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A GENERAL THEORY OF ELASTIC BEAMS

M. CenGiz DOKMECiT

Department of Theoretical and Applied Mechanics, Cornell University, Ithaca, New York 14850

Abstract—The nonlinear basic equations which govern the motion of beams are developed on the basis of three-
dimensional theory of thermo-elastodynamics in terms of a reference state. A general method of expansion
together with a variational procedure is used for the formulation. Thus, a hierarchy of one-dimensional approxi-
mate theories is consistently established. The geometrical as well as physical nonlinearity are explicitly con-
sidered in the analysis. The classical theories of stress and strain in beams are directly deduced from the general
results. The theory accommodates the higher order stretching, bending and torsion of non-polar elastic beams
of uniform cross section.

1. NOTATION

Throughout the paper, a system of the right-handed Cartesian convected (intrinsic) co-ordinates x, (k = 1,2, 3)
and Einstein’s summation convention are used. Accordingly, repeated Latin indices represent summation over
the range (1,2, 3) and repeated Greek indices are summed over the range (1, 2), unless indices are put within
parentheses. An index following a comma stands for partial differentiation with respect to the indicated co-
ordinate x,, while a superposed dot denotes partial differentiation with respect to time t. Also, a star is used to

designate prescribed quantities.
Essentially, new quantities are defined when they are first introduced.
The following symbols are used in the text:

d, L maximum diameter of cross-section and length of beam
o area of cross-section

€ a Jordan curve which bounds cross-section

Xe a system of right-handed Cartesian convected co-ordinates
t time

0 displacement vector

Yt Lagr'fmgian st.rain tensor

[ rotation and linear strain tensors

ug‘m'n), y&';'""
ol el

displacement and strain components of order (m, n}
rotation and linear strain tensors of order (m, n)

p density of the undeformed body

tets Sk asymmetric Lagrangian and symmetric Kirchhoff stress tensors

o moment of inertia of order (m, n)

T stress resultants of order (m, n)

f body force vector/unit mass of the undeformed body

Fimm, pimm " body force, external force and effective load of order (m, n), respectively

Crimn isothermal elastic constants

A Lamé’s elasticity constants

E,v Young’s modulus and Poisson’s ratio

L strain—temperature constants

t stress vector measured/unit area of the undeformed body

n unit outward normal vector to the undeformed position of a surface element in the deformed
body, associated with t

£ second order permutation symbol

W,z strain energy densities/unit volume and per unit length of the undeformed beam, respectively

3, & entire volume and boundary surface of the undeformed beam

E A surface parts of ., where displacements and tractions are prescribed, respectively

t On leave from The Technical University of Istanbul.
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e increment in temperature

o, S, left and right edge surfaces of the undeformed beam
LA entire edge and lateral surfaces of the undeformed beam
® rate of twist

e, e, voluminal and aerial dilatations

¢ velocity of shear waves in an unbounded medium

Co bar velocity

¢ warping function

st initial stress tensor

dV,ds,dA4 elements of volume, lateral surface and face boundary
do line element along €

v unit outward drawn vector normal to ¢

2. INTRODUCTION

IN spITE of various significant contributions in the literature, a complete nonlinear theory
of elastic beams, which provokes further developments and enables one to make plausible
assumptions and convenient approximations to meet demands of engineering, is not
presently available. An attempt is thus made to develop a consistent fully nonlinear theory
of beams within the framework of three-dimensional theory of thermo-elasticity.

The earliest works on beams and columns may be traced back to Bernoulli, and they
are referred to Ericksen and Truesdell [1] and Truesdell [2]. These works are chiefly bound
to linear elasticity and they are formulated under ad hoc simplifying hypotheses. Since the
resulting equations are so simple and clear these theories are still being employed notwith-
standing the fact that they are lacking in increasing accuracy and estimation of errors.
Apparently, some other techniques need to be used to reach a rational theory of beams
rather than the method of hypotheses leading to the usual theories. Recently, Gol’denweizer
[3] presented a comprehensive survey on the techniques which can be used in a general
analysis of structures. In addition, Nigul [4] and Kalinin [5] briefly discussed these tech-
niques as did Green et al. [6] and Koiter [7]. Among these techniques, such as the direct
method, the asymptotic method and the method of series expansion were exhibited in
[6, 8, 9], [4-6, 10-12] and [13-17], respectively. Along this line, one should also mention
Ref. [18] for a general treatment of the approximate methods of analysis in elasticity
theory, involving existence and uniqueness theorems.

In the present analysis, the method of series expansion is used in the form given by
Mindlin [14] who recapitulated the method from the works of Cauchy {19] and Poisson
[20]. Mindlin and his co-authors [13-15, 21, 22] and the present author {16, 17] extensively
used the method in the formulation of one- and two-dimensional continuum theories. The
method involves the series expansion of all field quantities in terms of the appropriate
co-ordinates. The series expansion converts three-dimensional field equations of elasticity
into a hierarchy of one-dimensional approximate equations with the aid of either the
variational method of Kirchhoff [23] or a direct method of integration. Thus, the govern-
ing equations are consistently obtained. The application of the method is accomplished in
a tractable and straightforward manner. Without attempting to be exhaustive, the most
pertinent references to the present paper are mentioned here as follows.

By the use of a power series representation for stresses in terms of a small thickness
parameter, Hay [24] was the first to formulate consistently a finite displacement-small
strain theory of elastic rods. Mindlin [15] derived a linear theory of isotropic elastic beams



A general theory of elastic beams 1207

by means of the variational procedure of [23], with which he examined the uniqueness of
solutions in Neumann’s sense. Mindlin and McNiven [22] studied the axially symmetric
motions of an elastic rod of circular cross-section expressing displacement components in
series of Jacobi polynomials in terms of the radial co-ordinate. By the use of a series of
Legendre polynomials for displacement components in terms of lateral co-ordinates, a
one-dimensional theory of elastic bars of rectangular cross-section has been obtained by
Medick [25, 26] and Hertelendy [27] who presented some experimental results as well. As
a generalized plane stress problem, the elastic beam theory has been studied by Soler [28]
and Hashin [29]. A series of Legendre polynomials is used for isotropic rectangular strips
in [28], while a power series is used for plane anisotropic rectangular beams in [29]. The
authors of [25-27] were primarily concerned with the dynamic behavior of bars and those
of [28, 29] studied the static behavior. In addition to the references above, other references
utilizing linear theory include Warner [30] and more recently Bleustein and Stanley [31]
as well as Green et al. [6]. The works of the latter three authors [8] and of Antman and
Warner [32] should be mentioned among the recent contributions to the nonlinear theory.
Starting with a series representation for the position vector, an isothermal theory of rods
is formulated in [32], while a thermo-dynamical theory is given in [8]. Mention may also
be made of the exact theories of Ericksen and Truesdell [1] and Green [33]. However, these
theories did not include the constitutive relations.

This paper aims at a rigorous derivation of the beam equations from the three-dimen-
sional field equations of elasticity, including large displacements and large angles of
rotations. A generalized variational procedure deduced from the Hamiltonian principle
and a method of series expansion for kinematic variables are used in the formulation. The
effects of inertia, both transverse and in-plane, and of temperature are included as is the
influence of heterogeneity and anisotropy of the material (thus making it applicable, for
example, to composite materials). The theory accommodates the higher order stretching,
bending and torsion of elastic beams of uniform cross-section. The governing equations
consist of the macroscopic equations of motion, the natural boundary conditions, the
strain—displacement equations and the constitutive relations.

The kinematic variables are presented in the next section. Section 4 deals with the strain—
displacement relations. The variational procedure is exhibited in Section 5. The load and
stress resultants, and the constitutive relations are given in Sections 6 and 7, respectively.
The boundary conditions and the macroscopic equations of motion for non-polar beams
of uniform cross-section are extensively studied in Section 8. A linear theory of beams and
its simplified versions are presented in Section 9. The last section is devoted to concluding
remarks.

3. KINEMATIC VARIABLES

An initially slender beam of constant cross-section is treated in this analysis. The beam
is referred to a system of right-handed Cartesian convected (intrinsic) co-ordinates x,.
The axes x, and x, are chosen as the principal axes of the cross-section. The locus of the
centroids of cross-sections is a straight line in the undeformed beam, and it is taken as the
axis x3. The cross-section of the beam is bounded by a simply-connected Jordan curve €,
i.e. sufficiently smooth and non-intersecting. In this context, a cylindrical beam with no
singularities of any type is supposed to be present. Consequently, the displacement and
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stress fields are continuous throughout the beam space 3. Moreover, the use of the inequality :

%« 1 3.1

where d and L are respectively the maximum diameter of cross-section and the length of
beam, allows the beam to be treated as a one-dimensional mathematical model of a three-

dimensional body.
The displacement components of a generic point in 3, based on the above considera-

tions, can be represented by

w0 =Y  PRx;). QW) ™" (x3, 1) (3.2a)
m+r=0
with
PP(x;) = Q§(x,) = 1. (3.2b)

Here, from the mathematical standpoint, a separation of variables solution is sought for
the nonlinear field equations which are presented in the next sections. Therefore, the
vector functions in (3.2) are unknown a priori and independent functions defined in 3.
Also, it is assumed that u{™" exists and is a function of class C? (C" represents the functions
with derivatives of order n, with respect to space co-ordinates x, and time ?). In the subse-
quent analysis, the two functions of the form:

Pg:}(xi) = xT, Qg‘)(xz) = X3 (3.2¢)

are to be used. If the displacement vector u is analytic with respect to the aerial co-ordinates
x,in 3, (3.2) can be regarded as a Taylor expansion of u, which is uniformly convergent in
the closed region 8. However in this case, u"™ is an independent function. In (3.2), P,
and Q,, for instance, could be Legendre polynomials, Jacobi polynomials and/or any other
appropriate functions.

In contrast to the customary beam theories, the Bernoulli-Euler hypothesis is abrogated
here by virtue of (3.2), i.e. sections which are plane and perpendicular to the centroid locus
in the undeformed beam do not necessarily remain so in the deformed beam and suffer no
strains in their planes (see, e.g. Boley and Weiner [34]).

4. STRAIN-DISPLACEMENT RELATIONS

The Lagrangian strain tensor 7,, is expressed in terms of the displacement components
[35]:

Vit = 3thy Uy 4y ) (4.1)
and
it = €+ 3en+ o) (e +w,). (4.2)
Here, the linear strain tensor ¢, and the rotation tensor w,,; are given by

€ = €y = %(uk,l+ut.k)s Wy = — Wy = %(uk.l'_ut,k)‘ (4.3)
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The series expansion in all displacement components as in (3.2) and the relations given
above imply a strain distribution of the form:

©
YalX ) = ) XTXGT(xs, 1) (4.4a)
m+n=0
where
m+n
vam =l +3 ) e PO+ o] [ef? + o] (4.4b)
p+q=0
with

el = Hlm+ DG 17+ 8 ) (1 D@ )+ Sy )

3™ = JUg -+ (m+ 16,48 1+ (n+ 13§ )

& = Uy, oy = 0 (440)
O = Hlm-+ (O™ = 5 )+ 14 )0 D= 05V

O = T —(m+ D8 S0 (14 1) 8 i

Here, y{m™, u™™m el™™ and w{™" are henceforth termed the Lagrangian strain tensor, the
displacement vector, the linear strain tensor and the rotation tensor of order (m,n),
respectively.
The linear version of (4.1) is simply expressed as
Yl = € (4.5a)

with

WP = el (4.5b)
in (4.4).

5. VARIATIONAL PROCEDURE

When the motion of the non-polar continuum is referred to a fixed system of Cartesian
axes, the equations of local balance of momentum given in [36] are:

taxtp(fi—a) =0 (5.1)
with
tiy = S0y, + uy,)- (5.2)

Here, a, and f,, respectively, denote the Lagrangian components of the acceleration and
the body force measured per unit mass of the undeformed body. p indicates the density of
the undeformed body. t,; and s, represent the asymmetric Lagrangian and symmetric
Kirchhoff stress tensors measured per unit area of the undeformed body, respectively.
When the stress vector t/unit area of the undeformed body, associated with a surface in
the deformed body, is referred to the base vectors in the deformed body, sy, arises, while
if t is referred to the base vectors in the undeformed body, t,; ensues.
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Let t* and u* be the prescribed values of the stress and displacement vectors on the
boundary surface. Thus, the boundary conditions can be written in the form:

uf—u, =0 onY, (5.3)

and
t¥—t, =0 onY, (54)

with
L = tuny. (5.5)

Here, t, is the components of t, associated with a surface in the deformed body, the unit
outward drawn normal of which is », in its undeformed position. %, and %, are the parts
of the entire boundary surface &, where the displacement and stress vectors are prescribed,
respectively.

Let t, and ¢, be two arbitrary instants of time and § indicate the variation. Then,
following Love [37], there can be deduced the equation:

oJ = J ‘ de {J; (tur + p(fi— )] Ouy do

o

+ (u,—uf) ot dS + (t¥—t,) ou, dS} =0 (5.6)
Fu Lo
from the usual version of the Hamiltonian principle. Since the variations du, and dt, are
quite arbitrary, the coefficients of these variations under the integral sign must vanish
separately over % and at all points in the interior of 3. This leads to (5.1}5.4) and thus
verifies the variational formulation.

The variational integral (5.6) leads to the macroscopic equations of motion and to the
natural boundary conditions of beam for the case of large displacements and large angles
of rotation. This will be shown in the following sections.

6. LOAD AND STRESS RESULTANTS

The following terminology is used in the subsequent analysis. Hence, it seems appro-
priate to define them beforehand.
Let us define a body force resultant of order (m, n):

Fmm = f pfxTxs dA (6.1)
a stress resultant of order (m, n): 3
Timn = f XTx%s,, dA 6.2)
surface loads of order (m, n): )
P = § XTx5,5. do (6.3a)
€

R;{m,n) — i [(p'P(1m+p—1,n+q)+q.P(2m+p,n+q—1))u’(‘PvG)+P(3m+pv"+ll)u}cpy34)] (6.3b)

ptq=0
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and an effective load of order (m, n}:
Qg‘m,n) — F;(m,n)_*_P;(m.n)_{__Rl((m,n)' (64)

In these relationships, ./ is the area of cross-section, ds is the line element of ¢ and
vV, = £,p(dxg/da) is the unit exterior normal vector on €.
Similarly, an acceleration resultant of order (m, n):

e8]
Uf""’") - Z I(m+p.n+q)u‘((p.q) (6.5)

ptq=0

prescribed stress resultants of order (m, n):
THmm = f XTx5tE dA, promm — 56 Xix5t¥ da {6.6)
£ €
and an aerial moment of inertia of order (m, n):
[ = f x™x dA . (6.7)
ol

are defined. Here, it is pertinent to note that (6.7) yields the usual quantities of elementary
beam theory as
J10.0 . 4

6.8)
0 — 0.1 - 1) o 0, 120 I, JO.2) 12.

Since the principal axes x, were situated at the centroid of cross-section I, ['®! and
IV readily vanish. Moreover, the following relations hold for a symmetric cross-section
with respect to x, :

I(m,n) = 5nnol(m,n) (693)
with respect to x,:
I(m.n) = 6mm01(m,n) (69b)
and with respect to x; and x;:
I(m,") = 5mm0 . 5”!!0 . I(m,n) (690)

where m, and n, stand for any even integer and §,,, is the usual Kronecker delta.

7. CONSTITUTIVE EQUATIONS

In the case of a perfectly elastic body, a strain energy function or elastic potential W
does exist [36], measured per unit volume of the undeformed body and it yields:

1(6W aw). 7.1)

S F . —.——+__
T2 M Ovu

This constitutive relation may also be used for a Hencky type elasto-plastic body as
remarked in [35].
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By the use of (4.4}, (6.2) and (7.1), the constitutive relations for the stress resultants are
obtained in the form:

T =5( Y)Y } (7.2)

KT 2oy Ty

where
Z = f WdA. (7.3)
K4

Here, Z denotes a strain energy function measured per unit length of the undeformed beam.
The fully nonlinear constitutive relations are expressed by (7.1)-7.3).
The generalized linear constitutive relations given in [38] are:

Spg = Cklmn(ymn_amne) (74)

for an initially perfect elastic, anisotropic and heterogeneous beam material subjected to a
prescribed steady temperature field ®(x,). The corresponding elastic potential can be
written as:

W = 3CutmnPui = %O (P — % ®). (7.5

Here, Cy., and o, are the isothermal elastic constants and the thermal expansion coeffi-
cients at constant stress, respectively. From energy considerations it follows that

Citmn = Comit = Ctmn» Xy = %y (7.6)
In the case of isotropic material, they reduce to:

oy = Ay

Cklmn = ’léklémn + H(ékméln + 5kn51m)

(1.1

where « is the coeflicient of linear thermal expansion, A and p are Lamé’s constants. These
in turn, can be expressed in terms of Young’s modulus E and Poisson’s ratio v as

2uv E

Ta-wy T A (7:82)

with
p>0, 3i+2u>0. (7.8b)

With the aid of (4.4), (6.2) and (7.4), the linear macroscopic constitutive equations are
obtained :

o0
T,(‘rln,n) = Cklrs Z I(m Tpont q)(,yg.q) - aﬂ@(p,q)) (79)

ptrqg=0

and

Tn = 3 I er O pEd — 300705, + 2u(yfh P — «®P96,)] (7.10)

ptg=0
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for anisotropic and isotropic beam materials, respectively. Here, the temperature field is
taken in the form

B(x) = Y xx50"I(x;). (7.11)

m+n=0

Finally, the strain energy:
Y =f WA =41Cypy Y, Y IP*er+ipee g ,@r0)(hd —q,,009)  (7.12)
Ed ptg=0r+s=0

and the kinetic energy:

K = f (%pakak) dA = %p Z Z I(P+r.q+s)a’((P:‘1)ﬁ§(r,S) (7.13)
o

ptg=0r+s=0

are obtained per unit length of the undeformed beam.

8. BEAM EQUATIONS OF MOTION

We now proceed to develop the nonlinear equations of motion of beams together with
the natural boundary conditions in terms of the displacement field defined previously in
Section 3 and the effective load, stress, body force and acceleration resultants given in
Section 6. For this purpose, the variational equation (5.6) is evaluated.

Consider first the volume integral in (5.6), namely

s L
é'jl == f d(‘,f dX3 f [tkl,k + p(f;—a;)] 5“3 dA. (8.1)
to Q o

Substituting the series expansion (3.2) into this integral, performing the integrations over
a cross-section of the beam and replacing the stress and load resultants (6.1)6.8), one
obtains:

£y L ©
8J, =f dtJ‘ dx; Y (TO5—m. Tq Y —n TP D4 Nmm
to 0

m+n=0

+ ng,n) _ pﬁgm,n)) 5u§m,") (82)

where

NP = 3 {ImpTi o= 0k (ap 4 ma) T2~ 44D 4 qnT gt o te=)

ptq=0
+p—t,n+ +p,ntg-1 y +p,n+ X
+PTELY ™" 4 qT P ™ Ve 4 Ty pn* Q)
+p—1, wntq—1 n+g=1)],(p,
+p+m TP 1" D 4 (g4 m) T P47 D TP~ Dyp), (8.3)

The surface integrals in (5.6) are:

1
0d, = f dt | (u,—u?) st dS (8.4)
0 Fu

t
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and

13
8, = f dt{ (tF —t,) du, A+ (tf—tk)éukds}. (8.5)
to Le

Fy
Here, the surface part %, where the displacement vector is prescribed, is taken as a portion
of the lateral surface %, while %, where the stress vector is prescribed, is taken as the
remaining portion of & and both the left face boundary .o/ and the right face boundary
,. Thus, one reads

y:,%u%’ %(\3‘;———0, %Ugr):ﬁ%, '%zxu'%a Soe:‘dru‘q/f‘ (86)
Carrying out the integrations of (8.4) and (8.5) as in the volume integral, the equations:

87, = f dt| Y X —upmm) ot dS 8.7)

to Fum+n=90

and

1) w
875 = f dt{ Y [T —ny(TE + NGEm)] Sugmn

m+n=0
f dx, Y [PEmm (P 4 Rimm)] Mm#’} (8.8a)
m+n=0

are obtained. In (8.8a), N{3™ is defined to be

o
N — +p—i,n+ +patg—1 'y +p,
NG = 3 [pT§TP M0 qT§rrtam Dy d y TETPnt iy 0] (8.8b)
pt+q=0

Setting the variational integrals (8.2), (8.7) and (8.8) equal to zero for the arbitrary and
independent variations of the displacement and traction components, the hierarchy of
the one-dimensional approximate equations of motion and the corresponding natural
boundary conditions are found and given as follows.

T(m n)__m . T(ln‘:— L _p T(Zrz‘n— 1)+Nl(<m'”)+Q;(¢m’n)“’p(7§¢m'") =0
umm —yFmm = 0 on 9,

{8.9)
P;‘{m'") __(Pg(m,n) _*_R’((m,n}) — 0 on ’93

o
T*(m n)+(T(m n)+N(m n}) =0 on{ I}.
o,

r

These equations are henceforth called the macroscopic equations of motion and the
natural boundary conditions of order (m, n).

Thus far, a fully nonlinear theory of beams has been established. This consists of the
strain—displacement relations (4.4), the constitutive equations (7.2) and the equations of
motion and the natural boundary conditions (8.9). In addition, it should be noted that the
initial conditions for the displacement components, i.e. u{™" and #{™" must be prescribed
att = tg, asis customary in the use of the Hamiltonian principle. At this point, there exists
an infinite number of equations (4.4), (7.2) and (8.9) for an infinite number of unknowns
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(ufmm, pfmm TEmy Thus, the governing equations are not tractable and formally deter-
minate. In order to obtain a deterministic hierarchy of the governing equations, these
infinite number of equations with their infinite number of unknowns must be consistently
reduced to a finite number of equations and unknowns by the truncation of the infinite
series. .

From the foregoing analysis, it is evident that the theory, in essence, is based on the
series expansion (3.2) whose the terms u{™" are already assumed to exist in Section 3. Thus,
the theory of order (M, N) is defined by either

M N

=y Y x{xjuy™” (8.10a)
m=0n=0
or (3.2) together with the condition:
u™ =0 forall m>M+1, n>=N+1 (8.10b)

Accordingly, only those quantities involved in (8.10) are considered in the governing equa-
tions. In view of (8.10), the number of unknown displacement components u{™" is now
reduced to 3.4, [A#" = (M +1)(N + 1)]. The required equations needed to determine these
unknowns are consistently obtained by means of the variational equation (5.6).

Besides the one described above, mention should be made of another deterministic
theory which is simply defined by the condition:

N
T (8.11a)
m+n=0
and
u™m =0 forall (m+n)> A4 +1. (8.11b)

A similar definition is introduced for the higher order theories of plates [14] as well as those
of rods [32]. Nevertheless, this can not be a pertinent definition for beams, since it tacitly
assumes that both of the lateral co-ordinates have the same weight in the series expansion
(3.2). For a rectangular strip or a thin beam, (3.2) degenerates into a series of the form:

N
W = Z u(x3, ) PV(x,) (8.12)
n=0
as has successfully been used in [28, 30]. The expansion (8.12) is not obtainable from (8.11)
as a special case, whereas (8.10) clearly contains both cases.

The governing equations of order (M, N) are coupled and nonlinear partial differential
equations, and they must be simultaneously examined for each order (M, N). These equa-
tions become ordinary differential equations when static equilibrium is considered, ie.
time is dropped out as an independent variable.

9. A LINEAR BEAM THEORY

A general theory which characterizes the nonlinear behavior of elastic beams has been
formulated in the preceding sections. The linearized versions of the theory are now
presented.
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Dropping out all nonlinear terms in (8.9), namely
N = N = Ri™™ = 0 (8.1
the equations of motion and the natural boundary conditions reduce to
T —m. TH Y —p TG D+ Fm 4 Pmm — pUm" = 0
uf™m —ykmm = 0 on ¥,

P:(m'")-P]tm'") =0 on y; (92)

)
*{m,n} (N -
T +T5; 0 on {M,}
These equations together with (4.5) constitute a beam theory which is geometrically linear
but physically nonlinear as far as the constitutive equations (7.2) are concerned. Moreover,
a fully linear theory of elastic beams can be deduced by replacing the nonlinear constitu-
tive equations (7.2) by either (7.9) for the case of anisotropy or (7.10) for that of isotropy.
This can be considered as a generalized version of the Timoshenko beam theory and it
includes all of the effects of shear and rotatory inertia. By means of further reduction; i.e.
by dropping out the thermal effects in the linear field equations, the Mindlin [15] theory
of elastic and isotropic beams can be derived.

Similarly, with the aid of (9.2) other well-known beam theories can readily be obtained
as is exhibited in the remainder of this article.

9.1 Bernoulli beam theory

This familiar theory is particularly applicable to longitudinal vibrations in beams. In

the present notation, it corresponds to a linear theory of isotropic beams of order (0, 0).

Setting all stress, strains and body force components equal to zero except for T45®

and y%9, y&%9, 4%, one then obtains the strain-displacement relations:
0,0) _ ;1,00 {0,0) _ 1(0,1) (0.0} __ (0,0} =
P = w0, y50 = w50 = “3,3) =W;=W, (9.3)
the constitutive equations:
0,00 __ 0,0 3,0 —
TG = Alyia® +2uyen”) = 0

949
T = AUy ? +2m55%) = N
and the stress equation of motion:
(;—I:-H’—pA%ZK =0 {9.5a)
where
P = PO, (9.5b)

Here, (4.5), (7.10) and (9.2) are used. By solving (9.4) for the aerial dilatation e,, one easily
computes the voluminal dilatation e as
(6,0) A oo e

€t = Yaa *m-?ss s

0o _ _H 00
i33
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and

W34+ 2u) o
A+

Substituting (7.8) and (9.3) into (9.6), one finally arrives at the macroscopic constitutive
equation:

N=A4 9.6)

N = AE%K (9.7)

and the displacement equation of motion:
F;wW P, PW
P +AE c.~é—t~2——0 (9.8a)
with
¢ = (9.8b)

which denotes the bar velocity.

9.2 Timoshenko beam theory

Equation (9.2} is now used in the formulation of a linear theory of order (1, 0). For this
particular case, the cross-section and the loading are assumed to be symmetric about the
principal plane (x,~x;). Setting all stress, strains and body force components equal to zero
except for T2, T¢:% and y%?, ¥4, 55, ¥55%, one can then write the strain components

as:
1{on
(010) = ] ——
3 2(az ) 9.9
LD = 2,20, P50 = ulhy, WO = —y, (9.92)
where
n=ul" = —ul? (59.9b)

the constitutive relations:
TEO = @ =24% T =T =0
T&Y = LI+ 2miEP =0 (9.10)
T$3% = L " + 20837 = M
and the loads:
POY =R, PYO =T 9.11)

In a manner similar to the Bernoulli beam theory, the aerial dilatation is calculated from
(9.10) and has the form:

Lo = % 0 9.12)

e, =
Yae At
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Thus, the first equation of (9.10) can be written as:

0
Q= uA(a—:—ll/), M= —ELy,. ©9.13)
The equations of motion (9.2) now reduce to
oQ o*n
5, TR=pAZ7 =0

(9.14)

2

oM %y
—— I,— = 0.
5, 2t T+eligs 0

With the aid of (9.9) and (9.13), the displacement equations of motion can be expressed,
(cf. [39)), as

o2y 2((//_87,) T 52.62_111 —0

o2 \Y 75 TEI, o
(9.15a)
ofn_ | R a0
0z\ oz pd %or?
with
4
2 Avp _ 4 ¢ = 21 +v)cd. (9.15b)

T I, GAtz2w  2,(0+v)
Here, ¢, is the velocity of shear waves in an unbounded medium.
It is appropriate to note that the usual correction factor k? appears in the coefficient
of Q, e.g. for (9.12):

0= kz,uA(g’Z—— ) (9.16)
0z

and also in (9.14). This factor is studied in detail by Mindlin and Deresiewicz [40].

10. DISCUSSION

A rigorous derivation of the dynamical theory of beams has been obtained within the
framework of the three-dimensional nonlinear theory of thermo-elastodynamics. The
theory deals with the motion of an initially slender, anisotropic, heterogeneous and elastic
beam of uniform cross-section. In the derivation, the customary Bernoulli-Euler hypothesis
and its contradictions are eliminated, but the effects of transverse shear, transverse normal
strains and rotatory inertia are included. The theory consists of the macroscopic beam equa-
tions of motion, the initial and natural boundary conditions, the strain—displacement
relations and the constitutive equations.

The theory is established in a consistent manner by means of a series expansion method
and a generalized variational theorem. It follows from the foregoing analysis that the use
of series expansion for kinematic variables is indeed comprehensive and tractable. The
variational theorem serves as an averaging procedure and it yields the equations of motion
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as well as the natural boundary conditions in a systematic manner. However, these equa-
tions can be constructed by the direct integration of the field equations as have been
exhibited by Warner [30] and Antman and Warner [32] for beams and by the author [17]
for plates and shells. Furthermore, the series expansion technique might be used for any
other field quantities in lieu of kinematic variables as a starting point. This, of course,
requires that one includes the usual compatibility conditions in the analysis. Moreover,
the theory can similarly be formulated by the use of the direct method and the method of
asymptotic expansion as was already noted.

In Section 9, it was shown that the linear version of the theory includes the familiar
Bernoulli and Timoshenko beam theories as well as the Mindlin beam theory, as special
cases. Also, the isothermal linear theory contains the theories derived by Warner [30] and
more recently by Bleustein and Stanley [31], and it recovers the beam equations, up to
order (1, 1), due to Medick [25, 26], Hertelendy [27] and Volterra [41, 42].

The theory is approached within a general framework. Consequently, obtaining a series
of approximate results by simplification in the physical aspect and the kinematic descrip-
tion of the general theory as already pointed out, as well as extending the theory in some
different directions is straightforward. First, two special cases of importance are men-
tioned : one is the counterpart of the Karman plate equations in beams ; that is to say, a
nonlinear theory of beams derived by the use of the plane stress assumption and the
Bernoulli-Euler hypothesis. The second case of interest is the one in which both extension
and shear deformation are small compared to unity. In this instance, the products e, e,
and e, w,; are small in comparison to w,,w,; and can therefore be omitted. This approxima-
tion then gives the following form for the strain tensor :

Vi = €+ 30pDy. (10.1)

It should be noted that this partially geometrical nonlinearity leads to simpler equations
of motion and stress boundary conditions:

(S + WieSpi) 1+ pf = pily in 3

(102)
nisy+wgs,y) =t ong.

These equations are obtained through the Hamiltonian principle.

The theory presented here accommodates nonlinear torsional motions, in accordance
with (a) the Saint-Venant theory of torsion of rods and (b) the Vlasov theory of thin-walled
beams. If the loading is at the faces, and the body force and inertia terms are taken equal to
zero, ie. Q™™ = U™™ = 0 in (8.9) and the thermal terms are dropped, the nonlinear
theory of the Saint-Venant torsion can readily be obtained by the use of the displacement
field (cf. [35, 46]):

@
up =y uPNxs),  up =x.u0x3),  wz = ) xTxjuf(x;) (10.3a)
m+n=0

with

) = 410 = _¢y . x,, ut™ = w. C,p- (10.3b)
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Here, = w,, ; denotes the uniform rate of twist and C,,,, is a constant. The usual warping
function ¢(x,} is expressed by

Plxy,x;) = Y Cxixi. (10.3¢)

m+n=0

In this connection, it is worthwhile to note that by the use of the same kinematic expres-
sions, the thin plate theory and the Kdrman theory for large deflection of plates have been
established on the basis of linear and nonlinear elasticity theory, respectively, (see, e.g.
[46]). Within the context of these approximations, the linear theory of higher order torsions
has been recently examined in [31], as mentioned above. The Saint-Venant theory of torsion
is well developed to cover the torsion of thin-walled beams. This is due to Viasov [43]. In
a recent paper, by the use of the kinematic expressions given in {43], Popelar [44] presented
a partially nonlinear energy formulation. A modified derivation which eliminates the
customary assumption of rigid cross-sections but also includes the shear effects can readily
be obtained with the aid of the following expressions:
u, = U+ x,u®Y, uy = ud Y+ x,ulh?, 104
us = 0. dlx)+x; . w0 +x,  udP (104

and (10.3c) for the displacement components (cf. [44)).

Furthermore, the constitutive relation (7.1) can be used for a class of plasticity problems
as noted in Section 7. For other inelastic materials, the constitutive equations can be con-
structed in a manner similar to the development given in Section 7. Moreover, the initial
stress problem which is of special importance in the stability analysis of columns might be
analyzed, if the line of attack presented is carried back to incremental field quantities
(45, 47]. In like manner, the nonlinear theory of thin beams can similarly be formulated
with the aid of a degenerate series (8.12), as remarked previously. Lastly, the extension of
this theory to Cosserat media and to composites is also straightforward. This has been
done for Cosserat plates and shells [17, 48, 49] and for composite beams [50], as a generaliza-
tion of the case of Boley and Testa [51, 52].
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AGerpakT—Ha  OCHOBE TPEXMEPHOH TEODHH TEPMO-3MACTOAMHAMMUKM ONDENENsIOTC  HENMHEHHbIE
OCHOBHBIE YPABHEHHUA, Kacaiolecs ABWKeHWA Banok, B BUAE COCTOSHWA OTHOeHusa. Vcnonpsyercs
obwuit Metox 0600meHUsT, BMECTE ¢ BapMaUHOHHOM CROCoBoM. 3aTeM, NOCTONHHO YCTaHABIUBAETCH
HMEPaPXUst OMHOMEPHBIX IPUOTMKECHHBIX TeopHit. B ananu3e, o6cyxnarwTcs HoApoGHO Kak FEOMETPHYECKNS,
Tak M Ou3MYecKHe HENUHEHHOCTH, M3 00LMX pe3yjisTaTOB BBIBOAATCH HENOCPEACTBEHHO KJIACCHUYECKUE
TeopuH HanpskeHuu H nedopmannu g 6anxax. Teopus npucHocobuuBaeM pacTskeHne, narud u Xxpyuenue
BBICHIETO MOPAAKA AA BANOK C MOCTOAHHBIM NIONEPEHHBIM CEYEHHEM.



