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Principles of Soil Mechanics:
- VII—Friction in Sand and in Clay

Complex Nature of Friction in Granular Masses as Compared with Solid Friction—Measuring. Frietion in
Sand and Clay—Two Kinds of Frictional Motion in Sand—Hydrodynamic Efféct on Clay Friction

By DR. CHARLES TERZAGHI }

Profeszor of Civil Engineering, Amerlcan Robert Coll
*  Temporary Lecturer, Massachusetta Institute of

OIL movements are largely detefmined by the resist-

ance of the soil to sliding ‘motions within .the mass.
Soil fridtion, therefore, is of peculiar importance.in soil
mechanics.

It is common, and quite natural, to approach the
study of friction in sand and clay by way of concep-
tions derived from current viewd on frietion between
solids. 'This line of approach is.apt to lead into error,
however. Granular friction is radieally different from
solid friction in ‘almost every phiase, and the two sub-
jects require separate and quite distinct modes of
attack.

Largely.through the work of W. B. Hardy and collab-
orators in very recent years, réemarkable insight into
the phenomena of solid frietibn has been gained, and
the action is now known to be far more complex than
had been théught during the last century or two. The

coefficient of friction between perfectly clean and

smooth surfaces was found to be very high and constant.
However, in practice no perfectly clean surfaces exist
because contaminating matter spreads over every:sur-
face either by creep or by condensation and the presence
of contaminating matter considerably reduces the value
of the coefficient of friction. Water is called by Hardy
an anti-lubricant because it has the property of increas-
ing the value of the coeflicient of friction between
contaminated, smooth surfaces by partially compensat-
ing the lubricating effect of contamination. In mo cdse
was it found to act as a lubricant. Among lubricating
oils of similar chemical character the power of.reducing
the coefficient of friction ircreases with increasing
molecular weight. For uneven surfaces the’ coefficient
of friction depends in addition on whether or not the
pressure acting perlunit of area of the surface of
actual contact is high enocugh to permit the mjnute
projections to cut through the lubricating film and pro-
duce incipient abrasion.

Although it thus jnvolves a number of factnra, snhd

friction is nevertheless a relatively simple phenomenon,
from the physical point of view. The contacting bodies
are constrained to move parallel to their interface, and
conditions remain fairly constant as the motion pro-
gresses, provided the imotion is very slow.
" In contrast, motion between masses of individual
grains is a very complex process, involving not merely
surface friction but also translation and rotation of
the grains. The complexity of the process betrays
itself in the fact that the actual movement is preceded
by an ineipient one, caused by minor grain displace-
mentd. In short, frictional resistance in sand depends
not only on the pressure and the nature of the contact-
ing surfaces but also on the density of structure of the
sand and on the thickness of the zone to which the grain
movements dre confined.

Internal Friction of Sand—Extensive experiments
were made by the Foundation Soils committee of the

e, Cunatantlnupla, Turkey
echnology, Cambridge

American Society of Civil Engineers to determine the
coefficlent of friction of Ottawa standard sand (see
Transactions, Am. Soc. C. E. 1917, 1920), but neo
simple and general conclusions have resulted thus far.
A rather elaborate disk apparatus was used, in which
the sand was confined within radially arranged com-
partments. The coefficient of friction was computed
from the force required to produce a rotation of the
mobile part of the apparatus. The coefficient of intér-
nal friction thus obtained was remarkably low, but
varied considerably with the number of preceding-runs.
The coefficient for the friction between standard sand
and the surface of standard sand mortar was found
to be considerably higher than the coefficient for sahd
on sand. In each series of tests the coefficient sensibly
decreased (at. low and at medium pressur?) with
increasing pressure. The resuits show that the coeffi-
cient of frietion even of standard sand is likely to vary
between surprisingly wide lithits, depending on.the test
conditions,

In fact, there is no definite single coefficient of fric-
tion. The value of the coefficient depends, both on
the manner in which slip is produced and on the
changes in strueture of the sand prior to the slip.
On' theoretical considerations as well &3 by the results
of experimental work, the author has been led to dis-
tinguish between two fundamentally different cases:

(a)} Separation of a mass of sand along a plane:
Within the zone of slip there is complete rearrange-
ment of the grains. Since Reynolds' classicgl experi-
ment with the sand-bag we know that the grains of
a mass of ,sand cannot change pariners unless the
volume pf voids of the sand temporarily increases.
Hence the separation along a plane requlrea s gradual
loosening up,of the structure of thé 3and in the vicipity
of the plane of, separatmn, i.e., the separation involves
a tendency toward increasing the volume of voids. The
coefficient of friction along a plane of separation ie
called the coeffictent of internal friction.

« (b) Continuous deformation of a mass of sand: If
a mass of sand is uniformly stretched or compressed
8o that the displacement of the grains occurs throughout
the whole mass, the stability of the structure increaseg
and finally assumes a maximom. In thls limiting
stage the frictional resistance which determines the
ratio between the extreme principal stresses is the coeffi-
ctent of infernal resistance. -Its value, represents the
maximum value which the cuefﬁclent of friction can
assume within a mass of sand of a givén® ‘density, It
may be considerably greater than'the slope of qepuse

Cases (2) and (b) are limiting cases:; there is an
infinite number of intermediate puaslbﬂmes each of
which corresponds to another type of infernal displace:
ment, involving another coefficient of friction, limiting
the state 'df equilibrium for that particular type of-dis-

placement. Thus thé value of the coefficient of internal
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s-tion depends on whether the slip is confined to a
::]:f:mnnly I;, few grains in thickness or wh_ether it
~ccurs within a layer ten times as’thick. This seems
to be the chief reason for the disagreéement *betv_ve‘en
the results of large-scale retaining-wall tests and minia-
ture tests. _ ‘ '

The friction tests bf the Fnundatlnp Soils f:nmmlttee
are a notable example of the utter complexity of the
frictional resistance in sands. It is timely to conelude
from these and similar ‘experiments that thére caﬁ_ be
no hope of exactly determining the value of the coéffi-
cient of friction required for calculating the dutcun}é
of more complicated edrth ‘pressure phenomena In
sands. We can only guéss at that value by cheosing
some intermediate value’ between the extreme ones or
by indirectly computing it from what has been observed.

Internal Friction in Clay—In the case of sand, then,
popular conteptions of the nature of frictional resist-
ance are widely at variance with the physical facts.
The same thing is even more true for clay.

Be it stated in advance: Experiments to determine
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water has completely escaped from the layer of clay.
Herein resides the physical cause of the slipperiness
of the surface of fat clays. If one steps suddenly on =
very slightly inclined clay-surface the £foot slips,
although even a very fat clay has a fairly large internal
friction (frittion angle at least 11 deg.). In the rapid
application: of ‘the pressure of the foot, the greatest
part of the weight of the body is compensated for by
hydrostatic '‘pressure, and the friction produced by the
remaining weight. is not sufficient to prevent the slip.
Certain types of landslides involve a similar phenom-
enon. The slide is preceded by the Iformation of
shrinkage cracks or other open spaces, in which water
accumulates. Due toc some spontaneous displacement in
the fissured material part of the weight acting in the
trapped layer of water compensates part of the weight
of the settling material with a speed corresponding to
almost zero friction on the sliding plane. This phenom-
enon, in which the coefficient of friction may tem-
porarily go down-to 0.05 or less, is commonly accounted
for by the lubricating action of the water. In fact
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FIG. l—APPANATUS FOR MEASURING FRICTION OF CLAY e L

the coefficient of internal friction of clay must (a)
exclude the surface tension of the .capillary water,
because this tension produces jinternal pressures in
addition to the pressure applied externally, and (b)
take account of the fact that the frictional resistance
depends not only on the intensity of the pressure but
(within limits) .alsoron the length of time during which
the pressure acts.

Suppose the plane surface of .a mass of air-free wet
clay is under a definite external pressure. When the
pressure is increased the clay body, becomes smaller,
like any other elastic body. As the vpids of the clay
are filled with water, the ingrease in pressure involves
escape of the excess water. But as the permeability
of the clay is very small, the escape of thg water pro-
ceeds very slowly. Dyring the drainage prpcess part
of the excess pressure is compensated for by a-corre-
sponding hydrostatic pregsure of the,water in.the voids;
the surcharge partly floats on the surface, s0.fo say,
and only the surplus is carried by the solid parts of the
mass, Immediately after the surcharge is applied,-
the compression of the clay is practically equal to zero,
hence the hydrostatic pressure at thiss time is almost.
equal to.the surcharge. While the excess water gradu;
ally escapeg, the hydrostatic pressure becomes smaller
and appruacﬂes the value-zero. The speed of decrease
evidently.depends both on the coefficjent of permeability
of the clay and on the thickmess of the clay.layer. A
hydrostatic pressure does not produce any static fric-
tion. Hence it is ,merely the-remainder of the sur-
charge which counts. The frictional resistance
increases with decreasing hydrostatic pressure, and
does pot asgume its normal value until the excess

it 15 'merely due to a spontaneous.partial compensation
of the 'weight of the overburden by: the hydrostatic
excess.presfure acting-in a layer of trapped water.

Friction Apparatus—In orderi.torfulfill the require-
ments essential for a successful test, the'author investis
gated the internal friction of clays by. means of the
apparatus represented :in Fig. 1. A pah of zinc
has its bottom covered with a sheet of glass. For deter-
mining the coefficient of friction between glass and clay,
the glass sheet is covered with a thin layer of plastic
mixture of dlay and water'(free of air}. On the layer of
clay is placed 2 prismatic biock whose base and sides are
lined with two layers of thiek filter paper and:one layer
of No,-20.brasd wire mesh.. The brass mesh acts as a
rough surfate, which takes the clay with-it, and the
filter paper serves as a drain for the excess water.
Load'is applied by weighte hung from a stirrup resting
on. a.knife-edge "above the loading block. The load
usually reduced. the thickness of the layer of 'clay to
gbout 8 mm. Finally all the clay fragments projecting
beyond the edges of the base of the loading block were
scraped away and the ziné vessel was filled with water.
Horizontal pull was applied to overcome the frictional
resistance, by means of* a cord leading over a pulley
to the.end of a léading lever.

The friction tests were never starfed earlier than
24 -hours after the load was applied, a time sufficient
for draining the thin layer of clay or allowing” it to
becomd resaturated. When it was desired.- to measure
the coefficient of friectional resistance of clay on clay,
the .glass plate was replaced by a double layer of-filter
paper covered with a brass wire mesh.

This test arrangement i8 far from being ideal,
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because the tests require much care, time and experi-
ence. However, for the-time being it is the only one:
which fulfills the above-mentioned first condition for
a successful test. Further efforts will be required for
developing 2 more convenient and perfect device. +

Friction Test Results—The results showed the coeffi-
cient of friction of clay to be remarkably constant for
pressures of more than about 1 kg./em.”, and to be
remiarkably independent of:many of the factors which
distinetly influence the,coefficient of friction of sands.
This seems to be due to the,fact that fat clays consist
of thin and very fRlexible flakes, while sand, is composed
of bulky, fairly rigid grains. The structure,of sand
does not allow change of shape without change in
volume of voids {(sandbag -experiment of Reynolds),
while clay is'capable of plastic deformation (deforma-
tion at a constant volume of voids).

The'coefficient of friction-between glass and cley is
about 0.18 to 0.22 for colloidal mud, 0.23 to 0.30 for
fat clays, and 0.30 to 0.32 for sandy clay. The respec-
tive coefficients of internal friction of the clays are
0.23 to 0.28, 0.25 to 0.40, and 0.40 to 0.50. The coeffi-
cients of internal friction and of internal resistance
geem to be almost identical. Hence each kind of clay
has its definite coefficient, of internal frietion. Herein
lies an essential difference between sand and clay. .

The gliding of clay on the smooth surface bf the"glass
sheet occurred suddenly, as soon as the pull ﬁxc-eaded
a threshold value. Motion along an interface ‘located
within the clay, on the nther hand,. proceeded rather’
gently, resembling somewhat the flow in a very viscous
liquid. The initial friction, corresponding to zero pres-
sure, amounted to ahnut 20. g.fem* The smaller the
pressure, the greater 'was the influence of Jnitial fric-
tioh on the value of the coefficient, as may he seen from,
the high values at the left-hand end of curves, Fig. 2,

In each fest, actual motjon was preceded by ap
inciplent motion, usually starting as soor as the pull
became equal to:about six-tenths of the threshold walue.
The Incipiert motion ‘seems to be caused by the sirug-
ture of the atretched clay tadaptmg itself: to the
changing’ Btai:e of &tress. If the pull was left.constant
before it had attained the threshold value, the incipient
motion continued with decredsing, speed and ceased
completely within twenty-four hours. After this a
further increase of pull produced no detectable incipient
mr:rt:nn whatever..

For clays the coefficients .of mternal friction and of
internal resistance seem to be almost identical
preceding pappr 1 have ,shown that the shearing.
strength of a plastic sample of clay is equal to the pfod-
uct of capillary ptessure times the coefficient of internal
resistance: Hence there is a contradiction betweeri the
low coefficient of internal resistance and the great
cohesion of certain fat clays, explained by the great.
intenaity of the stress acting In the capillary wa.ter
of these clayas.

‘The Foundation Soils committee, ip investigating the:
internal friction of clays, used & device 51m1lp,r to the
one described for sand tests at the opening of this
article, But the essential requirements for obtai ning
normal values for the coefficient of internal friction
were not fulfilled. The Kentucky ball ¢lay with 10 per
cent and 25 per cent water, respectively, undotbtedly
contained considerable quantities of air, or dse .the
cohesion effect would have been- far greater than that
actually measured. The coefficient ,of friction was of

In ay

I

the order 0.26 (0.23 to,0.27). The tests made with a
mixture of clay with 39.54 per cent of water furnished
an exceedingly low value of friction coefficient
which clearly proves that the greatest part of the sur-
charge was compensated for by hydrostatic pressure,
i.e, the test was made a long time before the excess
Water had completely escaped. In 4 test of such a
kind the clay is not vet in hydrostatic equilibrium, and
the test may furnish any friction value between Zero
and the normal value. Such values are not the coeffi-
cients of static friction, but coefficients of what may be
called the momentary hydrodynamic friction; they
depend on the pressure which acted on the clay prior to
the time when the surcharge was applied, on the time
during which the surchargé was allowed to act, .on the
thickness of the layer, and on various other factors.

Conclusions—The quantitative side of every earth-
pressure phenomenon depends on the intensity of-the
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FIG. 3—STATIC FRICTION OF YELLOW CLAY'

frictional resmtance acting within the sofl. T'hrnugh
decades 6f years the' development of soil mechanies has
been handicapped by the traditional habit of idenhfy-
ing” the ]aws which govern the frictional reaiatanne in
granular masses with those derived from friction tests
performed with solid bodies. In the preceding the
attempt has been made to characterize'the phenomena.
of sand and clay friction and to' indicste their quanti-
tdtive features,

On “the basis of these considerations taken in con-
junction with the elaborate studies of Hardy and others
on friction between solids with and without lubricants,
thé following statements may be made:

(A) Ftriction between amooth and absolutely clean
surfaces of solid bodies is a purely physico-chemical
process and is éaused by direct modlecular interaction.

(B) Friction between imperfectly smooth surfaces
of solid bodies involves not only these physico-chemical
causes but alao a file-like action of each surface on
the other. Nevertheless, from a physical point of view
the phenomenon is a simple one.

(C)} In sand the. friction coefficient depends not only
on the properties of the grains and the structure of
the sand, but also oh the nature of the prucess which
causes the dlip, and on the nature of the' process which
preceded the slip. Itr has‘no-definite value, but may bhe
anywhere between two limiting values, (a) the® coeffl-
ment of internal friction ‘(friction acting along a plane
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of separation), and' (b) the coefficient of internal resist-

ance (resistance which deve_lupa while the entire mass .
guffers a uniform def_nrfnatmn). . . d-
(D) In clay the friction coefficient for medium 2an

for high pressures is remsarkably db‘nstaflt. ,.-,‘F“r low
regsures, however, the value of the t:'ngfﬁmé]']t increases
P ith decreasing pressure, because initial friction plays |
Trt important part, amounting tqg about ?Oﬁ_g;/cl;n.“

i?,apid change of preasure produces in t.he liquid com-

ponent of the clay a positive nr.a_nggatwei hydrostatic

pressure. The coefficient of friction does not assume

ita normal value (coefficient of static friction) until

the hydrostatic pressure has become zero throughout the

whole masg, In the preceding s.tage of the process th'ef

coefficient of friction (goeflicient of h:,rd!rgdynmym,

friction) may have any, positive value, and is a function

uf the time. ,
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