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Abstract. A coupled model of a track-layered ground-in-filled trench system is developed to
investigate the isolation effects of an in-filled trench on reducing vibrations generated by moving
train loads. By using the substructure method, the whole model is decomposed into two parts: the
layered ground containing the in-filled trench and the track. Firstly, the flexibility coefficient for
moving uniformly distributed loads applied on the layered ground containing the trench is
obtained by using the 2.5D indirect boundary element method. Then, the dynamic equilibrium
equation of the track under the moving train loads and uniformly distributed loads are established.
Finally, the layered ground and the track are coupled according to the equivalence between the
deformation of the track and the vertical displacement of the layered ground. The validity of the
method is confirmed by comparing its results with the published ones. Numerical calculations are
performed by embedding an in-filled trench in a homogenous ground, in a single layered ground
and also in the real site at Ledsgard as examples. The results show that the isolation effects are
different for different ground conditions and for different geometric parameters such as the depth,
width and location of the in-filled trench.

Keywords: moving trains loads, 2.5D indirect boundary element method, in-filled trench, a
layered ground, track.

1. Introduction

In recent years, the rapid development of high-speed trains not only promotes the economy
greatly, but also improves people's life significantly. However, train-induced vibration has also
been a source of annoyance for line-side residents or buildings with highly sensitive instruments.
Therefore, it is of great importance in studying how to reduce the vibrations induced by high-speed
trains.

At present, some vibration isolation methods have been adopted to reduce ground vibrations,
such as heavy rail and seamless line, isolation fastener, elastic foundation, wave barriers and so on.
And wave barriers can be divided into continuous barriers such as isolation trench, bentonite slurry,
concrete wall etc. and discontinuous barriers such as rows of openings, sheet-pile walls etc. Isolation
can be active and passive. Active isolation is the method of reducing wave energy radiated from the
vibration source by setting barriers near the vibration source and passive isolation in contrast is the
method of reducing wave energy by setting barriers near the area to be shielded.

A remarkable amount of literatures has been reported to study the reduction of train-induced
vibration by wave barriers. Woods [1] summarized the basic standard of wave barriers through a
great deal of experiments and adopted an amplitude attenuation factor Ag, to measure the isolation
effectiveness of wave barriers. Beskos et al. [2] studied structural isolation from ground
transmitted vibrations by open or in-filled trenches. Yang and Hung [3] investigated the
effectiveness of three different wave barriers, i.e., the open trench, in-filled trench, and elastic
foundation, in reducing the ground vibrations caused by the passage of trains through a
finite/infinite element model. Adam and Von Estorff [4] established a two-dimensional
soil-structure system containing the cross-section of a railway embankment, the underlying soil,
a trench barrier and a nearby six storey building and described the effect of open and in-filled
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trenches in reducing the building vibrations due to passing trains. Hung et al. [5] studied the
effectiveness of different vibration countermeasures (open trenches, in-filled trenches, and wave
impeding blocks) in isolating the ground vibrations induced by trains moving at sub- and
supercritical speeds, with respect to the Rayleigh wave speed of the soils. Andersen and Nielsen
[6] employed a coupled finite element-boundary element model to examine the influence of the
track design and properties on the level of ground vibration due to a vehicle. With et al. [7]
presented a comparison between measured train-induced ground vibrations in the free-field before
and after countermeasures had been taken at Kahog in Sweden and used two-dimensional finite
element model to study the relative importance of the wave barrier and the noise-embankment.
Deng et al. [8] analyzed the efficiency of vibration isolating groove's depth, width and position to
the vibration caused by vehicle load using FEM and NEWMARK implicit integration algorithm.
Gao et al. [9] established 2.5D finite element model of train-track-ground-vibration
countermeasures and analyzed the effectiveness of different vibration countermeasures including
open trench, in-filled trench and concrete slab in isolating the ground vibrations induced by trains
moving at sub- and high-speeds. Other researches in this area in recent years are carried out by
Hildebrand [10], Yang et al. [11], Jesmani et al. [12], Tsai [13], and Zakeri et al. [14]. In a recent
study, Kim [15] studied the characteristics and the reduction methods of ground vibration due to
the tilting train. Chiang and Tsai [16] examined the screening effectiveness of open trenches on
reducing vibration generated by a high-speed train using 2D boundary element method in time
domain. Esmaeili et al. [17] firstly used a V-shaped trench to investigate the effect of the trench’s
shape on its performance.

It should be noted that the above studies are restricted to the homogenous ground. However,
the layered ground is more common and dynamic responses of the layered ground can be
significantly different from the homogenous case according to the author's previous study [18].
At present, there are few studies reported to investigate the isolation effects by using the layered
ground model. Banerjee et al. [19] and Leung et al. [20] studied the problem of isolating structures
from surface waves by open or filled trenches in layered medium using the Green's function.
Karlstrom and Bostrom [21] adopted a 3D analytical approach to account for trenches on one or
both sides close to a railroad and the ground was modelled as a layered semi-infinite domain. Di
Mino et al. [22] analyzed several open trench configurations such as width and depth, distance
from the rail, thickness of the soil layer over the rigid bedrock, type of the ground, ratio between
the depth of the trench, and the thickness of the soil layer. Sivakumar Babu et al. [23] used finite
difference tool FLAC 5.0 to suggest effective vibration isolation systems. Connolly et al. [24]
undertook a geophysical investigation on a high speed railway line outside Edinburgh, Scotland
and established a 3D finite element railway model using commercially available software to
mitigate vibration levels. Jiang et al. [25] studied two mitigation measures-open trenches and
buried soft wall barriers using coupled finite element-boundary element models. Gao et al. [26]
analyzed the effectiveness of passive vibration isolation by open trench in upper soft-layer and
lower stiff-layer visco-elastic foundations in detail. Yuan et al. [27] built a model for open trenches
in a saturated ground and investigated the vibration-isolation effects of open trenches in three
saturated grounds (homogeneous saturated ground, layered saturated ground and saturated ground
with upper layer being single-phase elastic medium).

In this paper, a coupled model of track-layered ground-wave barrier is established and the
in-filled trench with rectangular cross-section serves as the barrier. And the isolation effects of the
in-filled trench are studied in detail. The rest of the paper is organized as follows. Firstly, the
method is introduced in detail. Secondly, the accuracy of the method is verified by comparing its
results with the published ones. Thirdly, numerical calculations are performed by embedding the
in-filled trench in a homogenous ground and in a single soil layered ground as examples and the
effects of depth, width and location of the in-filled trench on the isolation effects for the sub-,
trans- and supersonic speed train loads are studied specifically. Finally, the proposed method is
used to investigate the isolation effects of the Swedish high-speed train X-2000 induced vibration
at Ledsgard by using the in-filled trench.
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2. Model and methodology

A track resting on a layered ground containing an in-filled trench is illustrated in Fig. 1. The
geometric parameters of the trench are defined as follows: trench depth of H, trench width of W,
distance from the track to the centerline of the trench as D. The layered ground is formed by N
horizontal layers and the underlying half-space. Each of the N media forming the layered ground
is assumed to be slightly dissipative and is characterized by the shear wave velocity C;“ /| the mass
density p“/, Poisson’s ratio v“/, and the hysteretic damping ratio ¢*/ (j = 1, N). The underlying
half-space is characterized by the complex S-wave velocity c¥, the mass density p®, Poisson’s
ratio R, and the hysteretic damping ratio {¥. The in-filled trench is characterized by the shear
wave velocity c;, the mass density p,, Poisson’s ratio v,, and the hysteretic damping ratio {;. The
track system comprising rails, sleepers and ballast bed is modeled by an Euler beam with the mass
per unit length being M and a bending rigidity being EI. And the width of the track is B (B = 24).
Point A (x =6 m,y =0 m,z =0 m) and Point B (x =13 m,y =0 m, z =0 m) are the two
observation points.

Train Jdads 4 4o '
TrackSystem /" Incfilled trench Train Idads E“ d trench
— f B x _ At
3 o] T _— S
i }, Soil layerl Track + Soil layerl
# E—( ¢ T 5] :

Soil layerN Soil layerN
Half-space Half-space

Fig. 1. The coupled model of a track -layered ground-trench system

To solve the problem, the substructure process is introduced. And the whole model is
decomposed into two parts: the track and the layered ground containing the in-filled trench
(Fig. 1). Firstly, the flexibility coefficient of a layered ground containing an in-filled trench under
moving uniformly distributed line loads is obtained. Then, the dynamic equilibrium equation of
the track under the moving train loads and also the moving uniformly distributed line loads is
established. Finally, the two parts are assembled together according to the equivalence between
the deformation of the track and the vertical displacement of the layered ground.

A 2.5D indirect boundary element method is proposed to obtain the flexibility coefficient of
the layered ground containing the in-filled trench. It is assumed that the train speed is constant,
and also the track properties and the soil parameters of every cross-section vertical to the direction
of the track are the same. The 2.5D formulation reduces the discretization effort to the
cross-section of the in-filled trench by exploring the particular feature of dynamic response
repeating themselves with a certain delay of time in time domain (a certain delay of phase in
frequency domain) when the train moving with a constant speed. The 2.5D indirect boundary
element method will be described in detail in the following subsection. To calculate the flexibility
coefficient conveniently, we decompose the layered ground containing the in-filled trench into
two parts: domain outside of the in-filled trench and domain inside of the in-filled trench. Further,
we define the total wave fields outside of the in-filled trench as the summation of the free field
responses and the scattered field responses, and the total wave fields inside of the in-filled trench
as the scattered field responses only. The free wave fields are defined as the train-induced dynamic
responses (displacements and tractions) in a layered ground without the in-filled trench. And the
scattered wave fields are defined as the additional wave fields due to the inhomogeneity of the
in-filled trench. The scattered wave fields outside and inside of the in-filled trench are simulated
by applying two sets of virtual moving uniformly distributed line loads on the boundary of the
in-filled trench. The densities of the two sets of moving uniformly distributed line loads can be
obtained by introducing the boundary conditions. Finally, the total wave fields outside of the
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in-filled trench are obtained by adding the free wave fields to the scattered ones, in other words
the flexibility coefficient of a layered ground containing the in-filled trench is obtained.

2.1. The flexibility coefficient of the layered ground containing the in-filled trench
2.1.1. Free wave fields responses

The free wave fields responses are calculated by using the direct stiffness method. The
procedures are as follows. Uniformly distributed line load with width 2A and density g, moving
along the y direction (Fig. 1) can be expressed as:

q(x,y,z) = %5()’ - Ct)|X| < A: (1)

where c is the moving velocity and § is the Dirac function. Performing Fourier transformation on
Eq. (1) with respect to the two horizontal coordinates and also with respect to time, the load
amplitude in frequency and wave number domains can be expressed as:

- 1 (® >t . . .
q(kx, ky, w) = Wf_ J-_ f_Aqexp(lkxx + ikyy — lwt) dx dydt

_ qosin(k,A) (k w)
— 0|k, )

4%k, c T c

2

where k, and k,, are the wave numbers with respect to x and y. w is the circular frequency with

respect to the time t. The discrete dynamic equation of the layered ground under 5 (kx, ky, a)) can
be written as:

{ﬁxm ﬁyOJ iﬁzo: ©ty UxnNy ITLyN' iﬁzN} = [SP—SV—SH]_l{O'OJ iCEIJ :0'0'0}' (3)

where {ﬁxo,ﬁyo, iﬁzo, T ﬁxN,ﬁyN, iﬁzN} is the vector of displacement amplitudes at the layer’s
interfaces. [Sp_gy_gy] is the three dimensional dynamic stiffness of the layered ground [28].
Solving Eq. (3), the displacement amplitudes at the upper and bottom interfaces of each layer are
obtained and then the amplitudes of the up- gomg and down—gomg waves in the correspondlng
layer are obtained. Finally, the displacements i,f, uyf and 2, and tractions txf, tys and tzf in
frequency and wave number domains can be obtained through the relationship between the
dynamic responses and the amplitudes of up-going and down-going waves.

It should be noted that the above calculations are performed in frequency and wave number
domains, and the dynamic responses in time and space domains can be obtained by using inverse
Fourier transformation given by Eq. (4):

fy,zt) = J j J f(kx,ky,z,w)(S(k'y_ky)exp(—ikxx—ikyy)dkxdkydw
. . ~—OO —00 v —00 (4)
=f f f(kx: ky, z, w)eXp(—ikxx) dk,dw,

where, k;, = w/c, f (kx, ky,z, w) is the dynamic response in frequency and wave number
domains, f(x,y, z, t) is the response in time and space domains.

2.1.2. Scattered wave fields responses

As stated above, the scattered wave fields outside and inside of the in-filled trench can be
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simulated by applying two sets of virtual moving loads on the boundary of the in-filled trench.
This method is also called the Green's functions method. In this paper, the used Green’s functions
include Green’s functions for moving uniformly distributed loads acting on a horizontal line and
also on a vertical line in a layered ground. The Green’s functions for moving uniformly distributed
loads acting on a horizontal line in a layered ground can refer to Ref. [29]. As to the Green’s
functions for moving uniformly distributed loads acting on a vertical line, the main procedures are
as follows (Fig. 2). Firstly, the moving uniformly distributed loads are transformed into the
frequency and wave number domains. And in the transformed domain, the moving uniformly
distributed loads are fixed by introducing two additional interfaces at their upper and bottom
boundaries to obtain the dynamic responses restricted in the fixed layer and the corresponding

reaction forces Ryq, Ry1, Rz1, Ryz, Ry, and Ry, Secondly, the dynamic responses of the reaction
forces are determined by applying them with opposite sign to the whole layered ground. And the
dynamic responses due to the reaction forces are obtained by direct stiffness method. Thirdly,
dynamic responses restricted in the fixed layer are added to those of reaction forces to obtain the
global ones. Finally, dynamic responses in the frequency and wave number domains are retrieved
by inverse Fourier transformation.

X
/C -Train speed 2@1 - =

y - —_ { _ 2244 R;'IT' {4’/71] st e A]L E"l

o —— e

D= P }d = = t Ra

T TTTTTTTTTTTTT Y =~ = / =
P Soil layer Li/':_ x2 Ry R%z } R
| Z Half-space Ezz}

Fig. 2. Dynamic Green’s functions for moving uniformly distributed loads acting
on a vertical line in a layered ground

As is shown in Fig. 2, uniformly distributed loads in the x, y and z directions moving along
the y axis can be expressed as:

(Do Py D2} = (Pxo Py Do} 8y — cb), ®)

with pyo, Dyo, Pzo being the uniformly distributed loads densities in the directions of x, y, z,
respectively. Performing Fourier transformation with respect to the two horizontal coordinates and
also with respect to time on Eq. (5), the loads amplitudes in frequency and wave number domains
can be expressed as:

= = = Olw—kyc
(Bopyps) = (ProPyorpa) ﬁ (6)

The displacements, which varied as exp(—ik,x)exp(—ik,y) in the two horizontal directions
and also as exp(iwt) in frequency domain, can be expressed as:

{ux,uy,uZ}T = {ﬁx,ﬁy,LELZ}TeXp(—ikxx)exp(—ikyy)exp(iwt), 7

where ﬁx, ﬁy and 1512 are the corresponding displacements amplitudes. The harmonic dynamic
equilibrium equation can be expressed as:
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(A* + pH)grad(divU) + p*V2U = —pw?U — p, 3

where p = {p,,p,, ﬁZ}T is the vector of the virtual moving uniformly distributed loads.
A=A + 2id,) and pu* = u(1 + 2i{,) are the two complex Lamb constants. {; is the hysteretic
damping ratio. By inspection, the amplitudes of the particular solutions (identified with superscript
p’) of Eq. (8) can be specified as:

§(w — kyc)
(@m)3c)

By substituting Eq. (9) into Eq. (8) and identifying the constant terms, the following equation
for the three constants (a,, a, and a3) are obtained:

&)

= T
{u§lu§! } = {alﬂaZJaS}T

T
[Al{ay, ay, a3} = {_Pxo, —Pyo, _on} , (10)
where:

Ay = pw? — XkZ - (2k2 + k2), Az = -4 + ukky,
A13 = 0, AZl = AlZ' AZZ = pa)2 - A*ka/ - ‘Ll*(k,% + ijz,),
A3 =0, Az3 = Az, Az = Aps, Asz = pw’® — A'pf — #*(ki + ka,)

Substituting the coefficients a4, a,, a; solved by Eq. ( 10) into Eq. (9), and 1ntroduc1ng z=0

and z = d into Eq. (9), the amplitudes of displacements uxl, ugl, ﬁfl, ﬁsz, 1152, and u uz2 at the

upper and bottom interfaces of the fixed layer can be obtalned And then the amphtudes of

p — p — _Zp pp _Zp
partlcular reaction forces are obtained with R Tos R} Zyl, R, = —0,,R;;; =T,
Sp _ _ _Zzp
Ry2 = szz and R Oyp-

To fix the two 1nterfaces the homogeneous solutions (identiﬁed with superscript ‘h’)

P, ub,, i, and u uZ2 must be imposed on the

corresponding to the negative values of i uxl, 21> x> Uy, 2

yl’
particular ones. The external loads (homogenous reactions) Rxl, Ryl, Rzl, sz, R y2 and R 7 Tesult
from:

= T ~ ~ ~ -~ -~ -~ T
{Rxl, Ry, RZI, sz,Ryz,lez} = [Sh_sy_sul{—12,, —Uy,, =ity —UY,, —uyz,—Luzz} , (1D

where [SE_sy_sy] is the exact 3-D stiffness matrix of the layer which can refer to Ref. [28]. The
total external loads at the top and bottom of the fixed layer which need to be applied on the total
layered half-space are equal to:

= = = 5T = = = = = = 5T

{Rxl,Ryl, Rzl} = { RP, —RM,—RP —RE,—RD, — Rgl} ) (12a)
= =z = T = = = = = T

{RXZJ Ry21 Rzz} = {_Rzz - R?z; _RJZ:Z R;Z, RSZ Rgz} . (12b)

Substituting Eq. (12) into discrete dynamic equation of the layered ground (assuming the
vertical load locates in the lth layer), we have:

= = .= = = = 1T
{uxO' uyo' WUzg, **, Uxn, uyN' luzN}

~ . (13)

= = = T
= [SP—SV—SH] {0 0,0,- xl 1 Pyl 1 lPZl 1 P xU Pyl' lel '0'0!0} .
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Solving Eq. (13), the displacements amplitudes at the upper and bottom interfaces of each soil
layer are obtained, and then the amplitudes of the up-going and down-going waves are obtained.
Finally, the displacements and tractions at every point can be obtained through the relationship
between the dynamic responses and the amplitudes of up-going and down-going waves.

It should be noted that the above calculations are also performed in frequency and wave
number domains which is the same as the calculation for the free wave fields, and the Green’s
functions in frequency and space domain can be obtained with the inverse Fourier transformation.

Letting [gL(x,y,z)] and [gf(x, v, z)] are the displacements and tractions Green’s functions
for the layered ground (outside of the in-filled trench) and [gZ (x,y, z)] and [g¥ (x,y, z)] are the
displacements and tractions Green’s functions for the in-filled trench, the displacements and
tractions in the region of the layered ground and in the region of the in-filled trench can be
expressed as:

(kg g iy} = (950 Y, D){Bro Bry Brc) (142)
{teg. B9 g "= lgtey, Z)]{ﬁu'ﬁw:ﬁu}T; (14b)
{aly, 105, 5} = (9500 y, 2D Bow Boy. Bs} » (14c)
{f;g'f;g’fZTg "= l9{ (x,y, Z)]{ﬁZx'ﬁZy!ﬁZZ}T’ (14d)

where the subscript ‘g’ indicates results attributable to the moving uniformly distributed loads,
while the superscripts ‘L’ and ‘T’ denote parameters associated with the layered ground and the
in-filled trench, respectively. {ﬁlx,ﬁly,ﬁlz}T and {ﬁz,c, ﬁzy,ﬁZZ}T are the load vectors acting on

the interface S to calculate the Green’s functions for layered ground and the in-filled trench,
respectively.

2.1.3. Boundary conditions

The boundary conditions on the interface of the in-filled trench (continuity of displacement
and traction) can be expressed as:

T -{:Lxg(s) Exf(s) T E}cwg(s)
f W | |#e®]|+ 56| |ds = f W) e, |ds, (15a)
s OIS s 7,(s)

[ [7E g () Ty r(S) r [8xg(s)
j w) | et +|a,6)] | ds = J W) a2, 0s)]|ds, (15b)
s _ﬁng(S) ﬁzf(S) s azg(s)

where, T34(s), T54(5), t24(S), tiz4(s), 1i54(s), iz, (s) are the tractions and displacements on the
interface corresponding to the layered ground; £, (s), £5,(s), £1,(s), i1 (s), i}, (s), tiz,(s) are
the tractions and displacements on the interface corresponding to the in-filled trench; &, (s),
Eyr(s), T, (s), Giyp(s), iyf(s), fi,p(s) are the tractions and displacements on the interface
corresponding to the free wave field; For simplicity, [W (s)], the weighting function, is chosen as

a unite matrix to calculate the integral over each element separately. Substituting Eq. (14) into
Eq. (15) gives:

[TH(Br oy Bra) + [Tr] = [T Brxs Doy Baz} (162)
T T
[VE{Brx Prys Prz) + (V] = [V [{Boxs Bay: B2z} (16b)
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where:

1] = [ WO loklds, [77]= [ W@ (6] @)las
7] = f WOV [f4r (), By (), ()] s,
[%] = f W@ [gh@ds, [§]= | W@ [ghelds
[v] = f W ()T [y (5), By (5), By ()] .

Solving Eq. (16), the two sets of virtual loads {ﬁlx,ﬁly,ﬁlz}T and {ﬁzX, ﬁzy,ﬁzz}T are

obtained. Substituting loads {ﬁlx, D1y, ﬁlZ}T into Eq. (14a), the scattered fields for the
displacements are obtained. Finally, the total displacements at every point in the layered ground
are obtained by adding the free field responses to the scattered field responses:

N L S L L W 9 )

And Eq. (17) can be rewritten as:

o T T
{0y, 7,) = {64, (6,9, 2,0), 64 (6,7,2,0), G, (1,3, 2,0)} G, ), (18)

where G, _(x,y, 2z, w), Guy (x,y,2,w), Gy, (x,y,2 w) are the flexibility coefficients in the x, y,
and z directions of the layered ground containing an in-filled trench under moving uniformly
distributed loads, §(y, ) is the moving vertical uniformly distributed load and {ﬁx,ﬁy, ﬁZ}T is
the vector of the displacements.

It should be noted that the above calculations are performed in frequency domain, and the

displacement, velocity and acceleration in time domain can be obtained by using inverse Fourier
transformation:

Ue(x,y,2,t) o (Ux(x,v,2z,w)

uy,(x,y,2,t) =f iy, (x,y,2z,w) ; et dw, (19)
u,(x,y,2,t) —®\i,(x,y,z 0)

Ue(x,y,2,t) o i, (x,y,2z,0)

vy, (x,¥,2,t) =.[ iw{ly(x,y,z,w) et do, (20)
v,(x,y,2,t) e i,(x,y,z,w)

ax(x,,2,t) o Uy (x,y, 2, w)

a,(x,y,z,t) =f (—w?){ty,(x,y, 2, 0) } et dw. 21)
a,(x,y,2,1t) - i,(x,y,z,w)

2.2. Couple the layered ground and the track

Assuming the interaction force between the track and the layered ground is q(y,t), the
dynamic equilibrium equation can be expressed as:

2 % g t)+z (y—ct+1L,) 22)
ay4 atz_ aly, by ¢ nts

n=1
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where ( is the deformation of the track, >, p, (y — ct + L,,) is the summation of the axle loads
and the detailed expression can refer to [29]. Performing Fourier transformation on Eq. (22), the
following equation is obtained:

M
(Elk — M)k, @) = 283(ky, 0) + Y F(ky, ). (23)

n=1

The layered ground and the track are coupled by letting the deformation of the track equal to
the vertical surface displacement of the layered ground containing the in-filled trench:

§(ky, ©)G,,(0,0,0,w) = Q, 24

where G, (0,0,0,w) is the vertical flexibility coefficient of a layered ground containing an
in-filled trench. Combining Egs. (23) and (24), the interaction forces can be obtained. Substituting
the interaction force into Eq. (22), the deformation of the track is obtained. Substituting the
interaction force into Eq. (18), the displacement responses in frequency-space domain are obtained
and the displacement, velocity and acceleration responses at every point in time-space domain are
obtained by Eq. (19), Eq. (20) and Eq. (21).

3. Verification of the method

To verify the accuracy of the presented method, our results are firstly compared with those of
article [30, 31] which examined the screening effectiveness of open trenches on reducing vibration
generated by a high-speed train using the 2D boundary element method. To compare, we set the
shear velocity of the in-filled trench as 1 m/s and k,, = 0 (by setting k,, = 0, the presented 2.5D
formulation in this paper reduces to the 2D case and setting the shear of the in-filled trench as
1 m/s to obtain an open trench). The model of uniformly distributed load acting on a homogenous
ground containing an open trench is illustrated in Fig. 3. The material properties of the
homogenous ground are as follows: the shear modulus u = 132 MN/m?, Poisson ratio v = 0.25,
mass density p = 1785.7 kg/m?, shear velocity ¢, = 271.88 m/s. The material damping is not
included in this study. A uniform traction is subjected to a zone of 2A = 2 m in width. The time
history of traction is a triangular impulse (amplitude of impulse P = 1 MN/m?). The rise-time of
the load is 0.002 s, and the duration of the load is 0.004 s. The distance from the center of the
loading zone to the center of the open trench (width: W =1 m and depth: H =3 m) is 11.5 m.

P()
1MPa
A —— N ffS
£ 0.002  0.004
% D -k 10m -
L L L R -
— 2A+— — A B x
0.5m H
|

0.25m
Fig. 3. Model of an opened trench to reduce ground vibration

The vertical displacement time history of Point A (x = 10 m, y = 0 m) and Point B
(x =13 m, y =0 m) shown in Fig. 3 are illustrated in Fig. 4 and the dimensionless time t* and
dimensionless displacement u;, are defined as follows: t* = c;t/A, u, = psu,/PA. As can be
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seen from Fig. 4, our results are very close to those obtained by Israil and Banerjee [30] and also
by Chiang and Tsai [31]. This validates the accuracy of our method. And it should be noted that
Israil and Banerjee [30] used the full-space Green’s function to formulate their boundary element
method, so that the free surface of the ground also needed to be discretized. And we use the
half-space Green’s functions in the present indirect boundary element method, so that only the
free surface of the open trench needed to be discretized.

0.06 u” —e— |srail, Banerjee(1990) 0.06 T —e— |srail, Banerjee(1990)
z —a— Chiang, Tsai(2014) z —a— Chiang, Tsai(2014)
002 | This paper 0.02 | —— This paper
-0.02 L -0.02
-0.06 + -0.06
010 ool
0 3 6 9 12 *15 18 21 24 27 0 3 6 9 12 *15 18 21 24 27
t t
a) Displacement time history at Point A b) Displacement time history at Point A
without the trench with the trench
0.06 - u & —e— |srail, Banerjee(1990) 0.02 u * —e— |srail, Banerjee(1990)
z —a— Chiang, Tsai(2014) z —a— Chiang, Tsai(2014)
Thi —— Thi
0.02 is paper 0.00 This paper
-0.02 +
-0.02 +
-0.06
-0.04 -
o0 S
0 3 6 9 12 *15 18 21 24 27 6 9 12 15 18 21 24 27
t t
c¢) Displacement time history at Point B d) Displacement time history at Point B
without the trench with the trench

Fig. 4. Comparison between the results obtained by the presented method
with those of Israil and Banerjee [30] and Chiang and Tsai [31]

Then, our results are compared with those [32] of the Swedish high-speed train X-2000
measured by Swedish National Railway Administration in 1997-1998. To compare, we set the
material parameters of the in-filled trench the same as the layered ground to obtain a homogenous
layered half-space (without in-filled trench). The material parameters of the layered ground are
listed in Table 1. The track properties are given in Table 2. Fig. 5 illustrates the Swedish Railway
X-2000 high-speed train with five cars and the axle loads at the precise positions on each individual
car are taken into account as indicated in Table 3. Fig. 6 illustrates the deformations of the track
obtained by the presented method with those of the actual field measurements for different train
speeds. As can be seen, our results are in good agreement with those of the article [32].

Ls L Ls L L L

Ty

v 11 Po P P Psi P P P2 Pu
P52 Pj.’
Fig. 5. X-2000 train geometry and axle loads
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Table 1. Soil parameters for train speeds of 70 and 200 km/h

. Thickness |Mass density| Shear velocity cg / (m/s) POIS.SOH Damping ratio {
Soil layer W/ m / (kg/m®) ratio
P 16" =70 km/h[C =200 km/h| v |C = 70 km/h|C = 200 km/h
Surface crust 1.1 1500 72 65 0.49 0.04 0.063
Organic clay 3.0 1620 41 33 0.49 0.02 0.058
Clay 4.5 1475 65 60 0.49 0.05 0.098
Clay 6.0 1475 87 85 0.49 0.05 0.064
Half-space o0 1475 100 100 0.49 0.05 0.060
Table 2. Track properties
. Track width | Mass density | Bending rigidity . .
Train speed B/m M/ (ke/m) EI / (MN/m?) Damping ratio {
70 km/h 3.0 10.8E3 200E6 0.1
200 km/h 3.0 10.8E3 80E6 0.1
Table 3. Train geometry
Car number n 5 4 3 2 1
P, / kN 181.5 | 122.5 | 122.5 | 1225 | 1225
P,y / kN 180.0 | 122.5 | 122.5 | 122.5 | 122.5
a,/m 2.9 2.9 2.9 2.9 2.9
b, /m 6.6 14.8 14.8 14.8 11.6
L,/m 1717 | 244 | 244 | 244 | 22.17
I - = 70km/h - - - Field measurement &y ¢ =200km/h - - - Field measurement
€= — This paper 10l —— This paper
3 %5
= a
-10
. . . . : -15 . . . )
"% 2 4 6 8 10 1 2 3 4
t/s tls
a) 70 km/h b) 200 km/h

Fig. 6. Comparison between the results obtained by the presented method with those of field measurements

As the parameters of the in-filled trench approach the parameters of the ground, the dynamic
responses should approach the dynamic responses of the free field (dynamic response of the
ground without the trench). Motivated by this idea, the time history curves of the displacement
and also the corresponding maximum values for different shear wave velocity ratios between the
in-filled trench and the homogenous ground are compared. The parameters of the homogenous
ground are listed in Table 6. The shear wave velocity ratios are ¢* = ¢;/c; = 0.8,0.9,1.0, 1.1, 1.2
and the corresponding parameters of the in-filled trench are listed in Table 4. Track properties are
as follows: Track width B = 3m, mass density M = 10.8x10°kg/m, bending rigidity
EI =200x10° MN-m?, damping ratio { = 0.1. The axle load is one car of 160 kN. The train speeds
are ¢ = 60 m/s (subsonic cases), ¢ = 92 m/s (transonic cases) and ¢ = 120 m/s (supersonic cases)
with respect to the Rayleigh wave velocity of the homogenous ground.

Fig. 7 shows the time history curves of the displacement in the x, y and z directions at point A
(Fig. 1) and Table 5 show the corresponding maximum values. The depth of the in-filled trench is
H = 3 m, the width of the in-filled trench is W = 1 m and the distance between the center of in-filled
trench and the track is D = 4 m. As is shown in Fig. 7 and Table 5, the time history curves approach
the time history curves of the free filed with the shear wave velocity ratio getting closer to ¢* = 1.0,
especially for subsonic and supersonic cases, which give additional confidence of our method.
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Table 4. Soil parameters inside of the in-filled trench

Shear velocity ¢; / (m/s) | Mass density p; / (kg/m®) | Poisson ratio v, | Damping ratio {;
80 2000 0.25 0.05
90 2000 0.25 0.05
100 2000 0.25 0.05
110 2000 0.25 0.05
120 2000 0.25 0.05
Table 5. The amplitudes of the time history curves
c* 0.8 0.9 1.0 1.1 1.2
u, /mm | 0.0689 | 0.0684 | 0.0679 | 0.0675 | 0.0670
c=60m/s | u,/mm | 0.0546 | 0.0548 | 0.0548 | 0.0547 | 0.0545
u, /mm | 0.2280 | 0.2278 | 0.2273 | 0.2266 | 0.2258
u, /mm | 0.1916 | 0.1808 | 0.1724 | 0.1657 | 0.1602
c=92m/s | u,/mm | 0.5566 | 0.5416 | 0.5255 | 0.5090 | 0.4916
u, /mm | 0.8767 | 0.8496 | 0.8322 | 0.8140 | 0.7960
u, /mm | 0.2297 | 0.2273 | 0.2252 | 0.2217 | 0.2179
c=120m/s | u, /mm | 0.3062 | 0.2987 | 0.2922 | 0.2884 | 0.2839
u, /mm | 0.4335 | 0.4255 | 0.4196 | 0.4149 | 0.4109
c = 60m/s ——¢*=0.8 ——¢*=0.9 ——¢*=1.0 c=1.1 c*=1.2
002 u /mm 0.06 [u, /mm 0.24 - u,/mm A
0.00 o 003} 018}
0.02| \\‘ /"
\/ 0.00} 012}
0041 \ ) N
0.06L \/ -0.03 ; 0.06 | N
-0.08 I I I . 1 -0.06 . = . . | 0.00 . . . . )
05 03 -01 01 03 05 -05 -03 01 01 05 05 03 -01 01 03 05
t/s
c=92m/s —¢*=0.8——¢*=0.9 ——c¢*=1.0 c*=1.1 c*=1.2
0051 /mm 02y, /mm N 09y /mm ‘
0.00 |~/ S~ 0.0k / — 06} \
005} et
02+ 03} \
010} \__
-0.15+ 04+ 0.0k /\
-0.20 I 1 I I 1 1 .06 I h I I . 0.3 1 1 I 1 1 )
02 01 00 01 02 03 04 -02 -01 00 01 02 03 04 -02 -01 00 01 02 03 04
t/s
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Fig. 7. The time history curves of the displacement for different in-filled trenches

. Numerical results and analyses

In practical engineering, stiff in-filled trench are widely used. And the isolation effects of the
rigid barriers (¢* = ¢;/cg > 1, ¢, and c; are shear velocities of the in-filled trench and ground
respectively) are stable. Therefore, for all the calculations in this paper, the parameters of the

in-filled trench are kept invariant with the shear velocity ¢; = 500 m/s, the density
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Py = 2400 kg/m’, the Poisson’s ratio v, = 0.25, and the damping ratio {, = 0.01.
4.1. Results for the homogenous ground and the single layered ground

In this section, we will take the homogenous ground and also the single layered ground as
examples to study the isolation effects due to the in-filled trench. Firstly, the influences of the
trench depth, trench width, and location between the in-filled trench and the track on the ground
vibrations are studied by using the homogenous ground model. Then the isolation effects to the
single layered ground are studied. Finally, the isolation effects to the homogenous ground are
compared with those to the single layered ground. The soil parameters are listed in Table 6. Track
properties are as follows: Track width B = 3 m, mass density M = 10.8x10° kg/m, bending
rigidity EI = 200x10% MN-m?, damping ratio { = 0.1. The axle load is one car of 160 kN. The
train speeds are ¢ = 60 m/s (subsonic cases), ¢ = 92 m/s (transonic cases) and ¢ = 120 m/s
(supersonic cases) with respect to the Rayleigh wave speed of the soils.

Table 6. Soil parameters of the homogenous ground and the layered ground

Soil layer Homogenous ground | Layered ground
Soil’s shear velocity c£ / (m/s) 100.0 100.0
Half-space’s shear velocity c¥ / (m/s) 100.0 200.0
Mass density p* (pF) / (kg/m?) 2000.0 2000.0
Poisson ratio v/ (%)) 0.25 0.25
Thickness h / m — Sm
Damping ratio {* ({F) 0.05 0.05 (0.02)

4.1.1. Results for the homogenous ground
4.1.1.1. The effect of trench depth H

Figs. 8-10 shows the time history curves of the displacement, velocity and acceleration in the
x, y and z directions at point A for different trench depths of O0m, 3m, 5m and 7m in a
homogenous ground. H = 0 represents ground without the trench. The load is moving with
subsonic, transonic and supersonic speeds, respectively. The width of the in-filled trench is
W =1 m and the distance between the in-filled trench and track is D =4 m.

As is shown in Figs. 8-10, we can find that trench depth has a great influence on isolation
effects. The amplitudes of the dynamic responses reduce greatly with the increase of the in-filled
trench depth for all the three moving speeds and for all the three directions. The isolation effects
are better for the vertical vibration than those for the two horizontal vibrations. Besides, the
in-filled trench tends to isolate vibrations induced by the transonic and supersonic train more
effectively than those induced by the subsonic train. In addition, the peaks of point A’s
displacement, velocity and acceleration curves arrive earlier than those of free field under
transonic and supersonic cases due to the rigid in-filled trench. And it should be noted that the
supersonic train induces the strongest vibrations and we will mainly discuss the isolation effects
corresponding to the supersonic train.

4.1.1.2. The effect of trench width W

Fig. 11 shows the time history curves of the displacement, velocity and acceleration in the x,
y and z directions at point A for different trench widths of 0.0 m, 0.5m, I m and 1.5m in a
homogenous ground. W = 0.0 m represents ground without the trench. The load is moving with
supersonic speed. The depth of the in-filled trench is H =3 m and the distance between the
in-filled trench and track is D = 4 m. As is shown in Fig. 11, it is clear that the width of the in-filled
trench does not have much influence on the insertion loss and the isolation effects improve slowly
with the increase of the trench width.
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Fig. 8. Influence of trench depth on isolation effects in a homogenous ground under subsonic train
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Fig. 9. Influence of trench depth on isolation effects in a homogenous ground under transonic train
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Fig. 10. Influence of trench depth on isolation effects in a homogenous ground under supersonic train
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Fig. 11. Influence of trench width on isolation effects in a homogenous ground
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4.1.1.3. The effect of distance from the track to the center of the in-filled trench

Fig. 12 shows the time history curves of the displacement, velocity and acceleration in the x,
y and z directions at point B for different trench locations from the track to the center of the
in-filled trench of 2 m, 5 m, 8 m and 11 m in a homogenous ground. H = 0 m represents ground
without the trench. The load is moving with supersonic speed. The depth of the in-filled trench is
H = 3 mand the width of the trench is W = 1 m. As is shown in Fig. 12, it is clear that the location
of the trench has little influence on the insertion loss
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Fig. 12. Influence of trench location on isolation effects in a homogenous ground
4.1.2. Results in a single layered ground

Figs. 13-15 shows the time history curves of the displacement, velocity and acceleration in the
x, y and z directions at point A for different trench depths of 0 m, 3 m, 5 m and 7 m in a layered
ground. H = 0 represents ground without the trench. The load is moving with subsonic, transonic
and supersonic speed. The width of the in-filled trench is W = 1 m and the distance between the
in-filled trench and track is D = 4 m. As is shown in Figs. 13-15, it can be ecasily observed that
trench depth has a great influence on isolation effects. Similar to the homogenous ground case,
the amplitudes of the dynamic responses reduce greatly with the increase of the in-filled trench
depth for all the three moving speeds and for all the three directions, however, the isolation effects
of 5 m and 7 m have little difference. In addition, the peaks of point A’s displacement, velocity
and acceleration curves arrive earlier than those of free field under transonic and supersonic cases.
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Fig. 13. Influence of trench depth on isolation effects in a layered ground under subsonic train
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Fig. 14. Influence of trench depth on isolation effects in a layered ground under transonic train
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Fig. 15. Influence of trench depth on isolation effects in a layered ground under supersonic train

4.1.3. Comparison of the homogenous ground and the single layered ground

Figs. 16-18 shows the amplitude attenuation curves of the displacement, velocity and
acceleration in the x, y and z directions at point A for different trench depths of 0 m, 3 m, 5 m
and 7 m in a homogenous ground and in a single layered ground. The load is moving with
subsonic, transonic and supersonic speeds. The width of the in-filled trench is W = 1 m and the
distance between the in-filled trench and track is D = 4 m. The amplitude attenuation factor Ag,
is defined as follows:

displacement, velocity, acceleration amplitude
__of point A with trench
Re ™ displacement, velocity, acceleration amplitude |
of point A without trench

As is shown in Figs. 16-18, for subsonic cases, the displacement isolation effects of in-filled
trench in the direction of y in a homogenous ground are better than those in a layered ground, but
there is no great difference between the two foundations in the velocity, acceleration isolation
effects of y direction and also in the displacement, velocity, acceleration isolation effects of x, z
direction. For transonic cases, the velocity isolation effects in the direction of x in the homogenous
ground are better than those in the layered ground when the trench’s depth is 5 and 7 meters, but
in other situations, the isolation effects are better in the layered ground. For supersonic cases, there
is no great difference in the vertical acceleration isolation effects between the two foundations,
but in general, the isolation effects in the layered ground are better than those in the homogenous
ground. In addition, the in-filled trench tends to isolate vibrations induced by the transonic and
supersonic train more effectively than vibrations induced by the subsonic train for both in the
homogenous ground and in the layered ground.
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Fig. 16. Comparison of isolation effects in a homogenous ground
and in a layered ground under subsonic train
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Fig. 18. Comparison of isolation effects in a homogenous ground
and in a layered ground under supersonic train
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4.2. Analysis of the actual layered ground

In this subsection, the isolation effects of Swedish high-speed train X-2000 at Ledsgard
running on the soft layered ground by using the in-filled trench are studied. The values of the soil
properties [33] are listed in Table 7. The track properties are given in Table 2. Fig. 5 illustrates
the Swedish Railway X-2000 high-speed train and the axle loads are indicated in Table 3.

Table 7. Soil parameters for train speeds of 70 and 200 km/h

. Thickness|Mass density| Shear velocity cg / (m/s) POIS.SOH Damping ratio
Soil layer him | p/(kgm) ratio
C =70km/h|C =200km/h| v C =70 km/h|C =200 km/h
Surface crust 1.0 1500 72 65 0.39 0.04 0.063
Organic clay 3.0 1620 41 33 0.35 0.02 0.058
Clay 4.5 1475 65 60 0.41 0.05 0.098
Clay 7.0 1475 87 85 0.33 0.05 0.064
Half-space 0 1475 100 100 0.33 0.05 0.060

Fig. 19 and Fig. 20 show the time history curves and the Fourier amplitude spectrums,
respectively, of the vertical displacement, velocity and acceleration at point A (Fig. 1) for different
trench depths of 0 m, 3 m, 5 m and 7 m. H = 0 represents ground without the trench. The moving
speed can be low (¢ = 70 km/h) and high (¢ = 200 km/h). The width of the in-filled trench is
W =1 m and the distance between the in-filled trench and track is D = 4 m.

As is shown in Fig. 19, the dynamic vibrations reduce greatly with the increase of the depth of
the in-filled trench, especially for train moving with high speed (¢ = 200 km/h). In addition, it
seems that the isolation effects of the velocity and acceleration are more significant than those of

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. MAY 2016, VOL. 18, ISSUE 3. ISSN 1392-8716 1761



2005. REDUCTION OF TRAIN-INDUCED VIBRATIONS BY USING A TRENCH IN A LAYERED HALF-SPACE.

the displacement.
From the results in Fig. 20, it can be easily observed that the in-filled trench has a great
influence on the frequency spectrums and the in-filled trench isolates dynamic responses for the
high frequency more effectively than those for the low frequency. Furthermore, the responses
spectrums migrate to high frequency with the increase of train speed, which is the very reason
why the isolation effects for the higher speed (¢ = 200 km/h) are better than those for the lower
speed (¢ =70 km/h). And the accelerations and velocities contain more high frequencies than
those of the displacements, which is the very reason why the in-filled trench reduces the
amplitudes of the accelerations and velocities more efficiently than those of the displacements.

ZHENNING BA, JINGYA WANG, JIANWEN LIANG
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Fig. 19. Influence of trench depth on the isolation effects
¢ =70km/h —— H=0m—— H=3m—— H=5m H=Tm
& ‘u:|/mm ‘az|/mm-s'2
3t
2|
1
0 ] 1 1 1 | 1 1 S -1
0 1 2 3 2 3 4 5 4 5
f/Hz
¢ = 200km/h —— H=0m—— H=3m—— H=5m  H=Tm
s | /um 12 [v.[/mm-s — |, /mm - s
9 165
6 110
M 3 *
\ | N B W 0 bty 1 | ! . P PNV
2 4 6 8 10121416 0 2 4 6 8 10121416 0 2 4 6 8 10 12 14 16

Mz

Fig. 20. Influence of trench depth on the Fourier spectrums

5. Conclusion

1) The isolation effects improve with the increase of the in-filled trench depth for all the
subsonic, transonic and supersonic speeds.
2) In general, the isolation effects of the in-filled trench in the layered ground are better than
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those in the homogenous ground. In addition, the in-filled trench tends to isolate the vibrations for
the transonic and supersonic moving train loads more effectively than those for the subsonic case.

3) The width of the in-filled trench does not have much influence on the insertion loss with the
isolation effects improving slowly with the increase of trench width. The location of the in-filled
trench also has little influence on the isolation effects.

4) Studying the isolation effects of Swedish high-speed train X-2000 at Ledsgard running on
the soft layered ground show that the in-filled trench isolates dynamic responses for the high
frequency more effectively than for the low frequency.
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