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EXPERIMENTAL INVESTIGATIONS OF THE INTERACTION OF SHOCK WAVES
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ABSTRACT: A model of water-saturated soil as an ideal 1i-

quid has already been proposed [1]. Experimental investiga-
tions of shock waves [2] have shown that for small stresses

in water-saturated soil features of a solid plastic body begin
to manifest themselves. As regards its propesties the soil ap-
proximates to the model proposed in [3].

The results of tests on the interaction of a plane shock wave
in the soil with a moving obstacle are given below. As a de-
velopment of papers {2, 4, 5] an approximate solution is given
for the problem of the interaction of waves with an obstacle.
At high pressures the ground is regarded as nonlinearly elas-
tic, and at low pressures as a plastic medium. A similar ap-
proach may be applied to water-saturated and nonsaturated
soils when the wave is a shock wave. Experimental values

of the parameters of motion of the obstacle are compared
with the results of calculation.

1. Experimental conditions, The tests were carried out under
field conditions in water-saturated soil obtained by pouring quairy
sand with slightly rounded grains into a pit filled with water, The wat-
er level in the pit remained constant during the whole time that the
tests were carried out.
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The density of the soil (allowing for the water and air contained
in the pores) was p = 1. 96-2. 02. 10® kg/m®. The entrapped air con-
tent ¢; comprised 0.015-0. 025 of the over-all volume. The gramu-
lometric composition is given below

51 1—05 0.5—0.25 0.25—0.4 0.1—0.05 0.05 [mm]
B—8—12 1042 25-30 30—40 48  2-3[%].

Here & is the diameter of the particles, B their percentage content.
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The laws of plane wave propagation and interaction with obstacles
in the one-dimensional formulation are determined by the law of

dynamic compression of the medium. Thus the tests included mea-
surements of wave parameters for waves formed in the soil upon ex-
plosion of a buried concentrated charge. From a knowledge of these
parameters the law of dynamic compressibility of the ground was
determined with the help of the well-known relationships at the front
of a shock wave expressing the conservation of mass and momentum,

The interaction of waves with a moving obstacle—a concrete
cube of side length I = 1 m~was investigated in the same soils, but
with plane charges detonated on the surface of the ground over the
obstacle, On explosion plane waves were formed. The loads acting
on the cube and the parameters of its motion were determined in the
tests.

2, Experimental determination of the compressibility of the soil
and choice of a system of calculation. The maximum pressure at the

front of the shock wave p, corresponding to its direction of motion,
the velocity of the front D and the initial density of the medium py
are related to the deformation of the medium at the front by the
familiar relation

_ P __Po—p 2.1
6= —oop e="— R (2.1)

Here p is the current density of the medium.

In the tests where buried concentrated charges of compressed TNT
were exploded the pressure p and time t of arrival of the wave front
were measured at points situated at different distances R from the
explosion center.
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The law of motion of the wave front (pressure maximum) is repre-
sented in Fig. 1. The relative distance R® is represented on the ab-
scissa and in the conditions of spherical symmetry is equal to

1/s

' R°=RC™" m/kg

Figure 2 gives a graph of the propagation velocity of the pressure
maximum as a function of the relative distance, constructed in ac-
cordance with Fig. 1.

The tests showed that for p > 5~6+ 10° newton/m? the wave has a
pressure discontinuity at the front so that the velocities of wave front
propagation and the pressure maximum coincide.

Figure 3 shows the results obtained in the tests for the maximum
pressure at the front of the shock wave as a function of the relative dis-
tance, To the first approximation this function may be written analy-
tically in a form satisfying the principle of similarity

p=190(R°)>8 (2.2)

A graph of p as a function of the deformation €, expressing the
law of dynamic compression of the soil, is given in Fig. 4 (curve 1).
The graph was constructed in accordance with (2. 1) from the ex-
perimental values of p and D given in Figs. 2 and 3. No curve is given
for p < 5 10° newton/m?, since the wave is not a shock wave and
equation (2. 1) is inapplicable. In the pressure interval p > 5- 10° new-
ton/m? an elastic wave is not formed in front of the plastic (shock)
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wave in the soil under investigation.

The construction of soil compression diagrams from experimental
values of shock wave parameters is considered in [2, 6], etc.

In carrying out the tests simultaneous measurements were made of
the pressure acting in the direction of wave motion p and in the per-
pendicular direction py. This allowed the magnitude of the lateral
pressure coefficient k.. to be determined for different values of the
normal pressure p. The values obtained for k.. are given below.

plo5= 5 10 20 30 N/mj Pr
k,  =0.75 0.88 0.95 1 (’%:;).

Since ky was known from the test, the law of compressibility of
the soil could be represented in the form of the mean normal stress
o as a function of the deformation

= Y (1 -+ 3k )p = f (),

For k, close to unity, the functions p(e) and o(e) coincide in the
first approximation.

Forp >py = 10° losnewton/m2 the lateral pressure coefficient
is practically equal to unity, i.e., the soil behaves like a liquid. As
the stress decreases, the quantity k, also decreases, and the soil ac-
quires the properties of a solid.

The value of the pressure p at which the properties of water-
saturated soil change depends on its entrapped air content. The less
air, the smaller is this pressure, Tests [2] show that for o = 0, 001
we have p, = 1-2- 105 N/m?,

Tests show [7] that in soils which are not water-saturated the
welght distribution curves o;(g), where gy = —p differ little from the
lines € = const, and the residual deformations are close to the maxi-
mum. If we consider that the compression curves are such [2, 5] that
doy/de > 0, d%0,/de? < O for small pressures, and doy/de > 0, do;/
/de? > 0 for large pressures (exceeding several atmospheres), we find
that as the stress increases the intensity of residual deformation in-
crease in soils grows at first and afterwards falls off. This is taken
into account in the soil model applied below.
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Figure 4 also represents the function p(e) calculated in accordance
with the equation of state of water-saturated soil as an ideal three-
component liquid given in [1]:

p -'-——Po{ax (%)_‘H' Ta [Iﬂic;znpg) + i]-1!¥.+

o [’)’s (5,;}”) n 1]"”’}'1 , (2.9)

Po = %P1 F GaPp + 2P . (2. 4)

Here oy, dy, og are the volume content of entrapped air, water
and solid component, respectively, py, py, ps are the densities of the
components in the initial state; ¢y, 3, Cq is the velocity of sound in
the components in the initial state; ¥y. Yz, s are the iso-entropy coef-
ficients of the components taken equal to 1.4, 3, 3, pg is the density
of the soil in the initial state.

Curves 2, 3, and 4 correspond to calculations for ), equal to 0.015,
0.020 and 0. 025, i.e., for minimum, medium and maximum air con-
tent obtained in the tests.

It follows from a comparison of the curves in Fig. 4 that the ex-
perimental curve 1 of the dynamic compression for a pressure in ex-
cess of 1520+ 10° N/m? corresponds to the theoretical curve 3. This

shows that the compressibility of the soil under investigation is de-
termined for p > 15-20- 105 N/m? by its comptessibility as a three-
component medium and is satisfactorily described by equation (2. 3).
The departure of the experimental curve 1 from the theoretical
3 for small pressures is connected with the fact that in this case the
compressibility of the soil is determined not only by its compressibility
as a three-component medium, but also by the compressibility of the
skeleton. Thus the experimental values of the deformation are less
than those calculated on the basis of the three~component liquid
model.

Fig. 5
In carrying out the calculations we make use of the approximate
diagram p(e) (Fig. 4), corresponding to loading and unloading of the
ground. We assume that loading takes place in two rectilinear sections
(broken line) approximating curve 1, calculated from the values of the
shock wave parameters

= A2V — V), p < p, firstsection OL

= — A2V — Vn) + pw p > pn second section LM

For any values of the maximum pressure, unloading occurs along
lines parallel to the straight line LM. This takes into account the ir-
reversibility of deformations at small pressures. In accordance with
test data we take

pn = 10-10° newton/m?,

fl

Ay = 4:25-10° kg/sec.m?,

Ay = 9.5-105 kg/sec-m?,
For p > py, the residual deformations of the soil are taken to be
identical, except for the dependence on maximum pressure.
3, Calculation of interaction of wave with obstacle. Let the pres-
sure in the incident wave at the level of the obstacle (cross section
h = 0) for t = 0 increase in a step from py = 0 to py,, and subsequent-
ly fall off according to a given law

p=f.
On the side of the incident wave the properties of the medium are
determined by equations (2. 5), and beyond the obstacle for loading
and unloading

(3. 1)

p=—A*V — V), (3.2)

We take A* = A; in the calculations.

We employ Lagrangian coordinates (mass h and time t) and repre-
sent the region of the incident wave by the profile 1 in the h, t plane,
the reflected wave by profile 2, and the wave passing beyond the ob-
stacle by 8 (Fig. ). The regions 1 correspond to negative values of h
and t.

The flow in these regions is determined by the solution of the funda-
mental equations of motion

du du oV

ap
s T 3="0 i (8.3

where u is the velocity of the particles.
When the function p(V) is made linear, the solution of the basic
equations has the form [2]

p=Fy(h— A30) + Fy (h T Ayt),

Agu = Fy (h — Agt) — Fy (h + Agt) (3. 4)

where the acoustic impedance A, corresponds to unloading of the medium,
The functions Fy and F, are determined by the initial and boundary
conditions.
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In accordance with [2, 4, 5], we find the solution in region 1.

To start with; we will consider the case when py, > p;. The rela-
tionships at the front of the incident shock (the boundary of regions
1.0 in Fig. 5), give

A2 AR

[Nk U, s —
P=ga Ret’ u—Az Bt

A--"‘Pn‘}‘-‘iz Vo—Vy)=—pp— 42 _n,

o (8.5)

as was shown in [5].

Here &, is the deformation for p = pj,, po is the initial density of the

medium, hg is the velocity of the front in h, t coordinates. We intro-
duce the symbols

ot Ay
b ey S A T
At the front
2F; = My, 2Fy = — A, ,

in accordance with (3. 4) and (3. 5).

The velocity of the incident wave front is not constant. As it
changes, the function ¢, changes little in comparison with ¢,. We
shall first find the second function F,. For the approximation which
has been introduced the velocity of the front hg for py < py, < py +1
(where pp ;. is the maximum pressure, corresponding to the part of
the approximation considered) lies in the interval

Pn+1po)l/’
—_— =,

A< hy=poD < (22

n+1
Thus

A1 w
AT AESHSLTD

Hence we may take

1 A1 w
w=3[xtan+ 2]
to the first approximation, From the condition at the cross section h =
= 0 we find the first function in region 1
( h 4 Azt)
4, .

Fi(h— Agt)=—Fy+f (3. 6)

From this we have the solution in region 1
— h4- Aqt 1 ~—h 4+ Ayt
P—f( ) “=‘A—2[’(—A;'“)‘2F2].

We shall find the equation of motion of the obstacle. The states
of the medium at and ahead of the reflected wave front lie on one
straight loading line, since pm > p,. Thus the veloeity of the reflected
wave front is equal to the acoustic impedance

By —— <-p__£!>'/x

v —v, =4

Here p; and V, are the pressure and volume in the region 1. We
obrain from the relationships at the reflected wave front

P+ Agu=p + Ay

It follows from this that the function Fi(h — A,t) passes from re-
gion 1 to region 2.

The pressure on the obstacle in region 2 is, in view of (3.4) and
(3. 6),

p = 2F (— 4yt) — Ayu = —2F; + 2f () — A1,

2F; = — My, (3.7)

Here u is the velocity of the obstacle, equal to the velocity of the
particles of the medium which are in contact with it.
For t = 0 the press ure on the obstacle is p = 2[f(1) — F,(—Apt)].
In view of (3.2), in reglon 3
= A*u 3.8

for all particles, and consequently on the obstacle too,
Hence we have the equation of motion of the obstacle

mu = p—p*=—2F,+2f() — 4+ 4% (3.9

where m is the mass of the obstacle per unit area.
If the pressure change in the initial cross section is given in the
form

p=1({)=p,(1—1t/0), (3. 10)
then the equation of motion of the obstacle is
. . 2Pm
w+ Cu+ Bt+ D=0, =58
Ay + A* me 2Fg
== D=—-"+ (3.11)

Integrating this equation on condition that u = 0 fort =0, we ob-
tain the velocity of the obstacle

u(t)= —%——g}(ct——i)+ﬂ'[fc"
(M___+ ) (3.12)

Taking into account that x = 0 for t = 0 we find for the displace-
ment of the obstacle

4 M _ct Bt?
r=\u t='z.—(1_-—e )—ﬂlt—-—-—'—zc .

0

(3.13)

The pressures at the front and rear boundaries of the obstacle are
determined by equations (3. 7) and (3. 8), since the velocity of the
obstacle is known. The acceleration of the obstacle is

W= --B,C— MCC (3.14)

The velocity of the obstacle increases at first and then decteases. -
It reaches. a maximum for

lg(B—DC)—1gB

= Clge

(3. 15)

We shall consider the second case when the maximum pressure at
the initial cross section pp, is less than p;, but becomes greater than
pp on reflection from the obstacle.

If the pressure is given by equation (3. 10) at the cross section h = 0
then, as has been shown in [4], we obtain the solution in region 1 in
the form

_ ( A2+ A2 h t
P=rnllt Ty ® -5
A - h A4 A2 ¢t
At = Pm (71? T T A, 5)

The velocity of the incident wave front hg is equal to Ay, and that
of the reflected wave is close to A,. Assuming that hg = A, for the re-
flected wave we find from the relationships at the front that the func-
tion

(3.186)

A1+Az[ 4,+ A
1 (3.17)

Fy(h— Apl) = 34, 24,70 (h Azt)]

passes from region 1 to region 2.
From this we obtain the equation of motion of the obstacle in the

form (3.11). Here
(A1 + As)pym Ay A* _ At 4

B="—gdme ' =" m » D=7 Tna

Pm, (3.18)

The velocity, displacement and acceleration of the obstacle are
determined by expressions (3. 12), (3. 13) and (3. 14) for the corres-
ponding values of B, C, D. The pressure acting from above on the
obstacle is'determined by the expression

p = 2F; (— Azt) — Ayu.

The pressure from below is found in accordance with (3. 8).

4. Comparison of the results of tests and calculations. The tests
were carried out with flar charges laid on the surface of the ground.
The dimensions of the charge were 4.5 X 4.5 m?. The obstacle, a
concrete cube, was set in the ground in the center of the area under
the charge. The fact that the area of the charge was in excess of that
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of the obstacle ensured that a plane shock wave fell on all points of
the obstacle, undistorted by the influence of a rarefaction wave from
layers of soil over which there was no charge.

The tests were carried out at two values of the density (thickness)
of the plane charge, for which the maximum pressure in the wave
incident on the obstacle was 5. 5- 10% and 20 . 10° newton/m?.

The pressure was measured by strain-gauge sensing elements;
and the velocity of the obstacle by induction velocity gauges.

In Figs. 6 and 7 the broken lines correspond to the mean experi-
mental values, and the full lines to the values calculated from equa-
tions (3.10), (3.7), (3.8), (38.12). Figure 6 corresponds to pp, =
= 5.5-10% newton/m?, Fig. 7, to the value py, = 20- 10° newton/m?.
Here 1 is the pressure in the incident wave at the level of the top of
the obstacle, 2 is the pressure acting on the obstacle from above, 3
is the pressure acting on the obstacle from below, and 4 is the veloc-
ity of the obstacle. In the tests the greatest departures of the results
of individual measurements from the mean values did not exceed
30-40%.

It is clear from the graphs that at the moment when the shock
front arrives at the obstacle the pressure acting upon it from above
increases in a step, and subsequently decreases. At the same moment
the accelerated motion of the obstacle commences, leading to the
formarion of a continuous compression wave beyond it. The pressure
acting on the obstacle from below is caused by its displacement and
gradually increases as the velocity of the obstacle increases.
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For t = 1* the pressure from below reaches a maximum and be-
comes greater than the pressure from above. Here the acceleration
of the obstacle decreases to zero. For t'> t* the velocity of the ob-
stacle decreases, the pressure from above is less than from below, and
the acceleration is negative. Only the experimental value of t*is de-
noted in Figs. 6 and 7.

The loads experienced by the obstacle for t > t* are practically
equal to the stress in the incident wave, We may assume that the ob-
stacle is set in motion together with the ground. Comparison of the
experimental and valculated values of the pressure acting from above
and below on the obstacle, the values of t*, and the velocity of the ob-
stacle attest to the satisfactory agreement of the data of the test and cal-
culations as regards both over-all nature and numerical values.

The curve of the dynamic compressibility of the soil was deter-
mined in this way. It has been shown that this curve corresponds to the
equation of state of water-saturated ground regarded as an ideal three-
component liquid for pressures in excess of 15-20- 10° newton/m?.

The loads on the obstacle obtained by calculation turned out to be
in satisfactory agreement with the results of their direct measurement
in the tests.
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We note that the international system of units has been used here.
For convenience in comparing with the technical system, the pres-
sure is given in 10° newton/m?, which is equal to kg/cm? to the first
approximation.

The authors are grateful to S. D. Mizyakin for participating in the
tests,
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