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for the solution of problem (1)—~(4). Namely

2
£y (w) = —afj.; (.-;— CrpdOxiOpe + 5 BT (s)"“)

Note that the Signorini boundary value problems considered in this paper describe -the
case when the possible area of contact is selected in advance and cannot grow with time {(i.e.,
the greatest possible area of contact is selected), although the presence of contact at any
given point is not assumed in advance but is determined only as a result of solving the problem.
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NON-LINEAR DEFORMATIONS AND LIMIT EQUILIBRIUM OF
THREE-DIMENSIONAL CURVILINEAR RODS* -«

I.V. SHIRKO

The stress and deformation state of three~dimensional curvilinear rods of
circular cross-~section is investigated byond the elastic limit. The Kirchhoff-
Love hypotheses used. The rod defromations are assumed to be small, but

the displacements and the angles of rotation of the central line are
arbitrary. The relation between the deformation and the stress states in
the plastic region of the material is taken in the form of a linear relation
/1/ between the deformation rates and stresses. The cocefficients of the
equations of this connection are assumed to be specified (for example in

the form of a table) by functions of stress components, deformations, time,
temperatures, etc. An appropriate selection of these coefficients enables
one to describe various models of a solid deformable body.

The method of linearizing the resolving system of equations proposed here enables us to
use, for solving specific problems, computational algorithms developed in investigations of
geometrically non-linear deformations of elastic rods, It is shown that under specific condi-
tions the elastic kernel, whose cross-section is of elliptic form, degenerates either into a
point or a line, and the rod cross-section passes into a purely plastic state, In the purely
plastic state the relation between the moments and the force acting over the cross-section is
finite, which in the space of generalized force factors (the dimensionless axial force, the
twisting and bending moments) are fairly accurately approximated by a sphere. The application
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of the Mises principle leads to relations of the type of an associated law. Numerical solu-
tions are presented for a number of problems for an elastic-plastic and, also, for a rigid-
plastic material.

1. Basic equations of elastic-plastic deformations. consider a three-dimen~
sicnal curvilinear rod of circular cross-section of radius R whose middle line is defined by
the equation » = v (), where s is the length of the arc of the middle line.

We define in the rod cross-section normal to its middle line an orthogonal system of
Cartesian coordinates 2,Y,Z with unit vectors i,j t. The unit vector T is directed along
the tangent to the middle line so that dt/ds = v, and the direction of the i, j axes that
lie in the cross-section plane can be selected arbitrarily (they may coincide or make a spec-
ific angle with the intrinsic trihedron axes). The radius vector of an arbitrary point of
the rod can now be represented in the form

ez, y,8) =t () +ai +yj

We introduce for the orthogonal basis 1, j, T the Darboux vector k(s) which is defined

by the equations
dirds = [k (s) X i (s)], d¥ds = [k(s) X j(s)], dv/ds = [k (s) X 7 (5)]

and shows by what amount the trihedron rotates on transferring from one point of the rod
axis to another infinitely close point.

Let us consider the deformed state, denoting all respective quantities by a prime. By
the Kirchhoff-Love hypotheses, the unit vectors 1i',j, 1 £form, as before, an orthogonal basis,
and any arbitrary points of the rod cross-section that, prior to deformation, have in the
basis 1, j, T coordinates x, y, retain them in the basis i',§, 7.

o ’

Denoting by k' the Darboux vector of the triheron 1{',§,7, for the deformed state we
de/ds = 7 (1.1)
di'/ds = [k' X i'], dji/ds =[k" X j1, dv/ds = [k’ x 7]

have

(L.2)

We introduce the relative deformation vector of the middle line of the rod
w=k —k (1.3)
with components ¥, = ¥, ¥, = ¥,, %, = %3, that defines the difference of the angle of rotation
of two infinitely close cross sections resulting from the deformation of the middle line of
the rod.
Using the Kirchhoff-Love hypotheses, we can express the deformation components of arbit-
rary points of the rod cross-section in terms of the components of the vector % as

8, = & = Bg & Yy b+ Thyi Vaz = g = —Y/2; Yy = &g = %,2/2 (1.4)

Henceforth we shall call the components of the vector % and the magnitude of the relative
length of the middle line of the rod €; =%, the curvature (deformation) parameters of the
middle line.

Substituting deformations (1.4) into Hooke's law, for the stress components we obtain

0, = 0y = E (8 + Yz + 2%y), Twx = 0 = —Gzy, Tyz = O3 = G%T (1.%)
where E and G are the moduli of elasticity of the first and second kind.
The stress state of the rod may be defined by the resulting quantities related to the

whole rod thickness: the moments and forces expressed in terms of the stress components in
the form

Mo=My=\oydF, M,=M,= {ozar (1.6)
N1=M4"==SgazdF’ ‘M1=M3= S(Tvz‘z""‘xzy)dF

These quantities must satisfy the equilibrium equations which can be conveniently written
in the vector form /2/
dM/ds = [N X ©] + m, dN/ds =q (1.7)

where m and q are, respectively, the vectors of the external distributed moment and external
load.
Substituting the stress components (1.5) into (1.6}, we obtain

M, =Jifxg, GLi=1,..,4 (1.8)

The matrix of elastic stiffnesses is diagonal and constant, and its coefficients have
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the form  Juf =Juf = JE, Jis* =GJ,, J. = EF, where J = aRY4, J, = nR*2 are the moments of
intertia, and F = aR? is the area of cross-section of the rod.

Equations (1.1), (1.3), (1.8) completely define the stress-strain state of an elastic
rod, and can be used to obtain the usual Clebsh-Kirchoff-Love equations /3/.

Substituting the stress components (1.5) into the Mises plasticity conditions, we obtain
the equation

UsE? (89 + %al + %2 + G2 (2* + 7)) = 1 (1.9)

that defines in the xy plane an ellipse whose center does not coincide with the centre of
gravity of the cross-section, when &g, 0. As long as the deformations are small, the rod
cross-section is in the elastic state and, consequently, lies entirely inside the ellipse (1.9).
Assuming that all the distortion parameters are positive, plasticity first appears on the
contour of the rod at a point with coordinates

B, Rx,

= VT ey
V%, %, 1/"n12+xyz
and from Eq.(1.9) it follows that the distorition parameters satisfy the condition
E+vnd+md) +03=1 (1.10)
where we have introduced the distortion parameters

toE Rx E Rx E Rx G

b= Vsr, == V3, ' "I”=V3_1r‘s b= s

In space &, M. My, & Eq.(1.10) defines a surface whose intersection by the deformation
trajectory of the rod cross-section passes from the elastic to the elastic~plastic state.

For a fairly wide class of models of the mechanics of a solid deformable body (an ideally
plastic body, and elastic-plastic reinforcing material, a visco-plastic-elastic material, etc.)
the relation between the deformation and stress tensor components, outside the elastic limits,
with the notation introduced in (1.4), (1.5), may be represented in the form

o =a;ef +b;, i,j=1,2,3 (1.11)

Here and subsequently the recurring subscripts indicate summation, and a dot denotes
differentiation with respect to time or some other monotonically changing parameter defining
the development of the process. :

The equations linking the stressed and deformed state of the material of the form of
(1.11) was first used in /1/, when investigating the non-linear deformations of shells of
revolution. A method of deriving the coefficients 4,5, b; for the deformation theory of
plasticity, the theory of plastic flow with isotropic and translational reinforcement, of the
generalized Maxwell model, etc. was alsc described.

Assuming the deformation process to be monotonic and differentiating relations (1.5),
(1.6) with respect to time, we cbtain the equations

My =Jiyx + By, 6,i=1,....4 (1.12)

that link the time derivatives of the axial force and moment components with the time deriva-
tives of the deformation parameters.
The form of the coefficients of the matrix | J| is shown by the first row of thatmatrix

J11=SgEy2dF+SS auy’dF, Jm::ESSxde—i-S; auzde (1.13)
e F

F? Fe

Jig= S (313 + awszy)dF, Jyu=E SS ydF + SS auy dF
F? b F?

B, ={{ bwyar
FP
where F® and FP are, respectively, the areas of the elastic and plastic region of the rod
cross-section.

The system of 20 scalar non-linear differential equations (1.1), (1.2), (1.7), (1.12)
containing 20 unknown functions completely define the stress-strain state of a three-dimen-
sional curvilinear rod, and, in general, can only be solved numerically.

The solution of that system may be obtained by "step-by-step linearization" as used when
analysing shells /1/ and in /4/ for three-dimensional curvilinear elastic rods. The essence
of the method is the splitting of the deformation process into small time steps 6t , and
calculating for each time layer not the functions required but their increments in time for a
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rod of the form obtained as a result of the preceding step. To obtain the respective system
of resolving differential equations we multiply formulas (1.12) by 0t and write it in the

form
8M; = Jyd%; + Bibt (1.14)

This is follows by differentiation of the remaining 16 equations with respect to t, and
again, multiplication by o:.

The system of differential equations thus obtained, which is linear with respect to the
increments of the unknown functions, is exactly the same as the system of elastic rods /4/.

With this approach the solution of the problem of elastic deformations of a three-dimen-
sional curvilinear rod differs from the solution of the similar elastic-plastic problem only
in the form of the stiffness matrix |J/|. With elastic deformations it is diagonal and its co-
efficients are constant, while for elastic-plastic deformations (1.14) its coefficients are
functions of the deformation parameters and of stress tensor components, and to determine them
we have the necessary equations (1.11), (1.13). Note that the problem of evaluating integrals
(1.13) can be simplified considerably, if the quantities ai; and b in Egs.(1.ll) are indepen-
dent of the stress components. The feasibility of this representation of the equations of an
elastic-plastic material was investigated in detail in /5/. In that case it is necessary to
store in the computer memory for the rod cross-sections considered only four values of the
deformation parameters that define the deformation components (1.4) at each point of the cross-
section. Otherwise it is necessary to store in the computer memory the complete stress compon-
ent distributions in the plastic regions of the cross-sections considered that are necessary
for evaluating integrals (1.13).

2. The limit equilibrium. The theory of the limit equilibrium of three-dimensional
curvilinear rods may be obtained independently of the equations of elastic-plastic deformation
considered in the preceding section.

To .do this let us assume that all rod cross~sections are in the plastic state; thematerial
is ideally rigidly plastic, and obeys the St.Venant-Love-Mises equations of plastic flow. 1In
this case, the stress tensor components are connected with the components of the rates of
change of the deformation parameters as follows:

Ts

3t . . . T, . .
Oy =-gpr (&0 + %Y + %2 Te=gg Y =g’ (2.1)
2 = (8 (o + %% + )+, (@ + P

where H is the intensity of the shear deformation rate.
Substituting the stress components (2.1) into (1.6), we obtain

Mx=3f.SS(eo'+xxy+x,'z)y% (2.2)
M,=23r, SS (20" + %,y + uv'x)x—(ilHL
M, =, SS %, (2% + y’)-‘—g—, N, =31, SS (&0’ + %<y + uv'x)-%f—

We will express the curvature components %, %, in terms of new quantities

®y =% COST, ¥, = sin (2.3)
w=V2%7 + g% tgN =14 %y (2.4)

and introduce the new system of coordinates 2,y rotated by an angle 7 in the positive
direction relative to the x, y system of coordinates

/

z,=zcosn +ysinm, y =ycosn —zsinm (2.5)
Subsituting (2.3) into the first two integrals (2.2) and making the change of variables
(2.5), after simple algebra we obtain
M, = Mysinn, M, = M,cosn (2.6)

Mv === SS 31.,”-112 [3 (30' — u-xl)z + "1.2 (xlz + ylg)]_x/, dF (2 ) 7)

Note that the curvature components %+ %y appear in expression (2.7) only in terms of
their modulus %' (2.4).

Formulas (2.2), (2.6), (2.7) show that the four quantitiesM; depend only on three vari-
ables and, consequently, in four-dimensional space form the boundary surface

F(M)=0 (2.8)
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which may be represented in parametric form

N 3 F
"=“f-='aa—ss("°_")é_ (2.9)
M 3 dF
me = g = 3 §§ @2 + y) g0 -
M 3V¥
S | R

m, = mysinm, m, =m,cosn

z, =g /%, tgb =ux"Tn

A =13 (z; —z)® +tg* 0 (2, + y,¥))'

N* =1, V3aR:, M,* =2t,aR¥3, M* = 4,RYVY3

where the asterisk denotes the limit values of the moments and force.
By evaluating the partial derivatives of Eqg.(2.8) in the usual manner it can be shown
that

%' =A—pr— (2.10)

where A is an undetermined multiplier, and there is not summation over the subscript i. It
follows from (2.10) that the rate vector of the deformation parameters is orthogonal to the
boundary surface of the limit values in the four-dimensional space M;.

Equations (2.6) show that the intersection of the boundary surface (2.8) by the plane

M., M, always forms circles of variable radius My. Hence the complete representation of

the boundary surface (2.8) gives its transform in the three-~dimensional space n, m;, my shown
in Fig.l. The lines on this surface correspond tc a number of constant values of Y, = z,/R,
Py = 28,/x.

Analysis has shown that the boundary surface may be approximated with sufficient accur-
acy by the sphere

nt 4 mt w4+ m? =1 (2.11)

The sphere intersection with the plane nmy is shown in Fig.l by the dashed line. 1In
the remaining coordinate planes the lines of intersection of surfaces (2.9), (2.ll) virtually
coincide.

To establish the relation between the deformation parameters and the resulting quantities
under conditions (2.11) we use the Mises principle which states /6/ that for given increments
of generalized deformations (8%, O. Ox,, 8g)) the generalized stresses (M,, M,,M,, N,) are

0,8 y

04 08 §
Fig.l Fig.2

such that the work accomplished by plastic deformation has a stationary value. By determining,
in the usual manner, the extremum of the function

84 = N,be, + M.bx, + Mbx, + M,bx,

subject to condition (2.1l1), we obtain

N M M M
680:6}'-1?:2, 6%x=57\,M€2 6"”=6st2, 6u1=57\.715_7 (2_12)
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where O6A 1is some positive scalar multiplier. These equations show that the use of the Mises
principle results in the vector of the increements of the deformation components again being
orthogonal to the boundary surface (2.11l) defined in the four-dimensional space M;.

On the basis of (2.11) the quantities M; are expressed by the three angles y, ¢, and 7
in the form

M, = M>*cosysing, M, = M*cos{cosgsinn, M, = M*cosycosocosn (2.13)
Substituting these expressions into (2.12), we obtain
Sgp= I—V(-sf'; siny, Ou, = A;j* €0s P COS @ COS 1] (2.14)
28 . 28 .
On, = wE cosPsing, Ox,= e cos P cos psinm

If we assume that in the plastic region the relations of the deformation theory of
plasticity hold, then in all calculations in this section the velocities of the deformation
components %; or their increments &x; must be replaced by the complete deformation components
LIB

3. Numerical examples. As an example consider the application of the equations
derived above to the problem of changing the helix angle of a circular cylindrical spring.

Let us assume that a circular rod of radius R is wound in the form of a spring with helix
angle 9 on an absolutely rigid circular cylinder of radius a-— R in such a way that its
middle line is defined by the equation

z=acost, y=asint, z= (atg @) ¢ (3.1)

We have to determine the force factors to be applied to the rod so that its middle line
remains as before a helical line (3.l1), but with a new helix angle ¢.

Let us suppose that the deformation is achieved without elongation of the rod axis, and
that the line of rod contact with the cylinder remains, as before, the contact line during
the whole deformation process.

We will first consider this problem using the equations of limit equilibrium written for
the deformation parameters. The system of coordinates z’,y’,z is directed along the axes of
the natural trihedron so that the 2’ axis coincides with the principal normal.

The components of the Darboux vector of the deformed state ky', &y, k;’ are expressed in
terms of the curvature k, and twist k, of the helical line (3.1)

ke =0, ky=k cos®@;/a, k;= k= sin @, cos @y/a

The vector components with respect to the deformation x» are
%y = 0, %y = (cos? ¢, — cos® Qo)/a, ¥z = (sin 29, — sin 2q,)/(2a) (3.2)

Since the quantities (3.2) are independent of the arc length s, the resulting force
factors (2.9) are also constant along the rod axis, and N, =M, =0, w=0, M, = M.

Projecting on the x', y' and z' axes the equations of equilibrium (1.7), we find that
three of them are satisfied identically, and the remaining three lead to the equations

N, =Mk, — Mk, N.=0, ¢. =Nk, (3.3)
Substituting (3.2) into (2.2) and noting that
zo =0, tg0 = —ctg (¢ + Po)

we determine the bending moment and torque necessary to obtain the specified deformation traj-
ectory. After this, from (3.3) we determine the shear force ¥, and the distributed load of
the reaction ¢,. Note that in this case integrals (2.9) are evaluated in terms of elliptic
integrals of the first and second kind, but in view of their complexity they are not given
here.

The solution of the problem is obtainedin simple closed form,when the approximate formulas
(2.13), (2.14) are used.

Subsituting (3.2) for &x,, &, and, also, 8¢, =0 into (2.14) we obtain

$=0, n==0, tgq)=-—“—‘/53ctg(tnx+q>o)

whence it is possible to determine the angle ¢ and, then, using (2.13), the bending and twist-
ing rioments.

The results obtained the exact formula (2.9) and the approximate formula (2.13) are shown
in Fig.2 by the dashed lines for bending a cylindrical spring from an initially rectilinear
rod (p, = 7/2). They are in good agreement, and agree within the accuracy of the graph in Fig.2,
where the reduced moments my = My/M,* (curve 1) and m; = M,/M,* (curve 2) are plotted along the
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ordinate axis and the helix angle @, is shown in fractions of a2, ie. §=Zg/n.

The problem can also be solved using the elastic-plastic deformation equations of Sect.2Z.
The only difference is that the deformation parameters (3.2) must be substituted into (1.12)
instead of (2.9). The solution of the respective problem for an ideal elastic-plasticmaterial
and the deformation theory of plasticity when ¢, = n/2, R/la =10"* and 1,/E = 7.2-40° are
shown in Fig.2 by the solid lines. They are in good agreement with the results of the theory
of limit equilibrium, beginning from the helix angles ¢ <C0.8%/2. The disagreement observed
at @< 0.8%/2 is explained by the fact that in the region of the # =0 plane the approx-
imating sphere lies inside the surface (2.9). The results are virtually indistinguishable
when the accurate relations are used.
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AN APPROXIMATE METHOD OF OPTIMIZING THE SHAPE OF REINFORCEMENT RODS
IN NON-UNIFORMLY AGING MATERIALS*

A.D. DROZDOV and V.B. KOLMANOVSKII

The problem of optimizing the shape of a rod made of a non-uniformly aging
viscoelastic material and reinforced by an elastic material is considered.
Geometrical and integral constraints are imposed on the area of cross-section
of the rod. The optimum shape is selected to minimize the maximum deflection
of the rod in a fixed time interval. An approximate method of optimizing

the shape is proposed and justified in the case of slight creep of the material.
Results of numerical calculations are presented.

1. Statement of the problem of rod shape optimization. Consider the bending
of a rod of length L made from non—-uniformly aging viscoelastic material and reinforced by
an elastic material. The (f axis is directed along the axis of the rod in the undeformed
state. We will denote by I, (), I,, I (}) the moments of inertia of the cross-sections of the
basic mdterial, the reinforcing material, and the whole rod, respectively, and by S (&) the
rod cross-section at the point E. The arrangement of the reinforcement is specified, and
is independent of the coordinate §.  The rod moment of inertia I (§) and the area of cross-
section § (§) are connected by the relation

I3 =asS"(%) (1.1)
where n, a, are given positive constants. The cross-sectional area of the rod is bounded
0< S CSE S < (1.2

and the reinforcing material is completely covered by the viscoelastic material. The latter
assumption is satisfied for example, when the reinforcement is in the region corresponding
to the minimum possible area of cross-section that represents either a rectangle of constant
thickness and varying width, or a rectangle of constant width and varying thickness, or a
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