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Ground borne vibrations generated by the passage of underground trains may change over time due to objective
causes, such as increasing weight and speed of trains or ageing of the infrastructure components, as well as a
variation in the dynamic response of the soil surrounding the tunnel. Among the possible causes of changes in the
soil dynamic response, its hydrologic state has been seldom investigated. In this contribution, the role played by
the conditions of the soil above the water table is addressed, starting from a case history in the city of Milano.
Two-dimensional plane strain numerical models have been developed for the infrastructure. The models were
calibrated on the results of two geophysical investigations performed at the same site in the city centre, but at
two different times, which allowed distinguishing different dynamic responses. The system was excited by a
synthetic load time history, matching a reference dynamic load spectrum included in Italian recommendations.
Limitations of using this input on a 2D plane strain model were assessed by comparing the computed vibrations
with experimental acceleration records collected on the tunnel. The results of the two numerical models are
compared with those of a simulation performed assuming fully dry conditions above the water table. Overall, the
set of analyses shows that even small changes in the dynamic response of the soil, interpretated as a consequence
of variable saturation, may result in a change of a few decibels in the acceleration levels. Much larger acceler-
ations are predicted on average with the simpler dry model, clearly showing the advantages of a more accurate
modelling strategy.

Introduction of the tunnel as well as the properties of the surrounding soils [5].

Nevertheless, small attention has been paid in the past on the interfer-

The passage of underground trains produces both noise and vibra-
tions. The former is generally caused by structural vibrations due to
interactions between the elements of the rail-wheel-carriage system [1].
The latter are mainly produced by track asperities, wheel irregularities,
i.e. wheel flats, poor welds or spatial variation of the rail support stiff-
ness, e.g. ballasted tracks [2-4]. The increasing weight and speed of
trains together with the natural ageing of the railway track can be the
cause of a growth of vibrations over the years. This fact is important in
urban settings as it may dramatically affect the comfort of people
occupying the buildings nearby the railway route.

Besides all the mentioned factors, the role played by a change in the
dynamic response of the soil - tunnel system has to be considered. From
this point of view, it is well known that the excitation produced by the
passage of underground trains is affected by the geometry and material
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ence of the water regime within the soil on the response of the infra-
structure. As a matter of fact, the position of the water table, together
with the conditions of partial saturation affecting the shallowest layers
of soil, may produce variations in the vibrations induced by the passage
of trains. Few contributions may be found in the literature regarding the
influence of the position of the water table on the upper layer response
[6,7]. The results of a recent study on Milano historic metro lines [7]
highlight an increase of vibrations when the aquifer is located below the
track level. This configuration is particularly crucial for the tunnels of
the M1 line. The presence of vertical diaphragm walls partially
immersed in the lower aquifer may induce a box-like effect, trapping the
energy transmitted by the train and returning it to the tunnel. As a result,
the oscillation at the ground can be emphasised. Recently, Di et al. have
addressed the influence of saturation over the water table by means of an
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analytical approach [8,9].

The position of the water table and the water exchanges at the
ground govern the profiles of degree of saturation and suction over
depth, resulting in a change in the dynamic behaviour of the soil over
time. In coarse grained soils, such as those characterising the Milano
area, the shear modulus at small strains can vary with the decrease of
degree of saturation or suction in a non-monotonic or monotonic way
[10-13]. Furthermore, experimental data show a dependence on the
fabric [14] and drying - wetting episodes [15,16], as well. For what
concerns the damping ratio, an increase with the decrease of shear
stiffness is generally observed [17,18]. Geophysical tests, with special
attention to the ones based on surface waves [19], may be used to
directly assess the variation over time of density, stiffness and damping
in soils undergoing variations in the degree of saturation. The use of this
type of test is always recommended when dynamic soil-structure inter-
action problems are faced, as in the case presented herein. In addition,
by taking advantage of the speed of execution, the results of multiple
tests can be combined together overcoming some inevitable limitations
of each separate technique [20].

To quantify possible changes in the dynamic behaviour of the soil
along the Milano M1 metro line, Metropolitana Milanese (MM) has been
performing a number of geophysical tests along it. One of these, con-
ducted in March 2012, was repeated 9 years later, in April 2021. The
comparison between the two tests highlights differences, which are
interpreted as the consequence of different degree of saturation profiles
in the two circumstances. To predict the change in the induced envi-
ronmental vibration, the profile of the physical and mechanical quan-
tities that arise from the two investigations is implemented in a 2D finite
element model.

Several possibilities are available in the literature to model the dy-
namic response of the tunnel-soil system to underground train passage.
Analytical or semi-analytical models are efficient tools, which are
capable of providing low computational effort solutions. Nonetheless,
they typically suit just particular situations. For instance, the Pip in Pip
model [21] is a three-dimensional semi-analytical model that requires
the absence of a free surface and a tunnel with a cylindrical cross-
section. The majority of such models is conceived for single-phase or
saturated porous media, although an analytical model for cylindrical
tunnels in unsaturated homogeneous soils has been proposed recently
[8]. The model has been extended to layered media [9], enriching the
representation with a discontinuous variation of the degree of saturation
over depth. For complex geometries, 3D finite element analyses would
be the optimal choice, however, at the expenses of a computational
effort which may become too high to afford [22]. A possible alternative
to cumbersome 3D models for longitudinally invariant structures is the
use of 2.5D FE-BE models [23,24]. This class of methods only requires a
2D spatial discretization of the tunnel and the surrounding soil. The
Fourier transform of the longitudinal coordinate is then exploited to
capture the spatial response of the system. Efforts have been done to
extend available 2.5D FE-BE models to take care of the porous nature of
saturated soils [25,26] as well as to overcome the computational de-
mand of the three dimensional model [27]. Plain strain finite element
models have proved to be effective to preliminary address problems
characterised by complex geometric configurations [28,29]. A past
study on the 2D and 3D response of cut-and-cover tunnels based on the
FE - BE technique [30] has shown how 2D models typically overestimate
the displacements induced at the ground surface and at the tunnel floor
as a consequence of the smaller geometric damping compared to a fully
3D model. Comparisons between 2D and 2.5D finite/infinite elements
method [31] led to the conclusion that the 2D plain strain soil response
represents an upper bound also for 2.5D solutions. To the scope of this
work, focused on the differences in the response due to different states of
the same soil, a 2D approximation was considered acceptable, knowing
that it will provide an upper bound to the response in the field.

In the models, the passage of a train is simulated in the time domain,
applying a load time-history whose frequency content is generated by
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the load spectrum reported in the standard [32]. Special care has been
taken in reproducing the frequency range which may generate discom-
fort to people, i.e 1-80 Hz [4,33]. The numerical model reproduces a
typical M1 line tunnel which is ideally surrounded by soils whose
physical-mechanical properties and stratigraphic profile recall the area
investigated in the 2012 and 2021 testing programs. The hydro-
mechanical dynamic coupled analyses have been performed by means
of the finite element code Tochnog [34].

Results are compared against a simpler numerical model. In the
literature, it is generally suggested to model the soil as a mono-phase
medium, given the impossibility of relative motion between pore
water and solid skeleton for the frequency range typically interested by
train vibrations, leading to an incompressible material if saturated
conditions occurs, i.e. v = 0.5 below the water table [6,35] and using
dry conditions above it. This choice introduces a sharp contrast in terms
of stiffness and acoustic impedance at the interface with the aquifer. This
simplifying hypothesis is believed to amplify the numerical estimate of
the ground borne vibrations compared to the true ones. In this work, this
hypothesis is removed, by better describing the smooth transition be-
tween saturated and unsaturated conditions in the upper soil layers.

The structure of the paper is as follows. First a description of the
investigated area is given in terms of soil profile and groundwater
regime before discussing the results of the geophysical tests. A picture of
the main relevant characteristics of the M1 line in Milano is given, as
well. Then the main numerical assumptions and details are presented.
Finally, the results of the numerical study are discussed.

Case study
M1 metro line in Milan

The Metro line M1 is the first underground line built in Milano. The
first section, opened on 1964 November 1, was constructed with a top-
down sequence of excavations sustained by sheet piles. This method
later became known as the "Metodo Milano” or cut and cover”. The
Metro line M1 crosses the central part of the town at depths always
smaller than 15.0 m [36], intersecting at times the piezometric surface
of the first top aquifer, depending on the season. The tunnels, made of
reinforced concrete, generally show two lateral diaphragm walls and a
bottom inverted arch (Fig. 1). The railway track consists of wooden
sleepers on ballast with standard rail gauge (Table 1). The general
characteristics of a typical train ("Leonardo” cars) running on the line
are reported in Table 2.

Site characterisation

To investigate the response of the layers transmitting the vibrations

wooden sleeper

)|\ la(t)

ballast

0.0 5.0

—=_=_=_=_=]

Fig. 1. Reference cross section of the M1 metro line tunnel implemented in the
models. The loads q(t) represent the contact forces at the rails base.
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Table 1
General characteristics of Milano M1 line.
Rail gauge m 1.435
Sleeper type - wood
Sleeper dimensions m 2.6 x 0.16 x 0.24
Sleeper spacing m 0.667
Ballast thickness m 0.35
Table 2
Technical features of Milano M1 line trains "Leonardo”.
Length m 107.0
Width m 2.85
Mass in service kg 146800
Max speed km/h 90
Car length m 17.8
Boogies spacing m 11.1
Wheels spacing m 2.15
Axles per bogie - 2
Bogies per coach - 2
Number of coaches - 6
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of the train line towards the surface, in the last decade Metropolitana
Milanese (MM) has been performing a number of geophysical - non
invasive - investigations along it. One of them, performed in 2012 in the
site illustrated in Fig. 2, was repeated in 2021 to asses possible variation
over time of the dynamic response of the upper layers. Relevant infor-
mation from the investigation is summarised in the following.

Grain size distribution and groundwater regime

The disturbed samples collected from surveys S1 and S2 (Fig. 2) give
the grain size distribution profiles depicted in Fig. 3. As frequently
encountered in the subsoil of Milano [36], a shallow layer of heteroge-
neous sandy silt overlies deposits characterised by higher contents of
sand and gravel, which commonly extend to a depth of 40.0 m and host
the shallowest aquifer of the town. The position of the water table inside
this layer is strictly dependent on the water exchanges over the coun-
tryside north of Milano, obeying the hydrological cycle and anthropo-
genic demands [37]. In Fig. 4 the measurements of four piezometers
report the temporal position of the water table around the area of in-
terest. P1, the one closest to the investigations site, returns a water level
of 102.8 m.a.s.l. in March 2012, when the tests have been performed.
Being the ground surface at the site at 116.4 m.a.s.1., the depth of the
water table at that time was 13.6 m. The increasing trend recorded by
the piezometer between 2008 and 2014 may be interpreted as the most
recent toe of an upward trend begun in the early 80’s as a result of the
closure of large industrial hubs located in the northern part of the town.
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Fig. 3. Grain size distribution from disturbed samples.
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Some difficulties arise in the identification of the water level in April
2021, when the second investigation campaign was performed, as
measurements from P1 are not available. Three other piezometers close
to the area report an opposite trend, showing a slight decrease of the
water table in the period 2014-2018. Further information collected
from the municipality of Milano indicates water table depths between
12-14 m for the area interest. In conclusion, even though the exact
measure of the water level at the specific investigated site is not avail-
able in April 2021, it can be assumed that the water head was approx-
imately coincident with the one measured in March 2012.

Fig. 2. Location of geophysical tests (highlighted area), surveys (S1 and S2) and piezometers (P1, P2, P3 and P4).
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Geophysical test investigations

The results of the geophysical tests carried out in March 2012 and
April 2021 are shown in Fig. 5. They consist in the profiles of the vertical
component of shear and compression waves velocity, Vsy and Vp, den-
sity, p, Poisson’s ratio, v, Young modulus, shear stiffness and damping
ratio at small strains, E, G and D. The derivation of the different quan-
tities from the profiles of shear and compression waves and density
followed the standard procedures adopted for visco-elastic media [38].
The results have been derived integrating data from the various
geophysical techniques adopted on site, including seismic refraction
tomography, Multichannel Analysis of Surface Waves (MASW), an
improvement of the SASW technique [39], Refraction Microtremor
(ReMi) [40] and the Horizontal-to-Vertical Spectral Ratio (HVSR) [41].
Both in 2012 and 2021, 24 geophones with a natural frequency of 4.5 Hz
have been located along the 46.0 m long section S-S depicted in Fig. 2.
For tomographies and MASW, the active source of seismic energy is
provided by a 8 kg sledgehammer on a metal plate. DMT Compact and
MAE X610S seismographs at 24-bit resolution were used in 2012 and
2021, respectively.

In Fig. 5 differences between the two profiles are evident, indicating
a variation in the response of the same site over the period investigated.
Moving from 2012 to 2021, an increment in both P waves velocity and
density can be appreciated, resulting in a stiffer and less compressible
soil, as highlighted by the profiles of the Young modulus, shear stiffness
and Poisson’s ratio. An opposite trend is shown by the damping ratio D,
with lower values in 2021 than 2012 at depths greater than approxi-
mately 2.5 m. Minor variations affect the Vgy profiles. It is worthwhile
observing that, even though geophysical tests provide a useful tool for
the identification of the dynamic behaviour of soils at small strains, as
they are often cheaper and less invasive than other techniques, they
suffer to some extent from subjectivity in the interpretation of the data.
However, the procedures used to derive the results in Fig. 5 starting from
the data collected in the two years were kept identical to reduce the
subjectivity in the comparison. Given the same experimental techniques
used in the field and the same interpretation criteria adopted in the
analysis of the data, the differences observed in the two profiles are
deemed to be caused by changes in the environmental conditions
occurred at the site between the two investigation time instants. The
analysis of piezometric levels for the years 2012 and 2021 (Section
2.2.1) highlights no significant variations in the position of the piezo-
metric surface of the aquifer between the two moments. Therefore, the
attention was focused on the shallowest portion of the investigated site,
i.e., above the water table. The analysis of pluviometric data in the
month before the two campaigns return a wetter period in April 2021

Transportation Geotechnics 40 (2023) 100981

than in March 2012, being the total cumulative rainfall 47.8 mm and
18.2 mm in 2021 and 2012, respectively. As a result of the different
cumulative rainfall, a different saturation profile is expected, which is
assumed to be responsible for the measured differences in the response,
affecting the unit weight, the effective confining pressure and, possibly,
stiffness [38,11] and damping [17]. When analysing the results, it can be
appreciated that the largest differences are observed in the Poisson’s
ratio, hence, in the volumetric stiffness. This observation is coherent
with a higher degree of saturation [10] of the upper portion of the soil
profile over the first 10.0 m from the ground in 2021, following the
higher cumulative rainfall. On the contrary, the difference in shear
stiffness for the same change in the degree of saturation can hardly be
appreciated. This can be due to the reduced resolution of the shear
waves measurements compared to the small changes expected in a
predominantly coarse grained soil [10]. Although the difference is very
small, the drier the soil, the higher the shear stiffness at small strains, as
expected [11,14].

A remark on the reported damping ratio profiles must be added.
Below a depth of around 2.5 m, the less saturated state assumed for 2012
exhibits higher damping than the more saturated one in 2021. This is
unexpected, since an increase in the energetic loss with the amount of
water inside the pores is expected as a first approximation. Although
very little data are available in the literature, the damping ratio is ex-
pected to follow the opposite trend compared to G with saturation. For
coarse grained soils, with a significant percentage of gravel and poor
retention properties, G shows a non-monotonic trend with a peak fol-
lowed by a decrease at decreasing saturation [16]. It can be inferred that
the opposite may be valid for damping, which could justify higher values
at lower saturation. However, no studies have been found in the liter-
ature to prove this assumption and future experimental research is
needed to clarify this aspect.

Numerical modelling
Balance equations and constitutive assumptions

Coupled hydro-mechanical dynamic analyses have been performed,
based on the model described in the following. The dynamic fully-
coupled soil-structure interaction problem is governed by the linear
momentum and mass balance equations [34,42]:
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Fig. 5. Results from geophysical tests (coloured solid lines) and SD scenario (black dashed lines).
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being o the total stress tensor, # and # the solid skeleton velocity and
acceleration, b the body force density per unit mass, v the Darcy’s
seepage velocity, u,, the pore water pressure, D the damping coefficient,
p the bulk density, &, the volumetric strain rate. For a single fluid phase,
given the soil porosity, n, and the fluid bulk modulus, K, the storage
coefficient Q! is:

1 n
07K 3
Below the piezometric surface K has been assummed equal to 2.2 GPa.
Above, Ky decreases drammatically at decreasing saturation. The pre-
vious equations are valid under the assumptions of small strains and
incompressible solid grains. In the following, the relative acceleration of
the liquid phase with respect to the solid one is neglected [42] and the
pore gaseous phase pressure is assumed to be zero.

The strong formulation of the problem is completed with the
constitutive equations. In case of linear elastic isotropic media, the
fourth-order stiffness tensor can be defined in terms of Lamé constants
as:

D=2Gl+MI (©)]

where 1 = 2Gv/(1 —v), being G the shear modulus at small strains and v
the Poisson’s ratio. | and I are the fourth and second order identity
tensors respectively. In the absence of in situ measurements of the
saturation degree and suction profiles, a direct insight on G and v may be
provided by the geophysical test results, on which they can be cali-
brated. As anticipated, the differences observed between 2012 and 2021
are assumed to come from different saturation profiles. The hydraulic
conductivity was assigned based on available in situ test results, which
gave an average value of k = 2.5-10~* m/s for an average porosity n =
0.4.

Geometry and materials

The profiles retrieved from geophysical tests were implemented in a
two-dimensional finite element model with the aim to reproduce a
tunnel cross-section (Fig. 6) subjected to a train passage. The location
and geometry of the tunnel replicates the M1 Milan metro line (Section
2.1). The water table is assumed to be located at a depth of 12.1 m from
the ground, at the base of the tunnel walls. This assumption is
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Fig. 6. Dimensions of the reference M1-line cross section implemented in the
numerical models. The water table is located at the base of the walls. The
double-layer stratigraphy is implemented in the Saturated - Dry (SD) model.
Station points, P;, for results post-processing are represented, as well.
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inconsistent with the data reproduced in Section 2.2.1. However, pre-
vious studies ([7]) has shown that this water table - tunnel combination
should represent the worst scenario in terms of induced environmental
vibrations. All the materials are modelled as linear elastic media with
Rayleigh viscous damping, defined as [34]:

D =ap+pE (5)

being a and $ the mass and stiffness proportional terms, calibrated on
the profiles depicted in Fig. 5. The physical-mechanical properties of the
concrete and the railway track were assigned on the basis of technical
regulations and standards [43,44], information from previous studies
[4] and indications from MM. For the tunnel concrete, density, elastic
modulus and Poisson’s ratio were adopted as 2.5 Mg/m3, 2.5-10* MPa
and 0.2, respectively. For the ballast and wooden sleepers the same
quantities are set to 1.3 and 1.0 Mg/m® 3.0-102 and 9.4-10% MPa, 0.3
and 0.1.

Following the approach suggested by Schevenels et al. (2004) [6], a
third numerical model, named ”SD” for Saturated-Dry, has been
implemented. The soil above the water table is considered as dry, while
the one below behaves as an incompressible, mono-phase medium. This
model is built on the simplified double-layered stratigraphy derived
from Fig. 3 and depicted in Fig. 6. The shallower silty sand layer has a
dry density of 1.8 Mg/m®, while the deeper one, a gravelly sand, is
characterised by a density of 1.9 Mg/m? and 2.1 Mg/m? under dry and
saturated conditions respectively. The Poisson’s ratio ranges from 0.2
above the water table to 0.49 below. Assuming as a reference the shear
wave velocities from the 2012 scenario, a new distribution for the shear
stiffness and Young modulus is derived. All the profiles are represented
in Fig. 5 by dashed lines.

Finite Element Simulations

The three models are made up of 21245 4-nodes isoparametric ele-
ments. The unstructured spatial discretisation of the domain is charac-
terised by a denser square area of side 10.0 m all around the tunnel
(Fig. 7), which is made up of elements of size h, = 0.2 m. The right-hand
sleeper at the tunnel floor, where the vertical loads are enforced, is
discretized by finer elements of dimensions 0.1. m, to allow proper
transmission of the entire frequency content. The remaining part of the
domain was discretized with elements of size 0.5 m on average. The
dimension of elements has been fixed from preliminary analyses as a
trade-off between the maximum transmissible frequency, i.e. 250 Hz,
and computational time. In the preliminary simulations, not presented
here, the upper bound for the elements dimension was set to [45]
hemax = Amin/Tnw, Where nyp,, is the required number of nodes to repro-
duce the wavelength Amin = Vs/fmax. The highest frequency of the input
load is fnax = 250 Hz, while n,,, = 5 is considered a reasonable choice.

Fig. 7. Detail of the adopted spatial discretization around the tunnel and
modelled materials.
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Since the velocity of shear waves increases over depth (Section 2.2.2),
the size of the elements was varied between 0.1 m at the top and 0.4 m at
the bottom of the model. Drained simulations were launched, taking 12
h on a Dell Alienware computer with a 16-Core AMD Ryzen 9 5950X
processor and a 128 GB RAM. As the energetic content of the computed
signals in the soil (Fig. 6) was dampened out for frequencies greater than
100 Hz, the decision to increase the element size outside the volume
depicted in Fig. 7 was taken, allowing a significant reduction in the
calculation time. The extent of the domain (80x30 m) is determined in
order to provide an accurate spatial overview on the propagation of the
motion induced by the passage of the train. At the boundaries viscous
damping conditions are implemented to guarantee the absence of re-
flections [46]. Damping coefficients along the normal and tangential
directions (Fig. 8), Cy and Cr, are automatically calculated from adja-

cent elements as [34]:
G
Cr= /J\/: (6)
p

Displacements and velocities cannot be enforced to be zero if dampers
are present at the boundaries. Therefore, normal springs should be
implemented. The stiffness of the springs was set to 107 MPa in order to
avoid appreciable displacements in the initialization stage of the model.

After gravity is switched on in a quasi - static, drained step, springs
are frozen so that all further stress changes can be dampened out.

E 1—v
p +0)(1—w)

Modelling the train passage

The passage of the train is modelled in the time domain enforcing a
vertical load history at the rail - sleeper contact (Fig. 1). Following an
approach similar to [47], the load is obtained from the combination of a
static component, i.e. the total weight of the train, with a dynamic
contribution:

q(t) = g +qa(1) )
with
_ OsNapNpcNe
T 2BL ®

where Q; is the static axle load, Nag, Ngc, N¢c and L are the numbers of
axles per bogie, bogies per coach, coaches and train length (Table 1 and
Table 2) and B = 0.15 m is the width of the rail at the base. This
approach reasonably agrees with the results of a previous study [27].
The authors, exploiting a 2.5D approach, find that for a velocity of the
train below the speed of the Rayleigh wave in the soil, the dynamic
response of the tunnel and the ground to quasi-static load is itself quasi-
static. Therefore, the displacements suffered in the longitudinal direc-
tion by the tunnel tends to be uniform over the length of the train, with
the exception of the ends. Consequently, the hypothesis of plane strain
can be considered acceptable as a first approximation. Finally, the
presence of rail pads in between rails and sleepers is disregarded as
previous studies suggested poor influence of their stiffness on the fre-
quency content transmitted beneath [4]. The second component, q4(t),
is related to dynamic train-track interactions, which depend on the type
of train and rail as well as on wheel-track uneve