basic units derived from the SI
(International System of Units) system and used internationally in the field of seismic engineering.
The results presented demonstrate that even systems operating on a different physical principle
have great potential to replace the existing seismic devices. The correlation coefficients for both
sensory devices were high (above 0.9) and the average deviations from the measured values of the
amplitude of the oscillation velocity did not exceed the value of 0.02, neither with the fiber-optic or
pneumatic sensor.

Keywords: seismic measurement; dynamic impact; dynamic response; interferometric sensor;
pneumatic sensor

1. Introduction

Monitoring of vibrations from anthropogenic sources is becoming increasingly impor-
tant, mainly due to the mass development of transport and construction-reconstruction
in urban areas, where heavy construction equipment is used. Hence, effective low-cost,
low-power, low-complexity methods for monitoring the dynamic response of buildings
are intensively sought, which will transmit information about seismic or acoustic load
continuously and in real time.

In the field of seismic engineering, when monitoring vibrations from anthropogenic
sources, measuring technology based on sensors in the electrical domain has been used
for several decades to measure the dynamic response of the rock environment as well
as the dynamic response of the structure. Currently, standard seismic instrumentation
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consisting of a digital station and a three-component piezoelectric velocity seismometer is
used to monitor dynamic effects [1]. In the dynamically developing 21st century, however,
new progressive solutions are being sought in this area as well; these solutions can be
found, for example, in other physical principles than those that have been used so far.
Sensory technologies based on other physical principles form a new alternative method of
monitoring both seismic (dynamic) effects and acoustic (all-in-one) effects, with high added
value. The main advantages of these technologies are small size, electrical passivity and
immunity to electromagnetic interference, the simple internal structure, high mechanical
resistance, the possibility of use in extreme conditions (humidity, extreme temperatures,
explosive environments, oil industry, nuclear power plants, etc.) or also a significantly
lower price. In recent years, there has also been considerable progress in the area of
advanced methods of digital signal processing and work with Big Data. It is one of the
fastest growing scientific disciplines and it is obvious that these progressive methods
will penetrate the field of seismic monitoring. These new DSP (Digital Signal Processing)
methods can make measurements more accurate, provide new measurement functions,
etc. Modern digital signal processing methods have now been used in many areas and
industries, and current practice suggests that the same trend will continue in the future.
For the practical application of these progressive methods in real applications, among other
things, both theoretical and applied research of the new as well existing methods are
needed. Some application areas of these new approaches are not yet very developed and,
in some fields, including the area of seismic monitoring, they are completely missing.
It can be expected that new methods of seismic monitoring will enable the development
of progressive techniques that are not yet very developed in this area, such as the use of
artificial intelligence and machine learning techniques to predict, creation of seismic and
acoustic maps of analyzed areas, linking with other smart cities entities, etc.

However, before the routine field deployment of similar equipment in common seis-
mic engineering tasks, such as monitoring the dynamic response of the building structure
and rock mass from various sources [2-7], it is first necessary to experimentally verify
whether the equipment being developed is able to detect vibrations to the extent and
accuracy required for engineering practice (Table 1). For this purpose, several success-
ful experiments with different sources of vibration have been conducted in situ [8-10].
These experiments, when confronted with common instrumentation for seismic monitor-
ing, proved the applicability of the devices tested and being developed for given tasks,
specifically in a wide range of applications, with excellent agreement both in time (length
of seismic events, detection of specific maxima) and the frequency domain (predominant
frequency content, identical frequency peaks). The next logical step was to verify, at the
experimental level, the possibility of recalculation of the measurements units in the time
domain, so that new devices could be a direct alternative to commercially used systems.
The paper is going to present such a laboratory experiment with finding of basic relation-
ship for an interferometric sensor and a pneumatic sensor using a calibrated stroke in
simplified conditions. A calibrated and certified standard seismic station with a velocity
sensor installed was used as a reference standard.

The following sections will present State Of-the-Art , Methods, Experimental Setup,
Results of Experiments, Discussion and Conclusions.
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Table 1. Examples of anthropogenic vibrations [6].

Distance from Dynamic Source Peak Particle Velocity (PPV)

Type of Dynamic Load (m) (mm/s)
Road traffic 2-6 0.4-0.1
Heavy lorry-poor road 8-3 0.8-0.1
Train 2-12 1.8-0.1

TBM in soil 2-20 3.5-0.15
Bulldozer 4-30 4-0.15
Pipe-bursting mole 4-30 6-0.4
TBM in rock 6-10 5-0.1
Plate compactor 1-6 10-25
Pile driving 6-12 5-0.3

1 kg dynamite 6-80 90-1.5
Explosive demolition 6-14 505

(14 storey tower)

2. State-of-the-Art

In this part, the issue of vibration measurement with standard seismic instrumentation
will be introduced, as well as alternative approaches to vibration measurement using
developed sensors.

2.1. Commercially Used Seismic Instrumentation

Many manufacturers around the world produce seismic vibration monitoring stations,
which are used for seismic monitoring purposes in engineering practice. These stations
are manufactured as compact, or are supplied separately with an evaluation unit and a
seismic sensor.

As a standard, these stations are used to measure vibrations to dynamically assess
the response of a building structure due to anthropogenic sources. These sources include
both wheeled and rail transport (tram transport especially in the urban area) as well as all
construction technology generating vibrations, which are mostly inextricably connected
with construction processes, especially with foundation of buildings and subsoil modifi-
cation. Blasting work carried out in the vicinity of urban areas, whether it is large-scale
blasting work in mining processes on the surface and underground, as well as blasting
work as one of the work cycles in tunnel excavation, is a stand-alone issue. Here, these
stations are then deployed as a necessary part of geotechnical monitoring, where, based
on the measurement results, excavation and tunnelling procedures are optimized, thus
reducing negative impacts on the environment. In general, vibrations from all these sources
are called technical seismicity. The character of the recording in the time domain is sub-
sequently dependent on the source of the dynamic load, which is a rapidly dampened
seismic impulse or a longer-lasting shock.

Seismic sensors detect and measure ground vibration by means of the movement
of a magnet suspended in a surrounding by a coil of wire. According to the Lenz Law
of physics, a current is induced in the surrounding coil in a proportion to the velocity
of the magnet movement with respect to the coil. The electronics in the monitor then
measures this current, converts it to ground motion velocities and stores the raw data in
the memory. Each of the three directions perpendicular to one another (longitudinal or
radial, transverse, and vertical) has its own separate measuring coil in the transducer head,
since the vibrations often differ significantly along the different measurement directions.

Standard seismic stations used for monitoring vibrations from anthropogenic sources
have a common frequency range in the range from 2 to 200 Hz with respect to the sensor
type. The mechanical principle of the measurement itself is the main disadvantage of these
devices, since they are very sensitive to manipulation. The sensors as such are not immune
to electromagnetic interference and, unlike the newly designed sensory technologies, do not
withstand the long-term effects of extreme climatic conditions.
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2.2. Experimentally Developed Sensor Systems

Sensory technologies based on optical fibers are an alternative method of monitor-
ing seismic (dynamic) effects with a high added value. The fundamental advantages of
fiber-optic sensors include small size, electrical passivity, resistance to electromagnetic
interference (EMI) and low optical attenuation (measuring point can be separated from the
evaluation optoelectronics). For high-precision measurements fiber-optic interferometers
(such as Mach-Zehnder, Sagnac, Michelson, or Fabry—Perot) are the best choice. Interfer-
ometers are well known for their ability of making precision measurements of optical path
difference between two fiber arms caused by a refractive index change in the interferometer
arm or physical displacement [11]. Other technologies such as fiber gratings have limited
frequency range, so the acoustic measurements are easier to implement in the case of
interferometers. Below is a summary of current research in the field of optical sensing
technology applicable in seismic measurements and with emphasis on interferometers.

The current state of knowledge mentions the use of optical interferometers in the area
of seismic measuring about two decades ago [12]. However, these interferometers used
interference in free space, not in optical fibers. Optical fiber configurations did not begin to
appear until later. As one of the first fiber-optic approach within interferometric seismic
measuring Sagnac interferometers [13] were described. Sagnac interferometer enables
measuring even with the use of less coherent radiation sources contrary to other types of
interferometers. The ability to measure rotation during seismic activity proved interesting
but without further application, their main domain is still gyroscopes. An example of
possible sensor design is [14]. The sensor is in the form of a cylinder on which a coil of
optical fiber is wound. The cylinder is then immersed in a second larger cylinder full of
water. The fiber length used in the Sagnac interferometer was only about 30 m long, yet the
authors were able to sense the vibrations generated within the experiment.

Seismic stations can be substituted by another fiber-optic sensors operating on the
principle of acceleration detection [15] such as Fabry—Perot, Mach—Zehnder or Michelson
interferometers. Sensors with these types of interferometers can be constructed as tri-
axial [16]. They can be characterized with the output intensity modulation measurable with
regular optical power detectors. Design issues of all-fiber interferometric seismometers are
discussed in [17].

The authors of [18] describe a simple seismometer based on a Mach-Zehnder inter-
ferometer. The designers were facing a phase drift of the sensor, which they successfully
solved by actively controlling the operating point using a piezoelement in the arm of
the interferometer. However, this solution is no longer completely optically passive and
requires active electronic control, which is a considerable disadvantage. The resonant
frequency of the resultant sensor is relatively low (60 Hz), which is also not practical in
terms of calibrating the sensor frequency response. These issues were overcome in our
setup using passive optical demodulation as described in [19] and a sensor design with
short optical fibers in the interferometer arms.

The demonstration of in-fiber Fabry—Perot interferometer with fiber Bragg grating
mirrors (FBG-FPI) is described in [20]. The sensor can monitor a wide range of vibration
frequencies and therefore can be applicable in monitoring of seismic responses.

A distributed fiber-optic sensing technology called DAS or DVS (Distributed Acous-
tic/Vibration Sensing) was also presented as an alternate approach [21]. The principle
uses Rayleigh’s backscattering for scanning interferences over the entire length of the
optical fiber acting as the sensor. Resulting acoustic and vibration signals at any point
of the monitored fiber length have no parallel in the conventional measuring technology.
The downside is the impossibility of measuring of wave direction at the measuring point
and very high price of the evaluation units. For these reasons, it has not been put into
practice yet and is used rather on an experimental basis. In [22] the authors deal with the
use of DAS for the measurement of underground propagation of acoustic and vibration
waves, is an example of a successful application in practice, but, for surface measurements,
this method is not entirely suitable.
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In case of non-fiber interferometric approach of measuring, several interesting studies
can be mentioned. The authors of [23] provided results describing the monitoring system
of bridge statics and dynamic vibrations. Two different camera types were used to monitor
the response of a bridge to a passing train. Image processing techniques (pattern matching,
edge detection, and digital image correlation) were used for the analysis of the acquired
images. Results were compared to reference measurements obtained by single point
measurements using the laser interferometer. The laser interferometer sensors can provide a
method for observing low-frequency ground motion on seismic, geodetic, and intermediate
time scales, as described by the authors of [24]. Comparison of individual interferometers
with respect to the description of the sensor design, and the advantages and disadvantages
are shown in Table 2.

Table 2. Table of comparison of fiber-optic methods of vibration measurement.

Method

Description of the Sensor Design

Advantages

Disadvantages

Mach-Zehnder [17,18]

short section of fiber in the arms of
the interferometer, two fiber couplers

small size, low radiation
source requirements (ordinary
laser diodes are sufficient),
dynamic range

high phase drift setting the
lower limit for frequency
measurement,
polarization drift

Michelson [16]

short section of fiber in the arms of
the interferometer, a fiber coupler and
a circulator or an isolator, termination
with a reflecting element

small size, low radiation
source requirements (ordinary
laser diodes are sufficient),
dynamic range

high phase drift setting the
lower limit for
frequency measurement

Fabry-Perot [20]

a minuscule dimension of the
resonator formed between two
reflecting surfaces

minuscule dimensions, small
phase drift, high sensitivity

small dynamic range, high
requirements for radiation
source coherence

Sagnac [14,15]

long section of the fiber in the
interferometer, a fiber coupler and a
circulator or an isolator

linearity of frequency
response, very low
requirements for radiation
source coherence, small
phase drift

large size, the sensitivity
increases with the
frequency—not entirely
suitable for
measuring vibrations

FBG [25]

a pre-stressed fiber grating attached
to the monitored structure

very small size, remote
evaluation, the temperature
drift can be compensated by a
second sensor

spectral evaluation unit,
limited frequency range

DAS or DVS [21,22]

measurement of back reflection
interference spatially along the entire
length of the optical fiber
(acting as a sensor)

a unique measurement
method—thousands of virtual
point sensors along the
entire fiber

extremely high price of
evaluation units

A unique pneumatic sensory device was also employed in the experiments using other
physical approaches to vibration measurement. The first instruments used to measure
vibrations historically consisted mainly of weights suspended on a cable or a spring,
and these, using their inertia, were able to detect slight movements of the earth due to
seismic waves. The device, which is historically close in principle to the presented solution,
is called a geophone. However, the pneumatic sensor does not detect movement by direct
contact of the armature from the permanent magnet inserted in the coil, but uses a pressure
sensor to measure the change in sound pressure inside the closed tube. This innovative
method was a by-product of experiments in which dilatation was measured using a similar
pneumatic system in a strong magnetic field, where standard sensors designed for this
type of measurement could not be used. This device is still unparalleled in its research field
and thus has not a non-commonly used and defined name. The device is, by its principle,
similar to closed-hose presence detectors [26-28]. In contrast, this application does not
depend on deformation, and its subsequent pressure changes, under the weight of the
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measured object. The presented device measures vibrations, which are propagated by
material surrounding the pressure tube.

A partly similar topic can be found in publications examining the manifestation
of changes in closed tube-based vibration measurement [29-31]. The authors analyze
vibrations produced by changes in flow, pressure, and density of the medium propagated
by the tubes. This gives them a better understanding of the process that takes place inside
the pressure tube, in contrast to our measurement, which focuses on the detection of
external excitations passing into the tube.

3. Methods

In this section, will be presented specific devices that have been used for experimental
vibration measurements, therefore standard seismic station, fiber-optic interferometric
system and pneumatic system.

3.1. Seismic Equipment BRS32

The BRS32 seismic station is one of the most widely used seismic stations in Central
Europe; it is used for the purposes of seismic monitoring in engineering practice. BRS32
is, therefore, a universal seismic station, used for measurements both with battery power
in field conditions for short-term measurements and for long-term seismic monitoring
with connection to the electrical network and the possibility of remote data transmission.
The compact station contains a three-component seismic velocity geophone. USB interface
is used for all settings. The frequency range of the internal geophone (depending on the
type of installed geophone) is between 0.5 Hz and 80 Hz at the dynamics of up to 120 dB.
Sampling frequency is 250 Hz. The device, after switching on is automatically connected to
the Global Positioning System (GPS) signal. The measurement coordinates are saved and
the time is synchronized. The battery lasts more than 48 hours. BRS32 is very compact with
simple control. Use of this device is in all application in the field of natural and induced
seismicity. Internal geophones can be selected during the production. Two types are the
most used: Dutch SM6-3D with frequency range 4.5 to 100 Hz and German LE3D Lennartz
with frequency range 1 to 80 Hz [32]. Geophone SM6-3D has been installed in the device
used. The seismic station BRS32 is serially manufactured in the Czech Republic by Arenal
s.r.0., it is calibrated according to the relevant standards, and certified.

3.2. Fiber-Optic Interferometric System Being Developed for Seismic Monitoring

Fiber-optic sensors can be divided into several basic categories, wherein one of them
includes phase-modulated sensors. Phase-modulated sensors compare the phase of the
radiation source (light) in a measurement fiber to a reference fiber in a device called
an interferometer. In other words, the relative phase change between two light waves
is measured. Phase-modulated sensors are one of the most sensitive principles known,
with large dynamic range suitable for various applications.

The phase delay of light due to passing through the optical fiber section ¢ is given by
relation (1), where ny is the refractive index of the fiber core, [ represents the fiber length
and A the wavelength of the radiation source used. A change in the fiber length [ or the
refractive index of the core of the measuring fiber 1y causes a phase change that can be
described as follows (2).

¢ = kngl — 27tngl 1)
A
27T
¢+ Ap = == (nol + oAl + 18mg) )

The external conditions can affect the characteristics of light waves within the optical
fiber one of them being the phase delay. The optical fiber is sensitive to the mechanical
stress (the expansion or compression) acting in the fiber axis which is based on the theory
of elasticity. The mechanical stress results in the changes of the refractive indices of the
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fiber core and cladding, the fiber length and the fiber core diameter [33]. Interferometer
translates these mechanical changes into optical intensity changes measurable by regular
optical power detectors. The interferometric sensor output can be described by (3), where
C is the mean value of the optical intensity, A is the amplitude of the variation of the optical
intensity, and A¢(t) is the phase difference between the interferometer arms.

I(t) = C+ Acos(Ap(t)) ©)]

Since several known fiber-optic connections lead to wave interference, it was necessary
to choose the most suitable one for solving the issue of vibration measurement. Eventually,
the connection of the Michelson interferometer, which uses two short sections of fibers
terminated by a reflective element, such as a mirror, became the most suitable one. This type
of interferometer is not very sensitive to changes in the wavelength of the radiation
source, assuming a balanced fiber length of the interferometer arms, is compact because it
requires only short sections of optical fibers in the sensor, has as large dynamic range as
the Mach-Zehnder interferometer, and is fairly sensitive to low-frequency vibrations and
acoustic signals [33].

The basic connection of the fiber-optic Michelson interferometer (MI) is determined
by fiber optical symmetrical 2 x 2 coupler which has two input and two output ports.
An optical radiation source is connected at the input port and is supplemented by an
isolator, to suppress the back reflections. The short fiber sections at the outputs form
the measurement and reference arms of the interferometer. The fibers are terminated
with mirrors and the output signal is transmitted by the same coupling element to the
photodetector via the second input port, see Figure 1.

Radiation source

.-

Photodetector

..

Figure 1. A basic connection of the Michelson interferometer.

To determine the value of A¢(t), a demodulation technique is essential to perform the
measurements. The operational passivity of the so-called homodyne demodulation [34]
is advantageous in the sensor construction as it uses a 3 x 3 coupler instead of 2 x 2 and
therefore having phase-shifted signal outputs, which can be described by the following
Equations (4)-(6), where J; is 3 x 3 coupler phase asymmetry.

u; = C; + Aq cos <A4)(t) — 2?71 — 51(t)) (4)
uy = Cy + Az cos(Ag(t)) )

us = C3 + Az cos <A(P(f) + 2?71' + (52(t)) (6)
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In the first step, the DC offset C; and modulation amplitude A; are equalized for all
channels, C; is set to 0 and A; is set to 1. Subsequently, following Formula (7) can be ap-
plied [35]. The demodulation can be performed digitally with harmonic arctangent function.

\@(uz —u3)

]

@)

The unwrapped phase difference can be continuously measured in real time with
basically no limit to its measuring range. The accuracy and amplitude limit of phase
difference is given by the photodetector bandwidth and sampling rate. For the particular
application, single MHz photodetector and 100 kS/s sampling rate is well above the
expected measured vibration frequency and amplitude range. The entire connection of the
actual measuring system with the interferometer is shown in Figure 2.

Radiation
source

— Photodetector

DSP + ADC | Photodetector

—| Photodetector

Figure 2. Connection of the sensor system with the fiber-optic interferometer.

The radiation source is a narrow-spectrum laser diode operating at a wavelength
of 1550 nm with an output power of 3 mW. An optical three-port circulator separating
the forward and reverse directions is connected to the laser output. This circulator can
be located just behind the diode, behind the connecting optical cable, or be a part of
the sensor, but is typically located just behind the radiation source, thereby saving one
fiber in the cable connecting the optoelectronics and the sensor itself. The sensor then
consists only of a 3 x 3 coupling element with even ratio and a measuring and reference
fiber terminated with fiber mirrors, e.g., Newport F-FRM. Three output signals are fed to
InGaAs photodetectors, the electrical output of which is connected to a measuring card
(A/D converter). The ADC used is the 9222 module in the cDAQ-9181 chassis made by
National Instruments. The signals are further processed by software (passive demodulation,
filtering, spectral analysis).

The sensor design incorporates a waterproof aluminum box measuring 253 x 159 x 72 mm.
A three-meter single-mode fiber in primary protection was affixed to the bottom of the
box using epoxy resin (hard material with a high Young’s modulus of elasticity, for good
vibration transmission). Shorter fiber lengths provide lower sensitivity, while longer
lengths limit the lower cut-off frequency of the sensor due to the still present slow drift
of the sensors. The drift comes from several imperfections, such as finite polarization
extinction ratio of passive optical components and fibers, radiation source wavelength
stability but mainly due to the small temporal variation of temperature. The length of
three meters is the compromise value for both. A vertical vibration then uniformly applies
mechanical stress perpendicular to the fiber axis. A reference arm of the same length and
a fiber coupler were then loosely placed in the acoustic insulating foam to minimize the
transmission of vertical vibrations to the other arm [36]; in addition, this arm was made in
a higher degree of protection with a 3 mm jacket further reducing the amount of vibration
affecting the fiber length and core refractive index. Optical connectors for connecting
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the optical cable or fibers were built into the front panel. An example of the complete
connection of the Fiber-optic interferometric system is shown in Figure 3.

Figure 3. Example of connection of the fiber-optic interferometer and the sensor system.

3.3. Pneumatic System Being Developed for Seismic Monitoring

The device works as a converter of mechanical vibrations propagated by the sur-
rounding material to a change in the sound pressure, which is sensed by a pressure sensor.
The device consists of a flexible polyvinyl chloride (PVC) tube, which is in direct contact
with a pad through which the desired signal is propagated. The tube is sealed on both
sides, specifically with a microphone on one side and a seal on the other one. The surface
of the tube acts as a membrane that is dilated by seismic/mechanical waves, thus changing
the volume of the tube. A system sealed in this manner has, at a constant temperature,
a direct relationship between the volume and the pressure of the gas enclosed within the
tube, so this system works as a converter of physical quantities (Figure 4).

DAQ system

/ Sealed tube

NI 4431

AN

Coaxial cable /
Microphone /

Figure 4. Diagram of the pneumatic system.

This system is resistant to ambient acoustic interference. According to the previous
experiment in which the signal inside and outside the tube was sensed, the measure-
ment showed that the attenuation of the signal measured with a wobble frequency of up to
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2.5 kHz was 20 to 40 dB [37]. Furthermore, it was found that despite the self-supporting
PVC pipes, there were changes in the measured signal due to sudden changes in the
ambient pressure, e.g., when opening the doors or windows. In the case of industrial use,
it would be necessary to bury this sensor, cover it with sand or place it in a box with a con-
stant pressure to prevent the influence of changes in the ambient pressure on the measured
signal. These error signals appear to be short-term extremes, but in the case of evaluating
seismic activity at critical points, they could be evaluated as a hazardous condition.

Previous experiments have also confirmed that this system measures more easily
mechanical vibration propagated through materials with acoustic impedance similar to the
tube material rather than through ambient air. In the case of using a material with similar
acoustic impedance, this results in minimal reflection of the passing wave and the highest
signal gain.

Due to its low construction costs, the measuring system is suitable for outdoor use or
for incorporation into the building structure. The sensitive part of the measuring system,
a soft tube with the advantage of a PVC material, is resistant to electromagnetic influences,
mechanical and chemical damage, so it can be used even in places where standard sensors
could be harmed or affected. An example of the complete connection of the pneumatic
system is shown in Figure 5.

Figure 5. Example of connection of the pneumatic system.

4. Experimental Setup

The experiment was conducted in the heavy laboratories of the Faculty of Civil En-
gineering, VSB-Technical University of Ostrava, on a massive, poured concrete floor in
the basement of the building. Two BRS32 seismic stations, two experimentally developed
interferometers for vibration measurement, five pneumatic sensors and one tri-axial ac-
celerometer were used throughout the experiment (not all results from all devices from
this comparative measurement are presented in this paper). For further processing, for the
purposes of this publication, data from only one BRS32 seismic station, one interferometric
sensor and one pneumatic sensor (marked in red) were used. The distance of the sensors
from the source of the calibrated stroke was 0.5 m (Figure 6a), or 1.0 m (Figure 6b), or 1.5 m
(Figure 6¢). The diagram of the entire calibration experiment is shown in Figure 7.
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(b) (c)

Figure 6. Comparative experiment (the alternative types of the sensors being developed presented

in this paper are marked in red): (a) a distance of 0.5 m from the calibrated stroke; (b) a distance of
1.0 m from the calibrated stroke; (c) a distance of 1.5 m from the calibrated stroke.

_— —

O\ph Isensor C\lassic\%s/or B{S?Q

/ }g&/ o
\\

;“ / Cahbr%ge(d/?tr% \‘

“ Dlstanéi 1.mea /Auremen Szl
\ from th rement

2.mea

\ ource 0.5 m
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Figure 7. Diagram of the entire comparative experiment.

The source of the calibrated stroke consisted of a drop weight weighing 10 kg and
falling from a height of 0.7 m on a circular impact plate with a diameter of 0.3 m and a
weight of 5 kg. The induced impulse of force of the weight is 7.1 kN and the duration of
the impulse is 45 ms.

In each stage of the measurement, at a distance of 0.5 m to 1.5 m, 100 strokes were
performed. A time delay of at least 5 s was allowed between each stroke. After each stroke,
the recordings from the experimental sensors were stored and marked with the appropriate
time according to GPS for the purpose of unambiguous identification. The BRS32 seismic
station was started in a continuous recording mode, which is synchronized with GPS.

5. Results of Experiments

In the following section, the results from experimental measurements in the time
domain, which were obtained both from the BRS32 seismic station and from both sensory
devices being developed, will be presented and described in detail.

Figure 8 shows a time recording of the calibrated stroke at a distance of 1 m from the
BRS32 seismic station. The horizontal axis represents GPS time, while the vertical axis
represents amplitude of the oscillation velocity [mm.s~!]. A calibrated stroke was recorded
at time “T”. After a rapid and sharp increase to the maximum, there was very quick
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attenuation. This is a typical manifestation of such an isolated dynamic phenomenon in the
time domain. In general, seismic station BRS32 records in three perpendicular directions
(vertical, horizontal radial and horizontal transversal). The comparative experiment was
simplified with dynamic impulse in vertical direction, in the near zone also we can expect
the main dynamic response in vertical direction, thus only the vertical component was
compared with experimentally developed devices.

0.8

Velocity (mm/s)

—-0.6 L L L L L L L
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Time (s)

Figure 8. Time recording of the calibrated stroke at a distance of 1 m from the BRS32 seismic station.

Figure 9 shows a time recording of one calibrated stroke at a distance of 1 m from
the interferometric sensor being developed. The horizontal axis represents time, while the
vertical axis represents phase response [Deg]. A calibrated stroke was recorded at time “T".
After a rapid and sharp increase to the maximum, there was very quick attenuation and at
time T + 0.045 s a second impulse of a very similar nature was recorded, only with a lower
maximum. The first maximum is a manifestation of the impact of the drop weight on the
circular impact plate, the second maximum is a manifestation of the plate in contact with
the concrete base. The time difference between the two maxima corresponds exactly to the
impact time of the drop weight, which is 45 ms. This is a phenomenon that can be observed
when placing the place on a relatively very rigid layer (e.g., a concrete floor). If the plate is
placed on a less solid surface (e.g., soil) then the second maximum is significantly smaller.

1500

1000} J
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—500} 1

—1000 L L L L L L L
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
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Figure 9. Time recording of a calibrated stroke at a distance of 1 m from the interferometric sensor
being developed.

Figure 10 shows a time recording of one calibrated stroke at a distance of 1 m from
the pneumatic sensor being developed. The horizontal axis represents time, while the
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vertical axis represents pressure [Pa]. A calibrated stroke was recorded at time “T”. After a
rapid and sharp increase to the maximum, there was attenuation, but before the pulse was
completely attenuated, so, at time T + 0.045 s, a second impulse of a very similar nature
was recorded again, and again only with a lower maximum. The first maximum is, as with
the interferometric sensor, a manifestation of the impact of the falling weight on the circular
impact plate; only this manifestation was not so quickly attenuated, which is related to the
construction of the pneumatic sensor; and the second maximum is again a manifestation
of the plate in contact with the base. As with the previous recording, the time difference
is 45 ms.

1.0

0.5}

0.0

Pressure (Pa)

—0.5f

~1.0 ‘ ‘ ‘ ‘ ‘ ‘ ‘
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Time (s)

Figure 10. Time recording of one calibrated stroke at a distance of 1 m from the pneumatic sensor
being developed.

Time recordings from all 300 strokes at distances of 0.5 m, 1.0 m and 1.5 m were
always of the same nature for the BRS32 seismic station as well as for both sensory devices
being developed, both in terms of the length of each phenomenon and in terms of the
size of the maxima. As the distance from the calibrated stroke increased, only the maxima
measured decreased.

6. Basic Recalculation of Measured Values between Fiber-optic Interferometric Sensor
and Pneumatic Sensor, Respectively and Seismic Station

To the finding of the mathematical relationship between the values of optical mea-
surement system and the oscillation velocity measurements, an analysis of the subsets
of the measured data for each distance and each dynamic stroke was first performed.
From each of the two corresponding partial recordings of the oscillation velocity and the
phase response for a certain distance and a certain stroke, we obtain a pair of values, which
correspond to the absolute maxima of these two recordings mentioned. Maxima are not
exactly at the same time. This does not allow neither an environment of experiment, nor
a completely different design of sensors working on other physical principles and with a
different sampling frequency. By merging the results of the primarily processed subsets,
we then receive a global set of results—maximum values obtained by optical measurement
(independent variable in the regression analysis) and corresponding maximum absolute
values of oscillation velocity (dependent variable in the regression function). Using the
least squares method, the regression function with the highest coefficient of determination
R2, was determined. In this case, a linear regression function was the best:

v=a+bx (8)
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v—amplitude of the oscillation velocity,
x—maximum phase response obtained from optical measurements,
a, b—constants.

In the case of the finding of the mathematical relationship between the results of pneu-
matic measurements and the measurement of oscillation velocity, an analogous approach
was applied to determine the optimal shape of the regression function with the highest
determination coefficient R2. The exponential regression curve is the best:

v =a x exp(bx) )

v—amplitude of the oscillation velocity,
x—maximum value of pneumatic measurements,

a, b—constants.
The results of both mathematical relationships for the optical interferometer and

the seismic station, and the pneumatic sensor and the seismic station are presented in
Figures 11 and 12, respectively. Both dependences show a very high correlation coefficient
RZ. Table 3 then summarizes the main results from the entire experiment, i.e., the correlation
relations for both sensory devices being developed, the relevant correlation coefficients
and the deviations from the measured values of the amplitude of the oscillation velocity

obtained from the seismic station.

Correlation of the results of optical interferometr with the results of the
amplitude of the oscillation velocity measured by the seismic station BRS32
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Figure 11. Mathematical relationship for the optical interferometer.

Correlation of the results of pneumatic sensor with the results of the amplitude
of the oscillation velocity measured by the seismic station BRS32
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Figure 12. Mathematical relationship for the pneumatic sensor.
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Table 3. Summary results of data mathematical processing of the comparative measurement of the
optical interferometer system and the pneumatic system.

Seismic Station / Optical Seismic Station /
Interferometer Pneumatic Sensor
Correlation
equation y = 0.0009x — 0.3532 v =0.2175 * EXP(1.2378x)
Correlation
coefficient R? 0.9907 0.9662
Average deviation from the measured
values of velocity amplitude (mm/s) 0.022 0.002
Max. deviation from the measured
values of velocity amplitude (mm/s) 0.203 0.301

7. Discussion

This paper describes the first basic laboratory experiment with the finding of the
mathematical relationship between the measured values of the alternative sensory devices
being developed working on a different physical principle than it is still common in the field
of vibration measurement. The comparative measurements were performed in simplified
conditions. In these conditions, all measuring instrumentation was placed as well as the
source of vibrations, which was placed on a homogeneous base at a relatively small mutual
distance. However, in conventional in situ measurements, the distances are significantly
greater, in the order of tens to hundreds of meters, and the environment in which the
vibrations propagate is always fairly heterogeneous. Likewise, a calibrated stroke is the
simplest form of a possible source of vibrations, where commonly monitored vibrations
have a much more complex character. Climate conditions will certainly be another, not
insignificant factor influencing the measurement results. In contrast, it is also possible to
perform the entire comparative process in a much more sophisticated manner, using a
vibrating table in a vacuum chamber, which will be the next step in the research. Similarly,
the next step of the research will include verification of the currently obtained correlation
equations outside the laboratory, in situ, on seismic phenomena caused by, for example,
transport, construction equipment or blasting work.

The team of author has already started this experimental verification of laboratory-obtained
correlation equations by means of pilot measurements of vibrations from tram transport.

One of the main benefits of alternative systems may be, among other things, the higher
explanatory power of measurement without human access to the monitored site, i.e., short-
ening the necessary downtime or unavailability time only for the period necessary for
instrumentation installation. The indisputable advantage of the alternative fiber-optic
solution is the possibility of control monitoring in areas with interfering electromagnetic
fields (increased safety), the possibility of measuring without access to the monitored site,
data acquisition to streamline the design of monitored structures, minimizing risks in
construction and operation. The users may also benefit from the access to the measurement
data evaluated in an almost online mode. The synergy of the aforementioned aspects may
increase the ability of the contractor to accurately and operatively respond to the direct
consequences of the work being carried out on the environment and the built-up area—it
will be possible to optimize blasting, the material used, to implement maximum procedures,
thus achieving greater efficiency, safety and reduction of the impact of construction on
the environment in contrast to the contractors offering their work in conjunction with the
currently used conventional measuring systems.

The degree of sensitivity of the sensors being developed was an interesting item
of verification resulting from this comparative measurement, which is demonstrated by
capturing even the secondary manifestation of the impact of the weight. Capturing the
reflection of the plate from stiffer subsoil by an interferometric, or pneumatic, sensory
device is enabled due to a significantly higher sampling frequency. The original sampling
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rate for interferometric signal was 100 kHz to make the demodulation with maximum
precision. The original pre-demodulation sampling rate is always much higher. After the
signal processing (demodulation) the phase response was down sampled to 1 kHz for the
comparison and display. Pneumatic sensor has sampling frequency 10.24 kHz. For the
BRS32 seismic station, the sampling frequency is 250 Hz, which is a commonly used sam-
pling frequency for monitoring and subsequent analysis of seismic loading in engineering
practice. The pneumatic and interferometric sensor being developed offers a higher fre-
quency range and, as a result, it is sampled at higher frequencies, which can enable a much
more detailed analysis of the seismic recording.

Regarding common engineering practice, the results are very interesting, because tech-
nical standards (e.g., [38]) state the limit values of effective velocity in tenths, while we
achieved the average deviation from the measured values of the amplitude of the oscil-
lation velocity of 0.022 and even 0.002 for the optical interferometer and the pneumatic
sensor respectively.

8. Conclusions

The primary benefit of this paper is to present new alternative sensor systems suitable
for seismic monitoring and the results of data mathematical processing. This experimental
comparative study took place in simplified conditions and a total of 300 seismic phenomena
were processed and evaluated in the time domain. All phenomena captured were of similar
nature in the time domain.

Correlation equations in a general form were created for both sensory devices being
developed, specifically v = a + bx for the fiber-optic sensor and v = a x exp(bx) for the
pneumatic sensor. Correlation coefficients R? for both equations were high, 0.9907 for the
optic fiber sensor and 0.9662 for the pneumatic sensor. The average deviations from the
measured values of the amplitude of the oscillation velocity were very low, specifically
0.022 for the optic fiber sensor and 0.002 for the pneumatic sensor.

This initial basic laboratory comparative study showed that even with the use of a
completely different physical principle, it is possible to find a very cost-effective alternative
method for the purpose of measuring vibrations, but so far only in simplified conditions.
Results of this experimental measurement has shown that both the fiber-optic sensor and
the pneumatic sensor are able to replace a standard seismic device while using a given
solution and input boundary conditions.
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