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Physics of the Shearing Process of Saturated Clays

Physique du Cisaillement des Argiles Saturees

E.T.STEPKOWSKA doc., dr hab., Instytut Budownictwa Wodnego PAN, Gdahsk-Oliwa, Poland

SYNOPSIS, Physical reasons of some mechanical phenomena are proposed for Z.M,bentonite and for
some natural claye. Attractive /pA/ and repulsive /pr/ long-range particle interaction pressu-
res are calculated and compared with the measured stress values. At high w.c. /W*-Wp, NN
dispersed system/: when u=0, ; ﬁc-pR, when b =0, pR--u and I/b '63/f PR+ At low w.c. SVI< Wp,
-pA>pR, flocculated system/ 1nterpart1cla contacts unavitably develop and they cerry pert of
applied pressure: when u=0, f 6' PR when G =0, pg>-u and —/6 63/f"pA' The condition of
-paA=Pg is fullfilled at w.c. about W _/heas Gc was about 1kp/cm2 and half the interparticle di-
stance d=35R/. During consolidation and/or shearing process average particle thickness may

vary as the function of stress applied.

INTRODUCTION. The interaction through a thin
/rigid/ layer of water is usually assumed to
be the cause of true cohesion, Here this wa-
ter layer is supposed to be of pronounced
thickness /2d=SOR to 100R,diffuse layer,non-
-rigid/ and the long-range interactions /at-
tractive, p,. and repulsive, pR/ are assum=~
ed as the reason of the shear strength.

In previous study of this author the compa-
rison of estimated long-range interactions,
PR and Pas with the measured shear strength
indicated that either both of them or only
one of them may be the cause of clay stren-
gth, This problem needed a more detailed re-
search and explanation,

The diffuse layer repulsion pressure, PR

was considered in detail by BOLT and MILLER
/1955/ and BOLT /1956/. A thorough study of
London-van der Walls interaction pressure,
pa» Was performed /STEPKOWSKA, 1970, 1975b/.
The water sorption test /WST/ was elsborated,
permitting the determination of crystal pha-
se water /W,/P/P,=0.95; 200°C//, of the ex-
ternal specific surface, S, and of other pro-

perties /estimation of CEC, montmorillonitse,

M, and kaolinite, K1, content indexes, par-

ticle thickness, S/. The eventual intsraggre-

gate water, W , may also be estimated and

mac
helf the interparticle distance, d, may be

obtained for the given w.c. /STEPKOWSKA

1973a and b, 1975b, 1976/:
W-w -Ww
d = _h mac 1/
Se

/here g =1.Og/cm3/ is the density of free
liquid water/.

The knowledge of this parameter ¢nables the
estimation of PR end Pa for the investigated
clay-water system,

Thermodynamic considerations of the mechani-
cal processes in clays indicate that the de-
creased potential energy, dv<{O, may be dissi-
pated in form of heat: dQ:-dVR
and dQ=-dvA in pure compression /1975a,1976,.

in pure tension

The theoretical micromechanism of the shear-
ing process presented herein is supported by
some check experiments, performed on Z,M.ben-
tonite end on some natural clay samples /M.
111, partly interstratified, with possible
Chl and/or K1 admixtures/. The properties of
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the investigated samples are presented in de-
tail elsewhere. Some tests were performed on

Sedlec kaolin but their interpretation is not
complete as yet.

ELEMENTS OF CLAY MICROSTRUCTURE, Crystallite
/particle/ is assumed as the smallest elemen-
tary component of clay structure, XRD study,
WS Test and energetic considerations indicate
the following: the crystallite of Z.,M.bento-
nite is composed of seversl sheets of mont-~
morillonite /plus probably one mice sheet/ of
a thickness of 10R each sheet. Number of she-
ets per particle /Nr/ varies between 5 and

8, On the external surface and in the inter~
sheet space there are three-molecular water
layers present, of the thickness of 9 to

10R sach. The total thickness ¢ of & crystal-
lite is thus ~1008 /Nr=5/ to~1860R8 /Nr=B/.

The external specific surface, S, varies be-
twaen”’lSOmz/g /Nr=5/ and~100m2/g /Nra8/,

In certain natural clay /H.K./ containing
little or no quartz, ¢ measured by XRD and

WS Test was 2008 to 3508 and the correspon=
ding values of S were 65 to 25m</g, In clays
from some other localities the particle thic-
kness § measured was 1508 to 3008 /D.clay/,
2003 to 2208 /Bydgoszcz clay/, 7008 to 800f
/B.clay, from WST/.,

Clay crystallites are arranged parallel to
each other /due to diffuse layer repulsion,
PR/ forming domeins or tactoids. The mutual
distance depends on w.c. and it may vary /Z,
M.,bentonite/ between ~140ﬂ at liquid limit
end‘~7OR at plastic limit, Wp, around which
value the repulsion equals attraction. In

the case of absence of interparticle links and
of presence of bivalent exchangeable cations
/ 0 =1008 to 1408/:

st Wew, and d=70R, /27

Below this w,c. /attraction exceeding repul-

PR = =Pa

sion/ interparticle bonds develop either due
to ionic lattice attraction between sheets
curled at the crystallite edges /montmorillo-~
nite/ or due to crystallite reorientation and
@dge-to~face contacts probable in kaolinite,
These bonds impede further decrease in inter-
particle distance /with load increase/ as the
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bending strength of crystallites is much hig-
her than pp. Unbending of crystallites after
unloading may influence the suction measured
/u < 0/.

Comeins /tactolds/ in random mutual orienta-
tion form aggregates /peds/, of the size which
is measured as grain size. In natural clays
interaggregate water, \/ ., may occur, in Z.
+,bentonite /1,C./ TM-study and calculation
result indicate that W .=O.

For a group of preconsolidated natural clay
samples from a given locality this value can
be sstimated from WS Test, i.,e. from the in=-
tercept of the regression line /tranaformed
Eq. 1/:

W~ Wh = wmac

/3/
+ deV§

In highly 0.C, clay /e.g. due to glacier/,d
may be assumed as close to an average value,
dgyve The regression line calculated for 11
samples of B.clay /mainly from the depth ex-~
ceeding 20 m/ was:

We - W, = 4.64 + 0.285 5/%/ r., =0.9795 /3a/

xy

indicating W . = 4,64% and dev = 28,58,

MICROMECHANISM OF THE SHEARING PROCESS. Iso-~
tropic consolidation of Z.M.bentonite from
w.c, near to the liquid limit W = 100%/6°=0.25
to 5.0kp/cm2/ was performed in Norwegian type
triaxial test equipment, Samples were sheared
after unloading to §5=0 with pore water pres-
sure, u, measurement /Plexi null device/ at a
constant strain rate of 1.6 mm/hour.

The lines in Fig, 1 represent the calculated
values of pg and p, for concsntration range

of 1072 to 107%n end particle thickness range,
6=100R to 140R /most probable values in in=-
vestigated bentonite/. The values of pg are
approximately velid also for natural cleys;
usually their J'Bnd-pA values are higher,

I."Dispersed” structure: pp > =pu, W>Wp, d>358
SCS 1kp/cm2. If the initial w.c. ie high
enough, 6, 1s carried mainly by pp and after
termination of the consolidation process
/pure compression/:

N.C. /u=0/ 36, = Py 74/
The decreased potential energy of attrection
is dissipated in form of heat /1975a, 1976/:



-dv, = dQ, /5/
After undrained unleoading / 63=0/:
PR = =u /6/

Experimentally meaeured suction velues /Fig.1/
are close tothe calculated PR values. Small
diffarences may be due to Pa impeding rever-
sible unloading, to unbending of interpartic-
le links and to experimental and/or estima-
tion error,

The ehearing process may be presented here as
pure compresaiaon /dd <0/, Wark is performed
only when decreesing the interparticle distance

Fig 1

na work is done when the particles are displa-
ced parallel to each other /the potential
gradient in this direction equals zero/., Work
of external foreces:
dw = 6

5 ¢ gy 17/

causes a correspaonding change in potential

energy of repulsiaon:
-dvg = /8/

d g =2 dd # O /9/

When particle orientation is random, when /7/

equels /B/ and Equation /5/ is true, this le-

ded

where

ads to the gensral expression of Eg. /4/.
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In unconfined compression /63=0/:

$/6) ~ 63/¢ = 3/ 61/4 = g 710/
This was measured in Z,M.bentaonite /Fig.1/ at
6c< 1.0kp/cm2. Sheared samples failed mainly
by bulging.
Remoulded Na-bentonite and /Ne+Ce/-bentonite,
indicating high pg values, behaved in quick
triaxial compreesion in accordance with the
above presentation /Fig. 2/.

-~

I1,"Flocculated” structure: -Pp> PR W< Wp,

d< 35R, 6c> 2kp/cm. Here a part of the conso-
lidation pressure ie carried by the soil ske-
laton and only the rest of it ia carried by pg.

_ 1
Thus at N.C./u=0/ 5 6. Pg /11/
On unloading in undrained condition:
6,=0 -u £ pg /12/

The swelling of the sample in drained condi-
tion is limited both by the attractive preesu-

re p, /exceading repulsion pR/ and by the in-
terparticle links. Final w.c. cannot exceed
wp and in 0,C,bentonite /Z,M,/ it actually
did not.

The shearing process in this w.c. range may
be considered as pure tension /dd>0/ in ane-

logy to the compression process.
Heat dissipating in this process is partly due

to & dacrease in potential enaergy of repulsion
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-dvp = dQ, /13/
and partly due to crystallite deformation.
Work of external forcos /7/ causes change in
the potential energy of attraction:

-dv, = p, dd 714/
Assuming /7/=/14/ and /9/
3/61 - 63/ = Py 718/

This was approximately observed in Z.M.,bento-
nite samples in unconfined compression /63dx
see Fig,1, and in triaxial compression of N,C.
and 0,C, samples /results will be presented
elsewhere/, At failure the sheared samples mo-
stly indicated a distinct shear plane,
Remoulded Mg-, Ca-, Fe-, Al, and H- bentonites
behaved in accordance with this presentation
/see Fig, 3/,

Perfect correlation between the theoretically
calculated forces and the measured shear stren-
gth was obtained, assuming a stepwise increa-
se in external specific surface, S, /decrease
in Nr/ with the increase in 6, and/or shear
etrength. Though the ionic lattice attraction
has a very high
sheet face, its
ot face 1s zero
ble.
lation were equal to values determined by XRD
/particle thickness/ for samples oriented
from a slurry and for powder samples /WS Test

component perpendicular to the
component parallel to the she-
and creep phenomenon is proba-

The values of Nr end S essumed in calcu-

gave a good check/. The values assumed were:
6 < 1kp/cm2 Nr=6,5 or 7 S5=124.6 or 118m2/g

<1kp/em>  =5.5 or 6 =144 or 137 m2/g
=2kp/cm> =5 or 5.5 <156 or 144 m>/g
>2kp/cm =5 =156 mz/g

A unique relation was obtained between the
shear strength and the interparticle distance
2d for all the investigated Z,M.bentonite sam-
ples /N.C.,0.C., remoulded and statically com-
pacted/., Similar results were obtained for a
geries of stiff H,K, clay samples, preconso-
lidated by a glacier /1975b/. Interparticle
distance was estimated by WS Test. The avera-
ge value of calculated therefrom -p, was 0.74
kp/cm~. The average value of shear strength
measured was 0.71kp/cm2.

The following regression lines for H,K.clay
samples were calculated:

1/ 3/6y = 65/4==0.0522 d +2.411
-0.5781

/kp/em?/
/18/

r =
xy
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1
2/ 2-/61.<53/f;1.043 [ -p,/d=300R/]+0.004
/kp/em</ r‘:Ky = 0.7980
Numerical value of correlation coefficient of
Eq./17/, as compared to that of Eq./16/, indi-
cates that Pa 1e responsible for the shear

717/

strength.

B.clay from the depth of 2 to 11.5m, sheared

at 63=1 to 2kp/cm2, indicated shear strength

of 1,52 to 2.10kp/cm2, where.-as the average es~
timeted theoretical value wes -pA=1.54kp/cm2
/0=700R, d=28,5R, eee Eq. 3a/.

CONCLUSIONS, In saturated swelling /montmorli-
lonitic/ clays, indicating no cementation and
no non-clay minerel admixtures:
1. The reason of the shear etrength is:
a. London-ven der Weels attraction Pa
f - > and W < ¥
i Pa PR P
b, diffuse layer repulsion PR
if -p, and ¥/ > W
PR > =Pa P

is close to w.c. where

N
.

Plagtic limirt, Wp,
attraction equels repulsion.

w

Increase in stress applied may ceuse s de-
crease in average perticle thickness and
an increase in average shear strength
/shear plane passing through crystallite
parallel to its surface/.

These conclusions were drawn for Z.M.bentoni-
te end Polish natural clays and they should

be checked for other types of soils,
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