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Abstract: Ground-borne vibration caused by mechanized construction works is the most common
problem in built-up areas in general. In post-industrial cities, there are many building facilities in
the category of brownfields. Parts of these buildings are often technically and culturally valuable
buildings with varying degrees of decay. These are very susceptible to vibrations. The revitalization
of brownfield areas employs a wide range of works and practices, among which are those that have
adverse effects in the form of vibrations and shocks. This paper presents a theoretical study and
original results concerning the seismic load on historical and dilapidated buildings in brownfield
areas due to the ground-borne vibration caused by mechanized construction works. Original data
from seismic measurements are related to the post-industrial Ostrava agglomeration, in the area of
one of the biggest successfully revitalized brownfields in Central Europe. All measurements were
evaluated in terms of both amplitude and frequency. The results of all measurements were processed
in the form of attenuation curves.
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1. Introduction

Within the infrastructure of large cities around the world, especially post-industrial cities, the issue
of brownfields is intensively being resolved. Brownfields are often located in city centers [1]. Therefore,
this issue often appears directly in a city’s sustainable development and planning strategies, and big
funds are being spent on regenerating brownfields across Europe [2]. Not only in France, Germany and
Great Britain, but also in the Czech Republic, brownfields are being revitalized [3,4]. These sites with
old encumbrances are becoming increasingly favored for new development, rather than greenfield
construction [5], and many brownfields have technically and culturally valuable buildings, including
unique technological equipment. In the renewal of these areas, a wide range of building technologies
and practices are often used, among which are those that cause adverse effects in the form of shocks and
vibrations [6]. These technologies also include: the building of construction pit walls by piling sheet
piles with the aid of a pile-driver [7–9] or by means of a pile injected into the rock mass, using various
technologies [10,11]; reinforcement of the future sub-bases by vibrating gravel piles [12]; or compaction
of the bottom of the construction pit by vibratory techniques [13,14]. All of these technologies are
sources of ground vibrations, and the vibrations induced can cause damage to building structures
in the vicinity of such works [15], especially historical objects that are not maintained and which are
dilapidated in brownfields. These are not the only sources of vibration that can have a negative impact
on brownfields. As shown by a number of studies, the most common seismic load on construction sites
is road transport [16–18], along with railways [19–22] and trams and subways in urban centers [23–25].
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In general, vibrations can be either continuous or discontinuous. Continuous vibrations are
periodic, and the damping is not able to position the receptor to a rest position even for a short time
(the sources are, e.g., cars, trains, vibrating rollers). On the contrary, if a discontinuous vibration
source (e.g., hammers) causes repeated pulses, then the damping is able to stabilize the receptor
between pulses. In the case of discontinuous vibration sources (such as an explosion or an earthquake),
the impulse may not repeat at all [26,27]. The transmission environment may be air, water, soil, or rock.
The receptor is a building structure itself, sensitive equipment or, for example, a rocky slope that is
threatened with collapse.

The problem of seismic waves is presented in specialized seismic literature as well as in publications
dealing with the theory of elasticity and oscillating motion [28,29]. The seismic pulse moves from
the seismic source at a rate determined by the physical properties of the rock through which the
vibration propagates.

The attenuation of the vibration refers to the processes of the vibration intensity reducing in
the rock mass due to two causes. In the first case, it is due to the geometry of the system. With
increasing distance from the source of the dynamic load, the energy is spread over an increasingly
large volume of rock material. In the second case, it is due to the material properties of the rock
mass. Considering material damping, vibration damping also occurs as a consequence of rock mass
disruption. Discontinuities lead to refraction and reflection of the seismic waves [30].

From the source of the ground dynamic load, vibrations are propagated as surface and body
waves. To body waves belong compressional, distortional and shear waves. Considering constructions
exposed to vibration, Rayleigh waves are the most significant. This type of wave is described as a
circular wave or, in extreme cases, as an ellipse orbit perpendicular to the surface [31]. In addition to
many theoretical studies, a number of authors have dealt with the issue of vibration attenuation in
practice [32–34].

This paper presents original results of a theoretical study of the seismic load on historical and
dilapidated buildings due to various sources of ground vibrations that arise during construction works,
with respect to the standard CSN 73 0040—Loads of technical structures by technical seismicity [35].
All data were obtained in the area of the post-industrial Ostrava agglomeration, which has undergone
intensive transformation in the last decade [36]. The contribution of the article is not in the actual
measurement and evaluation of vibration, but in the highlighting of the problem, which is not
sufficiently solved and is neglected with regard to buildings in brownfield areas.

The contribution of the article is to point out this issue and to acquaint it with the professional
public because we do not talk only about the local problem. It is a problem that affects and will
continue to affect all revitalized post-industrial cities for many years to come. The fact is that, today,
insufficient attention is dedicated to the seismic load on old buildings in brownfield areas (attention
being primarily devoted to new projects). When building new structures, however, old buildings can
be severely and irreversibly damaged.

2. Materials and Methods

2.1. Basic Definition of Brownfields

Brownfields are among the biggest problems in today’s towns and cities. They often serve as
shelters for various problem groups of the population (graffiti artists, squatters, homeless people, etc.),
negatively affecting the prices of surrounding land and the overall impression of the surrounding
area. From an urban point of view, however, the biggest problem is the fact that brownfields occupy
large spaces in urban areas, and new buildings are built on green meadows outside of the city. This
brings many problems, such as increased costs related to the operation and maintenance of transport
and technical infrastructure, as well as other occupations of the agricultural land reserve. Solving the
problem of brownfields is quite a complicated matter. The revitalization and further exploitation of
brownfields is usually hindered by the very poor construction and technical condition of the buildings,
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which often means that it does not make sense to renovate, and in particular, there may also be
contamination problems [37].

2.2. An example of Ostrava’s Brownfield

One of the biggest successfully revitalized brownfields in Central Europe is the so-called “Karolina”
in the center of Ostrava. This complex of buildings is today protected as a national heritage landmark
of industrial architecture (Figure 1).
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Figure 1. Part of the revitalized brownfield “Karolina”.

Construction work on the new development of the free territory (the future “Forum Nova
Karolina”) was commenced. The primary steps were the extraction of several tens of thousands of
cubic meters of soil, the securing of a building pile through a pile-shaped wall support made up of
vibrated piles, at the bottom of a series of hundreds of gravel piles, and compaction by means of
vibrating supports. All were implemented in close proximity to the protected industrial architectural
landmark (Figure 1).

2.3. Measuring Instrumentation

For the experimental seismic measurement, seismic instrumentation produced by the Czech
company Vistec was used. Specifically, the seismic station Gaia2T and the sensor ViGeo2 were selected.
Gaia2T is a three-channel seismic system with a dynamic range of 138 dBp-p. It can be used to
run both continuous and triggered data recording. A GPS module is used for time synchronization,
and data recording is performed on a Compact Flash disk. ViGeo2 is a compact, active, short-period,
three-component, velocity seismometer for field and stationary use. Three mechanical oscillating
systems (piezoelectric seismometers) are included, with a frequency of 2 Hz and a frequency range of 2
to 200 Hz (Figure 2).
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For the processing of seismic data, the Seismic Wave Interpretation Program “SWIP” was used,
which is supplied by Vistec Praha as standard for seismic instrumentation. In this program, the seismic
signal can be processed in both the amplitude and the frequency range [38].

In recent years, modern progressive technologies (such as Micro-Electro-Mechanical Systems
(MEMS) or fiber-optic technologies) are also used to measure vibration on structures or on rock mass
in civil engineering applications [18,39].

3. Experimental Setup and Results of SEISMIC Measurements

In total, data from three measurements were processed. Namely, the seismic response of the
rock environment from the vibrating gravel piles, from the sheet piles, and from the vibrating roller
was monitored (Figure 3). Common geotechnical technologies were monitored, which were also
used, for example, in the construction of Nova Karolina. In all three cases, this uses harmonic
oscillation—cyclic variation in amplitude that repeats many times, which is more damaging than
intermittent vibrations. All measurements were made as profile measurements perpendicular to the
vibration source.
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3.1. Vibrated Gravel Piles

The first processed measurement was the response of the rock environment from the vibrated
gravel piles. The source of harmonic oscillation was a 20-ton vibrator with a predominant vibration
frequency of 50 Hz. In the vicinity of the geotechnical works carried out, the following geology was
found: landfill of 2 m thickness, followed by clays and marlite of 4 m thickness, and then weathered to
unweathered marl. Measurements ranged from 5 to 13 m from the dynamic load source shown in
Figure 4. The outputs of the seismic measurements are wave images of recordings of vibrated gravel
piles. An example of the wave image of the record is shown in Figure 5 (peak particle velocity, PPV).
The figure shows the vertical component /SHZ/, as well as the horizontal radial /SHN/ and horizontal
transverse /SHE/ components. Time is displayed on the horizontal axis.
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From the wave images, the peak particle velocity (PPV) was subtracted from the vibrating piles
at individual distances, and attenuation curves for three perpendicular directions (Figure 6) were
constructed from these values (this means that for five different distances, we obtain fifteen maximum
values of oscillation velocity). To obtain the attenuation curves, an exponential curve was chosen with
respect to the shape of the amplitude attenuation equation.

Appl. Sci. 2019, 9, x FOR PEER REVIEW 5 of 14 

 
Figure 5. Example of a wave pattern record of vibrated gravel piles. 

From the wave images, the peak particle velocity (PPV) was subtracted from the vibrating piles 
at individual distances, and attenuation curves for three perpendicular directions (Figure 6) were 
constructed from these values (this means that for five different distances, we obtain fifteen 
maximum values of oscillation velocity). To obtain the attenuation curves, an exponential curve was 
chosen with respect to the shape of the amplitude attenuation equation. 

 
Figure 6. Attenuation curves for the given environment acquired pursuant to in situ measurements—
vibrated gravel piles. 

3.2. Vibrated Sheet Piles 

Similarly, the problem of vibrating the sheet piles was considered. The source of vibrations was 
a vibratory ram with a mass of 4 tons and a vibration frequency of 13 Hz. The seismic sensors were 
placed on the asphalt roadway, below which was a layer of compacted aggregate of a large fraction 
with a thickness of 0.1 m. The road construction was deposited on the foundation soil, represented 
by sandy clay and clays. Measurement was carried out at distances from 5 to 9 m (Figure 7). An 
example of a wave image of the record is shown in Figure 8. Attenuation curves for the given 
environment are presented in Figure 9. 

Figure 6. Attenuation curves for the given environment acquired pursuant to in situ measurements—
vibrated gravel piles.

3.2. Vibrated Sheet Piles

Similarly, the problem of vibrating the sheet piles was considered. The source of vibrations was a
vibratory ram with a mass of 4 tons and a vibration frequency of 13 Hz. The seismic sensors were
placed on the asphalt roadway, below which was a layer of compacted aggregate of a large fraction
with a thickness of 0.1 m. The road construction was deposited on the foundation soil, represented by
sandy clay and clays. Measurement was carried out at distances from 5 to 9 m (Figure 7). An example
of a wave image of the record is shown in Figure 8. Attenuation curves for the given environment are
presented in Figure 9.



Appl. Sci. 2019, 9, 3766 6 of 14
Appl. Sci. 2019, 9, x FOR PEER REVIEW 6 of 14 

 
Figure 7. Measurement situation—vibrated sheet piles. 

 
Figure 8. Example of a wave pattern record of sheet piles. 

 
Figure 9. Attenuation curves for the given environment acquired pursuant to in situ measurement—
sheet piles. 

  

Figure 7. Measurement situation—vibrated sheet piles.

Appl. Sci. 2019, 9, x FOR PEER REVIEW 6 of 14 

 
Figure 7. Measurement situation—vibrated sheet piles. 

 
Figure 8. Example of a wave pattern record of sheet piles. 

 
Figure 9. Attenuation curves for the given environment acquired pursuant to in situ measurement—
sheet piles. 

  

Figure 8. Example of a wave pattern record of sheet piles.

Appl. Sci. 2019, 9, x FOR PEER REVIEW 6 of 14 

 
Figure 7. Measurement situation—vibrated sheet piles. 

 
Figure 8. Example of a wave pattern record of sheet piles. 

 
Figure 9. Attenuation curves for the given environment acquired pursuant to in situ measurement—
sheet piles. 

  

Figure 9. Attenuation curves for the given environment acquired pursuant to in situ measurement—
sheet piles.

3.3. Vibrating Roller

The third introduced geotechnical work is the compaction of the subsoil, with the aid of vibrating
rollers. Two stages of compaction are evaluated here. In the first stage, the alloy weight was cast,
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and in the second stage, the aggregates of the large fractions were compacted. Below these layers were
sandy clay gravel, and then settled sand, dredged gravel, and plastic clay. The source of vibrations was
a vibrating roller weighing approximately 9 tons, and with a maximum vibration frequency of 40 Hz.
The sensors were located at a distance of 1 to 9 m (Figure 10). Examples of the waveform images of the
first and second stage recordings are shown in Figure 11.
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Table 1 presents a summary of the frequencies obtained during the long-term measurement.
The maximum values and the range of all the presented frequencies correspond to the changes in the
construction activity. For sources of a higher vibration intensity, such as vibration gravel piles and
sheet piles with vibratory hammers, the maximum peaks of the captured frequencies correspond to
the frequency of the construction machine. For sources of lower vibration intensity, such as vibratory
rollers, the influence of the subsoil is more evident. The effect of the subsoil can be very significant
for the implementation of similar construction works during brownfield revitalization. The subsoil
of brownfields is inhomogeneous, often consisting of up to several hundred years of anthropogenic
components. Therefore, it is necessary to monitor the work and its impact on the surrounding
environment and surrounding objects.

Table 1. Summary of the obtained frequencies from the presented sources of vibration.

Vibration Source Dominant Component (Hz) Bandwidth (Hz)

Vibrated gravel piles 48 40–60
Sheet piles 15 9–19

First stage of compaction 21 16–28
Second stage of compaction 28 18–38

3.4. Interpretation of the Measured Data with Respect to Historical and Decaying or Dilapidated Objects

The standard in [26] was used for the theoretical study of possible seismic loading of historical
and decaying or dilapidated buildings. The assessment of the technical seismicity, with the exception
of the blasting response, is carried out according to the table entitled “Effective velocity limit values
veff (mm·s−1) of the given standard” [35]. An effective value is the statistical value that determines
the magnitude of the variable, that is, the velocity of the oscillation. We calculate it as the ratio of the
maximum measured vibration amplitudes and the square root of the two.

The response to the technical seismicity load is generally judged by the value of the effective
oscillation velocity at the reference station, i.e., at the lowest floor of the building or its base/foundations.
If values less than those according to [35] are measured at the reference station, it is not necessary to
further assess the design for damage in terms of load capability. For assessment based on a given
standard, a building object must be classified into the class of importance and the class of resistance
(durability). According to the class meanings [35], the objects are divided into four classes, namely U, I,
II, and III. Class U (veff from 0.2 to 1.5 mm·s−1) is designated as objects of an exceptional economic
nature and/or social significance, Class I (veff from 0.4 to 3 mm·s−1) is of great importance, Class II (veff

from 0.7 to 4 mm·s−1) is of medium importance, and Class III (veff from 1.1 to 5 mm·s−1) is designated
as objects of limited importance.

According to the classes of resistance, the objects are divided into 6 classes: (A) objects most
prone to damage, which do not correspond to today’s building regulations, e.g., historical monuments;
(B) ordinary brick structures; (C) large brick and breezeblock buildings, stone bridges, stone tiling of
underground structures; (D) buildings with steel or wooden skeletons/frames, stone bridge supports,
brick and breezeblock pavements, cast iron pipes; (E) steel reinforced concrete and steel structures, steel
reinforced concrete engineering networks, concrete monolithic structures of underground structures,
coil and coaxial communication cables; (F) the most resilient objects, steel reinforced concrete and steel
lining of tunnels, shelters for civil defense, and steel pipelines. The individual classes of resistance
are further subdivided into four subgroups (residential, civil, industrial and agricultural objects;
engineering objects; underground structures; and underground engineering networks and cables).

From the above list, objects located in brownfield areas can be classified into resistance classes
A, B, C or D. With respect to the class of significance of these objects, we can consider all classes,
starting with the U class (0.2 for class of resistance A, 0.4 for B, 0.7 for C and 0.9 mm·s−1 for D) for
objects that are already included in the list of protected monuments and ending in class III (1.1; 1.8; 2.8;
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3.5 mm·s−1), which can be, for example, objects destined or intended for controlled demolition. This
range of effective velocity limit values is displayed in Figure 13.Appl. Sci. 2019, 9, x FOR PEER REVIEW 10 of 14 
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Figure 13. Summary of limit values for vibration on residential buildings [40], Copyright SAGE
Publications, 2001.

In the Czech standard [35], the vibrations with the character of a longer-lasting impact load or
steady periodic load are judged by their effective values. The processing of measured records was
carried out as a reading of the peak particle velocity, which was recalculated for assessment of the
effective values.

The level of damage to the object is given by this standard from 0 “No damage” to 5 “Full damage
and destruction”. For example, the British Standard [41,42] presents three levels at which damages
might occur: Cosmetic, minor and major. In contrast to the Czech standard, the British standard
respects, in the case of a building’s classification, not only types of buildings but also categories of
foundations and types of soil. Figure 13 shows considerable variation between the limits for vibration
levels that are acceptable in different countries and standards. This is probably due not only to political
influence, but also to differences in construction methods and types of rock masses. Both of these factors
significantly affect tolerance and also the resistance of the construction to vibration [40]. In general,
the more recent the standard, the more conservative the specified vibration limits are. The British
Standard [43] reversed this trend but the European guidance on vibration from piling [43] has reverted
to more conservative guidance. It can also be seen that the Czech standard is significantly stricter in
vibration assessment than the other standards.
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3.5. Study Evaluations

For the analysis of the measured values, the equations of the attenuation curves determined on
the basis of the previous graphs (exponential dependence) were chosen. Based on these equations,
Figure 14 was created, which takes into account the calculated values of oscillation velocity in all
three measured directions. The vertical component is labelled with a dashed line, the horizontal
radial component with a dotted line, and the horizontal transversal component with a solid line.
For the vertical axis of the graph, a peak particle velocity of 2 mm·s−1 was selected. The maximum
value of 1.8 mm·s−1 corresponds to class III and the object resistance class B. Besides determining the
magnitudes of the effective vibration velocity values that make up the assessment of the object, the
graphs can be used for orientation in order to obtain a minimum distance that does not exceed the
threshold value for the oscillation speed for the building under consideration.
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For individual dynamic load sources, it is easy to read out the distance from Figure 15 when
reaching the effective oscillation speed limits. For the sake of clarity, the calculation of distances is based
on the obtained equations of attenuation curves in which the oscillation velocity values (Figure 14)
are achieved. If the object was judged according to a standard in the geological profile similar to that
found in the given location, and in the execution of similar geotechnical works, it would be sufficient
to search for the calculated distance after the object has been classified, in which case the object does
not need to be assessed by dynamic calculation.
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4. Discussion and Conclusions

In this paper, the dynamic effects of several geotechnical technologies are presented, which are
also commonly used in the revitalization of brownfields. Technologies that have strong impacts
on their surroundings through vibrations were selected. Examples were chosen both for their own
implementation of the diversity of technology (in terms of the generated frequencies and, for example,
in terms of vibration duration) and also in terms of the different layers and near-surface geology in
order to capture the various conditions occurring in brownfield buildings. The vibration was solved
only from the point of view of its effects on structures, not from the point of view of human perception
and disturbance. The aim of this study was to point out the unfavorable impact of construction-induced
vibrations on brownfield areas. It can be seen from Figures 13 and 14 that the most endangered
objects of the A-class and the U-class resistances can be found in the vibration of the sheet piles. Here,
the limit value of the distance reaches 55 m. This is due to the smaller slope of the resulting effective
curve, which can be explained by the measurement on an asphalt road covering, which affects the
propagation of waves and their scope. When compacted with a vibrating roller, the boundary distance
is approximately 15 m, and for the gravel pile, this value is approximately doubled (30 m).

The resulting data are evaluated solely on the basis of a national standard that meets the standards
of only two European Union countries. The problem of old brownfield sites certainly applies across all
the member states of the European Union. In particular, listed buildings and dilapidated buildings
can be threatened by vibrations during the revitalization of brownfield sites. This problem will be
particularly relevant for post-industrial cities, which have undergone intense transformation over the
past twenty years.

In general, the results of this study show that the effect of vibrations on this kind of building is
definitely not negligible, and that attention should be paid to this issue. It is a largely unresolved and
neglected problem. As already mentioned in the introduction, another major source of vibrations is
generally transport, and in city centers, it is mainly tram transport. Currently, extensive research is
being conducted on the impact of vibration from tram traffic on another building in Ostrava, which is
classified as a brownfield site. This building is a dilapidated building of the shopping center Ostravice
right in the city center at the crossroads of several tram tracks. These measurements are realized by
using standard instrumentation for seismic monitoring (used in this article) and a newly developed
fiber-optic interferometric sensor [25]. The data obtained so far show that the vibrations due to passing
trams have had and still have a significant impact on the current condition of the building. The results
will be presented in the following article.
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