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Man-made sources of ground vibration must be carefullymonitored in urban areas in order to ensure that struc-
tural damage and discomfort to residents is prevented or minimised. The research presented in this paper pro-
vides a comparative evaluation of various methods used to analyse a series of tri-axial ground vibration
measurements generated by rail, road, and explosive blasting. The first part of the study is focused on comparing
various techniques to estimate the dominant frequency, including time-frequency analysis. The comparative
evaluation of the various methods to estimate the dominant frequency revealed that, depending on the method
used, there can be significant variation in the estimates obtained. A new and improved analysis approach using
the continuous wavelet transform was also presented, using the time-frequency distribution to estimate the
localised dominant frequency and peak particle velocity. The technique can be used to accurately identify the
level and frequency content of a ground vibration signal as it varies with time, and identify the number of
times the threshold limits of damage are exceeded.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Structures and occupants in urban areas are constantly subjected to
ground vibrations due to various man-made activities. These ground
s).
vibrations can induce cosmetic and structural damage and can pose a
nuisance to residents. Generally speaking, the term ground vibration is
used when discussing man-made activities and excludes natural phe-
nomena such as earthquakes, and associated topography amplification
(e.g. the amplification of seismic waves due to ridges, slopes, and can-
yons (Srbulov, 2008)). Ground vibration encompasses most man-
made sources of vibration, such as construction activities, or traffic
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Table 1
Typical ranges of particlemotion, and frequency of ground vibrations produced by various
man-made sources, from ISO 4866 (Anon, 2010).

Vibration
source

Frequency
range [Hz]

Particle velocity
range [mm/s]

Particle acceleration
range [m/s2]

Traffic (road and rail) 1–100 0.2–50 0.02–1
Blasting 1–300 0.2–100 0.02–50
Pile driving 1–100 0.2–100 0.02–2
Outside machinery 1–100 0.2–100 0.02–1
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loading. The various complexities associated with man-made sources
(and ground characteristics) results in the generation and propagation
of seismic waves, each with considerably different effects.

The generated ground vibrations are dependent on not only the type
of excitation but also the attenuation characteristics of the medium
(Auersch and Said, 2010; Kim and Lee, 2000). There are numerous seis-
mic waves which can be generated due to a man-made source. The first
type of waves is body waves, which travel through the medium itself.
There are two types of body waves; the first is the compressional P-
wave which produces longitudinal particle motion. The second body
wave is the transverse S-wave, which has a particle motion perpendic-
ular to the direction of propagation. Surfacewaves, such as the Rayleigh
wave (R-wave), and the Lovewave (Q-wave), travel along the surface at
slower velocities in comparison to bodywaves and their amplitude rap-
idly decreases with depth. The particle motion of the R-wave is elliptic
and retrograde, isolated in a small area near the surface and horizontal
to the direction of wave propagation. While R-waves are always gener-
ated in the presence of a free surface, Q-waves are only observed when
there is a soft superficial layer on top of a stiffer medium. Q-waves are
produced by the interference due to multiple S-waves trapped in the
soft layer and the particle motion is transverse. An illustrated example
of the complex propagation of body and surface waves is presented in
Fig. 1.

The International Organisation for Standardisation (ISO) outlined
the typical ranges of frequency and particle motions of the ground-
borne vibrations generated by man-made sources under ISO 4866
(Anon, 2010), given in Table 1. From the table, it is clear that the various
man-made sources can produce high-level vibrations across a similar
frequency range, with the exception of blasting which can produce
ground vibrations with a higher level and broader frequency range.
While there are many man-made activities which generate ground vi-
brations, this article focuses on the analysis from three different sources:
explosive blasting, road traffic, and rail traffic.

• Blast-induced ground vibrations.
Explosives used in the construction and mining industries are of
growing concern due to the increasing number of mines and quarries
located near urban areas. Explosive blasting is a considerably complex
problem involving the detonation of explosives, the subsequent gas
expansion in each borehole, the rock fragmentation, and even crack
propagation and extension (Ainalis et al., 2017b). The total explosive
Fig. 1. Illustration of the complex propagation of the body and surface waves in the g
energy is never entirely expended in the fragmentation of the medi-
um, and the subsequent ground vibrations generated during each
blasting sequence can travel great distances (Ainalis et al., 2017b).

• Traffic-induced ground vibrations.
Ground vibrations produced by road and rail traffic are among the
most extensively studied cases. In road transport, the complex dy-
namic interaction between heavy vehicles and irregular pavement
surfaces can generate considerable vibrations in both the vehicle
and ground (Ainalis et al., 2015; Hunaidi et al., 2000; Vogiatzis,
2013). The complexity in rail transport is mainly due to the difficulty
in modelling the interaction between the sequential axle loads and
the track and trackbed (Carels et al., 2012; Connolly et al., 2015;
Connolly et al., 2016; Kouroussis et al., 2015; Kouroussis et al., 2014).

One common issuewith the analysis of the ground vibrations gener-
ated by these sources is the short duration and highly transient nature.
The amplitude and frequency content of the vibration records are ex-
pected to significantly vary with time and appropriate analysis tech-
niques are required to interpret the rapid changes in frequency and
amplitude. The research presented in this paper evaluates several tech-
niques to analyse the ground vibrations generated by various man-
made sources.

2. Ground vibration analysis methods

This section presents a brief state-of-the-art on themethods used to
analyse ground vibrations, along with two time-frequency analysis
techniques, that monitor and assess the likelihood of structural damage
occurring due to the generated ground vibrations.
round due to a man-made source, shown in this case due to an explosive blast.

Image of Fig. 1
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2.1. Standard monitoring and analysis approach

There is no clear consensus on a single ground vibration analysis ap-
proach for predicting structural damage. Several organisations have
published standards related to ground vibrations and its influence on
humans and structures. Many of the standards listed below are based
on the large-scale study on structural damage due to blast-induced
ground vibrations undertaken by Siskind et al. (1980), produced for
the United States Bureau of Mines (USBM). The most common stan-
dards include:

• The international standard ISO 4866 does not specifically outline a
method for evaluation of vibration and structural damage, instead re-
ferring to DIN 4150-3 (Anon, 2010).

• Germany and other European countries use the German standard DIN
4150-3 (Anon, 1999).

• The United Kingdom uses standard BS 7385-1 (Anon, 1993).
• Australia uses standard AS 2187.2, limited to ground vibrations due to
explosive blasts (Anon, 2006).

• In the United States of America, the Office of Surface Mining Reclama-
tion and Enforcement published OSM Blasting Performance Standard
30, limited to blast-induced vibrations (Anon, 1983).

The standards all stipulate that the ground vibration is measured in
three mutually perpendicular axes (i.e. vertical, longitudinal, and later-
al). There are two key indicators used to analyse ground vibrations; the
Peak Particle Velocity (PPV), and the dominant frequency. These two
values are both used to assist in the prediction of the occurrence of dam-
age (cosmetic and/or structural) usingwhat is commonly known as the
Z-Curve. While several variations of the Z-Curve exist and are available
inmost of the aforementioned standards, theywill not be discussed fur-
ther in this paper.

2.1.1. Peak particle velocity estimation
The PPV has long been the principal indicator for monitoring and

evaluating ground vibrations, with several studies linking threshold
PPV values with cosmetic and structural damage (e.g. (Siskind et al.,
1980)). The PPV is determined by identifying themaximumabsolute in-
stantaneous velocity value of the measured time history. Generally, the
PPV is calculated for each of the three measured vibration components,
and only themaximum value is used. In some cases, the PPV can also be
described as a three-dimensional vector, combining the instantaneous
values of all three measured components. As discussed previously, the
PPV alone is not sufficient and is combined with the dominant frequen-
cy of the ground vibration.

2.1.2. Dominant frequency estimation
The estimation of the dominant frequency is not as straightforward

as it may seem at first. For example, standard BS 7385-2 states that
the method of estimation of the dominant frequency depends on
whether the ground vibrations are “simple or complex in character”
(Anon, 1993). The different approaches which can be used to estimate
the dominant frequency broadly fall into the following three methods:

• Zero-crossing frequency of the PPV amplitude peak.
Use the time between the zero-crossings on either side of the PPV to
estimate the dominant frequency. This is a common method for esti-
mating the dominant frequency and can be found in many commer-
cial data analysis software packages.

• Dominant frequency of the entire vibration time history.
Compute the frequency spectrum from the entire time history of the
vibration record, from which the dominant frequency is identified as
the maximum.

• Frequency of maximum PPV amplitude peak.
Perform a time-frequency analysis and identify the dominant
frequency at the time of the PPV. Thismethod requires an experienced
user to perform the analysis and interpret the results.

The zero-crossing algorithm is a poor analysis method, taking an
overly simplistic approximation of the measured ground vibrations.
Computing the dominant frequency across the entire signal offers no
localised information to link the dominant frequency with the level of
the ground vibrations generated. Performing a time-frequency analysis
can be useful to localise the frequency and greatest level of damage,
however, this requires an experienced user to correctly identify and ex-
tract the relevant information. No comparative evaluation of these three
methods on the analysis of ground vibrations has been undertaken, and
it is of great interest to compare the localised dominant frequencywhen
the PPV is reached, the overall dominant frequency, and the zero-
crossing approach.

2.2. Time-frequency analysis methods

Two time-frequency analysis techniques used to analyse the various
ground vibrations records are discussed in this section.

2.2.1. Short Time Fourier Transform
The Short-Time Fourier Transform (STFT), presented in Eq. (1), is a

widely used method for the analysis of nonstationary vibration data.
On the contrary to the Fourier transform, the STFT decomposes a time
history signal x(t) into a series of equally-sized windowed sections
and computes the time-frequency distribution.

STFT f ; τð Þ ¼
Z∞

−∞

x tð Þw t−τð Þ exp − j2πftð Þdt ð1Þ

where f is frequency, t is time, and w is the window function.
However, the principal limitation of the STFT is that it conforms to

Heisenberg's uncertainty principle, shown in Eq. (2), which limits the
method's ability to provide a fine resolution in both frequency and
time. From the equation, if the user requires a fine frequency resolution,
then the STFT window size must be proportionally greater. Depending
on the resolution (and lowest frequency) required, the user can be lim-
ited in obtaining localised frequency information in time, and therefore
unable to detect abrupt changes in vibration records. Since the STFT has
been inwidespread use for decades, no detailed discussion on its imple-
mentation is presented. For further information, see (Cohen, 1995).

δt ¼ 1
Δ f

ð2Þ

where δt is the sub-record length (time between estimates), and Δ f is
the frequency resolution.

2.2.2. Continuous wavelet transform
Thewavelet transform has been the subject of research for a consid-

erable period of time, and one significant advantage it possesses over
the STFT is its ability to overcome the temporal-frequency limitation.
There are two distinct implementations of the wavelet transform: the
discrete wavelet transform (DWT), and the continuous wavelet trans-
form (CWT), with each better-suited for different applications. For ex-
ample, the DWT is commonly used for signal and image de-noising
and compression due to its ability to represent a signal (or image)
with fewer coefficients. On the other hand, the CWT allows for fine-
scale analysis and allows the user to set scales for each octave, enabling
control over the scale resolution. The CWT is used in this paper to ana-
lyse the various ground vibrations produced by various man-made
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sources. The wavelet transform of a signal x(t) is defined in Eq. (3).

W a; bð Þ ¼ 1ffiffiffi
a

p
Z∞

−∞

x tð Þψ � t−b
a

� �
dt ð3Þ

where ψ(t) is the mother wavelet, a is the dilation factor, and b is the
translation factor.

The dilation parameter (a) is used to scale the mother wavelet by
stretching and shrinking it in time. A large dilation factor stretches the
mother wavelet in time, and as expected corresponds to slowly varying
signal changes (i.e. low frequencies). Conversely, a small dilation factor
shrinks the mother wavelet and is able to detect abrupt signal changes
(i.e. high frequencies). The translation parameter (b) defines how the
wavelet is moved along the length of the signal, detecting any changes
at the localised time where the wavelet is centred. The ability to shift
and scale the mother wavelet using the dilation and translation factors
is what allows the CWT to achieve a good time-frequency resolution.

It should be noted, however, that the CWT computes the scale-
dependent structure of a signal as it varies with time. The scale-
dependent structure has a relationship to instantaneous frequency, en-
abling the CWT to be used for time-frequency analysis (Sadowsky,
1996). Therefore, the appropriate selection of scales is important to ob-
tain relevant frequency range and resolution for analysis, and this is
achieved through the setting of octaves and voices. The number of oc-
taves Noct establishes the frequency range, while the voices per octave
Nvoi determines the resolution, or number of scales across each octave.
While there is no exact relationship to convert scales to frequency, a
close approximation to determine the pseudo-frequency Fa can be
used, as shown in Eq. (4).

Fa ¼ Fc
a � dt ð4Þ

where Fc is thewavelet's centre frequency, a is the dilation factor, and dt
is the sampling period.

Another advantage of the wavelet transform over the STFT (and,
hence, the FT) is themultitude of wavelets available for use. Throughout
the years, numerous mother wavelets have been developed and used
for a variety of applications. The choice of mother wavelet for analysis
depends on a number of factors, but the general rule is to use a wavelet
which has the greatest similarity to the desired features to be extracted
from the data (Randall, 2011). To demonstrate the different time-
frequency relationships of the three approaches (time-scale for the
CWT), a conceptual illustration is presented in Fig. 2. From the figure,
it is important tonote themultiresolution analysis of CWT,which allows
the transform to overcome the traditional time-frequency limitations
through the dilation and translation of the mother wavelet.
Fig. 2. Conceptual comparison of the time-frequency relationship obtained using the
3. Experimental analysis of ground vibration records

This section presents a comparative evaluation of the various tech-
niques used to analyse man-made ground vibrations. A brief note on
the implementation and parameter selection of the three analysis tech-
niques is also presented.

3.1. Parameter selection, implementation, and analysis details

This section outlines the parameter selection and any specific imple-
mentation details of the three analysis techniques used to analyse the
man-made ground vibrations.

3.1.1. DIN 4150/Fourier transform approach
The current standard analysis approach involves the estimation of

two parameters; the PPV, and the dominant frequency. The PPV is
straightforward to calculate, andwill not be discussed further. However,
as previously stated, there are several methods which can be used to
compute the dominant frequency. For the standard analysis approach,
the dominant frequency is calculated using the zero-crossing method
(fZC), and the Fourier transform (fFT).

3.1.2. Short-Time Fourier Transform parameter selection and
implementation

The first consideration for the STFT is the sub-record length, dictat-
ing the time between estimates and frequency resolution of the obtain-
ed estimates. A preliminary investigation into the STFT's sub-record
length for the analysis of blast-induced ground vibrations was under-
taken in (Ainalis et al., 2017a). The study found the best compromise be-
tween the temporal-frequency resolutions was a sub-record length of
0.75 s (Δ f = 1.33 Hz) (Ainalis et al., 2017a). A Hanning window was
also applied to each window to minimise leakage. Once the time-
frequency distribution has been computed, two different approaches
for estimating the dominant frequency are implemented. The first ap-
proach calculates the dominant frequency at the time of the PPV within
the time window (fSTFT_PPV), and the second approach computes the
maximum overall dominant frequency from the entire time-frequency
distribution (fSTFT).

3.1.3. Continuous wavelet transform parameter selection and
implementation

There are several considerationswhichmust bemade in order to use
the CWT for ground vibration analysis. The most important of these is
the selection of an appropriate mother wavelet, with a multitude of
mother wavelets developed throughout the years for numerous appli-
cations. The general rule for selecting a mother wavelet is to use one
which has the greatest similarity to the features the user desires to ex-
tract (Randall, 2011). For establishing time-frequency distributions an-
alytic wavelets are recommended due to their ability to separate
amplitude and phase components, and they also have no negative fre-
quency components (Mallat, 2008). The analytic Morlet wavelet is a
Fourier transform, the Short-Time Fourier Transform, and the wavelet transform.

Image of Fig. 2
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Fig. 3. Time histories of the measured tri-axial ground vibrations for dataset BL_01 (top row), and dataset BL_02 (bottom row).
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complex exponential function multiplied by a Gaussian window
and is suitable for time-frequency analysis since its scale can be
expressed more easily in the frequency domain than other wavelets
(Staszewski and Giacomin, 1997). The Morlet wavelet meets these
criteria and is used in this study to analyse the various ground vibra-
tion records.

The next consideration for the implementation of the CWT is to de-
fine the range and resolution of the scales. This is achieved by setting the
number of octaves, and voices per octave. The train and blast-induced
ground vibration measurements were analysed using the CWT with
10 octaves (Noct), each with 30 voices (Nvoi). Due to the lower sampling
rate of the ground vibration data from the passage of a truck, its analysis
using the CWT has 7 octaves, with 10 voices per octave. Finally, as with
the analysis using the STFT, the overall dominant frequency from the
time-frequency distribution is determined (fCWT), and the dominant fre-
quency at the time of the PPV (fCWT_PPV).

3.2. Blast-induced ground vibrations

The first case study is focused on the analysis of ground vibrations
due to explosive blasting. In comparison to road and rail traffic, blast-
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Fig. 4. Frequency content of the measured blast-induced tri-axial ground vi
induced ground vibrations have a short duration and are highly tran-
sient (Ainalis et al., 2017b). A series of blast-induced ground vibration
measurements were made in the far-field using seismometers for nu-
merous blasts undertaken at a quarry located near Tubize, Belgium.
The vertical, radial, and transverse components of the ground vibration
were measured at various locations around the site as part of the re-
quiredmonitoring procedures during the period of January 2015 to Jan-
uary 2016. Only two datasets were selected at random for analysis in
this paper, denoted as BL_01 and BL_02, sampled at 1024 Hz for a
total duration of 4.5 s. A preliminary inspection of the ground vibrations
revealed that no significant energy content above 100 Hz, limiting the
frequency range of the analysis to 0–100 Hz. The time histories of the
blast-induced ground vibrations are presented in Fig. 3.

The DIN 4150-3 standard analysis approach is followed to compute
the PPV, and also the dominant frequency using both the zero-
crossing and Fourier transformmethods. The overall frequency content
of the analysed ground vibration data (obtained using the Fourier trans-
form) are presented in Fig. 4. From the spectra, it is clear that there is a
broad dominant contribution of frequencies between 5 and 15 Hz. In
some cases, such as the transverse component of record BL_02, a smaller
contribution from higher frequencies is also present.
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Fig. 5. Time-frequency analysis of the tri-axial blast-induced ground vibrations using the Short-Time Fourier Transform (δt=0.75 s;Δf=1.33Hz), for records BL_01 (top row), and BL_02
(bottom row).
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The ground vibration recordswere then analysed using the STFT and
the CWT to compute the time-frequency distribution. The time-
frequency analysis of the blast-induced ground vibration records using
the STFT are given in Fig. 5, while the CWT analysis is presented in Fig.
6. Both analyses are only shown from 0 to 3 s due to the lack of signifi-
cant vibration energy after this time. There is clearly a significant contri-
bution from numerous different frequencies throughout the evolution
of the signal. It is also evident that the CWT provides a far superior
time-frequency distribution, able to clearly identify rapid changes in fre-
quency content in comparison to the STFT.

The estimated dominant frequencies using the various methods,
along with the overall PPV for each blast-induced ground vibration re-
cord, are summarised in Table 2 and Fig. 7. There is a general consistency
of the dominant frequency estimates between the various methods
within approximately 5–12 Hz, however, the zero-crossingmethod sig-
nificantly overestimates the dominant frequency for all cases. From the
two methods using the time-frequency distributions (at the PPV time,
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Fig. 6. Time-frequency analysis of the tri-axial blast-induced ground vibrations using the cont
(bottom row).
and overall), the dominant frequency estimates are fairly consistent.
The only exceptions are the estimates obtained from the CWT at the
time of PPV for the vertical component of BL_02, and overall for the ra-
dial component of BL_02.

3.3. Truck-induced ground vibrations

The ground vibrations induced by the passage of a heavy vehicle
over a speed hump were analysed next. The ground vibration data
were obtained through the use of a two-step numerical simulation.
The first step involved the calculation of the dynamic loads exerted
onto the pavement using a Volvo FL6 truck half-car (no roll) multibody
model. The vehicle travelled over a trapezoidal obstacle that was 1.7 m
long and 54 mm high at two constant speeds; 30 and 60 km/h. The dy-
namic loads were then inputted into a finite element ground model to
simulate the ground vibration propagation. From the model, the tri-
axial ground vibrations were recorded for a duration of 5 s at a distance
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Table 2
Analysis of the blast-induced ground vibrations to compute the PPV, and a comparison of
the various methods to estimate the dominant frequency.

Vibration
record

PPV
[mm/s]

Dominant frequency estimations

Zero-crossing
fZC
[Hz]

Fourier
transform
fFT
[Hz]

Short Time
Fourier
Transform
fSTFT_PPV/fSTFT
[Hz]

Continuous
wavelet
transform
fCWT_PPV/fCWT

[Hz]
At PPV/overall At PPV/overall

RV_01
Vertical 0.623 17.07 12.44 6.67/6.67 11.04/11.04
Radial 0.950 19.69 8.66 6.67/8.00 11.28/9.08
Transverse 0.693 19.32 8.00 9.33/6.67 9.08/6.56

RV_02
Vertical 0.495 40.96 8.66 6.67/6.67 37.95/11.04
Radial 0.823 15.75 5.78 6.67/6.67 7.48/37.95
Transverse 0.566 18.96 10.00 8.00/8.00 8.51/8.89
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Fig. 7. Comparison of the dominant frequency estimates of the various approa
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Fig. 8. Time histories of the simulated tri-axial ground vibrations (8m from the centre of the roa
speed of: 30 km/h (RV_01, top row), and 60 km/h (RV_02, bottom row). Note the different pa
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of 8 m from the centre of the road, and the sampling frequency is
100 Hz. For complete details surrounding the development and imple-
mentation of the vehicle and ground models, see (Ducarne et al.,
2017; Kouroussis et al., 2017). The time histories of the simulated
ground vibrations due to the heavy vehicle travelling at 30 and
60 km/h over the trapezoidal obstacle are presented in Fig. 8.

First, the data were analysed according to the standard approach,
where the PPV and dominant frequency are determined for each of
the records. The frequency spectra of the ground vibrations are present-
ed in Fig. 9, and the dominant frequency estimated using these spectra
(Fourier transform), and the zero-crossing method.

Next, the time-frequency distributionswere computed for the truck-
induced ground vibrations, with the STFT analysis presented in Fig. 10,
and the CWT analysis in Fig. 11. Again, it is obvious that the CWT pro-
vides a finer-scale time-frequency distribution, and the complex local-
ised changes in the frequency content of the ground vibrations are
easily identified in comparison to the STFT.
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d) due to the passage of a half-car Volvo FL6 truck travelling over a trapezoidal obstacle at a
rticle velocity scales.
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Fig. 9. Frequency content of themeasured tri-axial ground vibrations (8m from the centre of the road) produced by the passage of a Volvo FL6 tuck over a trapezoidal obstacle at 30 km/h
(RV_01, top row), and 60 km/h (RV_02, bottom row).
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The estimated PPV, and dominant frequencies using the various
analysismethods are summarised in Table 3, alongwith their visual pre-
sentation in Fig. 12. As noted with the blast-induced ground vibrations,
the zero-crossing method significant over- and underestimates the
dominant frequency. In general, the time-frequency analysis estimates
at PPV time, and overall are fairly similar to those obtained using the
Fourier transform. In particular, those obtained at the PPV time are clos-
est to the Fourier transform estimates, however, the difference to the
overall estimates using the STFT and CWT are not significantly different.
The biggest difference is observed for the overall dominant frequency
estimates using the STFT and CWT for the vertical component of record
RV_02.

3.4. Train-induced ground vibrations

A series of experimentally measured ground vibrations due to the
passing of rail traffic are analysed in this section. The tri-axial ground
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Fig. 10. Time-frequency analysis of the tri-axial truck-induced ground vibrations using the Sho
RV_02 (bottom row).
vibration data (vertical, longitudinal, and lateral) produced by the pass-
ing of two different AM96 trains over a singular track defect was mea-
sured with a sampling frequency of 500 Hz for 15 s. The AM96 trains
are commonly used by the Belgian railway operator NMBS/SNCB for In-
terCity and InterRegion connections, and the vehicles are known for
their excellent passenger comfort. The train consists of three sets of suc-
cessive carriages, the first with a motorised bogie, and the second and
third are standard trailer carriages. For complete details regarding the
experimental set-up and measurements, see (Kouroussis et al., 2013;
Kouroussis et al., 2016). The details of the trains and ground vibration
measurements for the two selected datasets are given in Table 4, and
the timehistory of themeasured tri-axial ground vibrations are present-
ed in Fig. 13. Again, a preliminary inspection of the datasets revealed no
significant energy content above 100 Hz, limiting the results to 0–
100 Hz.

For all datasets, the PPV is calculated, as is the dominant frequency
using the zero-crossing method and the Fourier transform. The
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Fig. 11. Time-frequency analysis of the tri-axial truck-induced ground vibrations using the continuous wavelet transform (Noct = 7; Nvoi = 10) for records RV_01 (top row), and RV_02
(bottom row).

Table 3
Analysis of the road traffic-induced ground vibrations to compute the PPV, and a compar-
ison of the various methods to estimate the dominant frequency.

Vibration
record

PPV
[mm/s]

Dominant frequency estimation

Zero-crossing
fZC
[Hz]

Fourier
transform
fFT
[Hz]

Short Time
Fourier
Transform
fSTFT_PPV/fSTFT
[Hz]

Continuous
wavelet
transform
fCWT_PPV/fCWT

[Hz]
At PPV/overall At PPV/overall

RV_01
Vertical 4.582 33.33 18.36 14.67/18.67 16.88/15.75
Radial 0.500 0.59 19.76 20.00/18.67 19.39/20.78
Transverse 4.382 33.33 18.56 20.00/17.33 20.78/20.78

RV_02
Vertical 8.572 25.00 12.57 13.33/20.00 12.79/18.09
Radial 0.757 2.00 13.57 17.33/12.00 15.75/12.79
Transverse 9.281 50.00 22.75 22.67/21.33 22.27/22.27
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Fig. 12. Comparison of the dominant frequency estimates of the various approa

525D. Ainalis et al. / Science of the Total Environment 616–617 (2018) 517–530
frequency spectra of the six individual ground vibration records were
computed, and are presented in Fig. 14.

Next, time-frequency analysis of the train-induced ground vibra-
tions was undertaken using the STFT, and the CWT. First, the time-
frequency distributions of the vibration records obtained by the STFT
are presented in Fig. 15, while the CWT distributions are given in Fig.
16. From the established time-frequency distributions, it is clear that
the train-induced ground vibrations have far more complexity in
terms of the evolution of the energy content across the frequency
range, and their duration is also significantly longer than both the
truck- and blast-induced ground vibration records.

The results of the dominant frequency estimation using the different
methods are listed in Table 5 and visually summarised in Fig. 17. Of the
three different man-made sources investigated in this study, the pas-
sage of a train (with numerous axles) over a singular defect produces
ground vibrations characterised by a longer duration andmore complex
frequency content. There is a significant variation between the domi-
nant frequency estimates between the methods, unlike the blast- and
ng
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ches for all three components of the two truck-induced ground vibrations.
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Table 4
Details of the trains used in the study and ground vibration measurement distance.

Dataset Train
type

No. of
carriages

Train speed
[km/h]

Distance from track
[m]

TR_01 AM96 9 (3 × 3) 110 14
TR_02 AM96 6 (2 × 3) 125 14
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truck-induced ground vibrations. The principal challenge associated
with longer duration ground vibrations due to multiple loadings is
how to determine which identified dominant frequency is the correct
one and if it is linked to the PPV. The next section presents a new, im-
proved method to analyse such complex ground vibrations.

4. Improved approach for evaluating the structural damage due to
ground vibrations

This section presents an improved approach for estimating the PPV
and dominant frequency using the computed time-frequency
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Fig. 13. Time histories of themeasured tri-axial ground vibrations (14m from the track) due to
× 3) at 125 km/h (TR_02, bottom row).
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Fig. 14. Frequency content of the measured train-induced tri-axial ground vibrations (14 m fro
row), and an AM96 train (2 × 3) at 125 km/h (TR_02, bottom row).
distribution. Since numerous phenomena can produce long-duration
ground vibrations, particularly road and rail traffic with multiple axles,
a single estimate of the PPV and dominant frequency is not sufficient
for analysis and monitoring purposes. For ground vibration records
which have a short duration, such as those produced by small-scale ex-
plosive blasts, there is no additional benefit to performing such detailed
analysis. The followingmethod can beused for long-duration groundvi-
brations to provide a useful summary of the dominant frequencies and
PPVs. The example presented in the following sections is undertaken
using only the CWT. While the STFT could also be used, the preceding
analyses of the ground vibration records demonstrated the effectiveness
of the CWT to establish a fine-scale time-frequency distribution in com-
parison to the STFT.
4.1. General procedure of localised analysis

The general procedure of the improved approach consists of the fol-
lowing three steps:
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Fig. 15. Time-frequency analysis of the tri-axial train-induced ground vibrations using the Short-Time Fourier Transform (δt = 0.75 s; Δf = 1.33 Hz) for records TR_01 (top row), and
TR_02 (bottom row).
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1. Compute the time-frequency distribution of themeasured ground vi-
brations (using the CWT).
The time-frequency distribution is computed using the same imple-
mentation of the CWT as in the previous section was used, with the
same mother wavelet, octaves, and voices per octave.

2. Specify a time window Tw, and for each window calculate the local-
ised PPV and dominant frequency.
There are two ways to select the time window to calculate the local-
ised PPV, and dominant frequency. For example, if the STFTwas used,
then the time window is fixed to the sub-record length. However,
since the CWT provides multiple scales (as illustrated in Fig. 2), the
user is afforded more flexibility in selecting a window to calculate
the localised estimates from the CWT's time-frequency distribution.

3. Sum up the results and plot them on the DIN 4150-3 Z-Curve.
Having obtained a number of localised PPV and dominant frequency
estimates, plot all the data points on the DIN 4150-3 Z-Curve to as-
sess the likelihood of structural damage occurring.
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Fig. 16. Time-frequency analysis of the tri-axial train-induced ground vibrations using the cont
(bottom row).
Next, example analyses using the improved (localised) approach for
monitoring ground vibrations due to man-made sources is presented
and compared with the current analysis procedure.

4.2. Example analyses using the localised analysis approach

Some analysis examples of man-made ground vibrations using the
improved ground vibration analysis approach is presented in this sec-
tion. To illustrate themethod, the tri-axial components of the ground vi-
bration records TR_01, RV_01, and BL_01 are analysed using the
improved approach, and compared to the standard analysis approach
of computing the overall PPV, and the dominant frequency using the
Fourier transform. For the localised estimates, the duration of the win-
dow within which each estimate is made is set to Tw = 0.5 s. The
resulting estimates of the localised PPV and dominant frequency are
then compared with the DIN 4150-3 Z-Curves to assess whether struc-
tural damage is likely to occur. The resulting analysis using the localised
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inuous wavelet transform (Noct = 10; Nvoi = 30) for records TR_01 (top row), and TR_02
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Table 5
Analysis of the train-induced ground vibrations to compute the PPV, and a comparison of
the various methods to estimate the dominant frequency.

Vibration
record

PPV
[mm/s]

Dominant frequency estimation

Zero-crossing
fZC
[Hz]

Fourier
transform
fFT
[Hz]

Short Time
Fourier
transform
fSTFT_PPV/fSTFT
[Hz]

Continuous
wavelet
transform
fCWT_PPV/fCWT

[Hz]
At PPV/overall At PPV/overall

RV_01
Vertical 0.635 45.45 23.13 26.67/62.67 68.56/63.97
Radial 1.901 45.45 12.87 13.33/12.00 14.41/13.45
Transverse 0.839 33.33 14.13 13.33/13.33 13.45/13.92

RV_02
Vertical 0.658 50.00 23.00 12.00/13.33 66.22/14.41
Radial 1.732 26.32 12.73 13.33/62.67 11.71/66.22
Transverse 0.832 45.45 12.67 13.33/12.00 13.45/12.55
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approach, and the standard analysis approach of the train-induced
ground vibrations are presented in Fig. 18, while the analysis results of
the truck-induced ground vibrations are presented in Fig. 19. The
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Fig. 17. Comparison of the dominant frequency estimates of the various approa
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Localised Estimates
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Fig. 18. Analysis of the train-induced tri-axial ground vibrations of record TR_01 using the CWT
on the DIN 4150-3 Z-Curve. Note that the vertical scale is logarithmic.
analysis of the blast-induced ground vibrations are presented in
Fig. 20. It should be noted that the vertical axis of the Z-Curve has
been set to logarithmic scale in order to clearly show all localised
estimates.

For all the analysed vibration records, the PPV and dominant fre-
quency estimate obtained by the standard approach (Fourier transform
to estimate the dominant frequency) are fairly consistent to the maxi-
mum obtained by the improved localised approach. Interestingly, the
analysis of the vertical component of TR_01 shows a significantly differ-
ent dominant frequency linked to the maximum PPV. The localised
analysis reveals that the dominant frequency at the time of the PPV is
much higher than the overall dominant frequency. For the vertical and
lateral components of vibration record RV_01, both the standard analy-
sis approach and the improved localised approach indicate that the
ground vibrations generated could cause structural damage to buildings
considered to be ‘sensitive’ according to the DIN 4150-3 standard. There
is no significant benefit provided by the analysis of the blast-induced
ground vibrationsdue to its short, transient nature. The principal benefit
of the improved localised approach lies in its ability to identify multiple
PPV-dominant frequency estimates which could cause structural dam-
age, particularly if there are numerous high-level events within the vi-
bration record.
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Fig. 19.Analysis of the truck-induced tri-axial ground vibrations of record RV_01using the CWT to compute localised estimates (Tw=0.5 s) of the PPV and dominant frequency, presented
on the DIN 4150-3 Z-Curve. Note that the vertical scale is logarithmic.
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5. Discussion and conclusions

Man-made ground vibrations in urban areas can cause issues to not
only residents but also structures in the built environment. Many coun-
tries around the world have similar analysis monitoring procedures for
ground vibrations to ensure they are within acceptable limits. These
standards set out threshold values for both the PPV and the dominant
frequency of the measured ground vibrations. There are, however, two
limitationswhich need to be addressed. The first issue is the lack of clar-
ity surrounding themost suitable approach for estimating the dominant
frequency of the ground vibrations. The second issue is the lack of local-
ised (in time) information provided by the standard analysis
approaches.

The first part of this study presented a comparative evaluation to in-
vestigate various methods for estimating the dominant frequency. The
standard analysis methods (zero-crossing, Fourier transform) were in-
vestigated, along with the use of the STFT and CWT to compute the
time-frequency distributions to calculate the dominant frequency (at
the time of the PPV, and from the overall distribution). Three different
types of tri-axial ground vibrations due to man-made sources were
each investigated using the various analysis techniques. The dominant
frequency estimates of the blast-induced ground vibration records
were all fairly consistent, with the exception of some isolated estimates,
and all estimates using the zero-crossing approach. The train- and
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Fig. 20. Analysis of the blast-induced tri-axial ground vibrations of record BL_01 using the CWT
on the DIN 4150-3 Z-Curve. Note that the vertical scale is logarithmic.
truck-induced ground vibrations both showed significant variation in
the estimates between the methods. The zero-crossing method, which
the various standards have advised against its use for complex wave-
forms, is considerably inaccurate and should not be used, even for sim-
ple waveforms.

Having compared the different methods, a new localised approach
using the computed time-frequency distribution of the ground vibra-
tions was described and demonstrated. The analysis of the train-
induced ground vibrations resulted in the most variable estimates of
the dominant frequency between the methods, due to the repeated
loads induced by the passage of multiple axles. In cases such as this
where the ground vibrations can last for a significant duration, the im-
proved localised approach is more suitable. The approach used the
CWT to first obtain the time-frequency distribution, and then for each
section in time determined the ‘localised’ PPV and dominant frequency.
The obtained estimates are then plotted on theDIN 4150-3 Z-Curve, and
evaluated to determine if any events surpass the threshold levels for
structural damage.

The example analysis using the new localised approach (involving
time-frequency analysis and a moving window to obtain localised esti-
mates of the PPV anddominant frequency), showed that the approach is
able to be used with minimal difficulty to provide a far more detailed
analysis. While the localised approach is not useful for single transient
events, the true benefit is evident when there are a series of repeated
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loads induced into the ground. The improved approach is able to identi-
fymultiple events, many of whichwould not have been identified using
the standard analysis.
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