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STEP LOAD MOVING WITH SUPERSEISMIC VELOCITY ON THE
SURFACE OF AN ELASTIC-PLASTIC HALF-SPACE*

H. H. BLeicH and A. T. MATTHEWS

Department of Civil Engineering and Engineering Mechanics, Columbia University, New York

Abstract—The plane strain problem of a step load moving with uniform superseismic velocity ¥V > ¢, on the
surface of a half-space is considered for an elastic-plastic material obeying the von Mises yield condition.

Using dimensional analysis the governing quasi-linear partial differential equations are converted into
ordinary nonlinear differential equations which are solved numerically using a digital computer. To overcome
computing difficulties asymptotic solutions are derived in the vicinity of a singular point of the differential equa-
tions.

Typical numerical results are presented for selected values of significant non-dimensional parameters, i.e.
of the surface load po/k. of Poisson’s ratio v, and of the velocity ratio V/c,.

NOTATIONTY
a4 functions defined by equations (3.39)
by a functions defined by equations (3.14)3.16) and (3.26}
Cp,Cs. € velocity of propagation of elastic P-waves, S-waves and of inelastic shock fronts, respectively
plastic potential, equation (2.1)
G shear modulus
JyoJy invariants of stress
k yield stress in shear, equation (2.1}
21 4 v)
K = — bulk modulus
3(1—2v)
L>0 function related to inelastic behavior, equation (2.36)
plx—Vt) surface pressure
PEPL. Po intensities of step load surface pressure
variable defined by equation (2.19)
51,83 principal stress deviators
Sis Sy Si stress deviators with respect to axes x, y, etc.
time
By, Uy, By Oy components of particle velocity and acceleration in x and y directions, respectively
14 velocity of surface pressure
Xy s cartesian coordinates, Fig. 1
X = % sin¢  nondimensional expression
Xp. X values of X at P- and S-fronts, respectively
B o= HTh nondimensional stress variable
$1+S,
b angle between the directions of s, and of the position ray of an element. Fig. 4
A=p-3 small quantity for purposes of asymptotic expansion
Ao, Av, Ar.etc.  increments of a, t., 1. etc. at a front
ce=o—@ small quantity for purposes of asymptotic expansion
€y Eij strains, strain-rates

* This investigation was sponsored by the Office of Naval Research under Contract Nonr 266(86) with
Columbia University.
1 Other symbols, which are used in one location only, are defined as they occur.
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n

n=Ey—3 small quantity for purposes of asymptotic expansion
0 angle defining direction of the principal stress o, , Fig. 4
A=>0 function related to inelastic behavior, equation (2.8)
v Poisson’s ratio

=x-Vt variable defined by equation (2.13)
p mass density of medium
G\ Gy stresses, stress rates
G1.0,.03 principal stresses
T shear stress

position angle of element, Fig. 4

b 5. P position of the elastic P- and S- and of the inelastic shock fronts, respectively
O P, 05,0, limits of inelastic regions

differentiation with respect to ¢

1. INTRODUCTION

THE two dimensional steady-state problem considering the effect of a pressure pulse
p(x— Vt) progressing with the velocity V' on the surface of an elastic half-space, Fig. 1, has
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been treated by Cole and Huth [1] for a line load. By superposition their solution may be
used to find the effect for any other distribution p(x — Vt). The equivalent problem for
linearly viscoelastic materials was treated by Sackman [2], and Workman and Bleich [3],
in the superseismic and subseismic ranges, respectively. The present paper considers the
problem again, but in an elastic—plastic material subject to the von Mises yield condition.
In this material the problem becomes nonlinear, so that superposition is not permitted
and each pressure distribution p(x — V't) poses a separate problem. The present paper
treats only the case of a progressing step load p(x — Vt) = p,H(Vt—x).

Interest in steady-state problems is not only due to the fact that they are natural stepping
stones towards physically more meaningful, but more complex nonsteady problems. In
the elastic case Miles [4] has considered the three dimensional problem of loads with
axially symmetric distribution p(r, t) over an expanding circular area on the surface, Fig. 2.

T VELOCITY V

by

Fig. 2



Step load moving with superseismic velocity on the surface of an elastic-plastic half-space 821

He has demonstrated that the plane problem [1] is the asymptotic solution for the three
dimensional one in the region near the wave front. This gives rise to the expectation that
the situation in other materials may be similar. This motivation for the search for steady-
state solutions limits interest to those which do not violate conditions which asymptotic
solutions of three dimensional problems must satisfy.

The conditions to be imposed on steady-state solutions to eliminate any which are
not asymptotic solutions of the problemin Fig. 2, or of a similar one, can easily be recognized
in the elementary example of a half-space of an inviscid compressible fluid loaded by a
uniform pressure pulse p, which progresses with supersonic velocity, ¥ > c. There is an
obvious solution, Fig. 3a, in which the load produces a plane wave of intensity p progressing
with a front inclined at the appropriate angle ¥ = sin™ '(c/1'). However, this is not the only
steady-state solution. An alternative is a plane wave, the front of which is inclined at the
angle 180° — . Combinations of the two solutions are also correct steady-state solutions.
To find states generated by the application of a progressing pressure on the surface only,
it can be reasoned that solutions which include the wave front shown in Fig. 3b can not
apply because the medium ahead of the front shown in Fig. 3a shouid be undisturbed when
the applied load advances from the left with supersonic velocity. Further, the transient
supersonic solution being irrotational without a singularity in pressure or velocity at
the wave front, the same must hold in the steady-state. This reasoning leads to unique
steady-state solutions for fluids and also for elastic materials in supersonic and super-
seismic cases, respectively. An equivalent approach will be utilized in this paper.*

FRONT
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* In subsonic or subseismic cases the equivalent approach is not fully successful. For example, in elastic materials
the steady-state solution in the subseismic range is unique for many, but not all quantities. Expressions for the
horizontal stress and for the velocities contain arbitrary constants which can not be determined.
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In elastic-plastic materials different sets of differential equations apply in the elastic,
or neutral, and in the plastic regions. The fact that these regions have moving, a priori
unknown boundaries, complicates the solution of dynamic problems considerably. In
the following, the basic equations will be formulated and solved separately in plastic and in
nondissipative regions. The partial solutions will be matched to obtain a complete one
satisfying the prescribed surface conditions and additional ones obtained from the require-
ment that the steady-state solutions should qualify as asymptotic for a transient problem
of the type shown in Fig. 2. Using dimensional analysis, similar to the approach used in a
simpler case [5), permits transformation of the original nonlinear partial differential
equations in plastic regions into a set of simultaneous ordinary ones. Their solution in
the nondissipative case is elementary. Those in the plastic case are nonlinear and much
too complex for closed solution, but they can be solved numerically requiring the solution
of transcendental equations and quadratures, for both of which digital computers are
employed. Break down of the computer solutions in the vicinity of a singular point of the
set of differential equations made the derivation of asymptotic solutions necessary.

While the solution of the problem is obtained without overt use of characteristic
methods, it is actually dependent on the hyperbolic character of the quasi-linear differential
equations. It was previously proved in [6, Appendix B] that the steady-state problem in
plastic regions is hyperbolic for superseismic velocities V > ¢p.

2. FORMULATION OF THE BASIC EQUATIONS

Figure 4 indicates the half-space and a system of Cartesian coordinates. The x-axis
is in the direction of motion of the step load. the y- and z-axes are normal to the surface
in and out of the plane of the figure, respectively. The analysis considers the case of plane
strain, ¢, = 0, when the velocity V of the step load is superseismic, i.e. larger than the
largest elastic or plastic wave velocity, which is the one of elastic P-waves in the material.

p=poH(VL-x)

—_—V

HEEEEEEE

X

-

FiG. 4

Throughout the analysis it is assumed that the strains and velocities are small, so that their
higher powers may be neglected in comparison to linear terms.
To describe the behavior of the elastic—plastic material the yield function F is introduced

F=J,—k? 2.1
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where J3 is the invariant
(2.2)

Y
Ja = 2585

and the value k > 0 is the yield stress in shear.

The behavior of an element of the material is defined by the following statements.
1. The value of the function F may never be positive

F<O. (2.3)
2. If, in an element of the material at a given instant,
F<0 (2.4)

the rates of change in stress and strain are related by the conventional elastic relations.
3. However, if the yield condition

F=0 (2.5)

is satisfied, three possibilities exist: (a) in the next instant of time the material may be in a
state of plastic deformation; (b) it may be in a state of elastic unloading: (c) it may be in a
neutral state.

(a) If the material is in a state of plastic deformation

F=0 (2.6)
the total strain rate will be the sum of an elastic and a plastic portion
& = &F+£F 2.7)

where s,E, is obtained from the conventional elastic relations, while, based on the
concept of a plastic potential,

oF
-P _—
=15 28)
A which must be positive
>0 (2.9)

is an a priori unknown function of space and time, to be found as part of the solution
of the problem.
(b) In case of elastic uniloading F' < 0 holds, and the elastic stress—strain relations apply.
(c) In the neutral state F vanishes as in case (a), but neither energy dissipation nor
permanent deformation occurs, and the elastic stress-strain relations apply. In
the present problem neutral regions of a particularly simple type will be encountered
in which neither the stress nor the strain changes,

&

;=0;=0.

For the purpose of this paper it is convenient to combine elastic and neutral regions,
which will be called ‘‘nondissipative™, as opposed to plastic regions, where 4 > 0, indicating
that energy is dissipated. In the nondissipative regions the changes in stress and strain
are governed by the elastic relations, while in plastic regions, equations (7) and (8) apply.
Formally, the equations in nondissipative regions can therefore be obtained by substitution
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of 1 = 0 into the differential equations derived below for the plastic regions, and by
replacing the conditions F = F = 0 by the inequality (3).
Substituting equations (7) and (8) and the elastic stress—strain relations into the relation

& = 3, ;+v;) (2.10)

the following constitutive equations are obtained for the case of plane strain

Lo, 1o o
GxTe14mG T T o
1 s ) (2.11a)
. —2v _ v,
Steirac T = %
1 1{dv, ov
LIPS P ket L
zc”’ ¢ 2(8y+6x)
o (2.11b)
_ , _
( +38,)~ P )GJ L AUS +5s,) =

J is the first invariant of stress, s,, s, and v, v, are, respectively, the stress deviators, and
the components of the particle velocity in the x and y directions.
Further, there are two equations of motion

o5 10, 0r_ o,

3 6X 6) 6t
Os +1 6J, ot %
53 T Pa

(2.12)

Equations (11} and (12) and the respective requirements on F and A complete the formula-
tion except for initial and boundary conditions.

In the steady-state problem of a half-space subject to a surface pressure p(x, 1), the
latter and all expressions for stresses, velocities, etc., in the solution must be functions of

E=x-Vt. (2.13)

Equations (11), (12) may therefore be reduced to a set of partial differential equations in
the two independent variables £ and y

3

vV 6sx__V(1~—2v) 811+ s _@5
2G & 6(1+wG & T* T &
vV oos, V(1-— 2v) oJ, %

2G 3 614G 0 T 5y

_L 6r+/1 ~__1 60 +6v
26 68 7s
v (6sx as,,) V(I —2v) 8J,
— ,.+__ PSR
2G6le¢ T e 6(1+vG o

’ (2.14)

——+ A5, +s,) =
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8sx+1 6J1+61 _ —pVav"
9308 oy k3
aé 1.«36 ay ) @1
Osy, 100, o . 0n,
atimte- Ve

In plastic regions the additional equation F = 0 applies, so that there are a total of
seven relations for the seven unknown quantities s,, s,, 7, J,, v,, v, and 4 > 0. In non-
dissipative regions equations (14) and (15) apply, but the function A vanishes identically,
A = 0, while F must satisfy either F < 0, or the two conditions F = 0, F < Osimultaneously.
In the nondissipative case there are only six differential equations and six unknown
quantities. The complete solution of the problem is to be obtained from the six differential
equations (14), (15) and the applicable relations on 4 and F, subject to appropriate boundary
or initial conditions at the surface and at the junctions of the as yet unknown regions.

It is demonstrated in [6, Appendix B] that the system of differential equations in plastic
regions is hyperbolic for the case under consideration, V > ¢, there being four character-
istic directions which, due to the nonlinearity, are stress dependent. The problem in non-
dissipative regions [1] is also hyperbolic, but without the stress dependency. Without the
subdivision of the domain into regions of unknown extent, e.g. in the purely elastic super-
seismic problem [1], uniqueness could be established by available theorems on the initial
and boundary conditions required. In the present case of mixed regions of unknown
extent no such general theorem is available, and the question of uniqueness of transient
as well as steady-state solutions can not be answered in general. For the solution obtained
here uniqueness will be demonstrated by detailed examination of all possibilities for
solutions which satisfy the various conditions listed below.

1. On the surface, y = 0, a step pressure p = poH(Vt—x) normal to the surface is
applied, so that, with reference to equation (13)

. = {—po for (<0 2.16)
i’ 0 for £E>0 '

while

T

[

0. 217

2. It is known from a general study of elastic—plastic wave propagation 7] that the
largest characteristic velocity possible is ¢p, the velocity of elastic P-waves. All stresses
and velocities must therefore vanish outside the wedge formed by the negative &-axis and
the P-front which is inclined at the angle

i1 1 2G(1—v)
#r = mosin {V\/ L(l—zv)}} 219
with the é-axis, Fig. 5.

3. While the character of the solution of the transient elastic—plastic problem near
£ = y = 0 is not known, in the corresponding elastic problem no singularity occurs in
the region of nonvanishing solutions for stresses and velocities. Subject to later confirma-
tion that the steady-state problem permits solutions without singularities such solutions
are prescribed. It is subsequently seen that they exist, and are unique.
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/—p=p°H(Vt—x) '
PP e
()
y
Fic. 5
To apply dimensional considerations new variables
R = J(E+y) (2.19)
¢ = cot"‘(é’} {2.20)

are introduced. The differential equations and the various additional conditions which
determine the solution contain only the dimensional quantities: p, V, G, k, p, and the co-
ordinate R. However, three of these six quantities can be expressed by three others and by
three nondimensional parameters. A suitable independent set of dimensional quantities,
Po. V and R, is used, while the remaining quantities enter the problem only in the non-
dimensional combinations pV?2/G. G/k and p/k. The stresses, velocities and the quantity
A in terms of functions of nondimensional variables become

- pv: G @) 2
5.7.J4 ——pgf(cb.v, C ik 2.21)
Po
v; = Vf(qs,‘,—g) (222)
Vol Po
l——RpOf(qS,....k) (2.23)

The first two relations satisfy requirement 3 that stresses and velocities are not singular
at R = 0. The quantity 4 has a singularity for R = 0, but this is not objectionable because
only its sign, not its value is of physical significance.*

Using the new variables R, ¢, and noting that the expressions (21), {22} are not functions
of R, one finds for the derivatives in equations (14} and (15)

0 _sind)i

%~ TR dg (2.24)
54 _cosq&i

&%~ R i (2.25)

* In addition, as A does not occur in the elastic case used as guide one can conjecture that it may show the
same behavior in a transient problem.
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In this fashion the partial differential equations (14), (15) in £ and y become ordinary ones
in the variable ¢. Because of the manner of solution to be employed the unknowns s,, s,
and 1 are replaced by three new dependent variables s, , s, and 6,

s, = §; cos20+s, sin®0 (2.26)
s, = 5, cos?0+s, sin’0 (2.27)
T =(s;—s$,)sinfcos O (2.28)

s, and s, are the two principal stress deviators while 6 is the angle between the direction
of s; and the horizontal, Fig. 4. Introducing further the angle y between the direction of s,
and the position vector, Fig. 4,

v=¢—0

and eliminating the velocities v,, v, the six differential equations (14) and (15) lead to
the first four of the five differential equations*

(2.29)

r N r n
1—-2v ,
1 1 —( l—{—v) 0 (S‘+Sl) Sy
) 2 1-2v ; '
sin“y cos“y 1-3X|——| —sin2y 0 55
L+v
1sin2y  lsin2y sin 2y 2X -1 0 L =0
siny—X X —cos?y —cos 2y 0 —X(s;=s2) | |(s,—s5,)0
25, +5, sy +2s, 0 0 0 1L L ] (230
Primes indicate differentiation with respect to ¢, and L is related to 4,
- 2R (2.31)
T Vsing' '

The function L is subject to the same conditions as 4, i.e., L > 0 in plastic regions, L = 0
elsewhere.

Equation (6), valid in plastic regions may be differentiated with respect to time, F = 0.
Introducing equations (24)-(28) into this relation leads to the fifth equation (2.30).

The system of equations for elastic regions consists of the first four equations (30) without
the terms containing L, i.e.,

* Details of manipulations are given in [6).

_ 1—2 _
—1 -1 d o | s ]
1+v
1-2y
sin? cos? 1-3X —sin 2y '
7 4 T+ ’ %2 =0 (23
sin 2y sin 2y 2 sin 2y ~2(1-2X) 74
Lsin’y—X X —cos?y —Cos 2y 0 J L(s1 —s5,)0']
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3. SOLUTIONS FOR INDIVIDUAL REGIONS

As a first step towards the construction of overall solutions, expressions for individual
regions must be derived. The latter will be combined in Section 4 to find the solution for
the entire domain.

(@) Nondissipative regions

Equations (2.32) are linear and homogenecous so that the derivatives of the stresses
s1. 85, J7 and the value (s, —s,)8" vanish, unless the coeflicient matrix in equations (2.32)
is singular, requiring

Xa-2x{1+1-2x0-2v] =0 3.h
Equation (1) has two significant roots,
1—v
Xp Y (3.2)
and
Xs=13 (3.3)

and a spurious one, X = 0. Substitution of the two roots X, and X into (2.39) furnishes the
two locations

o ain—16P
¢p = m—sin % (3.4)
b = n~sm"‘%? (3.5)

where ¢, and cg are the velocities of P- and S-waves, respectively. In all locations ¢ # ¢p
or ¢ the values s}, s5. J}, (s, —$,)8" vanish, so that in nondissipative regions the stresses
must remain constant except at the locations ¢, and ¢5. The latter being the potential
locations of elastic P- and S-shock fronts, respectively, it is known that discontinuities
in stresses and velocities may occur at these locations and may, therefore, be part of the
complete solutions to be constructed. The following pertinent details will be required
subsequently.

(1) The P-front. Designating the discontinuous changes in the various quantities at the
front by the symbol A, the discontinuities in the stresses oy, o = o, {(normal and tangential
to the front, respectively) and in the component vy of the velocity {(normal to the front) are
proportional to Aoy

v Aoy

AO’T == ‘I"::*;AO'N, AL’N = _:52; (36)

No other discontinuities can occur in this location.
The changes Aoy and Aoy are of course limited by the yield condition F < 0 which
must be satisfied on either side of the front.
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In the actual solution a P-front will be encountered only for the special case where the
region ahead of the front is stressless and at rest. The normal to the front is then a principal
direction for the stresses behind the front, so that y = 0 or n/2. Selecting o, = oy, corres-
ponds to

=—. 37
v=3 (3.7)
The value of the other quantities of interest behind the shock front are
2(1 —2v)o, (1-2v)a, (1+v)o,
= - —, = ———7T, = - .8
F=3 si=7345, 52 TP S B g 38)
subject to the limitation _
3=k
vor 2 39
lo,) < Y 39)

imposed by the yield condition.
(2) The S-front. At an S-front discontinuities occur only in the shear stress 1y = 1 =71
and in the tangential velocity vy. The change in velocity is proportional to Ar.

Avp = = (3.10)

In addition, the yield condition F < 0 must again be satisfied ahead of and behind the front.

The relations between the state of stress on either side of an S-front in terms of Az
and of the variables s,, s,, § and y can be obtained in such routine manner that only one
result actually used in Section 4 is presented here.

It is possible for an S-front to occur between two neutral regions, i.e. regions of constant
stress for both of which the yield condition, F = 0, is satisfied. In this special case the
quantities f, J,, s, and s, have no discontinuity at the front, only the direction of the
principal stress changes. The values of the angles %, 7 ahead of and behind the front, re-
spectively, are complementary
=n—7 (3.11)

~2u

as shown in Fig. 6.
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{b) Plastic regions
In such regions equations {2.30) apply. They are linear and homogeneous in the values
5%. 85, etc., and may be satisfied by
si=8y =J] =(5;—=5, 0 =L =0. (3.12)

However, L = 0 implies 4 = 0 which violates equation (2.9). It follows that in plastic
regions the determinant of equations (2.30) must vanish, giving the “determinantal equa-
tion”

{(b3+b,by) =0 . (3.13)

where
by =2[1+(1-2(1-2X)] (3.14)
b, = fcos2y+{1-2X){1—-2v) (3.15)
by = (1+v)(1-2X)—p*X (3.16)

and
;=S

B= 5:582; (3.17)

Due to the vanishing of the determinant only four of the five equations (2.30) are
independent. By definition L must not vanish, so that s}, 53, J{ and § can always be
expressed in terms of L,

C (B3—B)byls; +s,)L

. 3b, (3.18)
3+ BYbyls; +s,)L
, = BHPbls +3) (3.19)
_ tsin2ybyL 520
T p=2X)b,
3A+v), g s+l
1= BEs 3.21
Jl (1 — 2V){b2 jﬁb‘;} b2 { )
Velocities and accelerations may be obtained from the relations
—Vsin ¢ (s, +5,)L . )
* — . _ ‘2
Px 2G(1—2X)b, [b,B sin{2y — ¢} — 2by sin ¢] (3.22)
—Vsing (s, +s,)L
= 2y~ ¢)+2 323
U= G, 2P oSy = @)+ 2bscos 4] (3.23)
1.’x = %Sin (}‘) U; (324)
vV
by = gsingv (3.25)

¥ R
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where
by = (1+v)cos2y+X(1—2v). (3.26)

Since equation (13) must remain valid throughout a plastic region, it may be differen-
tiated with the respect to ¢. This leads to an expression which contains the first derivatives
of the stresses linearly, so that substitution of equations (18)—(20) furnishes a linear equation
for L. Its solution gives L as a function of §, y and of the position angle ¢,

3b,(1—2X) (X sin 2 [4(1 —20)(b; + b3)+ by (B2 +2+2v)] + 4b,f sin 2y sin2¢} 5.27)
4sin¢ (34 f2)(1 = 2X)ba(b, cos 2y — b, BX) + 3b,b, sin2y ‘

The values of the derivatives s} , 55, J; and 6’ can be obtained by substitution of equation
(27) into equations (18)-(21).

In principle equations (18)27) permit the numerical determination of the values of
stresses and velocities in the interior of a plastic region by quadratures if the values on
one boundary of this region are known. The starting values must inherently satisfy the
yield condition, F = 0, and the determinantal equation (13). Further, the condition L > 0
must be satisfied, to assure that the result applies.

Statements on the roots of the determinantal equation (13) can be made wi ich are
vital in the complete solution of the problem in Section 4. It is shown in [6, Appendix B]
that, for any state of stress equation (13) has four roots ¢, j = 1,2,3. 4, in the range
0 < ¢ < 7. Additionalroots, ¢ = ¢+ nrn, where n is an integer, exist but are of no interest.
The roots ¢, which depend on the state of stress, are subject to the following inequalities :

0< ¢V <n—dg (3.28a)
T—¢s < ¢P < n—p (3.28b)
¢p < ¢ < o5 (3.28c)

s < ¢ < 7. (3.28d)

Due to the fact that the solution to be obtained in Section 4 vanishes for all values ¢ < ¢p,
only equations (3.28c¢, d) will be of consequence. *

(c) Discontinuities (shock fronts)

It is known that in transient probiems one, but just one type of plastic shock front can
propagate in the elastic—plastic material considered here [7]. However, such a front can
exist only in locations where the normal to the front lies in the direction of one of the
principal stresses, while the other two are equal, and where the yield condition is satisfied.
The velocity of propagation of the front is

_ \/K '
¢=_[— (3.29)
P

* As a matter of general interest it is also shown in [6, Appendix B] that equation (13) is the equation for the
characteristics for this problem, so that the four roots ¢4 define the four characteristic directions. One double
root may occur, either ¢!’ = ¢2 = 7 — g or ¢ = ¢* = ;.
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where K = [2(1 +v)/3(1 —2v)]G is the bulk modulus. The discontinuity is restricted to the
particle velocity vy normal to the front and to the first invariant J | . The change AJ, must
have the same sign as J,
AJ,
The other conditions stated define the values of y and g
n
y ==, =3. 31
V=3 p=3 (3.31)

A discontinuity traveling in real space with velocity ¢, equation (29), can occur in the
steady state problem only in the location

$=n—mf%%) (3.32)
The corresponding value of X is
- I+v
X = .
3(1-2v) (3.33)

The denominator in equation (27) vanishes, as expected, for these values of v, f and X.

The possibility of the occurrence of this discontinuity (shock) must be considered when
constructing the complete solutions in Section 4. It was actually found that no such shocks
occur, except in the limit, V — co. However, for large values of the parameter p,/k defining
the surface load, the solutions come extremely close to the singular values representing a
shock, so that computing difficulties occur.

(d) Asymptotic solutions near singularities

As stated in the previous paragraph, numerical difficulties in the vicinity of ¢ = @
will make the procedure for integration of equations (2.30) outlined in subsection (b)
unsuitable and inapplicable if the values of § and y are sufficiently close to those for a plastic
front, f = 3, y = n/2. To establish the behavior of the solution of equations (2.45) in such
cases, let

_7'C
B=3+A (3.34)
¢ =¢+e¢

where 7, A and ¢ are small quantities. Introducing these expressions into the determinantal
equation and into the differential equation (20) for ¢, retaining only the leading terms in
each of the new variables, one obtains for v # 3

AN —an? = —a,e (3.35)

d
3 = 1+al. (3.36)
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Combination of equations (17), (18) and (19) permits the formulation of a relation for
dA/de = 8,
dA

§; = @n’ =ML (3:37)

These three equations govern the solution in terms of the three unknowns #, A and L.

The derivative of J, becomes

dJ, 6(1 + kL
de (1-20J[3+3G+A)7]

(3.38)

while s, and s, can be found from the yield condition and from equation (34) once A is
known. A solution of the above equations is valid only if the inequality (28), L > 0, is
satisfied.

The coefficients q; are

_288(1+v)
UE Ty

_ 48+ [B-wv?
2=, (1 +v)c3

(3.39)
ge = 6(5—4v)
T 18y

21 +)

=T %y

The terms (1 —8v) in the denominator of several coefficients necessitate exclusion of the
case v = L.

The three asymptotic equations (35)}-(37) are nonlinear and do not have closed solu-
tions.* Numerical integration near ¢ = A = 1 = 0 would again encounter difficulties
because of the presence of the same type of singularity which occurs in the original differ-
ential equations. However, Appendix A shows that simple expressions exist which describe
the asymptotic behavior of the solution of equations (35}-(37) near ¢ = A = n = 0. These
equations being asymptotic approximations for the original differential equations, the
behavior of the solutions of the latter is also described by the results obtained in Appendix
A. It is shown that equations (35)~(37) for v # § have limiting solutions consisting of
separate branches. Because the signs of several of the coefficients a; differ for v 2 §, the
two cases have different character.

* By elimination of L and A one can find, as alternative to equations (35){37), a first order differential equation

cyn—e
W= (3.40)
cone—¢

where

=% (3.41)

a _ay(l+ay)
2’ a,

valid provided a, # — 1 {ie. v # }).
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4> v > 4. In this case solutions exist only for & < 0, which is due to the character of
equation (35). Noting a; < 0, a, > 0, the left-hand side of the latter is a sum of squares
and therefore positive and no real solutions A, 5 can exist for ¢ > 0.

Two types of limiting solutions exist, given by equations (A.3,4,7) and equations
(A.8,9, 14). respectively.

In solutions of Type 1, # is proportional to /(—¢), while A, which is proportional to ¢,
is much smaller than 7. so that approximately A ~ 0. The reverse applies for solutions of
Type 2, where A is proportional to \/(—¢)and  ~ 0. The sign of the square rootsisarbitrary,
so that in each case the solution for the respective quantity has two branches.

Whenever the numerical integration of the original differential equations. (2.30),
approaches ¢ = ¢, the values  and A must approach one of the asymptotic solutions. In
Section 5a, where numerical cases are discussed, the actual and the asymptotic solutions
for A are shown in Fig. 15 for a typical case where v > §. The values of the stress deviators
s; being defined by f§ = 3+ A, and A being a small quantity, s, and s, at the terminal point
of the integration (i.c. at the end of the plastic region) must have a value close to that for
p =3, viz.

23k '3k
\/ S2W+\/ -

3 5 {3.42)

Sl~$

The signs in these expressions depend on the branch used in approaching ¢ — ¢. The
value of J, is to be determined from equation (38). Regardless of the type of solution,
equations (A.4) and (A.9) indicate that L, and therefore J, are proportional to 1/¢. As the
terminal point of the integration moves closer to ¢ = 0, the integral of J, i.e. the value of
J i, increases without upper bound. While s;, # and y are practically constant near the
singularity, a very large change in J, occurs in a very small angular region. The magnitude
of this change depends on the stopping point, i.c. on the end of the plastic region. In a
plastic shock J, is discontinuous, while s;, # and y remain constant and the solution
described above is quite similar to such a shock, except that the change in J, occurs in a
small, but finite region of ¢. The solution describes, therefore, a “‘plastic shock™ of finite
thickness.

0 < v < . In this case a, > 0, so that equation (35) permits solutions without restriction
on ¢. A plastic region may therefore contain the point ¢ = . It is shown in Appendix A
that for ¢ > 0 solutions of Type | apply, equations {A.3, 4, 7). where 5 is proportional to
& while A < 7 is linear in & For ¢ < 0 the solution is of Type 2, A being proportional to
\/ {—¢), while # < A is linear in &. A solution which extends continuously to both sides of
¢ = ¢ must therefore follow first the one, then the other type of limiting solution. However,
the two are not continuous in the derivatives, so that an actual solution cannot follow
cither one asymptotically to the origin ¢ = 0 as was the case for v > $. An actual solution
must have a smooth transition, contained in equations (35)-(37), but lost in Appendix A
due to the approximations required. Figure 17 and 18, presented in Section 5a in connection
with typical numerical results, show the actual and the asymptotic solutions. The details
of the transition could be obtained by numerical integration of equations (35(37). Even
without such integration, one can already state qualitatively that, just as for v > §, the
quantities s;, #, y will undergo only minor changes near ¢ = ¢. The value J,, however,
will change radically, it becomes larger without bound. when the solution passes closer
to the point 1 = A = ¢ = 0. Again, the actual solution in the vicinity of the singularity
may be said to be a plastic shock of finite thickness.
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The numerical solution for the special case v = §, and its asymptotic solution have been
considered in [8, Appendix B].

When the asymptotic solutions were obtained it was expected that the numerical
integration of the original differential equations could be carried sufficiently close to the
singularity, so that the range of validity of the two solutions overlaps. Due to the very severe
singularity this expectation was not borne out by the facts. To obtain a satisfactory overlap
of solutions, approximate equations, similar to equations (35)-(37), but retaining higher
order terms, were formed, and integrated numerically. The details are given in [8]. While
the solutions in closed form obtained in Appendix A give a good qualitative understanding
of the shock front of finite thickness described above, they are not sufficient to find quantita-
tive results, which can be obtained from the analysis in [8]. For this reason, combined
with the complexity of the refined equations required for the special case v = §, no attempt
was made to find an asymptotic solution for this case in closed form.

An important conclusion which may be drawn from the character of the asymptotic
solutions concerns the question whether a plastic shock may occur in the interior, or at the
boundary of a plastic region. If this would occur the change in value of J; in an interval
including the shock location ¢ would be infinite, because the integral of dJ,/d¢ is divergent
at the point A = = ¢ = 0. This of course cannot occur in an actual case where the surface
load pg/k is finite, so that only the possibility of a shock front between nondissipative
regions is to be considered in the construction of solutions.

4, CONSTRUCTION OF SOLUTIONS

In Section 3 a number of partial solutions were obtained from which the solution of the
complete boundary value problem is now to be constructed. Section 3b gives the differential
equations for the determination of the stresses and velocities in plastic regions: Section 3a
indicates that all unknowns in nondissipative regions are constants, except for dis-
continuities of a prescribed nature at the locations ¢g and ¢p. In addition, as discussed
in Section 3c, a shock front with plastic deformation may occur at the location ¢.

In Section 2 boundary conditions, and additional requirements, which the solution
must satisfy, were formulated and discussed. Equations (2.16 and 17) for the prescribed
surface load in terms of the variables s;, J,, y and ¢ require either

5, (1) + J‘B(”) = —po.  O(m :25 (4.12)
or
s,(m) + J‘én) = —po. B(m)=0 (4.1b)

A further boundary condition requires that all quantities must vanish for ¢ < ¢p,
equation (2.18). This condition, in conjunction with the fact that a plastic region or a plastic
shock can exist only in locations where the yield condition is satisfied, permits the con-
clusion that the change in stress from vanishing values for ¢ < ¢, to nonvanishing values
must be nondissipative. However, in nondissipative regions the stresses are constant,
except for discontinuities at ¢ = ¢ or ¢ = ¢5. A solution in which plastic deformations
occur at all can therefore start only in one of the two ways described below.
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Case 1
Discontinuities occur at the P- and S-fronts, where the discontinuity at ¢, satisfies the
inequality

i3(1-v)k

1-2v (4.2)

o fep"] <

while the discontinuity At at ¢ is of such magnitude that the yield condition
Fl¢§7]1=0 (4.3)

is satisfied. The symbols (*) or ("7 indicate approach from above or below, respectively.

Case 2

A discontinuity occurs at the P-front, described by equations (3.7, 8), so that the yield
condition is satisfied for ¢ = @4, ie.

o N 3L=k
o8] = Y 44

In Case 1, plasticity may occur only in locations ¢ > ¢, while, in Case 2 it may occur
already for ¢p < ¢ < ¢5.

As a next step in the search for solutions it is helpful to consider the latter as a function
of the nondimensional surface pressure po/k, while Poisson’s ratio v and the velocity V
are considered constant. For sufficiently small values of py/k the solution must be entirely
elastic, but as py/k increases plastic regions must occur and should form a gradually
changing pattern. Based on [1] one can find the limiting value py/k, above which entirely
elastic solutions are no longer possible.

S-FRONT

P-FRONT

F1G. 7. Configuration of elastic solutions.

The elastic solution, shown in Fig. 7, has two discontinuities at ¢, and ¢ with regions
of constant stress between ¢ and ¢ and between ¢gand the loaded surface ¢ = n. Depend-
ing on the values of the parameters v and V/c, the yield condition may be reached in either
of the two regions resulting in different expressions for pg/k. If the region ¢ > ¢4 controls,

Pz 3N ' (4.52)
k 3N?—3N cos 2¢5+(1 —v+v?) cos?2¢g '
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where
N = %[cos 2¢s+ (1 —2v) cos 25— ¢Pp)] (4.5b)
while
Pe 3N? +
k [( 1—2v)? cosz2¢>s] (4.6)

iftheregion ¢ < ¢gcontrols. The decision which region controls can be made by comparing
the values given by equations (5) and (6), the smaller one controlling. Designating as
Range I the combination of values v and V/cp where equation (5a) controls, one finds that
in this range

(V)2 (1—2v)? @7

ol T A=W-3v)

The remainder of the range will be designated as Range II. Both ranges are shown in
Fig. 8. The limiting values pg/k are shown in Fig. 9 for several values of v as function of
Viep.

If the surface load exceeds the value pg/k by a sufficiently small amount the elastic—
plastic solution should differ only slightly from the elastic one, which can be used to predict
the character of the solution. Because the situations differ, the Ranges I and IT must be
discussed separately.

A
¢p .
3.0
RANGE I K
2.04 RANGE IL
_\£_= i~2y
Cp  i-vXi-337
L0 ’
vedo l
T
0 i 2 3 4 5 v
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Pesx
4.01
EQ.{4-6) RANGE I
v=.35
BOUNDARY BETWEEN
3.0 RANGES I BI///-‘”""
P
-
vz i/4
2.04
v:I/8
L7EXY]
EQ.(4-5) RANGE I
1O
o J—\f\ T T v . . -
[¢] [ Xo] L) 1.2 1.3 1.4 1.5 V/cp

F1G. 9. Upper bound p./k to elastic solutions.

(a) Solutions inrange 1

In this case pg/k is given by equation (5a) and the yield stress in the elastic solution is
reached only in the region ¢ > ¢. The discontinuity o satisfies then the inequality (2) and
continuity requires that this inequality will still apply for a range of values
pr/k > pofk > pg/k, where p; is a limiting value, not yet known. In this range the start of
the solutions will be according to Case | and plasticity can therefore occur only in the
region ¢ > ¢g.

Using an indirect approach, the determination of plastic solutions for values p,/k < p,/k
begins with the selection of a pair of starting values ¢, and At near those for the limiting
elastic case. Experience and continuity considerations indicate that the value lo,| should
be larger than |o,] corresponding to py given by equation (5a). A plastic region can start
only at a point ¢, which is a root of equation (3.13). The inequality (3.28d) indicates that
this equation has one, but only one root ¢, > ¢5. Starting integration at ¢ = ¢, the
solution in the interior of the plastic region is determined from equations (3.18-27). The
plastic region can be extended as long as equation (3.27) gives values L > 0, but the plastic
region may be terminated at will at any earlier location ¢,. The solution for ¢ > ¢, is
then nondissipative, i.e. all quantities are constant. If, therefore, in the process of forward
integration a value 6 is encountered which satisfies equation (1), the plastic region is
terminated and a solution for one value of the surface pressure p,/k has been obtained.
Repeating this process with gradually increasing starting values |o | the whole spectrum
of values satisfying the inequality (2) can be explored. Solutious, if any, obtained in this
manner will have the configuration shown in Fig. 10, i.e. discontinuities at ¢, and ¢ and
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a plastic region n > ¢, > ¢, > ¢s. There will be an elastic region of constant stress
from ¢, to ¢ and two neutral regions to either side of the plastic one.

I D U A I

P-FRONT

FiG. 10

Postponing the discussion of uniqueness and of alternative configurations, one can
proceed in a similar manner when the solution begins at ¢ = ¢, as indicated in Case 2.
Starting with a value ¢, according to equation (3), the yield condition is satisfied for any
value ¢ > ¢p. so that the determinantal equation (3.13) according to equation (3.28c, d)
now hastworoots, ¢, 2 ¢g.atwhichplastic regions may start, Both roots must be explored.
If the larger one, ¢, > ¢, leads to a solution, it has a configuration as shown in Fig. 11a.

[ [ [ [ ]

P«FRONT

Fig. 11a

Starting, alternatively, with the smaller root, ¢, < ¢, < @5, several possibilities are to
be investigated. The integration may be continued aslongas L. > Qtoseeifavalue8 = Qor
7/2 can be reached. The configuration of such a solution, if any, is shown in Fig. 11b.
Alternatively, the plastic region can be terminated at will at a point ¢, < ¢¢ where
8 # 0, n/2. The plastic region will then be followed by a neutral one for values ¢ > ¢,. The
inequalities on the roots of equation (3.13) indicate that there is just one more root ¢ > ¢,
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P-FRONT

FiG. 11b

when a second plastic region can begin. Starting integration at this point may lead to a
terminal location ¢,, where 8 = 0 or n/2. The configuration of such a solution, if any,
Fig. 11c, contains a P-front and two plastic regions, separated by three neutral regions.

P-FRONT

FiG. 1lc

There are, however, further possibilities. The neutral region ¢ > ¢, which follows the
first plastic one may be terminated at ¢s by an elastic change in shear, At, which is restricted
in sign and intensity by the yield condition. If At is such that F[¢§"] < 0, the region
¢ > ¢sbecomes elastic. This might permit values 8 = 0, n/2 at the surface, the correspond-
ing solution having the configuration of Fig. 12. Finally, the important case must be
considered where the value of At is such that F[¢§"'] vanishes again, a situation discussed
in Section 3.a.2. In the latter case there is again a neutral region for ¢ > ¢g. which can
be followed by a plastic region because equation (3.13) has aroot ¢ 3 > ¢ giving a starting
location. The configuration of a solution obtained in this manner is shown in Fig. 13.

(b) Solutions in range 11
In this range pg/k is given by equation (6) so that in the limiting case py/k = pg/k yield
isjust reached in the region ¢, < ¢ < ¢5. The discontinuity o, at the P-front must therefore
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Py —V

satisfy equation (4), which will also hold for neighboring elastic—plastic solutions where
po/k exceeds pg/k slightly. These solutions will therefore start at ¢ = ¢p according to
Case 2. In the limiting solution for po/k = pg/k the region ¢ > ¢ is below yield and
continuity requires this to hold in neighboring elastic—plastic solutions, so that the plastic
region must lie in the range ¢p < ¢, < ¢, < ¢s. The construction of solutions, Fig. 12,
begins exactly as for po/k > p,/k. For each terminal point ¢, the strength of the dis-
continuity At at the shear front is determined by the requirement that 6 = 0 or n/2 subject
to the limitation F[¢{"'] < 0. When the required value At violates this condition a second
plastic region for ¢ > ¢ is needed, ie. the configuration shown in Figs. 11c and 13 are to
be investigated.

(c) Alternative solutions, and considerations of uniqueness and existence

In the absence of a uniqueness theorem it is vital to demonstrate that configurations
other than those shown in Figs. 10~13 can not lead to solutions. According to equation
(3.28) the determinantal equation (3.13) has for a given state of stress one root ¢, no more
no less. in each of the intervals ¢, < ¢ < ¢p5and ¢5 < ¢ < n. If a plastic region ends at a
location ¢; in one of these intervals, the state of stress in the remainder of the interval
¢ > ¢, is necessarily neutral and uniform, and equal to the one at the terminal point ¢; of
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the plastic region. ¢, is therefore the only solution of equation (3.13) for this state of stress
in the particular interval and no more than one plastic zone can therefore occur in any
interval.

In Section 3c the possibility of discontinuous plastic shock fronts has been indicated
and their occurrence must be considered. First, it has been concluded at the end of Section
3d that a plastic shock cannot occur in the iaterior of a plastic region nor at its end, so
that a plastic shock, if it occurs, must lie between nondissipative regions and be quite
separate from a continuous plastic region. Further, such fronts can not occur in an interval
¢p < ¢ < Ppsor g < ¢ < mwhere a plastic zone occurs, because equation (3.13) which is
satisfied in the location of a plastic shock would then have two roots in the same interval.
This reasoning leaves only the possibility of configurations similar to Figs. 10-13, where one
of the plastic zones is replaced by a plastic shock. For v > 1, where ¢ < ¢4, this can not
occur (except in the limit ¥V — o0)* because equation (3.31) requires that the principal
stress be normal to the shock front ¢, while the actual principal stress in the neutral region
behind the P-front is normal to the latter. For v < §, ¢ > ¢y, so that configurations similar
to Figs. 10-13 might occur where the plastic region degenerates into a shock at ¢ > ¢s.
This can not happen, however, because the direction of the principal stress behind the
shock front at ¢ = ¢'*’, would have to be normal to this front, which contradicts the
requirement 6 = 0 or n/2, on the surface, except in the limiting case V = oo. Discontinuous
shock fronts can therefore not occur at all for finite values of the velocity V, but values of
y and § where the conditions (3.31) are nearly satisfied are encountered. The asymptotic
behavior of the solution near ¢ = ¢ in such cases was studied in Section 3d, and examples
are given in Section 5.

The preceding discussion shows that for finite values of V no plastic shock front can
occur and that there can be no more than one plastic region in each of the intervals
¢p < ¢ < g, ¢g < ¢ < 7. Combined with elastic discontinuities at the P- and S-fronts,
only the limited number of configurations shown in Figs. 10-13 are possible.

The numerical analysis by digital computer was set up to investigate all possible
alternatives, ie. the configuration according to Fig. 10 if the starting value ¢, satisfies
equation (2) and any of the alternatives shown in Figs. 11-13 if ¢, satisfies equation (3).
While none of the configurations shown in Figs. 1 1a~c ever furnished a solution, no general
proof permitting elimination of these cases is available.

In Range I solutions which start according to Case 1, have the configuration of Fig. 10.
For fixed values of v and V, these solutions form a family which depends on one parameter,
the selected starting value |o,] > |og. It was found that the surface load py/k increases
monotonically with || until the limit, equation (4) for ¢, is reached, which leads to a
limiting value of the surface load p;/k. However, no analytical proof of the monotonic
increase of py/k is available.

The solutions found for Range I, which start according to Case 2, had always the
configuration shown in Fig. 13. These solutions also depend on one parameter, viz. the
stopping point ¢, of the plastic region between ¢, and ¢s. If ¢, is selected only slightly
larger than ¢, the solution must obviously be very close to the limiting one for Case 1, so
that in such a case py/k S p./k and there is a smooth transition from the configuration
according to Fig. 10 to that of Fig. 13. The numerical analysis indicated that the surface

* In this case the surface pressure is applied simultaneously everywhere on the surface, producing the trivial
result of a P-wave followed by a plastic shock, both having horizontal plane fronts.
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load py/k increases monotonically with ¢,. As ¢, approaches a limiting value the surface
load goes to the limit p,/k — oc, for reasons explained in Section 3d.

In Range II, only solutions which start according to Case 2 were found, their configura-
tions being as shown in Figs. 12 and 13. Figure 12 applied for values pg/k < po/k < pi/k
where p;/k is a bound. The corresponding family of solutions depends on the stopping
point ¢, of the plastic region. The bound p, /k is reached when the elastic region for ¢ > ¢
becomes neutral. For larger values of py/k Fig. 13 applies and all statements made in Range |
for this case apply.

In Range 1 as well as in Range II, combination of all solutions obtained numerically
furnished one, and only one solution for each value of py/k > pg/k. However, no general
proof is available that this must be so. Existence and uniqueness of the solutions obtained
must therefore be demonstrated for each combination of values v and V/cp by actual
computation of the families of solution according to the configurations shown in Figs.
10-13.

5. RESULTS AND CONCLUSIONS

(a) Discussion of typicul numerical results

The numerical integration of the simultaneous differential equations (3.18-21) in
plastic regions was accomplished by a Runge—Kutta forward integration scheme of fourth
order [9]. Computations were programmed in Fortan 11 for an IBM 7090 digital computer.
Only typical results representing the various configurations will be given here for the case
of the velocity V = 1-25¢, for several values of p,/k and v. An extensive tabulation of
additional results is given elsewhere, [8]. Significant differences in the solution for large
values po/k occur, depending on whether v 2 §, so that examples for both situations are
presented.

For v = 4,V = 1-25¢p the limiting value py/k up to which the solution is entirely elastic
is pg/k = 2:50. Figure 14a shows the detail of a solution for a slightly higher value of the
pressure, po/k = 2:61 > pg/k. The configuration has one plastic region in agreement with

l l 1 1 { l J"o=21.e.|k1 L_.V
J‘ﬁt'-"..'t’-\ dz=-0.85\k

$, » 152.49°
ANGLES ¢ NOT TO SCALE
#, = 126.87°

FiG. 14a. Result for v = 0-25, V = 1-25¢;, p, = 2:61k.
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Fig. 10. The limiting value for this cotifiguration is p; /k = 2:65. When the surface pressure
exceeds this value, the configuration contains two plastic zones and is of the type shown
in Fig. 13. The details for the value p,/k = 3-58 are shown in Fig. 14b. Further solutions for

Po= 3.58k ———=V

T 1 1 T 1

J, =-7.29k o; =-3.58k
-1 78k

o2

¢ = 15249°
At = -0.954k LN

%, =139.39°
$=143,396° .l o
/ ¢, *126.87 ANGLES ¢ NOT TO SCALE

F1G. 14b. Result for v = 0-25, V = 1-25¢;p, p, = 3-58k.

I O O O

3, =-28.1k  oy=~10.5k
- -8.69%

/% =139.38°
¢ =143.39572°
7 ¢, =126.87°

/ ANGLES ¢ NOT TO SCALE
F1G. 14c. Result for v = 0-25, V' = 1:25¢p, po = 10-5k.
other values of po/k can be obtained by varying the end point ¢, of the lower plastic region.

However, computational difficulties arise when the end point ¢, approaches the value
¢, which has in the present example the value ¢ = 143-39572°. As explained in Section 3d
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a very rapid change occurs in the quantity J, , nearly a shock front, when ¢, — ¢, with the

result that the corresponding surface pressure will be large. Figure 15 illustrates the result
of the measures taken to obtain numerical results in this range. First the program for the

\TA!IOZ

TYPE 2 —!
EQ.(A-8)
\‘-.5
£TYPE I, EQ(A-T7) £ 5106
-1.0 -5 0
>
—— — — ASYMPTOTIC SOLUTIONS
L -5

INTEGRATION WITH
DOUBLE PRECISION

x x x x FROM APPROXIMATE
DIFFERENTIAL EQUATIONS

[ 110

F-1.5

P TERMINAL POINT
SOLUTION FOR p, =10.5k

F-2.0

L ~2.5

+-3.0

Fi1G. 15. For v = 025, V/cp = 1-25.

numerical integration was revised for double accuracy (16 digits). When it was found that
this was not adequate to continue solutions sufficiently close to ¢ = @ to obtain agreement
with the asymptotic solutions, expansions including higher order terms than used in
Appendix A were made and the resulting approximate* differential equations were
integrated numerically.} This procedure was successful as illustrated by Fig. 15. It was
stated in Section 3d that for v > } there are two types of asymptotic solutions and the
actual solution may approach either one. Figure 15 shows the quantity A = f—3 as
function of ¢ = ¢ —¢. The solution of the approximate differential equations approaches
the negative branch of the asymptotic solution of Type 2 for very small values of ¢. The
curve shown is part of the solution for p,/k = 10-5. The integral of the original differential
equations even with double precision approaches the asymptotic solution not well and is
in this range inaccurate. However, the solution of the original and of the approximate

* The details of these numerical computations are contained in [8].
+ The expansions indicate that near ¢ = ¢ cancellations of leading terms up to high order occur, which
explains the difficulty encountered.
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differential equations agreed very well for ¢ > 5x 1073, which fact could not be shown
in the scale of Fig. 15. The complete results for the case po/k = 10-5 corresponding to
Fig. 15, are shown in Fig. 14c.

Solutions for other values of v and V are essentially similar, except for solutions for
large values of po/k when v < §, because the asymptotic behavior near ¢ = ¢ changes.
To illustrate such a case, Fig. 16 gives the solution for v = 0, V = 1-25¢,. As discussed in

Py = 21Tk —V

I S D D OO O O

3 = -3.08k ¢ z-2.47k

. -0.333k
B: 4.06 Lo o

é =145.55¢
At = -LIlk “

ANGLES ¢ NOT TO SCALE

FiG. 16. Result forv =0, V = 1-25¢,, p, = 2:17k.
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e e e ASYMPTOTIC SOLUTIONS

e |INTEGRATION WITH
DOUBLE PRECISION
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OIFFERENTIAL EQUATIONS
SOLUTION FOR p, = 8.02k

FIG. 17. For v = 0, V = 1-25¢,.
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general in Section 3d, in this case, the singular angle @ is situated in the interior of the upper
plastic region, and the asymptotic expressions for A = §—3. n = y—n/2 as functions of
e = ¢ — ¢ differ for ¢ < 0 and, ¢ > 0, and are discontinuous at ¢ = 0. Figures 17, 18 show

TYPE 2\ $ axio?
€Q.(4-8)\
N\
\ 8.0
\
\\ 40
\fz0
\ TYPE 2
EQ.(A-T)l_
15 10 5 o .5 10 5 Exio*
,’-—zo
/
X
] t-a0
/ o — ASYMTOTIC SOLUTIONS
X
/ _60 * X X x FROM APPROXIMATE
i DIFFERENTIAL EQUATIONS
/ SOLUTION FOR py= 8,02k
X
/ L -8.0
&TYPE 2
/ €Q.(A-8}

Fic. 18. Forv = 0. ¥V = 1-25¢;.

A and # given by the asymptotic expressions and the actual integral obtained. For the
value py/k = 802 considered, the approximate differential equations obtained by expan-
sion of equations (3.35-38), [8]. had to be used. Figure 17 also shows a solution for a lower
value po/k where equations (3.18-21) could still be integrated using double accuracy. As
stated earlier, solutions for various values of the surface pressure py/k are obtained by
changing the end point ¢, of the lower plastic region. In the range under discussion the
computation becomes very sensitive to small changes in ¢,. If an upper bound, which
can only be found numerically, is exceeded the integration no longer leads to a solution
because the value 0 instead of approaching the value § = 90° moves away fromit. Figure 17
shows also one of the integrals which does not lead to a solution.

Solutions in Range I, i.e. for values of v and V/c, located in the cross-hatched area of
Fig. 8, do not differ from those in Range I, except when py/k < p;/k. As illustration Fig. 19
treats the case v = 0-35, V = 1-25¢, for the surface pressure pg/k < po/k = 441 < p,/k =
6-24. In this solution an elastic region occurs for ¢ > ¢s.

(b) Conclusions

The effects of a step pressure p, progressing with constant superseismic velocity
V > cp on the surface of a half-space have been determined for an elastic—plastic medium
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By = 441k EE—

I S D N N U I O

3, - 10.23k o, = -441k

$,:

$,= 126.87°

ANGLES ¢ NOT TO SCALE

F1G. 19. Result for v = 035, V = 1-25¢,. p, = 441k,

obeying the von Mises yield condition. The steady-state solutions obtained satisfy addi-
tional conditions selected to ensure that the solutions are asymptotic ones in the vicinity
of the front of the surface load for transient problems of the type shown in Fig. 2.

In spite of the lack of a general uniqueness and existence theorem, a unique solution
was obtained for each combination of the significant nondimensional parameters V/cp. v
and po/k for which numerical computations were actually made. Extensive numerical
results, in addition to the typical ones discussed above can be found in [8].

The elastic—plastic configuration of the solution differs, there being three cases, Figs. 10,
12, 13, depending on the value of the nondimensional parameters. For pressures py/k
below a value pg/k, which is a function of v and V/cp, the solutions are entirely elastic. For
larger values of the pressure, in a range pg/k < po/k < p./k, the solutions contain one
plastic region, the configurations being shown in Figs. 10 and 12. The former, or the
latter applies when the parameters v and V/c, are in Range 1 or Range II, respectively,
see Fig. 8. For values of the nondimensional pressure py/k above a limiting value p,/k,
which is of course a function of v and V/cp, two plastic regions occur as shown in the
typical configuration Fig. 13. ‘

Two significant features common to all elastic-plastic solutions found should be
noted.

I. While in one-dimensional plane or spherical problems, discontinuous plastic fronts
occur {5,107, they do not exist in the solutions of the two dimensional problem solved.

2. All solutions obtained contain an elastic discontinuity at the S-front, in addition to
the one at the P-front. The latter occurs also in one-dimensional problems and is to be
expected from general considerations of wave propagation. Such considerations also
permit prediction of the possibility of a discontinuity in shear similar to the one in the
elastic solution. The solutions found show that this discontinuity occurs in all cases, a
fact which can not be established by purely qualitative considerations.

In view of the asymptotic character of the solutions obtained, it must be expected that
these two features will be found also in steady-state solutions for non-step loads, Fig. 1,
and in transient cases, Fig. 2.
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The present paper is the first one to give results for multidimensional wave propagation
in elastic-plastic media, except for purely numerical, finite difference schemes* in which
discontinuities can not appear. The solutions found in the present paper permit checks
on the effectiveness of these numerical schemes, particularly in the vicinity of discontin-
uities in the actual solution.

As a by-product of the steady-state solution for the step load, the character of the
partial differential equations for the general case was examined in [6]. For superseismic
velocities V > ¢, the equations were found to be hyperbolic.

The method used in this paper is also applicable to cases with other yield conditions.
The equivalent problem for a yield condition

Jy—02J2 =0 (5.1)

has been treated concurrently with the present problem [12].
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APPENDIX A
Asymptotic solution of equations (3.35, 36, 37)

The asymptotic equations (3.35, 36, 37) have been derived without assumption on the
relative magnitude of the quantities 7, A and ¢, the leading terms in each quantity were

* Computer programs, have been developed for various purposes. an example being [11].
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retained in each equation. Further simpiifications of the asymptotic equations are possible
by studying separately the various possibilities for the relative magnitude of # and A.

If # and A are of equal magnitude, equation (3.35) requires that in the limit ¢ — 0 the
relations

A=cie n=cy/e (A1)

hold, where ¢, and ¢, are constants. This assumption leads, however, to a contradiction.
Substituting equation (A1) in equation (3.37), a;n? is in the limit negligible compared to A,
so that

|

(A2)

Substituting this expression and the value of » into equation (3.36), the term unity is
negligible compared to a,nL. The result requires a, = — 1, valid only for v = 4. This valu-:
corresponds to an incompressible material where ¢, = 0, so that the superseismic prob: ..
to be studied here, does not exist. Solutions according to equations (A1) do not apply here.

Solutions of type 1
If, in the limit ¢ — 0, n > A, equation (3.35) requires

= \/ ﬁga . (A3)
a,
The unity term being small compared to 1/,/¢, equation (3.36) gives
1
L=— A4
2a,¢ (Ad)

The requirement L > O restricts the sign of & for which the solution applies to sign ¢
= sign a,. Inspection of equations (3.39) shows that this requirement ensures a,&/a; > 0,
so that equation (3) gives real values of #.

Substitution of equations (A3, 4) into equation (3.37) gives the differential equation

dA a,a;

2a,e—+A = € (AS5)
de a,
the general solution of which is
_ e l2as,  @203E
A=Ce +a%1(1 240 (A6)

where C is an arbitrary constant. However, the solution (A6) must satisfy the premise
A < 5 where 7 is given by equation (A3). If the constant C does not vanish the exponent
of ¢ in the above expression must be larger than 4, or —1/a, > 1. Use of the expression
for a,, equation (3.39), indicates that the inequality requires v > 4, an impossible require-
ment. The constant C must therefore vanish, and

aza38
A j—

a,(1+2a,) (A7)
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The signs of a, and of a,/a, which govern the sign of ¢, depend on the value of v. The
solution applies for ¢ > 0 when v < 4, and for ¢ < 0 when v > §. The denominator in
equation (A7) does not vanish in the range 0 < v < , so that the result applies except
for the previously excluded value v = .

Solutions of type 2
If, in the limit ¢ — 0, A > 7, equation (3.35) requires

A = /(—as) (A8)
a, being always positive, this solution applies only for ¢ < 0. Due to the premise A > 5
the term azn? in equation (3.37) is, in the limit, small compared to A, giving
-1

L=—.
2¢

(A9)

The value of 5 is to be determined from the differential equation (3.36) after substitution
of equation (A9),

sn/+%‘1n - (A10)

If a, # —2, the general solution of this differential equation is

n=Ce “2+ v#3 (A11)

24a,
while for v = 2, when a, = —2
n=~Ce+elne (A12)

where C indicates an arbitrary constant.

The premise A 3> n limits the exponent in the first term of equation (A11), —a,/2 > 1.
This condition is not satisfied for v < §, requiring C = 0, but it is satisfied for values of
v > L. Equation (A12) for v = 2 also satisfies the premise A » 7, so that the constant C
does not vanish in equations (A11, 12) if v > 4. For v < § the solution for 5 approaches
therefore asymptotically the expression

2
" 2+a,

n <3 (A13)
while the expressions for v > § contain an arbitrary constant and are not fully defined.
While it is possible to find a range of v where in the limit ¢ — 0 the term containing C is
negligible, the matter need not be pursued because it will be seen in the examples that for
v > # it is sufficient to know that n < A, so that one can use the approximation

A>»n~0 (v>193 (A14)
in conjunction with equations (A8.9) for A and L.
Résumé—Le probléme de la déformation plane d’une charge en gradins se déplagant avec une vitesse super-

séismique ¥ > cp sur la surface d’un demi-espace est considéré pour un matériau élast—plastique obéissant
4 la condition d’écoulement de von Mises.
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En utilisant I’analyse dimensionelle, les équations de contrdle quasi-lineaires partiellement differentielles
sont transformées en équations différentielles non-lineaires ordinaires qui sont résolues numériquement en
utilisant un ordinateur. Pour surmonter les difficultés de calcul des solutions asymptotiques sont dérivées au
voisinage d’un point singulier des équations différentielles.

Des résultats numériques typiques sont présentés pour des valeurs choisies des paramétres sans dimensions,
en particulier, de la charge a la surface p,/k, du rapport de Poisson v, et du rapport de vitesse V/cp.

Zusammenfassung-—Das ebene Problem einer Stufenlast, die sich mit iiberseismischer Geschwindigkeit V' > ¢,
an der Oberfliche eines Halbraumes bewegt, wird untersucht fiir ein elastoplastisches Material, das die Mises’sche
Fliessbedingung erfiillt.

Dimensionalanalyse wird angewandt und die herrschenden quasilinearen pantiellen Differentialgleichungen
werden in gewohnliche nichtlineare Differentialgleichungen verwandelt, die mittels Digitalrechner numerisch
geldst werden. Um Rechenschwierigkeiten zu vermeiden, werden asymptotische Losungen in der Nihe eines
singuldren Punktes der Differentialgleichungen abgeleitet. Typische numerische Resultate werden gegeben fiir
gewihlite Wente der wichtigen nichtdimensionalen Parameter, namlich fir die Oberflichenlast py/k. die Quer-
dehnzahl v, und des Geschwidigkeitsverhiltnis V/cp.

AocTpakT—MH ccnenyerca 3agava ruiockoit aedopManuu gisi MMITy/IBCMBHOM HATPY3KM, NBHXKYLIEHCS C
CBEPX-CEHCMMUYHOMN CKOPOCTBIO V' > ¢p, MO HOBEPXHOCTH MOJIYIPOCTPAHCTBA. MaTepuan aBIfeTCs YUpPYyro-
MJIACTHYHBIM U YJIOBJIETBOPAET YCJIOBMIO TEKy4ecTH Mm3eca.

Hcnonb3ys pa3mepHblii aHanu3, npeoOpa3oBaHO pPery/isipHbie KBa3su-iuHelinbie puddepenumanbHpie
YpaBHEHMs C YACTHBIMH MPOW3BOAHBIMH B OOBIKHOBEHHBIE HeNTHHElHble NudhePeHIHaTbHbIE YDABHEHMS,
KOTOpBIE IIOACYUTAHO YUCACHHO [TPU MOMOLIM MGIPOBLIX MaluuH. i yCTpaHeHus: TPYAHOCTER CBA3AHHEBIX
C BBIYMCIIEHHEM BBIBEICHO aCHMITTOTHYECKHUE PELUCHUS B COCEICBE CHHIYIIPHON TOYKH nuddepeHIaTBHIX
YPpaBHEHUH.

IlpencraBneHO TUNMYHBIE YUC/IEHHbIE PE3YIBTATHI A7 BbIOPAHHBIX 3HAYEHUH BAXHBIX, O€3pa3MepPHBIX
napaMeTpoB, Hanp. s MOBEPXHOCTHOW HArpy3ku po/k, ko3douuuenta I[lyaccona v MU OTHOLUEHHS
ckopoctH V/cp.



