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Elastic-Plastic Vibration of a Rod

By

Tetsuhiko MiyosHI*

Introduction

The following equation is a mathematical model to represent the elastic-
plastic vibration of a straight uniform rod submitted to longitudinal impact.

ii—a,=0
. { ki, in elastic region
h (1 =5ku, in plastic region,

where &, k are positive constants and 0<&<1 ([2]).

In this paper we prove that there is a unique weak solution to the initial-
boundary value problem of this equation and it is obtained as a limit of the finite
element solutions.

This kind of problems is treated by Duvaut-Lions [1]. They define an
initial value problem involving an inequality as a weak form of the original
problem and have obtained a solution by a penalization technique. However,
the relation between the original problem and their problem is not necessarily
clear in their formulation and, as the result, numerical method to solve the
problem is restricted within a certain class. The penalization technique is used
by Johnson [3] to get existence theorems in static problems with hardening.

We also derive a weak form including an inequality. However, the basic
idea to get the solution is not the penalization but a discretization, so that the
relation between the original problem and the derived one is quite clear.

We thus start from the vibration of a single masspoint system, then proceed
to a multiple masspoint system and to the continuous case.

§1. Elastic-Plastic Vibration of a Single Masspoint System

1.1. Equation of motion. Let us consider the vibration of a single
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masspoint system described by the following initial value problem.
(1.1) pii+o=0 in T,

where p: positive constant, T=(0, T), u(0)=0, #(0): given, and the yield dis-
placement #(® (>0) is given.
The function o is a continuous function and satisfies:

(1.1), 6=ku if the system is elastic,
(1.1), 6=1-8&ku if the system is plastic.

We define the states ‘‘elastic” and ‘‘plastic’ as follows. First, put o=ku.
Assume that the solution of the equation (1.1) satisfies |u(f)|=u(® at t=¢, for
the first time. Then we define that the system is elastic for the time interval
[0, t;). (Note that the definition of ‘‘elastic” is not independent of the solution
of the initial value problem. These are determined at the same time.) If
u(ty)#0, then the system is defined to be plastic for t>1¢,. If u(t,)=0, the state
for t>1t, is determined by the following check. (A4BC)-check:

(A) If 4 converges to 0 from above:

(1) if di(ty) >0 then plastic for t>1¢,,
(2) if ii(t,) <O then elastic for t>1t, (case (A)).

(B) If u converges to 0 from below:

(1) if i(ty) >0 then elastic for t>1¢, (case (B)),
(2) ifii(t,) <0 then plastic for t>1¢,.
(C) If u converges to 0 vibrating. Plastic for t>¢, .

Remark. 1f i(1)=ii(1)=0 at t=1o then all & (= 2% ) (k=3) vanish at
t=t,+0 independently of the state for t>1t,, so that u=u(t,), c=0 is the only
possible solution for t>1¢,. Observe that this (ABC)-check is a formal classi-
fication for logical consistency.

Subscquent state of the system is determined recursively as follows.

(I) The case when the present state is plastic. Assume that the present state
began at t=t,, and the solution of the equation (1.1) satisfies #(t)=0 at t=t,,,,
(>t,,) for the first time. Then we define the system is plastic for the time interval
[tm> tm+1)- The state for t>1t,,, , is determined by the (ABC)-check.

(II) The case when the present state is elastic. Assume that the present
state began at t=t,, after the (ABC)-check.

(1) Case (4). Assume that the solution u satisfies
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u(t) <u(t,,)—2u®,
or
u(t)=u(t,)
at t=t,,., (>t,) for the first time. Then we define the system is elastic for the
time interval [?,, t,,+1)-
(2) Case (B). Assume that the solution u satisfies
u(t)>u(t,)+2a),
or
u(®)=u(t,)
at t=t, ., (>t,) for the first time. Then we define the system is elastic for the
time interval [¢,, t,41)-
The state for t>1t,,. , is determined as
(D), if u#0, the system is plastic for t>¢,,, 1,
D), if u=0, the state for t>1,,,, is determined by the (ABC)-check.

Our initial value problem is well posed by the above procedure and has a
unique C?-class solution. The hardening in the above rule corresponds to the
kinematic hardening.

1.2. Energy of the single masspoint system. Let u() (j=0, 1, 2,...) be the
displacement at which the (j+ 1)-th change of the state occurs. We say that
the system is at stage(m) if the change of the state occurred m + 1 times in the past.

The key to derive an energy equality for the present problem and also to
develop our theory in this paper is the following simple theorem which represents
the initial value problem by a single equation.

Theorem 1.1. The equation (1.1) is represented as follows, if the system
is at stage(m).

(1.2) pii + ku— &k g (= 1) (u—u)=0.

Proof. Induction on m. The equation holds for m=0. Assume that
(1.2) holds until m=r (=0).

(1) If stage(r) is elastic: Since stage(r+1) is plastic, ¢ is given by (1.1),,.
Let ¢, , be the time at which stage(r+ 1) starts. Integrating (1.1),, we have
(1.3) o()=0(t,+1)+(1 —k[u—u+].

On the other hand, by the assumption of the induction, the following equality
holds at stage(r).
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o(f)=ku— ¢tk ; (= 1)/ (u—utd).

Therefore, by the continuity of o, it holds at t=¢,,

oty )=k =k 3 (= D () —u)

=kuC+D + £k )0: (—1Yud  (r: odd).
Substituting this into (1.3), we have
o(f)=kur+D + ¢k % (—1)7u + (1 — Ek(u —ut+v)
= (1= O+ kS, (= 1)u)
—ku=k'S (— 1 u—ut).

Therefore (1.2) holds for m=r+1.
(2) If stage(r) is plastic: The situation is completely the same as above.

From this equation we can easily derive a simple energy equality which
represents the non-conservation of energy.

Theorem 1.2. Let E,, be defined by

(1.4) E =L @2+ L - L3 (- npu-uoy.

Then the following equality holds at stage(m).
Em(t)=E0 ’
where E, is the initial energy.

Proof. Let t, be the time at which the stage(m) starts. Multiplying by u
to (1.2) and integrating from ¢, to ¢, we have

Eu()= £ @20 + & @mys = EEF (= 1yi(um —utiy?
=Em—-1(tm)'

This implies that the quantity defined by (1.4) is constant through all stages.
Therefore it is equal to the initial energy.

Remark. This theorem implies that the elastic-plastic vibration converges
to an elastic vibration as t—oo. This is the case also for the multiple masspoint
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system considered later.

1.3. A weak form of the equation of motion. The initial value problem
formulated above can be represented simply as follows.

Theorem 1.3. The initial value problem of the single masspoint system
is equivalent to the following problem: Define

K=K,={reC(T); |t—a| <0y for any te T}; oo=ku'®.

Seek v, o, « which are differentiable and satisfy, for all te T

(6 —kv,T—0)>0 forall teK
(1.5) o'c=<1——é—>(c'7—ku)

pv+0=0,
and o e K, a(0)=0, «2(0)=0, v(0)=1u(0).

Remark. (x, y)=xy in this case. This is for the generalization of our

method to more complicated problems.

Proof of the Theorem. Let v=u and « be the parameter representing the
movement of the center of the yield surface (two points, in this case). We then
show that the solution u, ¢ of the equation (1.1) satisfy (1.5). If the system is
elastic, then ¢ —kv=0, ¢=0 and thus (1.5) holds well. If the system is plastic,
then ¢=(1—¢&)kv, so that (6 —kv, t1—0)= —Ek(v, T—0). In this case,

if v=u>0, then o=a+a,,
if v=u<0, then 6=a—0,.

Therefore, in any cases we have

—&¢k(v, t—0)>0 for any teK.
Also, o'c=<1——é—>(—ékv)=(1—£)kv=d, which is certainly the equation for .
Therefore u and o satisfy (1.5).

The proof is complete if we can show the uniqueness of the solution for
(1.5). Substitute the second equation into the first inequality. We then have

(¢, T—0)<0 for any teK.

Let 6 be an arbitrary continuous function satisfying || <1. Then the function
of the form

T=a+0o0
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is included in K. Therefore we have

(1.6) (@, a+0,0—0)<0 for any such 6.
Assume that there is another solution (v, 0y, ®). Obviously
(1.7) (dy, 0ty + 090 —04)<0 for any such 6.

Put 0=(o4x—ay)/o, in (1.6) and O=(6—a)/o, in (1.7), and add the both ine-
qualities. Then we have

(@—dy, a—oy—[0—0,])<0.

By using two equations of (1.5), we have
(=, 0=0)=(1= ) [ L lo=oulz+p & lv—v,l? ].
Hence we have
la—asl?= (1= F) Lo —oul2+pklo—ov4|7T <O,

which implies =0y, 6=0, and v=v,. This completes the proof.

1.4. Energy inequality. A basic energy inequality is derived from (1.5).
We see the inequality in (1.5) implies

(6, 0)+k(v, v)—(6—kv, 1)<0.

Here we can put t=a. Therefore we have

(6, )+ k(5 v) + 155 (& D <0,

which implies

(1.8) 1 < 5 (@ D)+ (0, ) +k(o, ) <k(v, 1)(0).

§2. Elastic-Plastic Vibration of a Multiple Masspoint System

2.1. Equation of motion. All results obtained in the preceding section
are extended formally to the multiple system.

Let u; (i=0, 1,..., N) be the displacement of the i-th masspoint (we assume
uo=0). Let p; k; and &; be the mass, stiffness and plasticity factor of the i-th
masspoint. We introduce the quantity U;=u;—u;_, which corresponds to the
strain at i-th point. Then the equation of motion of this system is written as
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2.1 pii+0(U)—0;.(U;+1)=0 i=1,2,...,N,

where o(U)) (i=1, 2,..., N+1) is a continuous function of ¢ such that
2.1), 6(U)=kU, if the i-th point is elastic,
(2.1), 6(U)=01-&)k;U;, if the i-th point is plastic,

and oy+;=0. Definition of ‘‘elastic’” and ‘‘plastic” is exactly the same as in
the single system, except the case when both U; and U, vanish at t=¢, and we
can not determine the state for t>1¢,. In the single system, we do not have to
bother about such problem since if it should happen, u(f)=u(t,), =0 is the only
possible solution for t>t,. The situation is, however, almost the same in the
multiple system too. In fact, we have the following theorem.

Theorem 2.1. Let U;, a; be the solution of the initial value problem for
(2.1). Assume that at t=t, the points (U(t), 6/t)) (i=iy,..., i,) lie on one of
the lines

(2.2) o(U)=kU;— k(U £ T)

in the (U, 6{U,)) plane respectively, where U® (>0) denotes the yield strain
of the i-th masspoint, and moreover that

)
Us(to+0)=0 (1<i<k) (k22)

(k+1)
for i=iy,...,i,. Then U; (t,+0) for such i is determined independently of
the form of 6; (i=iy,..., i,) for t>t,, provided that the other 6;'s are already
decided for t>t,.

Proof. Use an induction on k, considering the facts that(’;jl)(to+0)
—constant- U (tg+0)=0 if j is included in (iy,..., i) and
(k+1) ] =D (e=1) 1 =D -1
i =D, Oir1 — 0 T s 0; — 0i-1)»
and that the sign of the non-vanishing lowest (lj’), (to+0) can determine the
state of the i-th point for ¢>t,, since the point (U?), g(f)) in the (U;, 6(U))
plane moves at t=t, to a definite direction determined by this sign.

Applying this theorem repeatedly, we can determine the state of each point
for t>t,, except a very special case. If 8": should vanish for any k at t=1¢,+0,
how should we determine the subsequent state? In this case we can define free
for t>t, (we thus define that the point is plastic). The reason is this: The solu-
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tion {U;} is analytic until some point j (#1i) changes its state. Therefore,
((Ij)l (to+0)=0 (for any k>1) implies that U,=constant until that time, which
implies the solution does not depend on if we define the i-th point to be plastic
or elastic.

Our problem is hence well posed and has a unique C?-class solution for any
t>0.

2.2, Energy of the multiple masspoint system. To derive an energy form
for the multiple system, we define that the i-th masspoint is at stage(m;) as the
same way in the single system, replacing u and ¢ by U; and o(U;). (Remark:
There is a formal possibility that there exist infinitely many changes of the state
in finite time interval. In this case the points (U, 6 (U{)) (j=1, 2,...) have
an accumulation point on the line defined (2.2), without making any hysteresis
loop. For the following discussion, however, we can assume without loss of
generality that the number of the state change is finite in finite time interval,
since, if such accumulation should happen, we can skip all stages near the ac-
cumulation point in numbering the stage. Note that these stages give no influ-
ence on both the equation and the energy form.)

We say that the system is at stage(m) (m=(m,,..., my)), if the i-th mass-
point is at stage(m;). Corresponding to Theorem 1.1 and Theorem 1.2, we
have the following two theorems.

Theorem 2.2. At stage(m), the equation of motion of the multiple mass-
point system is represented as follows.

pitl;+ [k U — ik go (= Di(U,=U¥N]

+1

2, (=1 —Uf)]=0,
(i=1,..., N)

m
1.

(2.3) = [kiv1Uss 1= &ivakin

(=}

where U{Y) denotes the displacement of the i-th point when it enters in stage

(j). Here we assume that ky,,=0.

Theorem 2.3. Let E, (1) be defined by
N mi .
E()=1 5 [pua) 2+ kUP &y 3 (= iU~ UDY].
<4 7 j=0

Then the following equality holds at stage(m).
Em(t)=Eo ’
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where E, is the initial energy.

The first theorem will be evident. Also, it is easy to see

m, +

Z [Sik; _5_:.0 (=1 (U;=UPY =&k (= 1)U — U1,
i Jj=

i=0
= (3 &k ,.mgo(— DIU;=U)]; -

The quantity E,(f) is hence constant through all stages, so that it is equal to the
initial energy. The secound theorem is thus proved.

2.3. A weak form of the equation of motion.  Hereafter we assume that k;,
¢ and U are independent of i and denote them by k, ¢ and U, respectively.
As in the single system, the present problem can be represented by a weak form
including an inequality.

Let v, 0 and o be N-dimensional vector functions which are differentiable
int>0. Let K be a set of N-dimensional vector functions which are continuous
and within oy-neighborhood of «, that is,

K=K,={teC(T)"; Max|r;—o;)|<0o, forany teT}; o,=kU®.

Theorem 2.4. Introduce v by U,=v;—v;_; (1,=0). The initial value
problem of the multiple masspoint system is equivalent to the following prob-
lem: Seek v, g, o which are differentiable and satisfy

(6—kU,1—0)gn>0  forany 1€k,
s (11 \s_ 0y
(2.4) a_<1 ] )(a kU)
piéi+ai~_ai+1=0 i=l,..., N,
and o e K, 6(0)=0, oy, =0, a(0)=0, v(0)=11(0).
Proof. Let {u;} be the solution of the previous problem. Put v=u. At

time ¢, let the points (iy,..., i,) and (i,,,..., iy) be elastic and plastic, respec-
tively, or equivalently,
6;=kU; for i=i,.., 10,
6;=(1=OkU;  for i=i,,qym., iy.
If point i is elastic (resp. plastic), the equation fer o; is
a;=0 (resp. =gq;),

so that « is nothing but the parameter representing the center of the yield surface.
Also,
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(6—kU, 1—0)=—¢k i-i.ZN“ U, mi—0)).
However, if point i is plastic, we have
if U;>0, then g,=a;+0,,
if U;<0, then o;=a;—ay,,
which imply
Uf(r;—0)<0 forany teK,
and hence,
(6—kU,1—06)>0 forany 7eK.
Therefore v=1 and o satisfy (2.4). Since the uniqueness of the solution of (2.4)

can be proved by just the same way as in the single system, the proof is complete.

2.4. Energy inequality (1). To prove the existence of a solution for the
continuous problem, Duvaut-Lions [1] have used a penalization technique,
introducing an elasto-visco-plastic problem. In our problem, however, we can
directly get the required estimates from this discrete problem. First, a basic

estimate is obtained as follows.
Put 7=« in the inequality of (2.4). Substituting the equation for «, we get

Osn(d-—kU, S; [c'r—-kU]dt)—(&, &)+ k(U, o)

1-4)

Since (U, 0)=2% (v, 0;— 0,4 )=—2 piv;, D)= —1/2 % pv)?, we have
-1 2, 1 2 fi (v;)?
(= 3 el + % o+ & Xpi(o)
< ’g‘;/?i”%(o)-

2.5. Energy inequality (2). We shall estimate some higher ‘‘derivatives”.
We differentiate the second equation in (2.4):
pili+6;—6;41=0.

Multiplying by 9, and summing on i we have, taking into account Theorem 2.2,

2@+ £ sa-8 3 (-1)wp,=0.
i Jj=0

i
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We have to be careful in integrating this equation. Assume that the system is
now at stage(m) and this stage began at t=¢,. Let us also assume that the
points

i=115eee i change from elastic to plastic,
i=i,41...., i; change from plastic to elastic

at this moment and other points remain unchanged. If the preceding stage is
stage(m'), we see
m;=m;, [F gy Bgs
=mi+1, Q=i .
Define

En)= 3| B i+ 5 (1-¢ F (-D) 07 .

Then for any ¢’ and ¢ nea; to (' <ty <t), we have
Ep(#) = E () = Ep(t0) = En (20)
=3[ 5 G0+ 5 (1= 3 (= D) Uk |
-3 [g o0+ Ea-¢E o0 .

Since ¥; is continuous at t=tg, the terms on this value cancelled. Also, the terms
on U¥(t,) for i#iy,..., i, are cancelled. Therefore, the above quantity is the
sum of

ka-¢3 ~0nvi - £a-¢ 5 (-0)Uiw)
Jj=0 j=0

=— kTé U%(1,) <0 (m;: even)

for i=iy,..., i,, which implies E,(t)< E,,(t') and hence
@5 z[Zer+Ea-ovto<z[L e+ L0t 0.
Once this estimate is obtained, other derivatives are easily estimated. The

result is as follows. Let E, be the quantity of the right side of (2.5). Then we
have

Z,- 62<2kE,,
(2.6) 2 (0341 —0,)° <2 Max piEo

2

St < ——8(15“5)’?&,.
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§3. Elastic-Plastic Vibration of a Rod

3.1. A weak form of the equation of motion. Weintroduce a weak form
of the original problem and show that this form is a natural extension of the
equation of motion of the multiple masspoint system considered in the
previous sections. Let Q=(0, 1) and define

K=K,={te L*(T; L,(Q)); ae. T,|t—al<o, ae. Q}
for ae L(T; L,(2)). Then our problem is:
Find (v, 0, o) such that
v, 6€ L™(T; Wi(Q)), 9,4, a, de L*(T; Ly(R2))
and a.e. T,
(d'_'kvx, T_O-)Lz(g)zo foran}’ TEK,
(3.1) d= (1 - —é—) (6— ko)
v—0,=0,
where o € K, v(0, x)=a(x): given, v(t, 0)=0, ¢(0, x)=0, o(t, 1)=0, «(0, x)=0.
It is evident that if the original problem has a classical solution, then v=1u

and o satisfy this equation, a being the parameter representing the center of
yield surface (two points, in this case too).

3.2. Finite element approximations. We use the finite element solutions
and pass to the limit to get the solution for (3.1).

We first divide the interval @ into N elements of equal length h. Let i be
the point with coordinate ih (i=0, 1,..., N) and e; the element [(i—1)h, ih],
We use three basis functions: ' '

@y(x): piecewise linear basis, )
© @(x): characteristic function of [ ih— % s th+ —zh—] s
'c"ﬁ,.(x): characteristic function of element e;. -

Then the simplest finite element approximation to the original problem is

(ﬁs @,)4‘;(0’(&), (ﬁi,x)e=0 i=1!"‘a N

(3.2) &(d) _{ kﬁx in elastic region
(1-9kt,  in plastic region,
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where

u= u ()@ (x)
it u(o(x),

N
)

i=1
N

z
i=1
and u;,(0)=0, u,(0)=a(ih). (a(x) is assumed to be smooth and a(0)=0.)
Since o is constant on each element, we put

0;= O-(a)ie; ’

to get
2 (a(@), (f’i,x)e=0'i“0'i+1 (on+1=0).

e
Then the finite element equation (3.2) is written as

piil',-+0'i-—0',-+1=0 i’—-l,.-.,N

k

(3.3) o (tt;— ;1) for the elastic element
G

(1-% % (t;—14-) for the plastic element,

where p;=h for i # N and =h/2 for i=N, uy,=0, which is just the same equation

considered in the previous sections.

3.3. Convergence of the finite element solutions. We shall show that a
limit of the finite element solutions is a solution of (3.1). Define

N N
o= _zlaiqois 5’*=_20°'i+1¢i-
= =

Then the energy inequalities for the multiple system imply

O-.', (6-*).}:
, U, #,(v=u) ¢ remain in a bounded set of L*(T'; L,(2)),
&

Qi

R <

as h—0. Therefore we can select a sequence such that
G, (84)x— 6,0,  weakly* in L=(T; Ly(Q)),
G0 strongly in L,(Tx Q),
and o(t, 1)=0, (0, x)=0,

3, 0,0, v, weakly* in L°(T; L,(Q)),
b—ov strongly in L,(Tx Q),
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and u(t, 0)=0, v(0, x)=a(x), and
&, 06—, d weakly* in L°(T; L,(Q)).

(We used some elementary properties of the finite elements.) Let ¢ be an arbi-
trary point in [0, T]. If § and B are included in L*(T; L,(Q)) with $(0)=0,
then f(t) is well defined as a function of L,(22) and holds

1BO Loy < C”B"L;(Txﬂ) >
where C is a constant independent of . Therefore, we can assume that
&(T) — o(T) weakly in L,(Q),

and also «(0)=0. According to Theorem 2.4, we can rewrite the system (3.3)
as follows.

(o-;—kﬁxs ?_E)LZZO for any T=EI—<=,
s __1_ z
(3.4) i=(1- )@k,
(b! 61)"'(&! @i,x)=0 i=1,..., N,
where

K={%; Max|T—d|<o, forany teT}.
Q

Let ¢ be an arbitrary function of C*(Tx ) with support in Tx Q. Let
@ and ¢ be the interpolating functions:

@ =Zi o(t: ih)p;
¢=Ei o(t: ih)d; .

As well known, ¢ —®llL,rx2=0, ¢ —@lwiaxay—0 as h—0. Therefore we

have
T T . T o
[, =0 o= o=, @yar+ | 55, -0t
+SZ(a—5, ¢.)dt+e, (e,— 0ash—0),

from which we can conclude that
?—o0,=0 ae. T.

By the same way we have

d=(l—%)(d—ku,) ae. T.
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To prove the inequality, take an arbitrary € K. Then 7 is written general-
ly as

T=0+0,0,
where 0 € L*(T; L,(Q)) and satisfies a.e. T,
6l<1 ae. Q.

For this  we can find a function § on Tx Q which is constructed by the system
of functions {@,} such that for given e,

16—0lL,rxey<e> 10]<1 in TxQ.
For example, take Friedrichs’ mollifier p; and make the convolution
05=ps*0 .
Then clearly |6,/ <1 in Tx Q, and

£

10—05lL,rxa)< p)

for sufficiently small J.

Let 0 be the interpolation of 0; by the coordinate functions {@;}, then clearly
|8} <1 and for sufficiently small h

£

65— §|]L2(Txn) < )

This 8 is hence the desired function.
Now in the inequality of (3.4) put

(if necessary, take a subsequence) and integrate on t. We then have
gy T . = T . _

(3.5) 0= 1 1312(7) + o 50 @, B)dt—SO G, &)dt .

When h—0 we have

lim [|&@]|2(T) = |«||*(T),

T , T . T ., - T

S G, §)dt=g G, 0)dt+S (a,e—a)dt—»S (&, 0)dt,
0 0 0 0

SZ (&, 5)dt=g: (& a)dt+g: &, 6—0)dt > S: (¢, o)dt.

Therefore (3.5) implies
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1 2 T T .
02 L 12D +0o ] G 0)e— (' @, o)

e

T
(a, T—o0)dt,
(o]

for arbitrary te K. Take te(0, T) and for arbitrary 7 € K define
= { T in T,
“le in T-T, (e>0),
where T,=[t—¢/2, t+¢/2]. Then clearly 7€ K and

0> L ST(oz, T —0)di= ~‘-S (4, T—0)dt.
€ Jo & )1,

Therefore letting e—0 we have
(¢, T—0)<0 ae. T,

for arbitrary 7€ K. Since o € K, the existence of a solution of (3.1) is proved.
Uniqueness of the solution of this problem is proved by just the same way for
the single system. Hence the whole sequence (7, &, &) converges to the exact
solution and we finally have

Theorem 3.1. There exists a unique solution (v, o, &) for (3.1), which is
the limit of the finite element solutions and, at the same time, regarded as the
limit of the solutions for the multiple masspoint systems.
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