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Abstract Inertial loading of structures by mass travelling with near-critical velocity has been intensively
debated. In the literature a moving mass is replaced by an equivalent force or an oscillator that is in permanent
contact with the structure. A direct mass matrix modification method frequently implemented in the finite
element approach gives reasonable results only in the range of relatively low velocities and for low mass value
if compared with the mass of a structure. However, existing solutions are incorrect and are not implemented
in commercial computer codes. In this paper we present the space—time finite element approach to the prob-
lem. The interaction of the moving mass/supporting structure is described in a local coordinate system of the
space-time finite element domain. Resulting characteristic matrices include inertia, Coriolis and centrifugal
forces. Simple modification of matrices in the discrete equations of motion allows us to gain accuracy in a wide
range of velocity, up to the over-critical speed. Numerical examples of string and beam vibrations prove the
simplicity and efficiency of the method.

Keywords Moving mass - Inertial load - Space—time finite element method - Vibrations

1 Introduction

Inertial loads moving on strings, beams and plates with sub or super critical velocities are especially important
for engineers. Theoretical and numerical solutions are applied to problems with single or multi-point con-
tact such as train—track or vehicle-bridge interaction, pantograph collectors in railways, magnetic railways,
guideways in robotic technology, etc.

First, the difference between the inertial loading and loading by moving massless force must be empha-
sised. In the inertial load problem the moving mass is placed directly on the structure while the massless force
represents only the equivalent inertia influence or is modelled as a spring-mass system load. Both applications
do not result in proper displacements and mass trajectory. The present paper deals with the first type of loading.
In common practice, differential equations derived for moving mass problems are solved numerically by using
of finite element techniques. However, this approach has considerable disadvantages. As long as mass influence
is considered as an equivalent force system, computations can be performed with sufficient accuracy only in
low range of the speed (in the case of a string up to 0.2-0.3 of the wave speed and for low mass values). The
solution, however, is still incorrect. The analysis of the string vibrations performed according to [1] is divergent
(Fig. 1). In the case of a beam the divergence rate is lower than for a string, because of the different type of the
differential equation. We must emphasize here that traditional finite element method fails since it does not allow
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Fig. 1 Divergency of the existing numerical solution

the precise discretization of the differential equation in the interval between two successive whiles. The space-
time finite element method has no such limitation. In the space-time approach the equation in the whole time
interval in discrete time is being considered. The space-time element method can be considered as the extension
of the traditional finite element method in the time domain [2]. Non-stationary partition of the structure and
non rectangular space-time elements [3,4] enabled the solving of a new group of problems by the space-time
element method: problems with adaptive mesh [5-7], contact problems [8,9], large deformations [10].

In this paper we discuss the numerical aspects of the moving mass, placed directly on the structure. The
influence of the moving force alone is trivial and this question will not be considered. The moving mass cannot
be simply incorporated in the discrete formulation. The space-time formulation is used to derive matrices
which contribute to moving mass effect. Consequent formulation results in a proper time stepping scheme.
The space-time finite element formulation seems to be the best, and unique so far, approach to formulate the
problem and to derive respective characteristic matrices of the step-by-step procedure of time integration of
the motion equation.

The analysis of the moving mass problem is widely presented in literature. The closed solution exists only
in the case of mass moving on a massless string [11,12]. Otherwise, final results are obtained numerically,
although the solution is preceded by complex analytical calculations. In numerous references authors treat the
problem in a low range of the mass speed. In such a case results are sufficiently good, even if the inertial term
contributing to moving mass is not correctly treated by the time integration method. Simply, the moving mass
influence in such cases is minor compared with static displacements.

Measurements of the wave speed in railway tracks treated as beams show values between 800 and 1000
km/h. In the case of soaked ground the speed can decrease to 500 km/h or less. Dynamic influence of the
moving load significantly increases the structure deflection. The highest dynamic contribution determines the
critical speed of motion. Practically, the critical mass speed equals 0.4—0.5 of the wave speed. This is the range
of the speed of the modern vehicle.

The dynamic problem is considered as a sequence of static solutions, performed step-by-step with a pre-
scribed time increment. At a low velocity of the mass (approximately up to 0.1 of the critical speed and up to
0.2 of the wave speed in the unloaded and unballasted structure), simple replacement of the mass from joint
to joint or from element to element can be applied with an error sufficiently low for engineering purposes.
However, the error dramatically increases with the increase of the travelling speed and such an approach can-
not be applied to a general case. Direct modification of global characteristic matrices in the discrete system
is attractive since it allows us to avoid computational complexity as in the case of moving oscillators or the
imposition of supplementary constraints.

2 Formulation of the problem

Let us consider a string of the length /, cross-sectional area A, mass density p, tensile force N, subjected to
a concentrated mass m accompanied by a point force P (Fig. 2), moving with a constant speed v,,. The motion
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Fig. 2 Moving inertial load

equation of the string under the moving inertial load has a form

N 9%u(x, 1) 4 oA 9%u(x,t) 5( HP 5( 0 d2u(vpt, 1) 0
—N —— —— = d(x—v — §(x —vpt)ym —————

ox2 PE o0 " " dr?
We impose initial conditions u(x, 0) =0, du (x, t)/at‘ =0andboundary conditionsu (0, r) = 0, u(l, t) = 0.

=
The problem can easily be solved analytically or numerically if P is the only travelling factor and m = 0.
Respective closed solutions or series expansions exist in such a case. However, in our paper we concentrate
on the influence of the inertial moving term. We consider small displacements of the string.

2.1 Theoretical analysis

The general semi-analytical solution is given below for two reasons. First, we use it as a reference solution to
be compared with numerical results. Second, we intend to emphasize discontinuity of the mass trajectory at
the end support. This important property is visible both in semi-analytical and numerical results and influences
the response of more complex systems. Moreover, it is mathematically proved in [13, 14]. The final solution
is obtained as a matrix differential equation of the second order. Numerical integration results in the solution
valid in a full range of the velocity. We can mention here that exactly the same approach can be applied to
a beam with a moving mass.

In order to reduce a partial differential equation to the ordinary differential equation, we apply the Fourier
sine integral transformation in a finite range (0, /)

l
V(j,1) = /u(x,t) sin”Txdx uer.t) = 7 JZ] V(1) sin”Tx. )
) —

The motion equation after the Fourier transformation is in the following form

o0 o0
V(j, 1) + aZV(k, 1) sinwit sinw;t + 2a Za)k V(k, 1) cos wit sinwjt

k=1 k=1
3)
ad P
+ @V — @Y o Vk 1) sinagt sinwjt = — sinwjt,
where
k j 7T N jm? 2
o = = gy = o DS o @)
! : l pA 12 oAl
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The analytical solution to this problem is unknown. We must solve this equation numerically. The Eq. (3) can
be written in a matrix form, where matrices M, C and K are square matrices (j, k = 1...n)

MV + CV +KV =P, (5)

where matrices’ elements are as follows:
iTu,t . jouyt

mjj = o sin T sin— +8ij, (6)
JTu,t | iTu,t Jru,t
cij =2 ] sin 7 cos T @)
22 222 . .
i“‘m® N TV iVt T Uyt
kij = o g — L i UL Gy ST ®)
12 pA 2 l [
and vector elements
P . imu,t
; = — SIn , 9
Pi oA ] ©)]

where v; = V (i, t) and §;; is the Kronecker delta. When coefficients V (j, t) are computed, displacements of
the string (2) constitute the solution of (1). The solution is determined in a full range of v,,. We can calculate
displacement in each point of string and for all values of vy,.

2.2 Results of semi-analytical calculations

The integration of the Eq. (5) results in components which describe displacements in time (2). Fig. 3 presents
the mass trajectories for the dimensionless velocities of the range 0.1-1.0.

The analysis of results exhibits a jump of the mass in the neighbourhood of the end support. In the papers
[13,14] the discontinuity of the mass trajectory near the end support was mathematically proved. The proof
was given in the case of massless string. This solution enabled us to prove the jump of the trajectory in the
whole range of the speed 0 < v;,, <c. The conclusion is important for further numerical investigations and final
conclusions. What is more, this exhibited property results in significant inconveniences in discrete solutions.

In the case of inertial string the pure mathematical proof cannot be given. Numerical integration of the
second order differential Eq. (5) results in a discontinuity of the mass trajectory. Especially for v,, = 0.5¢, the
moving mass approaches the end support in a phase of deep vertical displacement. In spite of low convergence
of the sum (2) good accuracy of results was obtained.

A global analytical solution can be considered as a reference solution. Although it is valid for the whole
range of the speed vy, (sub-critical, critical and over-critical), it can be used in a limited range of engineering
problems.
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Fig. 3 Displacements computed analytically-numerically with Eq. (5) at various speed (a) and numerical analysis with moving
spring-mass system (b)
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3 Space-time finite element approach

The numerical analysis of the problem of the moving inertial load is performed with the use of the space-time
finite element method. We can mention that attempts to the classical finite element solution failed.

3.1 Discretization of the string

We consider Eq. (1) in the space-time domain Q = {(x,#): 0 < x < b, 0 <t < h}. The equation of the
virtual power is obtained by multiplying (1) by the virtual velocity v*(x, ¢). The total virtual power in Q is

equal to
h b
// *(x., 1) PRSI RN R (10)
v*(x, — —N— —n— ) dxdr =0.
PRS2 Vo2 T T
0 0

n denotes internal damping coefficient. Node numbering in the space-time element is presented in Fig. 5.
Integrating (10) by parts with respect to x results in

,OA// 0v” du —n//v*de:O. (11)
Q

We assume linear variation of velocity v = du/d¢ within x and ¢:

4
vix, 1) = > Ni(x,0)v;. (12)
i=1
In the domain €2 the shape function N = [Ny, ..., N4] has the form
N = ! ( b)y(t — h) ! (t—h) ! ( b)t ! t (13)
o C T A Y

Displacements are computed from the velocity equation by integration

t t

u(x,t) =u(x,0) + /(N1v1 4+ -4+ Ngvg)dt = u(x, 0) +/N*th. (14)
0 0
Finally, we have
xt2 2
u(x,t) =u(x, 0)+ﬂ(v1—v2—vz+v4)+—( v1+v2)+—( v1 + v3) + vit. (15)

Derivative du/dx can also be computed

2

t du
ou/ox = — (@ — vy —v3+v4) + — ( v+ v)+ —

1
2bh dx (16)

t= 0

The proper choice of virtual functions v* is a fundamental question of the space-time approach. Different
functions result in solution schemes of different properties: accuracy and stability. We propose a simple form
with distribution § in t = ah (Fig. 4a).

v*(x,t):S(t—ah)[(l—%) v3+%v4]. 17)
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Fig. 4 Virtual functions: a delta Dirac shape, b hat shape, ¢ triangle shape, d roof shape

Required derivatives of virtual v* and real v functions can be determined from (17) and (12)

LA T (18)
= —(—v v4),

ax b

v _ X + )+ (=01 +v3) (19)

5 = bh v — Uy — U3+ v4 A v + v3).

We notice that the Dirac § term in the subintegral function reduces the integration in €2 to the integration over
0 < x < b. Finally, the Eq. (11) can be written in the following matrix form:

b
-EF-D][~ 1 X X 1 x
A (b ___7 __’ - T, _7_ d
P /[ x ][bh b bh ok bh} *

0
b b
1 2 2 2 2 1
-7z t t t t t t -5
+N/ "= =5+ =, = | dx +N/ b1 egdx
LW2bh  b° 26k " b° 2bh7 2bh] |y, 1
o L o L b
PG [ =0 -k xt—h) b .
—(% — X — r— x(t — X —b)t Xxt
_”/ " )H bh bk bk ’E}d" p=0 @O
L b t=ah
0 V4
The resulting matrices are as listed below:
1 1111
pob |-+ -1 11 1
M=7[§ S ??}E[—MAMS] @1
~6 3163
2 2
L A (B
b al=%) all-9)|_ o
o 0{2
=hla =K | 5Ky (22)
l—o l-a | a a
C=nb {lia Sola 2} =[(1 —=a)Cs | aCy] (23)
% 3 163

M, K, and C are the space-time inertia, stiffness and viscous damping matrices, respectively. We notice that
they are composed of two square matrices, each of a dimension equal to the number of degrees of freedom in
a spatial finite element. Matrices Mg, Kg, and Cg have the same or similar form to respective matrices derived
traditionally from the classical finite element approach. The third term of Eqn. (20) expresses nodal forces e
in the beginning of the time step 7. & is the strain at 7y. The final form of the motion equation establishes the
force equilibrium on the edge of the element domain 2. Vector v contains nodal velocities v; at the initial time
t = t; and v; 41 at the final time t = t; + h.

(M+C+K)[:’j+l]+e:0 or K'v4+e=0. (24)
1

The velocity vector v;4 is the only unknown vector in the above step-by-step equation. Finally, we must
compute displacements q;1. We use the formula

qi+1 =¢q;i +hlBVi + (1 = B)vit1l (25)
The stability analysis resultsin 8 = 1 — «.
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3.2 Discretization of the string element carrying moving mass

The last term 8(x — vpmt) m d2u(vpt, 1) /dt2 in the motion Eq. (1) describes the inertial moving mass.
d>u(vpt, 1) /dt2 is the vertical acceleration of the moving mass and at the same time the acceleration of
the point of the string in which the mass is temporarily placed (it is x = xo + v;,¢). The acceleration of the
mass d?u(v,t, t)/dt*> moving with a constant velocity v,,, according to the Renaudot formula (which in fact
is the chain rule of differentiation), results in three terms

d? tt 92u(x,t 92u(x,t 0%u(x,t
u(pt, 1) ulx, 1) v 2, u(x, ) + o2 u(x,t)
dr? ot? dx0t 9x2

(26)

X=vyt X=vyt X=vyt

Thus, we can separate the transverse acceleration, the Coriolis acceleration, and the centrifugal acceleration,
respectively. This is the so-called Renaudot notation for the constant speed v,,. Another one, the so-called
Jakushev notation (or approach) finally gives the same result in our case of the constant mass .

In our space-time finite element method we formulate equations in terms of velocities. The mass acceler-

2
ation d“g;—’z”t”) is expressed in terms of velocities as well
32 ot d (8u(x, 0 du(x, 1) )
— u(xg+vmt, 1) = — | — Uy ———
2
dr dr 0t |y~ xotunt ox * —xotut

d d [ du(x,t)
=4 (V(x, t)|x:x0+vm,) + v o\ 5

x:x0+vml)

d [Ou(x,t
+ vy — M 27)
dr dx X =X0+Umt,

The first term represents the transversal acceleration. The second term defines the Coriolis acceleration. The
third term is integrated over time and it results in the centrifugal acceleration, contributed in the matrix Ky,
and nodal forces e.

In the final stage three resulting matrices are responsible for transverse inertia (the matrix has the form
of the inertia matrix), damping forces (the matrix multiplied by the velocity vector has a form similar to the
Coriolis forces) and stiffness (potential) forces (the matrix, if multiplied by the velocity vector, has a form
similar to the centrifugal forces). The third matrix appears as a result of initial displacements in the time
interval.

Let us now follow this idea and treat numerically the right-hand side inertial term of (1). The same math-
ematical steps as in the case of pure string enables us to integrate the inertial term

h b
d? tt
//N*ma(x oy HGO Ul D) g (28)
0 0

aV(x,t)
at

oVi(x,t)
0x

Um

X =x0+vnt

X =x0+vnt

dr?

We consider first the integral term of (14). We use the same linear interpolation of the velocity (12). The virtual
velocity v*:

. 1—%].
v*(x,t):N*q,,:S(t—ah)[ )_cb} qp (29)
b
Consequent integration results in two matrices: the moving mass inertia matrix K,

(1 —x)2 = _ EPAY _
o m (1—-x) k(l—k)| (1 —k) k(1 —k) ’ (30)
h | —k(1—x) —i? k(1 —k) K2

where k = (xo + v,ah)/b, xg is a starting position of the mass in the space-time element (at t = fg) (see
Fig. 5), and the moving mass damping matrix C,,

mv[—(l—K)(l—ﬁ) (1—K)(1—/3)‘ —(I—K)ﬁ(l—K)ﬁ}

v 31
¢ (=B k(=P B KB Gb

b
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Fig. 5 Mass path in the space-time finite element

Since displacements of the left and right node of the element are expressed by u; = u% + h[Bv1 + (1 — B)vs]
and ug = u% + h[Bva + (1 — B)va], we can derive the required dug/dx

d — C—u) h
f = UK ; “L_Zk ; ad Sl=Bui+ s — (1= Bus + (1 = Hua] (32)
Matrix Ky, is the stiffness mass matrix
hmog, [ B —p| 1-8 —(1—p)
Km =02 [—ﬂ Bl-a-p 1-8 } (33)

The term (u(,)e — u%) /b in (32) multiplied by muv? /b results in initial nodal forces e in the space-time layer (24).
We can mention here that the hat-shaped virtual function results in the different stiffness matrix of the
string element

_ Nh 1/3-1/3| 176 =1/6 | |1
K= 7[—1/3 1/3‘ ~1/6 176 | =M 3%
and the string element carrying the mass K,

hmv2 [ 1/6 —=1/6] 1/3 —1/3
b2 |:—1/6 1/6‘—1/6 1/3]

1
3 Ks] ; (34)

K, = (35)

We can compare both matrices with (22) and (33).

3.3 Discretization of the beam element carrying moving mass

We consider here the Bernoulli-Euler model of a beam. The motion of the Bernoulli-Euler beam under the
moving mass is described by the equation

184u(x, 1) A 9%u(x, 1) ¢ BP — 8 5 d2u(vpt, 1) 36)
_— ——— =38(x—v - 8(x —vpt)ym————,
axs P " " dr?
with boundary conditions
3 %u(x,t 0%u(x,t
WO.1) = 0. u(.ry =0, LMDl _ g YuDp (37)
ax? |, ax2 |
and initial conditions
du(x,t)
u(x,0) = 0, = 0. (38)
T
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Fig. 6 Displacements under the moving mass—space-time finite element solution for a virtual Dirac function with @ = 0.5 (left)
and a virtual hat function (right) compared with analytical solution

Characteristic matrices are derived in a classical way. In the element carrying the mass we substitute the
derivative d?u (v,,t, ) /dr? in the equation of the virtual power by three terms obtaind from the chain rule deri-
vation (26). They contribute vertical inertial, centrifugal, and Coriolis forces. The choice of the virtual function
is the crucial point in this stage. Matrices derived with the hat-shaped function give excellent accuracy of results.
In the case of the Timoshenko beam, we follow the same way as in the case of the Bernoulli—Euler beam.

4 Numerical results

Numerical results obtained with the proposed space-time approach can be compared with the analytical solu-
tion. Moreover, the spring-mass finite element solution can also be plotted. In our tests the string was discretized
by a set of 200 finite elements. The time step # was equal to b/40v,,. It means that the mass passes from joint
to joint in 40 time steps. Results obtained by the space-time finite element method are presented in Fig. 6.

Further examples prove the efficiency and accuracy of the approach. One can plot the displacements of
selected fixed points of the string. In such a case the results exhibit very good coincidence with the analytical-
numerical approach.

We can attach only for information the plot of oscillator displacements moving over the span. Two separate
systems were considered: a string subjected to a contact force between the oscillator spring and the string,
and the oscillator itself, subjected to a force P applied to a mass and displacements determined from the
string motion, applied to a spring. The oscillator spring stiffness was assumed to be high enough, to simulate
a rigid contact of the mass with the string. We notice that the solution is significantly worse (Fig. 3b) than
results obtained with the method presented in this paper. Numerical results of displacements in time of the
Bernoulli—Euler beam are presented in Fig. 7. The following data were applied: £ = 1.0, A = 1.0, I = 0.01,
[=10,p=10,m=1.0,and P = 1.0.

5 Conclusions

In this paper we dealt with numerical analysis of the string vibrations under the moving inertial load. We
derived the matrix formula of the time integration procedure on the base of the space-time finite element
method. Solutions presented in the literature are derived with classical time integration schemes. Results pub-
lished in references cannot be accepted. In common engineering practice the massless force acting on the
string in the form of oscillator is applied. Such results are greatly underestimated and for the velocity higher
than 0.2-0.3 of the critical speed cannot be taken into account.

The numerical approach presented in this paper can be applied in the wide range of the speed and also in
the critical and over-critical range. The precision of results is high. In the case of the speed higher than the
wave speed in strings, the particle’s trajectory does not differ from the theoretical zero line. Discontinuities at
x = [ exhibited and proved analytically in literature are reflected in figures presenting numerical trajectories.
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Fig. 7 Displacements under the mass moving on the Barnoulli-Euler beam

Displacements of beams, both Bernoulli-Euler and Timoshenko type, obtained numerically and semi-analyt-
ically, perfectly coincide.

The method presented in this paper can be successfully applied to other structures subjected to inertial
load, for example frames and plates. The space-time finite element approach shows the way for the classical
numerical solution of the moving mass problem with the Newmark method. Unfortunately, nowadays, the
space-time approach is the only efficient solution.
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