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Abstract—Solutions are obtained for the problem of an infinite elastic beam subjected to
essentially constant velocity boundary conditions at one point of the beam. The effects of finite
deflections, normal force, rotatory inertia and shear deformation are included. The equations
of the problem are converted into non-dimensional form and a perturbation approach is used
to obtain a consistent approximation. Numerical solutions are obtained for the bending
moment, shear force and the normal force for different velocities of impact. It is shown that
the solution to the problem depends on a combined geometrical and material parameter which
does not vary significantly for compact sections and a loading parameter which determines the
amplitude of the response. Finally the linear Timoshenko beam theory is shown to predict the
bending moment and shear force extremely well even when the deflections are large enough to
cause appreciable stretching of the centroidal axis.

INTRODUCTION

Timoshenko beam theory has been widely used in the analysis of the dynamics of elastic
beams. Unlike the elementary Euler-Bernoulli analysis, the Timoshenko beam theory
includes the effects of shear deflections and rotatory inertia and leads to hyperbolic partial
differential equations. Transform techniques have been used to derive solutions for semi-
infinite Timoshenko beams for a variety of end loadings by Miklowitz [1}, and Boley and
Chao [2]. Plass [3], and Leonard and Budiansky [4] employed characteristic theory to solve
the Timoshenko beam equations for pulse type loading. Results from the Timoshenko
beam theory have been shown to be in good agreement with experimental observations by
Goland, Wickersham and Dengler [5], and more recently by Ranganath [6]. However, these
studies do not include the non-linear effects of large deflection and the membrane force
resulting from the stretching of the middle surface. The purpose of the present paper is to
provide a more general analysis which includes these effects in order to determine the range
of validity of the linear small deflection theory. Particular attention is given to the question
(see e.g. Durelli [7]) of the importance of membrane stresses in the response of a beam
subjected to transverse impact.

Lee [8] has derived a system of first order partial differential equations governing the
dynamics of beams subjected to finite deflections but sufficiently small strains for linear
elastic material behavior to be an appropriate idealization. His analysis includes the effects
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of large deflections, membrane force, shear deformation and rotatory inertia. He has shown
that the system of equation is hyperbolic; that two of the three non-zero characteristic
speeds are equal, and equal to the elastic bar velocity; that for small values of the membrane
tension the third characteristic speed reduces to the velocity of shear waves in Timoshenko
beam theory whereas for large values of membrane tension it reduces to the velocity of
waves in an inextensible string.

In the present analysis, equations analogous to those derived by Lee [8] have been solved
approximately by using a perturbation theory approach to simplify the equations and inte-
grating the resulting equations by means of finite differences. Numerical solutions are
obtained for the case in which the transverse velocity of a point on an infinite beam is
increased rapidly to a prescribed value and then maintained constant thereafter.

Minor differences exist between equations (8) herein and corresponding dimensionless
counterparts of Lee’s equations [8]. These differences are due to different choices with
regard to three aspects of the two formulations. First, in the present paper the authors have
chosen to regard stress resultants as three of the dependent variables instead of the three
deformation measures empolyed by Lee. Second, the authors have taken the constitutive
equations to be linear relationships between material time derivatives of stress resultants and
rates of deformation relative to the current configuration, whereas Lee assumed a linear
relationship between stress resultants and the corresponding generalized strain. Third, the
authors have used the arc length s along the beam in the current configuration as the
independent space variable whereas Lee used distance S in the undeformed configuration.
The two formulations are equivalent in all important respects for the small strain case
assumed in both investigations. Stress resultants have been chosen as three of the dependent
variables in the present investigation because these quantities appear directly in boundary
conditions where forces and moments are prescribed. The assumption of a constitutive
equation which is linear in stress resultant rates and deformation rates as opposed to linear
in the stress resultants and deformation measures themselves is made because it is expected
that the former assumption is a good approximation for larger extensions than the latter.
This expectation is based on the fact that the former assumption exhibits a reduction in
stiffness of a tensile bar with increasing extension, which is to be expected due to reduction
of the cross-sectional area through lateral contraction. The choice of the current length s
as the space coordinate is made because the rate of deformation measures used in the consti-
tutive equations are expressed more conveniently in terms of derivatives with respect to 5
than with respect to the initial length S.

GOVERNING EQUATIONS AND STATEMENT OF PROBLEM
Consider the plane deformation of a beam loaded in one of its planes of symmetry. Let
the velocity at time ¢ of a point on the centroidal axis of the beam at s (see Fig. 1a) be
denoted by the velocity vector V(x, 7) given by
V =um + u§ n

where 1, & are unit vectors normal and tangential, respectively, to the centroidal axis at
s; v and u are therefore the normal and tangential components of the velocity of a point
on the centroidal axis. Taking the material time derivativet of (1), and making use of the

+ The material time derivative f of a function f(s, t) is defined by

f=8—f+ u
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where ¢6/0s is the curvature of the centroidal axis, we obtain the following expression for the
acceleration vector
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As in the linear Timoshenko beam theory [9] a cross-section of the beam is assumed to
remain plane, but not necessarily perpendicular to the centroidal axis. The angular velocity
of a cross-section is denoted by w(s, ?).

Let the force acting on a cross-section perpendicular to the centroidal axis (see Fig. 1b) be
denoted by the vector F(s, t) given by

F = On + N§ @)

in which Q is the shear force in the direction 1 and N is the normal force (membrane force)
in the direction §. Let the bending moment about an axis through the centroid be denoted by
M(s, t). Then, in terms of the generalized particle velocities u, v, 0 and the generalized
stresses N, @, M defined previously, the following equations of motion can be derived by
consideration of the beam element shown in Fig. 1(b).

oM dw Jw

a_+Q ”I{at Bs} (52)
6Q ov v ov a0
% —4+N a A{at +u(as+u—(%)} (5b)
ON 06 ou ou ov 00
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In equations (5), p is mass density, 4 is cross-sectional area and 7 is the moment of inertia
of the beam cross-section about the centroidal axis perpendicular to n and &.
In addition to the equations of motion (5) the governing system of equations consists of

one kinematical condition and three constitutive equations. The kinematical condition is
00 v
== )
ot Os

which follows directly from (2) and either of the identities § = fn or f§ = — 0&. The three

constitutive equations are taken to be the three linear rate equations

M =EIZ—(: (7a)
. o @
Q=K(9—w)=x(a—:+u£—w) (7b)
ou 00



560 S. RANGANATH and R. J. CLIFTON

(b)

Fig. 1. Beam geometry and stress resultants.

in which E is Young’s modulus and x = k'4AG where G is the shear modulus and k' is a
“shear coefficient” (k" = 5/6 and 9/10 for rectangular and circular beams, respectively).
The rates of deformation appearing on the right side of (7a) and (7b) are self-explanatory.
The term in parenthesis on the right side of (7c) is the rate of stretching (1/4) where A =ds/dS
is the stretch of the centroidal axis. Equation (7c) is equivalent to the relation

N = AElog. (7). (7¢)

Equations (5-7) can be put in non-dimensional form by introducing the dimensionless
variables:

s
§5=—,1= , R =¢,5/c
S0 ey Rl
_ u v w
Il=—,0=—,0=

Co C2 (co/L)

— N _ . ML
N = 2> = Q '),M: 2
pAco pAc,” pleg

where ¢, = \/ E/p is the longitudinal bar velocity and ¢, = \/ k'G/p is the velocity of shear
waves in the Timoshenko beam theory; L is a characteristic length for the problem being
considered. In terms of dimensionless variables, equations (5-7) become

M [(AL? — D)
N

_ % o a6
Rza—Q-+N@=R(@+2a—”)+az~ (8b)
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Equations (8) constitute a system of seven first order hyperbolic partial differential
equations in seven unknowns. The characteristic speeds d§/df = ¢ are

¢ =i + 1 (double root) (9a)
=i+ JR*+N (9b)
€=1u. (9¢)

These speeds are equivalent to those obtained by Lee [8], provided that proper consideration
is given to the minor differences in the two theories, as described in the Introduction.

We seek a solution of equations (8) for the case of a rapidly imposed transverse velocity
at an arbitrary section, § =0, of an infinite beam. We assume that the beam is initially
unstressed and at rest in a horizontal position. From symmetry we need to consider only the
semi-infinite region § > 0.

The boundary conditions at § = 0 are

50, 1) = %® (10a)
C2

0,7 =0 (10b)

®(0,7) =0 (10¢)

where V(1) is the imposed transverse velocity. Conditions (10b) and (10c) result from sym-
metry. Thus, in the region § > 0, 7 > 0, we seek a solution of (8) which vanishes identically
for # = 0 and satisfies the boundary conditions (10) on 5§ = 0.

Before proceeding with the solution of the stated problem, we note that equations (8)
depend on two-dimensional parameters: (4L/) and R. The former parameter can be made
to be unity by defining the characteristic length L to be the radius of gyration of the cross-
section. The second parameter, R = ¢,/c,, is given by

kG K
R~ E - S an
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where v is Poisson’s ratio. For most materials Poisson’s ratio is approximately 0-3. Also,
the shear coefficient & does not change greatly for compact sections. Thus, R does not vary
appreciably for compact beams; for the numerical examples we take R = 0-566 which
corresponds to v =0-3 and k&' = 5/6 (i.e. a rectangular cross-section). For fixed R, and step
function time dependence of the prescribed velocity V, (), the dimensionless solution depends
on a single dimensionless parameter vy/c, where v, is the imposed velocity.

Numerical solutions of (8) can be obtained by finite difference techniques for various
values of vy/c,. Small values of vy/c, lead to solutions which, at early times, agree with
results from linear Timoshenko beam theory. As vy/c, increases, and the duration of loading
increases, the membrane force N and its influence on the dynamics of the beam becomes
increasingly important. Thus, by comparing solutions for various values of vy/c, it is
possible to determine the range of imposed velocity and loading duration for which the
linear theory provides an adequate description.

Instead of solving equations (8) directly by means of finite differences it appears that more
insight into the influences of finite deflection and membrane force is obtained if the solution
is first expanded in powers of ¢ = v,/c, . Hence, all dependent variables in (8) are expanded
in the form

M=eMG, D+ EMGE D+ (12)

Substituting representations of the form (12) into (8) and equating terms of first order in ¢
we obtain

oM, 0o,

— 0 =— 13:
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Also, the boundary conditions (10) become
0,0,7) =1, v0,1)=0 for i>=2 (14a)
u 0, %) =0, (14b)

for i>=1.
@0, =0 (14c)
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In order for N, and u, to satisfy (13¢), (13f) and the boundary condition (14b) these func-
tions must be identically zero. The equations governing M, Q,, @, and v, are the same as
the governing equations in the Timoshenko beam theory employed by Ranganath [6]. The
solution of these equations which satisfies the boundary conditions (14a) and (l4c) has
been obtained by Ranganath [6] by means of Laplace transforms. From (13e) and (13g) the
rotation 6, can be expressed in terms of Q; and w, by

81 = Ql + fo 0)1 dt. (15)

Thus, the solution for the first order terms in expansions of the form (12) can be regarded
as known and equal to the linear Timoshenko beam theory solution.

In order to obtain an estimate for the membrane force N it is necessary to retain higher
order terms in ¢ in (8c) and (8f). Equating terms of second order in & we obtain

_ % _ 02 _ p2, O 16
5w Rz~ PR (16a)
ON, Ou, a6,
9Ny Mz _ o 9% 16b
TR T (160)

as the governing equations for N, and u, . In principle, an exact solution of equations (16)
could be obtained by introducing Laplace transforms, making use of the known transform
solutions for Q,, 0y, w,, and inverting the resulting Laplace transform of the solution N,,
u, . However, previous experience {6] with evaluation of integrals which arise in the inversion
of transform solutions for problems in Timoshenko beam theory indicates that except at
stations near the impact face {e.g. § < 50) the integrand oscillates rapidly and accurate
numerical solutions are difficult to obtain. For this reason, it has been found that the second
order accurate difference method introduced by Ranganath and Clifton [10] is a more
efficient means for obtaining numerical solutions for M, Q,, oy, v, in the problem defined
previously. Thus, it appears that the difference method [10] should be more efficient than
the Laplace transform method for obtaining numerical solutions for N, and u,. Conse-
quently, numerical solutions of (16) as well as (13), are obtained by means of the finite
difference method [10] which makes use of integration of ordinary differential equations
along characteristics. The incremental relations along characteristics corresponding to
equations (13a), (13b), (16a), (13d), (13e), (16b), and (13g) can be shown, using well known
procedures (e.g. Courant and Hilbert [11]), to be

dM, F do, + R*Q,di =0 along g—;= +1 (17a)
— . ds

dQy Fdo, + 0, di =0 along T +R (17b)
. ds

df, —dQ, -~ w,di =0 along i (17¢)

R3Q R*Q
dN, F + 1 Xl
2T i R gy 4ot

4 -

R . d
(£Rv; — R*Q,)df, — (bl_——“hQRz) w, di =0 along Eé = +1. (17d)
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Equations (17a~17c¢) determine M, Q,, w,, v;, and 6, whereas equation (17d), determine N 2
and u, when solved simultaneously with (17a-17c).

Numerical solutions of (17) have been obtained by means of the difference method {10]
which is an extension to second order accuracy of the method introduced by Courant,
Isaacson and Rees [12]. Since the method applies directly only to problems in which the
solution is continuous, the jump in the imposed transverse velocity at # = 0 was eliminated
by introducing a finite rise time for the imposed velocity to attain the value v, . The function
Vo(7) was assumed to have the parabolic form

. T &
Vof) =vol2 — — = (18)
Iy Io

where f, is a dimensionless risetime. The value f, = 40 was assumed for the numerical
computations; the solution at times later than 7, after the arrival of the wave front is
relatively insensitive to the assumed value for i, . The nondimensional mesh sizes A§ and A7
were both taken to be equal to 2-5. Numerical trials with larger mesh sizes indicate that
larger mesh sizes could be used without significant loss in accuracy.

DISCUSSION OF RESULTS

The functions determined by.the integration of equations (17) do not depend on the small
parameter & = vy/c, . Therefore, an approximate solution to the original problem is obtained
for a range of impact velocities by solving equations (17) only once and then making use of
expansions of the form (12). In this approximate solution the quantities M, O, @, &, 0 are
proportional to ¢ whereas N and @ are proportional to &2. Thus, for example, as ¢ increases
the stresses due to the normal force N become more important relative to the stresses due to
the bending moment M. A direct comparison of the relative magnitudes of the stresses due
to these two generalized forces is the ratio N/M which, from the definitions of the dimension-
less quantities, is equal to the ratio of the longitudinal stress due to the normal force N to
the longitudinal stress (at a distance L from the centroidal axis) due to the bending moment
M. The ratio N/Q is (1/R?) times the ratio of the longitudinal stress due to N to the average
shear stress on the cross-section.

Figures 2 and 3 show the time dependence of the approximate generalized stresses
M ~¢eM,, O ~eQ,, N ~ &N, at two stations and for three impact velocities. From Fig. 2,
the impact velocity vy/c, = 0-015 corresponds to an extreme fiber stress in bending at § = 0
which is approximately 1-5% of the elastic modulus E for the material (i.e. stress ¢ =
MdiQ2I) = \/ 3ME ~ 0-015E). Since this stress is beyond the yield stress in essentially all
metals, larger impact velocities would require a theory which includes plastic deformation
(see e.g. [13]). Because N in Fig. 2 is a monotonic increasing function of time whereas M
becomes constant after an initial risetime, the solution predicts that the relative importance
of N increases with increasing time. At vy/c, = 0-015 the value of N at the latest time shown
in Fig. 2 corresponds to a normal stress of 0-000517E, which is approximately 3-57; of the
maximum stress 0-015E due to bending. Thus, even at the highest impact velocity and the
latest time considered, the stress due to the normal forces is small relative to that due to
bending. At sufficiently late times the stresses due to the normal force finally dominate those
due to bending. However, the duration for which the perturbation solution remains valid

has not been established.
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Fig. 2. Stress—time profiles at §=0.

The oscillatory character of the time dependence of the bending moment shown in Fig. 3
agrees with experimental results shown in Fig. 3 of [6]. The dimensionless distance § = 50
corresponds to a distance of 1-80 in. for the 1/8 in. thick beams used in [6] and the shape
of the moment time profiles lies between the shapes observed in the experiments at distances
of 1-:50 and 2-00 in. The calculations show that, as expected from characteristics theory, the
wavefront of bending moment and shear actually propagates at the characteristic speed
ds/d? = 1; however, the amplitude near the wavefront is negligibly small so that the first
detectable part of the bending and shear disturbance propagates with a velocity slightly less
than 0-5 ¢y. This aspect of the solution is also in agreement with the strain-time profiles
shown in Fig. 3 of [6]. The time dependence of the normal force at § = 50 is nearly the same
as at § = 0 and is indicative of the weak dispersion exhibited by the computed longitudinal
wave. The amplitude of the impact velocity in [6] is slightly less than the lowest value for
which stress-time profiles are given in Fig. 3. Therefore, the predicted strain associated with
extension due to the normal force N is less than 6 x 107 (i.e. strain ¢ = (N/4)/E = N <

6 x 107 °) which is less than 0:5% of the extreme fiber strain (i.e. \/31\7) of 16 x 107°
which occurs at the first positive peak in Fig. 3 for vg/c; = 0-005. The small strains asso-
ciated with the normal force correspond to a vertical displacement of less than a line width
on the scale of the experimental strain-time profiles in Fig. 3 of [6]. Thus, it is not surprising
that such overall extensional strains were not observed even when experiments were carried
out specifically to investigate the significance of string forces [14].
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Fig. 3. Stress—time profiles at § = 50.

The dependence of the generalized stresses on distance at a fixed time is shown in Fig. 4.
The moment and shear distributions are oscillatory and essentially 90° out of phase. The
normal force varies slowly with distance, except near the wavefront § = i. The longitudinal
particle velocity u, is negative for 0 < § < ; the spatial dependence of v, is similar to that
of N, except that u, goes sharply to zero near § = 0 in order to satisfy the boundary condi-
tion (14b). In the region in front of the bending and shear disturbancesin Fig. 4, the propaga-
tion of the longitudinal wave is essentially non-dispersive with

N5, 1) + uy(5, 1) ~0 (19a)
Ny, 1) = uy(5, D) = Ny(Bp, T — (5~ §)) — (53, T — (5 — $,)) (19b)

where §, is a position near the front of the detectable bending disturbance. Equations (19)
follow directly from equations (17d) in regions where Q,, v, 8,, w, are negligibly small.
Equations (19) can be used to give a physical interpretation of the normal force distribu-
tion (e.g. Fig. 4) which arises under transverse impact. Between the point of impact and the
front of the bending wave the centroidal axis is extended due to transverse displacement.
This extension produces a tensile force which is propagated forward at the longitudinal
wave speed d5/d7 = 1. Beyond the front of the bending wave the longitudinal wave becomes
essentially non-dispersive, in agreement with the elementary one-dimensional theory of
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longitudinal waves in bars. Thus, the longitudinal wave is generated in the region where
bending is occurring, but propagates on in front of the bending wave because the speed of
the longitudinal wave is greater than that of the dispersive bending wave.

CONCLUSIONS

By an appropriate choice of non-dimensional variables and a consistent approximation
neglecting higher order terms, the dynamic deflection of an initially straight beam subjected
to transverse impact is shown to depend on a combined geometrical and material parameter
which does not vary significantly and a loading parameter which determines the amplitude
of the motion. The normal or string force is proportional to the square of the impact velocity
and at any station increases monotonically with increasing time. Within the limits of the
approximate theory presented here, the elementary Timoshenko theory predicts the bending
moment and the shear force adequately even when there is significant stretching of the
centroidal axis. For impact velocities which are sufficiently small for the assumption of
linear elastic material behavior to be applicable, the stresses associated with the string force
are negligible relative to the maximum bending stresses provided that the loading duration

is not greater than approximately 10 times the transit time of waves through the beam
thickness.
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AGcTpakT — Pemaerca Bonpoc OGeCKOHEYHOM 371acTHYHON Oajkd, MOOBEPraeMoi B OIHON
TOYKe TPAHHYHBIM YCIIOBHSM MOCTOSHHON CKOpOCTH. Bximroyarotcs 3ddexTsi: GHHATHBIX OT-
KJIOHERHMH, peakuun MeMOpaHbl, BpanlaTeIbHOM Huepu#y 1 AehopMalMy CABATA. Y paBHEHHA
npobaeMbl HepeBoaaTCs B Oe3pasMepayr GopMy | ANs HOIyYEHHs HOAXOAAMIETO Mpubsmxe-
HHSA TIPEMEHSIETCA AIMPOKCAMALMS BO3MYILECHHA. YHCIIEHHBIE DEINEHHS TPH Ppa3/MIHbIX
CKOPOCTAX KOHTAKTA ITOJYMHIH IJIA H3rAGarolero MOMEHTa, V1% CHITbI CIBUTA M /1fifl PEaKi#n
memOpanbl. Hammm, 9yro pemenne npobneMbl 3aBECAT OT COBOKYITHOCTH F€OMETPHYECKOTO H
MaTepHALHOTO MApaMeTPOB, KOTOPBIE AJ1 KOMIIAKTHBIX YYaCTKOB CYIIECTBEHHO HE pa3inya-
FOTCA ¥ OT MapaMeTpa Harpy3Kkd, KOTOPBIH OnpeneNseT aMITATy Ry peakxusd. Y B xoneunom
cyere, TeopHsl NuHEHHOM Oanku THMOIIEHKO OKAa3BIBAETCA NPENCcKa3biBacT H3THOarommi
MOMEHT M CHITy CABUIA YAUBHTEILHO TOYHO, NaXKe, €CIIH OTKJIOHEHHS JOCTATOYHO CHIIbHEIC,
YTOOBI IIPHYNHATE 3AMETHOE PACTXECHHE LIEHTPOHIHOM OCH.



