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The modal analysis method (MAM) is very useful for obtaining the dynamic responses of a structure in analytical closed forms.
In order to use the MAM, accurate information is needed on the natural frequencies, mode shapes, and orthogonality of the mode
shapes a priori. A thorough literature survey reveals that the necessary information reported in the existing literature is sometimes
very limited or incomplete, even for simple beam models such as Timoshenko beams. Thus, we present complete information on
the natural frequencies, three types of mode shapes, and the orthogonality of the mode shapes for simply supported Timoshenko
beams. Based on this information, we use the MAM to derive the forced vibration responses of a simply supported Timoshenko
beam subjected to arbitrary initial conditions and to stationary or moving loads (a point transverse force and a point bending
moment) in analytical closed form. We then conduct numerical studies to investigate the effects of each type of mode shape on
the long-term dynamic responses (vibrations), the short-term dynamic responses (waves), and the deformed shapes of an example

Timoshenko beam subjected to stationary or moving point loads.

1. Introduction

The dynamic analysis of elastic structures subjected to mov-
ing loads (or masses) has been an interesting research topic
in structural engineering. When moving loads are applied
to a structure, dynamic deflections and stresses may become
considerably higher than those induced by static loads.
Because of these characteristics of moving load problems,
various structures subjected to moving loads have been
investigated including beams, bridges, railroads, highway
structures, pavement, and overhead cranes. The discussion in
this study will be limited to the flexural one-dimensional (1D)
beam structures.

To examine the transverse vibrations of a 1D beam
structure, the Timoshenko beam model has been widely
adopted to take into account the effects of shear deformation
and rotatory inertia on the dynamic responses. In transverse
vibration analysis, various solution techniques have been
described in the literature including MAM or eigenfunction
expansion methods [1, 2], mode summation methods or
assumed mode methods [3-5], semianalytical methods [6-
11], integral transform methods (Laplace-Carson transform

and Fourier transform) [12-14], transfer matrix method [15],
Lagrange multiplier methods [16, 17], Galerkin methods
[18, 19], finite element methods [20, 21], finite difference
method [22], time-domain spectral element method [23], and
frequency-domain spectral element method [24].

In order to obtain analytical closed-form solutions for
a moving load problem by using the MAM, information
is needed regarding the eigensolutions (natural frequencies
and mode shapes) and the orthogonality properties of the
mode shapes. To obtain the eigensolutions for a Timoshenko
beam subjected to specific boundary conditions, we begin
by obtaining general solutions for the corresponding free
vibration problem. Many researchers have developed general
solutions of the transverse vibrations of a Timoshenko beam
including Traill-Nash and Collar [25], Huang [26], and Han et
al. [27]. In [25-27], the general solutions are obtained for two
frequency ranges, w < w, and w > w,, excluding the cutoft
frequency w.. van Rensburg and van der Merwe [28] seemed
to be the first to present general solutions for three frequency
ranges, w < w, W = W, and w > w,. Leissa and Qatu [29]
also presented the same general solutions for three frequency
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ranges. However, in this study, we develop a new expression
of general solutions for two frequency ranges, w < w. and
w > w,, including the cutoft frequency w,.

By imposing the boundary conditions for a specific
problem on the general solutions, we obtain eigensolu-
tions for the specific problem. In this study, we limited
our consideration to simply supported (hinged-hinged or
pinned-pinned) boundary conditions. For simply supported
Timoshenko beams, Traill-Nash and Collar [25] first reported
the appearance of a “second frequency spectrum” when the
vibration frequency w is larger than a specific frequency
known as the cutoff frequency w,. They suggested that the
pure shearing oscillation may occur at w = w,. However, they
did not present the natural frequencies in explicit analytical
form. Dolph [30] presented the natural frequencies and mode
shapes for both bending and shear vibrations in explicit
analytical form. However, he did not present the mode
shapes at w = .. Though Huang [26] presented the mode
shapes for a simply supported Timoshenko beam, the mode
shapes fail to satisfy the boundary conditions for bending
moment as criticized by van Rensburg and van der Merwe
[28]. Han et al. [27] derived the natural frequencies and
mode shapes for bending and transverse shear vibrations
in explicit analytical form and discussed the MAM used to
obtain forced vibration responses. However, they did not
investigate whether there are mode shapes at w = w, or not.
van Rensburg and van der Merwe [28] derived the mode
shapes for the bending and transverse shear vibrations by
determining the coeflicients of assumed mode shapes needed
to satisty governing equations. They reported that w, itself is
a natural frequency and presented the mode shape at w = w,,
which has been recognized as the “pure shear mode” [31].
However, they did not present natural frequencies in explicit
forms. Thus, in this study, we presented a complete set of
natural frequencies and mode shapes for all frequency ranges
in explicit forms.

To apply the MAM to a forced vibration analysis of a Tim-
oshenko beam, the orthogonality properties of mode shapes
are essential. For simply supported Timoshenko beams,
Dolph [30] derived the orthogonality properties of mode
shapes and other researchers [1, 32, 33] used the orthogonality
properties derived by Dolph [30] for the modal analysis of
forced vibration problems. However, Dolph [30] and other
researchers [1, 32, 33] did not consider the orthogonality of
the mode shapes at w = w,. Although van Rensburg et al.
[34] mentioned the existence of a mode shape at w = w,, they
did not include it in their free vibration analysis of a simply
supported Timoshenko beam. Roux et al. [31] included the
pure shear mode shape at w = w, in a series solution
of the free vibration of a simply supported Timoshenko
beam, but they did not apply the orthogonality properties
of pure shear mode shape at w = w, to determine the
coeflicients of the series solution. Based on our literature
survey of the modal analysis of forced vibrations of simply
supported Timoshenko beams, we find that there have been
no reports in which the pure shear mode shape at w = w,
is considered in themodal analysis of the forced vibrations
of simply supported Timoshenko beams. We also find that
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there have been no reports in which the vibrations of a simply
supported Timoshenko beam induced by a stationary or
moving bending moment are considered by using the MAM.
Thus, in this study, we present the closed-form solutions of a
simply supported Timoshenko beam subjected to stationary
or moving bending moment, including the pure shear mode
shape at w = w,..

In this study, we discuss the mathematical formulation
of the general solutions of the free vibration of a Timo-
shenko beam subjected to arbitrary boundary conditions in
Section 2. The general solutions are presented for frequency
ranges w < w, and w > .. We then derive natural
frequencies and mode shapes in explicit forms for the
case of simply supported boundary conditions. Finally, we
present the orthogonality properties of the mode shapes. In
Section 3, we describe the MAM for the forced vibration of
a simply supported Timoshenko beam subjected to arbitrary
initial conditions and to stationary or moving loads (a point
transverse force and a point bending moment). In Section 4,
we describe our numerical results. Lastly, in Section 5, we
present concluding remarks.

2. Mathematical Theory

2.1. Mathematical Model of a Timoshenko Beam. The govern-
ing equations for a Timoshenko beam of length L can be
written in a matrix form as [35]

o%u (x, 1)
MT + Ku (x, t) = f(x, t), (1)
where
,t
u (%) {w(x )},
0 (x,t)
(2)
N
f(x,t)—{f(x ’}
T(x,t)
[pA 0
m-|” ]
L 0 pI
i 2 (3)
—KGAa— KGAi
K = 0x? ox
0 o* |’
i —KGAa KGA—EI@

w(x, t) is the transverse displacement, 0(x, ) is the rotation
of the cross section due to bending, f(x,t) is the external
transverse force, 7(x,t) is the external bending moment, E
is Young’s modulus, G is the shear modulus, p is the mass
density, « is the shear coefficient factor, A is the cross-
sectional area, and I is the area moment of inertia. The natural
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and geometric boundary conditions relevant to (1) are given
by

V(0,8)=-V, () or w(0,t)=uw,(t),
V(ILO=V,(t) or w(lt)=w,(t),

M(0,t) =M, (t) or 6(0,t)=86(t), @
M(L,t)=-M,(t) or 60(Lt)=6,(t)),

where V(x,t) and M(x,t) are the resultant transverse shear
force and bending moment, respectively, defined by

V(x,t) = KGA(a—w —9)
ox

00 ®
M (x,t) = EI—.
0x
Finally, the initial conditions are given by
u(x,O) = g(x)’
ou (x,0) (6)
=h(x).
ot 0

2.2. General Solutions. To derive the eigenfunctions (natural
modes) for a Timoshenko beam, we must first obtain the
general solutions for the free vibration problem. Thus, we
consider the homogeneous governing equation reduced from
(1) as follows:

%u (x, 1)
ot2

The solution of (7) is assumed to be in the following form:

(x)
0 (x)

M +Ku(x,1) = 0. (7)

u(x,t)={ } ‘= Ux)e", (8)

where i = V-1 is the imaginary unit and w is the angular
frequency. By substituting (8) into (7), an eigenvalue problem
is obtained as follows:

(~™M +K)U(x) = 0. ©)

We assume that the solutions of (7) are in the following
form:

U _ Al =
(X)—{b}e ; (10)

where s denotes the wavenumber. Substituting (10) into (9)

gives algebraic equations as follows:

- (KGA52 + pAwZ) skGA {al>
-skGA kGA — EIs* — w’pI | |b

Lot

(11)

For the existence of nontrivial solutions, the determinant of
the two-by-two matrix in (11) must vanish at certain values
of s, that is, at eigenvalues. From this condition, a dispersion
equation is obtained as follows:

s4+w2<p—1 + PA >52+w2(ﬂ—p1 w’ - &)

EI  «kGA EI kGA EI (12)
=0.

In order to obtain the four eigenvalues, the above quartic

equation can be reduced to a quadratic equation by replacing

s> with { (where s = ++/{). By solving this quadratic equation,
we can obtain four eigenvalues as follows:

s;=-5, =if

«
$3=-54=7
i

where f3, &, and &’ are always real numbers and w, is the cutoff
frequency defined by

(if w < w,) (13)

(if w>w,),

KkGA
W = \/7 > (14)
575
(15a)

2
(2 +J(P_f_ﬂ) o+ 4PA 2
KGA EI kGA EI

a=—
\/—
A I pA (15b)
\] w4+4p—w2—(P—+P—)w2
EI KGA EI EI xGA
(@< w)
o =L
V2
2 (15¢)
(p_ _> 2 \/(p_l _ ﬂ) ot 4 aPA
EI  xGA EI «xGA EI
(>,

By using the four eigenvalues given by (13), the general
solutions of (9) can be written as follows:

(i) When 0 < w < w,

= e
O (x) b,

+
——t—
G
l——Y—J

m\

L
x

+
—r—
S
=y

o

R
=



(ii) When w > w,

{W (x)} {51 } iffix {52 } —iBx {53 } i x
=4_treT i re T+ e
® (x) b, b, by

17)

By substituting each eigenvalue into (11), we obtain the
ratios a; /b, and a, /b, (k = 1,2,3,4). By using the results,
(16) and (17) can be rewritten in terms of sinusoidal and
hyperbolic functions as follows:

(i) When 0 < w < w,
<]W(x)} s { cosh ax }
O (x) S gy sinh ax
ocré sinh ax
+A1 (18)
arsg, cosh ax
cos fBx

sin Bx
+Aj . +A,
—gpsin fx gp cos fx

(ii) When w > w,

{W(x)} { cosa'x }
= Al
0 (x) ~g, sinax

—a'rgsina’x
+A, ' 2 (19)

!
—X ;g COSK X

cos f5x sin f5x
+ A, .ﬁ +A, i >
—gpsin fx gp cos Px
where r, = pI/pA is the radius of gyration and
RN w’pA
55 (P58 )

2
G = l(#.,_%) (20)

KGA

_ 1 “,2 _ w2 pA
9o = o kGA |’
The present expression of general solutions given by (18)
and (19) is equivalent to the expression for three frequency

ranges, 0 < w < w,, w = w,, and w > w,, by van Rensburg and
van der Merwe [28].

2.3. Natural Frequencies and Mode Shapes. To obtain the
natural frequencies and mode shapes in analytical closed
forms for specific boundary conditions, we considered three
frequency ranges separately: (a) 0 < w < w,, (b) w > w,, and
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(c) w = w,. Our study was limited to the simply supported
boundary conditions represented by

w(0,t) =w(L,t) =0,

(1)
(0008 _ 00 o

E
ox ox

2.3.1. When 0 < w < w,. Substituting (18) into (21) gives a
matrix equation as follows:

w=Da=0, (22)
where
w={W(©) ©© WL e L)}

a={A; A, A, A4}T

D
1 0 1 0 (23)
og,, 0 —Bag 0
=1 coshaL (x Sm_}zl ol cos L sin BL
T
G
2 ]
haL
ag, coshaL w —Bggcos BL —fgp sin fL
T
G

From the first and second relations in (22), we obtain
A, = A; = 0. Then, from the third and fourth relations of
(22), we obtain

a sinh oL

{W(L)} Tz AL,
! = | a?g, sinhal , 1 A }
0 (L) ? ~pgp sin BL 4 24

0

of -
For the existence of nontrivial solutions of {AZ,A4}T, we
obtain a characteristic equation from (24) as follows:

ar, (/g’gﬁ + ocga) sinh «L sin L = 0. (25)

Since & > 0, fgp + ag, # 0, and sinhal # 0,if 0 < w <
w,, then the following condition can be obtained from (25):

sin 3,L = 0. (26)

From (26), we obtain
ni
ﬂn = T

Applying (27) to (15a), (15b), and (15¢) yields natural frequen-
cies wg, as follows:

(n=1,2,3,...,np). (27)

Wp(n) = \/Z (n) = \|Z* (n) — 4R (n) (28)

(n=1,2,3,...,np),
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where

EI KGA) (nn )2 . KkGA
L

Z(n) = <2— + — -—,
pl  2pA 2pI (29)

R(n)= ———
2pl 2pA

EI xGA <nrr )4

)
Note that n; is the maximum value of integer n satisfying
Wp() < W, which can be determined from (28) in closed form

as follows:

A
ng = Integer part of | n, = LpA + KGA . (30)
a\pl = EI

To obtain the mode shapes corresponding to the natural
frequencies wpg,y (n = 1,2,3,...,np), we can determine A,
and A, by substituting (27) into (24) as follows:

AZ(n) = 0,
©)
A4(n) # 0

The nth mode shape corresponding to wp, can then be
obtained from (18) in the following form:

Wi,y (x) sin mx
B(n) (X L
Upy (%) = { } = Apg) nx

Opy (%) 9n) €O —— (32)

(n=1,2,3,...,np),
where
2
_nm_ @pPA L (33)
9 = kGA nm’

2.3.2. When w > w,. Substituting (19) into (21) gives the
following matrix equation:

w=Ea=0, (34)
where
E
1 0 1 0
—a o 0 —ﬁgﬁ 0
—o sina'L (35)
cosa'L = cos L sin SL
.
o? erin oL
~o gy cosa'L g"‘fz ~PBgpcos BL —Pggsin L
T,
G

From the first and second relations in (34), we find A, =
A5 = 0. Then, the third and fourth relations in (34) can be
written as

w (L) _ réz . Az
o w| gy sina’'L ) A

= —ﬁgﬁ sin SL 4 (36)
0
{0} '

]

For the existence of nontrivial solutions of {A,, A,}", we can
obtain a characteristic equation from (36) as

(x'ré ((x’ga, - ﬂgﬁ) sina’Lsin BL = 0. (37)

Since ' > 0 and (&' g, — Bgp) # 0, if w > w,, the following
two conditions can be obtained from (37):

sin,L=0 (38)
or
sina L = 0. (39)

In Section 2.3.1, we derived the natural frequencies wp,
and mode shapes Uy, for 0 < @ < w, from the same
condition given by (38). Thus, the natural frequencies wg,,
and mode shapes Uy, for w > w, can be obtained as follows:

Wp(ny = \]Z (n) — \|Z? (n) — 4R (n)

(n=ng+1,ng+2,n5+3,...,00)
Wy, (%) sin 2% (40)
B(n) \X T
Upy (%) = { } = App) Lnnx
Opy) (%) 9B(n) COS T
(n=ng+1,n5+2,...,00).

From the second condition (39), we obtain
I mi

=— (m=123,...

a) = ,00). (4)

By substituting (41) into (15), we can obtain the natural
frequencies as follows:

Ws(m) = \/Z (m) + | Z? (m) — 4R (m) 42)

(wS(m) > wc) >

where Z(m) and R(m) are defined in (29). To derive the mode
shapes corresponding to w,,, we can determine A, and A,
by substituting (41) into (36) as follows:

Ay 0,
(43)
A4(m) = 0

The mode shapes corresponding to wg,, are then obtained
from (19) as follows:

. omax
Ugn = {Ws(m) (x)} A sin Lmﬂx
m) — m
Og(m) (%) Gsm) 08— (44)
(m=12,3,...,00),
where

mm wé(m)PA L

== =1,2,3,...,00). (45
Gstm) = kGA mm (m ©0)




2.3.3. When w = w,. The general solution at w = w, can
be readily obtained from either (18) or (19), by allowing w to
approach w,, as follows:

W (x) 1 0
oot =2 1f L)
0 (x) TG X 1

cos fB.x
+As ) (46)
—gp, sin B.x

sin f.x
+Ay i >
gp, cos B.x

ﬂczﬁ(w=wc)=\]—+—=

where

I B L
P (47)
B (a)—a))—KGAL
9p = 9B\ =) = B pa

To obtain the first two terms in (46) from either (18) or (19),
LHospital’s rule is applied.

Applying the simply supported boundary conditions
given by (21) to (46) yields the following eigenvalue problem:

W (0)

@' (0)

W(L)

®'(L)
1 0 1 0
¢ 0 —PB.gp 0

1 0 cos B.L sin 3.L
0

_ﬁcgﬁc cos ﬁcL _ﬁcgﬁc sin ﬁcL

(48)

-2
el

0
0
0
0

The necessary condition for the existence of a nontrivial solu-
tion of (48) (i.e., the determinant of the matrix of eigenvalue
problem must vanish at the eigenvalue) is self-satisfied. Thus,
we conclude that the cutoff frequency w, is also a natural
frequency of a simply supported Timoshenko beam, which
was described by van Rensburg and van der Merwe [28].
Now we must determine the mode shape corresponding to
the natural frequency w,.

From (47), note that B: > 0and gg > 0. Thus, from (48),
it can be shown that the following should be satisfied: A, =
A; =0and

A,sin.L=0
(49)
or A sinn.m = 0.

To satisfy (49), we consider the following two cases.
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Case 1. If n, is not an integer, then A, = 0. In this case, the
corresponding mode shape can be derived directly from (46)

as follows:
Ug (x) = { =A . (50)
S(0) ®S(0) (%) S(0) 1

This mode shape is identical to the pure shear mode shape
presented by van Rensburg and van der Merwe [28]. Accord-
ingly, the subscript S(0) is adopted in (50) to emphasize the
pure shear mode shape.

Case 2. If n, is an integer (i.e., ng), then A, # 0. In this case,
the natural frequency w, happens to be equal to the natural
frequency wg, ) of a bending mode shape and they become
a double natural frequency. The mode shapes at this double
natural frequency are given by

| ngnx
Sin I
Usu,) (¥) = Apiy) ‘| Npmx }

9B(ny) €OS

(mode shape for wB(nB))

0
Ug(o) (%) = Ag(o) {1} (mode shape for w,).

Thus, for the modal analysis of the transverse vibrations
of a simply supported Timoshenko beam subjected to a
stationary or moving load, we need to consider the following
three types of mode shapes:

. nmx
Sin T
Upm) = A ‘| cos 17X }
9IBn) L
(mode shapes for wp,)
. nmx
Sin T
Us = Asm nix (52)
gs(n) COS T

(mode shapes for wg,)

0
Us) = As() .

(pure shear mode shape for w,),

wheren=1,2,3,...,00

2.4. Orthogonality of Mode Shapes. For the modal analysis,
we must derive the orthogonality properties of the mode
shapes given by (52). Because any set of natural frequencies
and mode shapes are the eigensolutions of the eigenvalue
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problem represented by (9), the mth and nth sets of eigen-
solutions must satisfy the following two equations separately
as follows:

KU,, = . MU,,,
(53)
KU, = .MU,
From (54), we obtain
L L
J U!KU,,dx —J UL KU, dx
0 0
(54)

m

= (}, - w}) JL U, MU, dx.
0

By applying the simply supported boundary conditions, the
left-hand side of (54) vanishes. Then, by using the definition
of M in (3), the right-hand side of (54) can be rewritten as

(o2, o?) j UT MU, dx
0

- (wfzn ) (PAJ W, W,dx + pI JL ®m®ndx> (55)

=0.

From (55), the orthogonality property of mode shapes
with respect to M can be derived as follows:

n-mn’

JUMde-mS (56)
0

where §,,, represent the Kronecker delta symbol [36] and
m,, is the modal mass. By using (56), we can derive the
orthogonality property of mode shapes with respect to K,
from (53), as follows:

nn-mn*

JUKde—mw(S (57)
0

By substituting each mode shape given by (52) into (56),
it can be shown that the following orthogonality properties
are satisfied:

L
T
JO UB(m)MUB(n>dx = mB(n)(Smn

J S(m) MUS(n) dx = mS(n) 8mn

L
J-O US(O)MUS(O) dx = mg,

L
J’O B(m)MUs(n)dx =

L
jo UB(m) MUS(O) dx =

L
JO S(m)MUS(O)dx =

(mn=1,2,3,...),

7
L
«[0 UB( )KUB )d'x - mB(n)wB(n)amn
L 2
L S(m)KUS(n)dx = m5(n)w3(n)8mn
L
L US(O)KUS(O)dx ms(o)“’
JO UB(m)KUS(n)dx =0
L
T
JO UB(m)KUS(O)dx =0
L o7
JO Us(m)KUS(O)dx =0
(mn=1,2,3,...),
(58)
where the modal masses are defined by
1 2 2
Mpuy = EL (PA + PIQB(n)) A
= L1 (oA + pigl,) A
Mgy = > PA T PLGgy) ) Asm) (59)

2
= LpIAj,
n=1,23,..).

To derive normalized mode shapes (i.e., the normal
modes) from (52), all modal masses given by (64) are set to
unit value as follows: mp,, = mg,) = mgo = 1. Then,
from (64), the coeflicients of each normal mode shape are
determined as follows:

(60)

(n=1,23,...).

3. Modal Analysis of Forced Vibration

The forced vibration responses of (1) can be represented by
using the normal mode summation method [37] as follows:

u(x,t) = Z Upy (%) gpny () + Z Usny (%) g (£)
n=1 n=1
+ Ug(g) (%) gs0) (1) »

where qp,,)(t), gs(,(£), and qgq)(f) are generalized coordi-
nates to be determined in order to satisfy initial conditions.



Fyd(x — xf)8(t)
xf Tod(x — x,)8(t)

Xy l\

— r_) |
L

(a) Stationary loads

Shock and Vibration

Fyd(x - vft)
vyt Ty8(x — v,t)
V.t i\
—=x N |

W///Q(/W W//Q

l L l

(b) Moving loads

FIGURE 1: A simply supported Timoshenko beam subjected to (a) a stationary impulsive point transverse force and a stationary impulsive
point bending moment and (b) a moving point transverse force and a moving point bending moment.

Substituting (61) into (1) and applying the orthogonality
conditions of the normal mode shapes yield the modal
equations as follows:

Fapw
dtzn + Wp9dBmn) = TBw
Faswy
a2 + W dsm) = fsn) (62)
dZ%(o)
a2 + wcqu(()) = fs0)
n=1,23..),
where the generalized forces are defined by
L
Fom = L Wiy () f (6, ) + Opiy (47 (x,6)]
L
fS(n) = JO [Ws(n) (.x) f (x, t) + ®S(n) (.x) T (.x, t)] dx (63)

L
fso) = L Og(g) (%) T (x, 1) dx.

The initial conditions for (62) can be derived from (6) by
using the orthogonality properties of normal mode shapes as
follows:

L
dpn) (0) = L Ug(n)Mg (x) dx,

dqg, (0)

L
) =J Uj,yMh (x) dx

L
sy (0) = J Uj,,Mg (x) dx,
. (64)
W J Uj,yMh (x) dx

L
sy (0) = J Ug(o)Mg (x)dx,
ddqs o) (0) _ J‘ L

dt

wheren =1,2,3,....

U o)Mh (x) dx,

By using (3), (6), and (52), we can write the initial
conditions for gg, (t) as

7 (L
dso) (0) = \/pf[ J 0 (x,0) dx,

0
(65)

dds) (0) \/E J’L 00 (x, O)dx
a VL J ot )

From (63) and (65), we note that the pure shear mode
shape Ug,) must be included in the modal analysis when a
Timoshenko beam is subjected to external bending moment
7(x,t), initial rotation 6(x,0), and initial angular velocity
00(x,0)/0t. However, there have been no reports in the
literature in which the external transverse force f(x,t),
bending moment 7(x, t), and arbitrary initial conditions were
fully considered in the modal analysis of forced vibrations by
taking into account the pure shear mode shape Ugg,. In this
study, we derived the vibration responses of a Timoshenko
beam for two cases:

(1) Case 1: when the beam is subjected to a stationary
impulsive point transverse force and a stationary
impulsive point bending moment.

(2) Case 2: when the beam is subjected to a moving
point transverse force and a moving point bending
moment.

3.1. Case I: Stationary Impulsive Point Transverse Force and
Bending Moment. As shown in Figure 1(a), a stationary
impulsive point transverse force and a stationary bending
moment acting on the arbitrary positions x; and x, of the
beam can be expressed by employing Dirac delta functions
8(x) and 8(t) [36] as follows:

f(x,t) = F)6 (x - xf)6(t),
(66)
T(x,t) = Tyd (x — x;) 6 (£),

where F, is the magnitude of the transverse impulsive point
force and T, is the magnitude of the impulsive point bending
moment.
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Substituting (66) into (63) yields the generalized forces,
and substituting the results into (62) gives

& qp(n)
dtzn + Whony a0 = Qg (1)
d? 4 9s(n)
e 2+ @3y dsin = Qsnd (1) (67)
dz‘ZS(o) 2
T H%das0 = Qsd ()
(n=1,23,.),
where
 nax nmx
Qg = A (Fo sin + T)Gp() COS T)
nnx
Qg = A F, sin Ly, cos % (68)
S(n) sm) \ £o 098(n) L

QS(O) = AS(O)TO>

where A, Agy, and Agg, are defined by (60). We solved
(67) for unknown generalized coordinates gp,(t), gg(n(t),
and g (), and then we substituted the results into (61) to
obtain the vibration responses as follows:

Qg .
u(x,t) = Z Up(y (%) (IB ot ") sin wB(n)t)

n=1 WB(n)

Qs
+ Z Ugy (%) (IS(n =5 sin Wt (69)
n=1 Wg, n)
Q
+ Ug o) (IS(O) + =0 gin w,t >
wC
where
qu(n) (0) sin wB(n)t
I = + 0) cos wg(,t
B(n) At W) B(n) (0) B(n)
qu( ) (0) sin Wy )t
IS(n) = n U2 ds(n) (0) cos wS(n)t (70)
dt S()
dqs() (0) sin w,t
Isoy=—— = *s0 (0)coswct.

c

Note that the vibration responses contributed by initial
conditions are related to I, Ig,, and Igq), while the
vibration responses contributed by external forces are related
t0 Qg Qs(ny> and Qg(p)- Equation (69) clearly shows that
the shear mode shape Ug ;) must be taken into account when
a Timoshenko beam is subjected to a stationary bending
moment T, as well as to initial rotation 6(x, 0) and angular
velocity 00(x, 0)/0t.

3.2. Case 2: Moving Point Transverse Force and Bending
Moment. As shown in Figure 1(b), a point transverse force
moving at a speed v, and a point bending moment moving
at a speed v, can be expressed by employing the Dirac delta
function 8(x) as follows:

F,8 (x - vft) ,

f (.X, t) =
7(x,1) =Tyd (x —v,t).

(71)

By substituting (71) into (63), we obtain the generalized
forces. Then, by substituting the results into (62), we obtain

d? dB(n) niv ¢t

dt?

+ wB(n)qB(n Apn) <F0Hf (t) sin

nnv._ t
+ TogpyH, (t) cos LT )

d? ds(n) nmv ¢t

- + ws ydsty = As <F0Hf (t) sin (72)
t
+ Ty gpemH, (t) cos nnZT )
dZQS(
e T w2 qs0) = Asen ToHy (1) 5
wheren =1,2,3,...,and
Hy (t) :h(t)—h<t— 5),
v

/ (73)

HT(t):h(t)—h<t—£),
VT

where h(t) denotes the Heaviside step function as defined by
(36]

(t<0)

0
h(t):{l (t>0). (74)

We solved (72) to obtain the following results:

qdB(n) 1) = IB(n) + VYB(n) []1 (wB(m’ Vf) h(#)

+]2(“’B(n)"’f)h<t‘£>]

Ve

+ nB(n []3 (wB(n )h (t)
L
+ ]4 (wB(n)’V‘r) h (t - V_>:|

sn) (1) = Isn) + Vst [7 1 (@5 vy ) B (0)

+]2(“’S(n>"’f)h<t‘£)]

vy

(75)

+ Ys(n) []3 (W Vo) B (1)

L
+ ]4 (ws(n)’ V‘r) h <t - V_>:|

T

Ag
0 @) = Igq) + %TO {(1 - cosw,t) h(t)

c

peome B2
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where Ip,), I, and I are defined by (70), and

_ AB(n)FO
Yooy = —F7
To (@ vr)
_ AS(n)FO
Yson = —F—
To (@stayr v)
. _ A Togsm
B = To (wB )
AS(n)TOgS (n)
Us) = 77— .~

]0 (wS(n)> ‘r) ’

Jo (0, v) =w _w(nm/)2 7o
0 L
vt T
]l(w,v):wsinn v —%sinwt
L . nnvt
I, (w,v) = —s1nw<t——>cosn7r—wsm
v
t
I3 (w,v) = w (cos % — cos wt)

nmvt L
J4 (0,v) =w (cos —_— - cosw(t - —) cosmr) .
L v

By substituting (75) into (61), we obtain the forced
vibration responses of a simply supported Timoshenko beam
subjected to a moving point transverse force and a moving
point bending moment, with arbitrary initial conditions.

To consider the effects of damping on the vibrations of a
simply supported Timoshenko beam subjected to a moving
point transvers force and a moving point bending moment,
the left-hand side of (1) was modified to include a propor-
tional viscous damping term given in the form of Cou(x, t)/0t,
where C = x; M + y, K. Note that M and K are the linear
operators defined by (3), and y; and y, are damping param-
eters. By considering the proportional viscous damping, we
can obtain damped solutions, instead of (75), as follows:

a8y = Iawm) + V) {I 1d (wB(n)’ Vs EB(H)) h(t)

S (]

Vs
+ MBd(n) {]351 (wB(n)s Vo EB(n)) h(t)
L
+ ]4d (wB(n)7 Vs EB(n)) h <t — V—)}

T

sty = Isam) + Vsdin) {] 1d (wS(n)’ Vs fsm)) h(t) (77)

L
+ ]Zd (ws(n)> Vfa Es(n))h (t — V—)}
f

+ Hsd(n) {]3(1 (Wsays Vs Esmy ) P (2)

L
+ Jsa (@s(nys Ve Esiy) P (t - v_>}

(- )]

Ao T,
+ S(? - {Flh(t) -
wcd

4aso) = Isa)

Shock and Vibration

where
Sy = 23;@) + %“’B(m’
Estn) = 2:)(51(”) + %wsmy
o ZX_aic %wc (78)

WBd(n) = WB(n) \/1 - EIZS(H)’
Wsan) = W50\ 1 = &5y

Weg = W, l—ECZ

and other symbols used in (77) are defined in the Appendix.

4. Numerical Results and Discussion

For all numerical results presented in this study, we recon-
sidered the uniform simply supported Timoshenko beam
that was considered by Esmailzadeh and Ghorashi [22]. The
geometric and material properties of the example beam are
as follows: length L = 4.352m, cross-sectional area A =
1.31 x 10> m?, area moment of inertia I = 5.71 x 107" m®,
Young’s modulus E = 2.02 x 10" N/m?, shear modulus
G = 7.7 x 10" N/m?, mass density p = 15267 kg/m’, and
shear correction factor k = 0.7. For the analyses of forced
vibrations and waves, we assumed that a point transverse
force and a point moment applied on the example beam have
the following magnitudes: F, = 1N and T;, = 1 N-m. We also
assumed that the example beam has null initial conditions.
Table 1 shows the natural frequencies wp,, and wg,
in Hz and the corresponding mode shape parameters gg,
and gy - The cutoff frequency of this example beam was
found to be 14323.70 Hz. Accordingly, the number of natural
frequencies wg,,) below the cutoff frequency w. is n, = 74.
Figure 2 shows the dynamic responses predicted at x/L =
0.25 when the example Timoshenko beam is subjected to a
stationary impulsive point transverse force F, applied at its
middle point (x/L = 0.5). The responses are the transverse
displacement w(0.25L, ), the total slope w'(0.25L,t), the
slope due to bending 6(0.25L, t), and the shear angle due to
transverse shear force y(0.25L, t). The shear angle is defined
by y(x,t) = w'(x,1) = 6(x,t) [37]. The long-term dynamic
responses (vibration responses) are displayed at the top of
Figure 2, while the short-term dynamic responses (wave
propagations) are displayed at the middle and bottom of
Figure 2. To investigate the contribution of each type of mode
shape to the total dynamic responses, the dynamic responses
obtained by taking into account only the mode shapes Uy,
are compared with those obtained by taking into account
both mode shapes, U,y and Ug,,). Note that the mode shape
Ug(q) has no effect on the dynamic responses when a simply
supported Timoshenko beam is subjected to stationary or
moving transverse forces, as can be readily checked with
(67) and (72). From Figure 2, we investigated the following:
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F1GURE 2: Continued.
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FIGURE 2: Dynamic responses at x/L = 0.25 of a simply supported beam subjected to a stationary impulsive point transverse force applied at
x/L = 0.5: (a) transverse displacement (w); (b) total slope (w'); (c) slope due to bending (6); (d) shear angle (v).
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FIGURE 3: Wave propagations in a simply supported beam subjected to a stationary impulsive point transverse force applied at x/L = 0.5: (a)
transverse displacement (w); (b) total slope (w'); (c) slope due to bending (6); (d) shear angle ().

(1) although the effects of the mode shapes Ug,, on the
long-term dynamic responses are not significant, the mode
shapes Ug,,) must be taken into account to capture accurate
wave characteristics in the short-term dynamic responses.
(2) There are multiple sharp peaks in the long-term time
histories of the total slope w' and shear angle . As shown
in Figures 2(b) and 2(d), the sharp peaks appear repeatedly
at about 0.6 ms, 1.5 ms, 2.7 ms, 3.9 ms, and so on. Comparing
Figures 2(b) and 2(d) with the corresponding short-term time
histories (wave propagations) shown in Figures 3(b) and 3(d)
shows that the sharp peaks are mainly due to the propagation
of shear waves.

Figure 4 shows the dynamic responses predicted at x/L =
0.25 for a case in which the example Timoshenko beam
is subjected to a stationary impulsive point moment T
applied at its middle point (x/L = 0.5). From Figure 4, we
investigated the following: (1) although the effects of mode
shapes Uy, on the long-term transverse displacement are
not significant, the mode shapes Uy, must be taken into

account to capture accurate wave characteristics in the short-
term dynamic transverse displacement. The mode shape Uy,
has no influence on the transverse displacement, as suggested
by (52), (67), and (68). (2) To accurately predict the slope due
to the bending moment and shear angle due to transverse
shear force, mode shapes Uy, and Uy, must both be taken
into account in the computation. The mode shape Uy, was
found to be especially important for the accurate prediction
of short-time wave propagations.

Figure 5 shows the deformed shapes of the exam-
ple Timoshenko beam at five different times (t/T, =
0,0.25,0.5,0.75, 1) when a point transverse force F; is moving
on the beam, where T, denotes the time required for a
moving load to cross the beam from the left end (x/L = 0)
to the right end (x/L = 1). Similarly, Figure 6 shows the
deformed shapes of the same beam when a point bending
moment T, is moving on the beam. In both Figures 5 and
6, the deformed shapes are shown for four constant moving
speeds: 0.25v,, 0.5v, V., and L5v., where v, denotes

cr>
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where v, is the lowest critical speed.

TaBLE 1: Natural frequencies and mode shape parameters of a simply
supported Timoshenko beam.

Mode shape parameters

Mode Natural frequencies (Hz) (rad/m)
number (n)
Wp(n) Ws(n) 9B Istn)

1 6.29 14331.42 0.72 —3180.85
2 25.14 14354.54 1.44 —1594.48
3 56.41 14392.93 2.15 -1067.48
4 99.92 14446.40 2.86 —805.32
5 155.39 14514.66 3.53 —649.08
10 598.86 15064.35 6.66 -344.31
20 2122.10 17004.83 10.95 -209.53
30 4125.86 19679.14 12.87 —-178.31
40 6335.86 22782.05 13.33 -172.12
50 8624.20 26151.69 13.05 -175.79
60 10935.20 29699.86 12.44 —184.42
70 13245.32 33374.30 11.71 —-195.95
74 14166.78 34871.53 11.41 -201.13
75 14396.84 35247.95 11.33 -202.47
80 15545.26 37141.61 10.96 -209.36
90 17832.00 40979.20 10.24 —224.06

Note: the cutoff frequency is w. = 14323.7 Hz.

the lowest critical speed that can be obtained for a simply
supported beam by equating the time period of the first mode
to the time needed to pass through a double length of the
beam as follows [12]: v, = 2 f,L = 54.79 m/s, where f, is the
first natural frequency in Hz. Note that a sufficient number of
mode shapes Up,) and Uy, including the pure shear mode
shape Uy, were considered in order to obtain the deformed
shapes shown in Figures 5 and 6. From Figures 5 and 6, we
investigated the following: (1) the deformed shapes strongly
depend on the speed of a moving load, and (2) the upward
deformation does not seem to be significant when a beam
is subjected to a moving point downward transverse force,
whereas it can be significant when the beam is subjected to
a moving point bending moment. The vibration responses or
the deformed shapes of a Timoshenko beam were obtained
from (61) by using the generalized coordinates computed
from (75). As shown in (75), the generalized coordinates
are the functions of J(w,v), J;(w,v), J,(w, V), J5(w,v), and
J4(w, v), which are dependent on the speed of a moving load.
This is why the deformed shapes shown in Figures 5 and 6
strongly depend on the speed of a moving load.
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FIGURE 6: Deformed shapes of a simply supported Timoshenko beam at five different times (t/T, = 0, 0.25, 0.5, 0.75, and 1) when the beam
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where v, is the lowest critical speed.

Figures 7 and 8 show the distributions of the transverse
displacement w, the total slope w', the slope due to bending
0, and the shear angle due to transverse shear force y at t =
0.5T, when the example Timoshenko beam is subjected to a
moving point transverse force and a moving point bending
moment, respectively. We assumed that the moving point
transverse force and bending moment have the same moving
speed of 0.5v,. From Figures 7 and 8, we investigated the
following: (1) the deformed shapes generated by a moving
point transverse force are quite different from those generated
by a moving point bending moment, and (2) the shear angle
y generated by a moving point transverse force can be well
predicted by using the mode shapes Ug,,, only. However, for
accurate prediction of the shear angle generated by a moving
point bending moment, the mode shapes Ug,, and Uy,
must be considered. Note that there is a step in the curves
in Figure 7(d) to satisty the force equilibrium at the middle of
the beam at which a moving point transverse force arrives at
an instant of t = 0.5T 4.

Figures 9 and 10 show the time histories of the transverse
displacement w, the total slope w', the slope due to bending
0, and the shear angle due to transverse shear force y at

x/L = 0.5 when the example Timoshenko beam is subjected
to the same moving point transverse force and bending
moment, respectively. From Figures 9 and 10, we investigated
the following: (1) the dynamic responses due to a moving
point transverse force are quite different from those due to
a moving point bending moment and (2) the time history of
the shear angle y due to a moving point transverse force can
be accurately predicted by using the mode shapes Uy, only.
However, the mode shapes U,y and Uy must be considered
for the accurate prediction of the shear angle due to a moving
point bending moment.

Based on Figures 7-10, we investigated the following: (1)
the long-term dynamic responses can be well predicted by
using the mode shapes Up, only, and (2) the mode shapes
Ug,) and Ug ) must be considered in a prediction of accurate
shear angles due to the transverse shear forces.

To verify the accuracy of the present MAM, the dynamic
responses of a simply supported Timoshenko beam obtained
by the present MAM and the frequency-domain spectral
element method (SEM) are compared in Figure 11. We
assumed that the beam is subjected to a point transverse force
moving at three different constant speeds v;: (a) v = 0.5v,,
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moving at a constant speed of v =051, (a) transverse displacement (w); (b) total slope (w"); (©) slope due to bending (0); (d) shear angle

).

(b) v = Vg and (c) vy = 1.5v.. The SEM is known as
an exact element method that provides extremely accurate
solutions to one-dimensional structural dynamics problems
[38]. Song et al. [24] applied the SEM to a moving load
problem to verify its high accuracy. Figure 11 shows that the
dynamic responses obtained by using the present MAM are
almost identical to those obtained by using the SEM.

To investigate the effects of the shear deformation and
rotary inertia on the dynamic responses of a beam, the
transverse displacements at x/L = 0.25 of a simply supported
beam obtained by using Timoshenko beam theory and
Bernoulli-Euler beam theory are compared in Figure 12.
We assumed that the simply supported beam is subjected
to a stationary impulsive point transverse force at x/L =
0.5. It is well known that the phase velocity of flexural
waves in a Bernoulli-Euler beam increases indefinitely with
increasing wave number (or frequency). On the other hand,
for a Timoshenko beam, the phase velocity of flexural waves
has a finite maximum value, while the phase velocity of
transverse shear waves, which is infinite at a wave number

of zero, gradually decreases to a limit value with increasing
wave number [39]. Figure 12(a) demonstrates that the time
history of transverse displacement of a Bernoulli-Euler beam
starts from ¢t = 0 because the wave modes of infinite or
nearly infinite phase speeds generated by the impulsive point
transverse force applied at x/L = 0.5 can reach immediately
the measurement point x/L = 0.25. On the other hand,
the time history of transverse displacement of a Timoshenko
beam delays starting because the flexural waves in a Tim-
oshenko beam have finite values. As the shear deformation
is completely neglected in Bernoulli-Euler beam model,
Figure 12(b) demonstrates that, as expected, the time history
of shear angle exists only in case of the Timoshenko beam.
Finally, the effects of damping on the dynamic responses
of a simply supported Timoshenko beam subjected to a point
transverse force moving at a constant speed v, = 0.5v, are
investigated by comparing the dynamic responses obtained
by considering and without considering damping. Figure 13
shows the comparison of the dynamic responses at three
locations (x/L = 0.25, 0.5, and 0.75) obtained by considering



Shock and Vibration

Displacement w (x 107 mm)

x/L

e Only UB(n)
"""" Ugm) + Usw)
=== Upu) + Us(n) + Us(o)

(a) Transverse displacement (w)

Slope 6 (x 107° rad)

0 0.2 0.4 0.6 0.8
x/L

—— Only Ug,
"""" Us(m + Usw)
=== Upg) + Usm) + Us(o)

(c) Slope due to bending (0)

Total slope w' (x107° rad)

Shera angle y (x1077 rad)

19
2 -
1.5+
1F
0.5
0F
-0.5
-1 L L L L )
0 0.2 0.4 0.6 0.8 1
x/L
_— Ol’llYUB(n)
"""" Ugm + Us)

=== Up() + Us(m) + Us(o)
(b) Total slope (w")

0 0.2 0.4 0.6 0.8 1
x/L
—— Only Ug,

........ Ugy + Usg)
=== Upgu) + Us) + Us(o)

(d) Shear angle (y)

FIGURE 8: Deformed shapes of a simply supported Timoshenko beam at ¢ = 0.5T, when the beam is subjected to a point bending moment
moving at a constant speed of v, = 0.5v,,: (a) transverse displacement (w); (b) total slope (w"); () slope due to bending (0); (d) shear angle

).

and without considering the proportional viscous damping,
where we used y; = 0, 9.89 and 39.55 when y, = 0. We
can observe from Figure 13 that the amplitudes of transverse
displacements in general decrease due to damping.

5. Conclusions

We examined general solutions, natural frequencies, mode
shapes, and the orthogonality properties of mode shapes
for simply supported Timoshenko beams. We also presented
the forced vibration responses of a simply supported Tim-
oshenko beam in analytical closed form when the beam is
subjected to arbitrary initial conditions and to stationary or
moving transverse forces and bending moments. The new
findings made in this study are summarized as follows:

(1) A complete set of natural frequencies and mode
shapes are presented in closed forms for all frequency

ranges: 0 < w < w. and w > w,, where w, is the cutoff
frequency.

(2) It is shown that three types of mode shapes (denoted
by Ugy» Ugy» and Ug,) are required for a modal
analysis of the forced vibrations of a Timoshenko
beam subjected to arbitrary initial conditions and to
arbitrary stationary or moving loads.

(3) It is found that, in addition to the mode shapes Uy,
and Uy, the pure shear mode shape Ug,) must be
included in the modal analysis when a Timoshenko
beam is subjected to external bending moments or to
the initial rotation and angular velocity.

(4) In general, the long-term dynamic responses (vibra-
tions) due to stationary and moving transverse forces
can be well predicted by using only the bending mode
shapes Up,, but this is not true for stationary and
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moving moments. It is necessary to take into account (6) The effects of shear deformation and rotatory inertia
the shear mode shapes Uy, to accurately predict the are investigated by comparing short-term dynamic
short-term dynamic responses (wave propagations) responses (waves) obtained by using Bernoulli-Euler
due to stationary and moving transverse forces or beam theory and Timoshenko beam theory.

bending moments. (7) Numerical results show that the amplitudes of trans-

verse displacements in general decrease due to damp-

(5) The deformed shapes of a Timoshenko beam strongly ing.

depend on the speeds of moving loads. The upward
deformation does not seem to be significant when
the beam is subjected to a moving point downward
transverse force, whereas it can be significant when Symb .

ols Used in (77
the beam is subjected to a moving point bending ym 77)

moment. The symbols used in (77) are defined by
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FIGURE 12: Comparison of the dynamic responses at x/L = 0.25 of a simply supported beam subjected to a stationary impulsive point
transverse force applied at x/L = 0.5 obtained by Timoshenko beam theory and Bernoulli-Euler beam theory: (a) transverse displacement

(w); (b) shear angle ().
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