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Abstract: Floating slab tracks (FSTs) are used to reduce the impact of vibration on precision instru-
ments and historical relics along metro lines; however, ground vibration is universally amplified at the
natural frequency of the tracks. In this study, a full-frequency control method that considers frequency
matching for environmental vibrations, in combination with metro vibration sources and propagation
paths, was developed based on the bandgap theory of the periodic structure. The effectiveness of this
method was analysed by establishing a three-dimensional metro train-FST coupled model and a finite
element analysis model of track bed—tunnel-soil-row piles. The results show that ground vibration
can be reduced by approximately 3-5 dB at the natural frequency of the FST by adjusting the bandgap
range of the periodic piles to 7-9 Hz, eliminating the adverse effect of vibration amplification at the
natural frequency of the FSTs. The proposed control method shows good vibration control effects
and can effectively minimise ground vibration in the full-frequency range.

Keywords: metro; floating slab track; coupled model; local-resonance row piles; comprehensive
vibration control; bandgap

1. Introduction

New metro lines are sometimes inevitably built close to highly vibration-sensitive
areas owing to the rapid development of urban railway transits [1-5]. Therefore, train-
induced vibrations have received increasing attention because of their negative impact
on the long-term protection of historical buildings [6,7], the operation of precision in-
struments [8-10] and the residents living in the buildings over the metro depots [11-14],
which are still urgent issues that need to be addressed today. In addition, how to predict
train-induced environmental vibration more efficiently and accurately has also been a
focus of attention in recent years [15,16], for example, considering various types of ir-
regularities [17], establishing analytical prediction models [18] and introducing neural
networks [19]. Vibration mitigation measures are adopted to address these issues in the
vibration source [20,21], propagation path [22,23] and vibration receivers [24] based on the
vibration propagation route. Among these measures, vibration source mitigation is widely
considered the most cost-effective [25]. Several vibration source mitigation techniques are
used, such as rail pads [26], floating slab tracks (FSTs) [27,28] and ladder tracks [29]. FSTs
are widely used in metro lines passing through vibration-sensitive areas because of their
excellent vibration-reduction performance [30].

Currently, the natural frequency of FST is approximately 10 Hz, and the effective
vibration isolation frequency band exceeds /2 times its frequency. However, its vibration
reduction effect is limited to the low-frequency range and can amplify the vibration in the
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frequency band near its natural frequency [31], to which buildings and precise instruments
are somewhat sensitive [32]. The contradiction between the amplification of surface vi-
brations caused by FSTs and the adverse effects of low-frequency vibrations on precision
instruments and ancient buildings must be resolved urgently. Zhu et al. [33-35] established
a three-dimensional (3D) coupled dynamic model of a metro train and FST with dynamic
vibration absorbers equipped on slabs to investigate the low-frequency vibration isolation
ability of this type of track. They found that the slab acceleration and supporting force
significantly decreased at low frequencies of 10-20 Hz; however, the displacement of the
absorbers was larger than that of the slabs. Jin et al. [36] proposed a new supporting form
using steel-spring isolators, whose vibration reduction frequency range is 1-25 Hz, but
the resonance could not be eliminated successfully. Wei et al. [37] developed an FST with
nonlinear variable-stiffness isolators and semi-active magneto-rheological dampers, which
can provide a 5 dB reduction of the vertical acceleration level at the resonance frequency.
Zhao et al. [38] investigated the structure of a phononic crystal vibration isolator, which
increased the number of bandgaps and broadened the FST bandgap. Sheng et al. [39,40]
proposed a phononic crystal steel-spring FST structure and introduced an elastic wave
bandgap to improve the low-frequency vibration reduction performance of the FST. These
studies were considered from the single perspective of vibration source reduction.

In recent years, the bandgap theory has developed rapidly. Its basic principle is
to design the parameters of periodic structures to prevent vibration waves in specific
frequency bands from passing through periodic structures to achieve the goal of isolating
vibration propagation [41], which makes it possible to minimise the negative impact of
FST resonance on the ground vibration response. Richart et al. [42] first proposed pile
barriers for ground vibration reduction. Subsequently, several studies have been conducted
in this area. Shi et al. [43] proposed a periodic vibration isolation foundation with broad
low-frequency bandgaps. Wang et al. [44] conducted a detailed study on the blocking
effect of periodic in-filled pipes on low-frequency (1-10 Hz) vibration. Ma et al. [10,45]
investigated the vibration reduction effect of periodic pile barriers with specially designed
bandgaps. They found that vibration waves of specific frequencies could be prevented
from propagating in the formation by designing the bandgaps of the periodic piles. The
successful application of periodic row piles for specific frequency-band vibration isolation
in the field of engineering vibration isolation provides a novel idea for the comprehensive
vibration isolation design of metro train-induced vibrations by adjusting the bandgap
design of periodic row piles.

Opverall, with the improvement of precision instruments and other equipment, their re-
quirements for environmental vibration have significantly increased in recent years. Many
universities and research institutions have been equipped with high-precision instruments
with vibration requirements of VC-D or VC-E levels [46]. The phenomenon that the appli-
cation section of FST amplifies the ground vibration at its natural frequency is unacceptable
for such instruments. In the past two years, multiple universities and scientific research in-
stitutions in Tianjin, such as Nankai University, have complained about the adverse effects
of ground vibration below 10 Hz on instruments in the FST section, resulting in economic
losses and legal consequences for the metro operator. Meanwhile, the legal consequences
of train-induced structure-borne noise and vibration are also very noteworthy [47]. Taking
China as an example, the Law of the People’s Republic of China on the Prevention and
Control of Noise Pollution [48] was issued in 2022, which strictly regulates noise pollution
from the national level, including the issue of train-induced structural secondary noise.
If this issue is not properly addressed, it will inevitably lead to subsequent legal issues.
A full-frequency control method for train-induced environmental vibration needs to be
proposed urgently. According to previous studies, the control of environmental vibrations
caused by metro trains is often conducted using a single approach. A vibration control
method that combines vibration source reduction and propagation path isolation may
be extremely effective in minimizing the impact of train operations on the surrounding
sensitive buildings and precision instruments and achieving vibration reduction and iso-
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lation within the full-frequency range. In this study, an environmental vibration control
method that combines FST with periodic row piles was developed, which is based on the
bandgap theory and considers frequency matching. First, a novel 3D train—FST coupling
analytical model in the frequency domain and a 3D tunnel-soil finite element (FE) model
were established to predict ground vibration (Section 2). Second, field measurements were
performed to determine the ground vibration responses of an existing metro line in Tianjin
to calibrate the model calculation results (Section 3). Subsequently, the parameters of the
FSTs and periodic row piles were designed, which was based on the bandgap theory, and
the ground vertical acceleration levels were calculated to compare and analyse the vibration
control effect for the different cases (Section 4). The conclusions of this study are presented
in Section 5. Notably, the 3D train—FST coupled analytical model in the frequency domain
is proposed for the first time, and the idea of comprehensively using floating slab tracks
and row piles, considering bandgap theory, to control train-induced ground vibration is
also novel.

2. Establishment of Prediction Model

In this study, a model analysis method was used to evaluate the effectiveness of the
proposed environmental vibration control method. The prediction model was divided
into a train—FST coupled analytical model and a tunnel-soil coupled FE model. This two-
step decoupled prediction method is widely used for predicting train-induced ground
vibrations [49,50]. In this section, we introduce the two-part prediction model, and the
flowchart of the process of using the prediction model to analyse the ground vibration
under different conditions is shown in Figure 1.

| To determine the testing section }

Investigation of soil Investigation of metro
parameters train and track forms

To establish the track bed-tunnel-

Field measurement soil coupled FE model . .
. 4 : i To establish the metro train-
of the ground (include the model size, mesh size, é
g . . . FST coupled model
vibration response soil parameters, dampmg settings,

boundary conditions and etc.)

’ To calculated the ground To calculated the support
vibration response reactions under a moving train

_— Comparison with™——_

———_measured results — -Un.s:\hs[:\cﬁury: to adjust
— the FE model parameters

—

l Satisfactory

To conduct subsequent prediction ‘
and evaluation analysis

Figure 1. Flowchart for using the proposed prediction model.

2.1. Metro Train—FST Coupled Model and Train Load Calculations

A 3D metro-train—FST coupled analytical model was established in the frequency
domain. As illustrated in Figure 2, the coupled model can be divided into training and
tracking systems.

In the train system, each carriage was simplified as a car body, two bogie frames and
four wheelsets connected by primary and secondary suspension systems. Twenty-seven
degrees of freedom (DOFs) were selected for each carriage in this model, comprising five
DOFs for each car body and bogie frame, and three DOFs for each wheelset. The train
consisted of six carriages.
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Figure 2. Schematic of metro-train—FST coupled model.

Based on the theory of multi-rigid-body dynamics and D’Alembert’s principle, the
equation of motion of each carriage can be expressed in the frequency domain as follows:

(—w2M+iwC+K)U(w) = B(w) )

where U is the vehicle displacement vector of the vehicle in the frequency domain, which
includes the displacement of the vehicle body, the two bogie frames and the four wheelsets,
and the positive directions of the displacement of each component have been shown
in Figure 2. M, C and K are the mass, damping and stiffness matrices of the carriage,
respectively. F is the wheel-rail contact force vector. “*” indicates that the physical quantities
are in the frequency domain.

By re-arranging Equation (1), the displacement response of the carriage can be obtained
as follows:

“1a

U(w) = (™M +iwC+K) ™ F(w)

= Ac(w)F(w) @

where A;(w) is the flexibility matrix of the vehicle.

Based on the inter-relationship between the wheels and wheelsets of a train, by
introducing transfer matrices, the flexibility matrix Az’fﬁ‘ég}e of the wheels is derived; the
detailed derivation process is shown in [51]. Furthermore, the relationship between the
wheel displacement of the entire train and the corresponding wheel-rail interaction force
at frequency wr can be obtained as follows:

—vehicle hicl —=vehicle
Uyvheel (wF) = thégle (wF>er (wP) 3)

T7vehicle . . . . zvehicle .
where Uyjeq is the wheel-displacement vector for the entire train, F,,,  is the corre-

sponding wheel-rail interaction force vector and “-” indicates that the directions of the
wheel displacement and wheel-rail interaction force are opposite.

For the FST system, a 3D FST model was established. The two rails were modelled
as infinite Euler—Bernoulli beams, whereas the finite slabs were modelled as thin plates
(Kirchhoff’s theory) with free boundary conditions. The two rails were discretely fixed
by fasteners on the slab, and the slabs were supported by discrete springs on the concrete
base. Fasteners and springs were modelled as spring-damper elements. According to
the periodic-infinite theory [52], the FST (Figure 3) can be regarded as a periodic-infinite
structure in the longitudinal direction, and a slab with rails and spring-damper elements
within its range can be regarded as the periodic element of the track.
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Figure 3. 3D mechanical model of FST.

Based on the Euler beam theory and the Kirchhoff thin plate theory, the equations of
motion in the vertical direction for this basic element under the action of a moving unit
harmonic load in the frequency domain are given as follows, which mainly includes the
basic equations of the Euler beam [53], thin plate theory, and the terms related to fasteners
and steel spring supports [54]. In Equations (4)-(6), i (xL, y, w) and 48 (x&, y, w) are the
vertical displacements of the left and right rails, abbreviated as i and iR, respectively.
ils(x,y, w) is the vertical displacement of the slab, abbreviated as is:

4 AL Ny L WE—W
Erlraa;r — mew?i 4k Z (ﬁrL - ﬁs)é(y - ym)é(x - er) = %el = (y*yo)(s(x — x}) 4)
a=1
oty DR L xS (AR R) _ 1 ey R
EfIrTyzl_mrw iy +kru:Zl(ur —us)é(y—ym)(5<x—xr> = 5e o 0 (S(x—xr) (5)

4. 4 4 . y Ny R
j (5% + 2550 + 5 ) — pohsw?ils — ki ¥ (k= 15)0(y = yua)0 (x — xE) -
=t ©)

r Ns Ns
) (A% — 115)6(y — yra)d (x — x7) + k;‘hzl 1s0(y — yop)d (x — x) + kébzl A6 (y — ysp)8(x — x&) =0

where E; and I, are the elastic modulus and moment of inertia of the rail, respectively. m;,
is the mass per unit length of the rail. k; = k; +iwcy, where k; and ¢, are the supporting
stiffness and damping of the fastener, respectively. N, is the number of fasteners under
the rail in a basic element. ¥, is the y-coordinate of the ath fastening. Es, vs, ps and hg
are the elastic modulus, Poisson’s ratio, mass density and slab thickness, respectively.
ki = ks +iwcs, where ks and c; are the stiffness and damping of springs under the slab,
respectively. N is the number of supports under the slab along the y-coordinate in the basic
element, and (x%, yg) and (xX,yg,) are the positions of the steel-spring supports under
the slab.

The mathematical mode superposition method, integral-transform method and prop-
erties of the Dirac Function were used to obtain the dynamic response of the track under
moving harmonic loads. The detailed solution process can be found in [55]. By introducing
and organising the rail dynamic flexibility matrix, the rail displacement vector at each
wheel-rail interaction point under moving wheel-rail interaction forces at frequency wr
can be expressed as follows.

= =vehicle

Usail (WF) = Anil (WF)er ((‘JF) ()

Because the typical frequency of metro train-induced environmental vibrations is
lower than 100 Hz, the Hertzian contact theory was applied, assuming that the wheel-
rail contact point is at the central axis of the rail head and that the wheel-rail dynamic
interaction is linear [56]. In addition, when a train moves on the track, the wheel-rail
interaction forces are excited by the track irregularities. In the train-FST coupled model
established here, the track irregularities can be simulated via the trigonometric series
approach based on the power spectrum density (PSD). The PSD of the track irregularity
was the same for each wheel. However, considering that the actual contact point between
each wheel and the rail is not completely consistent, the irregularity experienced by the
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wheels has a random phase difference. Based on this method, the track irregularity acting
on the kth wheel could be expressed as follows

Nr
rOugh(y) = Z /2S5 (QF)AQ - cos[Qr (v — yi) + O] 8)
=1

Uz

where S, (()F) is the PSD of the track irregularity, whose spatial angle frequency interval is
[Q1, Ong ] and the interval depends on the speed of the train and the range of the concerned
frequency, and the sixth order spectrum of the US track spectrum was applied in this paper.
AQ) and O are the length and central frequency of each subinterval divided equally into
N subintervals from [QF, Ong]. 0r is a random phase from 0 to 277. yj is the initial y
coordinate of the kth wheel in the fixed coordinates system.

Furthermore, it can be considered that the irregularity at different frequencies is
independent. According to the interrelationships between various physical quantities, after
mathematical transformation, the amplitude of track irregularity acting on the kth wheel is
expressed as follows when the excitation frequency is wr:

. 0
urgugh(wl:) rough(QF) e 9
where 7" rough (O 25,(QF)AQY/2, umugh F) = ﬁfgugh(w,p)*, and “*” represents

a complex Con]ugate. Sy is the PSD function obtained from the US Federal Railroad
Administration [57].

When the excitation frequency is wr, the vector of the amplitude of the track irregular-
ity acting on all wheels is defined as follows:

_ L R T
Urough (wF) = [Uiough (wF)r Uiough (wFﬂ (10)
=zL 77z1L T722L TzR
where Ulz‘ough (wp) = [ur(l)ugh (wr), urcz)ugh (wF), - urough (w )} ’ Uiough (wp) =
+721R 7722R R
[urtl)ugh (wF)f urcz)ugh (OJF), rough (wP)}

Many experts have Conducted detailed research on the impact of track irregularity
excitation as a source on train-induced environmental vibration. In the time domain,
Zhu [58] compared the dynamic responses of the train and the track under Hertz linear
contact and nonlinear contact conditions, and found that the vehicle body acceleration,
wheel-rail force, displacement and acceleration of the rail and bridge of the linear Hertz
contact model are in good agreement with those of the nonlinear Hertz contact model,
but the computational efficiency is lower than that of the latter. In the frequency domain,
Wu [59] used the maximum wheel-rail dynamic interaction force as an indicator to compare
the differences in train and track vibration between the Hertz linear contact and nonlinear
contact conditions. It was found that, in the frequency band below 200 Hz, the difference
in the wheel-rail dynamic interaction force calculated using the two contact methods was
extremely small. And especially in the frequency band below 100 Hz, there is basically no
wr established in the frequency domain and using wheel-rail Hertz linear contact could
satisfy the requirement of the research of the train-induced environment vibration, the
Hertz linear spring is used to connect the wheels and the rails in the train—-FST coupled
model in the frequency domain. When the excitation frequency of the track irregularity
is wr, the wheel-rail interaction forces of the wheels of the kth wheelset can be expressed
as follows:

F (@) = K[ Z, (@r) = Urgh (r) = Urghgn(er) | (1)
FL (@) = K| Za, (@r) = Urgh(r) = Urghgn(@r) | (12)

1
where kL, = Z%C (Py)3, G is the contact constant and Py is the static wheel-rail interaction
force of the kth wheel.
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—=vehicle
wr

F

i —=vehicl —=vehicl =
(wr) = k|~ AR (W) P (@F) = At (Wp)Far " (0F) = Urougn(wr) |

For the entire train, the wheel-rail interaction forces can be calculated using
Equation (12):

—=vehicl —=vehicl
FZver * e(wF) =kc {U:vehégle(wlf) - Urail(wF) - Urough(wF)} (13)

z1’ ZMy
By substituting Equations (3), (7) and (10) into Equation (13), the dynamic wheel-rail
interaction force at frequency wr can be obtained, as expressed by Equation (14).

where k¢ = diag (kIZ,kIé) and k5 = k5 = diag (kL kL, - -+ kL, ).

(14)

. -1
== [Avwel'?ene:%e (wF) + Arail (wF) + kal (wF)} Urough(wF)

After determining the wheel-rail interaction forces in the frequency domain, the
vibration response of the FST can be calculated using the solution method when the
moving harmonic load acts on the track, as mentioned earlier. Because the track structure
was excluded from the tunnel-soil FE model, the steel-spring support reaction force must
be calculated as the excited force for the FE model. The supporting force of the ith spring
under the jth slab in the frequency domain is obtained as follows:

A k ~ k
Fszi,j (xs,ysi,j,w, wp) = k:z“';i,j (xs,ysi,j, w, wp) (15)

where 71*

i j (x’s‘, Ysi jr W, a)p> indicates that the displacement response of the track with re-

sponse frequency w in the frequency domain at point (x’s‘,ysi,]-) when the wheel-rail

interaction forces with excitation frequency wr act on the rails.
Based on the periodic-infinite structure theory, the steel-spring-supporting force at
any point can be calculated from its mapping point in the periodic element of the FST.

A

_ o
Fyijtn (xs, Yijin @, wp) = etilwr@nLs/OF(xg, ysi 1w, wF) (16)

In Equation (15), ?Si,j n = VYsi,j +nLs, n is the number of periodic elements between
the detection point and its mapping point in the periodic element, and L is the length of
the periodic element.

Finally, based on the principle of superposition, in which the entire moving train
is considered, the supporting force under the (j + n)th slab in the frequency domain is
expressed as follows.

~—~ NR A —~~
Fsi,j (xs/ y si,j’ W) = Z Fsi,j (xs/ y sij’ w, wl—") (17)
F=0

The supporting force of the steel spring in the time domain can then be determined
using the fast inverse Fourier transform, and the excitation force for the tunnel-soil FE
model of the FST conditions can finally be obtained. When the support stiffness of the track
steel spring is set to infinity, the FST can be considered a regular track, and the calculated
fastener-supporting force can be applied to the tunnel-soil FE model as the excitation force
under typical track conditions. It needs be clarified that the infinite stiffness of the steel
spring is only a theoretical expression. In practical calculations, the value of the stiffness
must be set as a certain value. After calculation and comparison, it was found that when
the stiffness of the steel spring is 4 orders of magnitude greater than that of the fastener, the
difference between the results calculated by this model and the results calculated by the
published ordinary track model is small.
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2.2. Track Bed—Tunnel-Soil Coupled FE Model

Based on metro line 3 in Tianjin, a track bed—-tunnel-soil coupled FE model was
established to calculate the ground vibration using MIDAS/GTS. A hybrid prediction
method that combines numerical simulations and measured data was used to analyse and
evaluate the vibration reduction and isolation effects of the comprehensive control method
for metro-induced ground vibrations.

The size of the model was 100 m (length) x 40 m (width) x 40 m (height), and the soil
was divided into three layers; the on-site geological survey results are presented in Table 1.
The tunnel was a double-track double-hole shield tunnel with a buried depth of 15 m,
diameter of 6 m and segment thickness of 0.3 m. The reinforced-concrete tunnel lining had
a Young’s modulus of E= 3.5 x 10'° Pa, Poisson’s ratio of 0.25 and density of 2500 kg/m?3.
A concrete roadbed was poured into the inverted arch of the tunnel, and the foundation
backfill and roadbed plate had a dynamic elastic modulus of E = 4.2 x 1010 Pa, Poisson’s
ratio of 0.3 and density of 2500 kg/m?3. All the parts in this FE model were considered as
elastic and isotropic.

Table 1. Stratigraphic parameters.

. . Shear Wave Density Poisson’s Young's Shear
No. Soil Type Thickness/m Velocity/(m-s—1) /(kg-m—3) Ratio Modulus/MPa Modulus/MPa
1 Plain fill 3.0 130 1930 0.35 88.0 32.6
2 Silty clay 20.0 290 1880 0.45 458.0 157.9
3 Silt 20.0 360 2100 0.36 680.0 250.0

A tetrahedral grid was adopted for the model, divided into a small grid in the near
field, a large grid in the far field and a transitional grid in the middle based on the distance
from the vibration source. The grid size of the roadbed and tunnel was 0.3 m, and the
grid sizes of the first and second layers of soil were divided from the tunnel to the far field
by 0.3~0.6~1.2 m. The grid size of the bottom layer of soil was 2 m. The final number of
grids for this model was 103428. Artificial viscoelastic absorption boundaries [6,60] were
adopted to eliminate the boundary effect of vibration wave propagation. The setting of
viscoelastic artificial boundaries is achieved by setting spring-damping elements on the
variable interface. The stiffness and damping coefficients of the boundary layer are listed in
Table 2, which could be calculated by the equations as follows [61,62]. The final established
FE analysis model is shown in Figure 4.

(= 2
i

Ai; i = piCpiAi; (18)

where k; and ¢; are the stiffness coefficient and the damping coefficient of the boundary,
respectively. G;, p; and C; are the shear modulus, density and compressive wave velocity
of soil, respectively. A; is the area represented by control node i. r; is the distance from
wave source to artificial boundary node i.

Table 2. Coefficients of artificial viscous-spring boundary.

Stratum Spring Stiffness Coefficient Spring Damping Coefficient
Number ky (KN/m3) ky (KN/m3) k, (KN/m3) cp (kN-s/m) ¢s (kN-s/m)
1 18,162 14,005 - 527 253
2 54,543 42,059 1825 550

3 84,736 49,619 50,790 1564 732
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Figure 4. 3D track bed—tunnel-stratum FE analysis model.

3. Field Measurements and Model Verification

Field measurements were performed to determine the ground vibration caused by a
metro train running on an ordinary track of Tianjin metro line 3 to calibrate the correctness
and accuracy of the model calculations. The map of the test section is shown in Figure 5.

€] o (&)

(2]

Figure 5. Location of measurement points and metro line direction map.

3.1. Outline of Measurements

The detection point was at a surface location 36 m from the centreline of the metro
line, whose tunnel was a double-track double-hole shield straight tunnel with a buried
depth of 15 m, diameter of 6 m and segment thickness of 0.3 m. The ground at the
layout of the measuring point is flat and free from potholes, and motor vehicles and
pedestrians are rare here, so had little interference with the testing. Two accelerometers
were installed at the detection point in both the vertical and horizontal directions. Lance
AS0130 series vibration acceleration sensors with a test range of 0.12 g and frequency
range of 0.5-1000 Hz, and a 3160-A-042 multi-channel data acquisition instrument from
Danish B&K company, were used to record the ground vibration accelerations induced by
subway trains running on ordinary tracks at 54 km/h. The sampling frequency of the field
test was set as 1024 Hz, which could obtain the ground acceleration below 512 Hz in the
frequency domain according to the Nyquist rule. Due to the focus of this paper being on
train-induced environmental vibration issues, focusing on the frequency range of 1-100 Hz
and considering the efficiency of subsequent FE calculations, the results shown in this
paper are only below 100 Hz. The tested data was processed by Coinv Dasp V11 software.
Because of the possibility of signal leakage caused by time-domain signal truncation, the
Hanning window, which is suitable for processing non-periodic continuous signals, was
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(a) data acquisition instrument

used when we transformed the tested time-history signal into the frequency domain, which
could be directly selected in the software to eliminate high-frequency interference and
energy leakage. The Hanning window function Hanning(n) is shown below.

{0.5—0.5cos(§z’11),0 <n<N-1

Hanning(n) = 0 else

(19)

wheren =1, 2,..., N — 1is the serial number of the window function; N is the total length
of the window

The testing equipment and on-site layout are shown in Figure 6. The tested metro
train, similar to the model, consisted of six carriages, and the parameters of the metro train
and ordinary track are listed in Table 3.

- (Y -
(d) on-site environment

(b) vibration acceleration sensor  (c) layout of detecting point
Figure 6. Diagram of test equipment and on-site layout.

Table 3. Parameters of train and track.

Parameter Value Parameter Value
mass of car body M. 4.3 x 10* kg stiffness of 5¢ condary 5.8 x 10° N/m
suspension ki
mass of bogie M; 3.6 x 103 kg damping of s.econdary 1.6 x 10° Ns/m
suspension ¢
mass of wheelset My 17 x 10° kg stiffness of primary 1.4 % 10°N/m
suspension ky,
wheel-rail contact constant G 5.147 x 108 m/N?/3 damping Of primary 5 x 10* Ns/m
suspension ¢y
moment of inertia of car body 1.7 % 106 kgm? moment of inertia of wheelset 706 kgm?

around x-axis Jcx

around z-axis Jwy

moment of inertia of car body

around y-axis Jey

moment of inertia of bogie

5 2
2.205 x 10° kgm around x-axis Ji,

9.62 x 103 kgm?

moment of inertia of car body

moment of inertia of bogie

around z-axis Jc, 1.28 x 10° kgm2 around y-axis Ji, 1206 kgm2
momaeguc)rf ;riztiiascifogie 2809 kgm? half—lenicggki):}:;v;een two 63m
static wheel-rail force Py 7 x 10* N half—lervlvg;gell):;::zen two 11m

length of carriage [ 19m fastening stiffness k; 65 MN/m

mass of rail m 60.64 kg/m fastening damping c, 30 kN/m
bending stiffness of rail EI 6.625 MN-m? fastening spacing L 0.6 m

loss factor of rail i 0.01 mass of slab mg 2500 kg/m

steel spring spacing d 1.2m elastic modulus of slab Es 3.1 x 101 N/m?
loss factor of slab #5 0.05
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The established prediction model was used to numerically calculate the surface vi-
bration response under the test conditions. The steel spring stiffness under the slab in the
train—-FST model was set to the maximum value (10° MN/m) to determine the fastener
reaction force of all fasteners within the range of the FE model. The action of the moving
train results in a certain time difference in the support reaction of each fastener as the train
passes through the sequence of fasteners. After calculating the support reaction force of
each corresponding fastener within the range of the FE model via the established train—FST
model, the reaction forces were then applied in the actual spatial order in the form of point
loads to certain positions of the corresponding fasteners on the track bed in the FE model. A
subsequent analysis and calculation could be carried out. A typical fastener reaction force
calculated using the vehicle rail model is shown in Figure 7. Subsequently, the calculated
reaction force of the entire set of fasteners was applied as the excitation load in the actual
spatial sequence to the track bed-tunnel-soil FE model, and the vibration acceleration of the
ground detection points was computed. The Rayleigh damping assumption was adopted
for the soil, and the damping ratio was set to ¢ = 0.03. Because the focus of this study was on
frequencies ranging from 1 to 100 Hz, the Rayleigh damping constants could be calculated
using « = 0.373 and 8 = 9.454 x 107°. A direct integration method was used to calculate
the ground vibration response with a calculation time of 11 s, covering the passing time of
the entire train. When using a FE model for calculation, both the calculation accuracy and
efficiency need to be considered. The shorter the integration step, the higher the theoretical
analysis frequency, but the longer the calculation time. Based on the previous study [6,10],
stable calculation results can be obtained within the frequency range of environmental
vibration concern (1-100 Hz) by taking the integration step as 0.002 s, which theoretically
enables an effective analysis frequency to 250 Hz. Therefore, the integration step applied in
this paper is 0.002 s.

104

E N 3
F oo
=,
E T 102
Q
2
2 10
c
2
U ® 10°
(0]
12
L L L L L L L L L 10-1 L L ) L L L L L L L
1 2 3 456 7 8 9 10 0 10 20 30 40 50 60 70 80 90 100
Time /s Frequency / Hz
(a) time domain (b) frequency domain

Figure 7. Typical fastener reaction force.

3.2. Model Verification

Figure 8 shows a comparison between the ground vertical acceleration at the detec-
tion point calculated using the prediction model and field-measured results. The results
obtained via model calculations in the time domain and the one-third octave (1/3 oct) band
spectra are consistent with the on-site measurement results, demonstrating the accuracy
and reliability of the prediction model. Meanwhile, due to differences between the US
spectrum and rail irregularity in the actual testing conditions in our paper, the results
calculated by the model and obtained by testing had differences. The difference between
the irregularities considered in the model and existing in the test is one of the main causes.
But the calculated results could be used as the excitation source for the FE model when the
environmental vibration issues were discussed, and the established model can be applied
to further analysis and calculations in the following sections.
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Figure 8. Comparison between model calculation and on-site measurement results of ground vibra-
tion acceleration.

4. Case Study and Analysis of Vibration Control Effect

In response to the apparent amplification of ground vibration at the natural frequency
of the FST owing to its application, the vibration reduction effect of a new type of FST was
analysed by adjusting the support parameters of the steel springs and the quality of the
floating slab. Subsequently, frequency matching was considered to design periodic row
piles, and the effect of a vibration control method that combines FST with periodic row piles
was examined. The ground vibration of each case was calculated via the established FE
model, whose excitation source is the support reactions of the steel springs. The difference
in each calculation condition is achieved through inputting different excitation forces to the
FE model, which need to be calculated by changing the parameters of the steel-spring FST
in the train—FST coupled model.

4.1. Design of FST

According to structural dynamics, the natural frequency of the FST is mainly deter-
mined based on the stiffness of the steel spring under the slab and the mass of the slab.
The damping of the steel spring influences the peak vibration of the track. The stiffness
and damping of the steel spring were decreased and increased, respectively, to broaden
the vibration isolation frequency band and to reduce the resonance peak of the FST. The
slab thickness was increased to increase the track mass. The parameters of the adjusted FST
(called the special FST [SFST]) and existing conventional FST (CFST) are listed in Table 4.
The typical reaction forces of the steel spring for the two types of FSTs, calculated using
the 3D train—-FST coupled model in the time domain, are shown in Figure 9. It should
be noted that, since the mathematical mode superposition method is used to represent
and solve the displacement response of the rails and floating slab, and the floating slab
is simulated using a thin plate model, it is necessary to determine the number of modes
required for calculation. In the frequency range of less than 100 Hz that the environmental
vibration problems focus on, when the rail mode is set as 10 and the thin plate modes along,
and perpendicular to, the direction of train travel are, respectively, set as 20 and 10, the
calculation accuracy requirements can be satisfied [55]. Compared to the CFST, the range of
change of the steel spring reaction force under the SFST decreased, which can improve the
fatigue resistance of the steel spring and reduce the impact of vibration on the surrounding
environment from the vibration source.



Appl. Sci. 2023,13, 12979

13 of 20

Table 4. Parameters of two types of FST.

Parameter CFST SFST
slab thickness/m 0.4 0.54
slab length/m 25 25
slab width/m 3 3
vibration isolator stiffness/(MN/m) 6.9 5.5
vibration isolator damping/(MNs/m) 0.03 0.05
6x10* 6x10*
5x10* 5x10*
z z
o 4x10tt < 4x10tt
= =
O 3x10°f O 3x10°f
é 2x10* é 2x10*
[§] [§]
8 1x10*t 8 1x10*t
o o
0 0
il 5 10 15 il 5 10 15
Time /s Time /s
(a) CFST (b) SFST
Figure 9. Typical reaction forces under two types of FSTs.

Figure 10 shows a comparison between the model calculation results for the ground
vertical vibration acceleration under ordinary track conditions and the two types of FST
conditions. Both types of FSTs significantly decreased the ground vibration acceleration,
and the RMS value of vibration acceleration is reduced by one order of magnitude. The
vibration control effect of the SFST is better, because the steel spring support reaction forces
under this condition are smaller than the condition with the CFST, which can be seen
in Figure 9. In addition, the ground vibration exhibited amplification near the natural
vibration frequency of the FST. After adopting the SFST, the natural vibration frequency of
the track decreased from 10 to 8 Hz, widening the effective vibration reduction frequency
band of the track. Moreover, the ground vibration near the natural vibration frequency
of the FST decreased by approximately 5-8 dB. However, the amplification of the ground
vibration at the natural frequency of the FST did not change.

0.03 80
Ordinary track conition (RMS=4.55x10"3m/s?) 70l Ordinary track conition
& 0.02[ —— SFST conition (RMS=1.48x10"m/s?) o —— SFST conition
kS CFST conition (RMS=1.65x10"*m/s?) ~ 60 ——CFST conition
= 0.01 Q 50t
[ ()
= 40r
% 000 .§ 30+
2 @
8 -0.01 @ 20f
Q Q
= -0.02 :(‘3 12 i
-0.03 -10
0 5 10 1 10 100
Time /s Frequency / Hz
(a) time domain (b) 1/3 oct band spectra

Figure 10. Ground vertical vibration accelerations for different cases.

4.2. Design of Periodic Row Piles

According to the previous analysis, ground vibrations can be significantly suppressed
after laying down a steel-spring FST. However, the ground vibration increased in the
frequency range of 612 Hz owing to the resonance effect of the FST. Periodic vibration
isolation row piles were designed and used to control ground vibration in the full-frequency
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band to further control the vibration in this frequency band, using a collaborative approach
of vibration source reduction and propagating path isolation.

The distribution of the local resonance-type row piles was designed using the principle
of phononic crystals, as shown in Figure 11. This type of pile consists of a rubber sleeve
and a concrete pile, which can be prefabricated in the factory. As for the prefabrication and
practical engineering of the row piles, the concrete part could be first inserted into the rubber
sleeve and prefabricated in the factory to obtain the row piles with the proposed form. Then,
according to practical application requirements and on-site conditions, the application of
row piles in engineering can be achieved via an open excavation and backfilling method or
by drilling holes with a width greater than the pile diameter before inserting the piles.

r soil
00 0 0 0 0 0 0 -
concrete pile

rubber sleeve

O QO O | O QO O

(a) structural form (b) basic unit

Figure 11. Schematic of structural form and basic unit of local resonance low-frequency vibration
isolation row piles.

The design goal of the row piles was to generate a bandgap that could cover the natural
frequency of the FST, such that the row piles could be set according to this parameter and
arranged to block vibration propagation in the soil at a frequency of approximately 8 Hz.
Based on the Bloch-Floquet theory and plane wave expansion method, the inner and outer
diameters r; and r, of the cylindrical piles and the pile arrangement period constant a
were calculated. The detailed calculation principles and process can be found in [63,64].
COMSOL Multiphysics 5.3a (a commercial FE software) was used to solve the bandgaps in
the row piles. The parameters of the rubber sleeve were as follows: E = 0.3 MPa, v = 0.463,
p = 1300 kg/m?3, Vp =969 m/s (P-wave velocity) and Vs = 39 m/s (S-wave velocity). The
parameters of the concrete pile were E = 35 GPa, v = 0.25, p = 2500 kg/ m?, Vp =4545m /s
and Vg = 2688 m/s.

When the pile was arranged in three rows using a square lattice and the period
constant a = 1.5 m, the inner radius of the concrete and the outer radius of the rubber were
r; = 0.4 m and r, = 0.5 m, respectively, and the bandgap was generated at 7-9 Hz, as shown
in Figure 12. The lines in this figure means the vibration modes of the soil-piles coupled
system. When there is no vibration mode in a certain frequency band, the vibration waves
in that frequency band cannot propagate within this system. That is, the row of piles can be
set according to these parameters and arrangements to prevent vibration propagation in
the 7-9 Hz frequency band of the soil.

To determine the length of the pile, two steps were considered. Firstly, according to
the reference [63], when the tunnel is buried at a depth of 0.8As,—1.4Asy, the length of the
pile is better if longer than 1.6\, to achieve a good vibration control effect, where the
Asy represents the shear wavelength in the first layer of soil corresponding to the centre-
frequency of the bandgap, and the calculated pile length was 24 m. Therefore, the pile
length should be around 24 m. Secondly, the FE model was applied to calculate the ground
vibration acceleration response under several conditions of pile lengths of 16 m, 20 m, 24 m
and 28 m, respectively, shown in Figure 13.

It can be seen from this figure that, when the pile length is 24 m and 28 m, the
difference in ground vibration acceleration is small. But when the pile length decreases to
20 m (shorter than the distance from the ground to the bottom of the tunnel), the ground
vibration significantly increases, which means that the vibration reduction effect of the row
piles is significantly reduced. Finally, the length of the pile was determined as 24 m.
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Figure 12. Bandgap calculation results.
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Figure 13. The ground vibration acceleration corresponds to different pile lengths.

Based on the calculated design parameters of the periodic row piles, a periodic row
pile model was inserted into the track bed-tunnel-soil FE analysis model, as shown in
Figure 14. The piles were simulated using solid units, and the pile-structure interaction
was simulated using a common node force. The grid size of the periodic row piles was
0.6 m. Next, the ground vibration acceleration response at the detection point under SFST
conditions was calculated using this model.

(a) axial perspective view (b) front view

Figure 14. 3D track bed-tunnel-soil row pile FE model.

4.3. Analysis of Ground Vibration-Reduction Effect

Figure 15 shows a comparison of the ground vertical acceleration at the detection
point calculated using the model under the SFST conditions before and after the periodic
row piles were installed in the time domain. Figure 16 shows a comparison of the one-third
octave curves of the calculated ground vertical vibration acceleration under the normal
track, SFST and comprehensive vibration reduction and isolation conditions.
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Figure 15. Time histories of ground vibration acceleration with and without periodic row piles.
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Figure 16. One-third octave spectrum curves of ground vibration acceleration under three working
conditions.

After using the local resonant periodic row piles, the ground vibration acceleration
in the time domain decreased compared with that before using the row piles, with a
peak vibration acceleration decrease of approximately 10% and RMS value decrease of
0.2 x 10~* m/s? (Figures 15 and 16). In the frequency domain, the vibration waves in
the 7-9 Hz frequency range were effectively blocked by the periodic row piles, resulting
in a decrease of approximately 3-5 dB for the ground vibration acceleration near the
natural vibration frequency of the SFST (6-12 Hz) compared with when row piles were
not used. Furthermore, the ground vibration acceleration was significantly lower than
the acceleration under ordinary track conditions at the natural vibration frequency of the
SFST. The use of periodic row piles eliminated the adverse effect of the FST on the increase
in ground vibration in the frequency range near its natural frequency. The combined
control method proposed in this study controls ground vibrations induced by metro train
operations in the full-frequency range.

Furthermore, the material composition of the row piles was varied to determine
the low-frequency vibration control effect on the ground based on the vibration control
collaborative method. Local resonance row piles were replaced with hollow row pipe piles.
Specifically, the rubber was replaced with concrete, and the original concrete pile position
was designed to be hollow. The ground vibration accelerations at the detection point under
the conditions of the SFST only, SFST with local resonance row piles and SFST with rows of
hollow pipe piles were calculated using the model (Figure 17).

The method with hollow row pipe piles could further reduce the ground vibration in
the time domain, with an RMS value decrease of 0.12 x 10~* m/s? (Figure 17). Furthermore,
from a frequency-domain perspective, the vibration in the 7 Hz low-frequency range signif-
icantly decreased by 4-10 dB, and the ground vibration of other frequency bands did not
change compared to the condition comprising the local resonance row piles. At the natural
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frequency of the SFST, the ground vibration level was still lower than that of the ordinary
track condition when the combined control method of the SFST and hollow row pipe piles
were used, although it was slightly higher than that of the control method combined with
local resonance row piles. Overall, the comprehensive vibration control method of the FST
with hollow row pipe piles can control ground vibration in the full-frequency range, and it
is more effective than other methods in low-frequency vibration control.
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Figure 17. Calculated ground vibrations under different working conditions.

5. Conclusions

The commonly used steel-spring floating slab track can effectively control environ-
mental vibration in the frequency band higher than , /2 times its natural frequency, but the
ground vibration is universally amplified at the natural frequency of the tracks, which has
a significant negative impact on the normal use of precision instruments and other aspects.
A novel ground vibration control method that considers frequency matching for environ-
mental vibrations in combination with metro vibration source reduction and propagation
path isolation was developed in this paper. Two types of periodic row piles were designed
based on the Bloch-Floquet theory, and special FSTs, a 3D train—FST coupled model in the
frequency domain established for the first time and a 3D track bed-soil-row-pile coupled
FE model, were established to evaluate the effectiveness of the proposed vibration control
method. This joint vibration control method not only solves the control problem of low-
frequency vibration (especially the vibration around the natural frequency of the FST), but
also achieves full-frequency ground vibration control, which could provide a solution to
the difficult problem of train-induced ground vibration that is currently prevalent. The
main conclusions of this study are as follows.

(1) CFSTs can reduce the frequency vibration level by up to 40 dB, but vibration amplifi-
cation occurs at 10 Hz, with an amplification of approximately 8 dB. After thickness
adjustment, damping and FST stiffness reduction, the natural frequency of the FST
shifts to a low frequency of 8 Hz, and the ground vibration decreases by approximately
5-8 dB in the frequency band near the natural frequency of the FST, but the vibration
amplification does not be change.

(2) The use of FST can significantly decrease the ground vibration acceleration, and
the RMS value of vibration acceleration can be reduced by one order of magnitude.
Adding row piles in FST lines can further reduce the RMS value of the ground vibration
response by approximately 0.2 x 107# m/s?.

(3) The designed local resonance periodic row piles, whose bandgap range is adjusted
to 7-9 Hz, can effectively reduce ground vibration at the natural frequency of the
FST, with a decrease of 3-5 dB, which is lower than the ground vibration level under
ordinary track conditions.

(4) Replacing local resonance-type row piles with hollow pipe piles significantly decreases
the ground vibration below 7 Hz, which can be reduced by 4-10 dB compared with
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the conditions for local resonance row piles. This also decreases the ground vibration
amplification at the natural vibration frequency of the FST, and the vibration level is
lower than that of the ordinary track condition at this frequency.

(5) The proposed comprehensive vibration control method that considers frequency
matching and combines vibration reduction from the vibration source and propagation
path solves the ground vibration amplification problem at the natural frequency of
the FST in metro lines. Compared with ordinary tracks, the frequency vibration
can be decreased by 4-12 dB in the frequency band below 20 Hz and by 10-35 dB
in the frequency band above 20 Hz, realising ground vibration control in the full-
frequency band. This study provides a new and effective method for vibration control
in scenarios such as when using precision instruments.
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