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Abstract: A complementary method to determine the vibration source intensity, defined as the weighted vertical acceleration
level at the tunnel wall, is needed urgently when comparable measurements or database predictions are unavailable in empirical
predictions. In this study, we present an analytical model designed to quickly and accurately estimate the vibration source intensity
produced by moving metro trains, considering both regular and floating slab tracks. The improved periodic pipe-in-pipe (PiP) model
with regular or floating slabs affixed to the tunnel invert was developed. The train loads are represented in the frequency-wavenumber
domain to apply in the model. Measured track irregularities were applied and the proposed model was validated against the measured
results and verified by a tunnel-soil coupled model. The proposed approach effectively and accurately assessed the vibration source
intensity generated by underground trains in a prediction time of just 58 s. Track irregularities significantly affect the vibration
source intensity, making them a key factor in comparable measurements or database predictions. A floating slab track can reduce
the vibration source intensity by about 14 dB. The proposed approach can serve as an additional method to complement comparable
measurements or database predictions for determining the vibration source intensity in empirical predictions.
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1 Introduction intensity VL, (in dB) established based on measure-

ments from similar sections elsewhere or a database.

The vigorous expansion of metro lines has raised
significant environmental concerns due to the adverse
effects of induced vibrations on nearby historical build-
ings, residential housing, and precision instruments
(Kouroussis et al., 2018; Sheng, 2019; Xu and Ma,
2024; Li and Ma, 2025). The first step in designing en-
vironmental vibration control measures is typically to
accurately predict the vibrations of the ground and build-
ings. During the early phase of metro tunnel construc-
tion, empirical prediction methods are commonly used
to swiftly assess vibration levels at sensitive locations
along the entire metro route, with the vibration source
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The vibration source intensity VL is defined as the
weighted vertical acceleration level at the tunnel wall
and is calculated as VL ,=20lg(a,,./a,) (Where a,,, is
the root mean square (RMS) of weighted accelerations
and a,=1x10"° m/s’ is the reference acceleration). There
is an urgent need for a supplementary method to pre-
dict the vibration source intensity quickly and accu-
rately in the absence of analogous tunnel sections for
comparable measurements or database predictions. In
this study, we aimed to develop an analytical model that
can rapidly and accurately predict the vibration source
intensity generated by moving metro trains, consider-
ing both regular and floating slab tracks.

Vibration prediction is crucial for optimising routes
and managing vibrations effectively. Different methods
have been proposed to predict vibrations from under-
ground sources, including semi-analytical/analytical
models (Yuan et al., 2017, 2021; He et al., 2018, 2024,
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Xu and Ma, 2023; Ma et al., 2024), numerical models
(Frangois et al., 2010; Vogiatzis and Kouroussis, 2015;
Liravi et al., 2022; Liu et al., 2023; Azhir et al., 2024;
Di et al., 2024), hybrid models (Verbraken et al., 2013;
Kouroussis et al., 2018; Colago et al., 2022; Dai et al.,
2024), and empirical models (Banestyrelsen, 2000;
ISO, 2005; Koopman et al., 2009; BMBMSA, 2019).
Typically, the empirical models, namely chain-type for-
mulas, are applied to identify locations with excessive
vibrations. Kurzweil (1979) first proposed an empirical
model by decoupling the system into three parts: the
vibration source, the transmission path, and the receiver.
This model has since been further refined by various
researchers, including Melke (1988) and Madshus et al.
(1996). For its feasibility, chain-type empirical models
have been endorsed by many technical codes across
different countries, such as China (MEE, 2018) and the
USA (USDT, 2018). According to the Chinese code
(MEE, 2018), the environmental vibration level VL. can
be estimated using the empirical formula VL=VL_ +C,,,
where C,, is a correction item related to many factors,
such as the train speed, tunnel configuration, soil pa-
rameters, and building parameters. The vibration source
intensity is the core for vibration predictions and is
determined from comparable measurements (MEE,
2018) or a database (BMBMSA, 2019; Xu et al., 2022).
However, if the measurement conditions, such as track
irregularities, differ from those of the target section,
the result may be inaccurate.

The vibration source intensity and other charac-
teristics like frequency content may vary depending on
factors such as track irregularities, wheel unevenness,
and train speed. In a one-day vibration monitoring study,
Li et al. (2020) discovered that wheel unevenness can
lead to a 20-dB change in vibrations within 8—200 Hz.
Ma et al. (2021b, 2022) concluded that rail grinding and
wheel profiling would reduce the source intensity by
10 and 8 dB, respectively. He et al. (2023) conducted
an in-site measurement and found that track irregulari-
ties and wheel unevenness had a significant impact on
the source intensity. From a statistical survey, Li et al.
(2012) highlighted that the variation of source intensity
in Beijing could reach up to 7 dB. Lu et al. (2010) found
from a comparison measurement that the source inten-
sity increased by 2 dB with every 5 km/h increase in
train speed. Hence, discrepancies in train, track, and soil
conditions may result in prediction errors when using
comparable measurements (MEE, 2018) or database
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predictions (BMBMSA, 2019; Xu et al., 2022). These
methods also do not sufficiently account for the track
irregularity levels. Furthermore, in certain situations,
there are no comparable tunnel sections available for
conducting in-site measurements or for selecting the
source intensity from a database. In this case, the nu-
merical model used by Qu et al. (2023), which incor-
porates measured track irregularities and wheel un-
evenness as inputs, could serve as a substitute for de-
termining the source intensity in the empirical model.
However, numerical models require more time than
comparable measurements or database predictions.

The pipe-in-pipe (PiP) model proposed by For-
rest and Hunt (2006) can be applied to determine the
dynamic response at the tunnel wall. In this model, the
tunnel is conceptualized as an infinitely long shell and
the surrounding soil is modeled as a continuum medium
in a full space. The PiP model is advantageous due to
its low memory usage and short computation time.
Subsequently, this model was expanded to encompass
various scenarios, including a multilayered halfspace
(Hussein et al., 2008, 2014), floating slab track (Hussein
and Hunt, 2009), twin tunnel (Kuo et al., 2011), po-
roelastic halfspace (Di et al., 2018), periodic jointed
tunnel (He et al., 2019), and source-receiver interac-
tion (Edirisinghe and Talbot, 2021). The accuracy and
efficiency were validated through comparisons with the
finite element-boundary element coupled model (Gupta
et al., 2007). Recently, Yang et al. (2024) developed a
train-track-circular tunnel spatially coupled model in
which the surrounding soil was represented by a cylin-
drical viscoelastic layer. The tunnel-soil coupled sys-
tem can be regarded as a periodic system because of the
periodic arrangement of the discretely distributed fas-
teners (Ma et al., 2024). However, this type of period-
icity has not yet been incorporated into the PiP model
for assessing the vibration source intensity.

As noted above, when comparable measurements
or database predictions are not feasible, there is a
pressing need for an alternative method to accurately
and swiftly predict the vibration source intensity gen-
erated by moving trains, in which the track irregu-
larities should be sufficiently considered. The PiP
model is suitable for this situation because of its low
memory requirements and short computation time.
However, the periodicity resulting from the discretely
distributed fasteners has not yet been considered in the
PiP model.
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This study aimed to develop an analytical model to
predict the vibration source intensity caused by moving
metro trains quickly and accurately, considering both
regular and floating slab tracks. The contributions of
this work include: (1) offering an alternative to com-
parable measurements or database predictions consid-
ering the track irregularities, and (2) addressing the pe-
riodicity issue in the PiP model resulting from discretely
distributed fasteners. First, the PiP model is extended
to account for the periodicity arising from the discretely
distributed fasteners. Then, both regular and floating
slab tracks are modeled and integrated with the peri-
odic PiP model. Next, the train load expression in the
frequency-wavenumber domain is formulated. Mea-
sured track irregularities are applied in the prediction.
The dynamic responses at the tunnel wall are examined
for a regular slab track, with an exploration of the im-
pacts of train speed, track irregularities, and surround-
ing soil. The isolation effects of a floating slab track are
also revealed. Finally, some conclusions are drawn from
the analyses.

2 Analytical prediction model for vibration
source intensity

2.1 Model overview

Fig. 1 presents an overview of the train-track-
tunnel-soil system, featuring both regular and floating
slab tracks. In the calculations, the whole system is di-
vided into two subsystems: the train-track subsystem
and the track—tunnel—soil subsystem. The coupling of
the above subsystems is accomplished by the transmis-
sion of supporting forces, which refer to the forces trans-
mitted through fasteners from the rails to either the road-
bed slab or the floating slab. The train—track subsystem
modeled by Ma (2014) is summarized in the electronic
supplementary materials (ESM).

In a track—tunnel—soil subsystem with a regular
slab track, the supporting forces are discretely distrib-
uted on the track slab with a spacing of L=0.6 m, cor-
responding to the spacing of fasteners or sleepers. Ma
(2014) showed that the forces of fasteners adhere to a
periodicity relationship, resulting in the periodic nature
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of the subsystem. Although the floating slab is con-
structed in a discontinuous manner, the presence of
shear hinges between adjacent slabs allows it to be
treated as a continuous slab, as illustrated in Fig. 1.
Therefore, a similar periodicity exists. In both cases,
the tunnel-soil system is modeled by the periodic PiP
model. Both the roadbed slab and the floating slab are
modeled as Euler beams. The interactions between the
components are facilitated by continuous springs. Rails
are excluded in this subsystem.

2.2 Periodic PiP model

Fig. 2 shows a schematic diagram of the periodic
PiP model. The tunnel lining is represented as an infi-
nitely long Fliigge circular shell (#=R, r is the radial
coordinate and R is the radius) (Fliigge, 1973), while
the surrounding soil is modeled as a continuum medium
in a full space with a hollow (»g[R, ), r, is the radial
coordinate in the soil). We assumed that the presence
of a free surface on the ground has no impact on the
responses of the tunnel. This assumption was first ad-
opted by Hussein et al. (2014) to predict the ground
surface response, and good results were obtained. The
forces from the roadbed slab beam are conveyed to the
tunnel invert through the springs. The PiP model by
Forrest and Hunt (2006) is expanded into a periodic PiP
model, considering the periodicity of the supporting
forces.

| Periodicity L

Fig. 2 Schematic diagram of the periodic PiP model. u, u,,
and u_denote the radial, circumferential, and longitudinal
displacements of the soil while W, V; and U represent those
of the tunnel, respectively. 0 is the circumferential coordinate

Considering a moving periodic load with a peri-
odicity length of L in the z direction, a frequency of
o, and a speed of v, the responses @ (z, w, w,) in the
frequency domain can be represented as a summation
of the generalized modal functions:
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O(z,0,0,) = :z@,,(a))@,,(z,wl,a)), (1

where @,(z, w,, ) =" is the generalized modal func-
tion, and A,= 2% +

modal coefficients, n is the wavenumber, and the

w,—w

. 0,(w) represents the

symbol ~ represents the quantity in the frequency
domain.

Based on the Fliigge shell theory, the relationship
between displacements and tractions in the frequency-
wavenumber domain can be derived:

A EUnm = Qnm 2 (2)

where U, and Q~nm are the tunnel displacement and trac-
tion vector (please refer to Eq. (S3) in the ESM). The
subscript m represents the trigonometric series order. A
is a 3x3 coefficient matrix. Its elements are derived by
Forrest and Hunt (2006), where the wavenumber ¢ in
the original expressions should be replaced by 4, for a
periodicity sense.

Solving the elastodynamic equations of the soil
medium, the general solutions of soil displacements and
stresses in the cylindrical coordinate can be formulated
in the frequency-wavenumber domain (Xu and Ma,
2023). Only outgoing cylindrical waves exist in the full
space of soil. The displacements #,, and stresses 7, at
the interface =R have the expressions:

i, = ey Uiy U} =Xo(r=R) By, (3)
;nm = { - O-rznm _O-r(inm O-rrnm} = ”o(r = R) Bonm’ (4)

where the expressions of y,(r) and #,(r) are listed in
the ESM. The subscript o represents the outgoing wave
and B,,, 1s the unknown coefficient vector. The negative
sign in the expressions is to keep the displacement
and stress directions of soil consistent with those of
the shell.

Considering the displacement compatibility and
stress equilibrium, the tunnel displacement vector U,,
and soil known coefficient vector B,,, should satisfy
the following equation:

N A r=R 7 -
K,U!=|"" e ){U”’”}=me, 5)
I _Xo(r:R) Bonm



16 | J Zhejiang Univ-SciA 2026 27(1):12-25

~ ~ T ~
where I is the 3x3 unit matrix, P),={P,,0} ,and P,,

nm =

Ay 110(}"=R)
I —x(r=R)

and U’ =

nm

is the load vector. K,,= {

e
B,,)

After solving Eq. (5), the tunnel displacement U,,
can be obtained. Thus, the PiP model has been devel-

oped into the periodic PiP model using the principles
of periodicity theory.

2.3 Analytical solution of the regular slab

In this study, the regular track slab is simplified
as an infinitely long Euler beam attached to the tunnel
invert via the continuously distributed springs along the
longitudinal direction in the periodic PiP model (Fig. 3).
The slab beam is subjected to supporting forces from
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Fig. 3 Regular track slab attached to the tunnel invert in
the periodic PiP model

Assuming a periodic load f(z, f) with a periodicity
length L, a frequency w, and a wavenumber » moving
on the slab beam at a speed of v, the motion equation
of the beam is given by

o*w o*w
+EI
ot oz!

m, + W+ Wks=f(zt), (6)

where w is the displacement of the roadbed slab beam,
m, is the mass per unit length, and EI is the bending
stiffness. W7 is the radial displacement at the tunnel
invert (=R, 6=n), and £k, represents the effective stiff-
ness of the equivalent spring that simulates the contacts
between the roadbed and the tunnel invert.

Solving Eq. (6), the solution is derived as

Ww=aW +A, (7)

where o= —k.,/D and Z\ﬂz f,/D The variable D has the

expression D=EIL! —m w*+k_; and f, denotes the load
in the frequency-wavenumber domain. The expression
for a moving periodic load is given by Xu and Ma
(2023). The expression for a moving train load will be
provided later.

According to the radial forces acting on the tunnel
invert transmitted by the spring, the forces P!, for each
m can be obtained, as presented in the ESM. Substi-
tuting P°, into Eq. (5) and considering m=0, 1, ---, M
(M=8 is the truncation number of m), the equilibrium
equations for the periodic PiP model with the regular
track slab are derived:

(Kn+keff(1 +a)VC)l}f:_keffAnI/7 (8)

where the matrices K,, V; and C are given explicitly in
the ESM.

There are 6(M+1) equilibrium equations in Eq. (8)
to uniquely determine the known vector U . Consider-
ing each wavenumber n and response frequency w, the
displacements of the tunnel and soil in the time-space
domain are calculated. The value of M will affect both
the accuracy and efficiency of the predictions. When M
is set to 8, the prediction results reach convergence.

2.4 Analytical solution of the floating slab

As stated above, the floating slab was treated as
a continuous slab in this study and modeled as an infi-
nitely long Euler beam (Fig. 4). Note that the rubber
pad beneath the floating slab is represented as a con-
tinuous spring. Additionally, the discrete supports of the
floating slab can be simplified as a continuous spring.
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Fig. 4 Floating slab track attached to the tunnel invert in
the periodic PiP model



Similarly, the equilibrium equations for the road-
bed and floating slab beams have the forms

2 4
m S+ BION h v W) +h 0= =0, )
) 4
77’lfaal“/l}f +E1fa v:f +kf(Wf_W) =f(Z’t)’ (10)
z

where the subscript f represents the quantity for the
floating slab.

Solving Egs. (9) and (10), the following equation
is derived:

Ww,=Wia +A. (11)

The expressions of a’ and A are given in the
ESM.

By replacing o and A, in Eq. (8) by " and A’ in
Eq. (11), the model with the floating slab track can be
established.

2.5 Train load expression in the frequency-
wavenumber domain

As stated above, the supporting forces, specifi-
cally the train loads in this study, are applied discretely
to both the regular track slab and the floating slab, each
featuring a periodicity length of £=0.6 m (Fig. 5). The
supporting forces are determined using the analytical
model for periodic train-track and train-floating slab
track interactions developed by Ma (2014). In the float-
ing slab track model, the floating slab is treated as an
infinitely long beam, and the discrete supports beneath
the slab are approximated as a continuous spring.

Fon (W, wy)
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Fo (w, w)

Supporting force

Floating slab =i
Roadbed slab =i
Effective spring

Tunnel lining 5 “

z=2,

~ i)t ~
Periodicity relationship: F, (w, w1)=e( v Fo (W, wy)

Fig. 5 Supporting forces periodically exerted on the regular
track slab (without the brown parts) or floating slab.
References to color refer to the online version of this figure

Ma (2014) showed that supporting forces F, (e,
w,)and F,(w, w,)at z=z, and z=z+nL follow the peri-
odicity relationship (Fig. 5). The total forces f (z, w, @,)
acting on the slab are the sum of the supporting forces
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F (o, w,). By applying the periodicity feature and the
discrete Fourier transform, the expression for the modal
components /,(w, w,) of f (z, », w,)is given by

N B 14:0(0), ,) 71(2%&"’”)2,,

flo, ) — 7 ¢ ' (12)
Substituting Eq. (12) into Egs. (7) and (11), the
dynamic response of the tunnel lining and soil can be
predicted quickly by Eq. (8). Note that the calculation
should be repeated with respect to n, w, and w,. To
further enhance the prediction efficiency, two measures
of the calculation efficiency improvement can be ap-
plied to reduce the calculation loops (Ma et al., 2024).
More detailed derivations are given in the ESM.

3 Model validation and verification

In this section, we present the validation of the pro-
posed model against measured results with regular slab
tracks in Beijing and verification against theoretical
results.

3.1 Model parameter

The fastener supporting forces from metro trains
were calculated using the analytical models (Ma, 2014).
The parameters for the train, rails, and fasteners are
listed in the ESM. The parameters for the roadbed slab
and floating slab for the vibration source intensity pre-
dictions are listed in Table 1. Considering the damping
effects, expressions k= k(1 +i¢,;) and k,=k+iwc,
were applied to the roadbed and floating slab beams,
respectively. In the predictions, three train speeds were
considered: v=60, 70, and 80 km/h, corresponding to the
maximum operation speed in Beijing.

Table 1 Mechanical parameters for the roadbed slab and

floating slab
Roadbed slab Floating slab
Parameter Value Parameter Value
EI (Pa-m?) 1.43x10° EIl (Pa'm®)  4.1354x10°
m, (kg/m) 3500 m, (kg/m) 2500
kg (N/m?) 8.212x10° k, (N/m?) 7.36x10°
Er 0.0643 ¢, (Ns/m’) 1.6x10*

The soil parameters were sourced specifically from
Beijing. Based on a statistical survey (Xu and Ma,
2020), the burial depth for metro tunnels in Beijing
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ranges from 14 to 22 m. Within this depth range, the
velocities of the compressional (c,) and shear (c,) waves
traversing the soil were measured to be 470—610 and
225-293 m/s, respectively. The lower and upper bounds
of these wave velocities were designated as S1 and S2,
respectively, to model the surrounding soil in the subse-
quent analyses. The tunnel lining features a radius of
3 m and a thickness of 0.3 m. The parameters for the
soil and tunnel lining are listed in Table 2.

Table 2 Parameters for the soil and tunnel lining

MU e e G, D

Soil-S1 230 0.375 1900 0.04

Soil-S2 475 0.300 1900 0.04

Lining 32000 0.200 2400 0.01
concrete

3.2 Track irregularity

Track irregularities have significant effects on vi-
bration predictions. Chen (2020) and Ma et al. (2021a)
conducted a statistical survey of 439 sets of measured
track irregularities from the Beijing metro and proposed
a spectrum of Beijing track irregularities categorized
into five classes, labeled Q1 to Q5. Classes Q1 and Q5,
which represent tracks in extremely good and poor con-
ditions, respectively, within the wavenumber range con-
sidered, are impossible in practical engineering. In most
cases, classes Q2, Q3, and Q4 can effectively repre-
sent the track conditions (Ma et al., 2021a). For upper
and lower limit analyses, only classes Q2 and Q4 were
considered, representing the irregularity power spec-
trum density (PSD) at the 25th and 75th percentiles,
respectively. The track irregularity PSD spectrum S ()
takes the following form when the wavenumber falls
within the range of 1x2x rad/m<©Q<100x2x rad/m:

4,94,
4,95,

1 x2nrad/m< Q<3 x2nrad/m,
3x2nrad/m< Q<100 x2x rad/m.
(13)

The parameters in Eq. (13) are listed in Table 3
for Q2 and Q4. In this study, short-wavelength irregu-
larities with 2>1%2x rad/m were characterized by the
Beijing spectrum, while long-wavelength irregularities
with Q<1x2x rad/m were represented by the American
spectrum, e.g., Q2+America class 5 (labeled Q2) or Q4+
America class 1 (labeled Q4). In the frequency range of
interest (0—100 Hz), when the train speed is 60-80 km/h,

S(Q)=

Table 3 Parameters for Beijing spectrum

Class A, k, A, k,
Q2 7.535 -4.301 0.0784 -2.746
Q4 79.620 -4.424 0.6490 -2.787

the relevant wavenumber £ is less than 37.7 rad/m ac-
cording to the relationship Q=w/v.

Fig. 6 shows a plot of classes Q2 and Q4 of the
Beijing track irregularity PSD spectrum, with classes 1
and 6 of the American spectrums (US1 and US6) over-
laid on the same figure. The trend of short-wavelength
irregularities in the Beijing spectrum, especially 2>
3x2n rad/m, differs from that in the American spec-
trum. This will affect the vibration within the frequency
range of 16.7-100 Hz. To achieve a more accurate
prediction, the wheel unevenness should be incorpo-
rated into the model.

T T
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Fig. 6 Beijing track irregularity PSD spectrum for Q2 and
Q4, overlaid with the American track spectrum (US1 and
US6)

3.3 Validation

Validation was performed using the measured vi-
bration source intensity at 11 tunnel locations within
the Beijing metro. These sections feature a circular and
straight tunnel that uses a regular-slab unique-centered
track system with DTVI, fasteners. Trains with six car-
riages pass by these sections at speeds in the range of
60—80 km/h. Vertical vibrations at the tunnel wall were
recorded by an accelerometer with a measurement range
of 3g and a resolution of 0.02 mg. The accelerometer
was positioned at a height of 1.5 m from the track bed
according to the Chinese code (MEE, 2018) (Fig. 7).
The measured vibration source intensities are presented
in the ESM.
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Fig. 7 Measurement point at the tunnel wall

In the predictions, soil types S1 and S2 were used
to simulate the surrounding soil, while spectrums Q2
and Q4 were used, respectively, to represent the good
and bad operational states of the track. Fig. 8 presents a
comparison of the predicted vibration source intensities
with the measured results. When the surrounding soil
was classified as S2, which has higher wave velocities,
the predicted results for Q2 and Q4 encompass most of
the measured results. When the soil was classified as S1,
the results are a little overestimated. On the other hand,
when the track irregularities were classified as Q2 or
Q4, changes in soil conditions did not lead to favorable
outcomes, especially under Q4, which largely overes-
timated the vibration source intensity. Consequently, if
the track irregularities used differ from the actual con-
ditions of the track, the predictions will be inaccurate.
In the environmental assessment, it is advisable to use
the measured track irregularities to ascertain the vibra-
tion source intensity.
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Fig. 8 Comparison of predicted vibration source intensity
with measured results

Overall, the prediction provides both lower and
upper bounds for the vibration source intensity gener-
ated by metro trains, demonstrating that the proposed
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model is accurate and reliable for determining the vi-
bration source intensity in the empirical predictions.

3.4 Verification

The verified tunnel-soil analytical model (refer-
ence model, RM) established by Ma et al. (2024) was
applied to verify the correctness of the present model
(PM). The results for v=60 km/h, S1, and Q2 of the two
models are presented in Fig. 9, showing the outcomes
in the time domain, frequency domain, and one-third
octave band.

The time history and frequency spectrum shown in
Figs. 9a and 9b indicate that the waveforms produced
by the current model closely resemble those of the ref-
erence model. In the one-third octave band from Fig. 9c,
the discrepancies between these two models are below
3 dB, except for 1.25 Hz, where the discrepancy is
about 5 dB. At the dominant frequency of 63 Hz, the
results are extremely close. In Fig. 9d, the discrepancy
in the maximum vibration level between the two models
is about 0.5 dB. Note that in the present model, the
tunnel lining is represented by a shell element, whereas
in the reference model, it is considered as a continuum
medium. Additionally, in the present model, the ground
free surface cannot be considered. These factors con-
tributed to the discrepancies observed. In general, the
present model is accurate in predicting the vibration
source intensity.

On the other hand, using the 13th Gen Intel(R)
Core(TM) i17-13700K 3.40 GHz CPU processor, the
prediction time for the proposed model was 58 s, where-
as the reference model took about 3 h. This demon-
strates that the proposed model is highly efficient in
terms of prediction speed.

4 Results

In this section, we examine the vibration source
at the tunnel wall using the parameters outlined in
Section 3. Corresponding discussion is presented in
the ESM.

4.1 Vibration source with the regular slab track

Fig. 10 illustrates the effects of train speed on the
vibration source intensity under soil S1 and track ir-
regularities Q2. From Fig. 10a, the train speed will in-
fluence the vertical vibrations within 0—-100 Hz, but
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Fig. 10 Effect of train speed on vibration source intensity under S1 and Q2: (a) one-third octave band; (b) vibration level

has no impact on the dominant frequency of 63 Hz. The
time history of the vertical vibration level reveals that
as the train speed decreases, the duration of vibration
increases and the intensity decreases. When the train
speed increases from 60 to 80 km/h, the acceleration
level below 100 Hz and the vertical vibration level both
increase by about 3.5 dB.

Fig. 11 shows the effects of track irregularities on
vibration source intensity under a train speed of v=
60 km/h and soil S1. As track conditions deteriorate from
Q2 to Q4, vibrations below 100 Hz all increase, with
about an 8.5-dB increase at the dominant frequency of
63 Hz, and the vibration source intensity increases by
about 8.1 dB. Therefore, the vibration source intensity is



very sensitive to the track irregularities. When using
comparable measurements to determine vibration source
intensity, if the track conditions at the measurement sec-
tion differ from those at the target section, the prediction
error may be unacceptable in the environmental assess-
ment. It is advisable to take track irregularities into ac-
count during the environmental assessment.

The effect of the surrounding soil on vibration
source intensity under a train speed of v=60 km/h and
track irregularities Q2 is plotted in Fig. 12. The transi-
tion from soil condition S1 to S2 results in reduced
vertical vibrations within the 2—-100 Hz range, with a
3.5 dB decrease at the dominant frequency of 63 Hz. The
vibration source intensity decreases by about 4.2 dB.
This is because when the soil is stiffer, more vibration
energy transmits into the soil, resulting in less vibration
energy being transmitted into the tunnel wall. The soil
conditions should be considered when using compara-
ble measurements.
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4.2 Isolation effect of the floating slab track

To assess the effectiveness of the floating slab
track in reducing vibrations, the concept of insertion
loss, calculated as the difference between the accelera-
tion levels of a regular track and a floating slab track,
was introduced. The basic calculation parameters are v=
60 km/h, Q2, and S1. Fig. 13 illustrates the effects of
train speed, track irregularities, and soil conditions
on insertion loss. Below 10 Hz, the floating slab track
has the potential to amplify vertical vibrations at the
tunnel wall. For example, there may be an increase in
acceleration levels of about 13 dB at the resonance fre-
quency of 8 Hz. Above 10 Hz, the floating slab track
demonstrates clear vibration reduction capabilities, with
a maximum reduction of 34 dB at 50 Hz. Below 8 Hz,
the insertion loss of the floating slab track is affected
by factors such as the train speed, track irregularities,
and soil conditions. Above 8 Hz, track irregularities and

100 T T T T

90

80

70

60 | .

Vibration level (dB)

50 | Irregularity-Q2
— =— — |rregularity-Q4

40 1 1 1 1
0 2 4 6 8

Time (s)

(b)

Fig. 11 Effect of track irregularities on vibration source intensity under v=60 km/h and S1: (a) one-third octave band;

(b) vibration level
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soil conditions have minimal impact, while the effect of
train speed remains significant.

Further, Fig. 14 compares the decrease in vibra-
tion source intensity at the tunnel wall between the
regular and floating slab track configurations. The re-
duction of vibration source intensity is about 14 dB
under different cases. Given a certain train speed, the
impact of soil conditions is negligible, and the great-
est variation in mitigation capability across different
irregularities is around 1.5 dB. As the train speed in-
creases from 60 to 80 km/h, the vibration mitigation
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Fig. 14 Difference of vibration source intensity at the
tunnel wall with regular and floating slab track

capability rises by 2.3 dB with track irregularities Q2
but experiences a slight decrease with track irregulari-
ties Q4. This indicates that the vibration mitigation per-
formance of the floating slab track is affected by vari-
ables like track irregularities and train speed, with a
maximum difference of about 2 dB. Using a constant
vibration reduction value in the environmental evalua-
tion will result in a prediction error of about 2 dB.

5 Conclusions

This paper presents a fast prediction method for ac-
curately assessing the vibration source intensity caused
by moving trains, considering both regular and float-
ing slab tracks, for the empirical evaluation of environ-
mental vibration. The PiP model is improved to incor-
porate the periodicity resulting from the discrete ar-
rangement of fasteners. The regular and floating slab
beams are connected to the periodic model through
springs. The train load expression in the frequency-
wavenumber domain is formulated. The measured track
irregularities are incorporated and the accuracy and eff-
iciency of the proposed model are confirmed. The char-
acteristics of the vibration source under a regular slab
track and the vibration isolation effects of the floating
slab track are highlighted. Some conclusions are drawn
as follows:

(1) The proposed method, using the periodic PiP
model, is both accurate and efficient in determining the
vibration source intensity. It can serve as a supplemen-
tary method alongside comparable measurements or
database predictions in empirical prediction.

(2) As track conditions deteriorate from class Q2
to Q4, the vibration source intensity rises by about 8 dB.



In comparable measurements or database predictions,
track irregularities must be considered a primary factor.
The measured irregularities should be incorporated into
the predictions.

(3) The floating slab track has a maximum vibra-
tion mitigation capacity of around 14 dB. This capability
is affected by various factors, including track irregu-
larities and train speed. Using a constant vibration re-
duction value in environmental assessments may lead
to a prediction error of about 2 dB.
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