‘l-bﬂlrbhll'hhllll.ﬂli !I‘IIFL:.lII;'l;{lflI'. ‘:Jll:g;l;lt:
rEOMEXA , !

nPOBHEMHF GEOMECHANICS, YEREVAN
e

PROBLEMS O
T 1971, 5:58—=80

VIIK 624.131.37

F STRUCTURE ON

N THE EFFECT O
N H OF SOILS'

THE SHEAR STRENGT
Docent, Cand. Tech. Sc¢.?

SYNOPSIS. An analysis of experimental results obtained in lrlnxu.l tests on
loess and sand is given. The slale boundary surface introduced by the Lamhnflgc
Soil Mechanics Group is briefly described and differences that exist betwecn 1l ‘".ld
results of previous experiments supplemented by triaxial tesls of Iwo types of clay
are set forth. A structural mode! of soils with :lpprosimatcl_\' spherical and flat parti-
cles is proposed and results of the study of model's behaviour in the course of .,ic.lm-.
mation are given, The nature of structural changes (hat takes place in loess and sand

is discussed.

JAROSLAV FEDA,

INTRODUCTION

research into the shear strength of soils
century Ly prominent experts in the

field. Perhaps the most notable of them were Terzaghi's Viennese disci-
ples and collaboratois. Hvorslev, Rendulic and Bernatzik, and a group
of researchers gathered about A. Casagrande at Harvard University. One
of the remarkzble contributions to the topic of shear strength in this
boom period of soil mechanics is a study by Ter-Stepanian (1936), whose
theme—changes in structure in the process of shear deformation of
specimens-—is particularly close to the problems that form the subject of
this treatise.

Pioneering ideas, ingenious theories and experiments of those scien-
tists have succeeded in creating too optimistic an atmosphere in which
all problems of shear strength seemed to had already been solved. An
authentic testimony on the situation is given by Terzaghi (1960) at the
Research Conference on Shear Strength of Cohesive Soils in Colorado:
.In 1936 when the First International Conference on Soil Mechanics and
Foundation Engineering convened at Harvard, the salient features of our

Foundations for present-day
were laid in the thirties of this

1 Lecture presented at the Geological Institute of the Armenian Academy ol

Sciences. April 30, 1970.
2 Senfor Scientific Worker, Institute of Theoretical and Applied Mechanics,

Czechoslovak Academy of Sciences, Prague.
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“9ipresent knowledge of the shear strength of cohesive soils were estab-
dzifished and the differences between laboratory and field behavior of these
linmoils were known in a general way. However, none among us who par-
i5ifticipated in that Conference suspected how much time and effort would
odbe required to close the remaining gaps”®.

It may seem that the specifity of today’s research into the shear
nizstrength of soils will lie in structural (microrheologic) approach. Howev-
;19 er, the last decade has given birth to such a phenomenological (mac-
101 rorheologic) conception as the state boundary surface theory of Cambridge
02 Soil Mechanics Group, with a clearly synthetic leading idea (Roscoe
9 et al., 1958; Roscoe, 1968).

CONSTANT VOLUME TRIAXIAL TESTS

These tests were made with water-saturated specimens 38 mm. ,across
i and 76 mm. high, with rough upper and lower discs. They involved either
w1 undrained specimens with pore water pressure measurement (loess, clay)
o or drained specimens with the cell pressure 3, varied during the test in
0 order to made constant the specimen vol-
11 ume,

Only compression triaxial tests at
5  constant rate of axial strain were made.
I The rate of axial strain (in percent of
# specimen height) was 0.1%/min for loess,
) 0,06 to 0,006%/min for clay and 0,025 to
) ' 0.4%/min for sand. A back pressure of 2
| kg/em* was used in the loess and clay
| {ests (the loess tests are taken over from-

a paper by Bougek, 1966). Fig. 1. Plane of triaxial stress
The results of triaxial tests can be paths A in the space of stres-
represented by stress paths of specimens ses (%) 5y %)-

in the space of effective principal stresses b4- - brummlypuhb upoud-
(3, 3, %). Sincein triaxial tests ay=a, ek Abmwqdbph fuppovpyoifie

all stress paths lie in plane (a:';=d.:t) in (51, 3y 93) pupordibph mwpudne-

pabinud:
Fig. 1. - Puc. 1. IMaockocrs TpaeKTopul
The specimens were all laboratory rpexocwoix wanpawenud A e
prepared— sand by free pouring or vibra- NPOCTPaHCTBE HANPANERUL
tion, loess and clay by isotropic con- (3 3 %)

solidation of slurry in liquid state.

The materials used in the tests were Zbraslav sand (859% of grains
in the range 0.1 fo 1mm.), loess from the place called Cherny Vul near
Prague, and clays from Sokolov (illitic clay) and Sedlec near Karlovy
Vary (kaolin). The characteristic moisture contents of the cohesive soils
tested are set out in Table 1.
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Sotl I P B Ipyut w, @ !I_
3 ' 33 12
A . wey Mlce (Hepnn Bya) 21 & !
Loess (Cherny Vul){{ == (2hadf Lony) .!t. < (“ Do) 35.5 hu.'.‘ e
o Sonalon) F:;‘ﬁl-rﬁ::;‘)' 4 ?:Itl‘l:: lk(?ot&o.mn) 364 81.3 44,9

Clay (Sokolov)

paths of normally consolidated

is f the various stress
S e as simultaneous-

specimens of loess (the consolidation cell pressure sz W
Iv the initial cell pressure 3y of the test) is made possible by using the

dimensionless (normalized) coordinates 3, 3y and ay3y (-Hg. 2). The lat-
ter are used in Fig. 3 for depicting the stress paths ol ““_' Same: l“"ff
during tests of specimens. with various m'erc(‘msolldal.lt‘m rall‘os (J.(.‘.:h:;(-:
=1,./3y;). The Figure also shows the characteristic stress paths from Fig. 2.

The stress paths in Figs. 2 and 3 display tiiree noteworthy features:

a. The shape of the stress paths depends on the IlcveI.nf consoli-
dation pressure. For normally consolidated loess and 35— 3,2, 3 and
4 kg/cm? the stress paths resemble one another to such a degree that in
view of the natural scatter of the tests, they may be regarded as iden-
tical. For ;=1 kg/cm® the stress paths differ quite markedly. however.
Similarly, Fig. 3 shows that with decreasing O.C.R. the stress paths
gradually approach the shape typical of normally consolidated specimens
at 5, 2 kg/cm®.

b. The most important difference between the inherent tendencies
of the stress paths of loess shown in Figs. 2 and 3 is the structural met-
astability of specimens exhibited in some cases, i.e. the structure of spec-
imens becomes unstable in a certain interval ol the test. This is mani-
fested by a decrease in axial load to which the specimen is capable of
resisting: the stress path assumes a characteristic convex shape with a
horizontal tangent. Mefastability of structure is observed in specimens
with higher stress levels (Fig. 2—3,. 2 kg/em®) or with a structure less
solidified by consolidation (Fig. 3 O.C.R.- 1.33).

c. After the maximum ratio of principal stresses (3/3)max  has
been reached, the stress path contains a characteristic straight-line seg-
ment, I extrapolated the segment passes through the origin. It is most
pronounced at low stress levels (tests at a1 kg/em® in Figs. 2 and 3),

The results of triaxial tests of saturated Zbraslav sand (made at
constant specimen volume) are shown in Fig. 4. They are represented
in the same coordinate system as the loess tests in Figs. 2 and 3; the
sand specimens are characterized by their initlal porosities n, (Fig. 4).

The three characteristic features of loess stress paths referred
to above can be observed in nearly the same form in sand, too,
The shape of the stress paths noticeably depends on the stress level,
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Lingand at higher stress levels (s, -4 kg/cm®) substantjally difiers from that

loof at s5=1 kg/cm®.
sldble and unstable. The attainment of (3;
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Fig. 3. Stress paths of loeSS

specimens with various overcon-
solidation ratios (0.C.R.)
Uh. 3. LuenidlGbrp fhnwqdbicp  wwre-
wumpbwb
lidnyhbrh

pbe  qbrlnGunjhpugdub
(O.C.R.) mbkgng pnup
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yguu (O.C.R.).

acteristic straight-line segment of the stress path. A detailed analysis of
constant volume triaxial t>sts of sand falls outside the scope of this pa-
per, and has been presented elsewhere (Feda, 1969a, 1969b).
Comparing the triaxial tests of loess and sand we find that the main
features of their deformation processes are essentially Identical, as borne
out by the characteristic properties of their stress paths. This remarkable
finding brings forth the question whether or not it is possible to formu-
late a general conception of the shear deformation process of particulate
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Fig. 4. Stress paths  of Zbraslav sand
during constant volume triaxial tests;
n,—initial porosily ol specimens.
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STATE
The conception is based on

ssibility of such a €
5 d by the Cambridge

BOUNDARY SURFACE
Hvorslev's

onception is offered by the

Fig. 5. State boundary surjace; 1 vir-
consolidation curve, €8 — critical

gin
state curve, P—its projection,
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OF THE CAMBRIDGE GROUP

strength in the form (Hvorslev, 1937)

s=Aexp(—Be) | stany’.

Soil Mechanics Group

modification of an earlier
proposal of Krey-Tiedemann to express the Coulomb equation of shear:

(1

4

5 Particulate matters are substances composed of contacting particles of solid!l
matter and of liquid and/or gaseous phase. As (here are bonds (generally of any klnd)K
acting between the solld particles, the solid phase has a clearly defineable structure.:
Solls are the most widespread type of particulate subslances.
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where = is the shear strength; s, e the normal stress on the shear sur-
face and the void vatio at the instant of failure; z’'—the angle of inter-
nal iriction; A, B—constants. The first term of Eq. (1) represents the

effective cohesion ¢’ so that by (1)
c’=A exp(—Be) (2)
The definition of ¢” according to relation (2) starts out from two as-
sumptions:
1. The oedometric curve of specimen compressibility is of the
semi-logarithmic form

r

ey—e=Ceclg— (3)
&)
where e,, e are the void vatios at oedometric pressures 3, and 3, and
C. is the compression index. For 3| relation (3) gives

a;==uexp(g—“ ) exp(— —Zi) (4)

9. The effective cohesion is directly proportional to the effective
(oedometric) pressure 3; according to the relation

¢ =bs, (5)

where 6—the factor of proportionality.
Substitution of (4) in (5) gives
e e
¢’ = b3, ex (—-"—)ex —L 6
o €Xp C. p ( Cc) (6)
and 1f

e, 1
Al (*", 7 L 7
9 €Xp Cc) C. (7)

then from Eq. (6) we get relation (2).

For real soils the first assumption is usually satisfied only in a cer-
ain interval of the compressibility curve, in the range of higher stresses.
At lower stresses the compressibility curve displays a marked break (the
so-called preconsolidation load) that generally corresponds to the stress
level at which the original structure of the specimen commences to fail.
Consequently it denotes the structural strength (Leonards and Altschaefil,
1964; Kenney et al., 1967: Tsytovich and Dalmatov, 1969).

The second assumption is not general enough, either. One can well
imagine cohesion that will not depend on the value of s, (e. g. cemen-
tation bonds) or at least will not grow proportional to s;. It ‘may there-
fore a priori be expected that the insufficient generality of the two assump-
tions will restrict the validity of relation (I) to merely a definite class
of soils in a onesidedly (lower bound) limited stress interval. This con-
clusion is not surprising because Hvorslev worked with artificial, labo-
ratory prepared specimens only,
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very good in the range of curve AB. For 3y = 1 kg/cm® there 13 a con

siderable difference.

According to the state boundary surface conception, oy
fines the critical state of the specimen (it lies on }h‘-' so-called critical
line C.S.). Once the specimen reaches this state, =, 3" as well as e continue
constant during subsequent deformation, and the consecutive course of
the stress path reduces to point B. However. as the loess tests indicate,
the stress path continues beyond point B, along straight line BC
passing through the origin.

The comparison of the triaxial tests of loess with the conception of
the state boundary surface thus reveals differences of two types:

a) the stress path of all tests beyond point B continues along
straight line BC;

b) only the stress paths of tests made at higher stress levels
(33 2 kg/cm?) lie on the state boundary surface in the range AB.

Fig. 6 also charts the constant volume tests of saturated Zbraslav
sand according to Fig. 4. The initial porosity of specimen, n, charac-
terizes the initial structure obtained otherwise than by consolidation as
was the case with loess. As suggested by Fig. 4 and proved by Fig. 6,
the inltial porosity plays but a secondary role; of primary import is the

effect of stress level.
The differences between stress paths at low and high stress levels

are here similar to those of loess. For higher stress levels (3}, > 4 kg/cm®)
one could probably accept the state boundary surface conception (with
a different, lesser, ratio® between the swelling and the compression indices,

If A, Band tan =

point B de-

¢ If the ratio between the two indices, Cy/C, equals 1, all deformations are revers-
ible and the two-dimensional representation of the state boundary surface degenerates
to the straight line :;ﬂf:'al- . As the ratio gradually decreases, so grows the irre-

versible component of deformation; in the state of ideal plasticity (all deformations
are irreversible) where the ratio Is zero, the two-dimensional representation of the
stale boundary surface Is an ellipse, One can therefore conclude from Fig. G that the

Y a— |
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)\%/C.) in the AB range. The disagreement with the state boundary sur-
»oace conception is qualitatively the same as for loess.

Fig. 7 plots the results of undrained triaxial tests (with pore water
9iressure measurement) of normally consolidated specimens of Sokolov
ynd Sedlec clays, using the same representation as in Fig. 6. The drawn-
nin state boundary surface (in two-dimensional representation) taken from
uifg. 6 Is In comparatively good agreement with the test results. This

|
1.2 + 03, = 2 kglem® Z
x J ¥,
1.0 . 4 | }4’,/1
Y] il | =l Gy, =1kglem®
. ' A 2 |
.-‘.;;.", 08 p $ =355° TR I
] ¢ = 13° fod !
o L7 "X +\| RosC0E anD
T 06 T — BURLAND (1968)
! \
04 S — Bl
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00 04 02 03 04 05 cﬁ?'s 07 08 08 10
A

**lg. 6. Comparison of experimental stress paths with the two-dimentional represen-

slation of the state boundary surjface; A—loess in Fig. 2, B—Zbraslav sand in Fig. 4

M. 6. lwenullilich fordlbmlul fhnwgdbch fudbdwnnpmbp grogpyub vwhdwbughl dwlbcb-

nypp  Belpuwhughh  suelbrogdub (bwn, A—poop G 2-mul, B —9ppuwupunffe  wfuigp
L. 4-nuls

1Pitc. 6. Cpasnente 9KCNEPUMEHTAALRLLY TpaeKTopuil Ranpacenud ¢ dsyxmepuoiy npedcrae-

. AcHuem 2panunnofi nosepxrocru coctosnud; A—nece no puc. 2, B—36pacaasckuil necok
no puc. 4.

dbears witness to the fact that the C,/C. ratio was close to 1/3. Theleifect
yof the stress level fails to manifest itself but the stress paths continue
seven after the attainment of point B. Those of the Sedlec kaolin tend
ito higher values of s/ /sy, those of the Sokolov clay in the opposite di-
rrection.

The differences between the experimentally established stress paths
sand the state boundary surface cannot be ascribed to the methods of test
)(the effect of shape changes of the specimens during the test, nonhomo-
sgeneous stress field in the specimen, efc.). If they could, the effect

lirreversible deformations of sand are substantially larger than those of loess, and that
Ithe irreversible deformations of both sand and loess at higher stress levels grow con-
yslderably larger against those at :;“ =1 kg/cm3,
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qualitative discrepancies. No explanation can be offered on the phenoms=
enological level, and structural approach to the analysis of the shean
deformation process must be resorted to.

MECHANICAL MODEL OF SOILS

The structure oi soils may be modelled in {wo ways:

a. Soils with approximately spherical (isometric) grains (sand, silt}
may be represented by a mechanical model composed of an irregular as-i-
sembly of spheres of equal diameters’. On the contact of two sphere
there acts only the friction (frictional bond) or in addition to it, also th
brittle cohesion (cohesive bond). The brittle cohesion Is such c‘ohestorjn
that becomes disturbed at a sudden relative displacement of the two con=
tacting spheres (grains) and does not get restored in the course of the
deformation. Let the first system (with the frictional bonds only) ter
singular, the second (frictional -|- cohesive bonds), binary. Failure of co=
hesion then makes of a binary system a singular one. This process can
be called degeneration of the binary system.

" As proved by a number of lests of various authors (e.g. Roscoe el al., 1958)4
the mechanical properties of a specimen composed of steel or glass spheres of equals
Idameters, correspond very well to the properties of granular solls. 1
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b. For solls with flat particles (clays) a structure composed of or-
ithogonal structural elements according to Fig. 8,a is proposed. Since at-
tractive forces reach to lesser distances than repulsive forces (Fig. 8,d),
at a small decrease in angle z the latter grow more than the former, As

R
)
a) b)
6——e——0
e
D
c)
,,/ 0———e———o0
e o———e—0
oP
- o N A

Fig. 8. Structural elements of a mechanical model of soils with flat particles (clays);
P positive charge, N-—negative charge, R-—repulsion, A—attraction, D —distance from
the particle surface.

14 8. 2wrp dwubhlflirn] qrafnbhrp  (fujbrh) Ubjuwbpjulmb  dnnhbih umenjmnirmhh
nlmrrl}rn. P—qpmffwir ”\g,, N —pwgmnmf‘mlr thaes R —tfmimuf, A -—-anqmp‘{mﬁ, D —wnw-
pudmflymd  dwlhpbafy:

Puc. 8, CTpykTypubie 3AeMenTol Mexarudeckol Modeaw 2pyHTa ¢ NAOCKuMn  “dcTuyasu
(2auna); P—nonowutennnuit  sapsg, N-—oTpHuaTeabnnii  3apai, R —orraakisanie,
A—npursixenie, D) —paccrosinie OT NOBEPXHOCTH.

soon as the effect that causes angle z to decrease, ceases to act, the de-
formed element returns to the original orthogonal position which, conse-
quently, Is stable. The paraller position depicted in Fig. 8,b is stable,
too. If element a is to change to element &, It is necessary to overcome
an energy barrier that bars the stable element a from changing into a
metastable one (a metastable element Is defined by some angle a<=/2
at which attractive and repulsive forces are at equilibrium). When ele-
ment @ changes to element &, the volume of the specimen becomes
smaller: in case of a saturated clay specimen, the molisture content of
the specimen falls off. At larger relative displacements of element b the
latter changes to element ¢. This causes the repulsive forces to increase
with the necessary result that the distance between the two particles
grows larger. In this case the moisture content of a saturated clay spec-
imen must increase.

The only thing the proposed models are fntended to describe is the
mechanical behaviour of particulate substances, especially from the qual-
itative point of view,
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* OF ‘LAR ASSEMBLY

PROBABILITY OF THE STATE OF IRREGL l-\ .
R ITS STRUCTURE

The structure of this assembly is defined h_\'l -
of the spheres and by the friction bonds between ‘.ltqc;n
on the basis of an analysis of the axray of regular Jl::l by the
that the two structural characteristics can be described U
and strength of the contacts. s -« (Bodn:

It cagn be found by a simple application ol Lomlbli:m!:::t;“ls“ i
1969b) that the probability P of occurrence of a r.t‘.ﬂ(‘; :‘ l"“ & ;.;.Iven
spheres — if the number of contacts of one sphere is O K )? obability)
by the approximate relation (based on the classic definition ot p A

(9)

or SPHERES AND

the geometric array
It can be shown
blies of spheres
number

6!
P~ 0
For larger /N proba-

e N is the number of spheres in the assembly.
e : assembly of spheres

bility P is so small that the occurrence of a regular bl
is p;acllcall_v not feasible. That is why a mechanical model_ mus 0: ;
the character of an irregular assembly of spheres. The latter is comp SIEI.
of small regions (crystallites) with a regular array oi' the sphereis. This
is possible because those small regions have a low N, and therelore ac-
cording to relation (9), P reaches in them real values. .

The probability of the state of irregular assembly of spheres may
be characterized in a way customary in statistical thcrmodynflmlcs. e
by help of combinatorics. One can then use Boltzmann's principle well
known to statistical mechanics (Mogami, 1969)

S= klgP (10)

where S is the entropy, k—the factor of proportionality, ”—the proba-
bility of the state.

“In an isothermal system an entropy increment is produced by the
irreversible change of mechanical energy in thermal energy inside the
specimen. In the course of a deformation process the value of entropy S
therefore grows gradually with the growth of plastic deformation of the
specimen. If in eq. (10) § grows. so must grow the probability of the
state, P.

The least probable of all is the state In which each sphere of the
‘mechanical model has the same number of contacts. This state corre-
sponds to the regular assembly of spheres. The specimen structure that
approaches this state |s termed dominant structure because such a state
can be reached by a specimen only under the effect of a markedly dom-
Inant structural-genetic influence. In such a state, a specimen is either
very loose or very dense. Should the geometric component of the struc-
ture of the mechanical model be characterized by the frequency curve
of the contacts of the various spheres (Fig. 9), the dominant structure
will in the ideal case be represenied by vertical lines in Fig. 9,
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More probable is the state in which the number of contacts will
) differ from one sphere to another. This statement can be proved both
1 mathematically and experimentally (Feda, 1969b) and is self-evident.
| The frequency curve of the contacts of various grains can be considered

. 0
¥ o5 . 0.5

160

Fig. 9. Definition of the dominan (D. S.)
and spontaneous (S.S.) structures in terms
of frequency curves of graln contacts; L—
loose, D—dense, F—frequency, N-—number
of contacts
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Fig. 10. Frequency cuarve of bond
rupture of undisturbed loess speci-
mens; FBR—frequency of bond rup-
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close to the theoretical Gauss' curve (Fig.9). Such a structure is termed
spontaneous structure because It came into being by cooperation of a
number of structural-genetic factors of approximately equal intensity. A
medium dense specimen has spontaneous structure.

Since spontaneous structure is more probable than dominant struc-
{ure, the latter must change to the former in the course of a deformation
process, according to Boltzmann’s principle. This means that dense speci-
mens must become looser and loose specimens denser. In that way
one can theoretically explain the familiar experimental fact, i.e. dilatancy
and contractancy, of particulate substances.

The higher the growth (gradient) of entropy, the larger the struc-
tural changes that take place in the specimen, for the entropy gradient
is proportional to the growth of plastic deformation. Both quantities de-
pend on the character of the stress path, that is to say, on ils shape and
position (stress level).

One can differentiate between stress paths with low and high en-
tropy gradient. Should one test a series of identical specimens with iden-
tical initial structure, one would find that the effect of initial structure
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will. predominate fon:stress:pe - opy gradient where large struc-

SRQamED foriceas phtha wilh N ‘hat has been said above®,
tural changes will take place according to wha }- b -conceptignios

These considerations lead to the connfh‘lslun : l:cimens o which the
the state boundary suriace satisfies the tesis t"?-:pthcert: arise substantial
stress path has a high entropy gradient. Otherwise ctenclnte. not veliRhE
deviations brought about by the original specimen s {1‘1cl S
ficiently disturbed by the deformation process. T‘Im‘: is “L‘“;}i
one can interpret the experimental data of Fig. 6 in ralllgr. ' I;'m‘c- 08

Every irregular assembly of spheres—no mulle'r ‘;owﬁ t(n;cture S
transition regions between individual crystallites in \\hi‘u i.‘ § et
metastable. At the beginning of the deformation process these ‘mt'e:‘s o
regions cease to be stable and as a result their volume de;rezlitl.l\.s e.‘t-
long as it is not prevented from doing so by test cnmlfliﬂlls)-h lhe I' :
plains the general occurrence of the contractancy interval at .t e ; gn
ning of shear tests of all types. The contractancy phase Is Suc-
cessively followed by the dilatancy phase. During the transition between
the two phases the gradrent of volume strains is zero and that is why
the state of stress of the specimen may be characterized by the residual
angle of internal friction. To that just corresponds point B of the stat?
boundary surface. Stress path AB therefore describes the contractancy
phase while straight line BC is the natural consequence of the dilatancy
phase of a specimen whose original structure has ceased to alfect the
deformation process, It is well known that dilatancy is most pronounced
at low stress levels. In support of this fact one can bring even theoreti-
cal reasons. Figs. 2 and 3 in which the straight-line segment is most
distinct at 35, = 1 kg/em® bears out our statement,

The experimental results obtained for loess (Fig. 6) can therefore
be interpreted by that the originally binary svstem of loess has degener-
ated in the neighbourhood of point B to a singular system and subse-
quently behaved like sand.

MECHANICAL MODEL OF CLAYS

In clay specimens one can observe wholly analogous phases ol
contractancy and dilatancy as, for example, in sand. But as pointed out
in the foregoing exposition, the causes of these volume changes in as-
semblies of spheres (or generally, in granular materials) and of those in
clays are essentially different. In the former case, dilatancy and contract-
ancy can simply be deduced as a consequence of grain interlocking

% The boundary between a siress path with low and a stress path with high en-
Iropy gradient therefore depends not only on the stress path alone (e.g. on the stress
level) bu'l equally so on the structural strength of the specimen, l.e.on the resist-
ance the specimen puts up against a change in its structure. This resistance is evi-

dently the smallest for normally consolidated laboratory prepared specimens such as
used by Hvorslev.

- -
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'"But as already mentioned. in substances with flat particles of the ciay

I type, analogous phenomena arise because of other reasons.

' According to the test results of both clays charted in Fig. 7, the

- stress paths involved were all of the high entropy gradient kind. In ei-
ther case the attainment of peak strength is followed by a post-peak de-
crease of stress (3;—3;). In Sedlec kaolin one may observe a faint hint
of dilatancy.

The post-peak decrease of stress {s usually explained by gradual
orientafion of flat clay particles parallel to the direction of shear displace-
ment. This mecanism may be conceived of as the transition of model
a 1o model & (Fig. 8). If, however, the displacement is large. for exam-
ple, like that typical of residual strength test, the major portion of ele-
ments & will change to ¢. This must result in a higher moisture content
in the vicinity of the shear surface. In this way one can explain e. g.
the variability of moisture content of London clay specimens measured
by Skempton (1964).

The actual description of structural changes is, of course, more
complicated because -same as there cannot exist a regular assembly of
spheres—the structure of cla ys cannot be formed of elements a or b
alone but must contain their mixture, with regular arrangement {n some
smaller structural units.

EXAMPLE OF THE DEGENERATION OF A BINARY SYSTEM TO A SINGULAR ONE

In a binary system degeneration causes the cohesion to cease to
exist and as a results the system behaves like a granular medium. This
idea has been used In the explanation of segment BC of the stress path
of loess in Fig. 6.

Direct confirmation of this conception can be deduced firom shear
tests of undisturbed specimens of loess from Prague-De]jvice (Feda, 1967).
It was derived from the analysis of volume deformations during shear
box tests, the frequency curve of bond failure is drawn in Fig. 10. Accord-
ing to this derivation all cohesive bonds should have failed and the
degeneration to a singular system should have been complete for 3., >
3.5 kg/em®. The correctness of this conclusion as well as of the analysis
on which the conclusion was founded, is indicated by an analysis of
Mohr’s envelope of this loess.

Fig. 11 shows the results of shear strength measurements. Mohr’s
envelope consists of two straight lines. For 3, >2 kg/cm?, ¢ =0 and

o’ =36° —the loess behaves like a medium dense to loose sand. For
3;=0.5 and | kg/cm?, the loess strength can be described by the fol-
lowing shear parametres: ¢ = 0.33 kg/cm® and $"=36°. As the con-
stancy of shear parametres suggests, the loess in this range behaves like
an ideal binary system, without noticeable structural changes.

The curves of shear parameters tang’ and ¢’ derived from Fig. 11
(blank circles) are drawn in Fig. 12. The Figure also shows the curve
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of cohesion obtained from the ireque
~edur
see that the two mutually independent procedu

ment. The way the degeneration of the

cedes is distinctly evident from
kg cm®, cohesion gradually cea-
ses to exist. The diagram in Fig.
11 is the typical Mohr's enve-
lope for an overconsolidated soil.
The so-called overconsolidation
load is nothing else but the
structural strength. A similar
explanation was arrived at, for
example. on the basis of com-
pressibility tests of Labrador clay

published by Kenney et al
(1967).
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Fig. 11. Mohr's envelope of undis-
turbed loess specimens from FPrague-
Dejvice
Wl 11. Wanh wwenehzp Newqu-"Fhyi-
aby poup uwjumdws Gdnblch Buduwe:
Puc. 11. Ozubaromjan Mopa dan wena-
pywennny obpasyos aecca ua Hpazu-
Hedsuye.

Fig. 12:

J. FEDA

pey curve in Fig. 10. li is clear to
r es are In excellent agree-

loess under examination pro-

a% & a9

under normal stress 1<3, <2
T
-;;-J-'

o."

3 hglem®

§

Fig. 12. Values of shear parameters tan g’
and ¢ at the atrainment of peak strength
vs. the normal stress 'y for undisturbed
loess specimens  from Pragae-Dejvice; A—
deduced from the frequency curve of Fig.
0, B—points deduced directly from the
Mohr's envelope In Fig 11.
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CONCLUSIONS

An analysis was made of the behaviour of typical soils— sand, loess
and clay—subjected to shear stresses during constant volume triaxial

compression tests,

A comparison with the prognosis founded on

the state boundary

surface conception of the Cambridge Soll Mechenics Group has revealed

a number of differences, notably:
a) the shape of curve AB de
Initial structure of specimens: onl

pends on the state of stress and on the
Y specimens possessing a high entropy

gradient can be described by this phenomenological model;
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b) in consequence of the dilatancy, the stress pass continues by
- straight line BC.

The state boundary surface portrays the behaviour of a certain ideal-
ized particulate substance to which closely resembles laboratory prepared
clay tested along a loading path with high entropy gradient. In such a
case the initial structure of specimens does not come into play.

The predicted behaviour of sand and loess agrees very well with the
behaviour derived from the mechanical model composed of irregularly
assembled spheres of equal diameters between which there exist friction
bonds, and in the case of loess, also brittle cohesion. For clays one must
use another mechanical model, namely one whose structural elements are
formed by flat particles.

Along a stress path with high entropy gradient the amount of plas-
tic deformation Is considerable. The deformation is realized by way ol
temporary loss of structural stability. This leads to a change of the ini-
tial structure of specimens and to the adaptation of the latter to the giv-
en loading conditions. The mechanism of structural metastability lends
itself readily to a description by the proposed mechanical models. The
gradual degeneration of loess to a singular system was proved by experi-
mental evidence.

The degree of diiference between experimental behaviour and the
phenomenological model—the state boundary surface—may be regarded
as an Indicator of the effect of soil structure on the mechanical beha-
viour of the tested soil.
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Ly Lfth Shwlgmflymt  dhby ghghph N Phfp pupép b+ Upg pul  wpumtunn
wnwymgnulp whShwphl b phwlhwh oodbph wongbgnufdjwl wmwl (op. Tuuyfmd-
pugnymgdwh dwdwhuwly)e Upnpopof uvmpnimnipubibpp hwpng bY wewgufiog
Sl ghinghpf hwbhobwdnp nuuwinpncnd thnpp Twpghpnot (Yppummmgpnihp):

Udfbyfp Syl £ qpaftindip, apaul hnlunwlabbph @ hdp hmwppbmfi
wwpphp ghabph Swdwpe Swpphp Swunflihpf Intuwlymbhpp Bofe 5wt fw-
hwhmflyule hnpughdp hupng b Swdwpdby Puncf Swdwfuw lpwhnfpud fnpw-
qofih Swilwywmwofuwh (9h. 9)r Ulwh umpnilpmnepwl whdwhfned Efiphow-
phpwlwmin Upghh Jpmmflynide mihibgnyg Gdngh mlifs fpphwphpololh uurpne)-
mnipw, fulp gun dhfepnds fud qunn fufun bdnggbhpp  ndihh gpndd filr s lren s gl
umpnilpmnipus Puwhfi np puphmpbpuljuls wmpndjunpuh bl Swif whmlpwh
L puh podflbinw g fifep, bpyfiin upbmp E whghp wnwghlipl ghpnpdwydwh
pltffugpncd pun (10) Ampgdwhp uljgpadhipf, npinky  S-p Firnprugput £, P-5"
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N mma‘wunt{fﬂﬁm
gl yusks Swurlewslutonflyniep b B2 ,,‘,‘,.,,...mn-ue}:;m;m‘ byl fofron
Udmghbpp wbing & quniwle wfbgh dpupecd, pok PLen ks
Uyg pugummpnl £ gpmantbph ghpambighut b #"ww;"lm ?w:f.
Yuplgp ¢ wwppbpulhby pupnolblpp Sbnugdbep é;mr"":‘ o A
pupdp gpughblabipf g S frles bph .ﬁnp&mpq'f""f A u"!l;" waun nn’l furmepgfr
mibbgng bmgbwlwh bdnQubph uAppiey S U’l"g‘f’:‘;’”&:‘" of 3 wpnidbbph
E$blunp hypip ghpulpnng  Evwpragpusth gudp qreghtiehiene 1S T
f&mmq-}bpﬁ swdwp Lk Plpurlypang B‘m{'""!!"".f!' pupdp "?f""‘”’ w‘:' =L [Ib
prulbbpl Shinwgdbpl Swdwp, npmbn Yunmmprfnal LY Ik ump'n::(b ":;.;m.
hntpnfunifindilibp: Uy plipnol £ gk 6qpm¢m3mﬂ;w7n np 'H':‘PJ Pl
Yurghle dwlbplbogfh ququifiupp purfuwpmpnul | qlypbpht, bpp fw{’”’ mn.:.:.f
Shwwghdp nidifp Fumprugpogh Sl bd wmwpup pupdp gpugfiblm -'”;" ,!
phypnid wnwgwlinad by bwlpuh 2hgnuiihp’ wnwymgmd lngh vhyp T
winpnlpnnipusghg, app n; pudwhuiogd £ pugpuplud gbpnpdugiul -
Pugpnuts Uggupuny fupbyp b Shlhwpwliby dropdbulul m jukbpp AB dwp-
qnud (bl 6), npnbp Wympugpaod b fabmpalpnbig s BC wwqpiqp nyhyumbb-
gluwgh shngf phwlpud Shnlouhph E:

bphne huadbph dhnpdwpldwy wpgndiphbpp (W 7) goigg b mugfi, op
qpuhy pupndibpp Shmwgdbpp Pempnyfogp pupdp qpughblmfi wfogfe B
bQunfbph wwnprdpnnpu gl shofinfunfd gnsbhph frpodlpa Yhwpugpaefl gniip pou-
Julpwliph pumpg b, pwhfr op mnpndpnnepuh 3fr Jupng hugdfby fpugh @ fpaed
b wmwpphbpnd, puyg whnp b wpupndiwlfi bpuby poonimpnp, npng mbgbpnul
thnpp wnpnipmmpugh dhunfnphbpl Jubabefop guawloproln:

Yplinulp upumbdihpoul wgpuubpnolp wrwgwghnud b hgilwl nphpmgnul
b npupby Shinkwhp wpumbdp fphy wpwsood [ apyhbo Surmfrlpunfap o frpufugp:
Uig guquipwpp ogmugnpddby b poufr pupnalihplh Shinwgdp BC Swwnifwdf
gqogaiflpul pugumpofl gl Swdwp (W, 6 ): u_p; war gy uarihi gl el phflugpp Swu-
muwiifwd bp dwfupugfls phpnpdwgdul fhppmidaulfy ppnufe jpewfumifnod Wilog-
Uhplh wplgupl shnpdwplnadbbpp dwidebml: Ygdob Quwmhpl pobgdwl She
wmbwhpnif winwgdhy SwSwfpmlwhafl ol §npaghdp (W 10 ): Ul 11-p oy ¢
mugfiy Unph wpwpmplyp, npp pugluwgmd b bploe ngpafy: Ugg wpapmppshy
fflﬂpﬁdl I3 ﬂqpml‘mg[rb( um;p!! [‘:‘l":' & .c’ u!mpmi”;mp&pfx If:nlf:n}um’puhmﬂ;mh
dmuple (W 12). Whwph dfpw gogyg b ompfwd bk hgduh hnpumghdp, npp
wurmgiby § Swsw ool pods hopugdpy (Wl 10): Mwpg bplood b, oop bplm
thafppumgupd whlwpe phflugwlmpgbpp guafeol b vl mdu b fl gt Fhye Bl
fz-flg bpbmzf £, np 1< :; <2 l|q-'ud’ ?anlfuq u'?.r-‘nfmh Junfmhm& lf_qmnrp '

H:u&;r bk

ufrimbmpup nyhywhnd |
zbmmr‘nmnlp;mbhbpg gougyg wfhgfi, np wppnin il gbshopid vigd e Fhdm-
Pynchp Elunpmgfrogf pupdp qpughlivnnd popealbbple Shiowgdf Liplp o [l gonal e
quymiyfe b Mipapdwgnd p bpwlpuhwacd b wmpnidpmnpugfie ool gl d -
Jwhulpwnp hnpuump dlensf: g plpnot | Wilnagfe wlpgplow el v
!!}m_fll :flmfm[ml'mb[n. b bpws Swpd wpd uep plnboadnpdwl wnf gy ugus g wbedshpfis -
urpalyurne il Shunulpu pmiin fl gt dhfuutifrydp Shpmacfl gndp lpaa pros g ol
b wnamguplpfny T hfuwstefrlpuslyush dnglyybpmfs Linuf T T T T T T
ip f.:;zml{[) ufrun b il Swuurwunfned | thnpdhpni: Swpp bl sk e frSmhp
fhnpdfe durifmbeml) fwpph L ol gl e Sl by g frla dulbipliogflf o froh fpurpng
L ogpwmdby figmba  gogwify' wapapmmpagh  wyghgnluh tfrnp & plynf iy
gl fe ofbfoobfolyo Jmppl fpuss :

5 e g g Bl i S § i g -l et | T
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3AMETKHM O BJIUSHUU CTPYKTYPbl HA
COMNMPOTUBJIEHUE CABUTIY IPYHTOB!

Houent, kanp. texd, nayk APOCJIAB ®EJA?

Pegepar. [laercs anaiua 3KCOEPHMEHTANBHLIX AaHHBIX, MO/JYYEHHHX NPH Tpexoc-
HLlx MenETAHMAX Jfccop i neckoB. BkpaTile onMCHLIBAIOTCH rpaHHYHAad NOBEPXHOCTH COCTOS-
with, npeadoxennad KemOpuaxckofl rpynnofl MexaHWKH TPYHTOB M pasiidiie, CYIIECTBYIO-
e MexAy Heft W pesyanTatamy uenurtanuil. TIpeidoixena CTPYKTYpHAR MOAedb TPYHTOB C
npHOAHANTEALHO CHEPHIECKHME H [AOCKHMH YaCTHUAMH H NPHBEJAEHH De3VIbLTaThl H3VHeHHS:
flopesends Mofedelt B mponecce JehopmupoBanuf. OfcyxaaeTcss mpHpoaa CTPYKTYPHBIX
WaMenenuil, npoHcxoaAmux B JafccaXx M MECKax.

Onucansl peay ibTaThl TPEXOCHHIX HCIBITAHHH NPH COXPaHEHHH MOCTOSH-
ioro ofbeMa ¥ NpH MOCTOAHHOHA CKOpocTH ocepoil nedopmaunu. Ha nuar-
paMme rAaBHLIX 3((EKTHBHBHIX HANPSIZKEHU OHH XapaKTepH3YIOTCs Tpaek-
TOpHei HanpsazKennii, nokasaunoir Ha puc. 13. HcnmTmBaaucs 06pasusl
necka, nécca M TJIMHBI, NOATOTOBJEHHBE B Ja6opaTopun. XapaKkTepHCTHYE-
CKHE BJAKHOCTH CBSI3HBLIX FPYHTOB NpPHBEjeHbl B Taba. 1.

TpaekTopHH HaNpAKeHH# jas jgecca (pnc. 2 u 3) NOKA3LIBAIOT TPH
saMeyaTe bHBe 0COGEeHHOCTH.

a. dopMa TPAEKTOPHH HANPSKEHHH 3aBHCHT OT YPOBHSI KOHCOJHAA-
nHonHoro japaenus. JJasi HOpMaJbHO-KOHCOJIHIHPOBAaHHOrO Jécca NpH Ha-
yasbHoM (KOHCOJHJIAIHOHHOM) JAaBJEHHH B KaMmepe Oy =%, =2, 3 H
4 Ke/cm? TpPAEKTOPHH HANPAKEHHH IOXOXKH; HMes B BHJY ECTECTBEHHLIH pas-
Gpoc pe3y/IbTaTOB ONLITOB, OHH MOTYT PacCMaTPHBAThCH, KaK HICHTHUHLIE.
Opnako JJs 9, =1 Ke/cu® TPaeKTOpHs HaNpSIKEHHS OTIHYAETCS OYeHb
3ameTHo. PHc. 3 NMOKa3BIBA€T YTO C YMEHBIIEHHEM CTeleHH IepeKOHCOJHaa-
uun O.C.R. TpaexTopHsl HANPSKEHHA NocTencHHo npubanxaercs K Gopue,
THIHAHOMN JLISi HOPMAaJbHO-KOHCOJHAHPOBAHHOrO 06pa3ia NpH 3, =2 K2/cH®.

6. HaunGosiee BasKHOe pasJiH4YHE MeEKJY TPAEKTOPHUAMH HaMpPSKEeHHH
aast aéeca (puc. 2 u 3)—nposiBasieMas B HEKOTOPLIX CJayvyasX CTPYKTypHas
meracraGuabnocTh o6pasua, T. e. CTpyKTypa obpasia jesnaercss HeyCTOHYH-
BOil B HEKOTOPLIX HHTEPBAJaX ONLITa. DTO OGHAPYKHBAETCS M0 YMEHbIUIEHHIO
ocepoli HArpy3KH, BbiJiepXKHBaeMoii 00pasuoM: TPAeKTOPHs HaNpsiKeHHs
NPHHHMAET XapaKTEPHYIO BHIMYKJYI0 (OpMy C rOPH3OHTAJBHON KacaTesb-
noit. MeractaGHABHOCTh CTPYKTYpHl OOGpasua uabaiofaerca npu Gosee
BLICOKOM YpOBHE HanpsukeHui (9,.> 2 Kefcm?, pHC. 2) WIH NPH MeHee ym-
JoTHennofl BeaeacTsre Koncoauaamnn crpykrypn (0.C.R.<1,33, puc. 3).

B. ITocne pocTHKenns: HaHGOJMBIIEr0 OTHOIICHHS NIABHBIX HANPSIKEHHH
(31/34) max»  TPACKTOPHS HATPSIKEHHH HMEET XapaKTePHBI NPAMOTHHEHHIIT

yuactok. IIps NpOJOJKEHHH STOT y4acTOK NPOXOJHT Yepe3 Havajo Koop-
JHHaT. dTo Gojee BLIPAyKEHO NPH HH3KHX YPOBHAX HanpsxKeHHA (OMBITHI
npu 9, =1 k2/cm?, puc. 2 u 3).

Ha puc. 4 nokasausl pesyJnTaThl TPEeXOCHBIX HCTBITAHHM BOJAOHACLIIEH-

I Jlekuns1, npounrtannas B Huctnryre reosornveckix nayk Axamesun nayk Apm. CCP
30 anpens 1970 r,

2 Crapwmit nayunsifi corpyaunk Muernutyra TeoperHueckoft H NPHKJAJHOM MexaHHKH
Uexocaopaukoii Axajgemun wuayk, Ilpara.

3 Pucynkn, TaGmimnl 1 opMyaH CM. Ha crp. 58—T3,
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ma. OGpaa-

J CTOSHHOTO 00BEM:
aHeHHu 1o YRasaHHbe

ABHOI  MOPHCTOCTHIO g

Horo 36pacaascKoro necka npu Coxp
OCTH TPaeKTOpHH HanpsLREHN a5

bl Mecka XapaKTepH3YIoTCH HX Haua

- . CKHE HH .
Bhllle TPH XapakTepHCTHUeCKHe ocoGe - _ B Toati
aéccos ftor_\-rpnoqri? B TOM ke BHAe HabaoaThes M I8 NeCK P

: e npi BHICOKHX
PHH HANPSKEHNIT 3AMETHO 3aBHCAT OT YPOBHA HaTﬂ"l[:::;:,;l:‘:'-o'; {_‘paﬂmp““
Hanpsokennsx (3 > 4 K2jcat)” CYMECTBEUNO, O .. a CTPVRTYVPA Aeaa-
=1 x2/cu®. TIpn BHCOKHX ~ VPOBHAX HANpRKEeHuit — CTPY ol
eTCs MeTacTaGHABLHOIl It HeVCTOi4HBOIL. kapam‘epnun‘ Il??]?::f; (a:/a3)
VHACTOK TPACKTOPHHM Hanpszennii ofpasyercs nocie .?lOt.TII}ht' : \|1IT;];‘;;‘
' HecyoTtps na 3HAYHTEILHBIE PA3IHUI MERIAY 3‘1“1I‘flll i:::}i;luaa‘k“?. e
aJaMi, cpaBHeHHe TPeXOCHBIX HCnbTanmuii aécca it Necka :11 B aias
OCHOBHBEIE OCOGEHHOCTH AePOPMHPYVEMOCTH CVHIECTBEHHO HIC n:r: -
PeayabTaThi ONLITOB MOKHO OGBSCHHThL Uepes IOHATHE Tpa
NOBEPXHOCTH COCTOSIHHS, NPELIOKEHHOe Ke.\lppnnmcrh:on rpyuuml‘ :!ae;:
uinkH rpyutos (Roscoe et al., 1958; Roscoe, 1968). Ix l\l.)llllt’[ll;llt:l oc mTl it
na soanpukaunin Xsopeaesa Goaee pamHero npeiloXReHus Kpes n Tua
MaHa BLpaaTh VpaBHeHie conporhsienns capury I Kyaouna B (opue

oTHowenns (1), rae 3, HOpMaJbHOC HANpAXKeHHe Ha nJaomanke ¢asira n

€, —KOo3(DPUUHEHT NOPHCTOCTH NpPH Ppa3pyllennH, 3z —yroa Bl-l)_rrpelluero
tpenns, A 1 B-—nocrosinnpie. ITO OCHOBAHO HA ABYX JAONVLLIEHHSIN. -2

1. Komnpeccnonnasi kpusasi o0pasua HMeeT MH0JY10rapHPMiIteckyo
thopumy (3)., rae €, v € KO3PPHUHECHTH NMOPHNCTOCTH NPH JABJASHHH 3Jp I 3
1 C. —KO3(PHILHENT KOMIpeccHH, )

2. dppexruBroe cuemenue ¢’ NPAMO NPONOPUHOHAABIO 3P PEKTHBHO-
My AaBJeHHIO coraacno otHomennio (6), rae b—AKO.'-)rIulJllllllt‘le NponopnHo-
naasbnoctH. Hepocratounas obIHOCTL 3THX ABYX JAONVIIEHHI OrpaHHuHBa-
er gefictButeabnocts ornowenus (1). Ecan A, B ntgz” B ypasuenun (1)
MOCTOSHHEL, TO €r0 MOXKHO PACCMATPUBATH, KAK YPABHEHHE TPaHHUHOI
NOBEPXHOCTH COCTOSIHHS B npocrpancrse (%, 3°, e). Ono moxer ObITh
BupazkeHo aAsyxmepuo vepes tpu nocrosmuune (Roscoe and Burland, 1968).

Cpasnenue GopMBl Fpann4HoOil MOBEPXHOCTH COCTOSIHHSI B JBYXMEPHOM
HpejacTaBJAeniy ¢ pesyabTataMH Henwitannii aécca (pue. 2) u pojponachi-
uennoro necka (puc. 4) nokasannt nHa puc. 6. Cpasnenne Tpexocunix HCnbi-
Tauuit 06enx cepuil ¢ NOHATHEM rPaNNYHOil OBEPXNOCTH COCTOSIIS NOKA-
ALIBAET PA3IHYHSA JBYX THIIOB:

a) TPAEKTOPHA HANPSKENNi BO BCeX ONBLITAX nocae Toukn B npojpon-
Kaeres no npsmoit BC;

6) TOALKO TPACKTOPHH HANPSKENI ONLITOB, NPOBEJACHNBIX NPH BLICO-
KHX Hanpsizkenusx, JAeKar na rpauuunoil nopepxnoctTi cocrosins B oGJaa-
crn AB.

Ha puc. 7 nokasann pesyabTaTol HeAPeHHPOBAHHBIX TPEXOCHBIX HCHBI-
Tannii HOPMAMLHO-KOHCONMANPOBAHNBLIX 06pasnos i 13 Cokososa n Ce-
Jeua, o6HApy/KHBAIOUIHE XOPOILIee COMIACHE ¢ I'PAHHYHON NOBEPXHOCTBIO
cocrosius. Pasianune Mexay IKCHCPHMEHTANLHO YCTAHOBACHHBIMH Tpaek-
TOPHAMH HANPSXKEeHHH H IpanHuHOil TOBEPXHOCTLIO COCTOSIHHS HE MOMKET
OBITh 00BACHEHO (EHOMEHOJOIHYECKHM TYTeM M HEe0GXO0LHM CTPYKTYpHBLTT
NOAXOA K aHajaH3y nedopMamuuu caBHTA.

CTpyKTypa AaHHOro BellecTBa MOKeT GLITh MOJleTHPOBaHA JABYMS I1y-
THAMH.

a. Tpynt ¢ npuGansnteasno cdepuueckumu aepuaMH  (necok, nuuik)
MOZKET GLITh NPEACTaBIeH MEXaHHYECKOil MOAENBIO, COCTOANLIel 13 Gecriopsi-
AOuHOM COBOKYNMHOCTH cpep paBHOrO Anamerpa. Ecain mexkay nuMH uMmeoTes
JIHUL CBA3H TPEHHsl, TO CHCTEMa HA3LIBAGTCS CJMHHYHON, eCAH HMEIOTCS
TAKKE H CBA3H CUENICHNS, TO CHCTeMa HaawBaeTcs ABoitnoit, [MocTenennoe

“3i
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paspyluienye CUenJeHHs B XOje nedopmupoBakHs npeofpasyer ABOHHYIO
CHCTeMY B €IMHHYHYIO. STO Ha3bIBAETCs JEreHEpPHPOBAHHEM.

6. TPyHT C NJOCKAMH YaCTHUAMH (rmHBl) MOXKeT OHITh NpeACTaB.JIeH

CTpYKTYpOIi, cOCTOANLeH M3 OPTOrOHAJIBHHX CTPYKTYPHEIX 5;IeMEHTOB corJac-
1o puc. 8,a. Jlas nepeBojia 31€MEHTA a B SJEMEHT b Heo6GXOAMMO NpEoao-
AeT1, snepreTuueckuit 6apnrep, KOTOPhIA He NO3BOISET YCTOHYHBOMY 3J€MEH-
TV a CAeIaThCA veracta6uapHBIM. TIpH GOJBIIMX OTHOCHTEJIBHLIX NepeMe-
HeHUAX 9AeMEeHT & NepexoiuT B 9JeMEHT ¢; B 3TOM Caydae BJIaXKHOCTb BO-
:muacmuermoﬁ IJHHBL J0JKHA VBETHYHTLCH.
CTpYKTYpa MeXaHHYecKoil MOJeIH a MOXKET 6LITh OXapakTepH30BaHa
4aCTOTION KPHBOIl KOHTAaKTOB pasauuumx chep (pHC. 9). Crpykrypa 06-
paaua, NpaGAHKAIOUIErocs K NpaBHILHON COBOKYNHOCTH cdep, Ha3blBaeTCs
LOMHHAHTHOM CTPYKTYpOIl, H B HAe€aIbHOM CJydyae XapaKTepH3yeTCs BEPTH-
kanpHOM aunueil na puc. 9. Ee BeposTHOCTD P no ypasnenuio (9) oueHb Mana
npH BLICOKOM 4HCIe N chep B coBokynnoctd. Ee BO3HHKHOBEHHE NMOSTOMY
{1eBO3MOMKHO MPH JECTBHH eCTECTBEHHHIX CHJ (HanpuMep, NpH CeIHMEHTa-
uiu). Takue CTPYKTYPH MOryT 06pa3oBaThCsi TOABKO B MadbiX oGaacTax
¢ NpaBHABHLIM PACNOJ0KEHHEM chep (KpHCTAJAHTH).

BoJee BEPUATHLIM SIBASETCA COCTOSHHE, B KOTOPOM 4YHCJO KOHTAKTOR
GyeT OTJIHYATLCH A5 PasaHUHbIX cthep. YacToTnas KpHBasA YHCJIa KOHTAK-
TOB Pa3qHYHBIX 3€PeH MOKer CUHTAThCH COOTBETCTBYIONLEN TeOopeTHYECKOil
kpusoil [aycca (pHC. 9). Takas CTPYKTypa Ha3piBaercs cnontannofi. O6pa-
3011 €O CPEIHeil NIOTHOCTBIO HMEET CMOHTAHHYIO CTPYKTYpY, TOTAd KakK
oueilb PHIXJbE HIH OYEHb ILIOTHLIC HMEIOT JOMHHAHTHYIO crpykrypy. Ilo-
CKOJBKY ClOHTaHHas CTPYKTypa Goaee BeposiTHAa, yeM JIOMHHAHTHad, TO-
CJe/HAA JONKHA NEPeXofuTh B NepBYI0 B Npouecce neopMHpPOBaHHS, CO-
rnacno npunuuny Boabumana (10), rae S —sHTponus, P-—BepoATHOCTD
cocTosiHHsi 1 £—mnocTosnnas. [TosToMy naoTHBE 06pPa3uUbl AOJIKHLI AeJTaTh-
cs1 poixjee, a phIXJble—IJIOTHEE. OtuM OGBICHAETCS JWJIATEHIHSI H KOH-
TPAaKTeHUHsi TPYHTOB.

Mosxno nuddepeHunpoBaTh TPAEKTOPHIO HanpsiKeHHit MpPH HH3KHX H
BLICOKMX TPajikenTax SHTPONHH. EcH HCHBITBIBAETCH CEPHS HAEHTHYHBIX
0GpasuoB ¢ HACHTHYHOM HauaJabHOfl CTPYKTYPOil, TO 3(pdeKT HaqasbHoil
CTPYKTYpul Oy/eT MOAABISIOMEM JLIsi TPACKTOPIIH HanpsizKeHufi ¢ HH3KHMH
rpajMeHTaMi SHTPONHH H YCTyNAIOUHM JL15 TPAeKTOPHH HamNpsKeHui ¢
ALICOKHMH TPajHeHTaMH SHTPOMHH, IJie NPOHCXOAAT GoablIHe CTPYKTYpPHLIE
aMeHeHHs. DTO BeJleT K 3aK/JI0UeHHIO, YTO NOHATHE rpanu4HoOi MOBEpXHOCTH
COCTOSIHMS Y/IOBJCTBOPSIET CAy4asiM, B KOTOPBIX TPAEKTOPHI HanpsKeHuil
{IMEET OTHOCHTEJBHO BHICOKHIl FpajHEeNT SHTPONHH. B npoTHBHOM Cayuae
BO3IHKAIOT CYUECTBEHHbIE OTKJIOHEHHS, BHI3BANHLIE nepBoHayaabHOi CTPYK-
Typoil o6pasua, euie HELOCTATOUHO paspyuIeHHoro B npouecce nedopMHPO-
BaNKs. DTHM NYyTeM MOXKHO HHTEPNPETHPOBATH SKCNepHMEHTaNbHEIE JlaHHbIE
p o6aactn AB (puc. 6), KoTopas ONHCHIBACT dasy xonrpakrenunu. [Ipsamas
nnnan BC ecTh ecTecTBeHHOE ciejacTBHE (passl AHIATEHIHH.

Corsacio pesyJbTaTaM HCILITAHHH o6enx TJHH, NOKa3aHHLIX HA PHC.
7, HX TPAEKTOPHHM HANpSIKEHHH GbUIH THNA BBICOKOrO rpagMeHTa SHTPOMHH.
JleficTBHTENbHOE ONHCAHHE CTPYKTYPHBIX W3MeHeHHil TJIHH JICBOJBHO C/IOXK-
1O, TAK KK HX CTPYKTYpa He MOXKeT OhITh o6pasoBana TOJbKO SJIeMeHTaMH
a wan b, 10 JOMKHA CONEpMkAaTh HX CMeCh, C NpaBH/ILHLIM pacrnoJioXKeHHeM
B HEKOTOPBIX MaJbiX CTPYKTYPHBIX eJIHHHLAX.

B jiBoiiHOf cHCTeMe JereHepHpoBaHHe BbISLIBAET YHHUTOXEHHE clien-
JenHsi i B pesyJbTaTe CHCTeMa BeeT celsi, KaK 3epHHCTas Cpena. dra Hpes
Gblia HCNOJb30BaHa JJIsi OOBACHEHHs CYIIECTBOBAHHS yvacTKa BC Tpaek-
Topun nanpsxkenud aécca (puc. 6). Xox 3Toro jpereHepHpOBaHH 6Bl1 yeTa-



: SILHYHBIX
edopMHPOBAHHSA BO BpeM#
- E.E:égca.pB pesyabrare pasioma cBsizei
10). Puc. 11 noxkasoisaer

HOBJEH H3 aHaaM3a OfBEMHOro
HCNBHITAHUI HeHAaPVIIEHHHIX 00pasuos
CHeNJeHHs MOJAVuHIach 4YacTOTHas KpHBas (pHC. s stoff ormdawied
oriuGaomyio Mopa, cocTOAIMYK0 H3 JABYX NPAMBIX. =1 tgs’ uc (pue. 12);
MOKHO 3aKJIONHTH O H3MEHYHBOCTH NapaMeTpos CABHra 187 ety
Ha 3TOM pHCYHKe TaKkiKe NMOKasaHa KPHBAf CUCNICHI, n::l'll:u ue;asuclmue
toTHoit Kpusoit (puc. 10). Slcno BHaNO, qrg ABe B3am) cl Bl i
npoueayps Haxoxstcs B corzacmi. Hs puc. 12 Buano, uTo :‘p - _‘:{;Tc“
nanpsxenun 1< s, <2 x2/ca’ cuenaesie NOCTENCHHO VHHNTOMRI 3

Hccaenopanns nokasaam, uTO BeJHUHHA MAACTHYECKOTO nespnp.\l(:llﬁa;
BaHHS BA0JbL TPAGKTOPHH HANPsXKEHIUl ¢ BBICOKHM .rpa:meumfi ?‘l;‘[‘rpmw_
snaunteabta. JdepopmupoBanne OCYILECTBIACTCS NYTEM Bpt".\lt!{loln i
PH CTPYKTYpPHOIl YCTOMYHBOCTIL. DTO BeAET K H3MEHEHHIO uaqa:n,ur ;o
Typsl 06pasua i K NpUCHOCOGAEHIIO €r0 K AAHHLIM YCJIOBHAM Ha p; e
MexanH3M CTPYKTYPHOIT MeTaCTaGHIBHOCTH JIETKO ONHCHIBAETCH npesL1arae:
MBIMH MexannueckuMH Mopeasmu. [Tocrenennoe aereHepHpoBanne Jjecca K
eJIHHIYHON cHCTeMe OBLTO JI0JATBEPIKIACHO 3IRCHePHMEHTaMIL. C-rcne'm. pas-
AHYUS MY NOBEACHHEM MPH SKCHEpHMEenTe I PAHNMHON NOBEPXHOCTHIO
COCTOSHNS MOET PAcCMATPHBATLCS KAK NOKA3ATeTb BJANSHHS CTPYKTYpPb
la MexaHHueckoe nosejenHe HCNBITYEMOro rpyHTa.
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