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This paper is one in a series of two, and discusses the body wave propagation and the
eigenmodes for a layer of discrete particles. This configuration is a representation for
a ballast layer used in ordinary railway tracks. The discrete nature of the ballast is simulated
via an elastic nine-cell square lattice. After deriving the equations of motion for the lattice,
the long-wave approximation for the equations of motion is compared with the equations of
motion for a classic elastic continuum. This comparison yields relations between the
macroscopic continuum parameters and the microscopic lattice parameters. Then, the
dispersion curves that characterize the eigenmodes of the discrete layer are derived. The
differences between these dispersion curves and those of a continuous layer are elucidated.
By means of a parametric study, the influence is shown of the particle diameter and thickness
of the layer on the dynamic response. In an accompanying paper, the layer response to
a moving, harmonically vibrating load is analyzed, which is a representation for a ballast
track that is subjected to an instantaneous train axle passage.

© 2001 Academic Press

1. INTRODUCTION

In the development of the high-speed railway lines, analysis of the structural wave processes
generated by the train is necessary for a proper assessment of the deterioration and safety
aspects of a railway system. An important wave type in such analyses is the surface wave,
which, by definition, carries its energy along the surface of the track structure. The group
velocity of a surface wave may be of the same magnitude as that of the train velocity. The
ensuing accumulation of the energy under the train wheels can be characterized as
resonance, resulting in a considerable amplification of the train-track response. The train
velocities at which this occurs are commonly named critical velocities (see, for example,
references [ 1, 2]). Track measurements in England [3] and in France [4] as well as visual
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track inspections in these and other countries have revealed the in situ existence of critical
train velocities. Consequently, for safety reasons and to limit track deterioration, train
speed limits have been imposed on currently operating high-speed railway lines.

The magnitude of the critical velocities generally depends on the geometry and
material characteristics of the railway track. For a ballast layer on a softer substratum of
sand, clay or peat, various moving load models [1, 2, 5], as well as in situ track
measurements [ 3] have shown that the lowest critical velocity occurs at/near the Rayleigh
wave velocity of the soft substratum. Indeed, for this configuration the dynamic response
is mainly characterized by the substratum properties. On the contrary, when a ballast
layer is supported by a stiffer substratum of concrete (railway foundations, bridges
or tunnels) or rock, the ballast layer itself is the determining factor in the characterization
of the structural response. This is especially the case when the train vehicle induces
strong vibrations, as for example, generated by the sleeper distance [6-9]. The emphatic
influence of the ballast properties on the structural response is due to multiple reflections of
the train-induced waves at the ballast-substratum interface, causing the wave energy to be
captured within the ballast layer. Correspondingly, the ballast layer behaves as
a waveguide.

Although the studies mentioned above have explained important features of high-speed
railway systems, it has to be realized that the models used in these studies are constructed
within a continuum mechanics framework. As the nature of the continuum mechanics
theory results in a limited accuracy level with regard to the modelling of heterogeneous
effects by the discrete particles, the representation by these models becomes less accurate
when the transmitted wavelength reaches the order of magnitude of the ballast particle size.
The analysis of such heterogeneous effects is most relevant in the case of a ballast layer on
a stiffer substratum, since then the ballast layer is able to guide waves with a relatively short
wavelength.

For a better understanding of the particle interactions in a ballasted railway track, the
dynamic response of a rigidly supported layer of discrete particles is analyzed in a series of
two papers. In this paper, the body wave propagation through the discrete layer is
examined, as well as the dispersion branches that reflect the eigenmodes of the layer. In the
companion paper, the steady state response of the layer to a moving, harmonically vibrating
load will be elaborated. Here, the moving load is supposed to represent an instantaneous
train axle passage. The discrete layer is modelled by a square lattice consisting of individual
cells that are mutually connected via elastic longitudinal springs and shear springs. The
distance between the cells thus equals the ballast particle size. It is justified to use an elastic
material law for the lattice, since the response of a ballast layer to an instantaneous
train axle passage is mainly reversible. Although a railway structure is a typical
three-dimensional structure, the ballast layer has been modelled in a two-dimensional
manner. Nevertheless, the plane in which the load propagates strongly determines the
characteristics of the dynamic response, so that, apart from the different geometrical
radiation, the dynamic characteristics of two-dimensional moving load models and
three-dimensional moving load models are equivalent [2].

After deriving the equations of motion for an inner cell (i.e., a cell in the interior of the
layer) and a boundary cell (ie, a cell at the surface of the layer), the long-wave
approximation of the lattice wave equations is compared with the wave equations of
the classic elastic continuum (see also, references [10-12]). This comparison results in
a relation between the macroscopic constitutive parameters of the continuum model and
the microscopic constitutive parameters of the discrete lattice model. Then, the propagation
characteristics of the body waves in the lattice are derived, followed by the derivation of the
dispersion curves that reflect the eigenmodes of the discrete layer. These dispersion curves
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are compared to those of a correspondent elastic continuous layer, where the typical
features of the particle diameter and the layer thickness are illustrated via a parametric
study.

2. THE GOVERNING EQUATIONS FOR A SQUARE LATTICE

In Figure 1, a rigidly supported layer of equal-sized, circular particles with diameter d is
depicted. This configuration represents a ballast layer of a common railway track. Trivially,
the assumption of all particles having the same size is a simplification of an in situ ballast
gradation. The internal layer geometry as well as the micro-structural particle interactions
are modelled by a square lattice. The square lattice consists of individual cells that are
connected to each other via elastic longitudinal springs and shear springs. Here, two
different cell types can be distinguished, which are the inner cell situated in the interior of the
layer and the boundary cell situated at the free surface of the layer. In this section, for both
cell types the equations of motion are derived, where it is required that in the long-wave
limit the equations of motion for the inner cell reduce to those of the standard elastic
continuum.

2.1. EQUATIONS OF MOTION FOR AN INNER CELL

Figure 2 shows an inner cell in the interior of the square lattice. The inner cell has
dimensionless co-ordinates (m, n), and is connected via axial longitudinal springs K7,; and
axial shear springs K5,; to four neighbouring mid-side cells at distance d, and via diagonal
longitudinal springs Kj;, and diagonal shear springs K3;, to four neighbouring edge cells at
distance . /2d. The lattice cells have two degrees of freedom, which are the displacements in
x and z directions {u,, u,}. The dynamic behaviour of the inner cell (m, n) can be expressed in

terms of the Lagrangian L, according to
L — B — B, (1)

with E,, the potential energy and E,;, the kinetic energy. The potential energy may be
formulated as

4 8
E(prZin) =3 Z (Al(%) Koy + AS(Zi)Kin) + %Z (Al(zi)K(nlia + AS(Zi)Kflia)o (2)
i=1 i=5

in which 41l; and 4s; are the length variations of the ith spring in the longitudinal direction
and in the shear direction. In correspondence with Figure 2, the linear form of these length

Figure 1. Layer of equal-sized, circular particles.
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Inner cell of square lattice
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Figure 2. Inner cell of square lattice.

variations is as follows:
Al(l) = ugchr 1,n) _ ugcm,n), Al(z) _ uL’"'") _ ug'”'"’l),
Alzy = ul™" —u@ =" Alyy = uf™" D — ),
Alisy =13 \/E(u(zm,n) B L))
Aligy =4 /2™ — un=1n = gy n=ln= 1) g mmy
Ay =3 2= 1m 4Dy = Lt 1)y o)
Algy =3 \/E(u(zm+1,n+1) e ey Lot 1y
Asigy = ul 0D —ul™m Asoy = ulm" D — ™,

AS(3) — u(zm,n) _ u(ZM71,n)’ AS(4) — ugcm,n) _ ugcm,nJr 1)’
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Ass) :%\/E(u(zmﬂ,n—n — e ylmem u&mﬂ,n—l))’
Asigy = 4 /2@ —ufn= 1m0y = ton 1),
Asyy = % \/E(u(zm,n) _ u(zm—l,nﬂ) - u&m—1,n+1) + ugcm,n))’
AS(S) :% 2(u(zm+1,n+1) _ u(zm,n) _ u.(mer 1,n+1) + ugcm,n)). (3)
Additionally, the kinetic energy of the inner cell (m, n) is given by
E" = ML) + (@™")*], 4)

in which M represents the cell mass. The superimposed dot designates the full derivative
with respect of time, so that {u{™", ul™"} represent the velocities in x and z directions
respectively. Combining expressions (1)-(4), followed by applying the Lagrange equations
(see, for example, reference [13]), yields

oL™™ d (L™ oL™™ d (oL™n
W‘¢<W>:°’ w‘m(au;w>:°’ )

providing the equations of motion for the inner cell:

Mu(m n) [ _ 4u(m ,n) + Zu(m+1 . n) + 2u(m 1, n)]
axl

+% dla[_4u(mn)+u(m+1 n+1)+u(m+1n 1)+u(m 1n+1)+u(m 1,n—1)

I N N e B VN S W VR U WA
+ 3K [ — 4ul™™ 4 2yt g oy imen=1)]
+% dla[_4u(mn)+u(m+l n+1)+u(m+1n 1)+u(m 1,n— 1)+M(m 1,n+1)
+ u(szrl,nfl) + u(szl,n+ 1) _ u(szl,nfl) _ u(zm+l,n+1)]’

Miil™" =L K2 [ — 4ul™™ 4 2ufmm+ D 4 2yfmn
LKL — dulmm oyt D g =) on= Ln= 1) n= L)
+ u(xm+1,n+1) + ugcm—l,n—l) _ ugcm+1,n—1) _ u;m-l,n‘Fl):]

K5 [ — dufmm 4 2ylm*1m 4 gyim=1.m]

+% dm[_4u(mn)+u(m+ln+1)+u(m+ln 1)+u(m 1n+1)+u(m ,n—1)

+ ugchrl,n*l) + ugcmfl,n+ 1) ugchrl.nJrl) _ u(xmfl,nfl)]’ (6)

where {ii{"", ii"""} are the accelerations in x and z directions.

2.2. EQUATIONS OF MOTION FOR A BOUNDARY CELL

The procedure used for the derivation of the equations of motion for the inner cell (m, n)
can also be applied to the boundary cell (m, 0) depicted in Figure 3. One again starts with
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Figure 3. Boundary cell of square lattice.

presenting the potential energy, which for the boundary cell yields

3 5
E%io) =3 Z (Al(zi)Kin + AS(Zi)Kfzxi) +3 Z (Al(zi)KZia + As(zi)Kfiia)~ (7)

i=1 i=4

Here, the variations of spring length in the longitudinal direction A4l; and the shear
direction 4s;, are

Al(l) — u§¢m+ 1,0) u;m,O)’ Al(z) — ugcm,O) _ ugcm—l,O), Al(3) — u(zm,l) _ u(zm,O)’
Alyy = %ﬁ(u&m“’“ — O gyt gy m0)y

Al(s) _ %ﬁ(uﬁj"*‘” _ u(xm—1,1) + u(zm—l,l) _ u(zm,O)),
Asm _ u§m+ 1,0) u(zm,O)’ As(z) _ u(zm,O) - u(zm—l,O)’ As(3) _ u;m,O) . u&m,l)’

1 .0 +1,1 +1,1 ,0
sy = 320 — uln 1D g ymt 10 ym0),

AS(5) _ %ﬁ(u;m,m _ uicm—l,l) + u(zm,O) _ u(zm—1,1))_ (8)

For obvious reasons, the expression for the kinetic energy of the boundary cell has the same
form as that of the inner cell (see equation (4)). By combining equations (7) and (8) with
respectively, equations (1), (4) and (5), the equations of motion for the boundary cell are
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obtained as

Ml = § K[ = 4ul™® 4 200" 10 4 2ug =10
+% sia[_2u(xm,0) + u;m+1,1) + u;m—l,l) + u(zm+1,1) _ u(zm—l,l)]
+3 K [ = 208" + 2uf™ 1]
K [ 20 a0 gl o

MO = LK [ =20 4 2]
+% :xlia[_2u(zm,0) + u(zm+1,1) + u(zm—l,l) + ufxm+1,1) _ ugcm—l,l)]
+ 1K [—4ul™® 4 2yt 1.0 4 pyylm=1.00]

+% ‘sﬁa[_zu(zm,o) + u(zm+1,1) + Mgm_l’l) + uﬁcm—l,l) _ ugcm+1,1)]_ (9)

2.3. LATTICE MODEL VERSUS CONTINUUM MODEL

In order to have a consistent relation between the macro-scale material behaviour and
the micro-scale material behaviour, in the long-wave limit the equations of motion derived
for the discrete lattice (6) need to reduce to the equations of motion for the classic elastic
continuum [10-12, 14]. To verify this, the first step is to replace the discrete degrees of
freedom of the cell (m, n) by corresponding continuous field variables,

™", um ™y = iy, i, | , (10)

x=md,z=nd

in which the tilde on top of the degrees of freedom on the right-hand side denotes the
continuous character. Then, the degrees of freedom of the neighbouring cells of cell (m, n),
located at points (x = (m + p)d, z = (n + q)d), are replaced by second order Taylor
approximations of the continuous field variables,

{u(xm+p,n+q)’ “(zm+p,n+q)} X [{ﬁx, az} + pd{ax,xs az,x} + qd{ax,za az,z}

+%P2d2 {ax,xx’ az,xx} + %qzdz {ax,zza az,zz} + qu2 {ﬂx,xza ﬁz,xz}] s (11)

x=md,z=nd

where x and z are spatial derivatives. Employing equations (6) and invoking equations (10)
and (11) then leads to the equations of motion in the long-wave limit,

Mity o = (Ko + Kiia + Kiia) ity o + 2(Kiiia + Kiio)d%il, .
+ (Kisi + Kiia + Kiia)d?ily -,
Mii = (Kixi + Kiia + Kiia)d?it.. . + 2(Kiia + Kiia) d*y, 2o
+ (Kixi + Kiia + Kiia)d?it s (12)

with ¢ the partial derivative with respect to time. The micro-level constitutive coefficients of
the lattice model can be related to macro-level constitutive coefficients by projecting
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equations (12) onto the equations of motion for a classic elastic continuum,
pax,tt = (;L + 2:u)ax,xx + (;L + :u)az,xz + ,L“]x,zza
Pf’z,n = (;L + 2,u)ﬁz,zz + (/l + ,u)ﬁx,zx + ,uaz,xxa (13)

in which 4 and u are the Lamé constants and p is the density. Apparently, equations (12) and
(13) coincide if the following equalities hold:

IIin lisia 21;21’(1 ligia I:flxi
e - e i + 2 , — ) + , ———————— =,
d K d LT d a

M = pd?, Kiia = 0. (14)

As a result of the anisotropic character of the lattice, expressions (14b) and (14¢) provide two
different relations for the Lamé constant /, i.e.,

n n s n s
Kaxi - Kdia - 2I<alxi _ Kdia - Kaxi

L
d ’ d

(15)

For retrieving the isotropic classic elastic continuum from the long-wave approximation of
the square anisotropic lattice, it is a prerequisite that equations (15a) and (15b) are
equivalent, leading to the constraint

2K3ia = K:xi - foxi' (16)

Inserting expression (16) successively into equations (15) and (14c) gives for the Lame
constants A and u

_ Kin - 3I<in = Kin + K;xi

4 2d 2d

(17)

Subsequently, substituting equations (16) and (14e) into the equations of motion (6) for the
inner cell (m, n) yields

Mugcm,n) — Kin[ _ 3u;m,n) + u;m-%—l,n) + ugcm—l,n) 4 %(ugcm-%-l,n-#l) + ugcm—l,n+1)
+ ugcm—l,n—l) _|_ u(xm-*-l,n—l)) +%(u(zm+1,n+1) _|_ u(zm—l,n—l)
_ u(zm+ 1,n—1) u(zm—l,n+1)):| 4 Ksaxi[ _ ugcm,n) 4 ugcm,n+1) + ugcm,n—l)

1(u§m+1,n+1)+u&mf1,n+l)+u§cmf1,nf1)+u§cm+l,nf1))

B

_%(u§m+1,n+1) + u(zm—1,n—1) - u(Zerl,nfl) B u(szl,n+1))]

bl

Mu(zm,n) — K:xi[ _ 3u(zm,n) + u(zm,n+1) + u(zm,n—l) + %(u(z"’“’” 1) + u(zm+1,n—1)
+ u(zm—l,n—l) _|_ u(zm—l,n+1)) _l_i(u(xm+l,n+1) _|_ ugcm—l,n—l)
_ u§¢m+ 1,n—1) ugcm—l,n+1)):| 4 Kin[ _ u(zm,n) 4 u(zm+1,n) 4 u(zm—l,n)

_%(u(szrl,nJrl) + u(szrl,n*l) + u(szl,nfl) + u(szl.n+1))

_ %(u;erl’nJrl) + u&m*l,n*l) _ u(xm+ 1,n—1) u(xmfl.n+1))]’ (18)
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while substituting these constraints in the equation of motion (9) for the boundary cell (m, 0)
results in

MO = L KAL = Sulh® 4 26t 10 4 20190 4y 1o0) 4 10
D R L oW L Y PR
NS VAU

MO = LKL — 30+ 20l 4§t 0 4 Ly 1D 4yt
_%u(xm—l,l)] + %sz!'[ _ 3u(zm,0) + 2u(zm+1,0) + 2u(zm—1,0) _ %u(zm-%-l,l)

_%u(zm—l,l)_%u;m-kl,l) +%u§cm—1,1)]. (19)

3. DISPERSION CURVES OF BODY WAVES

Now that the equations of motion for the inner cell have been determined, the
propagation of body waves through the lattice can be analyzed. To this end, a solution of
equations (18) will be sought in the form of plane harmonic waves

ugcm,n) — A exp(](wt — mkxd - nkzd))a
u(zm,n) — Bexp(l(a)t — mkxd - nkzd))a (20)

in which w is the angular frequency, 4 and B are the wave amplitudes and k, and k, are the
wave numbers in the x and the z direction respectively. The vector of wave numbers
k = (k,, k,) is related to the vector of wavelengths A = (A, A.) via the scalar product

k-A=2nm (21)

Also, the vector of wave numbers is related to the vector of phase velocities ¢ = (c,, c.) via
the scalar product

k-c=w. (22)

Inserting solutions (20) into the equations of motion for the inner cell (18) results in a system
of homogeneous algebraic equations with respect to the wave amplitudes A and B:

AIMo? + K" (2 cos(kyd) + cos(k.d)cos(k.d) — 3) + K& (2 cos(k.d)
— cos(kyd)cos(k.d) — 1)] + B[(Kaxi — Kixi)( — sin(k.d)sin(k.d))] = 0,
A[(Kfy — Kix)( — sin(kyd)sin(k.d))] + BIMo® + Kj(2 cos(k.d)
+ cos(kyd) cos(k.d) — 3) + K2 (2cos(kyd) — cos(kyd)cos(k.d) — 1)] = 0. (23)

The system of equations (23) has a non-trivial solution if, and only if, for a given set of elastic
parameters, its determinant A(w, k., k) is equal to zero. This leads to

[Mw? + K" ;(cos(k.d) + cos(k,d) + 2cos(k.d)cos(k,d) — 4)
+ Kii(cos(k,d) + cos(k.d) — 2 cos(k,d)cos(k.d))]

x[M? + (K2 + Kiyi)(cos(kyd) + cos(k,d) —2)] = 0. (24)
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In equation (24), the first (second) expression between parentheses characterises the
propagation of the compression wave (shear wave). As the lattice is anisotropic (see
Figure 2), the character of the dispersion relations (24) depends on the direction of the body
wave propagation. When considering the body waves to be propagating along the x-axis, an
infinite number of dispersion curves can be constructed, where the individual dispersion
curves are characterised by their wave number k, in the z direction. For each body wave, the
domain of dispersion curves is enclosed by a lower-frequency curve and an upper-frequency
curve. The lower-frequency curve is determined by the minimum value for the normalized
wave number in the z direction; k.d = 0, yielding cos(k.d) = 1. The upper-frequency curve
ensues upon adopting a maximum value for the normalized wave number in the z direction;
k.d =m (or k,d = — m), yielding cos(k,d) = — 1. The backgrounds of this maximum
normalized wave number will be treated in more detail later in this section.

In Figure 4, the dispersion curves for the compression wave and the shear wave are
depicted. Because the dispersion curves are symmetric with respect to k, = 0 and o =0,
only the positive wave number axis and the positive frequency axis have been depicted. The
dispersion curves have been computed by using a Young’s modulus E =200 MPA,
a Poisson’s ratio v = 0-20 (corresponding to Lamé constants A = 55-5 MPa, u = 83-3 MPa)
and a density p = 1800 kg/m>. These parameters constitute a ballast material used in
ordinary railway tracks [15]. The cell distance d of the discrete lattice relates to the diameter
of the ballast particles, which has been chosen as d = 100 mm. This is the largest particle
size that can be found in a broadly graded ballast [15]. Via the particle diameter d and the
Lamé constants 4 and p, the particle contact stiffnesses K,; and K3,; can be calculated by
inverting equation (17).

The angular frequency band that will be considered for the analysis in this paper and the
companion paper equals we[0,10000 rad/s]. This approximately corresponds to
a frequency band [0, 1500 Hz], whose range is reckoned to be significant for the vibrations
of concrete sleepers in ballasted tracks [ 16-187. Because, during an instantaneous train axle
passage concrete sleepers hardly dissipate vibrations, this frequency band is expected to be
transmitted almost completely to the ballast underneath.

For an increasing wave number, the sinusoidal character of the dispersion relations (24)
causes a repetitiveness of zones: k,de[ — n, ©] + [27n, 2n(n + 1)], where n is an integer.
These zones are commonly named “Brillouin zones”, and are a typical feature in the

10000
End of Ist brillouin zone
= 8000 Upper branches
g
3 »
o 6000 P
=] —
-
& a00fF —
]
E — Lower branches
bo
< 2000 | -~
2\ 20"
0 /qlll /p) 1 1 1 1 1

0 05 10 15 2:0 2:5 3-0 35
Normalized wave number k.d (-)

Figure 4. Body wave dispersion curves for square lattice: ——, Compression wave; - —, Shear wave.
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dynamic response of a discrete system [19]. Normally, only the first Brillouin zone
k.de[ — =, m] is considered, because the incorporation of higher Brillouin zones results in
a non-unique relation between the frequency and the wave number [19]. Consequently, the
maximum (normalized) wave number transmitted by the discrete medium equals k,d ==
(or k.d = — n), relating to a minimum admissible wavelength of two times the particle
diameter A, = 2d. Figure 4 illustrates that at this wave number the slope of the dispersion
curves is horizontal, corresponding to a zero group velocity: ¢ = dw/0k, = 0. Because for
unabsorbed propagating harmonic waves the group velocity equals the velocity of the wave
energy, at the maximum admissible wave number k,d = n the energy does not propagate.
Hence, this wave can be called a standing wave.

As illustrated in Figure 4, at the long-wave limit k.d = 0, the tangential slope of the
lower-frequency curves corresponds to the body wave velocities in a classic linear elastic
medium, i.e.,

3K, — Kfm d? A+2
compression wave: cZmPrk =0 \/( )= _ / + #,
o

= Kaxl + szl
shear wave: ¢k =0 = (Rawi + Kiwi)d” f (25)

For an increasing wave number, the phase velocity of the lower-frequency curves of the
discrete system starts to deviate from the corresponding continuum body wave velocity (25).
This phenomenon is known as dispersion, and can be ascribed to the particle size effect,
which becomes more pronounced for shorter wavelengths. The fact that the particle size is
explicitly included in the discrete model, provides the dispersion curves also with
a frequency maximum. Actually, the discrete medium acts as a granular filter that transmits
only relatively low frequencies.

For analyzing the waves propagating through the layer, it is necessary to solve expression
(24) for the wave number k,, which, via straightforward algebra, yields the following
expressions:

- 1 Arecos Mo? + K" (cos(k,d) — 4) + K5,; cos(k.d)
: - d — K}i(2cos(k.d) + 1) + K}i(2 cos(k,d) — 1)
1 — Mo? — K" (cos(kyd) — 2) — K5i(cos(k.d) — 2)
(3).(4) _ - axt axi x
k% + i rccos< K 1Ko . (20)

In correspondence with the four solutions kY, the amplitude vectors of the harmonic
solutions (20) have four components as well A = [A™, 4?), 4%, A®]" and B = [B", B?),
B®, BT The eigenvector D that contains the amplitude ratios of the body waves BY/A4Y,
with je {1, 2, 3, 4}, ensues from either equation (23a) or (23b). The former relation yields for
the components of this vector
~ BY .
DY = b = [Mw?* + K. (2 cos(k.d) + cos(k.d)cos(k¥d) — 3)
+ K5.;(2cos(k¥d) — cos(kyd)cos(kPd) — 1)]
X [(Kaxi — Kixi) sin(kyd) sin(k9d)] ™"

with je {1, 2, 3, 4}. (27)
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By combining equations (20), (26) and (27), the displacements under harmonic body wave
propagation may then be formulated generally as

U™ = (AD exp(—inkd) + A® exp(— ink@d) + A exp(— ink®d)
+ A% exp(— ink®d)) exp(i(wt — mkyd)),
U™ = (AVDW exp(— ink®d) + APD exp(— ink®d) + APD exp(—ink®d)

+ AYD* exp(— ink®Pd)) exp(i(wt — mk,d)). (28)

4. DISPERSION BRANCHES OF THE LAYER MODES
The dispersion branches that characterize the eigenmodes of the layer can be deduced by
inserting the displacements under body wave propagation (28) into the boundary
conditions at the top and the bottom of the layer. The eigenbehaviour of the layer is
reflected by requiring the boundary cells at the top of the layer z = 0 to be free of loading.
Accordingly, the boundary conditions at the top of the layer are equal to the equations of
motion for the free boundary cell (i.e., equations (19)):
Mi/.l;m’o) — lK;xi[ _ Sugcm,()) + Zugcm+ 1,0) + 2u§cm—1,0) + %ugcm-%- 1.1) + %ugcm—l,l)
+ %u(zm-%- 1,1) %M(Zm—l,l)] + %Kfzxi[ _ u;m,O) + 2u§cm,1) _ %ugcm-*-l,l)
_ %ugcm—l,l) _ %u(zm-#l,l) + %u(zm—l,l)],
Mu(zm,O) — %K:xi[ _ 3ugm,0) + 2u(zm,1) + %u(zm-*-l,l) + %u(zm—l,l) + %u§m+ 1,1)
_ %ugcmfl,l)] + %Kin[ _ 3u(zm,0) + 2u(zm+ 1,0) + Zu(szl,O) _ %u(szr 1,1)

_%u(szl,l)_%ugchrl,l)_i_%u(xm*l,l)]. (29)

Since the bottom of the layer is assumed to be rigidly supported, the displacements at
z =nd = H are equal to zero:

u(xm’H/d) — 0’ u(zm,H/d) =0. (30)

Substitution of the expressions for body wave propagation (28) into the boundary
conditions (29) and (30) provides the following set of algebraic equations:

[AD + A® 4 A 4+ AD][Mo? + § Ky(d cos(kyd) — 5) — 4 Kii]
+ [AM exp( — ikMd) + AP exp( — ikPd) + A exp( — ikPd) + AY exp(—ikPd)]
X [3 Kiiyi cos(kyd) — 5 Kii(cos(kyd) — 2)]
+ [APDWP exp(—ikPd) + APDP exp(—ik?d)
+ APD® exp(—ik®d) + ADDY exp(—ik®d)]

x [ — 3 iK%, sin(k.d) + 3 iK5,; sin(k,d)] = 0,
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[ADDD 4+ AOD@ 4 AOD® 4 ADDD Mw?® — 3K"; + L K i(4cos(k,d) — 3)]

+ [AYDW exp(—ikMd) + APDP exp(—ikiPd) + APDP exp(—ikd)
+ AYDW exp( — ikMd)] [3 Khyi(cos(kyd) + 2) — 3 K5, cos(kyd)]
+ [AM exp( — ikMd) + AP exp(—ikPd) + AP exp(—ikPd) + AV exp( — ikPd)]
[ = LiK", sin(kod) + 3 Ko sin(kod)] = O,
AV exp( — ikMH) + AP exp( — ik H) + AP exp( — ik’ H) + A® exp( — ikiPH) = 0,
ADDW exp(— ikVH) + ADDD exp(— ik H) + ADDD exp(—ik®H)
+ AYD® exp(—ik@H) = 0. 31)

Here, kY and DY are given by equations (26) and (27) respectively. Relations (31) can be
expressed in a matrix—vector format as

EA =0, (32)

where E is a 4 x 4 matrix that governs the eigenbehaviour of the layer, and A = [4"), A®),
AP AT is the vector that assembles the wave amplitudes. The dispersion branches for
the eigenmodes can be obtained by requiring the determinant of the matrix E to be equal to
zero, which for a given set of elastic parameters gives

detE = A, k, H, d) = 0. (33)

Here, the symbol 4 is used for designating the determinant. For a prescribed layer thickness
H and particle diameter d, expression (33) yields a finite number of eigenmodes

o¥ =wk)?, j=1,2,...,N, (34)

where the total number of modes N depends on the specific choice for the particle size and
the layer thickness. This will be demonstrated in a qualitative sense in sections 4.1 and 4.2.

In order to illustrate the specific features of the discrete layer modes, the dispersion
branches (34) will be compared to the dispersion branches for a classic elastic continuous
layer. Obviously, the dispersion branches for the continuous layer can be computed in the
same manner as shown for the discrete layer. When considering the top of the continuous
layer as stress-free, i.e., 0., = 0, ., = 0, and the bottom as rigidly supported, i.e., i, =0,
1, = 0, similar to equations (31), a set of four characteristic equations can be deduced:

ADED + DVky) + APk + DPk,) + AV + DVk,)
+ AV + DWk,) =0,
C[AD £ A 4 A ¢ A9igk, — [AVDDOED 4 JOHOF@

+ AOBORS + AOBORYTG + 24) = 0,
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AWexp( — ik VH) + AP exp( — ikPH) + A® exp( — ik H)
+ A®exp( — ikMH) =0,
ADPDexp( — ikVH) + APD P exp( — ikPH) + APD P exp( — ik H)
+ AYDWexp( — ik H) = 0. (35)

Here, the vector A =AY, 4@, 43, @7 assembles the wave amplitudes, with the
superimposed “tilde” indicating that a continuum is concerned. Further, the four
expressions for the wave number in the z direction K\ are given by

_ T 2 (A4 2u)k?2
kz(1),(2): + pwf/‘, kz(3).(4): i‘\/pw /l(+‘2|‘# 0] ’ (36)

while the amplitude ratios D are

H O — @ _ pw? — (A + 2u)k? — u(k)?
A9 U+ 1WkD

with je{1,2, 3, 4). (37)

In correspondence with equations (36) and (37), the body wave propagation through the
continuum is expressed as

i, = [AVexp( — ikVz) + APexp( — ik?z) + A® exp( — ikPz)
+ A®exp( — ik®z)] expli(wt — kyx)),
i, = [AVYD Vexp( — ikVz) + APDPexp( — ikPz) + APD D exp( — ikPz)
+ ADD P exp( — ikMz)] exp(i(wt — kyx)), (38)

which resembles equations (28) for the discrete model. Due to the complex character of
equations (31) and (35), the dispersion curves for the discrete layer and the continuous layer
can be derived only numerically. This will be done for various parameter combinations.

4.1. VARIATION OF PARTICLE SIZE

Figure 5 shows the dispersion curves for the four lowest eigenmodes of the discrete layer
(solid lines) and the continuous layer (dashed lines). The dispersion branches for
a continuous layer have been previously discussed by other authors (see, for example,
references [7, 20, 21]), though in these contributions, instead of using the actual
displacements, displacement potentials were employed. The particle radius in the discrete
model has been chosen relatively small, » = 0-5d = 1 mm, while the layer thickness is
assumed as H = 300 mm. The elasticity parameters and the material density correspond to
the values introduced in section 3, ie., E = 200 MPa, v = 0-20, p = 1800 kg/m*. Due to
symmetry with respect to k, =0 and w =0, only the positive wave number axis and
positive frequency axis have been depicted.

Due to the small particle size, in the domain considered the dispersion curves of the
discrete layer and the continuous layer closely agree. Apparently, for both the discrete layer
and the continuous layer it looks as if the individual dispersion curves locally intersect.
However, because the eigenmodes of the layer are coupled, the individual dispersion curves
may approach each other very closely, but there will never be any contact.
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Figure 5. Dispersion branches for the four lowest eigenmodes of the discrete layer (——, r=1mm,
H = 300 mm) and the continuous layer (- - - - - , H = 300 mm).

For the continuous layer, the total number of eigenmodes is infinite. This is different for
the discrete layer, which has a finite number of eigenmodes as a result of the frequency
filtering by the discrete particles. The highest layer mode possible approaches the
upper-frequency curve of the compression body wave. In fact, in the frequency range where
body waves cannot be transmitted, layer modes also cannot emerge. Although in Figure (5)
only the four lowest modes are depicted, actually a very large number of layer modes exists.
This is, since for a relatively small particle radius of r = 1 mm, the bounding behaviour by
the upper frequency curves for the body waves occurs in the very high-frequency range.
However, by increasing the particle size to r = 50 mm, the upper-frequency curves for the
body waves considerably descend along the frequency axis, causing the total number of
modes to be reduced to only six modes. This is shown in Figure 6, in which the layer
dispersion curves have been plotted together with the body wave dispersion curves. Here,
the characteristic limitation of the layer modes by the envelope of the high-frequency body
wave curves is clearly illustrated. It can also be noticed that at the end of the first Brillouin
zone, k.d = n, all dispersion curves show a horizontal tangential slope. The zero group
velocity at this stage implies that no wave energy is conveyed anymore, so that the modes
degenerate into a standing wave.

As for the body wave dispersion curves, the dispersion curves for the eigenmodes of the
layer are periodic with respect to the Brillouin zones, i.e.,

o(k)? = w(k, + 2nn/d)?, where neZ, (39)

with j the mode number and n an arbitrary integer. For reasons mentioned previously, the
eigenmodes have no clear physical meaning for wave lengths smaller than two times the
particle diameter. In Figure 6, this minimum admissible wavelength is reflected by
a maximum admissible wave number ky** = n/d ~ 31-4/m, which thus borders the first
Brillouin zone.

4.2. VARIATION OF LAYER THICKNESS

For investigating how the characteristics of the layer modes are influenced by the layer
thickness, the layer thickness is increased from 300 to 600 mm while keeping the particle
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Figure 6. Dispersion branches for the eigenmodes (——) and the body waves (- - - - - ) of the discrete layer
(r =50 mm, H = 300 mm).
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Figure 7. Dispersion branches for the eigenmodes (——) and the body waves (- - - - - ) of the discrete layer

(r =50 mm, H = 600 mm).

radius constant, r = 50 mm. Figure 7 shows that the total number of layer modes then
increases from 6 to 12. The reason for the increasing number of layer modes is that a thicker
layer reduces the frequencies of the modes, thereby causing more modes to be captured in
the domain bordered by the envelope of the high-frequency body wave curves.

The current parameter study has demonstrated that the magnitude of the minimum
admissible wavelength depends only on the size of the particles. On the other hand, the total
number of layer modes is determined by both the particle size and the layer thickness.
Because there are two length-scale parameters involved in the layer model, it is not possible
to normalize the dispersion curves for arbitrary length-scale parameters into one unique
graphical representation, as often is done for a continuous layer that contains only one
length-scale parameter (see, for example, reference [20]).
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5. CONCLUSION

In this paper, the harmonic body wave propagation as well as the eigenmodes for a layer
of discrete particles have been analyzed. The discrete character of the layer has been
modelled by a square lattice, consisting of individual cells that are connected by
longitudinal springs and shear springs. After deriving the equations of motion for a lattice
cell, the propagation characteristics of the harmonic body waves have been elaborated. It
has been demonstrated that the dispersive behaviour of the body waves becomes more
pronounced for shorter wavelengths, as a result of the discrete nature of the layer. The
particles thereby cause the higher frequencies to be retained. This feature does not appear
during wave propagation through a continuous medium.

It has been shown that a discrete layer has a limited number of eigenmodes. This number
is determined by the size of the particles in combination with the thickness of the layer.
More specifically, a larger (smaller) particle size decreases (increases) the number of
eigenmodes, while a larger (smaller) layer thickness increases (decreases) the number of
eigenmodes. Further, for smaller particles the dispersion curves for the discrete layer
approach the dispersion curves for a continuous layer more closely.

In the companion paper, the response of the discrete layer to a moving, harmonically
vibrating load will be investigated. This analysis reflects the dynamic behaviour of a layer of
ballast particles subjected to an instantaneous train axle passage.
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