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Principles of Soil Mechanics:

V—Physical Differences Between Sand and Clay

Cemmonly Noted Differences in Behavior—Grain Size'and a New Uniformity Diagram—Shape of Grains
and Structure—How Shrinkage, Cohesion, Plastlclty and Settlement Are Affected

By DR, CHARLES TERZAGHI

Professor of Civil Engineering, American Hobert Enuage, Constantinople, Turkey
Temporary Lecturer, Massachusetis Ingtitute of Technology, Cambridge

N SUPERFICIAL examination sand and clay seem
to be essentially different materials. Their salient
differences are summed up as follows:

DirFerENCES BETWEEN SAND AND CLAY.

Clay Sand
(1) Volume of voids may be (1) Volume of voids is abuut
as high as 98 per cent of 50 per cent at the maxi-
the total volume. muom.
(2} Shrinks in drying. (2) Does not shrink in dry-
(3) Has a very marked co- ing.
hesion, depending on theé (3) Has negligible cobhesion
moisture content: when clean.
{4) Is plastic. (4) is not plastic.
(6) Compresses very' slowly (5) Compresses almost ,im-
when load is applied to mediately when load is
. the surface, applied to the surface.
(6) Is very compressible. (6) Is far less compressible
than clay.

Each 6f these properties represents the combined
effect of several causes. Therefore, though the state-
ments of the list are typical of what is found in current
literature.on soil mechanics. from a physical point: of
view they are no more safisfactory than, for example,
the statement that two kinds' of ,rack differ in brittle-
ness, or two kinds of paraffin in tenacity and consistency.
None but erude empirical coneclusions can be drawn
‘from such vague and general allegations, at the:risk
of confusing properties which physically may be alto-
getherdifferent. Atterberg, for example, confused the
compresgive strength of semi-solid clay with its
registance to penetration, and =after ‘assembling such
heterogeneous data in 2 single diagram he was led to
erronecus conclusions (see his “Konsistenz und Bindig-
keit der Béden,” Internat. Mittellungen fiir Boden-
kunde, 1912).

To characterize the properties of soils accurately we
are obliged to trace these properties back to their physi-
cal gsources. For the properties of clay this has been
done in the preceding articles. It remains to analyze
the properties of sand in similar mannper and compare
them with those of clay.

Grain Sizd and Uniformity—Considered ag grain
aggregates, clay and sand are characterized by their
size of grain and uniformity, These factors are best
expressed by a graphical represantatmn of the results
of mechanical analyses. The type of graph used should
be such that the uniformity curves for .materials of
similar degree of uniformity will be of similar shape
even though their fineness differs—the shape of the curve
representing any material should be independent of the
“affective gize' of the graing. This can be accomplished
by making the abscissas of the diagram proportionate
to the logarithm of grain diameter. Thus, in Fig. 1,
z=—gq log d. Accordingly, & grain diameter d, which is
n times ag large as a grain diameter 4, will be repre-
sented.by a. point at a fixed distance (a log #) to the
right"of the point d,, regardless of the ahsolute values

]

of d, and d,. SBuch a diagram presents exceedingly in-
structive uniformity curves.

Uniformity Curves—Fig. 2 represents-the mechanical
analyses of nine different materials. .Abscissas repre-
sent logarithms of grain diameter, and ordinates repre-
sent the total weight of the grains of diamefer smaller
than this value, in per .cent of the weight of the total
mass. Points corresponding to Hazen’s effective -siie
are located on a2 horizontal, line having the ordinate
10 per cent. All curves representing materials with an
equal wniformity coeffictent (Hazen) have an equal
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FIG. 1—METHOD OF REPREEENTIH{}
UNIFORMITY OF SOIILS '

{Form of curve is independent of finenesz and depends ﬂnly
on uniformity.)

differefice between 'the abscissas of their 10 per cent and
60 per cent points (see Fig. 1), régardless of whether
the material is a coarse gravel or a colleidal powder.
The more uniform a material, the steeper is its uni-
formity curve. MHenhce two materials of different fine-
ness but identical uniformity are represented in the
diagram by curves of identical shape, and the fineness
of the material (effective size) merely determines their
position along the length of the diagram. Due to this
property of the uniformity curves Fig. 2 reveals at a
glance that in general clays are far less uniform than
ars sands. The loess from Virginia City represents an
intermediate type in both uniformity and effeutwe gize,
The terms “mo,” “silt” and “mud” qsed in the dia-
grams were originally proposed by Atterberg, and they
seem to serve their purpose better than any other.
Shape of Grains — The grains of sand may be
rounded. or ahgular, with smooth or rough surfaces.
Though these properties have a marked influence on
internal friction, elasticity and permeability, yet all
sands are alike (and differ from clay) in“'that their
grains are bulky and rather rigid. Scalelike partiéles,
as mica scales, represent only a minot accessory con-
gtituént. In contrast, clays are chiefly composed of
flexible, scale-like particles. Te be sure, the constituents.
of a “micro-mud” are so small that their shape can not
be discerned even under a high-power microscope. Yet
the assumption that clay particles are scale-like is sup~
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ported: by many proofs, of which a few may be men-

ned.
th previous article descrlbed an apparatug called the
interference contact indicator, consisting essentially
of two glass 'strips enclosing a thin film of residual

water. The film thmkness, estimated by the Newtonian
golors surrnundmg the water ﬂpnts, amounts fo about
0.1¢. In. haking several such contact cnuples I used
(ingtead of distilled water) a very.dilute suspension of
mud, with.particles of about 24 Bize, dnd the water spots
sccordingly contaified numerous clay particles of diam-
eters 1 to 2, Ag the thickness of the films was not

L

unless its particled:are smaller than sbout 0.1z, How-
ever, clay particles,of equivalent diameter- ag much as
21 have, on account of their scale-like shape, as small a
volume as the volume,of. bulky particles of diameter
approXimately 0.1z, For thi's reagson & clay whose
largest grains Have an equwa.lent diameter of 2«, or
0.002 mm., possesses all the properties of a colloidal
substance, and Atterberg was fully justified in calling .
all the clay particlesbelow 2x collgidal mud.

It. is -interesting also to recall: that ih examihing
colloidal powders prnduced by cruahmg and grinding
various minerals, Atterberg found-that only minerals
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FIG. 2—NINE TYPICAL SOIL UNIFORMITY CURVES ,_,

A—Coagtal dune zand, Ee‘&lemé &'hrace 5
B-—EBeach gand, Rumeli Ka.wa.k Thrace.

0—Glaclal sand, lower end of Ankag‘el Glacier, Ausiria
D-—NMud, upper part af» Golden Horn.

F—Yel]uw residual clay, east shore of Bosporus.

more than 0:1g, the clay particles could not possibly be
other than scale:like.
This direct evidence is strongly confirmed by indirect
evidencé drawn from_permeability tests. The semi-
ermpiricdl formula forithe coefficient”of permeablllty of
clays ‘“(préviously given) ‘leads 'to .the.-expression for
the ‘reduced" coeffidient of permeability, k- == 1.9 &
(em./sec.), while “the formula applicable to sand is
kr = (174 to 100) *d’;'in both of which dy i3 the effec:
«tnra gizé. It thus appears.that the ‘coefficient of per.
mea“blhtsr 'of sard, is"50 to- BD tll‘IlEE greater than that
uf*clay fﬁr the sdme effective size of grair. Bnth for-
mulds refer to percolation at a standard: temperature of
10 deg? C. thruugh a material with-a standard vollime
, 0f:vbids of 50 per cent. ‘In derwmg the formula for
GIB«F it wag further asaumedt that:tHe’ water percolating
through the clay has ‘normal vigcosity in-spite of the
small size of the voids. Hence the’ eiormous difference
Between-the formiilas cannot be &ub to anything but a
difference in:the*shape of the pa.rtmles of the materials.
T s to be remembered that the term “diameter of a
clay particle” by no feans indicates the diameter of a
globular .grain -of equal volume, but rather the diam-
eter of g globular grain which smks through the water
at ‘the same spéed as the’ clay particle (*equivalent
diameter”). As bcale-like particles always sink with
the flat* §ide approximately ‘horizontal, the volume of
‘such a particle amounts to oily'a small fraction of the
volume of a spheke of the 'same equivalent. diameter.
Therefore, even though sand be reduced to such fineness
as fo have the same equivalent grain diameter as a clay,
vet a“given volume: of the sand would contain only a
i8mall fraction uf the number of:particles in an equal
*volume of clay, : a fact which fully explains the difference
between the two permeability formulas.
In chemistry 4 powder i§ not regarded as colloidal

JHF—Yellow marine clay, from earth glide In Thrace
G—Loess, Virginia City, Iil.. .,
ThH——Blue marineg ﬁlay. from earih glide on ‘Black! Sea dﬂaat,
race
J—Yellow marine clay, washed out of clay (F). 1

of Iagminated or scaly structyre furnwh plagtie mud and
all clayg are plastic.

Sketch D in Flg 3 shows a micrescopic piuture of the
grains of coarse silt £0.02 to 0.006 mm.) extracted frum
a blue marine cldy. A ﬂ1lute Euspensmn uf this El]t
examined under the microscope, was found tﬂ gﬂntmp
no colloidal particles at all. hen the cover glass was
shifted hack and forth, numerops colloidal Qartmles
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FIG. E—GHARACTERISTIC S0IL, PARTICLES (E’HLARG-EI})

A—Crushed duartz. ¢—Dune sand (4, Fig. 2).
B—Glacigl gand (¢, Fig. 2). D—Coarse.sjlit (frorh F, g, 3)

with a distinct Browman mnvement appeared showing
how fragile are’ the EEE]E like ‘particles. This fragility
undoubtedly representa one reason why the uniformity
curves of clays ,are so characteristically different from
thuse of sands.

In conclusion it may be stated that throughout the
author’s studies o egsential * difference - was found to
exist betwéen sands and clays other than the difference
in grain size and shape. It will be shown, however,

-
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that these two differences are fully adequate to ex;.::l'ain
the more obvious distinguishing features of the two
materizls,. :

Loose and Dense Siruciure of Aygregate—When 3
grain aggregate (sand or'clay) in suspension is aliowed
to settle, sedimentation proceeds graduslly, because the
particles floating next to;the bottom of the basin reach
the bottom first. Suppose, now, that part of the sedi-
ment has been deposited, and s newly-arriving particle
settles on its uneven surface, Fig. 4. Its movement,
hitherto vertical, is disturbed by two new forces, the
registance of the sediment to penetration, and initial
friction* acting at the point of contact between particle
and sediment. If the "grain has the size of a sand
grain, the initial friction is negligible compared
with the weight of the grain, The weight and the re-
action, then, form a couple which rolls the particle
down to the bottom of the adjacent depression, The
structure of the sediment thus formed will be Ioose
(Fig. 5, upper right). By jarrinig the vessel the struec-
ture may be made dense (upper left). As there is
practically no adhesion between the particles, the maxi-
mum volume of voids cannot be much larger than the
corresponding volume of voids of & mass of equal spheyes,
l.e. 47.6 per cent, and in fact measurements show that
the volume of voids of & cohesionless sand never exceeds
about 50 per cent (void-ratio 1.0). On the other hand,
if the arriving particles are very small the bond pro-
duced by initial frietion may be stronger than the
rolling tendency, so that the particles remain in the
position of first contact, and the structure of the sedi-
ment becdrnes spongy (lower left in Fig. 5), with a
maximum void-ratio (ag found by measurements) of
about 4. ‘

Let us finally assume the particles to be of colloidal
size. Such particles remain in suspension forever un-
less they are precipitated by ‘adding a few drops of an
electrolyte. Before the :
electrolyte was addéd the -
particles moved with a
congsiderable speed
through the liquid
(Brownian movements)
and repelied each other
because of their electric
charges. The electrolyte
neutralizes the electric
charges without elimingt- T];ON o
ing the physical cause of FIG. 4—SEDIMENT
the Brownian movements. FINE POWDER

Hence the particles collide in the liquid, and as soon as
two particles collide initial ‘friction comes ihto action
and the Dbarticles stick together. Thus spongy flocs are
formed, which build up a spongy sediment similar to
that just described, but with a floc in place of each grain.
The resulting structure may be called a spongy structure
of the secohd order (lower right, Fig. 5). Maximum
vold-ratio corresponding to a simple spongy structure
being 4, the maximum void-ratio of this last type ought
o be abbut 4%, or 16, corresponding to a volume of voids
of 94 per cent. _

Thus we can explain item (1) of the list of differ-
ences between sand and clay merely by the difference in
grain size. *

Sedimentation tests with powders of different fine-

*The term lnitial frictlon as used by the author denotes the

- #hearing atran?'t.h of the clay when not under presgure, elther ax-
teThal or t:ﬂ.?ll ary. -

ness (extracted from mixed-grain aggregates by wet
mechanical analysis) gave support to this explanation.
As diagrammed in Fig. 6, fine powders even when thor-
oughly consolidated by jarring couid not be reduced to
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the denseness of coarser sediments loosely deposited.
This fact gives us an idea of what an important factor
initial friction is, provided the number of points of con-
tact per unit of volume of the sediment is very great.
These sedimentation tests were made in test tubes 1.8
cm. in diameter, Slow sedimentation in widen vessels
would undoubtedly lead to smaller values, yet the test
resulls can be taken:as confirming the explanation,
Difference i1 Shrinkage——If a piece of clay dries, it
shrinks; the voids of the elay remain filled with water
until the shrinkage limit is reached. In a previous
arficle it was shown that the shrinkage represents the
compression produced by the capillary pressure, and
that the maximum intensity of the capillary pressure
(transition pressure) depends on the, grajn -size. In
terms of the maximum height & in meters tv which.
water can rise in-the mass by ecapillarity, the transition
pressure in kilograms.per square centimeter is 0.1k,
For a very fine sand k is approximately 0.05m. hence
the transition pressure would be 0,008 kg./cm.’, while
fat clays have transition-pressures of 200 kg./cm.' and
more. A pressure of 0.005 kg. per cm.! cannot possibly
produce any noficeable compression of the material.
This fact accounts for item (2) of the list of differences
between sands and clays, o
Cohesion—Item (3) is also readily accounted for,
since the maximum cohegive (shearing) strength of a
grain aggregate is equal to the product of the transi-
tion pressure by the coefficient of internal friction of
the material, so that sand cannot exhibit much cohesion.
Plesticity—A. fact rather more difficult to understand
is that colloidal quartz powders (microscopic sands)
have no plasticity, while clays of equal fineness are very
plastic. A body is plastic if its, shape can be changed
while its volume remains constant. To perceive the
reason why microscopic sands are not plastic, the reader
must refer back to the well-known.sandbag experiment
performed by O. Reynolds (Phil. Mag., 1885). Rey-
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nolds observed that a rubber bag full of dry sand op-
poses small resistance to change of shape, while if the
bag is sesled after the voids of the sand are first filled
with water it becomes as hard as stone tnd can be
ljoaded heavily without changing shape. This fatt is
obviously» due to the bulky shape of the sand grains;
the arrangement of such grains cannot possibly change
unless the graina roll over each other, and these grain
movements are possible only when the structure tempo~
varily becomes very ldose, which would involve increase
of the volume of voids. In a dry sand there is no ob-
stacle to change of volume of voids, but when the voids
are completely filled with water, and in additign air is
prevented from entering, the volume of voids must
remain constant; hence the grains cannot move and the
content of the rubber bag makes the impression of
Leing solid.

The nature of this phenomenon does not depend on
grain gize, provided the structure of the sand is not
gpongy but granular. A
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* sediment consisting of a col- 4
loidal quartz powder is & 1900
originally spongy and in this ¢ -
180 n

state is mobile, just the same
za a spongy clay sediment; "L

J

- P r——

a 400 -
3 - As deposited, ;
8 N Aster jarring §
ﬂ' b ]

2 200 ¥/ : §
% 160 T
S &£
: . S

02 - 002- | 0.006~
>002z | 2.02- | 2006° <0002 £02: | 5585 |<a.o0z
Groin size,millimefers

Sand Yellow Bedimentary Clay
. P}, 6—VOID-RATIOS OF CLAY AND SAND SEDIMENTS

but when the capillary water of the quartz powder is
allowed to evaporate, capillary preéssure compresses it
to granular structure. In this state, because of its bulky
grains, it cannot change shape without changing vol-
ume, ag shown by Reynolds’ experiment. Hence neither
sands nor colloidal powders with bulky grains are plastic.

Ip the case of clay, though held by the surface ten-
sion of the capillary water just as firmly as if enclosed
in Reynolds’ rubber bag, the particles are secale-like,
and therefore can slide over each other while the wvol-
ume of voids remains practically constant. Therefore
clays are plastic. Item (4) of the differences between
sands and clays is thus accounted for as the effect of
gize and shape of particles.

Naturally, as difference of grain size and form is one
of degree, we may expect to find materials of various
degrees of plasticity between the extremes of the non-

TABLE I—PLASTICITY OF ¥INE MINERAL POWDERS

(Grains amsller than 0.002 mm. Figures from Atterberg's."Die
PlastizitAt und Bindigkeit der Tope,” Internat. Mii, fiir Bedenkunds
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1911, Tha tabula e AT® molsturs oontent in per eant of weight of
« mlid matter,) : i
Lower Lower Coeflictent of
LAmit Limit Plaaticity
af of {(=Differance of
Mi Plastlo Liquid Two ing
Mingra] Btats State Columnna}
BIOte L. e 44 87 43
cglﬂum .............................. 48 76 28
Kalﬂrif.e .............................. 47 72 25
BooBRIte, L eana 43 63 20
Pematite, [T IIIIN 20 36 16
v a T T 7 34 ?
............................. 5 33 Q
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plastic and the highly plastic. The most suitable method
for expressing the degree of plasticity is that proposed
‘by Prof. A. Atterberg, as alréady explained. Table I
containg a-lst of the characteristic limits for colloidal
powders produced by crushing and grinding different
minerals. The degree of fineness of all the powders
used in the tests was approximately the same. The
table shows clearly the intermediate stages between
high plasticity (tale, biotite) and complete lack of
plasticity (colloidal quartz powders). For powders de-
rived from the same material, plasticity was found to
increase with a deerease in average size of grains.

Settlement—Coming to item (5), we again find grain
size and shape to furnish a complete explanation. Load-
ing the horizontal surface of a water-soaked layer of
sand produces almost instantaneous settlement because
the excess water finds small resistance to ils escape
from the compressed material; but in eclay the 'low
permeabilily causes an enmormous resistance to escape
of the capillary water, and therefore settlement under
load proceeda slowly.
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