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 A B S T R A C T

Reliable estimates of the small-strain stiffness of railway ballast are essential for modeling train-induced 
vibration transmission and supporting condition assessment in underground railways. This paper presents a 
Multichannel Analysis of Surface Waves campaign performed inside a tunnel of Milan Metro Line M1, using a 
controlled impact source, a setting not yet discussed in the literature. A short, densely sampled receiver array 
was installed along the track, Rayleigh-wave dispersion was obtained in the frequency-phase velocity domain 
using a phase-shift approach, and a 1-D layered shear-wave velocity 𝑉𝑠 profile was obtained by inversion.

A key methodological insight derives from repeating the survey under two track boundary condi-
tions: fastened and unfastened rails. Comparison of dispersion images and inverted profiles shows that the 
fastened configuration yields higher phase velocities and 𝑉𝑠 values, consistent with stronger rail-sleeper 
coupling and rail-guided energy, which can bias interpretation of ballast properties. Conversely, unfastening 
the rails suppresses these effects and produces lower misfits and 𝑉𝑠 profiles more representative of the 
ballast-invert-subgrade system.

Three progressively constrained inversion parameterizations were tested to address non-uniqueness and 
robustness of the obtained profiles. The results confirm that Rayleigh-wave dispersion is primarily controlled 
by 𝑉𝑠, whereas other characteristics remain weakly correlated. Finally, in-situ stiffness trends of ballast are 
benchmarked against a laboratory dataset on comparable materials, supporting the plausibility of the velocity 
profiles obtained.

Overall, the study demonstrates the feasibility of active MASW in a tunnel environment and delivers an 
operational workflow to obtain ballast-scale 𝑉𝑠 profiles, while highlighting the importance of controlling track 
boundary conditions.

Introduction

Railway infrastructure heavily relies on the mechanical and dy-
namic performance of the track substructure, where ballast plays a 
critical role in ensuring the overall track stability, load distribution, 
and vibration attenuation. As traffic volumes increase, so does the 
demand on ballast layers, making their continuous monitoring and 
characterization essential for predictive maintenance and performance 
optimization.

In underground railways, the relevance of the trackbed mechanical 
properties is further amplified by the environmental sensitivity to 
ground-borne vibration, historically recognized as a major issue for 
metro lines in tunnels [1]. The transmission path from the wheel–
rail excitation to the free-field or nearby buildings depends on the 
dynamic interaction between track components and the supporting 
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ground, and prediction frameworks explicitly require realistic trackbed 
stiffness inputs [2]. Therefore, reliable estimates of ballast stiffness 
and damping are not only a material-characterization objective, but a 
practical prerequisite for vibration prediction and mitigation in urban 
environment.

Ballast properties evolve with time due to degradation mecha-
nisms driven by repeated loading: particle rearrangement, abrasion 
and breakage, and the progressive generation/accumulation of fines 
(fouling). This evolution affects drainage and sleeper stability and 
accelerates track geometry deterioration, especially under unfavorable 
moisture conditions [3]. From a mechanical perspective, degradation 
modifies the granular contact network and can change both stiffness- 
and damping-related parameters. For instance, increasing fouling has 
been reported to exacerbate sleeper settlement while reducing the 
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resilient modulus under cyclic loading [4]. Reduction in damping with 
ballast degradation has also been reported in laboratory drop-weight 
impact testing studies [5]. In addition to degradation-state dependence, 
the vibration attenuation performance of a ballasted trackbed is fre-
quency dependent: vibration laboratory experiments indicate higher 
damping in a low-frequency range (below ∼250Hz) than at higher 
frequencies (above ∼250Hz) [6]. At track level, support-stiffness varia-
tions and geometry irregularities can increase vehicle–track interaction 
forces, with implications for vibration generation, ride comfort and 
fatigue of the components [7]. A report by Zuada Coelho [8] has linked 
track degradation states to increased vibration generation at transi-
tion zones, meaning track sections characterized by abrupt changes in 
support stiffness.

From an asset-management viewpoint, ballast degradation has clear 
operational consequences: tamping (the maintenance operation in wh-
ich the track is lifted and ballast is recompacted beneath the sleepers to 
restore alignment and level) is the most common action to restore track 
geometry, yet it must be repeated as geometry degrades, and mainte-
nance demand can become more frequent under adverse substructure 
conditions [9]. Recent studies and models for tamping demand explic-
itly show that environmental and ballast-state factors (e.g., moisture 
and fouling) can markedly increase tamping frequency, i.e., shorten 
effective maintenance intervals [10]. These links between degradation, 
dynamic response, and maintenance motivate robust in-situ indicators 
of ballast condition and stiffness.

Due to the large particle size of ballast, traditional small-scale 
laboratory tests often fail to reproduce realistic mechanical behavior. As 
such, large-scale testing has been widely adopted to capture the actual 
response under load. Among these, large-scale triaxial and box tests 
are extensively used to investigate ballast behavior under monotonic 
and cyclic loading conditions. These tests allow researchers to assess 
key mechanical parameters under different confining pressures, foul-
ing conditions, and ballast grain dimensions. For instance, Anderson 
and Fair [11] and Suiker et al. [12] reported how ballast compacted 
under cyclic loads shows significant changes in both stiffness and 
strength, largely governed by particle rearrangement and breakage 
mechanisms. Similarly, the studies by Lackenby et al. [13] emphasize 
the influence of confining pressure in mitigating ballast degradation, 
identifying optimal pressure ranges that reduce volumetric dilation 
and particle crushing under high deviatoric stresses. A major aspect in 
the dynamic behavior of ballast is its stiffness at small strains; this is 
vital in addressing ground-borne vibrations and noise generation. Both 
laboratory and field methods have been adopted to evaluate ballast 
dynamic stiffness, demonstrating the importance of integrating these 
approaches to bridge the gap between controlled and in-situ conditions. 
In the context of fouled ballast, experimental evidence confirms that 
the presence of fine particles severely affects material stiffness [14,15]. 
Fouling can reduce inter-particle contact efficiency, leading to lower 
stiffness values, especially at low confining pressures.

To complement the insights gained from large-scale laboratory test-
ing, several seismic-based methods have been developed and increas-
ingly employed in the field to evaluate the mechanical properties 
of railway substructures, including ballast. These geophysical tech-
niques offer a non-destructive means to assess stiffness parameters, such 
as shear modulus and derived shear wave velocity, directly in situ, 
thereby enabling monitoring under actual boundary conditions. Indeed, 
the dynamic shear modulus 𝐺0 can be computed from density 𝜌 and 
shear-wave velocity 𝑉𝑠 as 
𝐺0 = 𝜌 𝑉𝑠

2. (1)

Among the different seismic approaches, surface wave-based meth-
ods such as Spectral Analysis of Surface Waves (SASW), Multichannel 
Analysis of Surface Waves (MASW), and Continuous Surface Waves 
(CSW) are particularly effective in estimating small-strain stiffness 
profiles with depth. These methods rely on the dispersive nature of 
surface waves propagating through layered media, which are sensitive 

to variations in stiffness across the substructure. By inverting measured 
dispersion curves, shear-wave velocity profiles can be obtained and sub-
sequently used to assess dynamic moduli of the ballast and underlying 
layers.

MASW can be implemented either in an active configuration, where 
the wavefield is generated by a controlled impact source, or in a passive
configuration, where dispersion is extracted from ambient vibrations 
(traffic, machinery, microtremors) [16]. This distinction is especially 
relevant in constrained railway environments: controlled excitation can 
improve repeatability and bandwidth control, while passive recordings 
can be attractive where active sources are impractical or operational 
constraints are severe.

Recent railway-oriented studies have demonstrated the practical 
relevance of these techniques, mostly in open-air track conditions or in 
controlled model tracks. For example, MASW surveys by Anbazhagan 
et al. [17,18] were conducted both on a large-scale laboratory model 
track (sections with controlled fouling) and on field tracks to character-
ize ballast and track subsurface layers. A harmonic wavelet transform 
approach [19] was applied along a high-speed railway line on two 
bridges, under the practical constraints imposed by sleeper spacing and 
environmental noise, to retrieve 1-D and 2-D 𝑉𝑠 information for the 
ballast layer. Other field approaches have also been explored: De Bold 
et al. [20] employed an impulse-response methodology (instrumented 
hammer and geophone) on a railway model track to relate frequency-
domain transfer functions to fouling metrics. Kang et al. [21] inves-
tigated shear-wave velocity sensitivity to ballast degradation using a 
modified bender-element system in laboratory box tests.

Despite this growing body of work, surface-wave testing in railway 
engineering has been performed either on field open tracks or lab-
oratory model tracks. Applications explicitly addressing underground 
railways have considered sites close to metro lines in passive MASW 
configurations [22], rather than executing controlled active MASW sur-
veys within the tunnel environment itself. Consequently, active MASW 
case histories on ballast-scale targets inside operational metro tunnels 
remain essentially absent from the literature.

A further complexity is that MASW inversion is a strongly ill-posed 
problem, affected by pronounced solution non-uniqueness: multiple, 
substantially different 𝑉𝑠 profiles can fit the same experimental disper-
sion data within comparable misfit (error) levels. Therefore, credible 
results require a carefully designed parameterization (layering, bounds, 
and a-priori constraints) and an explicit assessment of the model.

This paper thus focuses on transferring an active MASW workflow 
to a metro-tunnel setting and on discussing the practical implications 
of tunnel geometry, track-structure boundary conditions, usable fre-
quency bandwidth, and inversion robustness. The inversion strategy is 
supported by a parameterization based on a set of large-scale laboratory 
results (reported here only synthetically), whose role is to constrain the 
expected geometrical and mechanical parameters to validated ranges.

Laboratory reference dataset

A large-scale laboratory campaign is used as a reference informa-
tion to benchmark the MASW estimates and to support a physically 
plausible parameterization of the inversion problem. The tests were 
performed at ZAG (Slovenian National Building and Civil Engineering 
Institute) using a laminar shear box, in which cyclic simple shear (CSS) 
loading was alternated with impact-generated shear-wave measure-
ments to quantify ballast small-strain stiffness under controlled stress 
states and degradation conditions. The specimen was instrumented 
with two embedded unidirectional accelerometers to measure shear-
wave travel times across the sample height. Dynamic measurements 
were performed at the end of each cyclic loading phase by applying 
three impacts on each of the four lateral faces (12 impacts per phase). 
The measured shear-wave velocity 𝑉𝑠 was then directly related to the 
small-strain shear stiffness through Eq. (1).
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Table 1
Loading pattern for Fresh Ballast (FB) and Fresh-Fouled Ballast (FFB).
 Phase Control Rate Amplitude 𝜎𝑣 FB FFB
 (kPa/s or %strain/s) (kPa or %strain) (kPa) cycles cycles

 I – – – 0 – –
 C1 Force 3.13 10 0–10 – –
 CSS1 Force 2.00 ±0.9 10 142 202
 CSS2 Force 0.20 ±7 10 32 37
 CSS3 Displacement 0.26 ±2 10 91 40
 CSS4 Displacement 0.13 ±2 10 37 38
 C2 Force 3.13 10 10–20 – –
 CSS5 Displacement 0.26 ±2 20 44 44
 CSS6 Displacement 0.13 ±2 20 20 20
 CSS7 Force 2.00 ±0.9 20 7 14
 F – 3.13 –20 20–0 – –

Table 2
Loading pattern for Abraded Ballast (AB) and Abraded-Fouled Ballast (AFB).
 Phase Control Rate Amp. 𝜎𝑣 AB AFB
 (kPa/s or %strain/s) (kPa or %strain) (kPa) cycles cycles

 I – – – 0 – –
 C1 Force 3.13 10 0–10 – –
 CSS1 Force 2.00 ±0.9 10 8 59
 CSS2 Force 0.20 ±7 10 15 40
 CSS3 Displacement 0.26 ±1 10 9 8
 CSS4 Displacement 0.13 ±1 10 9 9
 C2 Force 3.13 10 10–20 – –
 CSS5 Displacement 0.26 ±1 20 10 12
 CSS6 D 0.13 ±1 20 10 12
 CSS7 Force 2.00 ±0.9 20 8 6
 F – 3.13 –20 20–0 – –

Table 3
Average (𝜇), standard deviation (±𝜎), and median (𝑚) of shear wave velocity 𝑉𝑠 for each phase and material. Units: [m/s].
 Phase AB AFB FB FFB

 𝜇 [m/s] ±𝜎 [m/s] 𝑚 [m/s] 𝜇 [m/s] ±𝜎 [m/s] 𝑚 [m/s] 𝜇 [m/s] ±𝜎 [m/s] 𝑚 [m/s] 𝜇 [m/s] ±𝜎 [m/s] 𝑚 [m/s] 
 C1 216.3 37.1 226.1 200.6 13.5 198.0 148.7 46.6 180.7 211.9 27.5 199.6  
 CSS1 235.0 42.0 255.3 212.3 10.3 212.1 191.0 45.3 184.8 226.4 31.1 233.9  
 CSS2 233.9 38.7 240.1 190.4 24.7 192.5 205.9 33.4 200.9 207.7 26.8 217.3  
 CSS3 220.2 31.5 236.2 214.2 18.6 210.3 185.3 37.0 197.3 209.3 31.2 203.3  
 CSS4 242.8 41.8 251.5 221.3 29.8 224.6 194.1 62.8 217.3 214.2 31.7 212.2  
 C2 263.6 57.7 291.7 244.0 37.0 245.2 257.3 30.2 271.3 234.6 42.4 238.4  
 CSS5 259.9 28.2 270.4 259.5 28.9 254.1 275.1 24.0 281.9 253.4 42.0 257.1  
 CSS6 269.2 27.2 268.2 264.1 45.7 283.1 279.0 31.6 285.9 253.7 37.4 257.8  
 F 209.5 29.1 206.1 160.3 18.1 161.9 148.0 16.5 148.8 141.2 22.4 138.5  

Fig. 1. Position of the MASW test in Milan Metro Line M1.

Four ballast conditions were tested to represent realistic degrada-
tion pathways: Fresh Ballast (FB), Fresh-Fouled Ballast (FFB), Abraded 
Ballast (AB), and Abraded-Fouled Ballast (AFB). FB consists of clean 

crushed basalt ballast. AB represents a mechanically degraded skeleton 
obtained by abrasion, characterized by a more heterogeneous particle 
size distribution and a higher proportion of rounded coarse parti-
cles [23]. Fouled conditions (FFB and AFB) were created by introducing 
an engineered fouling mixture (a controlled fraction of finer particles) 
into FB and AB specimens, respectively, targeting a fouling percentage 
of 30% by mass.

The loading sequence is summarized in Tables  1 and 2, which define 
the stress levels and cyclic history associated with each 𝑉𝑠 estimate. 
In brief, specimens were first vertically compressed to 10 kPa and 
subjected to multiple CSS phases at constant vertical stress (including 
both force- and displacement-controlled phases). The vertical stress was 
then increased to 20 kPa and further CSS phases were applied, followed 
by a final unloading step.

Shear-wave velocity was computed from impact records using a 
travel-time approach previously adopted for coarse granular materials 
in triaxial testing [24]. For each impact, the first arrival was picked 
on both accelerometer traces to estimate the wave travel time; the 
propagation distance was taken as the vertical accelerometer spacing, 
updated at each phase using the measured top-cap settlement. Wave 
arrivals were identified through an envelope-based criterion using the 
Hilbert transform [25]. Table  3 reports, for each material and loading 
phase, summary statistics (mean, standard deviation and median) of 
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Fig. 2. Investigated cut-and-cover tunnel section. Measures in meters.

Fig. 3. Configuration of the MASW test.

𝑉𝑠 over the 12 impacts. In summary, the measured shear wave veloc-
ities capture the combined effects of fouling, abrasion, and confining 
stress. Fresh-fouled ballast exhibits higher velocity than fresh ballast 
at low confinement (10 kPa), while abrasion generally increases the 
wave velocity unless counteracted by fouling. Under higher vertical 
stress (20 kPa), differences among materials reduce, with fresh ballast 
showing a higher wave velocity than its fouled version. The velocity 
reductions upon unloading confirm the dependency of stiffness on stress 
state.

In-Situ MASW test

The Multichannel Analysis of Surface Waves (MASW) is a non-
destructive seismic technique used to reconstruct the vertical profile 
of shear wave velocity, by measuring and analyzing the dispersion of 
surface waves in layered media. Because surface waves are dispersive, 
different frequencies (wavelengths) sample different depths: higher 
frequencies are sensitive to shallow layers, whereas lower frequencies 
probe deeper strata. A standard MASW workflow comprises: (i) extrac-
tion of the experimental dispersion curve in the frequency–wavenumber 
(or frequency-phase-velocity) domain; (ii) computation of theoretical 
dispersion curves for parametric subsurface models; and (iii) iterative 
inversion to identify the 𝑉𝑠 profile that best matches observations.

MASW has been successfully applied to characterize ballast and un-
derlying layers, providing indirect measurements of dynamic stiffness 
and indicators of fouling. Anbazhagan et al. [17,18] demonstrated, 
using both a full-scale model track and field sections, that the shear-
wave velocity of fouled ballast increases with fouling percentage (ratio 
of the dry weight of material passing through a 9.5 mm sieve to the 
total dry weight of the sample) up to an optimum fouling point and 
then decreases beyond it. The reported optimum occurs at about 8% 
for coal-fouled ballast and about 15% for sandy-clay-fouled ballast. 
The studies also noted that field 𝑉𝑠 tends to exceed model-track 𝑉𝑠
for comparable fouling levels; a plausible explanation is the different 
structural boundary conditions, since in the model-track tests rails 
and sleepers were not installed, whereas in the field the ballast was 
constrained by sleepers and rails, with sleepers spaced at about 0.6m. 
These results highlight MASW’s utility for mapping spatial variations 
in 𝑉𝑠.

While MASW has been used on open-air tracks and controlled 
testbeds, to the best of our knowledge and based on the available liter-
ature, no MASW surveys have been documented inside a metro tunnel 
prior to the campaign reported here. Consequently, the implications 
of tunnel geometry, boundary conditions, usable frequency bandwidth, 
and inversion parameterization remain under-explored.

The present work addresses this gap by transferring the MASW 
methodology to a metro-tunnel setting. Commissioned by MM S.p.A., 
the company that manages the Milan Metro, the campaign was de-
signed to assess the state and potential discontinuities within the ballast 
beneath the rails. The investigations were carried out on 14 February 
2025 near Villa San Giovanni station on the Milan Metro Line M1, as 
shown in Fig.  1.

Site configuration

The survey was conducted inside a cut-and-cover, box-shaped metro 
tunnel (Fig.  2) near Villa San Giovanni station in the city of Milan. 
In this section the tunnel is straight, with uniform cross-section along 
the measurement line. The track is ballasted with andesite stones. The 
degree of ballast degradation could not be quantified in this campaign, 
however, visual observation indicates a fresh and clean ballast surface. 
In contrast, ballast at depth is plausibly more degraded, since it is 
likely to include older material that has remained in place since the 
line was originally built and opened to service in 1964. Based on 
typical values reported for clean, well-compacted railway ballast, a bulk 
density on the order of 𝜌 ≈ 1.8Mg/m3 may be expected. The ballast 
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(a) 

  
(b) 

 

Fig. 4. Rail unfastening procedure: (a) removal of the fastening bolts; (b) lifting of the rail using a mechanical jack.

layer beneath the measurement line is about 0.50m thick and rests on 
a 0.50m thick reinforced-concrete invert. The section comprises two 
tracks: one towards Sesto Marelli and one towards Sesto San Giovanni. 
Each track features a third rail (power supply) located near the track 
centerline while a fourth rail (power return) runs between the two 
tracks. The support spacing of the third rail is 4.48m. Wooden sleepers 
measure 2.6m (transverse width) × 0.24m (longitudinal length) ×
0.16m (height), with 0.64m spacing, and a mass of approximately 
95 kg each. The line is equipped with 50E5 (UNI 50) rails, which are 
bolted to each sleeper through the fastening system, as shown in Fig. 
4(a).

Experimental setup

The MASW measurement line was installed along the track towards 
Sesto Marelli (Fig.  3). The survey was deliberately repeated under two 
boundary-condition states: (i) fastened rails (in-service track condition) 
and (ii) unfastened rails (track mechanically decoupled from the sleeper 
system). The objective was to quantify the extent to which the running 
rails act as a longitudinal waveguide and contaminate the measured 
Rayleigh-wavefield. To the best of the authors’ knowledge, a paired 
active-MASW comparison on the same track section with rails fastened 
and unfastened has not been previously reported, and this gap is even 
more pronounced for rail tracks in tunnel environments, making it a 
key methodological contribution of the present work.

Unfastening was carried out on the two main running rails by 
removing the fastening bolts at each sleeper over an extended segment 
around the measurement line (approximately 10m upstream and 10m 
downstream of the 3.84m receiver aperture, i.e., the length of the 
receiver array). The rail foot was then lifted off the rail seats using a 
mechanical jack (Fig.  4), and continuous wooden strips were inserted 
beneath the rail foot. These supports were located outside the active 
MASW spread, approximately 0.30m before the impact source and 
0.30m after the last receiver, as shown in Fig.  3. This configuration 
kept the rails slightly raised and mechanically decoupled from the 

sleepers during the acquisition time, while preserving track alignment 
and preventing unwanted re-contact during the tests. The procedure ef-
fectively interrupts the rail-sleeper load path and substantially reduces 
along-rail waveguiding. For technical reasons, the third rail could not 
be unfastened; however, its support spacing is 4.48m, which exceeds 
the receiver-array length. In the present layout, the two nearest third-
rail supports lie approximately 18 cm upstream and 18 cm downstream 
of the two ends of the acquisition aperture. Therefore, any third-rail-
related guided response is expected to have a limited influence on the 
wavefield recorded along the receiver array.

Data were acquired with a 48-channel Ambrogeo ECHO-48 seis-
mograph (24-bit sigma–delta A/D) at 1 kHz sampling frequency with 
a 0.1 s record length. Receivers were vertical 10Hz geophones (OYO 
Geospace) equipped with 6 cm steel spikes to anchor securely into 
the ballast, enhancing ground coupling and reducing sensor rocking. 
Thirteen geophones were installed at spacing 𝛥𝑥 = 0.32m, yielding a 
total array length 𝐿 = 3.84m (Fig.  5). A near-source trigger geophone 
synchronized recording at the instant of impact. The impulsive source 
was a manually operated 10 kg sledgehammer striking a 10 × 10 cm 
steel plate placed on the ballast surface, with a source-first-receiver 
offset of 0.32m along the track. Each track configuration was tested 
twice, and the resulting dispersion images and inverted profiles showed 
satisfactory repeatability.

The hammer was not instrumented with a force sensor; therefore, 
the input force time history and the exact frequency content of each 
impact were not measured directly. This is potentially a limitation, 
because the frequency content of the active source controls the usable 
bandwidth of the surface wave record and, consequently, the range of 
wavelengths available for dispersion analysis [26]. Nevertheless, the 
adopted source configuration is consistent with previous active MASW 
studies using a 10 kg sledgehammer on a metallic plate, which reported 
usable frequency ranges extending up to about 120–210Hz [27,28]. 
Moreover, the phase-shift procedure used to retrieve the dispersion 
image, described in Section ‘‘Dispersion images’’, relies on phase co-
herence across the receiver array rather than on absolute amplitudes. 

Transportation Geotechnics 62 (2026) 102129 

5 



V. Maugeri et al.

Fig. 5. Plan view of the experimental setup adopted for the MASW test, showing sensors (green dots), rail supports (red dots), and the impact source (blue dot).

Therefore, variations in impact energy are expected to affect signal 
amplitudes more than the identified phase-velocity trend. To improve 
repeatability, the same hammer, steel plate, impact position, receiver 
layout, and acquisition settings were used for all repeated tests.

It is important to note that the experimental setup closely matches 
the one of Anbazhagan et al. [18], used in the laboratory track. In 
their model, the ballast sat on a rigid concrete floor, while in the 
present study the ballast rests on a reinforced-concrete invert; this 
similarity in boundary conditions makes the Rayleigh-wavefield com-
parable between studies. A similar dense sampling strategy was also 
adopted: a tight receiver distance (𝛥𝑥 = 0.32m) corresponds to half 
the sleeper spacing, so that two receivers fall in each sleeper bay, 
increasing near-field sampling and enabling to increase the resolution 
within the shallowest ballast layer. Given that the receiver spacing 
controls the shortest wavelength that can be measured without spatial 
aliasing, reducing the spacing allows to analyze shorter wavelengths, 
which govern both the shallowest resolvable depth and the minimum 
resolvable layer thickness. The receiver spacing is nearly equal to 
the shortest wavelength, therefore, to the shallowest resolvable depth 
of investigation [29]. On the other hand, as a rule of thumb, the 
array length (3.84m) should be at least equal to the target maxi-
mum wavelength, that is approximately twice the intended maximum 
investigation depth [26,30].

Dispersion images

Figs.  6(a) and 6(b) show the normalized seismic traces for both 
track configurations. In both cases, the channel nearest to the source 

was saturated (no oscillations can be observed after the initial spike) 
and was therefore excluded; for this reason, subsequent processing 
used the remaining 12 receivers. The analysis was performed with 
the open-source software package Geopsy and its Dinver inversion 
module [31].

The dispersion image was computed using the phase-shift method. 
In practice, the recorded seismic traces in the time domain, 𝑢(𝑥𝑛, 𝑡), 
defined at receiver offsets 𝑥𝑛 and time 𝑡, were transformed to the fre-
quency domain by applying a 1-D Fast Fourier Transform (FFT) to each 
trace, obtaining the complex spectrum 𝑈 (𝑓, 𝑥𝑛). For each frequency 
𝑓 , the spectrum at each receiver was normalized by its magnitude 
to mitigate the effect of geometrical spreading and offset-dependent 
amplitude variations. The dispersion energy was then mapped in the 
frequency-phase-velocity plane by scanning trial phase velocities 𝑐 and 
summing the phase-shifted spectra over all receivers: 

𝐴(𝑓, 𝑐) =
|

|

|

|

|

|

𝑁
∑

𝑛=1

𝑈 (𝑓, 𝑥𝑛)
|𝑈 (𝑓, 𝑥𝑛)| + 𝜀

exp
(

𝑖 2𝜋𝑓
𝑥𝑛
𝑐

)

|

|

|

|

|

|

, (2)

where 𝑈 (𝑓, 𝑥𝑛) is the complex Fourier spectrum of the 𝑛th trace at 
offset 𝑥𝑛, and 𝜀 is a small stabilizing constant. Energy ridges in 𝐴(𝑓, 𝑐)
correspond to phase velocities satisfying phase coherence across the ar-
ray and therefore delineate the experimental Rayleigh-wave dispersion 
image [32,33].

The dispersion spectra in Figs.  6(c) and 6(d) also report the spatial-
aliasing limit imposed by the receiver spacing 𝛥𝑥. For a regularly 
sampled array, the maximum unaliased wavenumber is 
𝑘max =

𝜋
𝛥𝑥

, (3)
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(a) Unfastened rails

  
(b) Fastened rails

 

 
(c) Dispersion (unfastened)

  
(d) Dispersion (fastened)

 

Fig. 6. (Top) Normalized traces; (bottom) phase-shift dispersion images, for unfastened and fastened rails. The spatial-aliasing limit imposed by the receiver 
spacing 𝛥𝑥 is also shown as a white dashed line, defined by 𝑐alias(𝑓 ) = 2𝛥𝑥𝑓 .

 
(a) 

  
(b) 

 

Fig. 7. Picked experimental dispersion curves: (a) unfastened rails; (b) fastened rails.

which corresponds to a minimum resolvable wavelength 
𝜆min = 2𝛥𝑥. (4)

Using the relation 
𝜆 = 𝑐

𝑓
, (5)

the corresponding aliasing boundary in the frequency-phase-velocity 
domain is 
𝑐alias(𝑓 ) = 2𝛥𝑥𝑓. (6)

Phase-velocity estimates below this boundary value may be affected 
by spatial aliasing, because wavelengths shorter than 2𝛥𝑥 cannot be 
uniquely represented by the discrete receiver sampling.

The phase-shift approach is particularly suitable for the present 
tunnel survey because it can produce high-resolution dispersion images 
even when the record contains a relatively small number of traces 
and the usable offset range is limited, as is often the case in near-
surface investigations and constrained environments. In contrast, more 
traditional multichannel transforms, such as 𝑓–𝑘 [34], require wide 
aperture and a large number of traces to maintain resolving power and 
to separate modes robustly; when spread length and channel count are 
limited, their resolution degrades significantly [32].

As shown in Figs.  6(c) and 6(d), the dispersion images obtained 
with rails unfastened and fastened exhibit markedly different energy 
distributions. Nevertheless, both cases display a dominant and con-
tinuous high-energy band between 80 and 120Hz, i.e., a frequency 
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Table 4
Parameterization adopted for inversion. The same scheme is used for rails unfastened (cases 1) and fastened (cases 2).

(a) Case a
 Layer 𝑉𝑠 [m/s] 𝑉𝑝 [m/s] 𝜌 [kg/m3] 𝜈 [–] Bottom depth [m] 
 1 90–300 200–900

1600–3000 0.20–0.40

0.2–0.3  
 2 90–300 200–900 0.4–0.6  
 3 2000–3000 1000–5000 0.9–1.1  
 4 300–3000 200–5000 –  

(b) Case b
 Layer 𝑉𝑠 [m/s] 𝑉𝑝 [m/s] 𝜌 [kg/m3] 𝜈 [–] Bottom depth [m] 
 1 90–300 200–900 1600–2100

0.20–0.40

0.2–0.3  
 2 90–300 200–900 1600–2100 0.4–0.6  
 3 2000–3000 1000–5000 2300–2600 0.9–1.1  
 4 300–3000 200–5000 1600–2100 –  

(c) Case c
 Layer 𝑉𝑠 [m/s] 𝑉𝑝 [m/s] 𝜌 [kg/m3] 𝜈 [–] Bottom depth [m] 
 1 90–300 200–900 1600–2100 0.20–0.40 0.2–0.3  
 2 90–300 200–900 1600–2100 0.20–0.40 0.4–0.6  
 3 2000–3000 1000–5000 2300–2600 0.15–0.25 0.9–1.1  
 4 300–3000 200–5000 1600–2100 0.20–0.40 –  

Table 5
Best layered profiles obtained from MASW inversion. Left column: Case 1a–1c; right column: Case 2a–2c.

(a) Case 1a
Layer 𝑉𝑠 [m/s] 𝑉𝑝 [m/s] 𝜌 [kg/m3] Thickness [m]
1 154.9 316.1 2596 0.22
2 152.1 266.9 2596 0.37
3 2380.9 4108.0 2596 0.40
4 303.0 3055.5 2596 –

 

(b) Case 2a
Layer 𝑉𝑠 [m/s] 𝑉𝑝 [m/s] 𝜌 [kg/m3] Thickness [m]
1 182.4 378.1 1683 0.23
2 168.5 325.7 1683 0.36
3 2142.7 4404.4 1683 0.32
4 420.8 3275.9 1683 –

(c) Case 1b
Layer 𝑉𝑠 [m/s] 𝑉𝑝 [m/s] 𝜌 [kg/m3] Thickness [m]
1 157.1 303.8 1676 0.22
2 152.5 269.6 1658 0.37
3 2016.3 3468.7 2348 0.35
4 412.5 872.2 2094 –

 

(d) Case 2b
Layer 𝑉𝑠 [m/s] 𝑉𝑝 [m/s] 𝜌 [kg/m3] Thickness [m]
1 163.5 541.0 1884 0.29
2 189.8 349.2 1667 0.31
3 2000.0 3434.4 2479 0.31
4 412.5 813.5 2016 –

(e) Case 1c
Layer 𝑉𝑠 [m/s] 𝑉𝑝 [m/s] 𝜌 [kg/m3] Thickness [m]
1 148.0 303.8 2089 0.25
2 151.0 264.3 1973 0.31
3 2142.7 3947.7 2506 0.41
4 334.7 2936.3 2055 –

 

(f) Case 2c
Layer 𝑉𝑠 [m/s] 𝑉𝑝 [m/s] 𝜌 [kg/m3] Thickness [m]
1 161.9 797.4 2033 0.23
2 175.3 294.8 1662 0.33
3 2099.7 3645.7 2328 0.36
4 404.4 4328.5 1813 –

interval where the dispersion ridge is most energetic and traceable 
across adjacent frequencies. In this frequency range, the fastened con-
figuration consistently yields energy ridges at higher phase velocities. 
This common high-energy band, in particular 87–110Hz, was therefore 
selected for picking of the experimental dispersion curves used in the 
subsequent inversion.

The experimental dispersion curve was extracted from the phase-
shift images (Figs.  7) using an automated picking procedure. Over the 
selected frequency range (87–110Hz), the picked phase velocity at each 
frequency was defined as the value 𝑐 that maximizes the phase-shift 
spectrum 𝐴(𝑓, 𝑐).

MASW inversion

Inversion was carried out in Dinver, the inversion module of the 
Geopsy software, using the Neighborhood Algorithm (NA) [35,36], a 

global stochastic search that iteratively proposes layered 1-D models, 
computes the corresponding theoretical fundamental-mode Rayleigh 
dispersion curve, and evaluates its fit to the experimental picks through 
the Geopsy misfit. In Geopsy, the misfit is the root-mean-square dif-
ference between experimental and theoretical phase velocities at the 
picked frequencies, normalized by the phase-velocity values [35]. For 
each inversion, the algorithm explored 10000 models and returned the 
best-fitting ensemble.

A key aspect of the MASW study is that surface-wave inversion 
is inherently non-unique and ill-posed: different combinations of elas-
tic parameters and layer thicknesses may fit the same experimental 
dispersion curve within the picking uncertainty, leading to potential 
interpretation ambiguities [26]. For this reason, rather than adopting 
a single default setup, for each track configuration we tested three 
progressively more constrained parameterizations (Cases a–c), reported 
in Table  4 and explained in the following. In all inversions, the pa-
rameterization was built around a consistent and physically plausible 
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Fig. 8. Best layered profiles obtained from MASW inversion for all cases. The black dashed horizontal lines indicate the ballast-invert and invert-subgrade 
interfaces expected from the design drawings. A zoomed view, on top of each profile, is included to detail ballast layers.

tunnel-track stratigraphy (two ballast sublayers, reinforced-concrete 
invert, and underlying soil), compatible with the expected resolution 
of the acquisition (receiver spacing and array length). The choice of 
bounds was also informed by the reference laboratory dataset (Section 
‘‘Laboratory reference dataset’’), which provides plausible 𝑉𝑠 ranges for 
ballast under low confinement.

In the inversion module, each layer is defined by independent 
ranges for S-wave velocity 𝑉𝑠, P-wave velocity 𝑉𝑝, and bulk density 𝜌, 
together with a thickness (or bottom depth). In addition, it is allowed 
to prescribe admissible ranges of Poisson’s ratio 𝜈 as a consistency con-
straint: candidate models whose (𝑉𝑠, 𝑉𝑝) combinations imply 𝜈 outside 
the prescribed bounds are rejected. In an isotropic elastic medium, 𝜈 is 
obtained from 𝑉𝑠 and 𝑉𝑝 as 

𝜈 =
𝑉 2
𝑝 − 2𝑉 2

𝑠

2
(

𝑉 2
𝑝 − 𝑉 2

𝑠

) . (7)

Importantly, for each level of constrained parameterization (Cases a–
c), the same scheme was used for the two track configurations (rails 
unfastened: Cases 1; rails fastened: Cases 2), so that differences between 
the resulting profiles can be attributed primarily to changes in the 
recorded wavefield rather than to inversion settings.

All three parameterizations (Cases a–c) adopt the same 1-D strati-
graphic scheme composed of four material layers (Layers 1–3 over a 
half-space, Layer 4), with uncertain interface depths for Layers 1–3. 
The overall bounds assigned to the inversion parameters differ across 
Cases a–c and are summarized in Table  4 (subtables 4a–4c).

The three tested parameterizations (Cases a–c) are intentionally de-
signed to progressively increase prior constraints, moving from global 
(𝜌, 𝜈) bounds (Case a), to a layer-specific density range for the reinfo-
rced-concrete invert (Case b), and finally to layer-dependent ranges 
for both 𝜌 and 𝜈. Case a (Table  4a) assigns broad layer-dependent 

ranges to 𝑉𝑠 and 𝑉𝑝, while treating density and Poisson’s ratio as depth-
invariant across the whole profile. Overall, the admissible ranges span 
𝑉𝑠 = 90–3000m/s and 𝑉𝑝 = 200–5000m/s, while 𝜌 is allowed to vary 
globally within 1600–3000 kg/m3 and 𝜈 within 0.20–0.40. The layer 
interface depths are only weakly constrained, with the bottom depth 
of Layer 1 in 0.2–0.3m, of Layer 2 in 0.4–0.6m, and of Layer 3 in 
0.9–1.1m, while Layer 4 is modeled as a half-space. Case b (Table  4b) 
retains the same four-layer scheme and the same overall bounds for 
wave velocities, i.e., 𝑉𝑠 = 90–3000m/s and 𝑉𝑝 = 200–5000m/s, as well 
as the same interface-depth ranges (𝑧1 = 0.2–0.3m, 𝑧2 = 0.4–0.6m, 
𝑧3 = 0.9–1.1m). Compared with Case a, it introduces tighter density 
constraints: overall, 𝜌 is bounded between 1600 and 2600 kg/m3, with 
a higher, layer-specific range prescribed for the reinforced-concrete 
invert (Layer 3: 2300–2600 kg/m3), whereas the remaining layers share 
1600–2100 kg/m3. Poisson’s ratio remains depth-invariant with global 
bounds 0.20–0.40. Finally, Case c (Table  4c) is the most constrained and 
physically informed. It preserves the same overall bounds for 𝑉𝑠 and 𝑉𝑝
(𝑉𝑠 = 90–3000m/s and 𝑉𝑝 = 200–5000m/s) and the same interface-
depth ranges (𝑧1 = 0.2–0.3m, 𝑧2 = 0.4–0.6m, 𝑧3 = 0.9–1.1m). Density 
bounds follow Case b, i.e., overall 𝜌 = 1600–2600 kg/m3 with a higher 
range for Layer 3. In addition, Poisson’s ratio is allowed to vary by layer 
to reflect the expected contrast between granular ballast and concrete: 
overall 𝜈 spans 0.15–0.40, with Layer 3 constrained to 0.15–0.25, while 
the other layers retain 0.20–0.40. Overall, the transition from Case a 
(Table  4a) to Case c (Table  4c) represents an intentional increase 
in prior constraints to stabilize the inversion and to limit parameter 
coupling among 𝑉𝑠, 𝑉𝑝, 𝜌, and thickness.

Fig.  8 summarizes the best-fit inverted profiles for all six inversions, 
while Table  5 reports the corresponding best-fit layered models (in-
cluding 𝑉𝑠, 𝑉𝑝, 𝜌, and layer thickness). The variability of the inversion 
outcomes is illustrated by the ensemble of the 1000 best-fitting lay-
ered profiles for each case (Fig.  9) and by the corresponding set of 

Transportation Geotechnics 62 (2026) 102129 

9 



V. Maugeri et al.

Fig. 9. Best 1000 layered profiles obtained from MASW inversion for all cases. The best profile, with lowest misfit, is indicated with the solid black line. A 
zoomed view, on top of each profile, is included to detail ballast layers.

Fig. 10. Dispersion-curve variability for the six inversions. For each case, the 1000 best-fitting theoretical fundamental-mode Rayleigh-wave dispersion curves 
returned by the inversion are plotted; darker shades indicate lower misfit, with the darkest curve corresponding to the overall best-fit model. The experimentally 
picked dispersion curves extracted from the phase-shift image are superimposed for reference.
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the 1000 best-fitting theoretical dispersion curves compared with the 
experimentally picked curves (Fig.  10).

Despite the differences in parameterization, the obtained results 
confirm that the Rayleigh-wave dispersion curve is primarily controlled 
by the 𝑉𝑠 structure, whereas it is only weakly sensitive to 𝑉𝑝 and 
𝜌 over the investigated frequency band, as already observed in the 
literature [30,37]. This behavior is reflected in the inversion outputs: 
within each case, the best-fitting models yield a stable and repeatable 𝑉𝑠
stratigraphy, while 𝑉𝑝 and 𝜌 show larger admissible variability (Fig.  8). 
This contrast is even clearer when inspecting the ensemble of the 1000 
best-fitting layered profiles (Fig.  9), where the spread of acceptable 
solutions is markedly larger for 𝑉𝑝 and 𝜌 than for 𝑉𝑠. The same plots 
also indicate that the variability of acceptable models tends to increase 
when moving towards the more constrained parameterizations, and it 
is generally more pronounced for the fastened-rail configurations, with 
an increase in variability also affecting 𝑉𝑠.

At the same time, the dispersion-curve ensembles (Fig.  10) show 
that the 1000 best models of each case reproduce the experimentally 
picked curve reasonably well over the selected frequency band, con-
sistently with the underlying dispersion image used for picking. A 
systematic difference is nevertheless observed between track configu-
rations: the unfastened-rail cases exhibit a tighter cluster of theoreti-
cal dispersion curves and a closer match to the picked experimental 
curve, whereas the fastened-rail cases show a poorer overall match 
accompanied by a broader spread of acceptable theoretical curves.

Since the dispersion curve is predominantly controlled by the 𝑉𝑠
structure, we use MASW here primarily to estimate ballast-scale 𝑉𝑠
profiles robustly. Where needed, small-strain stiffness is then derived 
through Eq. (1) using representative density values supported by the 
laboratory benchmark and by physically plausible bounds.

For rails unfastened (Cases 1a–1c), the inversion consistently re-
solves a two-layer ballast structure, comprising a first ballast layer 
(Layer 1; 𝑉𝑠 ≈ 148–157m/s) over a second deeper ballast layer 
(Layer 2; 𝑉𝑠 ≈ 151–153m/s). The associated thicknesses are stable 
across parameterizations (Table  5), with Layer 1 spanning 0.22–0.25m 
and Layer 2 spanning 0.31–0.37m, yielding a total ballast thickness 
of about 0.56–0.59m, consistent with expectations for the investi-
gated section. The reinforced-concrete invert is expressed as a very 
high-velocity layer (Layer 3; 𝑉𝑠 ≈ 2016–2381m/s) with thickness 
0.35–0.41m. Beneath the invert, the soil half-space exhibits 𝑉𝑠 ≈
303–413m/s (Layer 4), consistent with the 𝑉𝑠 value of about 380m/s 
reported from geophysical investigations performed in the same urban 
area [38]. The corresponding best-fit 𝑉𝑝 values in the ballast range from 
∼304 to 316m/s in Layer 1 and from ∼264 to 270m/s in Layer 2, 
while the concrete layer reaches several km/s (𝑉𝑝 ≈ 3.47–4.11 km/s), 
consistent with a stiff structural material. As expected, density is 
comparatively less stable across Cases 1a–1c (Table  5), reflecting the 
weak sensitivity of Rayleigh-wave phase-velocity data to 𝜌 over the 
investigated frequency band. The achieved misfits for the unfastened 
configuration were 0.0125 (Case 1a), 0.0137 (Case 1b), and 0.0181 
(Case 1c).

For rails fastened (Cases 2a–2c), the same four-layer structure is 
retrieved, but the ballast portion of the profile appears systematically 
stiffer. The first ballast layer (Layer 1) increases to 𝑉𝑠 ≈ 162–182m/s, 
with thickness 0.23–0.29m, while the second ballast layer (Layer 2) 
falls in the range 𝑉𝑠 ≈ 169–190m/s, with thickness 0.31–0.36m, 
yielding a total ballast thickness of about 0.56–0.60m. The reinforced-
concrete invert remains associated with very high velocities (𝑉𝑠 ≈
2000–2143m/s) and a thickness of 0.31–0.36m, while the underlying 
soil half-space is retrieved with 𝑉𝑠 ≈ 404–421m/s (Layer 4). Best-fit 𝑉𝑝
values are again low in the ballast layers (approximately 300–800m/s 
in Layer 1 and ∼295–349m/s in Layer 2), increase to several km/s 
in the concrete layer (∼3.43–4.40 km/s), and show larger variability 
in the half-space (Table  5). The misfits for the fastened configuration 
were slightly higher but mutually consistent across parameterizations: 
0.0218 (Case 2a), 0.0221 (Case 2b), and 0.0226 (Case 2c).

The systematic increase in ballast 𝑉𝑠 for fastened rails is consistent 
with the dispersion images, where the dominant band between 80 and 
120Hz exhibits higher phase velocities for the fastened configuration. 
This behavior is compatible with residual rail-guided energy and a 
stronger structural influence of the rail-sleeper system on the measured 
wavefield, which may bias the apparent Rayleigh-wave phase velocity 
towards higher values.

In summary, exploring progressively constrained parameterizations 
(Cases a–c) confirms that (i) the inverted 𝑉𝑠 stratigraphy is robust and 
only weakly affected by the treatment of 𝑉𝑝, 𝜌 and 𝜈, which instead 
exhibit larger admissible variability, and (ii) the comparison between 
rails unfastened and fastened provides clear evidence that unfastening 
is important to obtain reliable ballast-scale 𝑉𝑠 values from active MASW 
in the tunnel environment.

Discussion of the experimental outcomes

This work combines a controlled laboratory reference dataset with 
an in-situ active MASW survey carried out inside a metro tunnel, and, 
crucially, repeats the field acquisition under two track boundary condi-
tions (rails unfastened vs. fastened). The discussion therefore focuses on 
(i) the interpretation of the unfastened/fastened comparison, (ii) what 
can be considered robust given the tested inversion parameterizations, 
and (iii) the consistency between laboratory and field results, with 
implications for the likely ballast state.

The paired unfastened/fastened comparison provides direct evi-
dence that the rail-sleeper system can influence the measured wavefield 
and therefore bias the dispersion image when the goal is to characterize 
the ballast alone. Although both dispersion images show a dominant 
continuous band between 80 and 120Hz (Figs.  6(c) and 6(d)), the 
fastened case systematically exhibits energy ridges at higher phase 
velocities in the same band. In a Rayleigh-wave framework, a system-
atic shift towards higher phase velocity generally maps to a stiffer 
equivalent near-surface medium over the wavelengths sampled [39]; 
consistently, the inversions for the fastened rails case yield higher 
shallow 𝑉𝑠 values than the unfastened rails inversion cases (Fig.  8 and 
Table  5). For the unfastened cases (1a–1c), the shallow ballast sublayer 
(Layer 1) remains within 𝑉𝑠 ≈ 148–157m/s, whereas for the fastened 
cases (2a–2c) it increases to 𝑉𝑠 ≈ 162–182m/s. The deeper ballast 
interval (Layer 2) is also affected: 𝑉𝑠 ≈ 151–153m/s in the unfastened 
configuration and 𝑉𝑠 ≈ 169–190m/s in the fastened configuration. 
This systematic stiffening of the shallowest part of the profile when 
rails are fastened is compatible with residual rail-guided energy and 
stronger coupling of the measured wavefield to the track structure, 
whereby a portion of the recorded energy is controlled by the rail-
sleeper system rather than by the ballast-invert-soil continuum alone. In 
addition, the two configurations likely differ in the stress state imposed 
on the ballast during acquisition. When rails are fastened, the rail load 
is transferred to the ballast through the sleeper system in its standard 
configuration, promoting a relatively uniform support condition along 
the track. Conversely, when rails are unfastened and slightly lifted 
on wooden strips, the rail support may become more localized at 
discrete contact points, potentially inducing stress concentrations and 
a different confinement pattern in the shallow ballast. This effect could 
contribute to differences in the inferred small-strain stiffness, since the 
laboratory benchmark (Section ‘‘Laboratory reference dataset’’) clearly 
shows that ballast shear-wave velocity 𝑉𝑠 is strongly stress-dependent 
(Table  3). However, stress localization contribution is expected to be 
limited in the unfastened setup, because the wooden supports were 
located outside the receiver aperture. In operational terms, this com-
parison supports a clear recommendation emerging from the campaign: 
unfastening the running rails is important when the purpose of the 
survey is to retrieve the shear-wave velocity 𝑉𝑠 at the ballast-scale 
within a constrained tunnel environment and with a relatively short 
array. The misfit values provide a consistent additional indicator. The 
unfastened inversions yield smaller misfits (1.24 × 10−2 to 1.80 × 10−2) 
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than the fastened inversions (2.18 × 10−2 to 2.25 × 10−2). All misfits 
remain acceptable given the restricted frequency band and picking 
uncertainty, but the systematic increase for the fastened configuration 
suggests that the measured wavefield departs more from the assump-
tions underlying 1-D Rayleigh-wave inversion (laterally homogeneous 
layering and dominance of the fundamental surface-wave mode). A 
plausible interpretation is that the fastened case contains a stronger 
mixture of track-structural and ground-controlled components, which 
is more difficult to represent with the adopted 1-D layered model class.

The three tested parameterizations (Cases a–c; Table  4) were in-
tentionally designed to progressively increase prior constraints. Two 
outcomes are important for interpretation. Firstly, within each rail 
configuration, the recovered 𝑉𝑠 layering is comparatively stable across 
Cases a–c: the shallow-ballast 𝑉𝑠 and the overall stiffness gradient with 
depth remain consistent, while 𝑉𝑝 and especially 𝜌 vary more among 
best-fit solutions (Table  5). This is fully consistent with the known 
sensitivity structure of Rayleigh-wave dispersion, which is primarily 
controlled by 𝑉𝑠 and layer thicknesses, and only weakly sensitive to 
𝑉𝑝 and 𝜌 over the investigated band. In practical terms, the parame-
terization affects the admissible solution space and model plausibility 
checks, but the dispersion data themselves strongly constrain the 𝑉𝑠
structure required to fit the picks. Secondly, the variability of 𝜌 across 
best-fit models reinforces that any absolute estimate of 𝐺0 (through 
Eq. (1)) from MASW alone should be treated with caution unless 
density is constrained independently. This is precisely where the labora-
tory benchmark becomes essential: it provides realistic stiffness ranges 
for ballast under controlled confinement and degradation mechanisms 
and therefore supports physically plausible bounds for both 𝑉𝑠 and 
representative 𝜌 values used in 𝐺0 estimation.

The inverted stratigraphy is also interpretable against the expected 
tunnel-track geometry. The design drawings indicate a ballast thickness 
of about 0.5m over a reinforced-concrete invert, followed by subgrade 
soil, and these interfaces are marked in Fig.  8. Across all cases, the in-
version retrieves two ballast sublayers within the upper ∼0.56–0.60m, 
which is consistent with the expected order of magnitude for the ballast 
thickness in the investigated section (Table  5). Below the ballast, a 
very high-𝑉𝑠 layer is consistently recovered and is naturally associated 
with the reinforced-concrete invert. Some variability is observed in 
the inferred invert thickness and velocity, which is consistent with the 
limited wavelength coverage and the difficulty of resolving a relatively 
thin, high-contrast layer at the edge of the available resolution. Beneath 
the invert, the soil half-space is retrieved with 𝑉𝑠 values that are 
systematically higher than ballast, as expected for a stiffer supporting 
ground, but lower than the reinforced-concrete invert (Table  5).

It should be noted that the laboratory benchmark and the field sur-
vey were not performed on exactly the same ballast material. The bal-
last in the tunnel is andesite, whereas the laboratory tests were carried 
out on basalt ballast. Both materials are hard igneous rocks commonly 
used for railway ballast. Available data on ballast selection show that 
basalt and andesite have comparable abrasion and crushing proper-
ties and that both generally satisfy ballast quality requirements [40]. 
However, differences in rock type, mineral composition, particle shape, 
quarrying conditions, and weathering may affect degradation processes 
and stiffness evolution. For this reason, the laboratory dataset is used 
here to check the plausibility of the field results and to support the in-
terpretation of the inversion, rather than to represent the exact response 
of the andesite ballast tested in the tunnel. The laboratory benchmark 
provides a useful reference frame to interpret the plausibility of the in-
situ ballast-scale 𝑉𝑠 values. In particular, the laboratory results (Table 
3) show that ballast 𝑉𝑠 is strongly stress-dependent and varies markedly 
with degradation state. For comparison with the shallowest in-situ bal-
last, the most relevant laboratory condition is Phase F, corresponding 
to 𝜎𝑣 = 0 kPa, which is closer to the low confinement expected near 
the ballast surface. Under Phase F, fresh ballast (FB) and fresh-fouled 
ballast (FFB) exhibit 𝑉𝑠 ≈ 148 and 141m/s, respectively, whereas the 
abraded conditions yield higher values (AB: ∼210m/s; AFB: ∼160m/s). 

The unfastened-case inversions return 𝑉𝑠 values for the first ballast 
layer (Layer 1) in the range ∼148–157m/s, which is consistent with 
the Phase F laboratory values for fresh ballast and with the visual 
observation of clean ballast at the surface. In contrast, the fastened 
inversions yield higher Layer 1 velocities (𝑉𝑠 ≈ 162–182m/s), which 
overlap the AFB range at Phase F and trend towards the lower bound 
of the AB response, suggesting an unrealistically stiff surface ballast.

For the second deeper ballast layer, the most appropriate laboratory 
reference is given by the phases at 𝜎𝑣 = 10 kPa (C1 and CSS1–CSS4), 
which represent a more confined state than the surface and are closer to 
the stress conditions expected at depth. In situ, however, the effective 
vertical stress in this depth range is still limited: for typical ballast 
bulk densities (e.g., 𝜌 ≈ 1700 kg/m3), the overburden over 0.3–0.6m 
corresponds to about 5–10 kPa, i.e., comparable to or lower than the 
laboratory confinement level. Over these 10 kPa laboratory phases, 
𝑉𝑠 values generally increase (Table  3), with fresh ballast (FB) typi-
cally in the ∼185–206m/s range during CSS phases, while AB/AFB 
and FFB often exceed 200m/s. Against this reference, the unfastened 
Layer 2 values (𝑉𝑠 ≈ 151–153m/s) remain comparatively low, which 
is consistent with a lower in-situ confinement than 10 kPa and with 
the fact that Rayleigh-wave inversion returns an effective, wavelength-
averaged stiffness over the sampled depth interval. Conversely, the 
fastened Layer 2 values (𝑉𝑠 ≈ 169–190m/s) lie closer to the lower 
bound of the 10 kPa laboratory range for fresh ballast.

Finally, the laboratory dataset strengthens the plausibility of the 
unfastened inversion and provides a reference frame to interpret the 
field profile as representative of a reasonably healthy ballast bed, 
within the limits imposed by unknown in-situ degradation state and 
by material and tensional state differences.

The present study provides a single time characterization of the 
investigated track section, rather than a complete Structural Health 
Monitoring (SHM) application. Nevertheless, the same measurement 
and inversion workflow could be potentially repeated over time on 
selected tunnel sections to follow the evolution of ballast scale 𝑉𝑠. 
Periodic surveys could be performed before and after maintenance 
operations, such as tamping, or at fixed time intervals in sections af-
fected by recurrent geometry defects, transition zones, or high vibration 
levels. In this way, changes in the dispersion image and retrieved 
𝑉𝑠 profiles could be used as indicators of stiffness variation, ballast 
degradation, or loss of support. However, this potential use would 
require further investigation through repeated surveys on the same 
track sections and comparison with independent information on ballast 
condition.

From an operational perspective, rail unfastening increases the ef-
fort required for the survey. In the present campaign, approximately 
30 min were needed to unfasten and lift the rails, and a similar time 
was required to restore the fastened configuration. The procedure also 
required dedicated tools and trained operators. Therefore, rail unfasten-
ing is not proposed as a routine procedure for extensive surveys along 
long tunnel sections. Rather, it should be regarded as a high fidelity 
diagnostic option for selected locations where a ballast representative 
stiffness estimate is particularly important. If the rails are kept fastened, 
the survey is operationally simpler, but the present results indicate 
systematically higher apparent ballast shear-wave velocities, with in-
creases of about 10%–25% for the tested parameterizations. In this 
case, the fastened configuration should be interpreted as representative 
of the coupled track and ballast response, rather than as a direct 
estimate of ballast stiffness alone.

Overall, the discussion supports three main conclusions. Firstly, the 
paired measurements demonstrate that unfastening the rails is impor-
tant to reduce rail-guided and rail-sleeper coupling effects and to obtain 
ballast-representative dispersion images in tunnel conditions, as also 
reflected by the tighter dispersion-curve ensembles and lower misfits 
in the unfastened cases. Secondly, the inversion results are robust with 
respect to the tested parameterizations in terms of the retrieved 𝑉𝑠 lay-
ering, while 𝑉𝑝 and 𝜌 remain comparatively less constrained and more 
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variable across acceptable solutions, as expected from Rayleigh-wave 
dispersion sensitivity. Thirdly, the laboratory benchmark indicates that, 
in the unfastened case, Layer 1 𝑉𝑠 values are consistent with a low-
confinement fresh ballast response; the second deeper ballast layer 
exhibits comparable 𝑉𝑠 values rather than a pronounced increase, 
which is compatible with an in-situ stress state lower than the 10 kPa 
laboratory reference and with the uncertainty in ballast degradation 
state.

Conclusions

This paper presented an active MASW campaign performed in-
side an operational metro tunnel (Milan Metro Line M1) to retrieve 
ballast-scale shear-wave velocity profiles under severe geometric and 
operational constraints. To our knowledge, this is the first documented 
application of active MASW executed inside a metro tunnel and explic-
itly designed to quantify the influence of track boundary conditions on 
dispersion imaging and inversion.

Three main conclusions can be drawn.

1. Active MASW is feasible in a tunnel and can resolve ballast-
scale stiffness trends. A compact, densely sampled array
(0.32m spacing over 3.84m aperture) provided a stable con-
tinuous dispersion band (87–110Hz) suitable for inversion. The 
inverted profiles consistently resolved two ballast sublayers over 
a stiff reinforced-concrete invert and an underlying soil half-
space, in agreement with the expected tunnel-track stratigraphy 
and within the resolution limits imposed by the acquisition 
geometry.

2. Track boundary conditions matter: rail unfastening is crit-
ical for ballast-representative results. Repeating the survey 
with rails fastened and unfastened showed that the fastened con-
figuration yields systematically higher phase velocities within 
the dominant dispersion band and correspondingly higher 𝑉𝑠
values for the ballast layers. This behavior is consistent with a 
stronger structural influence of the rail-sleeper system and resid-
ual rail-guided energy in the measured wavefield. The unfas-
tened configuration produced lower misfits and more plausible 
shallow stiffness values, indicating that rail unfastening is an 
important practical step to mitigate bias and to obtain dispersion 
images representative of the ballast-invert-soil system. This does 
not imply that the fastened case results are unusable; rather, it 
suggests that they are more likely to represent the operational, 
coupled track–ground system response, while the unfastened 
configuration better reflects the layered ballast-invert-subgrade 
system targeted by the survey.

3. Inversion outcomes confirm that 𝑉𝑠 is robust, while 𝑉𝑝 and 𝜌
remain weakly constrained; laboratory data are essential for 
interpretation. Testing three progressively constrained parame-
terizations (Cases a–c) demonstrated that the inferred 𝑉𝑠 layering 
is stable across reasonable choices of 𝑉𝑝, 𝜌 and 𝜈, consistent 
with the known sensitivity of Rayleigh-wave dispersion. Con-
versely, density remained comparatively non-unique, implying 
that absolute 𝐺0 estimates should rely on independent density 
information. The laboratory benchmark, which documents the 
strong stress and degradation dependence of ballast 𝑉𝑠, provided 
critical context to interpret the in-situ profiles and supported the 
plausibility of the unfastened results as representative of clean, 
lightly confined ballast near the surface.

Overall, the study outlines an operational workflow for tunnel-
deployable active MASW and highlights a key methodological re-
quirement (controlling rail boundary conditions) to achieve ballast-
representative stiffness profiles. Future work should extend the proce-
dure to multiple tunnel sections where ballast condition is indepen-
dently documented (gradation, fouling level, moisture and density), so 
that spatial variability and degradation trends can be quantitatively 
linked to the retrieved 𝑉𝑠 profiles.
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