MECHANICAL PROPERTIES OF SOILS TAKING ACCOUNT OF THEIR VISCOPLASTIC
PROPERTIES WITH SHORT-TERM DYNAMIC LOADS
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It is assumed that the compressibility of the soil with monaxial compression is descrlbed
by a deformation law of the form
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where G, E, Ex, f are some monotonically rising functions of its arguments; G > 0 with o, —
f(e) > 0; G = 0 with o, — f(e) £ 0

From (1) with oy > £(g), 90;/9t > 0 and € =w, ¢ = 0, we have, respectively, dynamic
and static limiting diagrams of the compression with loading,

= |EQ&E=0(), &= @

o1 = f(e), & = 0, | (3)

If Ex = Ex(e), then with 30,/9t < 0 and 0, < f(g), from (1) we obtain

0y = | Ey(B) dE+ 010 = u (2, 24). (4)
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Dependence (4) is a diagram of the compression with unloading, which, with o, < f(¢),
“ does not depend on the rate of deformation. Here U.x and €4 are the stress and the deforma-
tion attained in a particle at the moment determined by the condition o, = f(e).

With Ex = E = const, (1) goes over into the Sokolovskii-Malvern model [3, 4]. With
application to the propagation of explosion waves in soils, a model of this type was discussed
in [51.

From (1)-(4) it follows that the mechanical characteristics of soils with monaxial com-
pression, subject to experimental determination, are the functiomns ¢'(e), € =w; f(g), & = 03
¢x(e, €x) and G(o, — f(e)).

In addition, with monaxial compression under conditions of plane deformation, with a
simultaneous change in the two principal stresses 0, and 0z, the function F(¢) = ko + b can
be defined, characterizing the condition of plasticity [6-9]. In the case where the effect
of the rate of deformation on the condition of plasticity is insignificant, from (1) we ob-
tain the deformation law with volumetric compression [10],
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where 0 = (1/3)(0y + 203) = 00, — by, a = 3(3 + Y2k)=*, b, = V2b(3 + V2k)™*; E°(e) = aE(e);
E? (0, €) = aE, (o, €); fo(e) = af(e), k and b are coefficients, determined experimentally and
characterlzlng the internal friction and cohesion in the soil [10].

For the experimental determination of the above~mentioned mechanical characteristics
with short-term dynamic loads, a unit of the quasistatic type has been developed, which has
been described earlier in [10, 5]. In its general features, the unit is a vertically standing
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cylinder, at the bottom of which a sample of soil with a height of ho is arranged in a rigid
ring. The sample is compressed by a metallic piston, to which, through a gasket, the impact
of a freely falling weight is transmitted. During the course of a test, the stresses in the
sample 0:(t), 02(t) and the displacement of the piston u(t) are recorded, and the deforma-
tion is determined in a quasistatic approximation in accordance with the formula e(t) =
u(t)/h,. Changes in the rigidity of the gasket, the weight of the falling load, and the height
of its fall can create different deformation conditions for the soil sample. An evaluation

of the time to required for the establishment of quasistatie deformation conditions, with ap~
plication to [10, 5], gives a value of to = 0.2ty, where t4 is the time required for a growth
of the stresses 0,(t) to a maximal wvalue.

The determination of the functions f(e) and ¢x(e, €x) from the results of static tests
with € - 0 presents no difficulties. The limiting dynamic diagrams ¢(eg), € = » were deter-
mined from a number of soils in [7-9] from the results of the propagation of shock waves in
them.

The method for determination of the functionm G{wui, %2, ..., xk) is based on the minimiza-
tion of some quadratic function
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In (6)<8ﬁ)=:7%-258u(tﬂ is the mean value of the deformations with t = tj, from the re-
=1

sults of a series of tests, corresponding to determined deformation condirions; m is the num-
ber of experiments in a series; n is the number of time intervals in interpretation of the
results of the tests in a given series; jo is the number of the interval, corresponding to
the moment of the establishment of quasistatic deformation; s is the number of repeated load-
ings of the same sample in a given series; £35(%1, %2, ..., %)) is the value of the deforma-
tions for a given t = tj, calculated using formula (1) with given functions ¢(g), pxe, cx),

=

f(e) and with a load (o;;) = :;<%51(H),j =1, 2, ... , n, given on the basis of experiment.

n

We give further the results of a determination of the mechanical characteristics for a
sandy soil with yo = 1.48-1.50 g/ecm®, w = 0.05 and 0.15, and below, for clayey soils, on the
basis of test data [8-12]. Analytical dependences for the limiting diagrams of 9(g), € = =,
and f(e) and € = 0 are obtained in the form

¢ (e) = £, (e + kie™); (7
fle) = K, (e J,s™). (8)

The corresponding values of the coefficients Eo, ki, Vi, Ko, k2, vz are given in Table
1, where rows 1 and 2 correspond to sandy soils with a volumetric weight of their skeleton
Yo = 1.50 g/cm®, and a moisture content by weight w = 0.05 (row 1) and w = 0.12-0.15 (row 2);
row 3 corresponds to loess-type loam with yo = 1.44-1.47 g/em®, w = 0.12-0.13; row 4 corre-
sponds to loam with Yo = 1.60=1.65 g/cm®, w = 0,15. Since, with the method under considera-
tion for derermining the limiting dynamic diagrams ¢(e), € = =, it was not possible to deter—
mine the initial section, for the soils in question it was assumed that E¢ = poag, where Qo
is the rate of propagation of shock waves, from the results of measurements [7-9]. The values
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Model of type I " i Model of type I

" No. : -
u,‘ n lﬁ .o 1. - n o

1 [0,40(£0,10) | 1,0(30,30) | 040  |0,50(+0,30) 0,6(F0,40) 0,40

2 |o40£009| 187030 | 010 Jozax020)| 28F0d0 | o0

3 0,45(F0,08) | 3,5(F0,50) 0,10 0,40(£0,40) 1 2,0(0,30) 0,06

4 10,35(+0,05 | 2,6(30,40) | .~ 0,20 - [0,25(+0,05) | 2,8(r0.600'1 0,20

0 a7 . 0,2 a7 g4 .
T 1 I .,
247 2(?5, g4 7?9 /,%3 /4?4 /2.,4- 70,7 7.§
08 2g6 7Z4 750 763 74,8 185 104 89 58

T T i

% "{‘2 1’.",*0 .9,.0 58 4‘5 2,5 12
: 1 T Q/;
L6 THBT T 2 63 %8 29-7505% 177
A °-

T \
70,0 8,0 8,8 57 ofzolara{/?/,r 55

s

. §357%
! T ol

20 53 34 6 000504 56 130

£ %

Fig.rl
of the coefficients k; and v; in Table 1 were determined, further, from the condition of a
maximal approach of (7) to the exponential diagrams obtained in tests [7-9].

The modulus of the deformations with unloading Ei were determined in the form

E, = (E*la 01 >0'?,

5 - 0
]E*m 0, L 04,

(9

The corresponding values of Eyx;, Exa2, 0% for the soils investigated are given in Table 1.

The function G, in actual implementation of the method under consideration, is taken in
the form

G = nlo, — f(e) I=.

Thus, it was assumed that the function G depends on the two parameters %; = x and %2 =
n, with respect to which the function (6) was minimized. In view of the insufficient degree
to which the response surface of (6) has been studied, minimization was carried out by the
method of residues, in the form of a computer program for a Minsk-32 digital computer.

Two types of models of a viscoplastic medium were examined, determined by the relation~-
ship (1) with Ex(e) = E(e) (model of type I) and with Ex equal to (9) (model of type II).

The search for the values of (%, n) with which the relationship (1) best describes the
experiment was carried out in the following order. In the plane (%, n) the values of the
function D(%, n) were determined at the lattice points of the grid in accordance with (6).
Here it was established that, in all the cases investigated, the sought value of % is located
within the limits 0 < % <1, and of n, within the limits 0 < n < 3-5. Within these limits
of the change in the values of % and n, a rough search was first made, in which a grid with a
dimension of 10 x 10 was used. Then, for individual regions of the possible location of mini-
mal values of D(%, n), calculations were made wirh a small spacing with respect to ¥ and n.
Then interpolation was used to find the level lines corresponding to equal values of the func-
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tion D(x, n). The result was obtained that, in all cases, the level lines for the given de-~
formation conditions have a character close to elliptical.

Specifically, Fig. 1l gives the results of a determination of the level lines for a sandy soil
with Yo = 1,50 g/cm®, w = 0.15. The numbers at the mesh points correspond to values of D(x,
n) * 103, and the numbers at the level lines to the relative errors § = (D/sn) ¥2/<e>, where

8 n
1i \ . . . .
<8>=:;;,d,2;3z@ﬁ is the mean value of the deformation for the given process.
i=1j=70 ’ : ‘

Here, on the average, § characterizes the accuracy with which the calculated curve of
sij(u, n) approaches the experimental <ej:>. The criterion of sufficient accuracy of this
approximation can be taken as a situation in which the curve of eij(%, n), calculated in ac-
cordance with (1) with determined values of (X%, n) does not go beyond the confidence inter-
vals for the experimental values of <ej;> for the given conditioms. For this, the value of
§ must not exceed the value of the confidence interval of 6,, averaged over the whole pro-
cess with respect to the time <€44, i =30, jo +1, ..., n. The value of §, for the soil in
question lies within the limits §5 = 0.05-0.14. Therefore, it can be postulated that a value
of 8§ lying within the 1limits 0.05 <6 <0.10 will assure the given accuracy. From the cal-
culations given in Fig. 1 it follows that a given accuracy § = 0.10 corresponds to some re-~
gion of values of the pair (%, n). Table 2 (row 2), for the given soil, gives coordinates
corresponding to the center of this region, as well as deviations corresponding to its edge
points; here analogous results are also given for other soils investigated earlier [10-12].

As follows from Fig. 1, by decreasing the requirement for the accuracy of the experi~
ment it is possible to obtain an arbitrarily large region of values of the pair x, n, satisfy-
ing the given accuracy. Lacking dataon the accuracy of the experiment, the question of deter-
mining characteristics of a soil describing its viscoplastic properties loses all practical
meaning, since the region of search for the values of #, n will be indeterminate.

The presence of experimental results corresponding to different deformation conditions
for the same soil allows us to narrow considerably the region of sought values of %, n. This
is connected with the fact that regions bounded by level lines corresponding to equal values
of 8, with different deformation conditions, must have common points; i.e., they must inter-
sect. The lack of common points for such regions is evidence that, with the given accuracy,
the model adopted does not give an adequate reflection of the experiment, and, consequently,
must be rejected.

Figure 2 gives the results of adetermination of the coefficients x, n for loam with Yo =
1.60-1.65 g/cm®, w = 0.15, with different deformation conditions (curves 1, 2). The numbers
at the level lines correspond to the mean accuracy 8. The hatched region is a region of
values of , n, corresponding to § = 0.2 for both sets of conditions, which lies within the
limits of accuracy of the experiments for loam. In Table 2, the regions of values of %, n are
determined for models of types I and II. An analysis of these results attests to the fact
that, in a range of loads up to 30-50 kg/cm®, the models under consideration describe the
experiment for sands and loams with a practically identical degree of accuracy. It must be
noted that, with a description of process of the damping of explosion waves with short loads,
the model.of type II is in better agreement with experiment than the model of type I.

From the results obtained (see Table 2) it can be seen that, for sandy and clayey soils,
the function G is essentially nonlinear, in distinction from the results of [13].
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It is of interest to compare the theoretical curves for o,(t), e€(t), calculated with

application to the conditions of the experiment, taking account of the data on the character-
istics from Tables 1 and 2, with the corresponding experimental curves.

The system of equations describing the work of the experimental unit has the form (the
x axis is directed upward)

d d —
mo_d?f = a0y (), mzd—v: =0, () — aog; (1), 03 = f, (ull—sux),
d d
F=—E )+ 6o —fE), vo=vy, v, =31, (109

doy
dug [E(sl)r d_t 207

Vg = 5 g = ul/ll, E]. (31) = ] z do, < 0
. * Gr ’

where u2(t) = u;(t) and us(t) are the displacements of the piston (the soil) and the falling
weight, respectively; mo and m; are the mass of the falling weight and the mass of the piston
per unit area of the sample; o0,(t) and os(t) are the stresses in the sample of soil and the
gasket; I, and 75 are the heights of the sample of soil and the gasket; a = 0.121 is the
ratio of the areas of the gasket and the sample.

The initial conditions for the system of equations (10) are

vy(0) = —Vo(Vo = V2gH,), u,(0) = us(0) = v,(0) = v5(0) = 0,
01(0) = 05(0) = 0,
where Ho is the height of the fall of the weighrt.

Figure 3a, b gives the results of calculations of the stresses o,(t) (curve 2, Fig. 3a)
and the deformations e(t) (curves 2, Fig. 3b) for sand with yo = 1.50 g/em®, w = 0.05,
with the following data: weight of weight P, = 50 kg, Ho = 13.0 em, Z, = 3.0 em, L5 = 0.50
cm. The diagram of the compression of the gasket f3(z), z = (u; —us)ls, was obtained as a
result of static experiments, in the form

125z, kg/cm?, 2 0.4,
f3 (2) = 1673 + 3900 22 — 3120 2, kg/cm?, 2> 0.4,

Curves 2, Fig. 3a, b correspond to #¥ = 0.5, n = 0.6 cm/(kg'sec)yb; curves 3 correspond
to an elastoplastic model, characterizing the static diagram of the compression f(e,) with
loading. Unloading under these conditions is assumed analogously to the viscoplastic model
with 0, < f£(e,). Curves 1 represent experimental values of the stresses and deformations,
with their own confidence intervals.

As can be seen from Fig. 3a, in both cases the theoretical curves of o;(t) lie within the
limits of the confidence intervals only at individual points. Here the value of the maximal
stresses for curve 2 (%= 0.5, n = 0.6 cm/(kg'sec)¥*) practically coincides with the experi-
mental, while, for curve 3 it is 15-207 less.

On the whole it must be noted (with respect to the experimental data) that the curves
of 0,(t) are not very sensitive to changes in the parameters of the model %, n. It was pre-
cisely in view of this fact that the minimization of the function D(x, n), with determination
of the values of %, n, was carried out with respect to the deformations e(t).
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The theoretical curve 2 in Fig. 3b with t > 0,004 lies within the limits of the confi-

dence intervals for the experimental points, while curve 3, obtained with calculations using
an elastoplastic .model (without taking account of viscosity), goes considerably beyond the
confidence intervals for all moments of time. This is evidence of unsuitability of an elas-
toplastic model for description of the deformation of a soil with short-term dynamic loads.

Taking into consideration that the rate of deformation does not have any substantial ef-

fect on the condition of plasticity, on the basis of the results obtained above on monaxial
compression (see Tables 1, 2), it is possible to determine the corresponding characteristics
of the soils investigated for volumetric compression, in accordacne with (5).
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