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ABSTRACT

Increasing train speeds and axle loads in modern railway systems have intensified the
problem of train-induced ground-borne vibration. Vibration generated at wheel-rail
interface propagates through the track, ballast, and subgrade to nearby structures,
causing potential discomfort, structural damage, and functional disruptions. Out of the
available mitigation measures, under sleeper pads (USP) and ballast mats (BM) are
very feasible methods that can be adapted in urban areas where the reserved area for
track is limited. However, the complex interaction between these mitigation layers, the
track system, and heterogeneous soil conditions remains insufficiently understood.
This research addresses that gap through a comprehensive numerical investigation
combining model validation and parametric analysis.

A three-dimensional finite element (FE) model of a coupled train—track—soil
system was developed using the ABAQUS FE software to simulate time-domain
vibration propagation. The model incorporated layered track components, rails,
sleepers, ballast, sub-ballast, and subgrade, and implemented viscous boundaries to
eliminate reflections from the truncated domain. A simplified three-car moving-load
train model was adapted to accurately capture the vibration generation mechanisms.
Model validation was performed against established field experiments from literature
using several key metrics.

Following validation, a parametric study was designed to quantify the influence of
USP and BM thickness and stiffness under two representative ground conditions, soft
soil (Vs = 200 m/s) and stiff soil (Vs = 400 m/s). The chosen parameters, consistent
with international standards and guidelines, included USP thicknesses of 8, 10, and 15
mm; stiffnesses of 0.15, 0.25, and 0.35 N/mm?; and BM thicknesses of 15, 23, and 30
mm with stiffnesses of 0.05, 0.09, and 0.22 N/mm?3. Vibration attenuation was
evaluated for near-field (0—10 m) and far-field (>10 m) receivers using Insertion Loss
(IL) and frequency-dependent 1/3-octave band spectra.

Both USPs and BMs were found to be significantly more effective in stiff soil
compared to soft soil, achieving stronger vibration reduction and extending attenuation
further into the far field. In soft soil, soft or thick USPs can trigger near-field
amplification due to soil-pad resonance, while stiff soil reliably delivers stable
mitigation. Thicker and softer BMs provide the best performance, especially in mid-
frequency bands (30—80 Hz) critical for human perception. Overall, vibration control
is strongest near the track (within 10 m) and decreases with distance, with BMs
offering superior and more consistent attenuation than USPs across all conditions.

The study provides clear guidance for choosing between USPs and BMs under
different ground conditions, and show that simple, validated FE models can support
reliable design decisions for urban rail vibration control.

Keywords: Train-induced ground vibration, Under sleeper pads, Ballast mats,
Vibration attenuation
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