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The uniform motion of two constant loads moving in opposite directions along two
infinite parallel strings on an elastically supported membrane is studied. The problem is
analyzed for arbitrary ratios of the velocities of the loads and the wave velocities in the
strings and the membrane. The displacements of the system are calculated and presented
as deflection profiles of the strings and membrane. Further, the lateral forces are
determined, acting at the strings and loads due to the interaction through the membrane.
For subcritical velocities of the loads, an analogy is shown with gravitational interaction.
For cases in which one of the loads moves transcritically or supercritically, the lateral force

acting at the other load is shown to have an impact character.
© 1998 Academic Press

1. INTRODUCTION

For the design of two parallel high-speed tracks it is of practical interest to understand
the peculiarities of the wave-processes in the sub-soil and tracks when two high-speed
trains are passing each other at sub-, trans- or supercritical velocities. In particular, the
influence of one of the tracks on the dynamic response of the other is relevant. In fact,
when two trains are passing at a subcritical speed the stationary spatial eigenfields, which
are moving with the trains, partly overlap especially when the distance between the tracks
is small. Further, the resulting interaction force has a lateral component, which might
affect the stability of continuous welded track. Moreover, when the train is moving trans-
or supercritically it generates waves in the sub-soil and (or) the track due to the
Mach-effect. In this case, the excited wave field is not localized near the train, but
propagates along the surface. It is clear that this wave field can affect the other track and
train and furthermore, due to the reflections from the other track, affect the source. The
main purpose of this paper is to demonstrate qualitatively these phenomena.

The analysis of the wave process in a track on a sub-soil due to a high-speed train has
recently been investigated by using a model consisting of a uniformly moving load along
a Euler—Bernoulli beam model on a half-space [1-3]. The importance of the interaction
of the beam-waves and the surface waves was shown. It is too complicated to extend this
model for the analysis of the case representing a double track. However, for qualitative
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understanding of the processes in both the track and the surface it is sufficient to consider
a simpler model of the “track—subsoil” interaction. Therefore, the model is extended to
consist of a string on an elastically supported membrane, which was introduced in
reference [4].

In this paper, the model is extended to two parallel strings on an elastically supported
membrane. This model can be used to study the mechanical interaction through the surface
between two objects moving along the string.

Here the steady—state behaviour of the system due to two constant loads moving in
opposite directions along the strings will be determined. The lateral forces on the strings
and loads will be determined for sub-, trans- and supercritical velocities, showing a kind
of analogy, for the subcritical velocities, with Newton’s law of gravitational interaction.
For trans- and supercritical motions, the lateral forces show an impulsive character.

2. MODEL

Two identical infinite parallel strings on an elastically supported membrane are
considered. Along each string a constant load is uniformly moving in an opposite direction
as depicted in Figure 1, where d’ is the distance between the strings. It is assumed that
the strings are in continuous contact with the membrane at the lines y' = —d/2, y’" = d’/2.
The tension in the density of each string is the same.

The equations for the vertical displacements of the coupled system of the elastically
supported membrane and the strings are

Ul —ep (U2 + UB) + w20 = —(1/p) {80y — d'[2) (U — & Ul + Prd(x" + V1))
+ 30+ d DU — ¢ US + B3y — Vat)},
—wo<x,y,t' < 400,
Urx',y' =d2,t)= U, 1), U™,y =—d/2,t)=U>x,1). (1)

Here ¢;, = N"/p", ¢} = N'/p®, w=k/p", p’ = p"/p', P = P{ |p*, P, P% |p*; U™(x, y, 1) and
U™'(x,t), U#?(x,t) are the vertical displacements of the membrane and the strings;
respectively, N”, N* are the membrane and the string tensions, respectively; ¢, ¢, are the
wave velocities in the membrane and in the string, respectively; k is the stiffness of the
elastic foundation of the membrane per unit square; p” is the mass of the membrane per
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Figure 1. Model and reference system.
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unit area and p* is the mass of the string per unit length; and P;, P; are the constant loads.
The equations (1) are put into dimensionless form by introducing

t=1tu, X,y =x"ules, y'ulc, d=dujc, U™ = U™ulc, j=12,
resulting in
Ui — (U + UL + U= —(1/p){8(y — dI2){U;} — U + P d(x + Bi 1)}
+8(y + d/){U7 — U3 + P, 3(x — B> 1)}},
—00 <X, )y, < +00,
Ur(x,y=dJ2,t) = U'(x, 1), U'(x,y=—df2,1) = U%(x, 1), (2)
where o« = ¢, /c,, p=(c/pp’, Bi=V,/c, P=P /2, j=1,2.

3. GENERAL SOLUTION

To solve the system (2) it is sufficient to derive the solution for one load only, for instance
for the load P, (P, = 0). Then the solution for two loads can be obtained by superposition.
We therefore apply the following exponential Fourier transforms over time and
spatial co-ordinates to system (2) with P, =0. (U denotes the displacement of the
membrane):

Wn(w, ki, k) = J J J U (x, y, exp{i(wt — ki x — k> y)} dr dx dy,

—0 J—0 J—2

Wi (w, ki) = J J U¥(x, expli(wt — ki x)} de dx,  j=1,2.

—0 J—x

This gives

S B had\ .
W (w, ki, k) = oDy (@ For k) {D.&. (o, kl)exp< =5 >W (w, k)

2P, S(w + ki ﬁl)exp<—i "2> + D, (o, kl)exp<i k22d>W‘2(w, kl)},

(©)

where D,, (w, ki, k») = w* — «*(ki + k3) — 1 is the dispersion relation of the membrane on
the elastic foundation and D, (w, k) = w® — ki the dispersion relation of the string. The
relation between the image of the membrane displacements and the images of the string
displacements, representing the compatibility conditions in system (2), gives

J W"(w, ki, kz)exp<+i k22> dk, = 2n W (o, ky),

— 0

Jv W”(CU, kl ) kZ)eXp<_l kzzd> dkz = 27[ WYZ(CU, k]).

— 00
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Substituting the expression for W"(w, ki, k,) into the compatibility conditions, one obtains
a linear system of algebraic equations with respect to W*' and W*

W (@, k) + D (@, k) + 2D, (o, k»exp(ij o(o, ko) = 2nPy 8(0 + ki o),
WD, (o, k»exp(ij oo, k1>> + W @, k) + D (@, k)

=27P, 8(w + k ﬁl)exp<iZG(w, k1)>, C))

where

k)= [k
KB =000 | Do (@, ki ko)~ ol k)’

y = 2up, o(w, k)= Jo*—o?ki—1, Im./w*— ki —1>0.

Solving the system of equations (4), one finds for W*' and W*,

W” _ 27'CP1 6((1) + kl ﬂ])

SHw, ki) — <Ds (o, kl)exp<iga(w, k1)>>2

X {S(a), ki) — D; (w, kl)exp<i%‘(da(a), k1>>},

. 2riyo(w, k)P 8(w + ki Bi) exp ig“(w’ k1)>, 5)

SHw, k) — <DS (o, k,)exp(ija(a), k1)>>2

with  S(w, k) = D, (w, k) +iyo(w, k) = 0* — ki + iy /w* —a*ki —1 being the
dispersion relation of one string interacting with the elastically supported membrane.
Therefore, the determinant of system (4),

det (0, ki) = (0* — ki + iy Jo? — ki — 1) — (0* — kf)zexp<i 2?6! o — ki — 1> 6)

is the dispersion relation of the system, two strings interacting with the elastically
supported membrane. Expression (6) consists of two members. The first member describes
the ““one string part” [4] and the second member (with the typical exponential multiplier)
describes the influence from the other string.
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Substitution of the expressions for W*'(w, k) and W**(w, ki) from equations (5) into
equation (3) results in

2riye(w, k)P 8(w + ki Bi)

Wm(ws kly k2) =
oD, (0, ki, k>) (Sz(w, k) — D? (w, kl)exp<i %la(w, k1)>>

X {S(w, kl)exp<—i k22d> — D (w, k])exp<i kz2d>exp<ija(w, kJ)}.
(M

Hence, the steady state solution of the membrane displacements due to a uniformly moving
constant load along string 1 has the form

Ul (x,p,t)

_P r r iya(k Bi, k)expli(x + p ki)
" po (kl B], kl, kz)(Sz(k1 ﬁ], kl) — D\2 (k] ﬁl, kl)exp<i %lg(kl ﬂ], k1)>>

2n
. d . d
X {S(kl B, kl)exp{1<y — 2)1@} — D, (ki b, kl)exp{1<y + 2>k2 }

X exp<i g ok, B, k)>} dk, dk, = £ J

exp{i(x + i ki }

<<(ﬁ$—l)k%+iy\/(ﬁ%—fx2)k%—> (ﬁ2—1)2k4exp<l = 2)k%—1>>

X

‘ {((ﬁf 1+ iy B = o = 1)exp{iy -

d’ J(B = o)kt — 1}
2 o

— (B — Dkt exp{

ily + ’VW 2kt — }exp( (ﬁ%—ﬁk%—l)}dkl, ®)

with Im /(B — «*)k} — 1 > 0. By using this expression one can easily obtain the solution
of the problem (2) for two moving loads by superposition,

U'(x,y, 1) = Ul'(x,p, 1) + Ui (x, y, 1), )

where the expression for Uy (x, y, t) is given by equation (Al) in the Appendix.

From the expression for the displacement of the system of the membrame and the two
strings (8), one can derive the critical velocity of the load. Integral (8) diverges for
{x+pt=0,y=d/2} when =1 and « > 1,< (V, =¢, ¢, < ¢»). Then the displace-
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ment of the elastic system under the load is infinite. In this case the integral (8) can be
rewritten in the form

UC=x—pt1y)

F * . . . . .
= - expi{iar sinh (y +19)} dy + {non-diverging part}, 10
o /7(0C2 ) Jw p{ (x )} dy + 4 ging part} (10)

where
_1 2 ¢ 2 : =7 - < _
a=-, 7 —(1_(&/0‘2))—#)}, sm(.9)—r, cos(9)_\/l_7w, Bi=

Evidently the integral (10) diverges when r = 0(¢ =0,y =0). Moreover, if a=1,
pi=1<(V=c,c = cn), the displacement of the whole system is infinite (for r— o0). It
is clear, that the same holds for a one-string system [4].

For the integration of the expression (8) or (A1) one has to know the location of the
singular points of the integrand, and thus has to solve the transcendental equation

R(ky) = (ak? + iy</bki — 1)* — a?k? exp(ic\/bki — 1) = 0, with Im \/bki — 1 > 0.

where
azﬁ/z_labzﬁlz_azeC:Zd/aaﬂlzI///Csa j=152 (11)

A convenient method to determine the number of roots of equation (11) is by use of
Rouche’s theorem; see reference [5]. First, one represents the function R(k;) in the complex
ki -plane as a single-valued function by introducing branch cuts along

—|wk)| < —n,n < |w(k))| with Im w(k,) =0 for b >0,

—ilwk)| < —in, in < ijw(k,)| with Im w(k,) =0 for b <0,

n= 1/\/@, w(k,) = \/lﬁ

Next one separates R(k;) in two parts as follows:
R(k) = fi ()~ (k). RGa)=0=, [, (k) =0 and /- (ki) =0,
where
fo Gy = glh)) £ k), glk) = ak? + iy /bki—1,  r(k)=aki exp(i(c/2)y/bki—1).

Then the number of zeros of R(k;) is given by the sum of the zeros of f, (ki) and f_ (ki).
Consider now the contour in the complex k, -plane as shown in Figure 2. Note that one
may have to choose the radii of the semicircles quite large to have the zeros of /.. (k;) inside
C, since the functions g(k;) and r(k;) are analytical and continuous inside the contour C
and satisfy the condition |g(k,)| > |r(ki)|. Then, according to Rouche’s theorem, the
function g(k,) + r(k,) has the same number of zeros as g(k,) inside C. It will be clear that
g(ky), as a quasipolynomial of the second order, has two roots. Thus, the function R(k;)
has four different roots.

Now some particular cases will be considered when loads are moving subcritically,
transcritically and supercritically. Mixed cases can be obtained by the superposition of
these ““pure” cases.
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Figure 2. Branch points and cuts in the case » > 0, contour in k;-plane.

3.1. SUBCRITICAL CASE (f§; < a, 1)

If the velocity of the load is smaller than c,, ¢, (f; < «, 1), then equation (8) can be
rewritten in the form

P 0
U (x,y,t)= —27;J

exp{i(x + fi Dk}
(((1 — BT+ 93/ (@ = Bk + 1) — (1= Biyki exp(—%f V@ = Bk + 1))

X

x {((1 — B + ym)exp{_‘y 4 ‘ J@ — Bk + 1}

—(1 — BDkiexp {—‘y + 621‘ \/(az — flz)klz i 1}6Xp<—j \/(062—512)](12“>} dk,,

(12)
with Re /(¢® — BDki + 1 > 0. Equation (12) consists of a symmetrical part related to the
load {y = d/2, x = — f, t} and an asymmetrical part due to the presence of the other string.

By using equation (12) one can easily obtain the expression for Uy (x, y, t) by performing
the substitutions

Pi=Py, pi—ofo, x+Piiox—for, |y Ed2]-ly F 42| (13)

The solution of the “two loads problem” is then given by equation (9).

In order to integrate equation (12) and the analogous equation for Uy, one has to
determine the locations of the singular points of the integrand (12) in the complex &, -plane
(the analogous reasoning for U3 is omitted). The integrand of equation (12) is a
multiple-valued function because of the presence of the radical G(k)) = /(o> — BDkT + 1.
Branch points occur when G(k;) = 0. Thus, one has two branch points on the imaginary

ky -axis: 1, = +i//o* — Bi. Also the four zeros of the denominator of the integrand in
equation (12) are located on the imaginary axis.
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From a physical point of view the fact that the poles are on the imaginary axis
corresponds to a moving load which does not radiate any elastic waves into the
string. Further, it corresponds to the absence of wave processes in the membrane.
Therefore, one can integrate equations (12) and (13) along the real k -axis using a
standard numerical method. The results for two moments of time are shown in
Figures 3(a, b). As confirmed in the figures, the moving loads excite a local eigenfield
moving with the loads.

If alpha is reducing, o = (c,/c;)—f and (f<a<1), so that for f=a<1,
one has a stationary eigenfield with singularities (with a jump in the first
derivatives).

3.2. INTERACTION FORCE

Again two loads are considered moving subcritically in an opposite direction along the
strings. Each load generates a spatially extended eigenfield that is moving with it.
Therefore, the loads will affect each other through the membrane by means of the
eigenfields, especially when the loads are getting close to one another, as depicted in
Figure 4(a). This topic will be studied in this section.

A single load moving along one of the strings on the elastically supported membrane
has an eigenfield which consists of a central-symmetrical part and an asymmetrical part
in the frame of reference connected to the load, as shown earlier in equation (12). (Later
on we will discuss the effect of the asymmetrical part.)

The central-symmetric part of the eigenfield is such that no additional force has to be
introduced to maintain the constant motion of the load. Then the reaction of the
elastic system N is vertical due to the symmetry and has no horizontal projection; see
Figure 4(b).

An additional asymmetry of the eigenfield may occur, for instance, due to the presence
of the other load or if the load excites elastic waves; see Figures 4(c, d). Due to the
asymmetry in the superposed eigenfields a horizontal force F, = —F, has to be applied to
balance the reaction F, (which is the horizontal projection of the string reaction N in the
loading point) to maintain the defined law of constant motion of the load.

The load creates an elastic field of vertical displacements around itself, and then a certain
force acts on every other object located in this field. The gradient of that elastic field is

(a)

7
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4
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Figure 3. Membrane displacements for two moments of time (¢) for Py = P, =1, = 0-5, 1 = 0-45, f, = 0-35.
(a) For t = —08; (b) for r = 0-0.
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(@) (b)

Figure 4. Qualitative pictures for the current topic. (a) Top view of two moving loads along strings on a
membrane; the domains of the substantial deformations under the loads are shaded; (b) profile of the symmetric
eigenfield in the “homogeneous” case; (c, d) profiles of the elastic system in cases when the load generates elastic
waves (c), or two loads are placed near each other (d).

a measure of this force. This force can also be obtained by a geometrical analysis of
Figures 4(c) or (d). Then the expressions for the interaction forces are given by [6]

0 0
F'=(F.\,F)=—Pgrad Uy (x=—pit,y=d2,t)= — P, <(?x gl’@ gl)“f‘,,f"’
F12 _ (F12 Flz) _ —P rad Um (x — ﬁ t = _d/2 [) = —P i m i m
! s Iy ) g 1 26, y s 2 ax 1> ay 1 ::/iz{;za
(14

where F7, i,j = 1, 2 is the interaction force acting at the jth load due the ith load. Note
that the asymmetrical part of the eigenfield of the load, mentioned earlier, occurs due to
the other string (we call it the internal asymmetry). It results in a constant repulsive lateral
force with respect to the string. This force is negligibly small compared with the interaction
force to be discussed now.

Now, the lateral component of the interaction force F}, (¢) with respect to the string will
be studied.

For the case that the loads (P;, P») are moving subcritically, F}; (¢) is evaluated by using
equations (14) and (12) for the displacements U}" for three distances between the strings
and for three velocities of the first load. The results are shown in Figures 5(a, b).

As shown in the figures, the lateral component of the interaction force F); (¢) is positive.
This implies that the strings will attract each other in the case when the two vertical loads
have the same direction. The figures further show that the force increases when the distance
between the loads decreases. In this sense the interaction force is analogous to Newton’s
gravitational interaction force [7]. Also an analogy can be made with respect to the law
of Faraday from electromechanics; however, this analogy is more conceptual.
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3.3. TRANSCRITICAL CASES (0 < ff; <1 or 1 < f5; < o).
Case a< fi<llcn< Vi, Va<cy)

Suppose that the first load is moving faster than the wave velocity in the membrane but
slower than the wave velocity in the string (z < 5 < 1). Then equation (8) can be rewritten
in the form

Uy (x,y, t)=
P expli(x + i ki)
21 |

(0 m =GR ) — = ke 2 e )

X {((1 — B — iy (B} — o)k} — l)exp{iy _421‘ W}

with Im /(i — o®)ki — 1 > 0. The denominator of the integrand in equation (15) has four
imaginary zeros in the complex k, -domain, which have been calculated numerically for
o= 0-5, f = 0-7. This implies that the moving load does not excite elastic waves in the
strings.

Two branch points n,, = 1/,/B1 — o are located on the real k, -axis. In order to evaluate
the integral (15) by contour integration one has to investigate the locations of the branch
points and zeros after introducing a small dissipation. One, therefore, introduces the
member 20U, (0 —» +0) in equation (2), which describes an additional viscous dissipation

—(1 = ki exp{i

() (b)
0.40 0.12

0.30 —

0.08
0.20 —

12
ry

F

0.10
0.04

0.00

~0.10 l l l 0.00
200 -1.00 000 100 200 -2.00 -1.00 0.00  1.00 2.00

Time, t

Figure 5. The y-component of the interaction force F}*(¢) for « = 0-5, P = P, = 1. (a) For three distances d
between the strings and i = > =040: ....,d=04; ——— d = 0-6; , d=1-0. (b) For three velocities f§; of
the first load and . =042, d=10: ...., /i =048, ———, i =040; ——; $,=0-20. The time ¢ = 0-0
corresponds to the minimum distance between loads.
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Im(k,)
+|Z2
+k,
Re(k,)
________________ .“ / -k, \\. o
Up &, M
. .

Figure 6. Branch points and cuts in the case o < ffi < 1; contour of integration in the lower half-plane.

in the foundation. After introducing this small dissipation the branch points move into
the lower half-plane:

_ iBﬁl 1 5 2 (R2 _ 2 : _
Ma= (ﬁf—az)i<\/ﬁf—u2+0(5 )>’ O(ki) = ki (Bi — o) + 2161 ki — 1,

Im (\/Q(k))) >0 with Q(n:,) =0. So it is appropriate to cut the plane along a line
Im Q(k,) = 0 as qualitatively shown in Figure 6. Then the radical \/Q(k,) has a positive
imaginary part everywhere on the path of integration. Following Jordan’s lemma [5]: for
arg; ({1, y) > 0 and arg, ({i, ) > 0, one can close the path of integration (along the real
axis) in the upper half-plane and for arg; ({i, ), arg ({i, y) < 0 in the lower half-plane,

where
—1}, argz(él,y)={él+<d+‘y+g‘> gi—l},

(16)

QN‘§
-

arg, ({1, y) = {Cl +

_d
)

and {, = x + f, t. The expressions (16) describe the two Mach-cones in which the excited
wave fields are confined.

Now one can reduce the integral (15) to a form suitable for numerical analysis; see the
Appendix, equations (A2) and (A3). Figures 7(a, b) present the results of the numerical
evaluation of equations (A2) and (A3). The figures show that the transcritically-
moving load P, (z < f; < 1) radiates elastic waves into the membrane. The wave field is
located inside the cone analogous to the Mach-cone in acoustics, which satisfies the
equation

1

tan (0)’ where sin (0) = /B = ¢, | V).

d i d
Y
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Figure 7. Different views of the membrane displacements for o = 0-5, i = 0-7, d = 1-0. 1 and 2 denote the
first and second strings.

The wave field reflecting with an opposite sign by the second string gives a secondary
Mach-cone described by the equation

d 1
—l=—(d+py+5

d
Li=—(d+|y+5 3 m,

2

see also Figure 8. A part of the wave energy is transferred to the outer membrane.
Furthermore, the secondary Mach-cone reflected partly by the first string again forms a
third Mach-cone and so on. The amplitudes of successive Mach-cones decrease with the
number of reflections due to the transfer of energy to the membrane. As can be seen in
Figure 7(a), the second string reflects the wave field effectively since no wave energy
propagates along the string. Nevertheless, the waves in the membrane excite a vibration

ﬂll d

S

y

Figure 8. The moving load (f:) generates a wave field which is confined inside the Mach-cone M,, the waves
are partly reflected by the second string 2, and form the secondary Mach-cone M., and so on.
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-0.50 —

~1.00 | | |
6.00 4.00 2.00 0.00 -200

Time, t

Figure 9. The lateral force which is acting at the second load when it is moving in the field of the transcritically
moving first load, for the parameters o = 0-5, i = 0-7, f. =03, d = 1-0.

in the string and the amplitude of this vibration attenuates with increasing distance from
the source point.

Now, the lateral force is determined which is acting at the second load when it is moving
subcritically in the given elastic field generated by the transcritically moving first load.
According to equation (14), using equations (A2) and (A3) and a standard numerical
routine, the numerical expression for the lateral force was derived. The results of the
evaluations are shown in Figure 9. The graph shows that the lateral force that is acting
at the second load has an impact character. The first quasi-impact is the most powerful
one because the load is crossing the border of the first Mach-cone. The next quasi-impacts
are smaller and smoother than the previous ones and they originate due to the crossing
of the borders of the succeeding Mach-cones.

From the practical point of view, such behaviour of the lateral force can be quite
dangerous for the stability of the passing trains. However, this model cannot give any
qualitative estimation which is suitable for practice.

Case 2: 1 < fi<ale, < Vi, Va<cn)

In this case the displacement of the system accounting for the viscous dissipation in the
foundation is given by

U (Gi=x+pit,y)

_Pr exp{ili k)

S 2n)
<((ﬁ% — Dk = ok 0 — (B — 1K exp<—%f otk 5)))

o

O S S NC
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—(ft — Dk3 exp{—(d—l— ’y-ﬁ-d‘)@}} dk,, (17)

2

with Re \/a(kl, 0) >0, where o(ki,d) = ki (o> — B}) — 2idk, + 1, Uy (L y) = lims. 1o
Uls (i = x + pit,y). The integrand of equation (17) has two branch cuts, which are
located in the upper and lower complex half-plane ki,

. o/ . 1 5
Nip=1 o — ) + 1<\/o(2 s + 0@ )>,

and four poles in the lower half-plane, following from analysis of the denominator of
equation (18), as depicted in Figure 10. If one let  —» + 0 the poles move to the real k, -axis
and are related to the wave processes in the strings.

After these preliminary remarks one may integrate expression (17) by contour
integration. Noting that for {, > 0 the path of integration can be closed in the upper
half-plane and for {; <0 in the lower complex k,-half-plane, one can find the
displacements of the system; see equations (A4) and (AS5) in the Appendix.

Figures 11(a, b) represent the results of the numerical calculations of expressions (A4)
and (AS) for two distances between the strings. The figures show that the
transcritically-moving load P; (1 < f; < o) generates waves in the first string. Further, the
oscillating string excites waves into the membrane. These waves are attenuated during
propagation through the membrane, and are exciting undamped waves into the second
string (due to the system dispersion properties). Therefore, the amplitude of that
“secondary wave” depends on the distance between the strings; see Figure 11(b). It can
further be shown that the strings are interacting through the membrane with a
characteristic retardation in time due to the finite wave velocity in the membrane.

In order to describe qualitatively the interaction between the strings, one can introduce

a parameter 1 =~ 1/./1 — (B} /&), which can be obtained from equation (17). Figures 12
(a, b) represent the displacements of the strings for d = 1-0 and d = 3-0. They can be
interpreted as the motion of two coupled oscillators. When the distance is substantially
smaller than A= 3-3, then one has a strong interaction between the strings; see

1
R
1
i
1
Y W N
/ Im(k,) 11! N
4 i N \
/ 1B N
/ ! AN
/ f! \
1 ' B \
I 1
/ em \
[ ’ "‘ Re(k \
l, N ! e( l) I|
—————————— B A N .
® [
® = P 1, T [ J
e -k, +kl —
-k, +ky

Figure 10. Branch points (0 —+0) and cuts in the case 1 < fii < o; contour of integration in the upper
half-plane.



TWO STRINGS ON A MEMBRANE 739

(b)

Figure 11. Displacement of the membrane for two distances between the strings for = 1-8, ; = 1-5. (a) For
d = 1-0; (b) for /= 3-0.

Figure 12(a). Figure 12(b) shows the case where the distances are approximately equal
to 2.

For the present case, the lateral force which acts at a subcritically moving load in the
elastic field exerted by a transcritically moving other load will be investigated. Figure 13
presents the results of numerical calculations by using equations (14), (A4) and (AS5) for
the distances d = 1-0, 3-0 between the strings. As shown in the figures, the lateral force
oscillates with respect to time and the amplitude of the force obviously depends on the
parameter d.

3.4. SUPERCRITICAL CASE (1, o < f3;)

Now the velocity of the load P, is higher than the wave velocity in the membrane and
in the strings. In this case, the moving load generates elastic waves both in the membrane

(a) (b)

1.00

0.50 —

0.00 —

U51, USZ

-0.50 —

| | | | | |
-1.00
-12.00 -8.00 -4.00 0.00 4.00 -12.00 -8.00 -4.00 0.00 4.00

o)

Figure 12. Displacement of the strings for two distances between the strings for « = 1-8, i = 1-5, 1 ~ 3-3. (a)
For d = 1-0; (b) for d = 3-0: ——, U*; ----, U™




740 A. V. KONONOV AND H. A. DIETERMAN

(@) (b)
0.40 0.04
0.20 — 0.02 —
< 000 7> 0.00 -
T
-0.20 — -0.02 —
-0.40 | | | ~0.04 | | | |
3.00 2.00 1.00 0.00 -100 4.00 3.00 2.00 1.00 0.00 -100
Time, t

Figure 13. The lateral force which is acting at the second load when it is subcritically moving in the field of
a transcritically moving first load, for o = 1-8, i = 15, > = 0-8. (a) For d = 1-0; (b) for d = 3-0.

and in the strings. The displacements of the system are described by the expression
1o (Cl =X+ ﬁl tay)

[ expli, ki)

T 2n .
(«ﬁ% — DR+ i/oKk0) — (B — 1K exp(i 24 otk 5)>>
d|Jo(ki, o)
Y 2 o

X {((.312 — Dki + iy\/m)exp{i

— (B — Dk} exp {i(d + ‘y + d D W}} dki, with Im /o (ki, 8) > 0,

2

(18)

where a(ki, 0) = ki (BT — o?) + 2i0k, — 1, U7 ({1, y) =lime o Ul (L= x + B¢, ). The
integrand of expression (18) has two branch points #,, and four poles +4;, in the lower
ki -half-plane; see Figure 14. The branch points are 5, = —idf /9 + (1/3 — O(5?)),
9 = /P? — o>. Furthermore, two of the poles, say +k,, coincide with the branch points
but after introducing an additional dissipation in the strings one can separate them. The
branch cuts have been chosen along the lines Im /o (k;, 0 »0) = 0, as shown in Figure 14.
The present location of the poles and branch points corresponds to wave processes in the
strings and the membrane inside the Mach-cones, arg, ({1, y), arg ((i,y) <0,
where

arg; ({1, y) = {Cl + ‘y +§‘ /iii— 1}, arg, (1, y) = {Cl + <d+ ‘y +‘2i‘> /%2_ 1}_

Outside these cones, the system of strings and membrane is not excited. After these
considerations, one can reduce the integral (18) to a form which is suitable for numerical
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Im(k,)

Figure 14. Branch points and cuts in the supercritical case (ff; > o, 1); contour of integration in the lower
half-plane.

calculations; see equations (A6) and (A7) in the Appendix. The results of the
numerical calculations are shown in Figures 15(a, b). As can be seen from the graphs,
the wave field is located inside the Mach-cones (arg;» ({;, y) < 0). The waves, reflecting
several times between strings, are attenuating due to the transfer of part of their
energy into the membrane outside the strings. Furthermore, for the ‘“‘two-string
system’ the wave field does not exhibit a jump in the displacements on the Mach-cone
border, as was found for the ‘““one-string system™ [4].

Now, the lateral force is determined, which is acting at the second subcritically
moving load in the elastic field generated by a supercritically moving first load. The
graph of this force is presented in Figure 16. As shown in the figure, the lateral force
has an impact character. Before passing the border of the Mach-cone (¢ < t*, t* > 0)
the force is zero because the system is not yet excited there. On the cone border
the lateral force has a jump due to the discontinuity of the first derivative of
the membrane displacement. In other words, when one of the loads is crossing the
border of the Mach-cone, where displacements are varying very fast, the load “feels”
impact.

(b)

RN
AT
R

Figure 15. The displacements of the system when the load is supercritically moving along the first string 1,
d=10. (a) For « =09, i = 1-5; (b) for « = 15, i = 1-9.
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0.80
7> 0.40 -
0.00 L——
-0.40 \ \ T
3.00 2.00 1.00  t* 0.00 -1.00

Time, t

Figure 16. The lateral force which is acting at the second subcritically moving load in the field of a
supercritically moving first load, for « = 09, d = 1-0, i = 1-5, > =0-5.

4. CONCLUSIONS

In this paper the uniform motion of two constant loads moving in opposite directions
along two parallel strings on an elastically supported membrane has been studied. The
steady state behaviour of the system has been derived. For subcritical, transcritical and
supercritical load velocities the displacement fields have been calculated and presented as
graphs.

The results show that the presence of a second string essentially affects the dynamic
behaviour of the system (compared to that of the “one-string case” [4]), especially when
the dimensionless distance between the strings is relatively small.

A subcritically moving load along a string is shown to have a stationary eigenfield of
vertical displacements with a symmetrical and an asymmetrical part with respect to the
frame of reference related to the load. By virtue of this last part, repulsive lateral force
(with respect to the string) acts at the load.

In the case of transcritical and supercritical motion, the load generates waves in the
system. The resulting vertical displacements in the system show a quite inhomogeneous
character with large spatial gradients.

Further, the lateral components of the interaction force has been determined, which is
acting at the loads, when two loads are moving in opposite directions along the strings.
The character and amplitude of this interaction force depends on the velocity of the loads
and the distance between the strings respectively. In particular, cases have been studied
when one of the loads is moving subcritically in a field of the other load. For subcritically
moving loads, the lateral force depends smoothly on time and it corresponds to an
attraction between the loads and strings. Hence, it has a qualitative analogy with
gravitational interaction.

When one of the loads is moving supercritically or transcritically then the direction of
the lateral force that is acting at the other load is fluctuating in time. Moreover both in
one of the transcritical cases, in which the wave velocity in the string is higher than the
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membrane wave velocity (¢ < f§; < 1), and in the supercritical case this force is shown to
have an impulsive character.
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APPENDIX

A.l. GENERAL SOLUTION

P o0
UP (x,p, 1) = 2;[

— 0

expli(x — f» 1)k}

(@3 = v+ == 17 = = yenni 2 = 1))

X

y+d‘\/(/3§—a2)k%— 1}
2

o

‘ {«ﬂ; 1k + i B = e = 1)exp{i

o

— (B3 — Dk exp{iy —621‘ (2 — o)k — l}exp<i3\/(ﬁ§ — oMkt — 1)} dk,. (A1)

with Im \/(ﬁ§ —oHki —1>0.
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A.2. TRANSCRITICAL CASE 1

For arg, ((, ), arg, (G, y) > 0,

(k=i K8 —1) . d| k9 -1
U@y = by 12 dw\/l )eXp{1<klé+‘y—2‘ - )}
k- Ry @Baf (ky)
1

2,2 202 _
+ P, z i(kli/()expiklc“r‘ d-l-y_gl @ .
+ky., + ks iB (k) 2 «
dkl + 1

(A2)

For arg, (Cla y)’ arg, (Cla y) < 0’

2,2 2Q2 _ 292
(k3 2 — iy Sk 9 1)exp{i<klc+‘y—‘21"/k1§ 1>}

Ur (G, y) =P ~z~1 d

—ke=k ch,B+(kl)

Py i(klzxz)exp{i<kl {+ <d+ ‘y —ZD @)}

—k 1.k ak B, (kl)
— Iy (G, ), (A3)
where > =1— pi, 9> = B} — o2,
I () = A f "Re {i sin (xa)(("”z IO Lo .0

_ (g _g\(/;?)cg)ﬁ exp(f; (1, m))} dic + A r Re {i sin (1)

(yemron- o

with 4 = Py /m, n = 1)/t — &,

y—g‘@ fﬂ%@=i<d+‘y-‘§‘>@’

Si(y.r) =i

2 g 2 .(2d
B.(k =ki) = (ki y* F iy ki 3 — 1) — (ki }5)4exp{il<a>« [k §* — 1}.
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A.3. TRANSCRITICAL CASE 2

For C] > 0,
U @ =x+ o) =4 [ Re Besp(ato( SN Lexp 1.1
-1 _g{gg)z —Lexp(f (0, x»)} dic + A f " Re fiexp(— k()
o (I exps (1)) — S expf () ) e (A4)
B, (x) <P B_ () P20 :
For {, <O,
ur,y) = 2 (kiz _V VL )GXp{iklé— ‘y—g’Ck%§2+ 1}
ikhikz dkl B(k))
+ P i(gk'zixz)exp ik&—(d-i—’y—ﬂ)w}—lm,
+ky, +ky B(kl) o
dk,
(AS)
where
A=PJQn)., 7= F -1 8= Jo_f,
PR N R P ] Nz 2
and

Blk) = (ki 2 = 33/Ue 9F + 1) = (ki 2)° exp(—id R 1>,
B. () = (07 + ip/(<9) = 1) - (m4exp<1 =y - )
B () = (2 — i/ (68) = 1) - (xy)%xp(—l ey = )

I is the integral along the branch cut, which has the same form as the two integrals in
the expression for {; > 0 but one has to substitute {;,— —{,.
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A.4. SUPERCRITICAL CASE
For argl (gly y)’ arg2 (Cla y) > Oa

U's(Li=x+ B t,y)=0. (A©)
For arg, ({1, y), arg, ({1, ) <0,

2.2 H 2Q2 _ 2092 _
Ur Gy - p y WA 1)exp{i<k14+‘y—g‘@>}

e d
k), + £,
K, B+ k)

s o4 )

+ky, +ky

v | Re fsin (x&)(“‘%)z O =L expif (7.10)

B (k1 )? _iBJi (’E})Cug)z — 1 exp(—if; (v, K)))} dx

+ A4 Jw Re {i sin(;cCl)(E(,KX(zj) exp(ifa (v, x))

— S exp(if 00 ) (A7)
where
A=Pem.  q=1JF—a g=JE-L 9=JF-=
Sy ’ ‘L‘g)z L A= <d+‘ DE"S{ ,

B (ki) = (ki 2 + ip/(k 9 — 1 — (k, x)“exp<i o J(k~9>1>

B_(ki) = (ki 2" — ip/Gks 97 — 1) — (myexp<_1W )



