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DYNAMIC PROBLEMS FOR ELASTIC-PLASTIC SOLIDS
WITH DELAYED YIELDING

Yu. N. RaBornov and J. V. SUVOROvVA

Mechanical Engineering Research Institute, Moscow

Abstract—A simplified model of an elastic—plastic body with delayed yielding is discussed. The strain rate influence
on the post yielding plastic resistance is neglected, the plastic deformation being assumed to follow the static
stress—strain curve.

The model has been used for solving two kinds of problems: propagation of longitudinal elastic-plastic
waves in bars and rigid—plastic analysis of beams and plates.

When a stress larger than the yield stress value is acting on the end of a bar, an elastic overstress wave spreads.
In bars of finite length the reflected overstress wave strongly affects the distribution of the residual plastic strains.

In rigid—plastic analysis the rigid parts of a body are considered to be elastic with elastic moduli tending to
infinity. The successive formation of plastic hinges in a free beam subjected to an instantaneously applied con-
centrated load has been studied. A simply supported circular plate under the action of a uniform loading has been
considered. The propagation of the plastic zone is governed by the stress distribution in the rigid part of the
plate; at a certain moment the yield delay capacity becomes exhausted and the further analysis only slightly
differs from the traditional one.

1. INTRODUCTION

To soLvE dynamic problems of plasticity we need some assumptions about the form of
the constitutive equations describing the behaviour of the material at high strain rates.
The simplest hypothesis is to admit the existence of the so called dynamic stress—strain
curve, the shape of which does not depend on the strain rate. This assumption has been
used in the theory of propagation of elastic—plastic waves and in the rigid—plastic analysis
of beams and plates. The experimental proof of the theories of this kind has shown that
the strain rate effects play a much more important role than it was supposed initially.

The modern tendency in the study of the dynamic problems of plasticity is to start
from the following constitutive equation

o = f(e8), (1)

i.e. it is to assume that the instantaneous value of the stress depends on the instantaneous
values of the strain and strain rate.

The experimental verifications of the basic hypothesis (1) gives rather uncertain
results, but one can assume that this equation is valid as a first approximation for metals
having no peak on the stress—strain curve.

On the other hand the behaviour of mild steel with a low carbon content under dynamic
loading is peculiar. The loaded specimen can sustain an overstress much higher than the
static yield stress during a short period of time. This phenomenon has been called the
yield delay, it was thoroughly studied by a number of investigators during the past decade.

The basic fact resulting from the experimental data and physical theories is that the
delayed yielding cannot be considered as a strain-rate effect, the beginning of plastic
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flow being determined not by the instantaneous value of the strain rate, but by the loading
history in the elastic range.

If the stress ¢ is given as a function of time ¢, yielding begins at the moment 1 = «
the value of 7 being determined from the following equation [1. 27:

~
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Different experimental methods have been used for the determination of the non-
dimensional function ¢(¢) and of the value of the parameter t,. Most investigators measured
the delay time in compression at ¢ = const. In the experiments of Voloshenko-Klimovitsky
and Beliaev [3, 4] the stress rate and therefore the strain rate in the elastic range remained
constant and the experimental results could be interpreted as the strain rate dependence
of the upper yield point. This form of presentation, though inadequate in principle, permits
to compare the influence of the strain rate on the yield stress and the post-yielding be-
haviour, which might be useful for estimating the validity of some assumptions as will
be shown later.

The experiments have shown that the equation (2) remains valid for different loading
conditions, the function ¢(c¢) determined in different ways, at ¢ = const., & = const. and
o = g sin wt is the same. But the usual experimental technique does not permit to prove
the validity of (2) in more complicated cases. For example we know almost nothing about
the yield delay under repeated loading when the sign of ¢ is reversed. Most experiments
have been done in compression, the tensile data are very scarce and practically cannot be
compared with the compressive data. No experiments have been carried out in combined
stress conditions.

Therefore, we have to make some «a priori assumptions suggested by physical con-
siderations. The delayed yielding in mild steels is usually explained by the formation of an
atmosphere of solute atoms pinning the dislocations. Thermal activation leads to step
by step loosening of dislocation loops in the slip plane in the direction of the shearing
stress acting on this plane. The left hand term of equation (2) can be interpreted as the
relative number of these loops; when this number reaches a certain critical value the
dislocation becomes free to move in its slip plane. The formation of loops in one direction
does not facilitate the movement of dislocations in the opposite sense when the external
load is reversed. Having no direct experimental evidence we shall admit that the equation
(2) remains valid only when the sign of stress is not changed. If for example the tensile
stress had been applied first and was acting during a period of time not sufficient to start
yielding, the subsequent application of the compressive stress leads to yielding in accord-
ance with equation (2), in which the moment of the stress reversal is taken as zero time.

In complex stress conditions it seems to be natural to suppose that the value of ~
in (2) must be replaced by the equivalent stress, for example maximum shear stress or stress
intensity. This assumption is justified by the fact that the mechanism of delayed yielding
is the same as the mechanism of the ordinary plastic flow. Strictly speaking this is true
only for proportional loading in the elastic range.

2. THE MODEL OF THE ELASTIC-PLASTIC BODY WITH DELAYED YIELDING

A simplified model of the plastic body with yield delay was discussed in [5]. Let us
consider a dynamic stress—strain diagram as shown in Fig. 1. The existing experimental



Dynamic problems for elastic-plastic solids with delayed yielding 145

(o X miand

€

FIG. 1. Stress—strain diagram with yield delay.

technique does not permit to obtain at high rates of loading the constant strain rate or
constant stress rate conditions exactly, but in any case the stress—time dependence and
the strain-time dependence can be registered simultaneously. In the first stage the be-
haviour is elastic (or is supposed to be) until the point 4 on the diagram is reached. The
position of this point is determined by the condition (2). It should be emphasized that the
state of the material corresponding to the point A4 is unstable. Supposing that the load is
removed at the time 7— At we shall have the elastic unloading along the straight line 0A.
The yield delay capacity being exhausted, the specimen would yield in the subsequent
loading at the static yield stress (point C on the diagram). If yielding at point A occurs,
the stress and strain change suddenly from the point A to a certain point B on the stress—
strain diagram, corresponding to the actual strain-rate according to equation (1). The
location of point B is determined by the loading program, and the dynamic properties
of the system. One can not point out any definite path from A to B on the diagram, the
values of 5 (, &4, and 65, &g satisfy only the dynamic compatibility conditions. The situation
is similar to that in gas dynamics, when the discontinuities at the shock wave front are
considered.

In dynamic experiments one obtains usually a smooth dropping part of the stress—
strain curve (see for example [6, 7]), but we believe that the shape of this part is determined
by the conditions of the experiment and not the properties of the material.

The upper yield point ¢, being determined by the stress history in the elastic range,
the lower yield point depends on the strain rate. The notion of the lower yield point seems
to be rather uncertain. In fact, when yielding begins the strain distribution along the
specimen is highly non-uniform. Plastic deformation propagates gradually and the actual
local strain rate might be much higher than the average strain rate measured on the gage
length.

The typical experimental stress—time and strain-time oscillograms (Ref. [4]) are shown
in Fig. 2. The strain rate in the elastic range is approximately constant and equal to
2:7.10% sec, in the plastic range the strain rate reaches the value of 4-98 . 10° sec and re-
mains nearly constant. To compare the reiativc influence of the strain rate on the upper
stress value and on the plastic resistance after yielding, the curves representing the depen-
dence of the upper and lower yield stresses on the strain rate are plotted in Fig. 3. It can
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F1G. 2. Typical force-time and strain-time oscillogram (steel 0-46 C, 0-65 Mn).

be seen that dependence of the upper yield stress on the strain rate is much more pronounced
than of the lower yield stress. The strain rate dependence of the lower yield stress is similar
to that for alloys having no sharp yield point, as it is illustrated by the dotted line corres-
ponding to an austenitic steel (0-2 per cent plastic strain).

The solution of dynamic problems of plasticity, taking into account the yield delay
and the strain rate dependence of the plastic stress—strain curve, is difficult. Some examples
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FIG. 3. Strain rate dependence of the upper and lower yield stresses (steel 0-18 C, 0-52 Mn). 1--upper
yield stress, 2—lower yield stress, 3—austenitic steel o ;.
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are given in [7]. To simplify the model we shall neglect the strain rate influence on the
shape of the plastic stress-strain curve. Therefore we shall admit that after yielding this
dependence will be given by the static stress—strain diagram. The dynamic stress-strain
curve is always higher than the static one; the analysis based on the above stated assump-
tion leads to an overestimate of the resulting plastic strain. To make it more accurate we
can use instead of the static stress—strain diagram the dynamic diagram corresponding to
the average plastic strain rate, which might be expected. Using the trial and error procedure
one can find out the range of strain rates with more precision. To solve wave propagation
problems the actual shape of the stress—strain curve must be known. In the rigid-plastic
analysis we shall neglect the strain hardening as it is usually admitted.

Now we have to choose an appropriate analytical expression for the function ¢(o)
entering equation (2). Campbell [8] and Yokobori [9] have suggested the following formula :

0_ a
plo) = —;) 3)
a
where
=< (c = const.)
°= ).

When the value of o* is fixed, 1, and c are the characteristic constants of the material.
The values of « found from the experiments are very high (from x ~ 9 to o« =~ 16 at
room temperature), and the temperature dependence of « is not confirmed by experiments.
From the point of view of practical applications in design problems, the following
formula is much more convenient
O._ n
"‘) : @

Here o, is the static yield point determined at any reasonably low strain rate when the
peak on the stress—strain curve practically disappears, and therefore we make no difference
between the upper and lower yield stresses.

In Fig. 4 the experimental points by Clark and Wood [11] and the curves corresponding
to the approximations (3) and (4) are plotted. The values of parameters of equations (3)
and (4) are given in Table 1 below.

3. PLASTIC WAVES PROPAGATION
3.1 Semi-infinite bar

We consider first the propagation of elastic—plastic waves in an infinite bar x € (0, o)
of uniform cross-section. The assumed dynamic stress-strain diagram has been shown

TaBLE 1
a* g Ty
o (kg/mm?) n (kg/mm?) (sec) Ref.
0-17C; 039 Mn 159 520 417 288 513107% [11]
001 C; 099 Mn 11-5 40-0 5-80 18.3 5.50107* [12]
0-09C; 045Mn 93 296 2:34 183 3551073 [13]
019C; 054 Mn 171 494 215 335 661 10°° [14]
049C; 065Mn 139 236 1-40 35 3801073 [4]

0-18C; 0-52Mn 117 20-5 2.55 33 4-57107% 4]
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Fi1G. 4. Dependence of delay time for yielding upon stress. Experimental points from data of Wood and
Clark [111. Curve 1 is calculated by equation (4), curve 2 by equation (3),

in Fig. 1. The term “dynamic™ is used here in the same sense as in the well known Taylor
Rachmatulin elastic-plastic waves propagation theory neglecting the strain-rate effects.
We shall suppose that at the end x = 0 the velocity v, (case a). or the stress o, {(case b)
are given as known functions of time.

According to the assumptions made above the strain on the end x = 0 will remain
elastic during a certain period of time t depending on g,. This elastic strain will propagate
along the bar with the elastic wave velocity a,. In any section the stress history will be
the same as in the end section, and in any section x yielding begins at ¢ = 1+ x/a,. The
elastic wave carrying the overstress ¢, has a rear front which propagates with the elastic
velocity g, and therefore the unloading behind this front can be only elastic. The stress
drops to the value of the static yield stress, and remains constant until the shock wave
reaches the cross-section x, as it is shown in Fig. 5 in the x—t plane.

Assuming v to be positive when directed along the positive x-axis, ¢ and ¢ positive
when compressive, we have:

Region 1. Elastic overstress wave:
¢ = 0y. &= &g, = by

- - 2
&y = Ug/dp, Op = PAgyép-
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FIG. 5. Stress waves propagation in the infinite bar.

Region 11 Plastic yield stress wave
o = oy, £ = g, v = U5 = dpés.
Region I11. Behind the shock wave ab, propagating with the velocity a; . In this region :

(0—0a)e—¢) = plo—p)?%, (5)

o= Jl5=5) ©

In the case a, v = vy, and the condition (5) permits to find the point ¢, ¢ on the stress—
strain curve. In the case b, 6 = g4, the value of ¢ will be found on the stress—strain diagram
and the velocity v is determined from (5).

and

3.2 Bar of finite length

We consider a bar of finite length /, x € (0, [). The end x = [ remains free, and a large
mass moving with a constant velocity strikes the end x = 0 at t = 0. The picture of the
waves propagating in the x—¢ plane is given in Fig. 6. The vertical line separating regions 6
and 7, 10 and 11 is a stationary front of the strain discontinuity [15]. The velocity of the
shock wave will be found in the same way as for an infinite bar. It will be shown that the
velocity vg in region 6 is larger than v, and therefore at ¢ > 2//a, the left end of the bar
becomes free. The depth of the penetration of the plastic zone x, is given by the expression :

21 aody
Xo = (a—o T)ao+a1. (7)

Here we shall restrict ourselves to the case t < 2l/a, ; the case T > 2l/a, does not present
any difficulties and can be treated in a similar way. The values of stresses, strains and
velocities for different regions shown in Fig, 6 are given in Table 2.
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Tabre 2
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3 Eo + dols gy ~dg by~ oLy}
do
ag—a;  3lagta;  ai+age, —2ad .
6 et g e (Lo = dps) — Hdp — 84 )plve — doty)
2a, 2a5a,
Ay —a; 3ay +a, dg—ay . )
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aga;
11 2v, 0 0
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g

This solution is valid when vy < 2age, and loy| < o, j0(,] < g,. When 2a48, < vy <
(3ag +a;)lay+a,)ags,, o4 < a, but |o,,] > o, and therefore the structure of region 12
must be altered. We shall denote as x, the coordinate of the point § of intersection of the
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F1G. 6. Stress waves propagation in a bar of finite length, vy < 2a0t..
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elastic wave going from the point (0, 7) and the reflected wave starting at the point (0, 0).
At x < x, the overstress bearing capacity is still exhausted, while at x > X, it is not yet.
The point B on the diagram is the point of intersection of the dotted line x = x, and one
of the characteristics bordering region 12 from below. We must consider two different
cases:

When t < l/a,, the point B lies on the positive characteristic (Fig. 7). Above the seg-
ment AB of this characteristic and above the negative characteristic going through the
point A the material can not hold an overstress higher than o,. Therefore in regions 13
and 15 the stress o equals to gy, ¢ = g, but the velocities are different

vy13 = 3aps, D15 = 20y + aoés.
f
14
13
15
s 9
o |i |
A 8
s| 7
I 5
. I
2
3 S
!
X
o} {
F1G. 7. Stress waves propagation in a bar of finite length,
3ag+ay
2a08; < Vg < —————age,, < lag.
0 o do+a dobs, T fay

Region 14 is bounded by two shock waves spreading from the point A4 in both directions
with equal velocities a,. We have in this region:
Vig = 2a085+l)0, €14 = 85'*'32—@85
2a, a,
: @®)
014 = Aopldo — az)es+a,pvq.
Excluding a, from the last two equations (8) we obtain a relation between 014 and &4,
the values of them could be found using the stress—strain diagram.

When t > l/a, the point B is on the negative characteristic (Fig. 8). Along the segment
of the positive characteristic BC we have the elastic unloading from ¢,, to a,5. The
velocity ay of the shock wave spreading from point B in the positive direction is determined
by the yield delay condition (2):

0, " 013 " c " o n
O R A A

5 s
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F1G. 8. Stress waves propagation in a bar of finite length.
3ag+a,

2ap8, < g < age . T > liag.
dg+d S

In equation (9) t, is the time during which the stress ¢, acts in the section x. Substituting
the value of t,, we find the velocity a; :

dx _ aolo13—0y)"
dt 2o, —0)'+(6,3—0) Aoy, — o)

as = (10)

On the left side from point B the situation is similar to that of the previous case, in the
region 15 we have:

s — . . — g _ 42 e
Uis = 200+ Ao, £15 = &, T15 = QoPEs.
The shock wave BE corresponds to the same point on the stress—strain diagram as the

shock wave BD, but has a different velocity a, defined only by the conditions on the wave
front. We have:

ds
014 1tQ3p014 = 043 1—; +2aqa;pe;
0

c a
Vig+aztiy = Zaoﬁs—ﬁ(l*f)
0 1
(n
O14—A4pU14 = —2a4P0¢ — AoPedo +ag)

Ura—Qge1q = 200+ &ddo+dy),

g, being a function of ¢, given by the stress-strain curve. The five unknown quantities:
G13,014,V14,d3, a4 can be found from equations (10) and (11).
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In both cases the construction can be continued to determine the boundaries of regions
13-15 and therefore the configuration of the secondary plastic zone arising inside the
bar. When v, > (3a¢+a;)/(ae+ai)aess, lo ] > o, and the secondary plastic waves appear
in region (9). The analysis of this case is similar.

4. DYNAMIC RIGID-PLASTIC ANALYSIS

4.1 Yield condition of a hyperstatic structure

In contrast with the traditional approach we shall consider here the rigid parts of a
body as elastic and having very high values of the elastic moduli. The static stress distri-
bution does not depend on the value of the elastic modulus, therefore the elastic solution
for stresses remains valid when the modulus tends to infinity. Now we shall prove the
following theorem:

The stress distribution in dynamic problems of bending of beams and plates tends to
the stress distribution in the corresponding quasi-static problem, when the elastic modulus
tends to infinity. We shall restrict ourselves here with a case of a beam, the case of a plate
can be considered in similar way.

The differential equation of the dynamic bending of a beam will be:

*w *w
BZ 4 pF" = g(x,1). 12
o TPF S = ek (12)
Here Bis the bending rigidity, F—the cross-sectional area, p—density. The loading function
g(x, t) is supposed to satisfy the following restrictive conditions:
’q

q
q(x9 O) = 0> I— < aa atz

ot

< b, {13)

a and b being any positive quantities.
Let ugx and Ax be the normalized eigenfunctions and eigenvalues of a corresponding
boundary value problem for the differential equation:

wV—1%u=0.

The solution of the quasi-static problem neglecting the inertia term in (12) will be

q u " u;‘f
WO"“Z“B’}—Q M{):Bw{,:z%g- (14)

) = [ ux(datx, 0 dx.
Now we find the solution of the dynamic equation.
w =Y Txug.
Assuming the zero initial conditions for deflections and deflection velocities :

w(x, 0) = w(x,0) = 0,
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we have:

} ! ‘ B
Ty = s (1) 90 ol — T . i = o4 .
K pFwy J;, x(T) s o~y dr Wk pF/K' {(i%

It is easy to prove that the functions g, satisfy the same restrictive conditions as glx. 1}
4x(0) = 0, sl < a, [gxl < b.

Integrating (15) by parts we obtain

f dlt)sin wglt — 1) dr]}, (16}

<O

. 1 . .
T = q% {1 +((;K[ Gx(O0} sin gt +

The term in the square brackets remains finite for any finite value of r. When B tends to
infinity this term vanishes and the product BTy entering the formula for the bending
moment tends to the value gx/A%. and therefore at B = oo the bending moment will be
given by the formula (14).

Neglecting the elastic deformation we shall admit that the beam remains rigid at
t < 7, 7 being determined from the equation:

’” ( M- M,

M ) dt = 14. (17h

LAt

where M is the static yield moment. Strictly speaking, formula {17) is correct only for an
ideal double T beam, but we shall use it for any cross-section as an approximation. At

= 1 the bending moment suddenly drops to the value M,, and is supposed to remain
constant ; the strain hardening effects will not be taken into account.

Considering the rigid beam as an elastic beam with infinite rigidity, we can find the
yield delay time for any hyperstatic structure using the above stated theorem and equa-
tion (17). At first we have to solve the usual static problem of equilibrium under the given
load, and find the moment distribution and the cross-section 4, where the condition {17)
is fulfilled first at the moment ¢t = t;. At t > 1, the bending moment in the cross-section
A, equals to M,, if the system remains still hyperstatic, we find the new distribution of
bending moments and the cross-section A, where the second plastic hinge appears at the
moment ¢ = 1,, and continue this procedure until the relative rotation of the rigid parts
becomes possible.

4.2 Dynamic rigid~plastic analysis of a beam

In traditional dynamic rigid-plastic analysis of beams the location of the plastic hinge
is determined by the condition that the moment in the hinge is the maximum bending
moment in the next stage of motion. That means that the shearing force Q in the hinge
remains zero. In a rigid plastic beam with delayed yielding the situation is different. The
first plastic hinge will appear in the cross-section 4, where the bending moment in rigid
motion of the beam reaches its maximum value. This moment suddenly drops to the
value M,, the parts of the beam become free to rotate around the point 4, . the bending
moments distribution will be changed, but the moment M| in the point A,, will not be
the maximum bending moment and the next hinge will appear in some other cross-section
A,. This situation is typical in the rigid—plastic analysis with delayed yielding.
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To illustrate the idea we shall give here the complete analysis of a particular problem.
The beam having the length 21 with free ends is loaded by a force P in the middle section.

The conventional rigid plastic solution of this problem is given in [16]. Putting
PI/M = u one obtains the following results:

If 4 < p < 22-88, only one plastic hinge in the middle section is formed.

If u > 22-88, there are three plastic hinges, at { = 0,{ = +¢o (£ = x/l, the origin
being placed in the middle section). When P = const. the hinges are stationary.

Now we consider the same problem under the assumption of delayed yielding, supposing
the force P to be constant [17]. On the first stage of motion the beam remains rigid, and
the bending moment distribution is:

M,

7
Using equation (17) we find the time ¢, when the first plastic hinge at ¢ = 0 is formed.
On the second stage of motion the value of the bending moment for & > 0 will be given
by the expression

~fe-1n (18)

M,
M

1 ©
= “[(#*3)52"5(#—4)—554‘1]- (19)

s

Because M, is positive while M, was negative, the location of the second plastic hinge
will be at the point where the moment M, reaches its maximum value &, = p/[3(u—4)].
To find the duration of the second stage of the motion we must take in (17) the beginning
of this stage as zero time.
On the third stage of motion the bending moment reaches its maximum value in the
interval 0 < & < &,. For these values of £:

M, wo [ uE+3) 3(5%—2)}
= —14# _ 2
M, *2“[ a8, e -0

we+1) | =38 +46,+2] ,,
+[ i T 28E - 1) ]5‘

Because M, is positive like M, we find the position of the third plastic hinge using equa-
tion (17) and putting there M = M, for¢; <t <t,,and M = M, for t, < t. The delay
time ¢ will be expressed as a function of &, its minimum value equals ¢,, the time of the
formation of the third hinge at the point &,.

Now we must consider the possibility of the formation of a moving hinge. Supposing
the differences £; ~ &, = A and t;—1t, = At to be infinitely small and their ratio finite,
we obtain the velocity of the moving hinge as A£/At. Let us write down the condition (17)
for the point ¢, + A€ and expand the values of integrals. We obtain :

(20)

Aé n—1
A~ AE

If n > 2, Af/At tends to zero with A, and the hinge therefore remains stationary. At
n < 2 motion of the hinge is possible, the analysis of this case is rather complicated and

depends on the solution of a certain non-linear integral equation. Nevertheless it can be
shown that if the hinge really moves, it will stop at the point ¢ = &,. We shall restrict
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ourselves with the case n > 2, and consider only separate hinges. On each stage of motion
the equations of motion can be integrated to find the angles of rotation of the parts of the
beam between the hinges. These angles had been supposed to be small enough and at a
certain moment the analysis based on this assumption becomes incorrect. As will be shown.
the time of formation of the fourth hinge is too great to have any real meaning. On the
other hand we must control the sense of the relative rotation of the segments separated by
plastic hinges. When the relative angular velocity on any stage of motion has the same
sign as on the previous stage, the hinge remains active. If on the contrary, the hinge vanishes
the kinematics of further motion will be changed. It can be shown that after the formation
of the fourth plastic hinge the second one vanishes.
Some numerical results for the case u = 50, are given in the following table:

TABIE 3

Stage of

motion 10t
i 3810 {i
2 1-80 10 ¢ 0-36
3 1.55 10° 021
4 185 10° 026

It can be seen that ¢; tends to ¢, = 0-24 and the duration of each stage become greater.
A similar method of analysis can be applied to the case when at a certain moment
at any stage of the motion the load will be removed.

4.3 Dynamic analysis of a simply supported uniformly loaded circular plate

The solution of this problem using the Tresca yield condition and the usual assumpticen
on the rigid—plastic behaviour has been given in [18]. When the load per unit area p > 2p;,
po being the ultimate value of p for a statically loaded plate, a central circular region is
formed where M, = M, = M, (point A in Fig. 9). This central part will move as a rigid

M
B A
Ms
c M,
F
D £

FiG. 9. Tresca yield condition for a circular plate.
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body with constant velocity. The other part of the plate is in the plastic state AB, that is
M, = M, and assumes the shape of a truncated cone. After removing the load the circular
boundary between two parts of the plate moves inwards. Now we shall consider the same
problem taking into account the yield delay. We assume that the beginning of yielding
is determined by the stress history in the elastic range and is governed by the Tresca yield
condition. That means that we substitute into equation (17) the value of the equivalent
bending moment. The plate in the elastic range is statically indeterminate and therefore
we shall consider the rigid regions as the elastic ones with infinite modulus of elasticity,
and use the theorem given in the Section 4.1,

On the first stage the plate remains rigid and the moment distribution is given by the
well known elastic solution. We shall denote the circumferential bending moment of
this stage M, = M (r), r € (0, 1) being the non-dimensional radius. At the moment t = ¢,
the plate yields at r = 0, in this point always M, = M, (point 4 in Fig. 9). In the second
stage the plastic region corresponding to the segment 4B of the Tresca hexagone spreads
outwards, its radius being p(t), but the deflections and consequently the accelerations
vanish. At r > p the stress distribution remains elastic, the value of M, = M,(r, p) is
easily calculated by the aid of elastic formulae, using the conditions of the continuity of
the radial moment and the shearing force at r = p. When p reaches the value p; = \/(p,)/(p)
the radial moment at r = p becomes zero, and the third stage of motion begins. On this
stage the central part of the plate 0 < r < p, is in the plastic stage 4 and moves with
constant acceleration, the deflection is given by the formula:

w = L-lilpo) U] (21)

Here m is the mass per unit area of the plate, #(r)—time when the radius p, reaches the
value po = r. Atr = p the moment M, remains equal to zero and the binding moment in
the outer part of the plate M, = M(r, p). The values of p and p, satisfy the following
equation:

%p_pmpgp_ng =0 (22)

The yield delay condition leads to an integral equation defining p(t) or the reciprocal func-
tion t(p):

1 r
- f [M(r, p)— M,J't"(p) dp = [M(0)— M. —[M ()= M. 23)

M=M,at0<p<pand M =M atp, <p <1

When the plastic zone reaches the edge of the plate, p = 1 and p, will be found from (22).
The central part 0 < r < p, moves with constant velocity and the outer part po <r <1
assumes the form of a truncated cone. The solution is quite similar to this with no yield
delay, the only difference is that now the central part of the plate is not flat, its shape being
determined by (21).

If the load is removed at a certain moment t > ¢, further movement can be determined
as in [18]. Some numerical results have been obtained for the case p/Py = 4. The curve
shown in Fig. 10 is a result of an approximate solution of equation (23). It can be seen
that the time of propagation of the plastic zone is rather small, t, = 1065t , t; = 1281,
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F1G. 10. Dependence of radius of plastic zone p upon time ¢ for a circular plate.

The defiection curve at ¢ = t5 is shown in Fig. 11. In Fig. 12 the residual deflection curve
after the removal of load at ¢t = 20z, and the same curve calculated for the material with
no yield delay are plotted. Here w, is the value of the residual deflection at the point r = 0
in the case of no yield delay. It is to be noticed that the influence of the yield delay on the
shape of the deflection curve is very small, the plastic deflection shown in Fig. 11 being
formed during a short time t3—¢,, that is 0-215¢, in the given example. The difference in
residual deflections depends mainly on the reduction of time of the plastic movement.
Therefore a realistic approach to the problems of this kind will be to use the traditional
rigid plastic analysis, taking into account the delay time as the period of time when the
plate remains rigid.

Fi1G. 11. Deflection curve of a circular plate at t = t;.

0-5
VT i T T T

-0

w/ W

FiG. 12. Residual deflection curve (solid line) as compared with the same curve for the non-delayed yield-
ing (dotted line).
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ABcrpakT—O0CYXKHaeTCs YIPOILEHHAA MOHCISL YOPYTO-IUIACTHYECKOTO Tella C 3ana3/biBaAHHEM TEKYHECTH.
Tpeanmonaraercs, 410 B MAACTHYECKOK O0NaCTH AMArpaMMa ¢ ~ € He 3aBHCHT OT CKOpocTH aedopmaumu.

MNpennoxeHHas MOAETb HCIOAB3YETCA MPH PELICHUM 3a1aY O pacipOCTPAHEHUH YNpyro-TaacTHYeCKHX
BOJIH B CTEPXHAX W B KECTKO-TUIACTHYECKOM aHanu3e 6aok W IacTvH.

Ecnu k KOHLY CTEPXHS NTPUKIAIBIBAETCH HANPAKEHHE, MPEBbILUAIOILEE CTATHYECKHI NPEAEST TEKYYeCTH,
BO3HMKACT ynpyras BOJIHA TCPeHANPAXEHUS, OTPAXCHHE 3TOH BOJIHEI MEHAET KapTHHY pachpenenHus
naacTudeckux obnacrelt no cpasHenuio ¢ oObvHON.

B XeCTKO-TUIACTHYECKOM AHAMW3E XKeCTKHe 4aCTH Tea PacCMaTpUBalOTCS KaK yupyrue ¢ SeckoHeuHo
GonpimM  MOOyJeM yEpyroct. PaccMmartpupaercs MOCNEHOBATCABHOE OOPAa30BAHUE ILIACTHYECKHMX
LIAPHHPOB B CBOOOAHOM Oanlke, K KOTOPOH MrHOBEHHO NPHUKIAALIBACTCA COCPENOTOYEHHAS HATrpPy3Ka, 4
Takxke AehopManus cBOGOLHO ONEPTON KPYINIOH MIACTHHKH MO QeHCTBHEM PABHOMEPHO PACTIpeaeeHHOH
Harpysku. PacnpocTpaHeHHe ILTACTHYECKOH 30HEl B TVIACTHHKE 33BHCHT OT PACHPEREIICHMA HaNpsXeHH
B XeCTKOH 4acTH, B HEKOTOPbIE MOMEHT BPEMEHH CIIOCODHOCTD K 3aNa3fhIBAHHIO TEKYYECTH OKA3biBAETCH
HCYepnanHOH, JanbHeHuui aHany3 JOYTH HE OTIHYaeTCH OT OOBMHOIO.



