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Principles of Soil Mechanics:
I—Phenomena of Cohesion of Clay

Relation Between'Load and Moisture-Content——Hydrostatic Stress in CIay—-—Shrmkage and
Negative Hydrostatic Pressure—Surface Tension the Cause of Cohesion

BY DR. CHARLES TERZAGE!

Professor of Civil Englneering, American Robert Collexre, Constantlnople, Turkey
Temporary Lecturer at Meassachusetizs Institute of Technnluw, Cambridge

Lhis article beams a series in which the na-
tura mnd bekamur of soil are studied and ana-
lyzed, with fruitful results. The first four
a:rttEIas discuss cmy, e:cplammg its cohesion,
shritikdge, elastic behavior -and settlement.
Later, sund i taken up, and the characteristics
of send end clay are compared. Mized soils
are not dealt-with; ‘nevertheless the fajts de-
wéloped in the authnr’s mvesttgatum bear inti-
;mtely on problems arising inrpractical engi-
neering work wherever cley or sand soils are
concerned. —Editor, .

Jﬁ UMBER of years ago the author became im-

preased with the perplexing character of the
prnhlems whlch the behavior of sand and clay 50ils
presents to the engmeer It was evident that our
Inowledge of the underlnng laws of action of these
taterials is not sufificient for proper solution of these
prublems, and that the first step of progress would be
a careful experimental study of their physical behavior.
At Robert College the anthor at last found opportunity
to carry on such a study, which began with sands and
later took up clays. The work has yielded results of
interest and (it is believed) importance. Some of the
early results of the study of sands were reported in
Enginesring News-Record, Sept. 30, 1920, pp. 632-637.
A fuller statement of results is mow possible, as the
later jnvestigations included clays, the physical prop-
erties of which had remained essentially unexplored.
The term ¢lay indicates mixed-grained, plastic soils con-
sisting of particles from 1 mm. down to 0.006 mm. in
dlarheter and a very small percentage of “ulira-clay”
(colloidal particles in, the colloid-chemical sense of the
word). ‘Hence the term incilndes.almost all the soils
which are ¢ommonly known as “clays.”
" Prime factors in "the behavior of clay are (1)
cohesion, (2) the action of the moisture contained in
the clay, and (3) permeability. The present and sev-
éral succeeding' articles will summarize the facts con-
¢cerning them as devéloped by the experimental investi-
gation. Cohesion will be considered first,
. Colieston is commonly looked on as a characteristic
property of certain spils. No serious attempt.has thus
far been made to apalyze the physical causes of the
property, but it has apparently ‘been accepted a3 an
elementary fact, unsuitable for further analysis. As a
consequence the mechanics of clays has remained in
a rudimentary state. We know practically nothing
about the part played by the factors of time and
permeability in the processes called “settlement,” nor
have wg any clear conception of what causes the
swelling of clays. Under these circumstances it is
timely to investigate these phencmena systematically.
The aunthor has carried out ‘2 long series of labora-
tory studies in this effort.

Load and Moisture Content—The simplest process a
layer of clay can undergo is compression under a
uniformly distributed load when the layer is restrained
from expanding laterally and when surface:tension of
the capillary water is Qxcluded 'In order to accomplish
the latter, the author's experiments were made with a
mixture of clay and water (free from air). ‘and dur-
ing the experiments the surface of the elay was kept
covered w:th water; thus there was no external force
acting on,the clay particley except t.f:le auruha,rge As
the voids_of the glq}r are cumpletely filled with water
& certain quantlty of the chpillary water must escape
during the compression of the clay by the surcharge.

The erperlment was mdde as follows: The lower’
part of “a glass' cylinder (Fig. 1) was filled with a
liquid but very viscous mixture of clay and water.
The bottom 'of thd cylinddr was covered* with a sheet
of thin filter paper (not shown), and on this restéd a
bronze ring cnmpletely strrounded b.',r and immersed
in the elay solutién. The aurfane ‘of the mixture "was
covered with a layer of ﬁlter-pp.per, and on top of.the

.paper was placed a filter composed of quartz.sand of

grain size # to ¥ mm. Within 24 hr. the compres-
sion produced by the weighit of the filter was completed,
and the filter; was‘then loaded by a brass cup. One
day later further load was adde;:l by filling the lower
half of the cup with lead ghot, and afier the lapse of
two more da:,ra the upper half of. ;t was ﬂlled too (total
lgad at this time 0.1 kg./em.”}. For me.aaurmg the
compression produced by the load, the side df the brass
cup was provided with a scale. Addjtional surcharge
was apphed by means of a ‘Iever bearing on the eup
through 4 steel ball. Thus the pressure was increased
at about two-day intervals from 0.1 to 0 2, 0.3, 0.6 and
1.2 kg./em.r

Highexr presﬂures were applied in a testing machine.
For* this purpose, the lever, cup and sand filter were
removed, the bottom plate of the cylinder unsacrewed,
and the clay forced'out by a piston. Then .the ring
was freed from the surrounding «lay in such a manner
that it contained. a layer of clay of thickness equal to
the height of the ring (1- em:). A sample of the
removed part of the qlay served for determining its
water content. The ring with, its elay core was
weighed, and then the expenment was continued by
means of the appa.ratus Fig. 2. The change from one
apparatuﬂ ‘to the other was made rapldly, to m1mmlze
losa of water by e?apnratmn

The apparatus consisted of a square vessel the bot
tom of which was covered with fwo ﬁlj"&l‘ﬂ of t:hu:k and
one layer of fine filter paper, two superimposed qmnze
rings, bronze loading plates, and & steel ball. 'The two
rings fitted together with a ground tonical joint. First
the lower ring with:its content was placed ‘on 2 moist®
sheet of thin filter paper,'the’ upper ring was applied
and lined with filter paper (see Qetail in Fig. 2), the
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upper surface of the clay was covered with a circular

piece of moistened filler paper, 2 sand filter was .ap-
plied, and finally the whole set with the bronze plates

and ball was transferred info the -enclosing vessel,
which was filled with water and placed in a testing
machine,

In the machine the pressure was raised within
twenty minutes from zero to 2 kg./cm.'. and then left
constant. Under this predsure the thickness of the

-Haymi efﬁf?!rpaper
Fiirer papes’ Scrn:f .

Fig.a FI16.2

FIGS. 1 AND 2—DETERMINING RELATION EETWEEN
PRESSURE AND MOISTURE-CONTENT OF CLAY
Fig. 1—Low-pressure tests, Fig. 2—High-prefsure tests.

layer decreased, at first rapidly and then more slowly,
and within about two days became constant, indicat-
ing hydrostatic equﬂlbrium Now the water was
siphoned out of the veeeel the piston was repid]y lifted,

the bronze plates and the filter and upper ring, were
remeved the upper gurface of the clay was carefully
dned off by meains of absorbent paper, the weight of
the ring together with its content was determiped, the
clay particles projecting beyond the upper edge of the-
ring were scraped away, and the weight was defer-
mined once,more. Operations performed, the set was
reeeeembled and the experiment was eentinu,ed

“Thus the pressure wad rajsed at intervals of about
two days, from zero to 2,48, 14 and 20 kg./em.. . The
measurementd furnished the data fer eemputine' the
co-ordinates of corresponding pointa ef the preeeure.
moisture curve. Then followed a eemplete cycle, 1
which the pressure was successively kept eenetant fer
two days at the following values: 8; 4, 2, 1, Q (four to
six days, to eIlew complete reeeturetlen) 1, 2, 5310 and
20 kg, per cm.?

At the outset of the investigation the euther feered
that the total remeval.‘ of the pressure .in each of the .
consecutive sfeps of the test might represent an Jmper—
tant source of errors of observation. As p matter of
fact no results at all eeplql be.gbtained by euel;t method,
in mveetlgetmg the, eempreeelbrhty, of sands or of
other hlgfﬂy permeeble grenuler meterlele But in the
ease of clay experience has ehewn that the fear was ‘not
justified. Due to low degree ef permeehlht)r even .0f
sandy e]e:reI the” effeet, ‘of reeeturetren is neqhg:ble
Thus, =a layer ef eley 1 cm. thick end , CATTYIng
no surcharge at "all was brought into contact with
water, after it had been previously compressed by a
load of 18.9 kg./cm. and in an hour.its moisture con-
tent increased only 0.15.per eent whﬂe the tlII]iE during
which the EIE}Y has a chanece to teke up+ water between
two consecutive tests never exceeds two mmu}:ee

After having completed the cycle, .the ring with its
clay core was weighed once Imore. Then a sample of
the clay was set apart for determining the final mojs-
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ture content of the layer. The figure thus obtained
served as a basis for'calculating the meoisture content
which corresponds to the successive .stages of the
experiment. The initial moisture content (correspoend-
ing to, a pressure.of 1.2 kg. per sqg.cm,) being known,
the results of the calculation could be checked by theo-
retically caleculating the subsejuent moisture content.
Any difference between the actual and the theoretical
moisture content (m no case large) was then, diatrib-
uted over the intermediate values.

Fig. 3, shows ,iypical results. Abscissas represent
Jntenelt:f of loading and ordinates moisture content in
percentage of the space eeeupred by the solid. matter of
the clay. A yellew pottery clay and a blue marine
cley are represented in tpe lower diagram, and a gray
sandy delta mud in the upper. Fach test lasted about
eight weeks. The main hreneh of each curve pertreys
the effect of gradually increasing load (combined com-
pression), while- leadmg cycles ere represented by
curved hysteresis loops (elastic, expenelen)

"Lag of Cempreeeren—ﬂe already mentioned, the com-
pression produced by the application of a load never
occurred 2t once, but increased for some time while
theé load remained constant. Equjlibripm was never
reached in less than about 24 hr., in spite of the fact
that the layers “were very thin. 'This fact, is very sig-
nificant: it indicates that the capillary water took time
to drain from the interior of the clay towards the free
surfaces and escape through the filters. Sinca! this
flow of water implies a hydrostatic head, and the sur-
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FI1G. 3——PRESSURE-MOISTURE CURVES FOR THREE CLATS

face of the clay (bejng covered with water) was con-
stantly et zero hydrostatic pressure, the eppheetlen of
the load must have produced a positive hydrostatic pree-
gure in the capillary water of the central parts of the
clay. The hydrostatic stress deﬁ'erenee which produces
the outflow of the capillary water is consumed by the
resistance which the water encounters in the narrow
voids, of the clay on its way to the surface.
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The author later proved by other experiments (see

a subsequent article) that the flow of water through

clay follows Darey’s law as closely as does the flow of
water thruugh sand. Hence there exists simple propor-
tionality between the value of the hydroéstatic stress
difference and the amount that the thickness of the
layer decreases per unit of time at constant surcharge,
because the decrease of clay volume is identical with
the yolume of the water that escape$ through the sur-
face of the clay. Immediately after the load is applied
the spzed with which the clay volume decreases is great-
‘est, ‘hence the hydrostatic’ stress difference must be a
maximum; in the final state the hydrostatic - pressure
has becume zero in every pait of the layer and the
thickness of the layer remains constant (hydrnsta‘tlc.
equilibrium ‘of the clay).

From the results of the tests deseribed we learn_ that
pressure and moisture content of-a ‘clay are: as def-
1n1tei}r belated as stress and strain in solid bodies. The
only dlﬁ‘erence between the two relations is that ‘the
compression ‘of the clay develops gradua.lly, while the
application of a pressure on a golid body  is almost
immediately followed by the cnrreapundmg strain. In
addition we ha.ve learned that a changé of the vélume
occupied by a mlxture of clay and water invelves g flow
of capillary water from ‘the central parts of the clay
towards the surface, which in turn requires the presence
of a hydrostatic stress difference, The strain does not
become constant “until the hydrostatic stress difference

‘has disappeared.

Shrinkage Test—EKeeping thege EIHIP].E but imporfant
facts in mind, we may proceed to a second series of
tests, We fill the glass cylinder of Fig. 1 with a liquid
yvet very viscous mixture of clay.and water, just as was
doné before. But instead .of covering.the surface of
the clay with a filter and loading it, we leave it ag it is,
in contact with the atmnaphere Precisely the. same
phennmenun oceurs without load which we previously
produced by means of loading the clay surface: the
capillary water flows from the central paxt of the'clay
tnwards “the gsurface, where it evaporates: the!mois-
ture content of the clay becomes smailer and the thick-
ness of the layer decreases. The clay shrinks.

The only difference betiveen the artificihl compres-
sion and the natural shrinkage, is that commnression
undér load can be carried as far as we want, while in
shrinkage due 'to evaporation a point is reached _beyond
which the yolume of the clay remains constant: "At this
shrinkage limit the clay passes from the serhi-solid
into the solid state. Before.the limit is reached, the
layer shows symptoms of late’ral contraction; it shrmks
away from the ring to which it is confined, and r:.racka
At the shrinkage limit the clasr asuslly channres its
coloy, Yet, from the outset of the shrmka.ge test to
a pqmt beyond the limit of ithe plastic state, the process
of compression and Tthe process of shrinkage * are in
every raspect identical. .

It is astonishing that nobody seems to have felt the
necessity of investigating the physmal causes of this
identity. As a matter of fact, analysig of the phehom-
enon leads'to new and véfy important cnnclusinns. In
order to perform it We have merely to ‘keep in mind
that the elementary laws of mechanics' which apply to
solids #nd liquids in genetal are valid also for the
constituents of a mixture of clay and water.

Negative Hyd;-usmtw Pressure—By direet measure-
ment it was found that the water ‘contént of a layer of

L

clay slowly shrinking at normal temperature remains
fairly uniform throughout the thickness of the laver, if
this thickness amounts to not more than a. few centi-
meters. Hence there must be a-continuous flow of
water from the interior of the layer towards the sur-
face of evaporation. The flow indicates the presence
of a hydrostatic stress 'difference between the interiotr
and the surface.

During the loading test the hydrostatic pressure act-
ing in the central part of the layer of clay was posi-
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FIG, +—BUNDLE OF CAPILLARY TUBES COMPRESSED BY
EVAPORATION OF CONTAINED WATER
tive. ‘This positive hydrostatic pressure was balgnced
by the external load pressing upon the particles
between whmh the capillary, water flowed toward the
free surface. During the shrinkage test the external

" load was zero, and as.the "dead weight of the clay can be

considered negligible cnmpared with the intensity of the
forces we have to deal with, the hydrostatie pressure in
the interior of the clay is zero. But as the flow 6f the
capﬂlary water toward thé surface of evapﬂratmn re-
quires the existence of a hydrostatic stress difference,
the hydrostatic pressure acting in the vicinity of ‘the
surface of E?apuratmn must have been negative,

During “the cnmpressmn test, surface-tension of the
water was not agtive, because the.free surfaces of the
clay were ‘covered with water; only the external load
forced the clay particles down. Durmg the shrinkage
test, there was no external load, but surface tension
acted all over the top surface of the clay. Therefore
the hydrastatm stress difference and the negative
hydrostatic preasure could not be prnduced by other
than the surface tenamn of the capillary water.

In a vertical capﬂlary water may rise to great
height. The surface tension at its surface, amuuntlng
to, T dymes per, centimeter of clrcumference, exerts a
Ilftmg force of rdT/g, where d is the diameter of the
capﬂlary in ecentimeters and g is the accelerahun of
gravity, in em./sec.”. Equating this force tb'the weight
of the' polumn of water in the capillary, of height 2 cm.
and specific gravity w, we obtain & i, ‘4T/wdg. The
lifting forée at the surface carries the weight of the
column by’ a tensile stresd in the water column, as’
water has ro shearing’ strength. Thlﬂ tension, or neg-
ative hydrostatic pressure, has its maximum amount
hw just under the "ypper surface of. the column, and at’
any other point, at height %#* above the level of water
in the vessel "beluw, it has the value h’w, Premsely
similar tension, or negative pressure, exists ih the clay
during its shrihkage, and explains the phenomena
which occur during the drying process.

‘A layer of clay surrounded by a stiff ring represents

‘a bundle of capillary tubes whose ends are locafed

within the free surfaces of the layer (Fig. 4). At the
outset the tubes are filled with water. Evapuratlnn at
the free surface tends to cause the water to retire into
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the interior, but it is prevented from doing so by the-
same forces which drive the water up a capillary, and;
therefore it continues to occupy the whole void space
within‘the clay. The.volume of the water.decreasing

'by evaporation, the clay is compressed by the surface

tension of the water; in other words it shrinks, and at
the same time the water comes under tengian.'

The analogy between compression by load and shrink-
age by evaporation is set forth diagrammatically in
Fig. 5. The direction of water flow and the nature of
the internal pressures are indieated. o

The intensity of the, foreces increases in direct pro-
gortion to the quantity of water evaporated, provided
the solid matter follows Hooke's law. They reach

their maxima when the full eapillary force of the water
iz developed (hiw, above); this marks the shrinkage
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FIG, 5—DIAGRAMMATIC COMPARISON OF COMPRESSION
AND SHRINEAGH OF CLAY

limit. Further evaporation causes the water to retire
into the interior of the bundle, and the free surfaces
change from dark to light color.

The pressure exerted by the surface tension will be
called the capillary pressure, and ifs maximum value
the transition pressure, which is the limit at which the
clay passes from the semi-solid to the solid state. It has
been proved that capillary action involves a tension in
the capillary water equal to the capillary pressure. This
tension eannot Russibly be greater than the “intrinsie
pressure” of the water. However, since the intrinsic
pressure of water amoiints to about 21,000 atmogpheres,
the transition pressure is limited only by the size of the
voids of the clay. ’ : _

The intensity of the negative hydrostatic pressure 18
evidently identical with the intensity of the external
pressure required fo produce the same degree of com-
pression as the one brought forth by shrinkage. Owing
to this fact, the transition pressure may be determined
from the moisture content at which the clay ceases to
shrink (shrinkage limit) and the external pressure
required to reduce the moisture content of the clay
from its initial valug down to that at the shrinkage
limit. Following this method, the author has found the

transition “pressure of a yellow, residual clay to be 171
Irg./em.* (cube compressive-strength 82 kg./cm.™, and
that of a blue, marine clay to be 339 kg./em.” (compres-
sive strength 86 kg./cm.*). Thus the capillary pressure
may be a force of enormous intensity. Yet the very
existence of this force -has never been suspected up to
thia time. . .

Swelling of Cley—I1f the free surface of 4 layer of
plastic or of.semi-golid, clay iy covered with water, the
surface tension at once becomes zero and the clay,
expands. This swelling is identical with the expansion
of the ¢lay produced by the remaval of an extermal load
{(recurrent branches of the hysteresis:loops in Fig. 8),
and represents elastic expansion of the clay caused by
the elimination of the surface tension of the capillary
water. Sinee, the inerease in bulk means inerease of
water content, it is apparent that water enters through
the free surface and flows into the interior, impelled
by the hydrostatic stress difference between the surface
(where the pressure is Zzero, since the surface is cov-
ered with “water) and the inferior (where negative
hydrostatic pressure exisis). :

If, during a compression test, one.drains the water

completely off the surface and then removes the exter- .

nal load, the volumec of the clay.remains nevertheless

. unchanged, because expansion would mean inecrease of

the moigture content and there is no free water avail-
ablee. On the other hand, if the wvolume  remains
unchanged, the inward pressure cannot possibly
decrease; the surface tension of the capillary water
takes the place 6f the external Iecad. Like a rubber

.skin, it opposes any fendgncy to expansion.

Thus all phenomena, associated with the cohesion of
clays are capable of being explained by the single fac-
tor of surface tension. Cohesion is the intermal fric-
tional resistance produced by the capillary pressure.
As the cause of the ecapillary pressure—the surface
tension of the capillary water—is an external- one,
merely acfing on the surface of the clay, the e¢ohesion
due to the capillary pressure may be called the apparent
cohesion, In opposition to the irue cohesion produced by
initial friction®. As the initial friction was'found to
amount to not more than about 20 g./ecm.”, the true
cohesion is very small ecompared with the apparent
cohesion. ‘

The shearing strength of 8 mass of clay is eaual to
the product of the capillary pressure and the coefficient,
of internal resistance. Thia relation, however, proves
to be valid for the plastic state only, while in fhe qeﬁlii
solid and solid states the shearing stréngth ia“amallér,
just as the shearing strength of solid bodies is very
much smaller than the product of the intrinsic pressure
times tHe coefficient of intermal resistance. The Ilatter
phenomenon seems to be due to important secondary
stresses (unequal internal stress-distribution), and it

is on the point of being thoroughly studied by various -

English investigators. (A. A. Grifith* Prof. B. P.

Haigh® and others.) | *
Properiies of Capillary Water—Since shrinkage is

Nortg—The term-* "initial friction™ as used by the author de-
notes the shearing strength of ciay when not under pressure,
gither external or caplllary. BExtended investipation of initial
friction showed it to be far too small In amount s account, for
any of the properties commonly grouped under the general term
“eohesion of clay.” The internal friction which acts in the interior
of a clay, subjected to either load or ¢apillary pressure Is the sum
of (1) initial frietlon, which I5 practically Independent of the in
tensity of the pressure, and (2) the frictional resistance set up by
the pressure, which i= proportional to the intensity of the pres.
sure. Iven at small pressures, however, the first item {3 almosat

negHgible ¢omipared to the second.
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due to the surface tension of the capillary water, it
cught to be possible to calculate the intensity of the
transition pressure from the avérage width of the voids
of the clay. As the specific graﬂt:,r of water 13 unity,
the maximum capillary pressure in grams per sguale
centimeter is egual to the maximum capillary height

4n centimeters. The data obtained by a wet mechanidal

ahalysis- .allowed the duthor fo estimate for the yellow
residual’ clay meptioned above & maximum capillary
Keight of 306 m.,* or 30,600 cm. This value corresponds
io the width-the voids would have at the shrinkage lirhit.

Hence the intensity of the transition pressure ought to-

be of the order 30,600 g. or 30.6 kg./em.”. But, as previ-
ously noted, determmatmn of the transition pressure for
this clay gave the value 171 kg./em.’. The cause of
the obvious: dlgagreement between the twd figures men-
tioned resides in the fact that ‘water enclosed in voids of
width less than about 0.1 micron (== 0.1s>=0.0001 mm.)
has properties different from those of water cuntained
in wider vessels. 'The wviscosity ‘of the water as 'well as
the rate of evaporation rapidiy-increases below this limit,

as has been proved by permeability measurements.

A very important consequence hereof is that the
capillary water of clays is but partially evaporable. If
the capillary water contdined in clays could comvletely
evaporate, as does the capillary water of s=ands, clay
upon drying would lose its coliesion. The' cohesion of

’.'ll
L 1

e

i

’

clay dried at pormal temperatures is .however almost
twice as great as the cohesion at the shrinkage limit.
Asg the cohesion of a reversible colloid is due wholly
to the surface tension of the capillary water, it follows
that part of the capillary water remains in the voids
of air-dried clay forever without evaporating.

According to the definition of the Ehrlnkage- lmut
the width of ‘the voids of the clay remains consztant
below the shrinkage ‘11m1t ‘although the moistuzre coni
tent ‘continues to decrease. Evidently.the surface of
the capillary water retreats from the outer surface of
the clay into the narrowest parts of the caplllary
system. This process decreases' the total length' of’ the
contour line* along which the surface tension acts;
nevertheless the cohesion’ cunt':muea to increase. Hence
we must conclude that the surface tension per unit'of
length of the contour line increases just as does the
viscosity as the size of these very small capillary chan-
nels decreages. This conclusion confirms what has been
assumed concerning the causer of the disagreement
betweeh the actual and the theoretical value of the
capillary pressure.
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