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Ground‑borne noise mitigation measures for railway projects are designed to meet established guideline
values. The required mitigation is usually determined by modelling the expected ground‑borne noise and
comparing it with the applicable limits, which then define the vibration isolation needed for each track
section. In practice, however, mitigation solutions are often implemented as large, continuous sections
rather than locally optimized solutions. This study evaluates the mitigation requirements based on perceived
annoyance in dwellings under different mitigation scenarios. Instead of relying solely on whether guideline
limits are exceeded, we directly evaluate how the resulting noise levels are likely to be experienced by
residents. This provides a more meaningful assessment of the effectiveness of different mitigation options.
The method is demonstrated through Monte-Carlo simulations. This example illustrates how
annoyance‑based evaluation can provide a perceptually relevant basis for comparing mitigation strategies
and supporting design decisions.

1 Introduction

Mitigation of ground-borne noise is an important topic in rail tunnels in urban areas, because high noise levels may cause
disturbance to the inhabitants and in the worst-case sleep disruption. Guideline values limit the allowed train-induced
ground-borne noise. For example, Finnish guideline value for maximum A-weighted and S-time-weighted ground-borne
noise level is 30 dB in dwellings for new railway tunnels [1, 2].
Traditionally, the design of mitigation measures, e.g., under-sleeper pads or under-ballast mats, in rail projects are applied
to meet the guideline values in all buildings. For a new track, this includes modeling the vibration and noise propagation,
then specifying mitigation measures sufficient to reduce the calculated levels to the limits. In practice, due to uncertainties
and constructability considerations, the mitigation is usually implemented in long continuous segments along the track,
rather than using different solutions for each individual building. This ensures a safety margin in the mitigation and
simplifies the construction phase, but it may also lead to over-design in areas where it is not strictly needed.
Guideline values do not always reflect the point at which humans start to perceive noise annoyance. In real cases, a noise
level slightly below the limit could still be significantly annoying to some, while conversely a slight exceedance might
not disturb everyone to the same extent [3]. Evaluating predicted human responses to noise provides additional insight in
addition to ground-borne noise level estimation. In this study, established probability models for annoyance and
awakening are applied to predicted ground-borne noise levels. Different mitigation scenarios are studied to evaluate their
effectiveness from the human response perspective.
We show via a set of Monte-Carlo simulations the expected annoyance and sleep disturbance curves at different insertion
loss levels on the track. The study uses a two-step modeling approach. First, we predict the ground-borne noise for a given
railway tunnel and dwellings. Next, we apply perceptual response models to the predicted noise levels to estimate the
fraction of high annoyance events and awakenings from sleep in different mitigation scenarios. The following sections
describe the methodologies for noise modeling, the annoyance model, the representation of mitigation measures, and the
estimation of overall impact.
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2 Modeling

2.1 Ground-borne noise modeling

The ground-borne noise levels were simulated using the models created in AINS Group’s Vibmapper® prediction
software, which applies a semi-empirical vibration propagation model developed originally by VTT Technical Research
Centre [1] and it follows closely the FTA semi-empirical model in [4]. The model considers the source vibration level
next to the track and its transmission through the track structure, ground, and building foundations.
For tunnels, the source vibration levels for trains are calibrated using measurements from existing railway tunnels in
similar Finnish bedrock conditions, as well as reference data from literature. Notably, measurement campaigns in Finnish
and Swedish tunnels [5, 6] were used to adjust the source spectrum and attenuation parameters.
The measurements in the Finnish tunnels confirmed phenomena such as the tunnel shadow effect, where vibrations
directly above a tunnel are reduced relative to those at some lateral distance [5]. The tunnel shadow effect is incorporated
in the model via modified propagation curves. The prediction model outputs, for each building, the A-frequency weighted
and S-time weighted maximum sound level due to ground-borne noise, denoted 𝐿gbn which represents the 95th percentile
train pass-by as a representative worst-case. For dwellings, a criterion of 30 dB was assumed based on Finnish guidelines.
Figure 1 shows an example in one ongoing project of the ground-borne noise model with a visualization of the mitigation
requirement to arrive at the guideline value for each dwelling by using the model.

Figure 1. Example of the estimated ground-borne noise and required track attenuation in an ongoing project.

2.2 Mitigation

For simplicity, here we evaluate continuous mitigation for the whole track, although in practice, the mitigation is usually
installed locally close to highly populated areas. In the mitigation scenarios, the predicted building ground-borne noise
levels 𝐿gbn were recalculated by reducing the insertion loss level Δ𝐿𝐼𝐿 on the track structure
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𝐿෠gbn = 𝐿gbn − Δ𝐿𝐼𝐿 (1)

Typical broadband insertion losses of about 12-27 dB have been reported for under ballast mats in tunnels [7], 20 dB for
floating slab tracks [1, 4], and 6-10 dB for softer rail pads [8].

2.3 Annoyance modeling

We implemented two annoyance models for rail traffic from [3] and a model that describes the probability of awakenings
from [9]. Overall, the models describe a statistical relationship between the maximum indoor noise level from trains and
the rates of reported annoyance and sleep disturbance in the population. A report from World Health Organization (WHO)
describes the probability of awakenings due to rail noise as [9]

𝑝WHO ൫𝐿AS,max൯ = −1.7668 − 0.0529𝐿AS,max + 0.0033𝐿AS,max
2 (2)

This WHO model is based on a study of 33 individuals whose physiological reactions were measured over nine
consecutive nights. The participants lived close to rail lines, but not necessarily above tunnels.
From [3] we use as the metrics the proportion of events that are reported as high annoyance (HA), reported separately for
general conditions and night-time. Our estimates of the curves in [3] are the following

𝑝HA,g ൫𝐿AF,max൯ = ൫1 + e−0.155൫𝐿AF,max−53.5൯൯
−1

, and (3)

𝑝HA,n ൫𝐿AF,max൯ = ൫1 + e−0.155൫𝐿AF,max−59.5൯൯
−1

(4)

for general and night-time annoyance respectively. The conversion from F to S weighting is here
𝐿AS,max  = 𝐿AF,max −  2.
HA group consists of individuals rating their annoyance on the upper end of a scale, i.e., moderately, very or extremely
annoyed. The model is presented from 24 to 45 dB LAFmax in [3] for general and from 24 to 43 dB for night-time noise.
Figure 2. presents the probability curves for all models with respect to 𝐿AS,max.

Figure 2. Percentage of high annoyance events with a given ground-borne noise level inside the dwelling according to
[3] and the probability of awakenings according to [9].
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As there are no reported responses of annoyance for noise levels that are below 𝐿AF,max  < 27 dB in [3], we apply here a
hard threshold, which neglects noise below this limit and thus 𝑝𝐻𝐴 (𝐿AS,max) = 0, for both annoyance models,
if 𝐿AS,max  <  25 dB. In addition, the WHO probability model is limited to between 0 and 1.

2.4 Estimation of impact

The number of awakenings or HA events can be calculated by combining the above models with the number of inhabitants
𝑁𝑝 in each building. For a given insertion loss Δ𝐿𝐼𝐿 the number of annoyance events or awakenings in total within all the
buildings in the area is then

𝑁total(Δ𝐿𝐼𝐿) = ∑ 𝑁𝑝(𝑖)𝑝൫𝐿gbn(𝑖) − Δ𝐿𝐼𝐿൯𝑖= 1...𝐼 , (5)

where 𝑖 =  1 … 𝐼 is the index of each building, and 𝑝(𝐿gbn(𝑖) − Δ𝐿𝐼𝐿) is the probability of annoyance or sleep disturbance
given the current ground-borne noise level of the building.

2.5 Simulation parameters

We simulated a set of 10’000 Monte-Carlo simulations of a train tunnel running underneath an urban living environment.
The ground-borne noise level was simulated as explained in Section 2.1 with the addition that uncertainty that follows a
normal distribution with 6 dB standard deviation was added to the level. The number of apartments was set to 10’000,
with a floor area that follows a Rayleigh distribution with a mean of 35 m2. The distribution was limited to values that are
larger than 20 m2. We set the population density to 1 per each 35 m2 for apartments that are smaller 40 m2, 2 per 50 m2

for apartments that are smaller than 100 m2, and 3 per 100 m2 for larger than 100 m2 apartments. The distance between
the rail and each apartment was assumed to follow a uniform distribution from 0 to 500 m. In addition, the tunnel was
assumed to be at constant depth, 40 meters under the apartments and each apartment was at the same level at 0 meters
altitude. The uncertainty of the probability functions was simplified to normal distribution with a standard deviation of
1% at each ground-borne noise level.

3 Results and discussion

Results of the evaluation are shown in Figure 3. The number of events that may be perceived as HA due to a single train
passage is drastically reduced as the insertion loss for the track is increased. The night-time HA and the general HA are
below one event when the insertion loss is above 23 dB. The maximum insertion loss that was calculated for the track
section, solely based on the guideline value of 30 dB, was on average 21 dB. The results here indicate that more detailed
planning of the mitigation for some parts of the track in this example would be needed.
The number of awakenings, assuming a single train per night, is shown Figure 3. The number of awakenings is less than
1 when insertion loss on the track is more than 17 dB. It seems that the awakening is not as probable as annoyance, which
is already clear from the probability curves in Figure 2. What is interesting is that for the guideline value of 30 dB, which
has a maximum 21 dB insertion loss, the awakenings are close to 0.
There are number of uncertainties in this type of evaluation. First, the modeling of ground-borne noise includes a variety
of uncertainties, and the total uncertainty might differ from the one assumed here. Second, the annoyance models adopted
from [3] were originally presented for LAF,max levels that were estimated with a semi-empirical approach to each dwelling.
That is, these values are not measured values for ground-borne noise and thus they might not reflect the true ground-borne
conditions in the dwellings. Third, it is unclear what the frequency range in [9] is for the measured LAS,max levels. The
levels very likely present the frequency response from 20 Hz to 20 kHz in [9], whereas the ground-borne noise level is
defined as LAS,max from 16 Hz to 500 Hz in Finland. Moreover, as mentioned, it is unknown whether the track was open
or in a tunnel in the studies used in the model [9].
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Figure 3. Number of HA events and awakenings vs insertion loss with mean and 95% confidence intervals (transparent
areas).

4 Conclusions and future work

This paper presented a practical way of calculating ground-borne noise annoyance and sleep disturbance for rail tunnels.
At least in Finland, the data used in the calculations are based on open data and are thus readily available, which makes
this approach easily adoptable in future projects. The annoyance calculation gives a valuable secondary evaluation of the
noise situation in the dwellings in addition to the actual ground-borne noise level. Future work on this topic includes the
optimization of the mitigation over the whole track with respect to the annoyance curve and ground-borne noise levels
and applying this approach for real data.

References

[1] A. Talja and A. Saarinen. Assessment of traffic-induced ground-borne noise. pre-liminary study. In VTT
Tiedotteita – Research Notes 2468, page 56. 2009.

[2] Väylävirasto. Ratatekniset ohjeet (RATO) osa 20, Ympäristö ja rautatiealueet (Track design manual 20,
environment and railway areas). In Liikenneviraston ohjeita 27/2021. Finnish Transport Infrastructure Agency,
2021, Helsinki, Finland

[3] Aasvang G.M., Engdahl B., Rothschild K. (2007): Annoyance and self-reported sleep disturbances due to
structurally radiated noise from railway tunnels. Applied Acoustics, 68, 970-981, and Corrigendum 69 (2008), 285.

[4] Federal Transit Administration. Transit noise and vibration impact assessment. In Report FTA-VA-90-1003-06.
Washington DC, 2006.

[5] Fatemeh Dashti. A ground-borne noise prediction model for railway traffic in tunnels in bedrock. Chalmers
Tekniska Hogskola (Sweden), 2023.

[6] Oksanen B, Tervo S., Liski J., Huhtala, T. Vibration measurements in Finnish bedrock tunnels, in the proceedings
of the 15th International Workshop on Railway Noise, 2025

[7] Cleave, R., Madshus, C., Grande, L., Brekke, A., & Rothschild, K. (2005). Mitigation of ground borne noise in
rock railway tunnels-Part II: Full scale tests. In Proceedings of the international conferences on the bearing capacity
of roads, railways and airfields.

[8] Mueller, R. (2008, April). Mitigation measures for open lines against vibration and ground-borne noise: a Swiss
overview. In Noise and Vibration Mitigation for Rail Transportation Systems: Proceedings of the 9th International



6

Workshop on Railway Noise, Munich, Germany, 4-8 September 2007 (pp. 264-270). Berlin, Heidelberg: Springer
Berlin Heidelberg.

[9] Basner M, McGuire S. WHO Environmental Noise Guidelines for the European Region: A Systematic Review on
Environmental Noise and Effects on Sleep. International Journal of Environmental Research and Public Health.
2018; 15(3):519. https://doi.org/10.3390/ijerph15030519


	1 Introduction
	2 Modeling
	2.1 Groundborne noise modeling
	2.2 Mitigation
	2.3 Annoyance modeling
	2.4 Estimation of impact
	2.5 Simulation parameters

	3 Results and discussion
	4 Conclusions and future work
	References
	[1] A. Talja and A. Saarinen. Assessment of traffic-induced ground-borne noise. pre-liminary study. In VTT Tiedotteita – Research Notes 2468, page 56. 2009.
	[2] Väylävirasto. Ratatekniset ohjeet (RATO) osa 20, Ympäristö ja rautatiealueet (Track design manual 20, environment and railway areas). In Liikenneviraston ohjeita 27/2021. Finnish Transport Infrastructure Agency, 2021, Helsinki, Finland
	[3] Aasvang G.M., Engdahl B., Rothschild K. (2007): Annoyance and self-reported sleep disturbances due to structurally radiated noise from railway tunnels. Applied Acoustics, 68, 970-981, and Corrigendum 69 (2008), 285.
	[4] Federal Transit Administration. Transit noise and vibration impact assessment. In Report FTA-VA-90-1003-06. Washington DC, 2006.
	[5] Fatemeh Dashti. A ground-borne noise prediction model for railway traffic in tunnels in bedrock. Chalmers Tekniska Hogskola (Sweden), 2023.
	[6] Oksanen B, Tervo S., Liski J., Huhtala, T. Vibration measurements in Finnish bedrock tunnels, in the proceedings of the 15th International Workshop on Railway Noise, 2025
	[7] Cleave, R., Madshus, C., Grande, L., Brekke, A., & Rothschild, K. (2005). Mitigation of ground borne noise in rock railway tunnels-Part II: Full scale tests. In Proceedings of the international conferences on the bearing capacity of roads, railways and airfields.
	[8] Mueller, R. (2008, April). Mitigation measures for open lines against vibration and ground-borne noise: a Swiss overview. In Noise and Vibration Mitigation for Rail Transportation Systems: Proceedings of the 9th International Workshop on Railway Noise, Munich, Germany, 4-8 September 2007 (pp. 264-270). Berlin, Heidelberg: Springer Berlin Heidelberg.
	[9] Basner M, McGuire S. WHO Environmental Noise Guidelines for the European Region: A Systematic Review on Environmental Noise and Effects on Sleep. International Journal of Environmental Research and Public Health. 2018; 15(3):519. https://doi.org/10.3390/ijerph15030519

