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Recent results concerning the application of Lie transformation group methods to structural
mechanics are presented. Focus is placed on the point Lie symmetries and conservation laws
inherent to the Bernoulli-Euler and Timoshenko beam theories as well as to the Marguerre-
von Karman equations describing the large deflection of thin elastic shallow shells within the
framework of the nonlinear Donnell-Mushtari-Vlasov theory.

1 Introduction

The present paper is concerned with the invariance properties (point Lie symmetries) of three
classes of self-adjoint partial differential equations arising in structural mechanics — the dynamic
beam equations of Bernouli-Euler and Timoshenko type governing vibration of beams on a
variable elastic foundation and dynamic stability of fluid conveying pipes, and Marguerre-von
Karman equations describing the large deflection of thin isotropic elastic shallow shells subjected
to an external transverse load and a nonuniform heating.

Once the invariance properties of a given differential equation are established, several impor-
tant applications are available. First, it is possible to obtain classes of group-invariant solutions.
For a self-adjoint equation another application of its symmetries arises since it is the Euler—
Lagrange equation of a certain functional. If a symmetry group of such an equation turned
out to be its variational symmetry as well, that is a symmetry of the associated functional,
then Noether’s theorem guarantees the existence of a conservation law for the solutions of this
equation. Needless to recall the fundamental role of the conserved quantities and conservation
laws (or the corresponding balance laws) for the natural sciences, however it is worthy to point
out that the available conservation (balance) laws should not be overlooked in the examination
of discontinuous solutions (acceleration waves, shock waves, etc.) or in the numerical analysis
(when constructing finite difference schemes or verifying numerical results, for instance) of any
system of differential equations of physical interest. It should be remarked also that the path-
independent integrals (such as the well known J-, L- and M-integrals) related to the conservation
laws are basic tools in fracture analysis of solids and structures.

Throughout this paper: Greek (Latin) indices have the range 1, 2 (1, 2, 3), unless explicitly
stated otherwise, and the usual summation convention over a repeated index is employed. The
k-th order partial derivatives of a dependent variable, say w, that is OFw/0x™1 0z ... Oz
(k,on,00,...,ar = 1,2,...), are denoted either by wa,ay...ap O Wge1z02. yor, Where zh 22,
are the independent variables. A similar notation is used for the partial derivatives of any
other function, say f, of the independent variables but, in this case, the indices indicating the
differentiation are preceded by a coma. D, (o =1,2,...) denote the total derivative operators.
For the basic notions and statements used in the group analysis of differential equations and
variational problems see [1] or [2].
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2 Symmetries and conservation laws of beam equations
Bernoulli-Euler beams. Consider the class of self-adjoint partial differential equations

Yywiiil + Xaﬂwaﬂ + K(x)w = 0, (1)

in two independent variables z = (2!, 22) and one dependent variable w(z), where v = const # 0,

x®? are arbitrary constants, and x(z) is an arbitrary smooth function. Equations of this special
type are used to study problems concerning dynamics and stability of both elastic beams resting
on elastic foundations and pipes conveying fluid. In these cases, ! is associated with the spatial
variable along the rod axis, z2 — with the time, and w represents the transversal displacement
field.

In [3] the point Lie symmetries of (1) are examined and the solution of the corresponding
group-classification problem with respect to the arbitrary element {v, x*?, k(x)} is given. Evi-
dently, each equation of form (1) is invariant under the point Lie groups generated by the vector
fields X¢ = wd/0w and X,, = u (x) d/0w, where u (x) is any smooth solution of the respective
equation. The results of the group-classification are summarized in Table 1 below, where the
equations invariant under larger groups are given through their coefficients together with the
generators of the associated symmetry groups.

Table 1
# Coefficients Generators
1| w(z) = f(B! - pa?) B X1+ X,
o —2
L A0 det(v) =0, () = (0%) D) | {8+ 2PhK
Y= (ﬁQ + xQ)_1/2 {ﬁl +al — X372} +26% X5 + X3
2| A =0 det () £0, 5l@) = (82 442 P fy). | (8300 DX
y = (ﬁ2 + x2)*1/3 {51 + 27! (XH/XIZ) mQ} +63%2X5 + 2X5
4 X2 #0, det(x*?) =0, k(x) = ro (B+ 1182)72, X1, 28X2 + X3
51 x*2=0, det(x*) #0, r(z) = Ko (B+ x2)_4/3 X1, 38Xs + X3
6 X*? # 0, det(x*") =0, ) BX1 + X3,
Kk(z) = ko (B+ 2 — x2?)~ xX1 + Xo
| X =0, det(x*?) #£0, BX1 +2X3,
k(z) = Ko (B + 22" — (x'/x'?) 2?) - (M /X)X 42X
8 | x?2det(x*?) #0, r(x) = const X1, Xo
9| x%det(x*?) =0, k(z) = const # 0 X1, Xo
10 | x* #0, det(x*) =0, K(z) =0 X1, X2, X3
11| x* =0, det(x*?) # 0, s(z) =0 X1, X2, X3

Here f is an arbitrary function, 3, 3!, 3% are arbitrary real constants, x = x'2/x?? and X, =
0/02%, X3 = (z' + x2?) 9/0z' + 2220/02?, X5 = (2' + x2?) 9/0z" + 3220/0x>.

It is found [3] that all vector fields quoted under numbers 1, 3, 5, 7, 8, 9 and 11 generate
variational symmetries of the respective equations of form (1), while in case # 2 variational
symmetries are associated with {3+ 2x3%2} X1 + 262 X5 + X3 + (1/2) Xy, in case # 4 — with X
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and 26X5 + X3+ (1/2) Xy, in case # 6 — with xX; + X9 and X1 + X3+ (1/2) X0, and in case

# 10 — with X1, Xy and X3+ (1/2)X0

Once the variational symmetries are identified, we derive the corresponding conservation laws.

They are listed in Table 2 in the same order as in Table 1 using the notation:

(1) —(1/2) {7 2wiwir — wi) + xHw? — x?2wi + kw } (1/2)(x*wwy),2
B}y = —x*wiwy + (1/2) (x* wwy),1
B(lz) = —xMwow, +y(wowi11 — wirwiz) — (1/2)(ywrwir — xMHwwy),e,

(2) = —(1/2) {ywi; + xPwi — x'""wf + kw?} + (1/2) (ywiwn — xMwwy).,

{x + Xx2} BO‘ + 222 B(Q) + x*Hww,, + (1/2)y6' (wwi11 — wiwry),

:{x + (M /x1?)a?} By + 32° B,

+(1/2) {Xa“wwu + ot (xMwwy + 2xPwwy — 'ywlwll)} .

Table 2
# Conservation laws
1| D, {BlBO‘ +8°BY } —0
2 Da{ (8" +2x6°) By, +26°BY +B(a)} — 0
3| Do { (8" +3x82) By, +65°Bg,) + 255 | =0
4| DaByy =0, Dq {25332) + B(ag)} —0
5| DB, =0, Do {3883 + By} =0

6| D, {ﬁBa)Jng,))}:o, D, {XBg)JrB(aQ)}:o

7| Da {ﬁBg)JrzB%)}:o, Da{( 11/X12)B°‘)+23(2)} 0

8 | DaBgy =0, DoBl =0
9 | DoBg, =0, DaBl =0
10 | DoBg) =0, DoB& =0, DaBf =0
11 | DoB3) =0, DoBl =0, DaBY =0

In addition, each equation (1) admits conservation laws of form
Do {x™ (wwy =, w) + 51y (uwi11 + w,11 w1 — w111 W — U, wiy)} =0,

u(x) being any solution of the equation considered.
Timoshenko beams. The Timoshenko beam equations

oJou = EJpye + nGA(w, — @), 0Awy = nGA(Wze — @2),

(2)

describe the motion of beams accounting for the buckling of the beam cross-section. They are
two coupled second order linear partial differential equations in two independent variables — the
time ¢ and the coordinate along the beam axis z, the dependent variables being w(z,t) and
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o(z,t), associated with the transversal displacement of the beam axis and the rotation angle,
respectively. In these equations p is the density of the beam material, £ — the modulus of
elasticity, G — the shear modulus, J and A — the moment of inertia and the area of the beam
cross-section, n — a coefficient related to the buckling of the cross-section.

The generator X of each one-parameter group H, admitted by (2), has the form

Xg =C1 X1+ CeXo + C3X3 + Xg
(see [4, 5]), where C; (i = 1,2, 3) are real constants, (w0, p) is a solution of (2), and

X1 =0/0x, Xo=0/0t, Xz=wd/ow+ d/dp, Xg=w(x,t)0/0w+ @(z,t)0/p.
Denoting r, = rank (Cy, C2, C3w + w(z,t), C3p + @(z,t)), rw = rank (C1,Cs), where rank(-)
is the rank of the matrix in parentheses, the necessary conditions for existence of solutions to

Timoshenko beam equations invariant under the transformations of H (i.e. H-invariant solu-
tions) are of the form

Ty < 2, Ty = Tx. (3)

The inequality (3) holds for every choice of C;, w(x,t) and @(z,t), because 7, is either 1 or 0.
There exist only two opportunities to satisfy the equality (3). They are C?+C3 > 0, if r, = 1 or
C? +C2 =0, if r. = 0. The only interesting alternative here is the first one, because if 7, = 0,
the group H consists of the identity only. Thus, we proved the following.

Proposition 1 [4, 5]. H-invariant solutions of the Timoshenko beam equations exist only if
the group generator Xy incorporates at least one of the vector fields X1 or Xo associated with
the translations along the independent variables.

The invariant of the group H with generator Xy could be obtained, seeking for solutions to
the equation Xy (f) = 0. Examining the cases C; # 0 and C7 = 0, we found the most general
form of the H-invariant solutions of (2) to be

w(z,t) =[w(y) + Wz, )8,  e,t) =[B(y) + (=, )], (4)
where y = Cyz — C4t and the functions W (z,t) and ®(x,t) are solutions of the equations
C1 W, 4 CoWy = (x, 1) 871, C1®, + Co®y = P(z,t)8 L (5)

In (4) and (5) we denote ¥ = exp(Csz/C) if C1 # 0, otherwise ¥ = exp(Cst/C>). Equations (5)
are first-order linear partial differential equations, so it is a simple matter to obtain their solutions
once Cj, w(x,t) and @(x,t) are specified.
The following basic conservation laws of densities A’ and fluxes A%, that is
0A /Ot + 0A" /Ox = 0,

are found to hold on the smooth solutions of the Timoshenko beam equations [4, 5].

Table 3

w - translations transversal linear momentum
Xy = % Al = pAwy, A% = nGA(w, — ¢)
x - translations wave momentum
X, =2 Al = pAwgw, + pJorpr, AT = —€ —nGA(w, — @)@
time - translations energy
Xy — 2 AL =€ = (1/2) {EJp2 + nGA(wy — ¢)? + pAw? + pJ o} }

¢ A3 = —nGA(wz — @)ws — EJ gy

. reciprocity relation

s s At = pA(wiy — w0 + pJ (pPr — ©1)

AT V00 T A = BU(pup — pie) + nGAL(we — )i — w(is — §)}
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3 Marguerre-von Karman equations

Marguerre-von Karman (MvK) equations (see e.g. [6, 7, 8]) describe the large deflection of thin
isotropic elastic shallow shells. They can be written in the form [7, 8]:

DA2W — eePvW, 50, = P,

LA2g 4 Leaninw w, = @ )
Eh gt & Medlm =5

Here, the independent variables are the coordinates = = (x ,x2) on the shell middle-surface F'
supposed to be given by the equation z = f (ml,xz), (:L“l,xQ) € Q c R?, where (xl,a:Q,z) is
a fixed right-handed rectangular Cartesian coordinate system in the 3-dimensional Euclidean
space in which the middle-surface F of the shell is embedded, and f : R?> — R is a smooth
function on a certain domain of interest 2. The dependent variables are Airy’s stress function @,
and W = w + f, where w is the transversal displacement function. In (6): €% is the alternating
tensor of F; E, h and D = Eh3/ [12 (1 — 1/2)] are Young’s modulus, thickness and bending
rigidity of the shell, respectively, v being Poisson’s ratio; A is the Laplace—Beltrami operator
on F;

1
P =D f s +p, Q= §gaﬂsﬂ” fapfuw+4

1

(functions p and ¢ appear when the shell is subjected to an external transversal load and nonuni-
form heating). System (6) includes as a special case, with f,3 = 0, the well-known von Karman
equations for large deflection of plates.

Actually (6) describe the state of equilibrium of the shell, but introducing, according to
d’Alembert principle, the inertia force —pws3 = —pWss in the right-hand side of the first MvK
equation, wss being the second derivative of the displacement field with respect to the time
t = 2% and p — the mass per unit area of the shell middle-surface, one can extend (6) to describe
the dynamic behaviour of shells. In this case we will speak about the time-dependent MvK
equations, otherwise (6) will be referred to as the time-independent MvK equations. In both
cases, the moment tensor M, membrane stress tensor N, and shear-force vector Q% are
given in terms of W and & by the expressions

]\40[/6 =D {(1 — V)(Sauéﬁy + VCSOCB(SMV} {W/,,Ll/ - f,/,LV})
Nob = goneh g, Q= Myl + N {W, — f}.

Symmetry groups. The following is known [11] for the symmetry groups of the homoge-
neous time-independent and time-dependent MvK equations.

Proposition 2. The homogeneous time-independent MvK equations admit the group Gg) gen-
erated by the basic vector fields (operators):

Y1 = 0/0W, Yo = 0/0z', Y3 = 0/02%, Yy = 2%0/0z" — 2'0/022, Y5 = 2'0/09®,
Yo = 220/0®, Y7 =0/0®, Ys = x10/0W, Yy = 220/0W, Yip = 210/0z" + 220/0x>.

Proposition 3. The homogeneous time-dependent MvK equations admit the group Gpy gener-
ated by the basic vector fields:

X1=Y1, Xo=Ys, X3=Y3, X4 =0/023, X5=2'0/02' + 220/02> + 2230 /023,
X6 = Y4, X7 = {L‘la/aVV, Xg = $26/6W, Xg = m38/8W, X10 = IL‘1:E38/6W,
X11 = 1132:E30/8W, X12 = iL‘lf(:Eg)a/@@, X13 = :UQg(:z?’)(‘)/O(P, X14 = h(:):?’)&/(‘)@,

where f, g and h are arbitrary functions depending on the time only.
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As for the symmetries of the nonhomogeneous MvK equations, we proved that:

Proposition 4. A nonhomogeneous time-independent MvK system is invariant under a vector
field Y iff Y = JY; (j =1,...,10), where ¢ are real constants, and

2p¢l, + &P, =0, 2088, +&1Q =0, & =Y (x%), (7)
Y being regarded as an operator acting on the functions ¢ : Q@ — R, Q C R2.

Proposition 5. A nonhomogeneous time-dependent MvK system is invariant under a vector
field X iff X =C'X; (j=1,...,14), where C7 are real constants, and

Pg+&'Pi=0,  Q+£Q;=0, &=X(@"), (8)
X being regarded as an operator acting on the functions x : Qx T — R, Q C R?, T C R.

The above Propositions imply the following group classification results.

Proposition 6. The time-independent MvK equations admit a group G iff G is generated by
a vector field Y = chj (j = 1,...,10) and the right-hand sides P and Q are invariants of G
(when c'® = 0) or eigenfunctions (when c!® # 0) of its generator Y.

Proposition 7. The time-dependent MvK equations admit a group G iff G is generated by a
vector field X = CIX; (j = 1,...,14) and the right-hand sides P and Q are invariants of G
(when C° = 0) or eigenfunctions (when C® # 0) of its generator X .

Conservation laws. Both the time-independent and time-dependent MvK equations con-
stitute self-adjoint systems and are the Euler—Lagrange equations for the functionals

19w, @]:///Hdmldch and  IP)[W, @]:///(T—H)dxldx2d:n3,

D 1
o= {(AW)2 - (1- V)eo‘”eﬁ”WaBWw’} + §6wgﬁu PapsWu W,
_L{(Agp)?_(pru)s““sﬁ”@ d }—PW—Q¢
2Eh o ’
T= g (W3)2 )

IT and T being the strain and kinetic energies per unit area of the shell middle-surface.

In [10], the variational symmetries of the above functionals with P = @ = 0 are established
and the associated conservation laws admitted by the smooth solutions of the homogeneous MvK
equations are presented (see Appendices A and B). In particular, each such conservation law
for the time-dependent MvK equations is a linear combination of the basic linearly independent
conservation laws

O /0x® + OP(, 0t =0 (j=1,2,...,14)

whose densities ¥(;) and fluxes P(’;.) are presented (together with the generators of the respective
symmetries) on the Table 4 below in terms of Q%, M, G*? and F®,

1

af
¢ Eh

1
{(1 + v)orsP — yaaﬁaﬁw} B — Fe P ww,,  FY =G
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Table 4

w - translations

X1 =5y

transversal linear momentum (first MvK equation)

Py = —9% Y

:p’u)g

@ - translations

B
X14= 55

compatibility condition (second MvK equation)

time - translations

Xy =52

4

Pl =17 Y04y =0

energy
PGy = —wsQ — $3F° + w3gMP + P33GP
W(4) =T4+1I

2t & z2- translations

wave momentum
PG, = ST —TI) + w1Q% + &1 FY — wy M5 — &y5GP

Xy = 22,
ot Vo) = —pwiws
5 Py = 0°%(T — II) + w2Q + D2 F® — wagM ¥ — PGP

X3 =52
V(3) = —pwaws

rotations moment of the wave momentum
P = 22pe — + ey quO“’ + 51,“45 G

X = xz%_fcl% (6) 2 (3)

Vi) = 2? Y(g) — xl (3)

rigid body rotations

angular momentum

_ p_0 3 0
Xs=ux —aw+2x 553

X7 =zt 6(1; P(Oé) = M — 21Q + we™ &, iy = p$1w3
Xg =22 a‘?ﬂ P(Oé) = M2 — 22Q% + we"* P, Vg)y = prws
scaling

— 1 2 3
Pg) = a' PGy + a? Py — 22° Py — wgM ™’ — 05GP

W(5) = Ll?l W(Q) + 1‘2 W(3) - 2$3 LD(4)

Galilean boost

center-of-mass theorem

X9 = x?’% Pl = —22Q%, W) = p (Pws — w)
X9 = 2232 ( 0 == P(7), Uio) = =" ¥(g)
Xn==z $3aa ( 1y = 2°Fgy, Yay = @’ V(o)
Xip =22 ( 2 = 1F°‘ — G Y9 =0
Xi3 =22 Pl = a?F* = G°%, W13 =0

The following statements [6] hold for the nonhomogeneous MvK equations.

Proposition 8. A conservation law of flux A?‘j) and characteristic AO‘ (j=1,.

.,9) admitted

by the smooth solutions of the homogeneous time-independent MvK equatzons takes the form
Iz _ _ 1 2
At 565) =0, SG = —AR P = A0 (9)

on the smooth solutions of the non-homogeneous time-independent MvK equations;

_ AM
S = AGyw
iff (7) hold, and then (9) can be written as a divergence free expression (i.e. it becomes a proper
conservation law), otherwise it has supply (production) S(j)
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Proposition 9. FEach conservation law of density V), flux P(OZ.‘) and characteristic A?fb.) (i =
1,...,14) admitted by the smooth solutions of the homogeneous time-dependent MvK equations
takes the form

1 2
Vs + Py, T90 =0 Su=-ApnP—ARQ, (10)

on the smooth solutions of the non-homogeneous time-dependent MvK equations;

Sty = Yays + iy o
iff (8) hold, and hence (10) becomes a proper conservation law, otherwise it has supply (produc-
tz’on) S(l)
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