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A B S T R A C T

This paper proposes a spectral element method-based analysis procedure to study further the low-frequency
responses of the ground and building induced by high-speed railways. Based on an existing scale model
building test in Portugal, the properties of the track–ground submodel are calibrated to determine the
moving perturbation on the ground surface. In modeling the soil–structure coupled subsystem, multi-objective
optimization is employed to estimate the equivalent structural properties to mitigate computational inefficiency
when using continuum elements. The accuracy of the numerical prediction is compared with the experimental
records at several monitoring points in terms of ground and floor slab vertical vibrations induced by two types
of high-speed trains. In addition to the analysis of possible factors related to systematic discrepancies, special
attention is paid to investigating the influence of (a) the presence of frame structure as well as (b) the vehicle
properties on ground motion in this particular case.
1. Introduction

Although high-speed railways (HSR) have increasingly become pop-
ular worldwide, the increasing vibrations and noise generated by HSR
adversely affect nearby residents [1,2] and sensitive facilities [3], mak-
ing it essential to improve the accuracy of predictive tools of vibrations
in structures close to the railways [4–6]. The typical prediction involves
three parts: (a) the railway structure, (b) the ground, and (c) the
buildings. Each one has distinct characteristics that pose challenges to
coupled analyses including all such parts, due to their different spatial
scales. As a result, to reduce the computational demand, reduced for-
mulations of the problem were developed, such as by taking advantage
of sub-structuring approaches [7].

Early approaches were primarily conducted using simple analytical
or empirical methods. Waller et al. [8] investigated building vibra-
tions to the train passages using the Single-Degree-Of-Freedom (SDOF)
model. More detailed models, including non-building components,
were proposed later. Hunt et al. [9,10] introduced a vehicle–ground
model to predict the building vibrations induced by underground
trains. Balendra et al. [11] investigated the 2D response of coupled
tunnel–soil-SDOF models.

Many studies have pointed out the role of SSI (Soil–Structure In-
teraction) in practical applications. Among them, Fiala et al. [12]
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validated a sub-model method for predicting surface railway-induced
vibrations. Connolly et al. [13] studied the additional ground and
building vibrations caused by railway defects, where the responses of
the soil–building model were calculated based on the free field. This
decoupled strategy has also been featured in recent analytical studies.
Sanayei et al. [14] and Zou et al. [15] developed the impedance model
method and predicted column responses through foundation vibrations.

A fully coupled analysis was conducted by Pyl et al. [16,17] to as-
sess truck-induced building vibrations. Coulier et al. [18] later modified
Pyl’s model to examine the source-receiver interaction effect, indicating
that coupling effects could be disregarded when the building–railway
distance exceeds several times the dominant wavelengths. However,
this conclusion was based on an average indicator (mean power flow),
and response differences still existed within and around buildings.
These observations suggest that accurate numerical predictions de-
pend on (1) the efficiency of the numerical formulation and (2) the
simplification strategy towards the ground–building system.

To address them, in this paper we utilize the Spectral Element
Method (SEM), enhanced by a Discontinuous Galerkin (DG) approach
to improve the SEM flexibility in handling non-conforming sub-models
of different size. The SEM formulation adopted in this work was first
devised in the 1990s for elastodynamic problems [19], by coupling the
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Table 1
The operating speed, axle loads, and spacings of Alfa Pendular and Intercity vehicles [30].

Types of trains/Operating speed Alfa Pendular/219 km/h Intercity/205 km/h

Vehicle BAS BBS RNB RNH BBN BAN BS 5600 Corail

Axle load [kN]

1 129.8 131.4 128.8 132.6 133.2 130.2

213.4 117.72 133.2 134.8 128.8 132.6 136.6 133.6
3 132.6 134.8 128.8 132.6 136.6 134.2
4 129.2 131.4 128.8 132.6 133.2 130.8

Interval [m]

1–2 2.7 3.0 2.56
2–3 16.3 7.5 15.44
3–4 2.7 3.0 2.56
4–1 5.2 6.35 5.8
Fig. 1. (a) the model building (1:3 scale) experiment [30]; (b) the related spectral element model with non-conforming mesh formulated by discontinuous Galerkin method
(Section 3.3).
Lagrange polynomials with the Legendre–Gauss–Lobatto integration
rule, that allowed one to achieve the flexible geometry discretization
of the Finite Element Method (FEM) with preservation of spectral
accuracy. After its introduction to seismic wave propagation in 3D
heterogeneous media [20,21], successful validations of train-induced
ground motion predictions were conducted for Sweden [22] and Bel-
gium [23] case studies. Regarding building vibration prediction using
SEM, only limited investigations were performed on the influence of
urban trains on the floor slab responses [24]. Recently, the DG method
has been underscored [25,26] since it allows one to account for the site-
city effect by introducing the non-conforming SEM formulation [27–
29].

As a foundational step towards a validation of region-scale predic-
tion of train-induced ground response and interaction with buildings,
this study takes advantage of an existing field test in which a model
building is located near a railway stretch in Portugal [30,31]. Numer-
ical simulations are carried out by SPEED [25], a high-performance
parallel SEM code developed at Politecnico di Milano. In Section 2,
detailed information is provided related to the site and experimental
configuration. Subsequently, Section 3 presents the modeling approach,
including train load determination and equivalent building estima-
tion. After introducing the numerical non-conforming SEM model,
Section 4 compares numerical results with records and provides a
sensitivity study on the impact of SSI and vehicle properties. Finally,
some conclusive remarks are provided.

2. Site and tests

2.1. Case study

The numerical validation refers to two experimental studies con-
ducted at a ballasted stretch in Carregado, Portugal [30,31]. The mixed-
use operating pattern makes this location suitable for train-induced
environmental vibration research [32–36]. The field test records cov-
ered ground [31] and building vibrations [30] to three types of train
passages. Two of them were employed in this study, traveling with
speed over 200 km/h. Table 1 lists the related vehicle properties.
The Intercity locomotive has higher axle loads and shorter distances
between the bogies than the Alfa Pendular at a similar operating speed.
2

Table 2
Soil profiles and material properties based on the experimental work [31].

Layer Thickness
𝑁𝑆𝑃𝑇

Mass density 𝜌 𝑉𝑠 𝑉𝑝 Damping ratio 𝜂[m] [kg/m3] [m/s] [m/s]

1 2.00 4 1552 (1500) 118 410 0.08
2 2.00 13 1634 (1600) 118 1072 0.04
3 4.00 18 1658 (1600) 118 1072 0.03
4 4.00 15 1965 (1900) 212 1503 0.03
5 31.5 15 1965 (1900) 302 1503 0.03

2.2. Ground and building

Soil material properties were characterized by cross-hole and spec-
tral analysis of surface wave experiments [31]. The processed coeffi-
cients, including elastic wave speed, soil profile, etc., are detailed in
Table 2, indicating that the groundwater table may be located at a
depth in the range 4–8 m. Based on the statistical correlation of fine-
grained soil [37] (Eq. (1)) between bulk/dry density 𝜌𝑤∕𝜌𝑑 and shear
wave speed 𝑉𝑠 or 𝑁 values of SPT (Standard Penetration Test), Table 2
lists the estimated and adopted (in brackets) mass density values.

𝜌𝑑 = 0.981𝑉𝑠0.090 or 1.46𝑁𝑆𝑃𝑇
0.044,

𝜌𝑤 = 0.742𝑉𝑠0.166 or 1.67𝑁𝑆𝑃𝑇
0.060.

(1)

A 1:3 scale model building, as shown in Fig. 1(b), was positioned
21.2 m away from the track. This model was made of thin-walled
steel beams and fiberboard [38], as detailed in Table 3. Bolts rigidly
connected the structural components to simulate the actual working
conditions. The field modal test indicated that its primary bending
mode frequencies clustered around 15 Hz [38].

2.3. Monitoring configurations

Before and after the building construction, two monitoring plans
were conducted. Initially, ground motion along the line perpendicular
to the railway was the main interest, with the farthest accelerometer
situated 45 m away. The subsequent tests concerned the vibration of
the building and of the adjacent area. Figs. 6(c) and (d) present the
locations of all sensors, the coordinates of which are listed in Table 4.
For further details on the test, please refer to [30,31].
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Table 3
The material and geometrical properties of the building, partially based on the test work [30].

Component Material Mass density 𝜌 Damping 𝑉𝑝 𝑉𝑠 Profile [m]

[kg/m3] ratio 𝜂 [m/s] [m/s] Actual Initial Equivalent

Beam Steel 7850 0.01 6000 3208 IPE 100 [39] 0.060/0.030 0.057/0.024
Pillar 0.080/0.080 0.093/0.067
Footing Concrete 2500 0.01 3740 2290 0.7×0.7×0.35 – –
Slab Fiberboard 700 0.01 2619 1512 2.1×2.1×0.03 – –
Table 4
The coordinates of monitoring points selected in this study.

Point Coordinate [m] Distance to railway [m] Distance to building [m] Location

S1 (0.0, 3.5, 0.0) 3.5 17.7

Ground surface

S2 (0.0, 7.0, 0.0) 7.0 14.2
S3 (0.0, 15.0, 0.0) 15.0 6.2
S4 (0.0, 22.5, 0.0) 22.5 1.3
S5 (0.0, 9.2, 0.0) 9.2 12.0
S6 (−3.5, 17.7, 0.0) 18.0 4.9
M1 (2.2, 20.1, 0.0) 20.2 2.5
P2 (0.0, 21.2, 2.0) 21.2 0.0 Floor slabP21 (0.5, 20.7, 2.0) 20.7 0.0
Fig. 2. The vehicle–track simulation: (a) the two-layer continuous model; (b) comparison of experimental and calculated rail cross receptances; (c) comparison of measured and
FRA-Class 6 rail unevenness PSD data.
3. Methodology

The building is considerably away from the railway in the reference
test, so it can hardly affect the production of train-induced perturba-
tion [18]. In this study, the entire model is decoupled into vehicle–track
and ground–building subsystems, interconnected by the load boundary
conditions.

3.1. Vehicle–track sub-model

Moving vehicles induce perturbation on the ground surface, as-
sociated with the quasi-static and dynamic axle loads. Although the
dominant frequency range of the latter falls outside that of structure
response, they could affect vibrations at distant locations. Therefore,
these two types of train-induced loads are determined and discussed.

We employ a 1D two-layer elastic model (Fig. 2(a)) to calculate
the moving load on the ground surface. This model replaces the 𝑙-
spacing sleepers with a continuous mass layer (𝑚𝑠), while the springs
and dashpots simulate the rail pads (𝑘𝑝, 𝑐𝑝) and the underlying subgrade
(𝑘𝑏, 𝑐𝑏). A point load (𝑃 ) with circular frequency 𝜔0 is applied on
the sleeper according to the receptance test. The following equations
govern the temporal (𝑡) and spatial (𝑥) responses of the rail (𝑢1) and
sleepers (𝑢2) in the track system.

𝑚𝑟
𝜕2𝑢1
𝜕𝑡2

+ 𝐸𝐼
𝜕4𝑢1
𝜕𝑥4

= −
(

𝑘𝑝 + 𝑐𝑝
𝜕
𝜕𝑡

)

(

𝑢1 − 𝑢2
)

,

𝑚𝑠
𝜕2𝑢2
𝜕𝑡2

=
(

𝑘𝑝 + 𝑐𝑝
𝜕
𝜕𝑡

)

(

𝑢1 − 𝑢2
)

−
(

𝑘𝑏 + 𝑐𝑏
𝜕
𝜕𝑡

)

𝑢2 + 𝑃𝑒i𝜔0𝑡𝛿 (𝑥) ,
(2)

where Dirac function 𝛿(⋅) defines the load location. In addition to two
known rail pad parameters (𝑘 , 𝑐 ), manufacturers also provide the
3

𝑝 𝑝
values (Table 5) for the rail mass per unit length (𝑚𝑟) and its flexural
stiffness (𝐸𝐼) [30]. In comparison, parameters of the subgrade (𝑚𝑠,
𝑘𝑏, and 𝑐𝑏) are unknown and calibrated with the measured receptance
𝛼𝑒(𝜔0) by optimization [34].

By canceling the periodic factor ei𝜔0𝑡 and performing the Laplace
transform (𝑠 is the transformed variable of 𝑥) to Eq. (2), the steady-
state solution of rail cross receptance 𝛼(𝜔0) is a sum of residuals below
[40]

𝛼
(

𝜔0
)

=
2
∑

𝑘=1
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)

]

⎞
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⎠

|
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|

|

|Im(𝑠𝑘)>0

, (3)

and
𝐿 = 𝐸𝐼

(

𝑘𝑝 + 𝑘𝑏
)

∕(𝑘𝑝𝑘𝑏),

𝐹𝑝
(

𝑘𝑝, 𝑐𝑝, 𝜔0
)

= 𝑘𝑝 + 𝑐𝑝i𝜔0, 𝐹𝑏
(

𝑘𝑏, 𝑐𝑏, 𝜔0
)

= 𝑘𝑏 + 𝑐𝑏i𝜔0,

𝐹𝑠
(

𝑚𝑠, 𝜔0
)

= −𝑚𝑠𝜔
2
0, 𝐹𝑟

(

𝐸𝐼,𝐿,𝑚𝑟, 𝜔0, 𝑠𝑘
)

= 𝐸𝐼𝑠4𝑘∕𝐿
4 − 𝑚𝑟𝜔

2
0.

(4)

The calibration employs the least-squares objective function, namely
∑

(

𝛼(𝜔0, 𝑖) − 𝛼𝑒(𝜔0, 𝑖)
)2, within 150 Hz. Table 5 lists the related vari-

able ranges and the initial/updated values. Note that these calibrated
coefficients represent the equivalent properties of the ballast-subgrade
subsystem. Fig. 2(b) compares the numerical/experimental receptances
with good agreement achieved, which ensures the accuracy of the
following train-induced load determination.

3.2. Train-induced loads

Firstly, considering the quasi-static axle loads, the moving perturba-
tion induced by train vehicles with speed 𝑉 can be obtained by series
𝑇
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Table 5
Calibrated track structure material properties.

Component Parameter Minimum/initial value Maximum value (Calibrated) value

Rail 𝑚𝑟 [kg/m] – – 60
𝐸𝐼 [Nm2] – – 6.42 × 106

Railpad 𝑘𝑝𝑙 [N/m] – – 6.20 × 108

𝑐𝑝𝑙 [Ns/m] – – 2.25 × 104

Sleeper-subgrade
𝑚𝑠𝑙 [kg] 1.00 × 102 1.00 × 104 1.36 × 103

𝑘𝑏𝑙 [N/m] 1.00 × 106 1.00 × 109 4.30 × 108

𝑐𝑏𝑙 [Ns/m] 1.00 × 103 1.00 × 106 3.50 × 105
Fig. 3. The vehicle loads of two different trains: (a) time history and (b) Fourier spectrum of loads of Alfa Pendular moving at 219 km/h; (c) time history and (d) Fourier spectrum
f loads of Intercity moving at 205 km/h.
w
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xpansion [41]. This method assumes that the displacement response
𝑢1, 𝑢2) and the applied load (𝑃 ) can be represented by their Fourier
eries within the moving reference frame (𝜉 = 𝑥 − 𝑉𝑇 𝑡)

𝑢1(𝜉) =
𝑢1,0
2

+
+∞
∑

𝑖=1
𝐴𝑖 cos𝛺𝑖𝜉 + 𝐵𝑖 sin𝛺𝑖𝜉,

𝑢2(𝜉) =
𝑢2,0
2

+
+∞
∑

𝑖=1
𝐶𝑖 cos𝛺𝑖𝜉 +𝐷𝑖 sin𝛺𝑖𝜉,

(𝜉) = 𝑄
𝜆

+
+∞
∑

𝑖=1

2𝑄
𝜋𝑝𝑖

[

sin𝜋𝑖 − sin
(

𝜋𝑖 −
𝜋𝑖𝑝
𝜆

)]

cos𝛺𝑖𝜉,

𝛺𝑖 = 2𝜋𝑖∕𝜆,

(5)

where the axle load (𝑄) is related to the equivalent magnitude (𝑃 ),
influencing length (𝜆), and width (𝑝).

Solving Eqs. (2) and (5) for coefficients 𝐴𝑖 to 𝐷𝑖 yields the moving
perturbation 𝐹𝑇 applied on the ground surface by n axles. The solution
is expected to converge when a sufficiently large number of series terms
is considered.

The steady-state moving perturbation 𝐹𝑇 applied on ground surface
induced by n axles has the following form

𝐹𝑇 (𝑥, 𝑡) = 𝐹𝑇 (𝑥 − 𝑉𝑇 𝑡) =
𝑛
∑

𝑖=1
𝐹𝑇 , 𝑖(𝜉) =

𝑛
∑

𝑖=1
𝑘𝑏𝑢2,𝑖(𝜉). (6)

Secondly, based on the above 1D track model, the dynamic loads
are determined by considering the interaction between rail and vehi-
cles. The related coupled system is formulated by the general matrix
4

a

equation with initial boundary conditions [42]
{

𝑴𝑼̈ (𝑡) + 𝑪𝑼̇ (𝑡) +𝑲𝑼 (𝑡) = 𝑭 (𝑡)
𝑼 (0) = 𝑼 0, d𝑼 (𝑡)∕d𝑡|𝑡=0 = 𝑼 ′

0
(7)

here, besides displacement 𝑼 (𝑡) and load 𝑭 (𝑡) vectors, 𝑴 , 𝑪 and 𝑲
tand for mass, damping, and stiffness matrices of the vehicle–track
oupled system, respectively.

A verified code package, TTB-2D [43], is employed to calculate the
ransient solution of Eq. (7) based on train and rail properties available
n [31]. The measured Power Spectral Density (PSD) of rail unevenness
s presented in Fig. 2(c), showing better track quality compared to that
f the Class-6 track recommended by FRA [44]. Therefore, the PSD of
he Class-6 track is adopted in TTB-2D to calculate the dynamic axle
oads.

Fig. 3 displays the train-induced loads of two types of vehicles in
he time and frequency domain with wheel–rail contact considered or
ot. The dynamic interaction mainly amplifies the load components
n the high-frequency range (greater than 30 Hz) and attenuates the
ower ones. The differences between the two types of train-induced
oads also highlight the role of the suspension systems, which is more
vident for Alfa Pendular due to its better vibration isolation. It further
uggests that, in this case study, quasi-static axle loads dominate train
erturbation and can account for the resulting building vibrations
haracterized by lower natural frequencies illustrated in Section 3.3.

Additionally, in the frequency spectra of train-induced loads (Fig. 3)

nd also of ground motion (figures in Sections 4.2 and 4.3), several
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Fig. 4. (a) the actual/reference building constructed using a combination of IPE-100 steel beams and medium-density fiberboards; (b) the equivalent building fabricated with
rectangular beams and medium-density fiberboards.
characteristic peaks are highlighted to illustrate the complex depen-
dencies between train-induced loads and vehicle properties, including
the lengths of bogies, coaches, and operating speed. Among these,
high frequency (𝑓3, 𝑓4) vibrations related to the distances of bogies
are more influential at distant locations. A comparison between the
train-induced perturbations of the two types of vehicles further reveals
that the relative magnitudes of different axle loads (Figs. 3(a) and (c),
Table 1) significantly affect the frequency distribution between peaks
(Figs. 3(b) and (d)), which becomes more evident as the operating
speed increases.

3.3. Ground–building sub-model

Compared to the vehicle–track interaction, the ground–foundation
coupling is critical for the accuracy of the structure vibration pre-
diction, as the SSI affects the overall dynamic properties. Regarding
interaction simulation, non-conforming meshing, formulated by the
Discontinuous Galerkin (DG) method [25], is utilized to address the
numerical issues caused by the different spatial scales of ground and
building elements. Fig. 1(b) shows the SEM model, where twenty DG
pairs between the contacting faces have been introduced to accommo-
date portions of the numerical model with different size and polynomial
order.

Given that the model building on site consists of beams and plates
with small dimensions (IPE 100 steel beams and medium-density fiber-
boards detailed in Table 3 and Fig. 4(a)), its numerical modeling by
SEM-based structural elements would face stability issues [45]. Since
development of structural element libraries in SPEED and other SEM-
based code packages [46,47] is still at a research progress, we decided
to model the building by continuum spectral elements. In order to
face the impractically small time steps required by numerical stabil-
ity criteria, resulting from excessively small structural geometries, an
equivalent building with comparable modal properties (Fig. 4(b)) was
introduced. The material properties of such equivalent building are the
same as those of the reference one, while its geometry is adjusted to
make it feasible for the explicit time history analysis.

Fig. 5(a) illustrates the first eight natural frequencies of the ref-
erence steel structure. While the first to third modes involve either
bending or torsional modes, the fourth to sixth ones are contributed
by the vertical components (Fig. 5(c)). Modal mass ratios depicted
in Fig. 5(b) confirm this observation. Searching for the equivalent
building involves geometry-oriented optimization by iteratively adjust-
ing cross-sections to minimize the differences in the modal properties.
5

The following normalized non-linear optimization equations govern the
entire procedure:

min
𝑎1 ,𝑏1 ,𝑎2 ,𝑏2

8
∑

𝑖=1

[𝑓𝑖,ref − 𝑓𝑖
𝑓𝑖,ref

]2

+
[𝑚𝑖,ref∕𝑀ref − 𝑚𝑖∕𝑀

𝑚𝑖,ref∕𝑀ref

]2

+
[𝛥max,ref − 𝛥max

𝛥max,ref

]2

,

subject to 𝑎𝑗 ∈ [0.75𝑎𝑗,0, 1.25𝑎𝑗,0], (𝑗 = 1, 2),

𝑏𝑘 ∈ [0.75𝑏𝑘,0, 1.25𝑏𝑘,0], (𝑘 = 1, 2),

(8)

where the feasible rectangular dimensions (𝑎1–𝑏2, labeled in Fig. 4(b))
of equivalent structure components satisfy the bounded constraints, and
their initial values (𝑎𝑗,0 and 𝑏𝑘,0) are found by equating the flexural
stiffness to the reference one (detailed in Table 3). Apart from modal
parameters (𝑓 and 𝑚∕𝑀), the objective function still includes the static
indicator 𝛥max, the maximum slab deflection to a unit load on the third
floor.

We employ Isight [48], which provides unified process control by
managing and directing multiple software in this study, like ABAQUS
[49] and MATLAB [50], to conduct the above optimization. Table 3
presents the calibrated geometries of equivalent building components,
whose modal parameters are depicted in Fig. 5 with those of the
reference ones. It shows that the calibrated alternative building has
similar vertical dynamic properties, although its transverse stiffness is
slightly underestimated.

4. Numerical modeling and validation

4.1. SEM modeling

To reduce modeling complexity, we made some simplifying assump-
tions. For instance, the potential enhancement of soil properties around
the building during construction is disregarded as well as the influence
of soil poroelasticity, as the typical frequencies of soil vibration induced
by the moving trains are much lower than the threshold for the onset
of soil-fluid interaction [51]. Therefore, the soil response is represented
by a linear visco-elastic model, with dynamic properties illustrated in
Table 2.

We employ symmetry conditions along the mid-vertical plane (see
Fig. 6(b)) to reduce the computational requirements. At the external
borders, paraxial boundaries are applied to minimize spurious wave
reflections. However, it is important to note that this numerical bound-
ary is sensitive to the material Poisson’s ratio 𝜈, as it becomes unstable
when 𝜈 exceeds 0.33 [52]. To avoid numerical instability, we added
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Fig. 5. Modal parameters of the actual building and the equivalent one: (a) the modal frequencies; (b) the modal mass ratios, EM-i, in three directions; (c) the mode shapes of
the actual building; (d) the mode shapes of the equivalent one (labels are modal frequencies and vertical modal mass ratios).
Fig. 6. The layouts of the 3D spectral element models: (a) ground model; (b) ground–building symmetric model; (c) spatial and (d) plan view of monitors (red/blue: ground/floor
slab ones).
at the numerical model’s edge a strip of elements with 𝜈 = 0.25 (see
Figs. 6(a) and (b)). Compared to the analytical solutions, it is found
that the potential effects on nearby areas are negligible (illustrated in
Section 4.2).
6

We utilize the quadratic spectral elements for spatial discretization
of the model, ensuring at least four grid points for the minimum wave-
length [25]. As a result, an accurate simulation of wave propagation
with frequencies up to 28 Hz is achieved. Figs. 6(a) and (b) present
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Fig. 7. Comparison of experimental and numerical vertical velocity responses at S1 (0, 3.5 m, 0) and S2 (0, 7 m, 0) under the passage of Alfa Pendular: (a) time histories and
(b) Fourier spectra of S1 responses; (c) time histories and (d) Fourier spectra of S2 responses (𝜂 ∝ 1∕𝑓 or 𝜂 = const: models with proportional or constant damping.
Fig. 8. Comparison of experimental and numerical vertical velocity responses at S1 (0, 3.5 m, 0) and S2 (0, 7 m, 0) under the passage of Intercity: (a) time histories and (b)
Fourier spectra of S1 responses; (c) time histories and (d) Fourier spectra of S2 responses (𝜂 ∝ 1∕𝑓 or 𝜂 = const: models with proportional or constant damping.
the ground SEM and ground–building DG-SEM models, respectively,
covering a total length of 100 m along the longitudinal direction.

4.2. Free-field vibration

Records of monitors outside the subgrade area are selected and com-
pared to the experimental results, avoiding the computational singular-
ity issues near the impacting locations. We apply band-pass filtering to
all numerical results to retain components within the 2 to 28 Hz range.
Regarding the test records, high-pass filtering is applied to reserve
components with a frequency over 1.5 Hz. Figs. 7 and 8 illustrate the
vertical velocity responses induced by Alfa Pendular and Intercity at S1
and S2, 3.5 m and 7.0 m away from the track, respectively.
7

Numerical results in Fig. 7 show a slightly amplified prediction.
Similar component distribution is reproduced in the low-frequency
range, while the discrepancies in the high-frequency range indicate the
damping complexity of geomaterials. A sensitivity study was made to
assess the effects of soil damping: namely two typical damping patterns
are considered, i.e. the frequency proportional and constant damping
ones, and numerical results are provided in Figs. 7–10, panels (b) and
(d). It is found that constant damping provides a closer prediction in
the high-frequency domain but overestimates in the lower range. In the
case of Intercity depicted in Fig. 8, the comparison exhibits a better
agreement, especially in the low-frequency range. It suggests that the
predictions obtained by the proportional damping are more suitable for
reproducing vibration properties.
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Fig. 9. Comparison of experimental, numerical and, analytical vertical velocity responses at S3 (0, 15 m, 0) and S4 (0, 22.5 m, 0) under the passage of Alfa Pendular: (a) time
histories and (b) Fourier spectra of S3 responses; (c) time histories and (d) Fourier spectra of S4 responses (𝜂 ∝ 1∕𝑓 or 𝜂 = const: models with proportional or constant damping.
Fig. 10. Comparison of experimental, numerical and, analytical vertical velocity responses at S3 (0, 15 m, 0) and S4 (0, 22.5 m, 0) under the passage of Intercity: (a) time
histories and (b) Fourier spectra of S3 responses; (c) time histories and (d) Fourier spectra of S4 responses (𝜂 ∝ 1∕𝑓 or 𝜂 = const: models with proportional or constant damping.
Furthermore, it is also shown in Figs. 7–10 that the Fourier spectra
of records are larger at lower frequencies. As the frequency exceeds
28 Hz, i.e., the maximum effective frequency considered in the nu-
merical simulation, the impact of these experimental results becomes
less pronounced. This observation reinforces the idea that, in this case
study, the primary contribution comes from the quasi-static axle loads.

Figs. 9 and 10 illustrate the responses at S3 and S4, 15 m and
22.5 m away from the test line, for two types of trains. The observed
variation in the vibration decline compared to S1 and S2 within the
concerned frequency range underscores the intricate nature of soil
damping and the heterogeneity of the soil conditions. Upon evaluating
the differences in prediction using two damping patterns with the
8

records, it becomes evident that the prediction under proportional
damping behaves better than the constant one. Besides, ground vi-
brations are also calculated analytically at these locations near the
model boundaries through the Betti–Rayleigh dynamic reciprocity the-
orem [23]. The Fourier spectra of the numerical results depicted in
Figs. 9 and 10 exhibit a remarkable agreement with the analytical ones,
providing strong verification for the adopted scheme for the absorbing
boundaries.

In addition, Fig. 11 shows the calculated PGV (Peak Ground Ve-
locity) curves along the center line, which are closely associated with
the amplitude of train-induced loads. However, despite having higher
initial values due to heavy axle loads (see Fig. 3), Intercity-induced
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Fig. 11. Comparison of experimental and numerical peak ground velocity along the transverse direction with or without the building: (a) by Alfa Pendular; (b) by Intercity.
Fig. 12. Comparison of experimental and numerical slab responses at P2 (0, 21.2 m, 2.0 m) and P21 (0, 20.7 m, 2.0 m). Alfa Pendular case: (a) time and (b) Fourier domain of
P2 responses; (c) time and (d) Fourier domain of P21 responses; Intercity case: (e) time and (f) Fourier domain of P2, P21 responses (𝜂 ∝ 1∕𝑓 : model with proportional damping).
vibrations decay faster than those of Alfa Pendular. The variation in
decline levels is linked to the values of the vehicle intervals. Specifi-
cally, smaller intervals of Intercity trains give rise to waves propagating
with higher frequencies, resulting in a more rapid attenuation. This
correlation indicates the significant influence of vehicle spacing on the
frequency and attenuation characteristics of train-induced vibrations.

4.3. Building–ground vibration

Various locations (Fig. 6(d)) within and around the building are
examined. Figs. 12(a–d) compare the velocity responses induced by
Alfa Pendular at two points (P2, P21) on the second-floor slab. The
numerical/experimental time history results (see Figs. 12(a) and (c))
exhibit similar oscillating patterns with consistent amplitudes.

Frequency analyses (see Figs. 12(b) and (d)) provide more insights
into the prediction of slab vibrations. We can observe a rightward
translation of nearly 2 Hz in the frequencies of three activated bending
9

modes in the numerical results compared to the experimental ones. The
discrepancy in the results stems from the less precise characterization
of the equivalent building concerning its modal frequencies (Fig. 5(a)).
This imprecision further amplifies secondary deviations in the vibration
magnitudes. However, the primary oscillating properties of responses
at the concerned locations are reproduced with minor discrepancies
in the numerical predictions, confirming the model’s reliability. The
exam of Fourier spectra further reveal a reduction of coupled natural
frequencies attributed to the soil’s absorbing properties. In the case of
Intercity, Figs. 12(e) and (f) present that, in addition to the higher
vibrations induced by its locomotive, the slab undergoes oscillations
characterized by one dominant mode at all positions. Compared to Alfa
Pendular-induced multiple modal responses, this distinction is closely
associated with the train geometry properties.

In what concerns the ground motion in the presence of the building,
three typical monitoring locations (M1, S6, and S5) are selected at
varying distances from the structure (labeled as 𝑟 on the left margin
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Fig. 13. Comparison of experimental and numerical vertical velocity responses with or without the building at M1 (𝑟 = 2.5 m), S6 (𝑟 = 4.9 m) and S5 (𝑟 = 12.0 m) under the
assage of Alfa Pendular: (a) time histories and (b) Fourier spectra of M1 responses; (c) time histories and (d) Fourier spectra of S6 responses; (e) time histories and (f) Fourier
pectra of S5 responses.
f figures). The time history responses shown in Figs. 13(a–e) of the
lfa Pendular case indicate that the amplification occurs within an area
ery close to the building. The results in the frequency domain are
ransformed into velocity levels (𝐿𝑣 = 20 log10(𝑉RMS∕𝑉ref)) in the one-

third octave band, as depicted in Figs. 13(b–f). It is shown that the
presence of the model building primarily interferes with the nearby
ground vibrations through its bending modes (around 15 Hz). How-
ever, Fig. 13(f) presents that this influence decreases at more distant
locations, such as S5 (12 m away). Further comparison in the Intercity
case (Fig. 14) reveals that the above SSI effect is sensitive to the vehicle
properties. Unlike high-speed trains, vibrations to Intercity passages are
not evidently amplified in the concerned frequency range (of the slab
modes) with the presence of structure.

Moreover, the PGV curves in Fig. 11 also include the cases consid-
ering the presence of the building. Compared to the free-field motion,
vibrations within the building area induced by both train passages
are consistently amplified. The effect is more pronounced in the front
rather than in the rear zone, possibly due to the additional wave
reflections. Concerning the affected range, it is observed that the vibra-
tion amplification area caused by Alfa Pendular is broader than that
of Intercity (marked in Fig. 11). This difference further suggests the
influences of vehicle properties on the coupling vibrations of ground
and building.

5. Conclusions

To handle the numerical challenges posed by coupling the multi-
scale modeling components in train-induced ground and building
vibration prediction, the spectral element method, implemented in the
10
code SPEED (https://speed.mox.polimi.it/) and enhanced by a discon-
tinuous Galerkin formulation, is confirmed as a promising numerical
alternative to FEM, because of its spectral convergence properties. The
performance of the approach was validated through an existing field
test, carried out in Portugal [30,31], including records on ground and
prototype building with different types of train passage. For this pur-
pose, the vehicle–track system was first decoupled, and the computed
loading of the moving train was applied to a 3D numerical model
representing the ground–building subsystem. Equivalent building prop-
erties were identified to simplify the numerical model and reduce the
computational burden. Some sensitivity studies concerning the effects
of SSI and vehicle properties were also carried out. The following
conclusions are drawn:

(1) the coupled ground–building SEM 3D model, with equivalent
building cross-section, demonstrates sufficient capability in sim-
ulating the recorded motion for the different experimental case
studies, showing that the main mechanisms of HSR-induced
ground and building vibrations are well captured, as well as their
coupling effects;

(2) the presence of the scale model building, in this case study,
amplifies the ground motion in adjacent areas mainly due to
the local resonances of floor slabs. The vibration amplification
area in front of the building is broader than behind it, primarily
caused by the wave reflections ahead of the footings;

(3) despite the comparable operating speed levels, the vehicle prop-
erties, such as axle loads and intervals, are found to influence
ground motion and the range of the vibration amplification area
by activating different modes of the ground–building coupled

system.

https://speed.mox.polimi.it/
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Fig. 14. Comparison of numerical vertical velocity responses with or without the building at M1 (𝑟 = 2.5 m), S6 (𝑟 = 4.9 m) and S5 (𝑟 = 12.0 m) under the passage of Intercity:
(a) time histories and (b) Fourier spectra of M1 responses; (c) time histories and (d) Fourier spectra of S6 responses; (e) time histories and (f) Fourier spectra of S5 responses.
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