
Understanding seismic waves generated by train traffic via 
modelling  

05/05/2020 – EGU2020

François Lavoué, Olivier Coutant, Pierre Boué, Laura Pinzon-Rincon, 
Florent Brenguier, Philippe Dales, Aurélien Mordret, Meysam Rezaeifar, 

Chris Bean, and the AlpArray Working Group 
francois.lavoue@univ-grenoble-alpes.fr

© Authors. All rights reserved.

mailto:francois.lavoue@univ-grenoble-alpes.fr


Outline

! Context and motivation 

! Observations 

! Modelling strategy 

! Train source time functions 

! Results 

! Conclusions and perspectives



Context and motivation

heavily loaded freight trains, which induce stronger ground
motion.

After the discovery of the train records on station A002A,
we searched for similar characteristic signals on all our tempo-
rary stations near railways. On all such stations, we discovered
seismic signals similar to the ones described above that correlate
in time with passing trains (see Ⓔ Fig. S1). Figure 6 shows
selected examples from other installations. Station A024A
(Fig. 6c,d) recorded traffic from multiple trains from a 600-m
standoff distance to the main east–west railway line in Austria.
Hourly vertical-component spectrograms reveal multiple peaks
that show the same characteristic sharply delimited spectral
lines as the train signals described above for station A002A.
However, we did not attempt to relate the seismic recordings
to individual trains. Some records resemble the high-speed
train signature that we described above (sharply delimited spec-
tral lines of constant line spacing), albeit of narrower frequency
spacing Δf ! 1:03 Hz (see Fig. 6c). Yet, many peaks have a
more complex shape in the time–frequency representation
(Fig. 6d). Figure 6a,b shows additional examples of train
records measured on two different sensors, both installed at
1.3 km distance from a railway. Again, multiple spectral lines
are visible, yet there are several notable differences: (1) The
spectral lines are much wider compared to the observations
described above, (2) the spectral lines separate into major
maxima with minor maxima in between, and (3) spectral am-
plitudes are comparable in the entire 10–30 Hz frequency
band (Fig. 6a) or decrease constantly toward higher frequencies
from a maximum of around 2 Hz (Fig. 6b).

Seismic signals matching the train schedules and similar to
the ones described above are also observed on two more sta-
tions (A010A, 500 m from a single-track railway and A017A,

360 m from and 175 m above a single track railway) but are not
shown in this article. We did not analyze these signals in detail.
Still, we conclude that we observe characteristic train signals
with regular frequency spacing on all our temporary broadband
stations that are or were installed within 1.5 km of a railway.

DISCUSSION

Our seismic data obtained near railway lines show strong
signals that are consistent with train-induced vibrations.
The dominant features of these signals are pronounced spectral
lines with constant spacing over wide frequency intervals that
require explanation. Chen et al. (2004) also report line spectra
with frequency spacing of ∼1:6 Hz observed for heavy-load
freight trains in China and speculate they might be due to res-
onance features among multiple carriages of the train or reflect
predominant frequencies correlated with crustal structure.
Degrande and Schillemans (2001) show similar line spectra
for high-speed trains but do not comment on it. Quiros et al.
(2016) show spectrograms of slowly moving freight trains in
New Mexico, U.S.A., which strikingly resemble the ones in our
study, yet they also do not comment on it.

Our observations show spectra with changing frequencies
and frequency spacing (Figs. 3 and 4) and spectra with constant
frequencies and spacing throughout the entire signal (Fig. 5).
The signal shape in the time–frequency representation is a dis-
tinct feature among different types of trains and consistently
relates to train speed. For local commuter trains (Fig. 3), the
acceleration phase (increasing frequencies when leaving the
first stop), the constant speed phase (almost constant frequen-
cies when passing the sensor), and the deceleration phase
(decreasing frequencies when approaching the next stop) of

▴ Figure 5. A002A, Strasshof an der Nordbahn, Austria: Detailed view of two examples of high-speed train signal. Note the remarkable
similarity of the signal on different days (panel a compared to panel b) and the striking regularity of the frequency spacing (Δf ! 1:25 Hz)
from below 5 to 40 Hz and above.
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(Fuchs et al., 2018)

(Brenguier et al., 2019)

(Dales et al., in revision)

Noise correlations of quiet periods Noise correlations of train passages

surface waves surface waves

body waves

! Trains are now recognized as powerful sources of seismic noise for imaging 
and monitoring (e.g. Nakata et al., 2011; Quiros et al., 2016; Brenguier et 
al., 2019; Dales et al., in revision) but we need to understand them better 
to use them properly. 

! State of the art: 
! detailed observations by Fuchs et al. (2018) with good explanatory 

hypothesis. 
! detailed modelling of the coupled train/track/ground system in the 

engineering community (e.g. Kouroussis et al., 2011; Connolly et al., 
2015; Li et al., 2018) but restricted to the near field. 

! Aims of this study: 
! Investigate Fuchs et al’s hypothesis. 
! Draw implications for seismic imaging and monitoring.



Observations

! Figures: examples of train signals from Fuchs et al. (2018) (without/with Doppler effect). 

! Suggested explanation: spectral line spacing related to the passage of train bogies over 
stationary sources, with a fundamental frequency f1 = Vtrain / (bogie distance).

heavily loaded freight trains, which induce stronger ground
motion.

After the discovery of the train records on station A002A,
we searched for similar characteristic signals on all our tempo-
rary stations near railways. On all such stations, we discovered
seismic signals similar to the ones described above that correlate
in time with passing trains (see Ⓔ Fig. S1). Figure 6 shows
selected examples from other installations. Station A024A
(Fig. 6c,d) recorded traffic from multiple trains from a 600-m
standoff distance to the main east–west railway line in Austria.
Hourly vertical-component spectrograms reveal multiple peaks
that show the same characteristic sharply delimited spectral
lines as the train signals described above for station A002A.
However, we did not attempt to relate the seismic recordings
to individual trains. Some records resemble the high-speed
train signature that we described above (sharply delimited spec-
tral lines of constant line spacing), albeit of narrower frequency
spacing Δf ! 1:03 Hz (see Fig. 6c). Yet, many peaks have a
more complex shape in the time–frequency representation
(Fig. 6d). Figure 6a,b shows additional examples of train
records measured on two different sensors, both installed at
1.3 km distance from a railway. Again, multiple spectral lines
are visible, yet there are several notable differences: (1) The
spectral lines are much wider compared to the observations
described above, (2) the spectral lines separate into major
maxima with minor maxima in between, and (3) spectral am-
plitudes are comparable in the entire 10–30 Hz frequency
band (Fig. 6a) or decrease constantly toward higher frequencies
from a maximum of around 2 Hz (Fig. 6b).

Seismic signals matching the train schedules and similar to
the ones described above are also observed on two more sta-
tions (A010A, 500 m from a single-track railway and A017A,

360 m from and 175 m above a single track railway) but are not
shown in this article. We did not analyze these signals in detail.
Still, we conclude that we observe characteristic train signals
with regular frequency spacing on all our temporary broadband
stations that are or were installed within 1.5 km of a railway.

DISCUSSION

Our seismic data obtained near railway lines show strong
signals that are consistent with train-induced vibrations.
The dominant features of these signals are pronounced spectral
lines with constant spacing over wide frequency intervals that
require explanation. Chen et al. (2004) also report line spectra
with frequency spacing of ∼1:6 Hz observed for heavy-load
freight trains in China and speculate they might be due to res-
onance features among multiple carriages of the train or reflect
predominant frequencies correlated with crustal structure.
Degrande and Schillemans (2001) show similar line spectra
for high-speed trains but do not comment on it. Quiros et al.
(2016) show spectrograms of slowly moving freight trains in
New Mexico, U.S.A., which strikingly resemble the ones in our
study, yet they also do not comment on it.

Our observations show spectra with changing frequencies
and frequency spacing (Figs. 3 and 4) and spectra with constant
frequencies and spacing throughout the entire signal (Fig. 5).
The signal shape in the time–frequency representation is a dis-
tinct feature among different types of trains and consistently
relates to train speed. For local commuter trains (Fig. 3), the
acceleration phase (increasing frequencies when leaving the
first stop), the constant speed phase (almost constant frequen-
cies when passing the sensor), and the deceleration phase
(decreasing frequencies when approaching the next stop) of

▴ Figure 5. A002A, Strasshof an der Nordbahn, Austria: Detailed view of two examples of high-speed train signal. Note the remarkable
similarity of the signal on different days (panel a compared to panel b) and the striking regularity of the frequency spacing (Δf ! 1:25 Hz)
from below 5 to 40 Hz and above.
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the trains are visible in each spectrogram. The approximate
20 s duration of the rising flank of the signal corresponds to
the time the trains need to accelerate to 70 km=hr with an
acceleration of 1 m=s2. The slightly different shape of the

two examples in Figure 3 reflects different driving profiles. For
regional bi-level commuter trains, only the acceleration part is
visible when the trains approach the seismometer (e.g., up to a
time of 60 s in Fig. 4a). Later in time into the signal, constant

▴ Figure 6. Additional examples for characteristic train signals. See Ⓔ Figure S1 (available in the electronic supplement to this article)
for a map of the locations of the seismic stations. (a) Example from A005B, Stockerau, Austria. Sensor is 1.2 km from a two-track railway
close to a train stop. Major and minor maxima can be identified with spacings ofΔf 1 ! 2:54 Hz andΔf 2 ! Δf 1= 2 ! 1:27 Hz, respectively.
We could only identify the source as a local commuter train but the specific type of wagons is unknown to us. (b) Example from A333A,
Gbely, Slovakia. Sensor is 1.3 km from a single-track railway. The time window matches a scheduled passenger train, but the specific type
of wagons is unknown to us. The frequency spacing isΔf ! 2:58 Hz, with minor maxima exactly centered between the major maxima and
a corresponding frequency spacing of Δf ! 1:29 Hz (which is similar to the observations at stations A002A and A005B). The continuous
signals around 25 Hz seen in the spectrograms are unlikely to be attributable to train traffic. (c,d) A024A, Marchtrenk, Austria: Two
examples recorded at 600 m from a busy two-track railway that is the main east–west connection in Austria. (a,c) Note the sharp
and regularly spaced spectral lines, similarly to the lines observed for high-speed trains at station A002A (Fig. 5), but that occupy
the lower portion of the frequency axis. The frequency spacing is Δf ! 1:03 Hz. (b,d) Example of more complicated train patterns that
likely represent two distinct trains. The regular frequency spacing within individual signals is evident. The continuous signal around 34 Hz
is unlikely to be attributable to the trains and instead likely reflects an artificial disturbance, coupling either mechanically or electro-
magnetically into the seismic acquisition system (Bokelmann and Baisch, 1999).
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(b) f = 2.58 Hz  2 x f1, clear Doppler effectΔ ≃(a) f = f1 = 1.25 Hz ==> Vtrain = 85 km/h, no Doppler effect.Δ

(unknown commuter train)

(Fuchs et al., 2018) (Fuchs et al., 2018)



Observations

! Spectral line spacing f = f1 = Vtrain / (bogie distance) varies with train speed.Δ

coda, when amplitudes decrease again. Among different days,
these main features remain, and despite slightly different onset
phases for individual trains the frequencies during the constant
part of the signal are almost identical among all days (see
e.g., Fig. 4).

High-speed trains induce the most striking vibrations
(Fig. 5). The respective spectrograms are dominated by very
marked and sharp spectral lines with constant frequency and
spacing (Δf ! 1:25 Hz) over the entire signal duration. The
vibration spectra of the high-speed trains are remarkably
similar (see e.g., Fig. 5) for any individual train on any day.

We relate the seismic signals of the strongest amplitude
and the longest duration to freight trains (Fig. 2), due to their
heavy weight and large length. The respective records also show
equidistant spectral lines, yet the spectrograms of freight trains
are more complex in shape.

All train-induced signals show the largest amplitudes
around 10 Hz, with a secondary maximum that is sometimes
observable around 40 Hz (in particular for local commuter
trains, see Fig. 3). Passenger trains induce a maximum vertical
ground velocity of ∼10–12 μm=s at 300 m distance from the
track (Fig. 2). This peak ground velocity is only surpassed by

▴ Figure 3. A002A, Strasshof an der Nordbahn, Austria: Detailed view of two examples of local commuter train signals.

▴ Figure 4. A002A, Strasshof an der Nordbahn, Austria: Detailed view of two examples of regional bi-level commuter train signals. The
frequency spacing within the flat part is Δf ! 1:27 Hz.
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(Fuchs et al., 2018) (data acquired in Marathon, ON, Canada)



Modelling strategy



Modelling: geometry and mechanisms

head (tramway case). The main concern of the approach was to offer
the possibility to build quite a detailed model of the vehicle, allowing
train constructors to extend their approach based on multibody system
analysis. Two subsystems are successively considered (Fig. 10):

! The vehicle/track simulation is performed first, considering the
vehicle moving on a flexible track. The latter is modelled by a
classical finite element approach, considering an Euler–Bernoulli
beam (Young modulus Er, geometrical moment of inertia Ir, section
Ar and density rr) for the rail, discretely supported by lumped
masses m (with regular spacing d) representing the sleepers.
Railpad and ballast mechanical behaviours are taken into account
by spring/damper systems (kp and dp for the railpad, kb

n and db
n for

the ballast/soil subgrade). Following the remark about the avail-
ability of ballast properties in Section 2, no additional layer related
to the subgrade is included in the track model. The vehicle is
modelled according to the multibody system approach, as widely
performed by the train constructors. The link between the two
subsystems is defined through the wheel/rail contacts by means of
Hertz’s theory where the normal contact forces

Ni ¼ KHzd3=2
i ð3Þ

depend on the corresponding wheel/rail penetrations di. Coeffi-
cient KHz is determined from the radii of curvature of the wheel and
rail surfaces and the elastic properties of their materials. Penetra-
tion d is derived from the relative position of the wheel with
respect to the rail and then depends on their configuration
parameters. These dynamic forces are applied directly at the track
coordinate and the nodal forces on the considered track beam
element are deduced from the shape functions (third-degree
interpolation polynomials) [22]. A dedicated calculation program
has been created and is based on a C++ library called EasyDyn,
adapted to multibody simulation. The model takes into account
the dynamic interaction between the vehicle and the track by
means of Hertz’s non-linear contact law, coupled to a stochastic

Fig. 8. Set of three geophone sensors.
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Fig. 10. Description of the prediction model.

G. Kouroussis et al. / Soil Dynamics and Earthquake Engineering 31 (2011) 692–707 697

Decoupled finite-element modelling of 
(a) the train-track and (b) the soil subsystems. 

(Kouroussis et al., 2011)

Detailed finite-element modelling of a ballasted railway. 
(Li et al., 2018) 

(NOT what we do)

(NOT what we do)

This is what we do 
(simple assumption of fixed 
sleepers hit by train wheels)



Modelling: expected frequencies

Fundamental frequencies expected as a function of train speed,  
for various characteristic lengths.

ted for slab track modelling, when modelling ballasted tracks it
meant that sleeper passage frequencies (Fig. 5) were ignored.

To facilitate the inclusion of sleeper effects, discretely sup-
ported models were also developed [61,62,17]. Fig. 8 shows a Tim-
oshenko beam discretely supported by individual sleepers with
viscous damping.

It should also be noted that the track support conditions (sub-
grade) have a significant effect on track stiffness and therefore
have been found to affect track response. For the models previously
mentioned, the track base has been assumed rigid. Although this
may be suitable for tracks where the supporting material has a
stiffness comparable to the track [63], discrepancies occur when
the supporting material is soft. Therefore research has also been
undertaken into modelling the subgrade as an elastic half-space
[64–68].

A common method for analysing the frequency characteristics
of railway tracks is to calculate the track receptance (track deflec-
tion per unit of stationary input force). This transfer function
describes the propagation of energy through a system for a set
range of frequencies. It is used because it provides a useful tool
for investigating the natural frequencies of the track. When known,
these frequencies can be dampened accordingly.

The receptance results for the various types of frequency
domain track models discussed previously are shown in Fig. 9.
On the figure are drawn the typical upper thresholds for human
(5–80 Hz) and structural (30–250 Hz) vibration perception. It can
be seen that there are discrepancies between modelling
approaches for both the human and structural response ranges,

thus emphasising the need to correctly model the discrete support
condition and multiple layers.

Although point receptances are useful for understanding gen-
eral track characteristics, it is also often desirable to investigate
the effect of a moving load on track response. This introduces more
complexity into the analytical approach and has been studied for a
moving point load [69,65,48,70–72]. In an attempt to make the
excitation mechanism more realistic, the problem has also been
formulated using a multi-body excitation [73–75].
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Fig. 5. Typical frequency ranges of excitation.

 
Fig. 6. Single layer track model (continuously supported).

 
Fig. 7. Two layer track model (continuously supported).

 
Fig. 8. Two layer track model (discretely supported).

D.P. Connolly et al. / Construction and Building Materials 92 (2015) 64–81 69

Frequency ranges for various excitation mechanisms. 
(Connolly et al., 2015)

3. Studied vehicles

Two high-speed vehicles were studied in this work and both
stem from the same generation as the French TGV Atlantique.

3.1. Thalys PBKA HST

Thalys trains are designed to operate over the French, Belgian,
German and Dutch networks and therefore ensure the interconnec-
tion between the different high-speed lines. Fig. 5 shows the
configuration and the dimensions of these trainsets, consisting of
two locomotives and eight carriages, with a total length of 200 m. Let
us note that another configuration exists and consists of an assembly
of two single Thalys trains hooked up in series. The two locomotives
are supported by two bogies. Instead of the conventional bogie
configuration of two-to-a-car, the carriage bogies are placed half
under one car and half under the next one, with the exception of the
side carriage bogies, which are near the power car. The unladen and
the nominal masses are 386 tonnes and 439 tonnes, respectively.

Three bogie types are used in this vehicle:

! the Y230A motor bogie equipping the locomotives,
! the Y237 trailing bogie: model A for the side carriages,
! model B for the other ones.

The secondary suspension of the trailing bogies consists of a SR 10
pneumatic system while the coil spring is preferred for the primary
suspension. For the Y230A, the classical rubber sandwich block/coil
spring is used for the primary/secondary suspension, respectively.
Table 2 summarises the dynamic parameters of the bogies in terms
of mass, stiffness and damping.

3.2. Eurostar TransManche super train

The Eurostar HST has some particularities inherent to the
channel tunnel configuration. It is composed of 2 locomotives
and 18 TGV-TMST carriages (Fig. 6), adapted to the French and
English networks. The same configuration as the Thalys HST is
adopted, except at the centre where two side carriages are added
for safety reasons. The total length is equal to 394 m with a total
mass of 717.5 tonnes (772 tonnes in nominal loading).

The same bogie types as in the Thalys are used and Table 3
collects their dynamic parameters.

4. Measurement during the passing of Thalys and
Eurostar HSTs

Various experimental results can be found in literature such as
data recently recorded from the passing of Thalys HST [23,24], AVE
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Modelling: simulation and post-processing

minimum distance to railway 
(300 to 2200 m in our tests)

1. Simulation of wave propagation between one (virtual) source and all (virtual) receivers (sleepers),  
using the SEM46 spectral-element software (Trinh et al., 2019) in the visco-elastic approximation 

in a homogeneous medium (VP = 3.4 to 5 km/s, VS = 2 to 3 km/s,  = 2600 kg/m3, QP = 100 to 500, QS = 50 to 200) 
and with a Dirac source time function. 

2. Low-pass filter below 100 Hz (max. frequency for simulation accuracy) and resample at 250 Hz. 

3. Take time derivative (displacement -> ground velocity) 

4. (optional) Select/mute specific arrivals (e.g. direct P, surface waves). 

5. Convolve individual impulse responses with source time functions representing the train passage. 

6. Sum all the individual convolved seismograms to get the final seismogram resulting from the contributions 
 of all sleepers.

ρ



Modelling: source time functions



Modelling: source time functions

A simple dirac comb and its spectrum, corresponding to 8 wheels spaced every 26.5 m (wagon length), 
moving over a sleeper at 85 km/h (train speed).



Modelling: source time functions

A more complex dirac comb and its spectrum, corresponding to 8 wagons with 4 wheels each, moving 
over a sleeper at a train speed of 85 km/h. Additional wheels do not introduce more fundamental 

frequencies, but modulate the initial spectrum (Krylov and Ferguson, 1994, eq. 18).



(© SSA, Lavoué et al., submitted to SRL)

(ground stiffness)

(ground stiffness)

Modelling: source time functions

Weighting functions representing the spatial distribution of the load of each axle over the track and 
sleepers, and their associated spectra after conversion to time with a train speed of 85 km/h. The 

choice of this function has an effect on the high-frequency content of the resulting source time function.



(© SSA, Lavoué et al., submitted to SRL)

Modelling: source time functions

Final source time function for 8 wagons (26.5-m long, 4 wheels each), moving over a sleeper at 120 km/h, 
considering the spatial distribution of axle load due to track deflection, and after conversion from 

displacement to ground velocities (time derivative). As a simple rule of thumb, we note that most of the 
energy is contained in the range [0.5 fa - 1.5 fa], with fa = Vtrain / (axle distance).



Modelling results



Modelling results (all sleepers, all wheels)



Modelling results…

heavily loaded freight trains, which induce stronger ground
motion.

After the discovery of the train records on station A002A,
we searched for similar characteristic signals on all our tempo-
rary stations near railways. On all such stations, we discovered
seismic signals similar to the ones described above that correlate
in time with passing trains (see Ⓔ Fig. S1). Figure 6 shows
selected examples from other installations. Station A024A
(Fig. 6c,d) recorded traffic from multiple trains from a 600-m
standoff distance to the main east–west railway line in Austria.
Hourly vertical-component spectrograms reveal multiple peaks
that show the same characteristic sharply delimited spectral
lines as the train signals described above for station A002A.
However, we did not attempt to relate the seismic recordings
to individual trains. Some records resemble the high-speed
train signature that we described above (sharply delimited spec-
tral lines of constant line spacing), albeit of narrower frequency
spacing Δf ! 1:03 Hz (see Fig. 6c). Yet, many peaks have a
more complex shape in the time–frequency representation
(Fig. 6d). Figure 6a,b shows additional examples of train
records measured on two different sensors, both installed at
1.3 km distance from a railway. Again, multiple spectral lines
are visible, yet there are several notable differences: (1) The
spectral lines are much wider compared to the observations
described above, (2) the spectral lines separate into major
maxima with minor maxima in between, and (3) spectral am-
plitudes are comparable in the entire 10–30 Hz frequency
band (Fig. 6a) or decrease constantly toward higher frequencies
from a maximum of around 2 Hz (Fig. 6b).

Seismic signals matching the train schedules and similar to
the ones described above are also observed on two more sta-
tions (A010A, 500 m from a single-track railway and A017A,

360 m from and 175 m above a single track railway) but are not
shown in this article. We did not analyze these signals in detail.
Still, we conclude that we observe characteristic train signals
with regular frequency spacing on all our temporary broadband
stations that are or were installed within 1.5 km of a railway.

DISCUSSION

Our seismic data obtained near railway lines show strong
signals that are consistent with train-induced vibrations.
The dominant features of these signals are pronounced spectral
lines with constant spacing over wide frequency intervals that
require explanation. Chen et al. (2004) also report line spectra
with frequency spacing of ∼1:6 Hz observed for heavy-load
freight trains in China and speculate they might be due to res-
onance features among multiple carriages of the train or reflect
predominant frequencies correlated with crustal structure.
Degrande and Schillemans (2001) show similar line spectra
for high-speed trains but do not comment on it. Quiros et al.
(2016) show spectrograms of slowly moving freight trains in
New Mexico, U.S.A., which strikingly resemble the ones in our
study, yet they also do not comment on it.

Our observations show spectra with changing frequencies
and frequency spacing (Figs. 3 and 4) and spectra with constant
frequencies and spacing throughout the entire signal (Fig. 5).
The signal shape in the time–frequency representation is a dis-
tinct feature among different types of trains and consistently
relates to train speed. For local commuter trains (Fig. 3), the
acceleration phase (increasing frequencies when leaving the
first stop), the constant speed phase (almost constant frequen-
cies when passing the sensor), and the deceleration phase
(decreasing frequencies when approaching the next stop) of

▴ Figure 5. A002A, Strasshof an der Nordbahn, Austria: Detailed view of two examples of high-speed train signal. Note the remarkable
similarity of the signal on different days (panel a compared to panel b) and the striking regularity of the frequency spacing (Δf ! 1:25 Hz)
from below 5 to 40 Hz and above.
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the trains are visible in each spectrogram. The approximate
20 s duration of the rising flank of the signal corresponds to
the time the trains need to accelerate to 70 km=hr with an
acceleration of 1 m=s2. The slightly different shape of the

two examples in Figure 3 reflects different driving profiles. For
regional bi-level commuter trains, only the acceleration part is
visible when the trains approach the seismometer (e.g., up to a
time of 60 s in Fig. 4a). Later in time into the signal, constant

▴ Figure 6. Additional examples for characteristic train signals. See Ⓔ Figure S1 (available in the electronic supplement to this article)
for a map of the locations of the seismic stations. (a) Example from A005B, Stockerau, Austria. Sensor is 1.2 km from a two-track railway
close to a train stop. Major and minor maxima can be identified with spacings ofΔf 1 ! 2:54 Hz andΔf 2 ! Δf 1= 2 ! 1:27 Hz, respectively.
We could only identify the source as a local commuter train but the specific type of wagons is unknown to us. (b) Example from A333A,
Gbely, Slovakia. Sensor is 1.3 km from a single-track railway. The time window matches a scheduled passenger train, but the specific type
of wagons is unknown to us. The frequency spacing isΔf ! 2:58 Hz, with minor maxima exactly centered between the major maxima and
a corresponding frequency spacing of Δf ! 1:29 Hz (which is similar to the observations at stations A002A and A005B). The continuous
signals around 25 Hz seen in the spectrograms are unlikely to be attributable to train traffic. (c,d) A024A, Marchtrenk, Austria: Two
examples recorded at 600 m from a busy two-track railway that is the main east–west connection in Austria. (a,c) Note the sharp
and regularly spaced spectral lines, similarly to the lines observed for high-speed trains at station A002A (Fig. 5), but that occupy
the lower portion of the frequency axis. The frequency spacing is Δf ! 1:03 Hz. (b,d) Example of more complicated train patterns that
likely represent two distinct trains. The regular frequency spacing within individual signals is evident. The continuous signal around 34 Hz
is unlikely to be attributable to the trains and instead likely reflects an artificial disturbance, coupling either mechanically or electro-
magnetically into the seismic acquisition system (Bokelmann and Baisch, 1999).
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(Fuchs et al., 2018)

(Fuchs et al., 2018)

… matching observations?



Step back: look at 2 end-member mechanisms 

1 single moving load over all sleepers 
vs. 

all wheels passing over 1 single sleeper



Modelling: two end-member cases

    Single moving load                 vs.            Single stationary source



Modelling: two end-member cases

    Single moving load                 vs.            Single stationary source



… that well explain  
    the observations!

Modelling: two end-member cases…

Single 
moving 

load

Single 
stationary 

source

heavily loaded freight trains, which induce stronger ground
motion.

After the discovery of the train records on station A002A,
we searched for similar characteristic signals on all our tempo-
rary stations near railways. On all such stations, we discovered
seismic signals similar to the ones described above that correlate
in time with passing trains (see Ⓔ Fig. S1). Figure 6 shows
selected examples from other installations. Station A024A
(Fig. 6c,d) recorded traffic from multiple trains from a 600-m
standoff distance to the main east–west railway line in Austria.
Hourly vertical-component spectrograms reveal multiple peaks
that show the same characteristic sharply delimited spectral
lines as the train signals described above for station A002A.
However, we did not attempt to relate the seismic recordings
to individual trains. Some records resemble the high-speed
train signature that we described above (sharply delimited spec-
tral lines of constant line spacing), albeit of narrower frequency
spacing Δf ! 1:03 Hz (see Fig. 6c). Yet, many peaks have a
more complex shape in the time–frequency representation
(Fig. 6d). Figure 6a,b shows additional examples of train
records measured on two different sensors, both installed at
1.3 km distance from a railway. Again, multiple spectral lines
are visible, yet there are several notable differences: (1) The
spectral lines are much wider compared to the observations
described above, (2) the spectral lines separate into major
maxima with minor maxima in between, and (3) spectral am-
plitudes are comparable in the entire 10–30 Hz frequency
band (Fig. 6a) or decrease constantly toward higher frequencies
from a maximum of around 2 Hz (Fig. 6b).

Seismic signals matching the train schedules and similar to
the ones described above are also observed on two more sta-
tions (A010A, 500 m from a single-track railway and A017A,

360 m from and 175 m above a single track railway) but are not
shown in this article. We did not analyze these signals in detail.
Still, we conclude that we observe characteristic train signals
with regular frequency spacing on all our temporary broadband
stations that are or were installed within 1.5 km of a railway.

DISCUSSION

Our seismic data obtained near railway lines show strong
signals that are consistent with train-induced vibrations.
The dominant features of these signals are pronounced spectral
lines with constant spacing over wide frequency intervals that
require explanation. Chen et al. (2004) also report line spectra
with frequency spacing of ∼1:6 Hz observed for heavy-load
freight trains in China and speculate they might be due to res-
onance features among multiple carriages of the train or reflect
predominant frequencies correlated with crustal structure.
Degrande and Schillemans (2001) show similar line spectra
for high-speed trains but do not comment on it. Quiros et al.
(2016) show spectrograms of slowly moving freight trains in
New Mexico, U.S.A., which strikingly resemble the ones in our
study, yet they also do not comment on it.

Our observations show spectra with changing frequencies
and frequency spacing (Figs. 3 and 4) and spectra with constant
frequencies and spacing throughout the entire signal (Fig. 5).
The signal shape in the time–frequency representation is a dis-
tinct feature among different types of trains and consistently
relates to train speed. For local commuter trains (Fig. 3), the
acceleration phase (increasing frequencies when leaving the
first stop), the constant speed phase (almost constant frequen-
cies when passing the sensor), and the deceleration phase
(decreasing frequencies when approaching the next stop) of

▴ Figure 5. A002A, Strasshof an der Nordbahn, Austria: Detailed view of two examples of high-speed train signal. Note the remarkable
similarity of the signal on different days (panel a compared to panel b) and the striking regularity of the frequency spacing (Δf ! 1:25 Hz)
from below 5 to 40 Hz and above.
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the trains are visible in each spectrogram. The approximate
20 s duration of the rising flank of the signal corresponds to
the time the trains need to accelerate to 70 km=hr with an
acceleration of 1 m=s2. The slightly different shape of the

two examples in Figure 3 reflects different driving profiles. For
regional bi-level commuter trains, only the acceleration part is
visible when the trains approach the seismometer (e.g., up to a
time of 60 s in Fig. 4a). Later in time into the signal, constant

▴ Figure 6. Additional examples for characteristic train signals. See Ⓔ Figure S1 (available in the electronic supplement to this article)
for a map of the locations of the seismic stations. (a) Example from A005B, Stockerau, Austria. Sensor is 1.2 km from a two-track railway
close to a train stop. Major and minor maxima can be identified with spacings ofΔf 1 ! 2:54 Hz andΔf 2 ! Δf 1= 2 ! 1:27 Hz, respectively.
We could only identify the source as a local commuter train but the specific type of wagons is unknown to us. (b) Example from A333A,
Gbely, Slovakia. Sensor is 1.3 km from a single-track railway. The time window matches a scheduled passenger train, but the specific type
of wagons is unknown to us. The frequency spacing isΔf ! 2:58 Hz, with minor maxima exactly centered between the major maxima and
a corresponding frequency spacing of Δf ! 1:29 Hz (which is similar to the observations at stations A002A and A005B). The continuous
signals around 25 Hz seen in the spectrograms are unlikely to be attributable to train traffic. (c,d) A024A, Marchtrenk, Austria: Two
examples recorded at 600 m from a busy two-track railway that is the main east–west connection in Austria. (a,c) Note the sharp
and regularly spaced spectral lines, similarly to the lines observed for high-speed trains at station A002A (Fig. 5), but that occupy
the lower portion of the frequency axis. The frequency spacing is Δf ! 1:03 Hz. (b,d) Example of more complicated train patterns that
likely represent two distinct trains. The regular frequency spacing within individual signals is evident. The continuous signal around 34 Hz
is unlikely to be attributable to the trains and instead likely reflects an artificial disturbance, coupling either mechanically or electro-
magnetically into the seismic acquisition system (Bokelmann and Baisch, 1999).
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(Fuchs et al., 2018)



How to reproduce the observations with all wheels?

Single moving load (all sleepers)        vs.      All sleepers, all wheels



Modelling: all wheels on (slightly) irregular sleepers

Sleeper spacing 
0.6096 m (24 in) 

+ 
random perturbation 

of max. +/- 5 cm

Nice tremor-like signal

Spectrum dominated 
by harmonics of f1.

f2 still visible but 
not its resonances.



Conclusions



Conclusion: Revisiting Fuchs et al’s interpretation
! f = f1 = 1.25 Hz  ==>  Vtrain = 120 km/h instead of 85 km/h (because the length that  

       matters is the wagon length and not the bogie distance)

Δ

heavily loaded freight trains, which induce stronger ground
motion.

After the discovery of the train records on station A002A,
we searched for similar characteristic signals on all our tempo-
rary stations near railways. On all such stations, we discovered
seismic signals similar to the ones described above that correlate
in time with passing trains (see Ⓔ Fig. S1). Figure 6 shows
selected examples from other installations. Station A024A
(Fig. 6c,d) recorded traffic from multiple trains from a 600-m
standoff distance to the main east–west railway line in Austria.
Hourly vertical-component spectrograms reveal multiple peaks
that show the same characteristic sharply delimited spectral
lines as the train signals described above for station A002A.
However, we did not attempt to relate the seismic recordings
to individual trains. Some records resemble the high-speed
train signature that we described above (sharply delimited spec-
tral lines of constant line spacing), albeit of narrower frequency
spacing Δf ! 1:03 Hz (see Fig. 6c). Yet, many peaks have a
more complex shape in the time–frequency representation
(Fig. 6d). Figure 6a,b shows additional examples of train
records measured on two different sensors, both installed at
1.3 km distance from a railway. Again, multiple spectral lines
are visible, yet there are several notable differences: (1) The
spectral lines are much wider compared to the observations
described above, (2) the spectral lines separate into major
maxima with minor maxima in between, and (3) spectral am-
plitudes are comparable in the entire 10–30 Hz frequency
band (Fig. 6a) or decrease constantly toward higher frequencies
from a maximum of around 2 Hz (Fig. 6b).

Seismic signals matching the train schedules and similar to
the ones described above are also observed on two more sta-
tions (A010A, 500 m from a single-track railway and A017A,

360 m from and 175 m above a single track railway) but are not
shown in this article. We did not analyze these signals in detail.
Still, we conclude that we observe characteristic train signals
with regular frequency spacing on all our temporary broadband
stations that are or were installed within 1.5 km of a railway.

DISCUSSION

Our seismic data obtained near railway lines show strong
signals that are consistent with train-induced vibrations.
The dominant features of these signals are pronounced spectral
lines with constant spacing over wide frequency intervals that
require explanation. Chen et al. (2004) also report line spectra
with frequency spacing of ∼1:6 Hz observed for heavy-load
freight trains in China and speculate they might be due to res-
onance features among multiple carriages of the train or reflect
predominant frequencies correlated with crustal structure.
Degrande and Schillemans (2001) show similar line spectra
for high-speed trains but do not comment on it. Quiros et al.
(2016) show spectrograms of slowly moving freight trains in
New Mexico, U.S.A., which strikingly resemble the ones in our
study, yet they also do not comment on it.

Our observations show spectra with changing frequencies
and frequency spacing (Figs. 3 and 4) and spectra with constant
frequencies and spacing throughout the entire signal (Fig. 5).
The signal shape in the time–frequency representation is a dis-
tinct feature among different types of trains and consistently
relates to train speed. For local commuter trains (Fig. 3), the
acceleration phase (increasing frequencies when leaving the
first stop), the constant speed phase (almost constant frequen-
cies when passing the sensor), and the deceleration phase
(decreasing frequencies when approaching the next stop) of

▴ Figure 5. A002A, Strasshof an der Nordbahn, Austria: Detailed view of two examples of high-speed train signal. Note the remarkable
similarity of the signal on different days (panel a compared to panel b) and the striking regularity of the frequency spacing (Δf ! 1:25 Hz)
from below 5 to 40 Hz and above.
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(Fuchs et al., 2018)



Conclusion: Revisiting Fuchs et al’s interpretation

Regular sleepers: 
moving load signature 

f2 = Vtrain / sleeperΔ

Irregular sleepers: 
stationary source signature 
f1 = Vtrain / (wagon length)

the trains are visible in each spectrogram. The approximate
20 s duration of the rising flank of the signal corresponds to
the time the trains need to accelerate to 70 km=hr with an
acceleration of 1 m=s2. The slightly different shape of the

two examples in Figure 3 reflects different driving profiles. For
regional bi-level commuter trains, only the acceleration part is
visible when the trains approach the seismometer (e.g., up to a
time of 60 s in Fig. 4a). Later in time into the signal, constant

▴ Figure 6. Additional examples for characteristic train signals. See Ⓔ Figure S1 (available in the electronic supplement to this article)
for a map of the locations of the seismic stations. (a) Example from A005B, Stockerau, Austria. Sensor is 1.2 km from a two-track railway
close to a train stop. Major and minor maxima can be identified with spacings ofΔf 1 ! 2:54 Hz andΔf 2 ! Δf 1= 2 ! 1:27 Hz, respectively.
We could only identify the source as a local commuter train but the specific type of wagons is unknown to us. (b) Example from A333A,
Gbely, Slovakia. Sensor is 1.3 km from a single-track railway. The time window matches a scheduled passenger train, but the specific type
of wagons is unknown to us. The frequency spacing isΔf ! 2:58 Hz, with minor maxima exactly centered between the major maxima and
a corresponding frequency spacing of Δf ! 1:29 Hz (which is similar to the observations at stations A002A and A005B). The continuous
signals around 25 Hz seen in the spectrograms are unlikely to be attributable to train traffic. (c,d) A024A, Marchtrenk, Austria: Two
examples recorded at 600 m from a busy two-track railway that is the main east–west connection in Austria. (a,c) Note the sharp
and regularly spaced spectral lines, similarly to the lines observed for high-speed trains at station A002A (Fig. 5), but that occupy
the lower portion of the frequency axis. The frequency spacing is Δf ! 1:03 Hz. (b,d) Example of more complicated train patterns that
likely represent two distinct trains. The regular frequency spacing within individual signals is evident. The continuous signal around 34 Hz
is unlikely to be attributable to the trains and instead likely reflects an artificial disturbance, coupling either mechanically or electro-
magnetically into the seismic acquisition system (Bokelmann and Baisch, 1999).
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heavily loaded freight trains, which induce stronger ground
motion.

After the discovery of the train records on station A002A,
we searched for similar characteristic signals on all our tempo-
rary stations near railways. On all such stations, we discovered
seismic signals similar to the ones described above that correlate
in time with passing trains (see Ⓔ Fig. S1). Figure 6 shows
selected examples from other installations. Station A024A
(Fig. 6c,d) recorded traffic from multiple trains from a 600-m
standoff distance to the main east–west railway line in Austria.
Hourly vertical-component spectrograms reveal multiple peaks
that show the same characteristic sharply delimited spectral
lines as the train signals described above for station A002A.
However, we did not attempt to relate the seismic recordings
to individual trains. Some records resemble the high-speed
train signature that we described above (sharply delimited spec-
tral lines of constant line spacing), albeit of narrower frequency
spacing Δf ! 1:03 Hz (see Fig. 6c). Yet, many peaks have a
more complex shape in the time–frequency representation
(Fig. 6d). Figure 6a,b shows additional examples of train
records measured on two different sensors, both installed at
1.3 km distance from a railway. Again, multiple spectral lines
are visible, yet there are several notable differences: (1) The
spectral lines are much wider compared to the observations
described above, (2) the spectral lines separate into major
maxima with minor maxima in between, and (3) spectral am-
plitudes are comparable in the entire 10–30 Hz frequency
band (Fig. 6a) or decrease constantly toward higher frequencies
from a maximum of around 2 Hz (Fig. 6b).

Seismic signals matching the train schedules and similar to
the ones described above are also observed on two more sta-
tions (A010A, 500 m from a single-track railway and A017A,

360 m from and 175 m above a single track railway) but are not
shown in this article. We did not analyze these signals in detail.
Still, we conclude that we observe characteristic train signals
with regular frequency spacing on all our temporary broadband
stations that are or were installed within 1.5 km of a railway.

DISCUSSION

Our seismic data obtained near railway lines show strong
signals that are consistent with train-induced vibrations.
The dominant features of these signals are pronounced spectral
lines with constant spacing over wide frequency intervals that
require explanation. Chen et al. (2004) also report line spectra
with frequency spacing of ∼1:6 Hz observed for heavy-load
freight trains in China and speculate they might be due to res-
onance features among multiple carriages of the train or reflect
predominant frequencies correlated with crustal structure.
Degrande and Schillemans (2001) show similar line spectra
for high-speed trains but do not comment on it. Quiros et al.
(2016) show spectrograms of slowly moving freight trains in
New Mexico, U.S.A., which strikingly resemble the ones in our
study, yet they also do not comment on it.

Our observations show spectra with changing frequencies
and frequency spacing (Figs. 3 and 4) and spectra with constant
frequencies and spacing throughout the entire signal (Fig. 5).
The signal shape in the time–frequency representation is a dis-
tinct feature among different types of trains and consistently
relates to train speed. For local commuter trains (Fig. 3), the
acceleration phase (increasing frequencies when leaving the
first stop), the constant speed phase (almost constant frequen-
cies when passing the sensor), and the deceleration phase
(decreasing frequencies when approaching the next stop) of

▴ Figure 5. A002A, Strasshof an der Nordbahn, Austria: Detailed view of two examples of high-speed train signal. Note the remarkable
similarity of the signal on different days (panel a compared to panel b) and the striking regularity of the frequency spacing (Δf ! 1:25 Hz)
from below 5 to 40 Hz and above.
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2 mechanisms

(unknown commuter train)



Conclusions and perspectives

✦ Trains generate signals with a very broad and high frequency content [1- 50 Hz or above], 
because most of the energy comes from harmonics of f1 and f2 (+ potential interferences). 

As a consequence, most train traffic worldwide is expected to generate signals of potential 
use for seismic applications. 

✦ The exact frequency content of these signals depends mainly on 
! ground stiffness under the rail track (spectrum of the source time functions) 
! sleeper ‘regularity’ (i.e. track/ballast/soil materials and structure) 
! trains geometry and speed 

✦ Because of the modulation due to wheel spacing, most of the energy is expected in the frequency 
band [ 0.5 fa - 1.5 fa ], with fa = Vtrain / (axle distance), where the axle distance is usually 1.5 to 
3 m. This may serve as a rule of thumb for using these signals to compute cross-correlations. 

✦ Higher frequency bands of the form [ (k-0.5) fa — (k+0.5) fa ] are also expected to contain some 
energy which may prove useful when looking for body waves (e.g. Nakata et al., 2015; Brenguier 
et al., 2019; Dales et al., in revision).



NB: Paper in review

! Lavoué F., Coutant O., Boué P., Pinzon-Rincon L., Brenguier F., Brossier R., Dales P., 
Rezaeifar M., and Bean C. J. Understanding seismic waves generated by train traffic via 
modelling: implications for seismic imaging and monitoring. Submitted to the 
Seismological Research Letters. 

! For the sake of reproducibility, the computer programs developed for this paper are 
available at https://gricad-gitlab.univ-grenoble-alpes.fr/pacific/publications/
2020_Lavoue-et-al_SRL_supplemental-material. Unlike the paper, this package is 
susceptible to evolve with time, based on future developments and users' feedback 
(please feel free to provide feedback!).

https://gricad-gitlab.univ-grenoble-alpes.fr/pacific/publications/2020_Lavoue-et-al_SRL_supplemental-material
https://gricad-gitlab.univ-grenoble-alpes.fr/pacific/publications/2020_Lavoue-et-al_SRL_supplemental-material
https://gricad-gitlab.univ-grenoble-alpes.fr/pacific/publications/2020_Lavoue-et-al_SRL_supplemental-material
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Supplemental material



Deflection and reaction force of the track as a function of ground stiffness  , according to the 
Euler-Bernoulli Elastic Beam (E-BEB) model (Krylov and Ferguson, 1994; Li et al., 2018, eq. 3).

α

(© SSA, Lavoué et al., submitted to SRL)

Elastic reaction force vs. ground stiffness



Signal amplitude vs. train length

(© SSA, Lavoué et al., submitted to SRL)



Signal amplitude vs. train speed
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