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KINETICS OF STRUCTURAL DEFORMATIONS AND FAILURE OF CLAYS

CINEMATIQUE DES DEFORMATIONS STRUCTURALES ET DE LA RUPTURE DES ARGILES
KUHETUKA CTPYKTYPHHX AESOPMALIMKA U PA3PYWEHWA ['JIKH

S.S, VIALOY, Dr.Sc. (Eng.) Professor, Laboratory Head
YU.K. ZARETSKY, Dr.Sc. (Eng.) Senior Researcher
R.Y. MAXIMYAK M.S., Researcher

N.K. PEKARSKAYA, M.S., Senior Researcher, Research Institute of Bases and Underground Structures, GOSSTROY USSR, Moscow, USSR

SULKARY. The paper sets forth a theory of the deformation and failure of clayey soils,
based on an investigation of the kinetics of changes occurring in the soil microstructure.
The investigations consisted of creep tests of soils with simultaneous observation

of the changes in their struoture. On the basis of these investigations, the mechanism of
deformation and failure was revealed, and its laws were established. 4 generalized
equation of deformation and an equation of long-term strengtnh were derived. Results of
investigations, carried out in recent years by the authors under the supervision of

Prof. S.S.Vyalov, are summarized.

A8 a rule, soil mechanics equations are of
a phenomenological nature and do not take
into account features of soil structure
and its changes in the deformation process.

A pnumber of works, by Mitchell, et al,
Murayema and Shibata, Christensen and Wu,
etc., have appeared in receat years which
dealt with equations of soil flow based
the Eyring theory of rate processes. The
application of this theory is a doubtless
advancement in soil mechanics. It is
necessary, however, to point out that the
theory of rate processes deals with the
flow process as motion of molecules of a
liquid medium when, actually, soil defor-
mation is related mainly to the displace-
ment of structural elements of the soil -
mineral particles surrounded by a film of
adsorbed water. Therefore, a study of the
deformation mechaniasm should be based pri-
marily on an investigation of the kinetics
of structural elements of the soil.

In the flow equation for a perfectly vis-
cous fluid: dj7dt = Z’/?o, the coefficient
of viscosity 70, in accordance with
molecular kitetic theory, has the following
physical meaning:

7 1 U/ke

o= A— -] (1)
where U = activation energy, i.e. the
energy it is necessary to impart to a
particle in order to break its bonds with
nelghbouring particles and, overcoming the

energy barrier, to pass over to the adja-
cent equilibrium state; k = Boltzmann
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constant; © = absolute temperature in °K;
and A = a certain parameter which, strictly
speaking, also depends on the temperature.

Equation (1) was derived for a viscous
medium with.invariable properties. In soils
the viscosity varies in the deformation
process. This is due, primarily, to changes
in the soil microstructure in the creep
process. In their turn, these changes lead
to changes in the activation energy since
the bonds are altered between the particless

It shall be shown in the following that the
basic changes in soil microsiructure
consigt in the displacement, rearrangement
and reorientation of particles on the one
hand, and the development of impairments
(microfissures and other defects), on the
other. Consequently. the activation energy
in equation (1) may be written as

* = a F3

Um =0, = Uy = Uy

(2)

where U® = U/k@; U, = initial energy

recuired to break the bonds between the
particles at the instant of time t = 0 (it
is determined by the interparticle forces
of interaction); Ud = change in the initial

energy as a result of the breaking of bonds
end the development of microfissures and
other damaszes in structure upon stress ac-
tion; and Uor = change in energy due to the

displacement, rearrengement and reorienta-

tion of particles.

The aim of the conducted investigations was
to study the kinetics of structural changes
in soils and to develop a theory of the
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deformation and failure of clay in accor-
dance with equation (2).Experimental
investlgations consigted in oreep tests
of a series of gpecimens of sgoils with
simultaneous studieg of the changes that
occur in the soil microstructure.

Investigations were carried out on arti-
ficialldy prepared specimens of monomineral
(kaolin) and polymineral (Jurassic) clays
of semisolid consistency. The water content
indiceg for the kaolin were: w = 38 to 40%,
wp, = 58% and wp = 38%; those of the Jura-

sgié clay were: W = 32%, wp, = 50% and
wp = 26% (with a cdntent of fractions smal-
ler~than 0.005 mm equal to 56%).

The tests were conducted by subjecting
hollow cylindrical specimens to torsion
with different shear loads, constant for
each specimnen. The tests were interrupted
at various stages of deformation and micro-
sections were taken at several points of
the specimens for studying the microstruo-
ture and its changes. Structural investi-
gations were carried out with the aid of
optical and electron microscopes. In order
to record the origination and development
of possible impairments in structure (mic-
rofissures, etc.), the soil was saturated
with a liquid polymer (in a vacuum), fol-
lowed by polymerization and fixing.

The change in soil structure was guantita-
tively evgéuated by the degree of impair-

ment fla = 100% and the degree of orien-
S

tation Q= _2F  100%, where S; = area
3

occupied by defects in structure; Sbr =

area occupied by particles oriented in the
shear direction; and S = total area of the
microsection. These quantities were measur-
ed by means of an optical microscope.

In determining index ), microfissures from
tens to hundreds of microns in size were
taken into account as well as micropores

of the same sizes. The inclusion of pores
in the magnitude of (J was due to the im-
possibility of classifying pores and micro-
fissures. Thus, the obtained value of &/
should not be regarded as the absolute va-
lue of the degree of impairment, but as a
relative value which represents with suf-
ficient reliability the dynamics of micro-
fissure formation.

The results of the creep tests are present-
ed in Fig.1 by curves showing the develop-
ment of deformation with time t at various
shear loads T . As is evident, the process
is of a damped nature at low stresses.
Undamped creep, ending the failure, occurs
at high 7 values. Correspondingly, in the
first case the rate of deformation
azf= d}7/dt approaches zero and in the second,
ter reaching a minimum value, it begins
to grow (Fig. 1a).
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Fig.1.
Creep curves for shear (kaolin, w = 38%):

1. - 7=183 g/cm2; 2.-7= 90 g/cmz;
3. =T= 100 g/em®; 4.-T= 133 g/ca?;

5, =~ "= 165 g/cm°.

(a) curves showing the change in the ra=
te of deformation with time: 1 =7=100 g/cm?
2 =7= 93 g/em2.
lhe changes in the soil microstructure in
the course of the above-mentioned processges
can be presented as the scheme in Fig.2.

The initial structure of the soil was of &
block-disordered nature, 60 to 70% of the
microsection area being occupied by aggregs-
tes consisting of clearly ori erted partio=
les. The space between the aggregates was
filled with e randomly oriented mass of
clayey particles.

To be noted in the first place upon damped
creep is the reduction of the size and
quantity of defects witn time. Thus, the
degree of impairment of kaolin equalled

ag » 24 to 25% in the initial state and,

efter deformation for 6 days av 7= 83

g/cmz, it was reduced to &= 21%. Sub-
sequent changes in & occurred with much
less intensity end, at t = 22 days, the
value of & was reduced only to 20%. After
this, deformation was stabilized. aAlong
with the "healing" of the defects, dis-
placement of the particles occurs and they
become more densely packed, thereby streng-
thening the soil. This is the explanation
of the increase in soil sirength observed
by many investigators following prolonged
deformation under conditions of damped
creep. Thus, in the experiments of S.S.Vya-
lov and N.K.Pekarskaya, both the instanta-
neous and long-term strength of kaolin
specimens increased by 18 to 20% following
preliminary deformation, in comparison with

. Photomicrograrhs of the changes in
structure have been preseanted previously
(Vyalov, Pekarskays and Maximyak, 1970).
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the strength of the initial specimens.

Next to be considered is the procees of
undamped creep. In the initial (1st) stage
of this process, the above-deacribed phe-
nomenon of strengthening occurs. Bui, at the
seme time, micromovemenis of the particles
occur together with the breaking of structu-
ral bonds, reorientation of particles, and
the origination and development of micro-
fissures. In other words, along with the
strengthening, the soil structure is
weakened. The predomination of wealkening
over strengthening leads to the development
of irreversible plastic deformations -
undemped creep.

The following results were obtained in in-
vestigating specimens of polymineral Jur-
assic clay after deformation (at Z°= 400

o
g/cm“) for 6.5 hours, 8 and 40 days: Only
slight structural changes were observed
after 6.5 hours: the cavities were reduced
gomewhat and reorientation of the partic-
les (in the shear direction) began in
small, weakest regions between the aggrega-
tes or at points of stress concentration.
After 8 days, more pronounced structural
changes are observed: the number of orien-
ted particles increases and the aggregates
begin to brealk up and become reorientated.
wicrofissures are formed along the zones
with ordered orientation. Even more notice-
able changes occurred after 40 days of
deformation. A large part of the aggrega_
tes were broken up so that they occupied
only 20 to 30% of the area of the micro-
sections. The reorientation proceas had
developed to a degree in whiech 50%.ef the
area of the microsections was already
occupied by oriented particless The number
of microfissures had algo increased sharply;
the degree of impairment reached 32%.

Similar changes were observed for the mono-
mineral clay (keolin). This is illustrated
by the curves in Fig.2 which show the deve-
lopment of the degrees of impairment and
orientation with time.

No reorientation of particles has time to
occur upon rapid failure. For example,

upon failure of kaolin in two minutes

(at 7= 180 g/cm?), the structure remains
practically unchanged. Upgn failure in

9 minutes (at 7°=160 g/em?) a certain,
though not very large, reorientation
(Q=14.3%) is observed. Upon long-term fai-
lure (after 840 hours at 7 = 100 g/em?)s
the degree of reorientation-reached 50%.

As to the development of microfissures, it
occurs both in long~term and rapid failure.
For example, upon failure in t = 2 minutes
(at T = 166 g/cm?), the degree of impair-
ment was ) = 36.8% and after t = 1.2

hours (at 7.=133 g/cp®) it was &= 36.3%.
The degree of particle-reorientation can
be regarded as depending primarily on the
length of time for the deformation process,
while the degree of impairment depends upon
the load and the time during which it acts.
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Figo 2.
Curves showing the development of the degreg

of impairment (&J) and degree of orienta-
tion (Q)) with time, and a scheme of the
change in soil structure in the process of

undamped creep: a - initial structures

b - after 1 hour; c - after 1 day; 4 =
after 9 days. - ; 2
Soil: kaolin, &= 38%, 7 = 100 g/cm®.

As the breaking of bonds between the par-
ticles proceeds and the impairment of the
structure grows, the rate of deformation
increases and the stage of failure begins.
Breaking up of the aggregates and particle
reorientation continue in this stage. The
most charaeteristiec feature of tiis stage,
however, is the developmrent of microfissu-
res which merge, forming e network, and
beoome macrofiggures thut break up the
soil., It is precisely the development of
miorofigsures and the rupture of interpar=
tiocle bonde that ceusea soll failure in
the creep praceas. Failure (repturelaccurs
when the degree of impairment reaches a
certain crifical wvalue aur. This value aur

depends neither on the load nor on the
failure tire and is 37.5%2% for kaolin
and 40.9%24 for polymineral Jurassic clay
(see table).

Thus, the degree of impairment upon failu~
re is a constant for the given soil

(CUr = const) and it can be regarded as a

strength criterion. Indeed, if the inim-
paired area of the specimen cross section
is denoted by = 1 - W, then the actual
gtgess will beZ™® = 77/(1-0). Evidently,

7 ” increases with-the-impairment & and
failure occurs when this stregs reaches
the limiting value equal to ’(,”r = Z'/(1—01J.).

The lower the stress, the longer thé time
required to reach the critical degree of
impairmentédr. Thus, for Jurassic clay,

the value aé = 40.,9% was reached at

Ts 550 g/em® in 30 seconds; at Z = 460
g/cm$ in 1.9 hours; at 7= 425 g/cm2-in

6.6 hours; etc. These progesses, along the
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Table

Values of the degree of impairment ag,(%)
at failure

reduction in tae energy Uor is proportio-

nal to the degree of reorientation referred
to the area of tae unoriented particles,

Kaolin i.e. L (5)
Load 7, S[om‘ AUJ! 2 0)52_14-% and AUor = éfj 1 -9 5
d
100 133 160 166 180 200
L i firs Pt
36,9 39,1 36,8 37,0 38,4 38,0 ezza%§522?51der the first of tnese
37,3 37,1 36,8 37,2 36,0 It follows from equation (4) that
39,7 36,3 37,4 38,5 37,5 .
40,5 37,0 35,9 37,3 AW - b (6)
1 -
2 6L !6 8! 37!2
2.8 37,2 9.4 where coefficient # is a function of only
&Ir(mean) = 37,5 the stress X = £4( ') on ihe basis of the
N first of the equations (4) and = function
Juraseic claya of both stress and time J= £,(7)/(14t)
Load 7. g/ on the basis of the second.
416 522 460 232 Integrating equation (6), the following is
40,3 43,0 39,9 41,0 obtaineds
41,1 g;.g 41,4 ir Y4 1=,
4 /xdt = / 1 ) 31nr—n-= COnSt
‘Mean 40,7 41,4 30,6 41,0 y 4 “ a

aé(meén) = 40,9

breaking of the interparticle bonds ana

the rearrangement of the structure, are the
cauge of the reduction in soil strength
upon prolonged action of the load.

The kinetics of structural changes can be
represented by the following relationships
which are approximations of the curve in
Figo 2.

The degree of orientation Q, varying with-
in the limits Qo < @ <1, is expressed by

the equation A

1-9=(0 -9) (1+ 1) (3)
The degree of impairment & , varying within
the limits QG ¢ W <QQ, can be expressed
by one of two relationships, the difference
between which is to be explained further

ons:
12 W= (1-@)e~ Tt

1-Wa (1 -6+ 1) T2(®

(4)

or

where f
stresa.

Let us return to the initial equation (2).
The energy Ug is a constant of the soil
depending on its composition and state. The
energies U: and U:r can be determined by

conditions that follow from a consideration
of the process of structural changes as
a stochastic one. The change in the energy

U, turna out to be proportional to the

increment of impeirment with respect to a
certain unimpaired cross section, and the

( 7)) is a certain function of the
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This equation can be regarded as the condi=
tion for long-term failure of the soil; it
is equivalent to the condition Ud = conste

On the basis of the probabilistic Aature of
impaimment accumulation, it can be shown
that the stress function can be talken in
the form Z

At 8

f1(’Z') =l' r;—_—?-
where Z} = conditionally instantaneous

strength cofresponding to the resistance
to rapid fallure; and 7= = long=term
strength,

Substituting JA= f1(27) from equation (8)
into eqyation (7), we obtain at Z= const ~
qaﬁ_ 7 ’

(8)

0
Tw—=tr

C_ TN
1 -
where T = i fn 1 Cdg Hence parameter
1-(‘)2}. ¢

T characterizes the ratio of the degrees

of impairment in the initial state and at
the instant of failure. Equation (9) is the
long-term strength equation relating the
stress and the time after whioh failure
occurs. Equation (9) is based on the
assumption that failure occurs only at loads
exceeding the limit oo Which demarcates

between demped ( 7 ¢ Z.. ) and undamped
( > C.o ) deformation.

If the assumption is made that failure
occurs at eny stress acting during an un=-
limited length of time (corresponding to

the law of “secular" creep), then the stress
function should be 8£ the form £,(Z°)
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= )q’[/( z- T) wnd cosfficient Jf of the
form &= ¥ T/(T~0)(1 + t). In this case

the long-term strength equation will be of
the form
Ty~ T _

T—Q-?—"" ]_n(1+tr) (10)
For engineering problems, both equations
(9) and (10) provide sufficiently close
results, coineciding with experiments (which
is a consequence of a certain arbitrariness
of the conception of Z o ). These equa-
tions and their comparison with experimen-
tal data have -been dealt with (Vyalov and
kieschyan, 1969; Zarrtsky and Vyalov, 1971).

After considering the condition for long-
term soil failure, the law of deformation
will now be dealt with, Comparing the first
of equations (5) with equation (6) and -
assuming ‘that 4= f1(7), where f.’l( 7 ) is

deternmined by eqdatién (8), the enérgy of
fissure formation is gbtained after

integrating: Ud = J47 %/, whers

=% w [G-0)/0-w)] and
T = (T- TN T D).
The--eqergy"UO: is‘ determined by integrating

the second equation (5), taldng into account
equation (3), as UO’; = --d'z 1n (1+t),

where d‘é = ijﬂ-.

Substituting these equations imto equation
(2), the creep rate is found to be (Zaret—
sky and Vyalov, 1971)

1 -
I SA LA i)
T 20 (1 + t)a;
where 2 = 1/A exp (U,/k9) = initial
viscosity; '5' = _HL = stress level;

and T = parameter from equation (9).
Generally, parameter fz depends on the
stress and varies in accordance with
whether 7> Z_, or C < T, + It can be

- .
shown, however (Zaretsky and Vyalov, 1971),
that under definite conditions

d; = dvz = 0”= conste

Equation (11) describes
damped creep, the first
to0 the negative sign of the stress level

T(at 7 ¢ Ts ) and the second to the
positive sign (at 7 » T, ). Equation (11)

relates the deformative and strength charac-
teristics. It should be noted that the

both damped and un-
case corresponding
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parameterg ol equation (11) have a strictly
physical meaning. Not excluding the possi-
bility that this equation may subsequently
be simplified, it is necessary to emphasize
that it was obtained on the basis of a con-
gideration of the physical essence of phe-
nomena, namely, the kinetics of structural
chaenges in soils. : )

For particular cases, equation (11) can be
reduced to the following modifications. At
JoY/T = 0, the well=known power law is ob-
tained; at (7T = 0 snd /= 1, the logarith~
mic law of ."secular" creep; at J'= 0 but
#/T # 0, the exponential law; and at /= O,
the Hewton law of_linear flow., If the simp-
le relationship Uy =7 is.assumed for

U’d‘ in the initial eduation (2), then the’
deformation equation (11) will become

.1 exp(2/7,) (12)
E e @ ——————7——
Al i T hrar
which has been empirically established
(Singh and uitchell, 196§§. If in equation
(12) it is assumed *hat.d= 0, the flow

equation of ithe theary of rate processes is
obteined (which does not consider ohanges
in the deformation process with time).

An expression for the minimum rate of flow
min r‘)"f’ corresponding %o the instant of

1(:i:m; t = %5, can be obtained from equatlion
1) _

- 7 C~T I

J2=- (2= (13)

1t To "tT
where = 7,(® )% exp (-¢) is a pera-
7c = 7o o P P

meter that can be regarded as plastit
viscositye.

Bquations (9), (10), (11) and (13) can be
extended to cbver a complex stressed state,
for which purpose is replaced by the -

intengity of the rate of shear deformation
2:_; by the intensity of shear deforma-
tion fy end by the intensity of

shearing stresses & ;. The ultimate
strengths Z:) and Z:,, are expressed by
intensities as @ () =(Hj+ 6 )tan 500 and
G, (=) =(H +6’m)t'an sp

i w0 ¢ Where

Gp = 1/3( 0'1+ 6’24- 6'3), and H and }” are

strength parameters corresponding to the
Nises-Schleicher plasticity condition fur
the initial and ultimate long~term states.

The deformation equatien is obtained by
integrating equation (11) which," at

= const and = 1, constitutes
1=8 -
(t) =7¢ "t ). L _—Jé Saa
7 ;o 1=  s=d T
~\2 2 '
A2 TS ] (14)
2(3-d*) T
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Using only the first terms of the series,

BPG well-known logarithmic {(or power, if
#1) law of deformation is obtelned.

If the seocond terms are also taken into

account, an equation of the fomm

1 t Jz will be obtained, where

Jop = demped creep; 7} = flow at constent

velocity which is added (when 2 > 7. ) or
gbtracted (whan "< 7., ) from the values

of the curve for J’e.r'

The paremeters of the basic equation (11)
can be determined directly from experiments.
Parameter T and the strength characteris-
tic 7, are determined from the long-term
strength (7 vs tr) curve, and parameters

d*and 7o from the rheological (7p vs 7))
curvee.

o' fuia]

1w

3 NED

- Vo=HT; e lL, V=252 ¥,

/

- /

: /

: %

pod = i,
o e » -~ v o 4 »

Fia. 3.
Rate of flow Jp vs shear stress 7 calculat-
ed by equation (13). Experimental data shown
by points.
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Fig.4o
Variation in the deformation rate with time
for constent stress 7 and creep curve (a)
calculated by equations (12) and (14).
1e= 0= 460 g/cmz; 2 =7= 450 g/cma.
Experimcntal -data shown-by points.
A comparison of experimental and calculated
data is given below. Presgsented in Pigs.3
and 4 are data on the torsion testg o
Jurassic clay W= 26.5%) as well as a
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comparison of these data with those

obtained in calculations using equatTons

(13) and (14). Similar comparisons have been
made (Zaretsky and Vyalov, 1971) for data
obtained in shear tests of frozen sandy loam.
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Long-term soil sirength curves calculated
by equation (9): a~ laboratory confined
compression tests of frozen sandy 103m at
a hydrostatic pressure: 1 - 60 kg/cm<;

2.= kg/cmz; 3.~ 15 kg/cmz; 4.=0,

b - field data of L.Suklje on the relation-
ship between the time up to failure and

the shear stress in slopes. Lxperimental
data shown by points and in table.

The long-term strength equation (9) is_
checked against experimental data in Fig.5.
Figure 5a refsrs toc data of laboratory con-
fined compression tests (S.L.Gorodetsky),and
Fig.5b to data of field observations on the
collapse of a series of slopes of london
clay processed by L. Sukije. Of interest is
the fact that the velue of 7 = 0.085 E/szp
calculated by equation (9), turned out to be
close to the value 7,,=-0.1 g/cm® estimated
by Suklje from data on the stability of natu-
ral slopes. The applicability of equation
(12%)haa been checked (Vyalov and keschyan,
19 o
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