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1. Introduction

In the general framework of vehicle-induced vibration of highway and railway bridges, the dynamics of multiply
supported continuous beams under moving loads has been extensively studied, and several approaches are available in the
literature, which differ in complexity and accuracy. In recent years, Lee proposed an approximate method for studying the
transverse vibration of a multi-span Euler-Bernoulli beam subjected to moving forces [1] and moving masses [2], in which
the assumed modes are the sinusoidal eigenfunctions of a homogenous simply supported beam, and the intermediate
supports are modelled as linear springs with arbitrarily large rigidity. Since the assumed modes suggested in these papers
do not satisfy the zero-deflection condition at the intermediate supports, Zheng et al. [3] proposed a modification
consisting of cubic splines, in so eliminating the kinematical inconsistency. In the study by Ichikawa et al. [4], the exact
eigenfunctions of homogeneous continuous beams have been derived and used to solve the moving mass problem;
unfortunately, quite often this exact solution is of little help when real-life bridge engineering applications are dealt with,
since the cross-sectional depth in actual continuous bridges increases in proximity of the intermediate supports. In order
to overcome this drawback, Dugush and Eisenberger [5] derived the exact eigenfunctions of continuous beams with a
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polynomial variation of the cross-sectional depth; in their formulation, however, only the moving force problem is
addressed, and the structural damping is not taken into account, while the computation of the eigenfunctions may be
cumbersome. Martinez-Castro et al. [6] pursed the solution of the moving force problem by discretizing the continuous
beam with two-node Euler-Bernoulli elements of variable cross section, in conjunction with a semi-analytical scheme of
dynamic analysis in the reduced modal space. Even thought of easy numerical implementation, this approach may require
a large number of degrees of freedom, and the extension to the moving mass problem is not straightforward. Other
investigations have been also focused on more specific aspects of continuous beams under moving loads, namely
separation and re-attachment of vehicles [7], coupling conditions between adjacent spans [8] and identification problems
[9]. Indeed, the persistent interest of researchers and engineers in this topic is justified both by the challenging nature of
the governing equations [10] and also by the practical need of analysing the vibrations induced by high-speed trains
crossing light bridge structures (e.g. Refs. [11-13]).

In this paper, aimed at overcoming the limitations of the methods available in the literature, a novel technique for the
dynamic analysis of multi-span continuous beams traversed by moving forces and masses is proposed and numerically
validated. The basic idea is to take advantage of the component mode synthesis (CMS) method (e.g. Refs. [14-18]), i.e. a
substructure approach (SA) which proved to be particularly effective in treating continuous structures coupled with
moving systems [19]. To do this, in a first stage the continuous beam is ideally decomposed into a series of alternate
primary and secondary spans, whose BCs (boundary conditions) are conveniently selected; in a second stage, the
Lagrange’s equations of motion of the re-assembled continuous beam are derived, in which the kinematical compatibility
is automatically satisfied at the interface between adjacent spans. In comparison with other CMS variants, the proposed
approach lends itself to be easily automated, since the approximate modal shapes of the continuous beam are deduced
from the eigenfunctions of pinned-pinned, pinned-clamped and clamped-clamped homogeneous beams, which are
known in closed form [20]. The proposed SA has the additional advantage that the pertinent time-dependent matrices of
mass, stiffness and damping are simply obtained by collocating the corresponding elementary blocks for each span within
the global matrices; in turn, elementary blocks for primary and secondary subsystems are given in analytical form, which
further reduces the computational burden.

For the sake of generality, the formulation is presented for the case of a stream of multiple forces and masses
accelerating along the continuous beam, and the structural damping is also accounted for. Accuracy is demonstrated with
two numerical applications taken from the literature, whose results are compared to those of previously published studies
and conventional FEM (finite element method) analyses. A third numerical application with a platoon of high-speed
moving masses is used to highlight the practical importance of the inertial effects neglected by the moving force model.
Indeed, to the best of authors’ knowledge, commercial FEM codes currently available for structural engineering purposes
do not allow running dynamic analyses of bridges under a stream of moving masses.

2. Substructure approach (SA)

Let us consider the N-span Euler-Bernoulli continuous beam shown in Fig. 1a, where L and z are total length and global
abscissa along the structure. Aimed at enabling analyses of actual bridges and vehicles, in this study the continuous beam
is inhomogeneous (i.e. the cross section is allowed to vary with z), the positions of the intermediate supports are arbitrary,
and the ng moving forces travelling on the beam may have different intensity f, velocity &;(t) and acceleration &;(t), &(t)
being the position of the generic i-th force (i=1,...,nf) at the time instant t.

The dynamic problem under consideration is ruled by the partial differential equation:

62 az az ng
W2) 5z U@ H+D(z, )+ 2 (K(Z)@u(z, t)) = 1;ﬁ5(2—€f(t)), (1)

with the following boundary conditions (BCs):

2

d
u(0,t)=0; @u(z, Bl;—0=0

a2
u(L,t)y=0; EU(ZJ:)IZ:LZO;
u(z,-,t) -0, i=2,...,N—1. (2a—e)
The functions p(z) and x(z) in Eq. (1) are mass for unit length and flexural stiffness along the continuous beam,

respectively; u(z,t) is the time-dependent field of transverse displacements; D(z, t) is the internal damping force per unit
length. Moreover, the Dirac’s delta function 6(z) in the right-hand side of Eq. (1) is defined as the formal derivative of the
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Fig. 1. Continuous beam under moving forces (a); secondary substructures with clamped ends at the position of the intermediate supports (b); primary
substructures with pinned ends (c).

Heaviside’s unit step function U(z):

0 z<O0
5(2):%U(z); U@z) = % z=0 (3a,b)
1 z>0

while z; in Eq. (2) is the abscissa of the i-th internal support (Figs. 1b and c). It is worth mentioning that when spans
become relatively short with respect to the depth of the continuous beam, the Euler-Bernoulli formulation may be
inappropriate, and one may need to switch to the Timoshenko’s theory of beams. This case is beyond the scope of the
present paper.

2.1. Decomposition into primary and secondary spans

An exact solution for the dynamic problem in hand can be obtained in just a few situations, e.g. when inertia and rigidity
do not vary along the structure (i.e. xu(z) and x(z) are constants), spans of the bridge have the same length (i.e. L;=L/N, for
i=1,...,N) and all the moving loads do not accelerate/decelerate (i.e. £;(z) = 0, for i=1,...,ng). It follows that in most of actual
design situations an exact solution is not available, and hence structural engineers must rely on approximate methods of
analysis. Within this framework, the proposed formulation builds on the component mode synthesis (CMS) method, which
lends itself to deal with moving load problems (e.g. Ref. [19]). Specifically, in order to particularize the classical primary-
secondary substructure approach (SA), let the continuous beam be conveniently thought as composed of ng = int[(N+1)/2]
secondary spans (Fig. 1b) and np=N—ns primary spans (Fig. 1c). As illustrated in these sketches, substructures are numbered
in such a way that indexes i=1,...,ns denote secondary spans, while indexes i=ns+1,...,ns+np=N denote primary spans. It is
also shown that, according to our decomposition, secondary and primary components alternate along the continuous beam.
More precisely, the spans in odd position (first, third, and etcetera, from the left) are secondary substructures (Fig. 1b), while
those in even position (second, fourth, and etcetera, from the left) are primary substructures (Fig. 1c).

The BCs of the substructures are imposed as follows: (i) the ends of the continuous beam are pinned, since this is the
usual configuration in practice; (ii) the internal nodes at the position of the intermediate supports are assumed to be
clamped for the secondary spans (Fig. 1b) and pinned for the primary ones (Fig. 1¢), that is a free-fixed primary-secondary
interface.
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Once the whole structure has been decomposed in N elementary spans, the time-dependent field of displacement, u(z,t),
can be represented as

N
uzty= > uiz-Z, yz-2), (4)
i=1

where u;(z;,t) is the deflection of the i-th span at local abscissa z; =z—Z; and time instant t, while y;(z;) is the window
function for the i-th span (e.g. Ref. [21]):

. O<Zi<Li;
2i=0 z;=Lg (5)

, zi<0 z;>L.

1
1
%i@) =U@z)-U(z;—L) = 5
0

It is worth mentioning that, given the numbering scheme of primary and secondary spans, the i-th abscissa z; in Eq. (4) can
be evaluated as

0, i=1;
i—1
Zi= Lie+Log k), 2<i<ng; (6)
k=1
2i—ns +Li—ng, n5+1 <i< N,

L, being the length of the k-th span (see Fig. 1).
2.2. Assumed local modes for primary spans

Once the whole continuous beam has been decomposed into N individual spans, the transverse displacements for the
generic i-th primary span (i=ns+1,...,N) can be expressed in the form:

m;—2
ui(z;, t) = Z i@ () + P m,—1@)Gimy—1(O) + B, (20)Gi.m, (8) = ¢iT(Zi) - q;(D), (7)

j=1
where &;(z) = {¢;1(Z) ... Pim_2@)|Pim,_1(Z) qﬁi’mi(zi)}T is the array listing the m; shape functions assumed for the i-th
primary span, while q;(t)={qi1(t) ... qim—2(0Iqim—1(0) q,-m(t)}T is the array of the corresponding generalized

displacements. The array ¢;(z;) has been partitioned in order to highlight the last two assumed modes, which are defined
differently with respect to the first ones. More precisely, among all the possible choices, we take as first (m;—2) assumed
modes the eigenfunctions of the homogenized beam having averaged values of mass for unit length, f;, and flexural
stiffness, &;:

_ L _  E [k
= LB/ Ai(z)dz; K;= f/ Jiz) dz;, (8a,b)
iJ0 iJ0

where p and E are mass density and Young’s modulus of the material, respectively, while Ay(z;) describes the variation of
the cross-sectional area along the i-th span, and J{z;) the corresponding second moment.
The shape functions ¢;;(z), then, are obtained as solution of the classical eigenproblem (j=1,2,...,m;—2):

4

_d _
Ki A ¢ij(zi) = wizjﬂi(l"ij(zi), (9)
1
with pinned-pinned BCs (see Fig. 1c):
& §iy(zi) )
$ij(0)=0; ¢;;(L)=0; d%;? =0; # =0, (10a—d)
zi=0 1 zi=1L
and subjected to the ortho-normalization condition:
L
ﬁi/o i@ b 1(2)dz; = Jj ks (11)

0;k being the Kronecker’s delta symbol, equal to one when j=k, zero otherwise. Thus, the first assumed modes for the
primary spans turn out to be sinusoidal functions given by (i=ns+1,...,N; j=1,2,...,m;—2)

2 . jnz,-
¢ij(zi)=1/ﬁiLi51n< I ) (12)

For illustrative purposes, the first assumed mode of the first primary beam, namely the function ¢,_, 1 1(zn;11), is shown
in Fig. 2c.
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Fig. 2. Reference sketch of the continuous beam (a); first eigenfunction selected as assumed local mode for the first primary span (c); influence functions
on the adjacent secondary spans, which re-establish the compatibility between primary and secondary substructures (b).
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Fig. 3. Reference sketch of the continuous beam (a); last assumed local mode for the first primary span (c); influence functions on the adjacent secondary
span (b).
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Although for engineering purposes these sinusoidal functions are able to describe accurately the transverse deflection
along the i-th primary span, the bending moment (BM) diagram cannot be represented adequately without enlarging
properly the set of assumed modes. Indeed, consistently to the pinned-pinned BCs, the value of the BM associated with the
eigenfunctions of Eq. (12) is zero at the ends of the i-th primary span (i.e. both at z;=0 and at z;=L;), while in practice a peak
of the BM diagram is expected at the position of the intermediate supports in the actual continuous beam.

To overcome this flaw, the last two assumed modes in the array ¢;(z;) for primary spans are chosen as the deformed
shapes of the homogenized spans with clamped-clamped BCs and subjected to a unit rotation alternatively at each of the
two ends. For the i-th primary span these two additional functions are solution of the following fourth-order differential
equation (j=m;—1, m;):

d4
— ¢ii(z))=0, (13)
dz;} ij\=1
with BCs:
do,i(z) de,i(z)
$ij(0)=0;  ¢;;(L)=0; —(idz, l =0m1j; é’;, 1 = Om,j, (14a-d)
zi=0 zi=1L;
and subjected to the normalization condition:
L
m [ wyerdz=1. (15)

One can easily prove that the new complementary assumed modes take the cubic expressions:

N 105 Z; ZZi. N 105 Z; Z; 2
dima@ = (1-5) T o= (-1) (7) - (16ab)

The second of these functions is qualitatively shown in Fig. 3c, where the righ-hand side end of the first primary beam
(i=ns+1) is subjected to an unitary clockwise rotation (¢=1 in the sketch).
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2.3. Assumed local modes for secondary spans

According to the component mode synthesis (CMS) method (e.g. Refs. [14-18]), the field of displacement for the generic
secondary substructure is expressed as the superposition of two contributions. In the problem in hand, the first
contribution describes the transverse displacements of the i-th secondary span assumed to be clamped at the internal
supports, while the second contribution satisfies the compatibility conditions with adjacent primary spans:

m; N my N
Uz )=y ¢y@ a0+ > > Vi@ O =4 @) - a0+ Y Vi) - qu), (17)
j=1 k=ns+1j=1 k=ns+1
where, the m;-dimensional arrays ¢;(z;) ={¢;;(z) ... d),-’ml(z,»)}T and q;(t) ={gj1(t) ... qim.(t)}T list shape functions and
generalized displacements for the i-th span, respectively, while W;(z) = {¥;, 1) ... Vigm, (z))" is the array collecting the

m,, influence functions of the primary spans.

Similarly to the previous subsection, the assumed modes ¢;;(z;) are the eigenfunctions of the homogenized span (see
Egs. (8)), which are solution of the same eigenproblem of Eq. (9), but with different BCs (see Fig. 1b). Specifically, for an
inner secondary span, the BCs read:

do;;(zi)

_ do;(z)
dZ,‘ -

$;(0)=0; ¢;;(L)=0; iz =0, (18a—d)

zi=1L
and the solution can be posed in the form [20]:

a,vJ
sinh(f;;L;)—sin(B;;L;)
—cos(f;;z)sinh(f;;L;) + cos(B;;L)sinh(f; ;z;) —cosh(B; z)sin(B;;Li)
+COSh(ﬂuLi)SiD(ﬂuZi)+COS(ﬁi,;‘Zi)Siﬂ(ﬁi,iLi)+C05(ﬂul~i)5in(ﬂi,;zi)}, (19)

¢ij(z) = x {COSh(ﬁijzi)Sinh(ﬁijLi)_COSh(ﬁijLi)Sinh(ﬁijZi)

where the coefficient f;; is the j-th non-trivial root of the characteristic equation:
1

cos(BijLi) = Wﬁiﬂ-u‘)’ (20)
while the value of the normalization coefficient a;; is computed in order to satisfy the condition:
L;
i [ WyPdz=1. (21)

It is worth noting that, although more complicated than the analytical expressions reported in many textbooks of
structural dynamics, Eq. (19) virtually eliminates the round-off errors in the floating-point math imposed by digital
computers [20], which make the classical expressions not suitable for numerical computations. For the sake of
completeness, the first twelve roots of Eq. (20) are listed in Table 1 (top).

As shown in Fig. 1b, the BCs for the left-hand side span (i=1) are pinned-clamped:

d*,(z1)
dz?

~deyz)
=0; dZ]

z,=0 z71=L

$1,0)=0; ¢q;(L))=0; =0. (22a—d)

Table 1
First non-trivial roots of the characteristic equations for homogeneous clamped-clamped (Eq. (20)) and pinned-clamped (Eq. (24)) beams.

j PijLi j Piili J BisLi
Clamped-clamped

1 4.730041 5 17.278760 9 29.845130
2 7.853205 6 20.420352 10 32.986723
3 10.995608 7 23.561945 11 36.128316
4 14.137165 8 26.703538 12 39.269908
Pinned-clamped

1 1.875104 5 14.137168 9 26.703538
2 4.694091 6 17.278760 10 29.845130
3 7.854757 7 20.420352 11 32.986723
4 10.995541 8 23.561945 12 36.128316




V. De Salvo et al. / Journal of Sound and Vibration 329 (2010) 3101-3120 3107

Therefore, the solution of Eq. (9) for this span can be posed in the form [20]:

ajp j
sinh(B;L1)+sin(B; ;L1)

—cos(fy jL1—PB1 jz1)sinh(B; ;L1)—cos(By jL1)sinh(By jL1 — B4 jz1)+cos h(B; L1 — B4 jz1)sin(By jL1)
+cosh(fBy ;L)sin(By jL1— B j21)—€0s(B jL1 — 1 z1)sin(By jL1) +cos(By jL)sin(By jLi—f1 1)), (23)

in which f; is the j-th root of the characteristic equation:

$1jz) =

x cosh(By ;L1 —p4 jz1)sinh(B jL1)—cosh(B jL1)sinh(B; ;L1— B4 jz1)

1

)= 24
cos(fy;L1) cosh(fy L) (24)
and again a;; is the normalization constant satisfying the condition:
Li
iy [ etz =1, (25)

The first twelve roots of Eq. (24) are listed in Table 1 (bottom).

When the total number of spans N is odd, the last secondary span has mirrored BCs with respect to the first one, i.e.
clamped-pinned instead of pinned-clamped. In this case the assumed modes ¢, ;(zn,) can be directly derived from
Eqgs. (23)-(25), valid for the first secondary span, and are not reported here.

For illustrative purposes, the first assumed modes for lateral and internal primary beams, namely the functions ¢, ;(z1)
and ¢, (z,), are shown in Fig. 4b.

2.4. Influence functions of primary spans on secondary spans

In order to complete the representation of the transverse displacements experienced by secondary spans, the influence
functions y;;(z;) appearing in Eq. (17) must be defined. Since the purpose of these additional assumed modes is to
re-establish the compatibility among adjacent spans, ¥;,;(z) is in our model the static deformed shapes of the i-th
secondary span (i=1,...,ns) obtained by imposing the compatibility in terms of rotation with the j-th assumed mode
(=1,....,my) of the k-th primary span (k=ns+1,...,N). Accordingly, when i-th and k-th spans are not adjacent, y;;(z;) = 0.
Otherwise, /; ;(z;) can be sought as solution of the following fourth-order differential equation:

d? d?

—— | Ji@) S5 iy -(Z‘)> =0. (26)
dz? <‘ Ydzz THI

For i=k —ng, i-th secondary span precedes k-th primary span (e.g. i=1 and k=ns+1), and the compatibility must be enforced
at the right-hand side of the secondary span:

dd)k ’(zk)
Wi =0; az; =—1

dz k

(27a,b)

zi= Z =

On the contrary, for i=k—ng+1, i-th secondary span succeeds k-th primary span (e.g. i=2 and k=ns+1), and hence the
compatibility must be re-established at the left-hand side of the secondary span:

Az _ depy (i)

Vi (0) = 0; az; dz, (28a,b)

zi=0 z =Ly

If the Ji(z;) is either constant (homogeneous span) or a polynomial function of the local abscissa z;, Eq. (26) can be solved in
closed form; otherwise, a numerical method of solution can be used.

In order to visualize the compatibility conditions between primary and secondary spans, the pertinent primary-
secondary influence functions are sketched in Figs. 2b and 3b.

A A A A by A JA

¢l.] ‘/52.1

Fig. 4. Reference sketch of the continuous beam (a); first eigenfunctions selected as assumed local modes for first (lateral) and third (internal) secondary
spans (b).
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3. Lagrange’s equations of motion: moving force problem

In the previous section, the assumed modes for each span of the continuous beam have been presented. These local trial
functions approximate the actual field of transverse displacements throughout the structure, and automatically satisfy the
global BCs for the whole continuous beam along with the kinematical compatibility between adjacent spans. In order to
derive the equations of motion for the entire structure, let us consider the Lagrangian function £ (e.g. Refs. [22-24]) for the
dynamic system in hand:

L=T-V, (29)

where the explicit dependence on time t has been omitted in order to simplify the notation. By exploiting Eq. (4), kinetic
energy T and potential energy V in the right-hand side of Eq. (29) can be expressed as the sum of N contributions, one for
each span:

— 1t o 2
T:i/o ,u(z){&u(z,t)] p;/ A(z)[ u(z,,t)} dz; (30)
o 1 L 2 1 N 2
V=31 K(z>[ u@z, t)} dz—g / paz0dz =33 / L(z){ u(z.,r)} dzi—gp / Azoui(z; b dz
(31)

where g is the acceleration of gravity, while the functions p(z) and x(z) have been represented similarly to Eq. (4):

N N
w@)=p Y Az-Z)ye-z); k@=EY_ Jiz-Z)1z-Z). (32a,b)

i=1 i=1
According to Egs. (7) and (17), the deformed shape of the continuous beam at a given time instant t depends on the
generalized coordinates listed in the N arrays q,(t), with i=1, ..., N. Therefore, the Lagrange’s equations of motion for the
i-th span take the form:
ﬂiz fiﬁ 0 —R=Qyt), i=1,2 N (33)
dt [oq; oq; ~  oq; ’ o
in which R is the so-called Rayleigh’s dissipation function (e.g. Refs. [22,24]), i.e. a quadratic form of the arrays q;(t), and
Q;(t) is the generalized excitation associated with the i-th arrays q;(t) for the moving force problem:

Q= ka g GO0 = Zka/ CD-Z) 5 - u(ék(t) Zi,t). (34)
k=1 =1i=1

Upon substitution of Eqs. (7) and (17) into Eqgs. (33) and (34), the equations of motion for the secondary spans can be
written as (i=1, ..., ng):

. — _ _ . —(SS) =(S)
mY - G0+ Z m" - d(0)+ Z <9 q;0)+ Z " gtk qn=F", (35)
j=ns+1 Jj=ns+1
while for the np primary spans (i=ns+1, ..., N):

N
Z 0+ Zm“’s’ a0+ Z <0+ Zc“’s) 4o+ > Ky qo=F©.  (36)

j=ns+1 j=ns+1 j=1 j=ns+1

In Egs. (35) and (36), the symbols m, € and k denote mass, damping and stiffness matrices, respectively; the symbols
f denote the loading vectors; the superscripts S and P stand for secondary and primary spans, respectively. Once the super-
array q(t), listing all the M = Zf"z ; m; generalized coordinates of the N spans has been introduced:

T
qt) = {cﬂ(t) S (][ (S B q,Em} , (37)
Egs. (35) and (36) can be arranged in the more compact form:

M- 4(tH)+C - qt)+K- qt) =f(t). (38)
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M-dimensional matrix of inertia, M, stiffness matrix, K, and loading vector, f(t), can be automatically assembled starting
from the corresponding quantities appearing in Egs. (35) and (36), whose definition is given is Appendix A:

=SS T (SP)
m;; s My

=
I

(39a)

sym e ﬁﬁgp)

—(59) =5
k;; fi (0

;o fH= R (39b,c)

—epy =P)
ki - f: (©)

while, in order to have the same viscous damping ratio { in all the modes of vibration, the damping matrix, C, can be
defined as follows:

C=2M.-A-Q.A M, (40)
where spectral matrix £ and modal matrix A are solution of the eigenproblem:
K-A=M-A-Q, (41)

with the normalization condition A' - M - A = Iy, Iy being the identity matrix of size M.

It is worth noting that the particular choice of the shape functions ¢;;(z;) and V;; j(z;) for the N spans implies that the
stiffness matrix of the continuous beam, K, is block-diagonal (see. Eq. (39b)), i.e. there is no coupling in terms of stiffness
coefficients between the generalized displacements associated with secondary and primary spans. Moreover, the (SS)
upper-left blocks of both mass and stiffness matrices are block-diagonal itself (see. Egs. (39a) and (39b)), i.e. there is no
coupling in terms of inertial and stiffness coefficients between different secondary spans.

Once the matrices M, C and K have been assembled along with the loading array f(t), the dynamic response of the
continuous beam can be obtained: first, by solving numerically Eq. (38), e.g. with the unconditionally stable Newmark’s
method [25] with parameters f=1/4 and y=1/2 (constant average acceleration method); second, by projecting the time
histories of generalized coordinates listed in the super-array q(t), onto the actual fields of time-dependent transverse
displacements and internal forces.

Upon substitution of Egs. (7) and (17) into Eq. (4), and conveniently rearranging the resulting expression, the time
history of deflections experienced by the continuous beam can be represented in a unified form as

N ns N
uz = > 1@-Zdi@-z) 4O+ > D> 1iz-ZoWiz—2) - (), (42)

i1 i—1k=ns+1

which is valid for both primary and secondary spans. Bending moment (BM) M(z,t) and shear force (SF) V(z, t) along the
continuous beam can be evaluated according to the Euler-Bernoulli theory of slender beams in bending. After simple
manipulations, the internal forces take expressions similar to Eq. (42):

N ng N
M(z,t)=~E ( > ri@-ZUie-zod! @z - @+ D> D 1u@-ZliE-Zwi @-z))" - qk(t)) ; (43a)

i=1 i=1k=ns+1

N
Viz,t)=—E ( > kiE-ZoUiz-Z)d; @-Z) +Ji @-Z)d] (z-Z)}" - qi(D)
i=1
ng N ”
30 t@-ZUiE-ZVz-Z) +)i @=Z @-Z)" - qk(t)> : (43b)
i=1k=ns+1

where the prime denotes derivation with respect to the abscissa z.
The accuracy in the evaluation of BM and SF can be further improved by using a proper modal correction method
(e.g. Ref. [26]).



3110 V. De Salvo et al. / Journal of Sound and Vibration 329 (2010) 3101-3120
4. Lagrange’s equations of motion: moving mass problem

In previous section, the equations of motion of a continuous beam carrying nr moving forces have been derived.
Although very popular for practical applications, the moving force model is the crudest approximation known to the
literature for studying the vibration of a bridge traversed by vehicles. When the inertia of vehicles cannot be regarded as
small with respect to the mass of the bridge, however, moving forces should be substituted by a set of corresponding
moving masses (e.g. Refs. [27-29]). Unfortunately, this improved representation of moving loads complicates significantly
the governing equations [10], and hence conventional FEM (finite element method) codes do not allow this type of
analysis. Aim of this section is to derive the equations of motion of a continuous beam subjected to a platoon of n,; moving
masses, in so showing the versatility of the proposed primary-secondary SA.

With respect to the previous case, total kinetic energy and total potential energy include now the additional
contributions due to the n,; moving masses:

. v, . M
T=T+) ATe V=V+) AV (44a,b)
k=1 k=1

The increment of the total kinetic energy due to the k-th mass is given by

1 .2 ) . 0 2
AT, = EMk &+ (au(ék(f)a f)+€1<(f)&u(5k(f)a t))

1, |2 N rd _ N =)\ _
= 5 Mk [5k(f)+ 1; (a Ui ()25, t)+€1<(f)a—ziui(fk(f)—2i, f)) Xi(‘fk(t)_zi):| . (45)
in which My = f,./g is the k-th moving mass, £(t) is the horizontal component of its velocity, while the vertical component
is the sum of two terms, which are related to the partial derivatives of the beam’s transverse displacements with respect to
time t and abscissa z, respectively.

The increment of the total potential energy due to the k-th mass is given by

N
AV = —gMu(&i(t), t) = —gMi Y ui(E(O)—=Zi, 1 E(6)—Z0). (46)
i=

Furthermore, since there are no external forces acting on the system (i.e. the moving masses must be regarded as part of
the dynamic system rather than external excitations), the right-hand side of Eq. (33) vanishes:

Qm=o. (47)
Taking into account Egs. (44)-(47), the Lagrange’s equations of motion for the moving mass problem lead to
M) - G0 +C0) - 4 +K@) - qt) = (o), (48)

in which mass, damping and stiffness matrices are those provided in the previous section for the moving forces,
incremented by the time-dependent sparse matrices AM(t), AC(t) and AK(t), respectively, which take into account the
inertial effects due to the moving masses. That is, M(t) = M +AM(t), K(t) = K+AK(t) and C(t) = C+AC(t). Moreover, the
loading vector, f(t) is different too. The new quantities can be assembled as

A () coo AmEP(t)
AM(t) = R NE (49a)
sym e Amgp)(t)
Ac(t) o AP
Aco=|. . (49b)

APy - AP
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Ak;§5>(t) . Akf.jp)(t) o f;s)(t)

AK(t) = fo=] © |, (49¢,d)

Akgs)(t) Akl(.‘l;p)(t) f'gp)(t)

where the time-dependent blocks Am, Ac, Ak and f are defined in Appendix B. It is worth emphasizing that damping and
stiffness matrices in the moving mass problem are no more symmetric. This counterintuitive result is due to the fact that
the modification blocks Ac and Ak are not actual damping and stiffness contributions, but take into account the dynamic
effects associated with velocity and acceleration of the moving masses (see Eqs. (B.2) and (B.3)). Importantly, the latter
terms must be considered as exact contributions to the equations of motion, since the only approximation in deriving
Eq. (48) for the moving mass problem is the representation of the transverse displacements for the continuous beam. Once
the assumed modes are selected for the N spans, no further approximations are introduced in the solution.

5. Numerical applications

For validation purposes, the proposed SA (substructure approach) has been applied to study the vibration of two
inhomogeneous multiply supported beams considered in the papers by Zheng et al. [3] (examples 2 and 3), Dugush and
Eisenberger [5] (examples 1 and 2) and Martinez-Castro et al. [6] (tests 1 and 2). In the first two numerical applications
reported herein, the accuracy of the proposed technique of dynamic analysis has been verified by comparing the results in
terms of modal properties and moving force problem with those previously published in the literature, along with those
delivered by a commercial FEM (finite element method) software (namely SAP2000, by Computers & Structures [30]).
Aimed at showing versatility of the proposed SA and possible inaccuracy of the simplistic moving force model, a platoon of
high-speed masses travelling along a non-prismatic continuous beam has been studied in the third numerical example.

5.1. Undamped three-span stepped beam under single moving force

In the first numerical application, the three-span continuous beam shown in Fig. 5 has been considered. The length
of each span is L;=L/3=20m; the mass per unit length is constant, #£=1,000kg/m, but the central span has double the
flexural rigidity of the side spans, x;=x>=k3/2=1,960 MN m?. Similar to Refs. [3,5,6], the structure is assumed to be
undamped ({=0).

In a first stage, the approximate eigenproperties of the continuous beam have been computed via Eq. (41), where the
matrices M and K have been assembled with seven assumed modes for each span (i.e. m;=7 and M=21). The inspection of
Table 2 reveals that the first five natural periods of vibration given by the proposed SA compare perfectly to the exact

¢, =34m/s
—

h
v l 2 3

4% EJ:'u é% 2EJ, u é% EJ, p 4;
| 20 m 20 m 20 m

Fig. 5. Three-span stepped beam under single moving force.

Table 2
First modal periods of vibration of the stepped beam shown in Fig. 5.

Mode Period (s)
Proposed SA Ref. [5] SAP2000
1 0.161 0.161 0.161
2 0.131 0.131 0.131
3 0.083 0.083 0.083
4 0.041 0.041 0.041
5 0.037 0.037 0.037

Comparison between proposed substructure approach (SA), exact value reported in Ref. [5] and conventional FEM analysis with SAP2000.
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Fig. 7. First three modal bending moment diagrams of the stepped beam.

values provided in Ref. [5] and with the approximate values furnished by SAP2000 through a FEM model with 60 Euler-
Bernoulli beam elements. Figs. 6 and 7 shows that proposed SA and FEM analysis are in perfect agreement in terms of
modal shapes and corresponding modal bending moment (BM) diagrams, respectively. Fig. 7 highlights also the effect of
the correction introduced for the central span (primary substructure) with the additional assumed modes of Eq. (16).
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Fig. 8. Time history of the deflection experienced by the stepped beam at sections 1 (a) and 3 (b), as denoted in Fig. 5.

Indeed, a SA without this correction fails to describe accurately the BM diagram (dashed lines); on the contrary, the
proposed SA with the correcting assumed modes (circles) is able to recover the FEM solution (solid lines).

In a second stage, the proposed SA has been used to compute the dynamic response due to a single force f; =9.81 kN
moving at constant speed &;(t)=31m/s(~122km/h), and the results so obtained have been compared with those given
by the FEM software. Three locations have been considered in the comparison, denoted as positions 1 (centre of the first
span), 2 (first internal support) and 3 (centre of the second span) in the sketch of Fig. 5. The agreement in terms of time
histories of transverse deflection at Sections 1 and 3 (Fig. 8) and BM at Sections 2 and 3 (Fig. 9) is almost perfect. Fig. 9a
shows also that the accuracy in terms of BM at the position of the first internal support is completely lost without the
correction for the primary span (dashed lines), in so confirming the importance to introduce the additional assumed modes
of Eq. (16) for primary spans.

5.2. Undamped three-span haunched beam under single moving force

In the second application, the three-span haunched beam shown in Fig. 10 has been studied. Mass density,
p =2,400kg/m?3, and Young’s modulus, E =30 GPa, do not vary along the structure. The cross section is rectangular, with
constant width b=0.50m and abscissa-dependent depth h(z) varying linearly from 1.00 to 1.60m close to the internal
supports. Accordingly, the mass per unit length u(z) varies from p.;, =1,200kg/m to p...=1,920kg/m, while the
flexural stiffness #(z) varies from Ky, = 1,250 MN m? t0 Kmax =5, 120 MN m?2.

The length of the side (secondary) spans is L;=L,=18 m, whereas the length of the central (primary) span is L3=24 m.
It is worth noting that subscripts 1, 2 and 3 are here related to the numbering scheme of substructures reported
in Subsection 2.1, so that the actual sequence of span’s numbers in the continuous beam, from the left to the right,
is 1 (secondary), 3 (primary) and 2 (secondary).

The structure vibrate under a single force f;=100kN travelling at constant speed &;(t) = 17 m/s( = 61 km/h). Following
Refs. [3,5,6], the damping is neglected ({=0).

The numerical investigations carried out for this second example confirm the effectiveness of the proposed SA. First, by
using seven assumed modes for each span (i.e. m;=7 and M=21), the first five natural periods of vibration of the continuous
beam turn out to be very close to exact values reported in Ref. [5] and approximate values given by the FEM model built on
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Fig. 9. Time history of the bending moment experienced by the stepped beam at sections 2 (top) and 3 (bottom), as denoted in Fig. 5.

& =17mls

:l: h
, , . , , .
1 )4; Zg E;(2), ps (@) g A
1.6 m I 6m 6m 6m 6m
| 18 m 24m 18 m |

Fig. 10. Three-span haunched beam under single moving force.

Table 3
First modal periods of vibration of the haunched beam shown in Fig. 10.
Mode Period (s)
Proposed SA Ref. [5] SAP2000
1 0.255 0.255 0.254
2 0.150 0.150 0.149
3 0.108 0.108 0.106
4 0.063 0.063 0.062
5 0.043 0.043 0.043

Comparison between proposed substructure approach (SA), exact value reported in Ref. [5] and conventional FEM analysis with SAP2000.
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Fig. 12. First three modal bending moment diagrams of the haunched beam.

SAP2000 with 120 beam elements (see Table 3). Second, also in this case modal shapes (Fig. 11) and corresponding modal
BM diagrams (Fig. 12) delivered by proposed SA (circles) and FEM model (solid lines) compare very well, and also in this
case the correction introduced with the additional assumed modes of Eq. (16) is crucial in recovering the correct BM
diagrams (i.e. the dashed lines plotted in Fig. 12 without this correction are unacceptable for engineering applications).
This result is confirmed by Fig. 13, where the BM diagrams for two time instants of the forced vibration are shown.
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It emerges that the SA without correction (dashed lines) fails to predict the BM at the position of the internal supports,
while proposed SA (circles) and FEM model (solid lines) are always in excellent agreement.

5.3. Damped three-span haunched beam under a platoon of moving masses

In the third numerical application, moving force model (Section 3) and moving mass model (Section 4) have been
compared, aimed at highlighting with an example the unconservative results which can be obtained when the inherent
inertia of the moving loads is neglected in a realistic bridge engineering situation. To do this, the same three-span
haunched beam of the previous subsection has been studied under a platoon of three identical moving masses M; (Fig. 14),
all having the same speed &;(t) =85 m/s( = 306 km/h), which falls within the design range for actual high-speed railway
bridges. The first mass enters the continuous beam at t=0, while the other two masses keep the same relative distance of
6 m. The equivalent viscous damping of the structure is assumed to be {=0.01 in all the modes of vibration.

Dynamic analyses have been carried out with three different intensities of the moving loads, i.e. three different platoons
of moving loads have been considered with equal masses M; of 331.2, 1,656 and 3,312 kg; the corresponding dimensionless
ratios between single moving mass M; and mass of the central span ( f(? U3(z3)dz3) are ry=1.5 and 10 percent, respec-
tively. Fig. 15 shows the results of the moving mass model in terms of dimensionless transverse displacement
d* =48 d Kmin/(M; g L3) and dimensionless BM M* =4 M/(M; g L) at the middle position of the central span, which are
two among the most important design parameters in practice. For comparison purposes, the results delivered by the
corresponding moving force model (i.e. a group of three moving forces) are also displayed. It emerges that when the mass
ratio is low (ry=1 percent, circles), the moving force model (solid lines) is adequate; indeed, when ), tends to zero, the
dynamic modifications AM(t), AC(t) and AK(t) of mass, damping and stiffness matrices (Egs. (49)) tends to become
negligible with respect to the time-independent terms M, C and K (Eqs. (39) and (41)), and the moving mass model tends
to offer the same results as the moving force model. On the contrary, when the mass ratio increases to ry=5 percent
(dashed lines) and to ry;=10 percent (dotted lines), the use of mass-less moving forces leads to unconservative results, and
the inaccuracy can be as large as 8.8 percent for ;=5 percent and 18.8 percent for ry;=10 percent. It is worth noting that,
according to the analytical expressions of damping and stiffness modifications provided in Appendix B (Egs. (B.2) and
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Fig. 15. Time history of dimensionless transverse deflection (a) and bending moment (b) experienced at the middle position of the central span in the
haunched beam of Fig. 14.

(B.3)), this inaccuracy tends to increase with velocity and acceleration of the moving loads; as a consequence, the moving
mass model seems to be much more appropriate when high-speed railway bridges are dealt with.

6. Concluding remarks

A novel substructure approach (SA) has been presented for the dynamic analysis of multiply supported slender
(i.e. Euler-Bernoulli) continuous beams with varying cross section and subjected to a stream of moving loads. Based on the
ideal decomposition of the whole structure into a chain of alternate primary and secondary spans, the proposed
formulation builds on a special variant of the component mode synthesis (CMS) method, in which the assumed local
modes for each span are taken as the exact modal shapes of the homogenized span with appropriate boundary conditions
(BCs). The set of sinusoidal modes for primary pinned-pinned spans is conveniently enlarged with two cubic functions in
order to represent the peak of the bending moment (BM) at the position of the intermediate supports, while for internal
and side secondary spans the assumed modes are the eigenfunctions of beams with clamped-clamped and pinned-
clamped BCs, respectively. The compatibility between adjacent spans is re-enforced with the help of suitable primary-
secondary influence functions. (Section 2)

The Lagrange’s equations of motion of the re-assembled continuous beam have been derived in the case where
the moving loads are modelled either as moving forces (Section 3 and Appendix A) or moving masses (Section 4 and
Appendix B), i.e. either by neglecting or including in the dynamic analysis the inherent inertia of the moving loads. In both
cases the proposed formulation lends itself to be easily automated, since mass, damping and stiffness matrices are
partitioned in elementary blocks, whose analytical expressions are provided in the Appendixes. It is shown that mass,
damping and stiffness matrices in the moving mass model can be obtained from the analogous quantities in the moving
force model (Appendix A) with some time-dependent modifications (Appendix B). Interestingly, while the mass matrix is
always symmetric, damping and stiffness matrices lose this property in the moving mass model since the corresponding
modifications do not represent actual dissipations and rigidities, but the inertial effects associated with velocity and
acceleration of the moving masses.

Two numerical applications with the moving force model demonstrate that the results obtained with the proposed SA
are in excellent agreement with those of previously published investigations, along with those delivered by a standard FEM
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(finite element method) software. A third numerical application with the moving mass model shows the versatility of the
proposed formulation, and is also used to quantify the possible inaccuracy of the moving force model.
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Appendix A. Mass, stiffness and loading terms in the moving force problem

The mass sub-matrices in Eq. (39) can be evaluated through the following integrals:

m = p / Aiz)di(z) - b (z)dzi; (A1a)
T
m" =p / Aizdi(zi) - iz dz; = [mjﬂ“} ; (A1b)
L;
ﬁﬁgp) = |:P /(; Ai(z) () - (I)J (Zl)d21:| Sij+p rZ:l |: Ar(zr)‘l’r,i(zr) : ‘I’Zj(zr)dzr:| > (A.1c)

where the superscripts (P) and (S) stand for primary and secondary spans, respectively.
The stiffness sub-matrices are given by

K =E / Ji@b] @) - (&f @) dz; (A2a)
Kk = [ / @) @) (z)}sz,} 5,J+EZ[ / J@W @) - (W) (z»}szr} (A2b)
r=1
Finally, the loading terms are so defined:
— Li ng
(70 =20 [ A2+ Y fa(EO-20d -2 (A3a)
- k=1

r=1

. Li ns Ly ng
£ :gp{ /0 Az dizdzi+ > /0 Ar(Zi)\llr,i(Zr)er} + > firiE®O-Z)di &t —Z))
k=1

ns  Nf

0D fide GO =Z W (G (O—Z). (A3b)

r=1k=1

Appendix B. Mass, stiffness and loading terms in the moving mass problem

The mass sub-matrices in Eqgs. (49) are given by

AmEY(0) = > Midy( &) - b (E(OD-Z)1i(E(D-Z)); (B.1a)
k=1
" T
AmED () = > Mdi(E(t)~Zi) - Wi EO—Z0) 1 E(D)—Zi) = Am}55><t>] ; (B.1b)
k=1

AP0 = | S Medi(E(0)-Z)) - ¢f(ék<t)—zi)xi(ék(t)—zf)} Sij

+ 303 Ml (G =20 - (ED—Zn 7 (ED)—Z). (B.1¢)

k=1r=1
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The damping-like sub-matrices can be evaluated through the following summations:

A1) =2 " M)l E(D)-Zi) - (f (EuO—-Zi) 71 E(D—Z0); (B.2a)
k=1

ACE (1) =2 " M)l E(t)=Zi) - (W (Et)=ZD) 1 Er(0)-Z0); (B.2b)
k=1

A () =2 MOV (E(®)-Z) - (] (&2 1(Er(0)-Z)); (B.2¢)
k=1

k=1
ny N

+23 03 MOV (ErO—Z0) - (W (EO—Z)} 1 (E(D—Z0). (B.2d)
k

=1r=1

I GE {2 > MO E-2z) - {df (é,<<r>—z)}Tx,»<ék<r)—zﬂ S

The stiffness-like sub-matrices take the form:

k=1

AP ()= " My {Ek(tw; (EO-Z) - 1] (ED—-Z)) + E DO E(D)~Z1) - (] @(t)—z»ﬁ} %Et-2z);  (B3a)

k=1

AR ()= > M, {ék(n@(ék(r)—zo-{wa (EO-Z)T+ELOBED—Z) - W] (ék(r>—zf)}T] %Ct)—2);  (B.3b)

k=1

AR (0= > My {ék(r)\hj,i(ék(t)—zp-{d>; (EO-Z)T+E OV (EO-Z) - | ;’(ék(t)—z,-)}T} %(E®-2):  (B3c)

AR ()= > My [ék(tm(ék(t)—zo AP ED-ZT +EOPED—Z0) - 1] EO-ZN T ED~Z)S3
k=1

+ Z Z MLEROW, i(E(t)~Zr) - (W7 (ik(f)—fr)}T+fi(f)\|lr,i(€k(f)—?r) e (ka(t)—zr)}T] 1 (E(O—Z).
k=1r=1
(B.3d)
Finally, the loading terms are so defined
~ L,' Ny
f§5)<r)=g{p /O Azpdizpdzi+ > Mk¢,-<<:k<r)—foxi(ék(t)—z-)}; (B.4a)
k=1
~(P) L; ns Ly ny B a
fi v=gp /O Aiz)i(zdzi+ /0 Az, i(Edzr o+ Y fibi(EO—Z0) 1 E(t)Z0)
N r=1 k=1
ny ns
+ D> flni(GO-Z0 7 EO-Z0), (B.4b)
k=1r=1

where fi,=M,g.
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