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Abstract: Mechanical action can damage physical objects, such as building structures. The transfer
of energy to the ground through the falling mass, forming a crater, can cause kinematic forces in
the soil medium. An effect of these forces, connected with the technology of geotechnical machines,
is vibrations of the ground and building structures. When finding the energy impact on the object
is difficult or even impossible, vibration monitoring and indirect estimation of the negative energy
impact effects is possible. Commercial off-the-shelf solutions exist for vibration monitoring and
recording, but they are dedicated to one application type and are relatively expensive. This paper
presents a proprietary system for monitoring and recording vibrations of building objects transmitted
through the ground. This allows for local registration and remote administration and presentation of
data via a computer network. Vibrations can be analysed according to the requirements of developers
and clients. The developed system shows that creating an effective approach for collecting data on
building vibrations using components from different suppliers is possible. The waveforms collected
using the system confirm the effectiveness and flexibility of the presented solution, providing a
possibility of using the results to decide whether the vibrations are within the standard limits.

Keywords: data acquisition system; vibration monitoring; ground vibration

1. Introduction

Energy exchange between machine parts can cause harmful changes, being common
in technology. Practically, with any real movement of the object, vibration occurrence in
the environment can be expected. The source of vibrations may include vehicle traffic, rail
transport, equipment operations, construction works, and mine operations [1,2]. Building
structures and occupant comfort are both affected by vibrations. Historic buildings are
susceptible to physical, chemical, and biological processes. Vibrations may damage ele-
ments of objects and potentially lead to a construction disaster [3]. Historical buildings in
cities are subjected to long-term vibrations from public transport vehicles, which requires
monitoring of the condition of the buildings over long periods of time [3].

With mechanical devices, vibration information can be used as diagnostic information.
This can help to find whether the machine element works correctly or is damaged. Wind
turbines can be used as an example. Turbines are structures susceptible to wear during
operation. Full vibration monitoring and analysis systems allow early failure detection,
reduce downtime, and maximise efficiency [4]. The turbine blade monitoring system is
based on dynamic properties of the blade and depends on the blade’s material (stiffness
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and damping). Vibration monitoring can detect a reduction in blade stiffness caused by a
damaged blade [5].

Coal mills are another exemplary group of devices, whose health can be monitored
by recording vibrations. Incorrect loading and vibration of the mill can disrupt the coal
pulverisation process. The regrinding efficiency cannot then be guaranteed, which has a
negative effect on the entire pulverisation system. When monitoring the correct operation
of the mill, vibration and load signals are first collected, corresponding to typical damage
to a coal mill. Based on them, models of the mill’s operation are built on various scales.
The models are compared with those obtained during the mill operation. By analysing
these vibration characteristics and estimating the coal level in the mill, various operational
problems, such as overload and lack of carbon, are identified [6].

Bearings are an element commonly used in machines. The analysis of vibration signals
is so advanced that signal modelling is used by analysing combined signals from a physical
object and a material model based on physical properties [7]. Vibration monitoring allows
for early detection and replacement of the damaged element.

Explosions and controlled explosions are processes that release large amounts of
energy. An example is rock breaking, where an effective part of the blast energy crushes the
rock. Energy is transferred to the atmosphere as air movement, thermal energy, and ground
vibrations. Ground vibrations are transmitted to buildings and other structures, causing
movements. Explosions started in mines have a direct impact on mine office buildings,
industrial structures, and surrounding residential buildings, power lines, and pipelines.
Vibration monitoring detects the level of vibrations threatening the condition of objects
surrounding the mine [8,9].

The problem of vibration monitoring includes both small free-standing objects and
large structures. A unique structure is the Large Hadron Collider (LHC) on the border of
France and Switzerland. In order to reduce the influence of external factors on the research
results, the LHC was built underground. Due to specialised research, it is necessary
to conduct ongoing monitoring of the vibrations” impact, including seismic vibrations.
Research on vibration monitoring considers both the measurement systems’ construction
and implementing new methods of signal processing [10,11]. In [11], the researchers
confirmed a practical possibility of using the Probabilistic Power Spectral Density analysis
of signals from seismic stations in determining the long-term ground vibrations.

As mentioned before, a significant source of long-term vibrations is public transport.
Rail transport is often analysed as a source of vibrations. Scientists do not limit themselves
to modelling building vibrations. The generated noise and noise reduction efficiency are
also considered [12]. Variants of rail traffic are modelled: general rail traffic [13], high-speed
surface railway [12], and underground railway networks [14].

The methods for measuring vibrations in building objects are not limited to using
classic accelerometers. Modern non-contact methods that do not require any interference
with the tested object are successfully used. Such methods include tests using laser vi-
brometers, often used in dynamic tests of machines [15]. Microwave interferometers are
becoming more popular in construction [16-18]. Measurements using interferometers are
characterised by a high measurement accuracy (sensitivity of 0.01-0.02 mm) and a sampling
frequency of 200 Hz [18]. Taking measurements using the IBIS-S (IBISFS) system allows
simultaneous determination of structure movements at many points. Detailed and com-
plete information about structure movements during dynamic deformations is available.
Non-contact measurements have proven successful in studying large structures, such as tall
buildings, towers, chimneys, and skyscrapers [15,19,20]. They can be used to study linear
infrastructure objects such as bridges [16,17]. However, interferometers require ensuring
the stability of the ground, which is the base point. This limits the scope of measurements
to systems in which there are no significant movements of the ground (e.g., due to the
operation of the pile driver).
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1.1. The Difficulty of Estimating the Parameters of the Waves

Scientists analysing the influence of the impact energy on the vibrations of the ground
and objects use properties in the amplitude’s form of the propagating wave, its frequency,
or the speed of movement of soil particles. The Bornitz equation, describing the damping
of vibrations at selected points of the ground, is commonly used [21-26]:

Ay = Aq (1’1-7271)11~67“(r27r1) (1)

where A;, Ay—vibration amplitudes at distances rq, r from the source of the vibration,
a—attenuation coefficient depending on the ground type and vibration frequency, and
n—geometric attenuation coefficient, which depends on the type of wave and the position
and size of the wave source.

Exact analytical determination of wave or vibration properties under real conditions
seems to be impossible. The two coefficients in the Bornitz equation handle this.

The attenuation coefficient, &, handles the attenuation of the wave in the medium,
such as the ground. Its precise determination would be possible only with homogeneous
soil. This situation practically does not occur, because the soil is combined with many
layers, such as sand, silt, clay, and rock [26,27]. The components of the layers may have
different granulation, the thickness of the layers may be varied, and there may be layers
combining various components. As a result, the attenuation coefficient, «, for soil with
known components and for selected frequencies is presented as ranges (e.g., for hard
soil, for a frequency equal to 5 Hz, the value of the attenuation coefficient, «, is between
0.0003 and 0.003 m~1) [25].

The geometric attenuation coefficient, n, is the attenuation due to wave damping.
Attenuation varies based on wave type, position, and source size [25]. With soil vibration
analysis, there may be several parallel types of waves. With construction techniques, a
common process is piling (pile driving) (Figure 1).
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Figure 1. Schematic illustration of the generation of different wave types during piling [28].

During the pile setting, the hammer’s energy is transferred to the shaft and tip of the
pile or casing pipe. Driving a pile into the ground is accompanied by the displacement
of soil particles and shear and compression waves’ generation in the ground by the pile
tip. The waves radiate in all directions. Another shear wave is generated by the moving
soil particles due to friction between the pile and the soil particles. In practice, the wave
front is assumed cylindrical. When the compression and shear waves reach the ground,
some transform into a Rayleigh wave. The rest is reflected to the ground. Rayleigh waves
propagate parallel to the ground surface [1,21]. The influence of several types of waves
on the geometric attenuation coefficient, n, makes it difficult to determine the coefficient
precisely. Researchers are trying to determine it experimentally for different values of the
shapes and sizes of the wave source [29].
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1.2. Directions of Research Work

Despite difficulties with precise analytical determination of the relationship between
the energy of the source of vibrations and the vibrations of the tested object, work is
underway to create mathematical models for vibration analysis and the design of new
types of sensors. Long-term measurements in real conditions allow for a more exact
assessment of the impact of vibrations transmitted through the ground on buildings.

The analysis of online values that were collected or monitored earlier is primarily
conducted for the dependable prediction and detection of future problems and failures. In
the exemplary vibration monitoring system of a single coal mill, researchers rely on the
kernel extreme learning machine model based on feature extraction. The model reduces
information redundancy, reduces computing costs, and provides a new idea for the fault
diagnosis of a coal mill based on feature extraction [6].

Another approach to vibration monitoring is predicting object vibrations based on the
vibration properties of its selected elements. In [30], only the vibration data at certain points
of the structure were selected for analysis. A random forest regression model for predicting
any location of the structure, amplitude, and frequency of the force was used [30].

During construction works, it seems necessary to obtain reliable values of the predicted
ground vibrations. Research shows that, in special conditions, forecasting is possible
using the Lagrangian—Eulerian (ALE) adaptive mesh method [28,31]. These simulations
were performed to simulate the pile penetration in the continuous piling process. The
term continuous piling describes the piling process from the ground surface to the final
penetration depth. The simulations showed that the numerical model could efficiently
calculate the velocity of the front of waves of various types in a homogeneous soil [31].

Some scientists go further and try to implement heterogeneous soil in the model.
In [32], the finite element method in time domain (FEM-TD) is employed for predicting
pile-driving-induced vibrations. A soil model with four layers of different thickness was
used in the simulations. Layer thickness and properties were determined using actual
measurements. The obtained values of the soil layer properties were used in the model. The
results of the simulation were compared with the results of the low-strain test performed
with a handheld impact hammer. The results of the simulation and practical test confirmed
that the developed numerical model is highly consistent with in situ measurements [32].

Another interesting research direction is developing vibration sensors without an
external power source. Papers on mechanical vibration sensors with an integrated energy
collection function with a piezoelectric transducer are published. Typical generators for
generating mechanical energy are equipped with a movable lever (cantilever) made of
piezoelectric material. The piezoelectric lever generator may be a self-powered sensor that
detects the state of vibration of the support. With a known resonant frequency of the lever,
it is possible to determine the vibrations based on the damping of the signal coming from
the lever [33]. The physical feasibility of building such a sensor has been proven, and the
current work concerns estimating potential errors [34]. This makes it possible to build
self-powered vibration sensors based on a unique phenomenon. Another type of generator
is a nano-generator that uses a combination of the triboelectric and electrostatic effects. The
source of energy is flexible nanofibers, fabricated by electrospinning with a strong dielectric
compound and the relatively negative triboelectric material polyvinylidene fluoride. This
type of sensor can be an efficient, self-powered nanofiber vibration sensor (SNVS) for the
safety detection of rail fastener tightness [35]. The lack of an external power supply allows
for mobile work of the sensor. Mobility can be further increased by introducing a wireless
communication module into the sensor. It has been shown that the obtained electricity
allows the sensor to work and suffices to meet the needs of the wireless communication
module [36].

Apart from the research directions mentioned above, currently, the most widespread
research is in the propagation and damping of vibrations accompanying rail transport,
dynamic compaction, explosions, and pile-driving foundations [22].
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The vibration monitoring system presented in this publication combines elements
from different suppliers to work together smoothly and provide reliable measurement data.
A significant difference from commercial systems available on the international market is
the flexible structure of the measurement system, adapted to the requirements of the [37],
with the possibility of easy adaptation to other standard requirements. International
corporations producing vibration-recording systems have no business interest in creating
systems that qualify vibration values under locally applicable standards. Introducing an
international standard in a small country is easier than getting support from an international
hardware and software manufacturer for the local standard. The data presentation has two
levels—system administrator- and user-level access to measurement data. The obtained
measurements instantly provide the user with information on the vibration classification
(SWD range) and its potential impact on the structure (Section 3). Remote access with
limited user privileges is provided. This type of data access is rare in commercial solutions.
Commercial research systems are typically designed to be operated by qualified employees
with extensive permissions. The cost of the presented, dedicated monitoring system
(consisting of sensors, a data acquisition card, and software) is much lower than the cost of
a closed system provided by recognised suppliers of this type of solution (e.g., Briiel and
Kjeer, Svantek).

2. The Measuring System for Monitoring Vibrations of Building Structures

When determining the effects of energy on building structures, attempts are made
to estimate and model vibrations theoretically, as mentioned. An inability to find the
real impact of energy on buildings analytically and precisely is due to the heterogeneous
medium between the vibration source and the building. The medium comprises layers,
such as sand, silt, and clay. The layers are characterised by variable thickness, and other
disturbances are caused by underground structures, such as pipelines or foundations
of structures other than the tested one. The impact on the object can only be precisely
determined by measuring the tested object (Figure 2).

l Energy
source
(hammer) Monitored
building (object)
Pile

Ground (soil,
wave propagation medium)

Pile — ground (soil) Wave progagation Destructive impact
interaction (vibrations) of vibration

Figure 2. Block diagram of the wave generation and the vibration transfer during pile driving.

Complete commercial solutions dedicated to vibration measurement are available.
Their disadvantage is the high purchase costs and the ability to carry out measurements
only to the extent provided by the software from the manufacturer. The discussed system
for measuring and recording the kinematic impact on building structures is an open-access
system. The system characteristics include:

Possibility to modify the code regarding the collected data,
Remote access to online data with different access levels, i.e., administrator (possibility
to modify the code and presentation method) and user (viewing current data and data
from a selected period),

e  Generation of results, allowing immediate confirmation of whether the vibration value
is allowed by the standard.
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The presented original vibration-recording and analysis system has a classic structure,
which is presented in Figure 3. The measurement signal is generated by a vibration sensor
(accelerometer) installed directly on the tested object (Figure 4, Table 1). The accelerometer
output signal is delivered to the measurement card dedicated to dynamic measurements
(Figures 3 and 4, Tables 1 and 2).

Internet connection

Monitored .
Ground building Sensor DAQ Application = Web Admin Client
vibrations (object) (sensors) card server server workstation workstations

Figure 3. Block diagram of the system for monitoring kinematic impacts on building structures.

Figure 4. General view of the vibration sensor (on the left) and data acquisition card (on the right).

Table 1. Selected parameters of the vibration sensor.

Parameter Value
Type Piezoelectric
Number of axes 3 (triaxial)
Sensitivity 1000 mV /g %+ 5%
Frequency response (£3 dB) 0.2-3700 Hz
Mounted resonant frequency 16 kHz
Dynamic range 8¢g
Linearity +1% of range
Warmup time <10s
Residual noise (24 °C) 0.4-9.0 ug/ Hz%5
Voltage 22-28 VDC
Current 2-10 mA DC

Note: “g” means acceleration due to gravity (9.81 m-s~2).

It can be found in the literature that most damage to buildings resulting from human
activity occurs at impacts in the frequency range from 1 to 150 Hz [1]. This frequency
range is covered by the Swiss standard [38]. The German [39], Swiss [38], Italian [40], or
Polish [37] standards refer to the more typical frequency range from 1 to 100 Hz [41,42].

Both the accelerometer and the measurement card allow for correct signal processing in
the required range of 1-100 Hz. The accelerometer has a flat (3 dB) processing characteristic
between 0.2 and 3700 Hz. The measurement card also has a flat processing characteristic
(3 dB) from 0.1 Hz. Additionally, the [37] recommends using accelerometers with a minimal
sensitivity of 1000 mV-g~!. The accelerometer included in the system has the required
sensitivity (Table 1).
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Table 2. Selected parameters of the data acquisition card.
Parameter Value
DAQ type Dynamic signal acquisition module
Number of channels 3 input channels
ADC resolution 24 bits
Type of ADC Delta-Sigma (with analogue prefiltering)

Input signal range +30V

Sampling mode Simultaneous

Frequency (internal time base) 13.1072 MHz

Accuracy (internal time base) £100 ppm
Data rate range using internal time base 0.985-12.8 kS/s/channel

Noise at maximum sample rate 106 pV

The acquisition card processing data from three channels of the vibration sensor must
be placed in a housing unit. The dedicated acquisition card housing unit is presented in
Figure 5. A one-slot NI cDAQ-9171 chassis was used. This kind of housing is designed
for use with C Series modules. The housing provides power to the acquisition card and
supports data transmission in accordance with the Hi-Speed USB 2.0 standard. The mea-
surement system software is dedicated to the Windows environment. In the described case,
the measurement system was run on a reinforced (“rugged line”) tablet from Dell (Figure 5).
Devices in industrial applications cannot be expected to operate in sterile conditions. They
may be at risk, among others, from the negative effects of dust, temperature, and humidity.
Therefore, a device from the “rugged” line was used. The manufacturer has declared
that the equipment is capable of functioning within a temperature range of (—29) to (+63)
degrees Celsius. The tablet is dustproof and resistant to low-pressure water jets directed at
any angle. The right side of Figure 5 shows the housing unit in which the system is placed
for the duration of the measurements. It provides additional protection against external
influences and interference by unauthorised persons.

Figure 5. View of the card and the computer unit before and after mounting in the housing.

Vibration measurements during construction work usually take a long time. They
cover the entire period of work that may have a negative impact on buildings. In order
to improve the reliability of measurement recording, preliminary tests of data collection,
registration, transmission, and remote access are first carried out (Figure 6). During
measurements, all elements of the measuring system are closed in a housing unit. The
housing unit meets the basic requirements of standards for protection against ingress of
solid objects (IP4X), ingress of water (IPX4), impacts (IK10), and exposure to fire (UL 94
V-0) (Figure 6, right side). The housing prevents objects larger than 1 mm in diameter,
such as larger insects, from gaining access to the interior. The housing provides protection
against water being sprayed from any direction. The upper part of the housing unit should
withstand the impact of an object weighing 5 kg dropped from a height of 40 cm. With a
direct flame impact on the housing unit, the burning process should stop within 10 s and
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the housing material does not generate flaming drips. The housing is locked to protect the
measurement system from accidental interference.

Figure 6. View of the apparatus during preparation for tests.

In order to ensure reliable data, the system has been checked and will be checked peri-
odically for errors. The sensor (accelerometer) was calibrated in an accredited calibration
laboratory, No. AP 006 (Main Mining Institute, National Research Institute, Research and
Calibration Laboratory Team, Katowice, Poland). The parameters of the sensor have been
confirmed by the calibration certificate No. 6128 of 10 February 2022. The error estimator is
the standard deviation expressed in %. The standard deviation values for the transducer
output signal in the X, y, and z planes is between (—2.23) and 3.36% (Figure 7). The obtained
values were confirmed by the information provided by the manufacturer in the sensor data
sheet (Table 1).

f a Sx Dev. Sy Dev. Sz Dev. U
Hz m/s? pk| mV/m/s* % | mV/m/s* % mV/m/s? %o Yo
0.5 1.0 108.8 3.36 109.3 3.25 1094 3.20 1.1

1 5.0 108.7 3.25 109.2 320 1094 3.19 1.1

2 5.0 108.2 2.82 108.8 2.79 108.9 2,72 1.1

4 5.1 107.8 2.43 108.3 2.36 108.4 2.31 1.1

8 5.0 107.6 2.19 108.0 2.08 108.2 2.09 1.1

10 10.0 107.2 1.89 108.0 2.04 107.5 1.40 1.2
20 10.0 106.6 1.28 107.3 1.40 106.9 0.86 1.2
40 10.0 106.0 0.67 106.7 0.79 106.3 0.30 1.2
50 16.0 105.7 0.46 106.3 0.48 106.2 0.19 1.2
80 10.0 105.3 0.00 105.8 0.00 106.0 0.00 1.2
100 10.0 105.0 -0.22 105.4 -0.36 106.0 0.02 1.2
160 10.0 104.4 -0.79 104.6 -1.13 106.4 0,40 11
200 10.0 104.1 -1.10 103.3 -2,35 106.9 0,87 1.1

Figure 7. Fragment of the accelerometer calibration certificate (the error estimate is marked in yellow).

The measurement system was validated through an interlaboratory comparison to
meet the requirements for accurate measurement. The standard [43] indicates the possibility
of performing validation using one of the following methods:

e Calibration or evaluation of bias and precision using reference standards or
reference materials,
Systematic assessment of the factors influencing the result,
Testing method robustness through variation of controlled parameters, such as incuba-
tor temperature volume dispensed,
Comparison of results achieved with other validated methods,
Interlaboratory comparisons,
Evaluation of measurement uncertainty of the results based on an understanding of
the theoretical principles of the method and practical experience of the performance of
the sampling or test method.

The results of the developed measurement system were compared with the results ob-
tained by an accredited laboratory. Accredited laboratories maintain metrological traceabil-
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ity of their measurement results by means of a documented unbroken chain of calibrations,
linking them to an appropriate reference. The interlaboratory comparison was carried
out together with the accredited research laboratory No. AB 1407 (Silesian University of
Technology, Field Research Team, Gliwice, Poland) in October 2022. The interlaboratory
comparison was performed in three locations (buildings), with three series of measure-
ments in each location. An artificial source of vibrations was used, which was a diesel soil
compactor. Measurements were carried out for two vibration planes. Peak acceleration
was recorded. The results were compared using the En indicator in accordance with the
standard [44]. The obtained value of the En indicator should be interpreted as follows:

° |En| < 1—comparison result “satisfactory”, no additional action is required.
e |Enl > 1—tresult of the comparison is “unsatisfactory”, corrective action should
be taken.

The maximum value of the En indicator for measurements obtained from the described
measurement system, after comparing with the values of an accredited testing laboratory,
did not exceed 0.32 (1 En| < 0.32). Examples of selected En values for one sample in one
location from the interlaboratory comparison are presented in Table 3.

Table 3. Exemplary, selected En values for one sample in one location from an interlaboratory comparison.

Accredited Laboratory Developed System

Middle(IIfIrZe)quency Peak Acceleration in 1/3 oct (m-s—2) En
Direction X Direction Y Direction X Direction Y ©

1 0.00005 0.00005 0.00007 0.00050 0.32

2 0.00005 0.00007 0.00009 0.00029 0.26

5 0.00007 0.00011 0.00010 0.00017 0.11

10 0.00009 0.00021 0.00017 0.00030 0.11

20 0.00068 0.00147 0.00079 0.00179 0.06

50 0.00886 0.04412 0.00751 0.04184 0.02

100 0.03168 0.06526 0.01366 0.04622 0.12

The measurement system was developed in the LabVIEW (National Instruments)
development environment. LabVIEW is a graphical development environment (Figure 8).
Its biggest advantage is the easy integration of input/output devices, such as measurement
cards, devices compatible with the GPIB, PXI, and IMAQ standard, and PLC controllers.
LabVIEW environments provide tools for controlling and retrieving data from hardware.
Input data can be entered directly by the user, come from data stored on the disk, come
from control and measurement equipment, from network sources based on standard
communication protocols (TCP/IP, FTP, etc.), and from internal environment protocols
(e.g., data socket). Data processing in the basic version is limited to implementing algebraic,
logical, and trigonometric functions. More advanced environment distributions have
predefined groups of subroutines, allowing to use more complex functions to do more or
less complex calculations: filtering, spectral analysis, FFT transform, and Hilbert transform.
Communication with the equipment can be carried out using devices connected locally
by cable or wireless, and devices with a network interface or using the http protocol
and websites.

The measurement system developed in the LabVIEW version 2019 is dedicated to work
in MS Windows 10 and newer operating systems. The following stages can be distinguished
in the system (Figure 9):

Initial declaration of the program’s working time (e.g., 1 week),
Parallel readout of measurement values from 3 accelerometer channels,
Filtering the signal with a low-pass filter,

Filter data with 1/3 octave filter,
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Numerical integration,
Generating the dependence A.x = f(f) (maximal amplitude of acceleration versus
frequency),

e  Comparison of the characteristics of Ayx = f(f) with the values permitted by the
standard [37],

e Data export as a CSV file (comma-separated values) to a webserver,

Data formatting according to the template applied on the webserver,

Presentation of data to the user.

[Data, Ax Ay, Az Vi VyVz, S xS 1,51y, 5 1yf,52x,52xF, 52y, S2y |-~

[ |
Filter 120Hz2

» Signal
Filtered Signal ¥

1/3 Octave

S

0%- X
. (-]

[

[

(T
-

Figure 8. A sample part of the code of the data acquisition and processing system developed in the
LabVIEW environment.

Start

Declaration of the program
working time (Tf)
T

v
Acquired values /~ Scaling the acquired
of sensor signals \__ values of sensor signals
v

| Low pass filter (120Hz) |
| 13 ocave ftr |
| |
| |

v
Numerical integration
v
Presentation of the result (A, =f(f))
V
Amax=f(f) within
standard limits?

Send to Web Server
with warning

Figure 9. Simplified algorithm of the basic part of the LabVIEW data acquisition system.

For the end user, a panel created on a public webserver is tested. The panel will be
accessible via web browsers, as shown in Figure 10. Access to the panel is protected by a
password. After logging in, the user has access to dedicated measurement systems.
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o Location XX x |+

&« C A Niezabezpieczona | monitoring.pollub.pl/location00/ P 4 m ¢
MAIN PAGE LOCATION 01 LOCATION 02

LOCATION 03 CONTACT LOGOUT

Location 01 Location 02 Location 03

Daily report of recorded vibrations Daily report of recorded vibrations Daily report of recorded vibrations
2023_10_10 2023_10_10 2023_10_10

Maximum peak accelerations Maximum peak accelerations Maximum peak accelerations

X axis - Amax = 0.026 [m/s2] X axis - Amax = 0.125 [m/s2] X axis - Amax = 0.050 [m/s2]

Y axis - Amax = 0.007 [m/s2] Y axis - Amax = 0.090 [m/s2] Y axis - Amax = 0.051 [m/s2]

Z axis - Amax = 0.006 [m/s2] Z axis - Amax = 0.107 [m/s2] Z axis - Amax = 0.055 [m/s2]

Maximum peak speeds Maximum peak speeds Maximum peak speeds

X axis - Vmax = 1.17 [mm/s] X axis - Vmax = 0.43 [mm/s] X axis - Vmax = 0.20 [mm/s]
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The recorded vibrations reached RANGE | The recorded vibrations reached RANGE | The recorded vibrations reached RANGE |
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Figure 10. Start screen of the end user (after successful login).

After selecting a specific location of the measurement system, six groups of data are
made available:

- “Current data—Description”—daily summary of data on the maximum values of
accelerations in three axes, maximum values of speeds in three axes, maximum values
of the normative WODB index, and a summary in the form of qualifying vibrations to
one of the normative vibration impact zones on the object (Figure 11).

Current data Current data Current data Current data Aggregate : .
Description  Amax Vmax SWD data History  Location

Daily report of recorded vibrations 2023_08_31

Maximum peak accelerations

X axis - Amax = 0.146 [m/s2]

Y axis - Amax = 0.083 [m/sz

Z axis - Amax = 0.135 [m/s2

Maximum peak speeds

X axis - Vmax = 0.47 [mm/s]

Y axis - Vmax = 0.26 [mm/s]

Z axis - Vmax = 0.67 [mm/s]

Maximum WODB indicators obtained relative to limit line A (range 1)
X-axis - WODB = 0.32 [-] ; corresponding frequency: 40.0 [Hz

Y-axis - WODB = 0.20 [-] ; corresponding frequency: 25.0 [Hz
Maximum WODB indicators obtained relative to limit line B (range 1)
X-axis - WODB = 0.10 [-] ; corresponding frequency: 40.0 [Hz]

Y-axis - WODB = 0.06 [-] ; corresponding frequency: 25.0 [Hz]

The recorded vibrations reached RANGE |
Vibrations not felt by the building structure

Figure 11. “Current data—Description” window.

“Current data—Amax”—graphical presentation of the peak acceleration values, A (m/s?),
of vibrations in three directions recorded on the current day. It is possible to select a specific
point with the mouse pointer and read the acceleration values at the indicated point in
time (Figure 12).

- “Current data—Vmax”—graphical presentation of the peak values of the velocity,
V (m/s), of vibrations in three directions recorded on the current day. It is possible to
select a specific point with the mouse pointer and read the acceleration values at the
indicated point in time (Figure 13).

- “Current data—SWD”—graphical presentation of WODB index values recorded on
the current day. The indicators are presented on the SWD scale in order to later qualify
the vibrations to one of the impact zones (Figure 14). Qualification for impact zones is
carried out in accordance with the guidelines of the standard [37].

- “Aggregate data”—graphical presentation of the peak acceleration values, A (m/s?),
of vibrations in three directions recorded since the start of the system operation
(Figure 15).
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Figure 12. “Current data—Amax” window (bottom of the browser window).
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Figure 13. “Current data—Vmax” window (bottom of the browser window).
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Figure 14. “Current data—SWD” window (bottom of the browser window).
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Figure 15. “Aggregate data” window (bottom of the browser window).

- “History”—presentation of historical time courses of peak acceleration values and pre-
sentation of WODB index values recorded on the date indicated by the user (Figure 16).
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Current data Current data Current data Current data Aggregate History
Description Amax Vmax SWD data
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Figure 16. “History” window (bottom of the browser window).

The main task performed by the user’s panel is the ability to become acquainted with
the current values of accelerations and vibration velocities, as well as the WODB index
values. The key for the end user is the information about in which period the highest
vibrations occur and to which zones of impact on the building (SWD) they should be
classified. The end user receives this most important information directly after selecting
the measurement system in the “Current data—Description” tab (Figure 11). Work is
underway to improve the quality of information presentation, i.e., to introduce the function
of enlarging time courses and selecting any time range of the presented data.

3. Results

The included results were recorded during the construction of the S19 expressway in
Poland. The FRANKI technology was used in the piling process.

The FRANKI technology piles are made using a dynamic method, using a reusable
guide pipe. In phase one, the guide tube is filled with concrete or gravel, then compacted
using a freely falling compactor. This causes the pipe to sink into the ground. The number
of blows per meter of pipe depth (pipe feed) determines the work, which reflects the
bearing capacity of the soil. The process of making piles has a low noise level. However, it
causes vibrations in the ground, propagating to the neighbouring building structures. To
prevent negative impacts, the contractor applies optimisation by pre-drilling to a depth of
12 m in the place where the steel pipe is being driven (Figure 17).

Figure 17. Preliminary hole for pile placement.

Unfortunately, the end part of the pile (about 5 m), together with the widened foot,
must be hammered. Thus, vibrations of nearby objects must be monitored. In the described
case, monitoring concerned one building (Figure 18).
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Energy source
(hammer)

Building
monitoring
point

Figure 18. The view of the piling machine and the monitored building.

In the described case, the kinetic energy transferred to the substrate is constant (about
290 kJ), due to the constant drop height of the rammer (h = 6.5 m) and the rammer mass
(4500 kg). The key element influencing the magnitude of dynamic interactions is the value
of the force drive (force impulse) [45]. The power drive depends on the duration of contact
with the soil substrate, during which the maximal speed of the compactor decreases to
zero (full plasticisation of the soil substrate). The duration decreases as the stiffness of
the subsoil increases. During the pile’s construction, the pile certificate is documented, in
which the number of strokes per 1 m of pile immersion is counted (Figure 19). Considering
the average time between individual shots, amounting to 8 s, a graph was drawn, showing
the number of strokes as a function of the time needed to perform all strokes (Figure 20).

100 -

80 1

0 T T T T T T |
0 500 1000 1500 2000 2500 3000 3500
Up - ATm [s]

Figure 19. Time plot of the number of strokes during pile driving (ATm—Figure 20).

Using continuous vibration monitoring can make it possible to evaluate the propagated
energy of each pile being performed. Figure 19 shows the actual comparison of the impulse
number (U,) index per meter of pile depth as a function of time regarding the impulse
duration. The course of the procedure concerns the depression of a single pile.

In the current data stream, peaks are searched and recorded (Figure 20). Such raw
data are then compiled into daily summaries that allow for an overview of disturbances
throughout the construction works (Figure 21). In the final phase, the current data are used
to develop a graph of the tertiary analysis of peak accelerations and compare it with the
graph of values allowed by the standard (Figure 22).

Vibration monitoring assesses the impact of ground-transmitted vibrations on the
building. The selected key parameters recorded with the described monitoring system
(peak of acceleration and velocity, WODB index) are presented in Figure 22. Under the
standard [37] in force in Poland, the final assessment of the harmfulness of vibrations can
be performed by comparing the long-term measurements of the peak values of acceleration
or vibration velocity and determining the WODB index on their basis (WODB—vibration
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perception index by buildings) [37]. The values of the WOBD index are presented as bars

in Figure 22.
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Figure 22. Graph of the maximum vibration accelerations of the central frequencies 1/3 octave with
the limit lines of the standard [37].

The values of the designated WODB indicators are compared with the limit values
corresponding to the so-called SWD dynamic impact scale. The dynamic impact scale line
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classifies the vibrations into the following vibration zones: I—negligible, II—harmless,
III—harmful, IV—highly harmful, and V—causing damage.

Figure 22 presents the actual values of the WODB indexes obtained by the described
measurement system, together with the lines of the SWD dynamic impact scale determined
by the standard [37]. The results of the assessment of the impact of vibrations on the
building structure allow the conclusion that the vibrations of the building resulting from
the construction works carried out during the entire monitoring period oscillated around
the boundary line A’, i.e., the vibrations were negligible in the impact assessment of
vibrations on the building. Building inspection before and after monitoring confirmed the
vibration’s lack of harm. The control also included inventories of internal and external
damage to the building under study. No new or spread damage was observed. Indirect
confirmation of the effectiveness of the vibration measurement and recording system
becomes possible through this method.

The described monitoring system (in various stages of development) has been tested
in terms of continuity of operation during construction works of various types. It was used
to monitor vibrations of objects during the construction projects described in Table 4.

Table 4. Summary of selected information on construction works monitored by the developed system.

No. Type of Construction Investment (Location) Monitoring Period Source of Vibration Impact

Reconstruction of the building Demolition works of the reinforced

October 2019-November 2019

(Zabierzow, Poland) concrete slab of the garage floor

Construction of a new sugar silo

Piling the silo structure

2 (Chetmrza, Poland) March 2018-June 2019 (FRANKI piles)
Making foundation piles in a road facility Piling for the foundation of the new
3 (Miasto Lubawskie, Poland) September 2019-October 2019 bridge (FRANKI piles)
Construction of a service building . . .
4 (Krakéw, Poland) October 2019 Vibrating driving of steel profiles
Construction of a multi-family building Vibration driving of steel sheet piles
5 (Krakow, Poland) January 2020-February 2020 (larsen)
Reconstruction of the railway line . Vibration driving of steel sheet piles
6 (Krakow, Poland) April 2020-May 2020 (larsen)
Reconstruction of the railway line Demolition and construction work
7 - y February 2021-May 2022 related to the construction of a new
(Katowice, Poland) .
viaduct
8 Reconstruction of the tram line (Poznar, Poland)  September 2022-August 2023 Construction of a new tram line

4. Conclusions

Practical vibration tests are related to rail transport, dynamic soil compaction, ex-
plosions, and constructing pile foundations. This paper presented the characteristics of
a measurement system that allows for kinematic monitoring of the building structures,
which may be damaged because of construction works. The vibration monitoring and
reporting system has been repeatedly tested in real conditions, including during piling pro-
cesses. The example presented at the end of this study proves that the measurement system
allows for quick, real control of the vibration values of objects with normative values. The
information included here allows to characterise the kinematic impact monitoring system
in the following way:

e  Data can be accessed in a form recorded directly by the sensors, but the user receives
practical information about the compliance of the vibration values with the normative
requirements (Figure 22).

The system user has local and remote access to the recorded results (Figure 3).
The measurement system combines elements from different suppliers and allows for
their smooth cooperation.
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e  The total cost of the original system (sensors, a data acquisition card, and software) is
significantly less than the cost of a closed system provided by recognised vendors of
such solutions (e.g., Briiel and Kjeer, Svantek).

e  The system provides reliable data (confirmed during interlaboratory comparisons) while
maintaining high reliability (no downtime tested in applications during field tests).
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