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INTRODUCTION

A cognitive activity of a man is often based on modelling some
different objects or some economical, sociological, biological, technical,
etc. processes. This paper, of course, refers to modelling soil media.

The number of soil models is very great [10]. Here, we shall mention
Terzaghy’s consolidation model which consists of a vessel with a perfo-
rated piston inside it. Some elements representing soil skeleton proper-
ties are put inside this vessel. Biot (who had properly adapted the Darcy
filtration law), made the use of Terzaghy’s model with an additional
elasticity for description of a two-dimensional and spatial states of defor-
mation. This additional elasticity represents a volumetric soil skeleton
deformation [6].

The Terzaghy’s idea was utilized, among others, by Taylor, Goldstejn
and Tan too (clay models). These authors have additionally inserted into
the Terzyaghy’s vessel the elements representing viscosity and elasticity
(Tan). Other authors (Wialow, Skibicki [20], Straganow [12], Tan and
others) have included to soil models an element of plasticity too. Some
models are built to a very great extent, e.g. Dmitruk’s [1], Florin’s, Tan’s,
Kawakami’s, Ogawa’s [6], Goldstejn’s [2] models.

It should be noted here that Rachmatulin [9] has considered a soil,
subjected to very fast deformations as so-called ,,plastic gas”, which has
variable compressibility of particles.

In 1968 Kisiel [3] proposed his M/V soil model consisting of two
(Maxwell’s and St-Venant’s) elements connected in parallel. In his papers
[4, 5, 6, 7, 8] he gave various examples how to apply his model in civil
engineering.

In this paper the M/V model was used as a base to build a new model
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representing the deformation processes of homogeneous and nonhomoge-
neous (orthotropic) soils. Next some simplifications were introduced to
the model adapting it for the description of soil (loes, sand and clay)
subjected to the compression process in triaxial apparatus at high rate of
deformation [13, 14] and without filtration.

SOIL. MODEL FOR TWO-DIMENSIONAL STATE OF DEFORMATION
DESCRIPTION AND DESIGN

The soil considered here is treated as a continuous elasto-plastic-vis-
cous medium. The model for a such soil for two-dimensional state of
deformation consists of two elements connected in parallel: Maxwell’s
M = G" — ™ and St. Venant’s V = ®* — G elements. These elements

are put into the inner vessel Sy possessing two walls inclined at an «a
-angle (Fig. 1). When the force acting on a piston N; would attain the va-
lue adequate to the limit equilibrium state of the soil, the walls of inner
vessel Sy, could slide over guides S..

The forces acting on perforated piston N; (representing air and water
filtration) and on the outer vessel walls are not shown in Fig. 1. Instead
of these the main stresses o; and o, are schematically given in the Figure
in order to explain better the analogy between this model and considered
soil element.

The motion of inner vessel S, mentioned above, due to vertical force
P;, displaces to the side the guides S;, that are pressed by two side ele-
ments K, composed of Maxwell’s and St-Venant’s elements too (Fig. 1).
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Fig. 1. Model for plane state of soil deformation
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As a result of that action, the side walls of outer vessel will be also mo-
ved to the side at the moment when model would represent the limit
equilibrium state of the soil. M and V indexes shown in Fig. 1 ,refer”
to Maxwell’s and St-Venant’s element values respectively.

There are as follows:

GM™, GV — modulus of rigidity referred to Maxwell’s M element and
St- Venant’s V element,
M — coefficient of resistances depending on speed of non-dila-
tational strains (viscosity),
OV — a magnitude representing irreversible part of soil strains

which depends on many factors such as material, density,

lateral pressure o, and other factors e.g. time.
For an example, element ©®V can be represented by an elastic clasp
attached to the piston N; (Fig. 2) of the model. The clasp side surfaces are

N
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Fig. 2. Element representing the changeable value of ©

subjected to pressure pp = 0;. During downwards motion of the piston
the thin plate of variable width enters into the clasp thus representing
irreversible (permanent) soil strains. It is assumed now that the reaction
force against the plate movement is proportional to a plate surface area
being in contact with clasp that is

P,v = 2 f pok, (1)
where
f — plate surface area in contact with clasp,
k — coefficient of friction.

Calculated force P,y (for St-Venant’s element) together with Py
force (loading Maxwell’s element) should be referred to piston surface
area F; representing therefore the big main stress ;. It should be noted
that by assuming trapezoidal plate form of ® [18] it is possible to illustra-
te the fact of slower increase of big main stresses when the deformation
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n

is going on before the limit equilibrium state is attained. Such pheno-
mena were recorded by author during his investigations of soil using
a triaxial apparatus [16, 17].

The model, as shown in Fig. 1, is related to elasto-plastic-viscous body,
because there are elements representing elasticity G¥, G*, plasticity ©*
and viscosity M.

Similar properties will also represent model which G™ = oc.

When a model is to be designed the following relation between a pis-
ton displacement and side walls versus a soil deformation is to be assu-
med: )

AH 4D 4V
H D TaTaTe= 2)

Where ¢; and ¢, are big and small main strains respectively before the
limit equilibrium state of soil is attained,

4,
8v __
v
is a volumetric strain (V — ,,slice” volume of the soil of unitary width),

AH is a piston displacement and 4D is a side walls displacement.

Assuming that displacements of piston N; and side walls N, are pro-
portional to a soil deformation at the time of exceeding the limit equili-
brium state, we can write a formula for an inclination angle of guides
and slides

—A4D
tga=—->=->
24H

where level ,dashes” denote the values corresponding to the moment
of appearing the limit equilibrium state in the soil.

Furthermore, it is possible to analyse guide inclinations for various
cases of soil volumetric deformation during exceeding the limit equili-
brium [18].

It should be pointed out that two elements Ky pressing the guides S,
(Fig. 1), at the moment representing the limit equilibrium of soil, are
stressed to such an extent that it is sufficient to displace the walls N,
sideways. K, elements are made of St-Venant’s element and Maxwell’s
elements (symbols are not shown in the figure). Each of element men-
tioned above takes a part of a load that their sum should represent
a small main stress g,. = - .
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Guides S, and slides Sy, are covered with a material that imitates on
one side a cohesion ¢ and on the other side a soil internal friction g,
(Fig. 1), A model described above was practically performed by the
author introducing some certain simplifications for technical reasons.
Some experiments made on the model indicate the analogy to the pro-
cesses observed in soils. :

Total force acting on the inner vessel Sy, is equal to the force loading
the Maxwell’s and St-Venant’s elements (compare with Fig. 1), and a dis-
placement of Sy over S; according to our assumption corresponds to the
phenomenon of attaining the limit equilibrium by the soil. Thus we can
utilize this fact per analogy to cofnpare the stresses calculated on a base
of strength theory with stresses which correspond to the state of the soil
limit equilibrium. This method has been used by the author in order to
prepare results of soil tests carried out in triaxial apparatus [13].

MODEL OF SOIL FOR SPATIAL DEFORMATION STATE

The model described earlier for two-dimensional states of soil defor-
mations can be extended to spatial states. This can be done by dividing
the inner vessel into two parts Sw, and Sw; having their own separate
bottoms B, and B; (Fig. 3 shows two views of this model). The walls of
the vessels S,, and Su; cooperate together with two pairs of guides
S:, and S.; which are pressed by K, and K, elements respectively.
Each of these pairs represents the cohesion (c; and c,) and internal
frietion of the soil (g3, 03)- '

The bottom B, is placed at a certain distance from Bj; that allows for
an independent vertical motion of each bottom. This movement is caused
by piston load taken on by two systems M/V consisting of the following
elements:

MZZGIZI_A%J, VZZOE/—G.‘Z/)
M, =G5 —i¥, v,= 05 —Gj.

The forces acting on piston N; as well as walls of the outer vessel
N, and N, are recognized as forces representing main soil stresses
01, 02 and o3 which coincide with main deformations ¢ & and e3 accor-
ding to the previous assumption.

Various values of G, 2 and @ characterize some soil anisotropy phe-
nomena that can be frequently found in the nature. Model in Fig. 3
corresponds to orthotropy medium.
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Fig. 3. Spatial model

It was assumed here, similar as before, some relation which is im-
portant just before attaining the limit equilibrium state by the soil

_ﬂ_ NAH 4D, 4D,
&y = - =&+ &+ &~ H+ D, + Da’ (3)

where V is a volume of soil in consideration &, &, ¢35 main deformations
and remaining values are shown in Fig. 3.

Assuming such a condition that the displacement of piston and side
walls will be proportional to the main strains of the soil (being at that
time in the limit equilibrium state) we can write a formula for o, and ag
where level dashes above signs refer each value to the state correspon-
ding the limit equilibrium _

tga, = — A%’, , (4)
AD
tgas:_ZA}iI. (5)

It is possible to analyse here, like in the case of two-dimensional
state of deformation, the inclination of guides for various values of volu-
metric deformation of soil at the time of exceeding the limit equilibrium.

Material characteristics of medium for 1-2 direction of orthotropy are
shown on a given model (Fig. 3) by means of (M/V), and for 1-3 direction
by (M/V);. If it is required to present the material characteristics for
2-3 direction, then it is necessary to build a more complex model. Such
a model shown as an example in Fig. 4, consists of three times duplica-
ted model of Fig. 3.
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Fig. 4 shows three cross-sections of one model which has additionally
the same elements on the opposite side of the symmetry axis. Wall cor-
ners of outer vessel are connected together by means of an elastic mate-
rial. Loading forces acting on the model coincide with main stresses o,
04, 03 that are schematically shown in Fig. 4.

Fig. 4. Enlarged spatial m-odel

The soil properties indicating orthotropy could be demonstrated on

the model as follows:
for direction 1-2 of orthotropy by

M M
GIZ - /112

J
| 4 |4
@12 ~ GIZ

(M / V)12 =

6 — Zesz. Probl. Post. Nauk Roln. nr 168
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for direction 1-3 by

Gis— s
M = —0—,
( /V)13 @K?_ GK:,;
for direction 2-37by
oy
M1y = =21
23 - GZ()’

Change of the index sequence means the change of directions of the
orthotropy under the consideration.

In case of homogeneous isotropic soil, the model will be much simpli-
fied; bottom indexes can be omitted. For description of such a soil under
loading, Kisiel’s equations [3, 4, 5, 6] may be used, referred to the sta-
tes before attaining the limit equilibrium. In this case a mixture of water
and air must be treated as only one agent to be filtrated. N eglectlng the
weight of the soil we can get equations (6) and (7)

Oo = Om = 3Koyo + ow, (6)
01j = 2Loy1; 1+ [(B3Ko — 2Lo)yo 1 ow] 635, (7
where - . |
57— 1, 2, 3 — indexes coinciding with orthogonal coor-
dinates (x;, x,, x3).
015 — stress acting in soil (taken on by skeleton,
water and air),
6, = 1/3 (0; + 05 + 03) — mean, stress,
Ow — neutral stress to be taken on by water and
A air mixture,
Vij — soil deformation,
Yo = Y3 (ey + &3 + &3) — mean soil deformation,
O1j — Kronecker’s symbol, and the remaining
values are the operators introduced by Ki-
siel [3, 5].
K — 2(1 +v) GMGYV + (GM 4 GV) M - S (8)
° 3(1—2v) GM 4 )M . §

GMGY 4 (GM -+ GV) M. 8
GM 4 )M . § ? (9)

L=
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where » is Poisson’s coefficient S is differential operator given by follo-
wing formula:

gf + »(0). (10)

Taking into consideration the initial condition y (0) = 0 we obtain

=3 (11)

Other values were already described previously. We shall only men-
tion that the modulus GV represents here the resistance of the soil aga-
inst elastoplastic deformation. :

MODEL SIMPLIFICATION FOR TESTS
TO BE CARRIED OUT IN TRIAXIAL APPARATUS

Kisiel’s formulas are rather complicated, therefore for practical use
they should be simplified. Assuming that G¥ — oo we will get the follo-
wing operators (corresponding to Kelvin’s model):

KK — 32((11 + V)) (GY 4 4M - 5), (12)
LXE =GV + M-s. (13)

Then we can consider non-filtrational deformation processes of soil
not fully irrigated. It is then sufficient to put into formulas (6) and (7)
0w = 0; that will give us considerable simplification.

We can consider a case when 2 = 0 too (absence of viscosity) that
is important for elastoplastic body having bulk modulus

2(1+4 v)
K =30—2,) "

where GP transverse strain modulus of elastoplastic medium.

A model fulfilling the last assumptions refers to a dry soil deformed
without an initial consolidation. Stopping in turn the action of @Y ele-
ment, we obtain a model of elastic body, at the same time moduli GP? and
KP should be replaced by modulus of transverse elasticity G° and bulk
elasticity modulus K°. Such a model will represent well a dry soil com-

pacted to a great extent.

6'
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Fig. 5. Simplyfied model of a
sample in the triaxial apparatus

Limiting our considerations to axial-
-symmetrical states of stresses, we find so-
me analogy to these states which are pre-
sent in a sample tested in the triaxial ap-
paratus. Such a sample can be described
by means of Kelvin’s model, shown sche-
matically in Fig. 5. This model consists of
two vessels in a form the frustrum of
cone S,,, and with their bottom ends tur-
ned to the outside. G, ® and 1 elements
are inserted into cones and these cones
are abutting to the guides S,. These gui-
des can be made of several parts and
may alternately represent ¢ and p values.
The guides are pressed by K, elements
resting against side walls Ne.

Accordingly to the introduced assumptions, we obtain the following:

m — 3KK70:

0y —0y = 2LX (&1 — ¢3),

where
0, 0, — main vertical stress and main lateral stress,
¢1, ¢ — main strains, vertical and lateral, respectively.

Taking denotations for

K:

_ 20 +v) sy

2(1 4+ v) a
3(1—2v) G

3(1—2v) ang

omitting indexes V and M of symbols G, i — respectively and taking
into consideration the formula (11) we shall get the new formulas given

in papers {13 to 17].

Basing in worked out formulas and to the results of tests, the author
calculated the values that characterize the rheological propertles of the
soils that are given in the quoted bibliography.
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CONCLUSIONS

On the base of the above considerations, we can now state that there

is a possibility of modelling the processes of deformation of real soils.

Some models given in this paper (Figs. 3, 4) are more complicated

and they correspond to the soils indicating orthotropic characteristics.
Basing on the proposed models it is possible to explain many phenomena
that take place in soils subjected to deformation. It -is especially impor-
tant because it enables to show, in a drawing, an element representing
the discussed phenomena. It is also possible to use a suitable model for
description of machine-soil system.
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S. Szwaj

MOZLIWOSC ZASTOSOWANIA MODELU PRZESTRZENNEGO
DO OPISU PROCESOW DEFORMACJI GLEBY

Streszczenie

Autor traktuje grunt jako oSrodek ciggly, sprezysto-lepko-plastyczny. Wyko-
rzystano model Kisiela M/V rozbudowujgc go w celu opisu anizotropii. Wprowa-
dzono pewne uproszczenia, tak ze ostateczny model jest przystosowany do opisu
Sciskania gruntéw (lessu, piasku i gliny) bez filtracji w aparacie tr6josiowym przy
szybkich odksztalceniach.

C. Ilsaii

BO3MOXXHOCTE TIIPMMEHEHUSA ITPOCTPAHCTBEHHOM MOJIEJ
OJd ONNVICAHUSA ITPOIECCOB AEPOPMAILIMU IIOYBBI

Pe3swomMme

ABTOp paccMaTpMBaeT MOYBOTPYHT KaK 3JaCTUMYHO-JIMIIKO-ILIACTUYECKYIO CIIJIOII-
"y cpeny. Yicnmoaw3yerca mozenb M/V Kucensa, npu ee pacluMpeHUM AJsA OIMCaAHUA
aHM30TpONMM. BBOAATCA HEKOTOPbIe YHPOILIEHMA, B CBA3M C YeM OKOHYaTeJbHas MO-
Zlesb TIpUCIIocoOJIeHa AJIA ONMCAHMA CKMUMaHMUA ITOYBOTPYHTOB (1écca, mecKa ¥ IJMHbI)
6e3 ouabTPaLMM B TPEXOCEBOM amIapaTre B YCIOBMAX ObICTPhIX AedopMalmil.



