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Principles of Soil Mechanics:
JII—Determination of Permeability of Clay

Validity of Darcy’s Law—Slichter’s Formula and Hazen’s Observations—Permeability of Sand-—
Experiments on Clay—Darcy’s’Law Valid Even for Semi-Solid State
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HEN svater percolates through-a permeable body

of pristatic form in parallel flow, its rate of flow
is expreaaed by Darcy’s formula, Q. = kFs, where @ is
the volume of flow per second, F is the cruss-ﬂec{;mn
of the body, and s ig the hydraulie gradient, equal to
loss of head divided by length, or k/l. The coefficient k
(dimensions cm. /sec.} has been called the coefficient of
permeability, and represents the velocity of percolation
under g hydraulic gradient of unity.

The law is valid for laminar flow only, and therefore
does not apply to the (turbulent) flow of water through
coargse gravel, Some have claimed also that it is not
valid for flow through clay. But it is generally
accepted as applicable to.flow through fine and medium
sand under moderate head, as it agrees fairly well with
experimental data.

Void-Ratio and Permeability—The voids of a per-
meable body constitute in effect a system of capillary
tubes. Percolation velecity depends on the size of the
tubes. A sand of definite grain size may have wide
or narrow voids, according to whether the structure
iz loose or dense, and the coefficient of permeability
thus depends on density of structure as well as on grain
gize.

Many years ago Prof, C, S, Slichter' made an attempt
to compute the coefficient of permeability of sand
assuming uniform globular grains; according to the
arrangement of the spheres, the volume of voids ranges
between limits of 26.0 and 47.6.per cent of thé total
volume of the mass. His formula was k¥ = 7i1d/e;
where d is the diameter of the spheres in centimeters
and the factor ¢ has for a temperature of 10 deg. C.
values as follows:

. i :
Volume of Valds = Tnta.‘lm’l.?: T

u, G.26 .28 I'.l'.ﬂl'.'.il 34 033 0.42 0.40

Voids —
Vold-Ratlo = err—<roiome =

e, 0.862 0.388 0.428 0.516 0.612 0.72% 0. 850
Factor ¢, 84.30 65.90 52.50 84.70 2410 17.30 1312.30

Thus, the coefiicient of permeability of a mass with a
volume of voids of 46 per cent (very loose arrangement
of the spheres) becomes 60.3d* &t 10 deg. C. But
Allen Hazen has found by experiment that the coeffi-
cient of permesbility of a very clean and loose sand
amounts to 116%, (dw is effective size of the graing
aucurdmg to his well-kpown deﬁmtmn), and, if the
grains ‘are of approximately the same size, éven 1504,

The disagreement between the theoretical value ob-
tained by the formula of Slichter aid Hazen’s experi-
mental results is due to the fact that the voids of
Slichter’s filter are supposed to be equal among them-

" selves, while in practice each filter contains wide and

narrow voids. It can be proved that at equal volume of
vbids and equal size of grains the coefficient of perme-

" ability decreases with increasing uniformity of voids.
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On the other hand, the relation which exists for any one
kind of sand between the density and coefficient of
permeability agrees fairly well with Slichter’s theory.

In order to represent the theoretical relation, the
void-permeability curve 8 in Fig. 1 has bean plotted.
It corresponds to a mass consisting of microscopically
small spheres of equal diameters. The upper and lower
ends of the middle section-of the curve (void-volume
47.6 per cent, void-ratio 0.905; void-volume 26 per cent,
void-ratio 0.352) indicate the extreme limits within
which Slichter’ s formula i valid. The geometrical part
of the theory of Slichter has been further developed by
L. Darapsky and L. Burmester’; but, as the shape of
the grains of mnaturil sands ‘is jrreguldr rather than
globular, elaborate theoretical mvest:gatmns of such a
kind are at best of academm value.

Pemmbthty ,of Smﬂd—~AE Slichter’s. formula for
the permeabﬂity ‘coefficient is rather cumplmated I
derived a semi-empirigal formula baaed on the follow-
ing facts: The widest parts of the pap;llarm ¢hannels
through which the water flows have at Jeast five tlmea
the cross-section of the narrowest ones: Hence, if a
definite quantity of water percn[ates through one of
the c.apﬂlary channels, the loss of Yead per uhit
of length of the narrowest sections of the channel is at
least 25 tlmes greaterrthan the loss ]:ual:'J unit uf length
of the widest ones. Due to this, the percu]atmn of
water through sand can be cnmpared to the flow of
water through a set of sieves in series: 'thé reslstance
to percnlatmn is confined to the sfeves whﬁe in the
spaces between sieves the resistance is negligible. Let
dw be the effective size of the grains (cm.), # the void-
volume, ¥, and ¥: the coefficients of viseosity of the
water at 10 deg. C. and at temperature ¢ respectively,
and C an empirieal coefficient found by experiment to
range from 800wv, to 460 Vo depending both on the

ghape of the grains and on the umfnrmity of the sand:
then

e=(9) (&) (G2)'
7 — 0.13)’ &

= (800 to 460)"‘3" (
v \ ¥

—

The value 800 was derived from teats on sands whose
grains were. well polished and rounded, while the Yalue
460 was from tests with sands of _1rrggu]ar, rough
grains. The influence ¢f the uniformity of the sand
upon 1:}1& value of C was far less marked than the,influ-
ence of the quality of the grains. Within the limits of
vmd-ratm 0.862 and 0.9056 (void-volume 260 to 47.6
per nent) the curve of permesability, on vgid-ratio plot-
ted by means of the formula just given coincides closely
with the corresponding eurve plotted from Slichter’s
formula (Fig. 1), provided they are drawn so as to
have one point in common. It may surprise the reader
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to learn that two apparently very different methods for
salculating the relation between the volume of voids
gnd the coefficient of permeability furnish similar
results. But it hes been found by experience that any
simplifying assumptions concerning the shape and the
srrangement of the capillary opehings lead to results
agreeing fairly well with each .other and with the
observations, provided the'nature of the material has
peen taken into consideration appropriately. This fact
considerably facilitates the interpretation of the resulta
of tests.

Basing calculations on the formula, oné can reduce
any coefficient of’ permeability to 4 ‘volume of voids of
50 per dent (vdid-ratio 1.0) and fo a normal ‘tempera-
ture of 10 deg. C., regardless of the actual density of
structure of the sample. The coefficient of permeability
thus obtained is called the reduced coefficient of perme-
ability k.. By introducing into the formula ihe fpecial
values # — 0.5 and ¥, == vy, one arrives at ke = (174
to 100) d’w. As the value k., is independent of both
temperature and voids, it is a value which may perve
as a basis for investiggting the influence of the quality
of the grains and of the uniformity of the mass upon
the permeability of the material. The values 174 and
100 seem thus far to represent the.extreme Timits for
these influences, provided the sands are perfectly clean,
without any traces of clay. FEven a very small guantity
of clay was found to upset the validity of the formuls.
For checking the formula obtained by theory, apd for
deterrhining' the.value of the empirical coefficients, the
relation between void-ratic and coefficient of perme-
ability had to be investigated by experiment.

Tests of Permeability of Send—In order to get accu-
rate results care must bg taken that neithfzr the sand nor
the water system contains aiy, Iusea eylindrical filter
(Fig. 2}, the sand resting on a diaphyagm of brasg wire
mesh. Provision is made for sending water through the
sand either upward or downward, Before the sand is
introduced the water is allowed to rise above the wire
mesh, and bubbles adhering to the mesh are removed by
exhapstion. Thfziaandmis thoroughly wetted before it is
plaged in the cylindey. If, durjng the fest the water
flows upward, the rim of the cylindey seryes as overflow.
However, moat of the tests were made with the water
percolating downward, The loss of head is measured by
4, graduated standpipe, communigating with the space
below the wire mesh., The data required for making a
complete report on the resultg.,of the test are surface
area and thickgpess of the layer, method of preparing the
layer (sand loosely poured in, stirred, compacted) vol-
ume of voids, average specifie gravity of the grains,
temperature, sieve analysis, effective size of grains,
shape of.grains, values of percolation and Joss of head.
Basing on. the results of numerous tests, the formula
expressing the relation between void-ratio and perme-
ability has been checked and verified. - ..

Permeability of Clay—If the grains of ,clay differed
from those of sand only in-size, our formula could be
used for computing the coefficient of permesbility. of
both ‘pure sand and pure clay. But-it was found that

. the finer constituents of clay cnnsi_;{.i: @fv;ver}? thin, flex-

ible mineral scales, while the grains of sand are bulky
and rigid. The capillary channels of sand accordingly
have a rather compact cross-section, while.those of clay
resemble narrow slits. This difference. has an impor-
tant influence on the mechanics of the percolation proc-

T

ess. ‘A theoretical study of the flow of waler through
powders with scale-like grains' led to the forrnula
— (€ (e ,
= (ﬂ) (m),(a—{].lﬁ) A-he)d

where e is the void-ratio, or ratio of volume of voids to
volume of solid matter. -Considering the werified 'accu-
racy of the formula for band, the present "formulx
might also be expected to be adequate. However, béfore
empirical data for verifying the formula could be ob-
tajned, it was necessary ‘to develop a method for deter-
mining experimentally the *coéfficient of permeability
of clay. k

Clay Teats—Measuririfg the permeability *of clay is
more difficult. The first systematic attempts seem to
have been made by Americah engineers (testing mate-
rials for the Lahontan dam, Cold Springs.dam, Pzalouse
project'). In most of these tests the material was putr
into a cylindrl:cal vessel and compacted by ian{piﬁé.
The height of the layer “was usually about 100 cm.
Below the layer of soil there was a filter. The water
percolated vertically downward. In principal the appa-
ratus was identical with that’shoem in Fig. 2, and it
would fully 'serve for 'détermining the coefficient of
sand. But when applied to clay the method is onen to’
serious objection. .

Experierice has shown ‘that the coefficient of perme-
ability of clay varies within éxtraordinarily wide 'lim-
its, according to the volume of voids. As sonn as a
soil mass composed of crumbs of ‘clay comes into con-
tact with water, the crumbs swell and the volume of
voids increases. Within the test cylinder this swelling is
restgaineﬂ to an unknown extent by friction along fhe
sides of the vedsel and it is doubtful if the volume of voids
of the sample is identical with that of the soil in thé dahn.
Furthermore, the samples unavoidably contain miuch
air. Even if one shakes a sample of powdered clay ‘with
water in a bottle, a considerable quantity of air con-
tinues to stick to the clay, particles and one cannot drive
it out except by builing’the_ solution. But ih the dam
the air contained in the soil i8 gradually carried away
by the percolating water in solution, while the labora-

tory t{est never lasts long enough even’ partially to

exhaust the air out of a sample 100 cm. thick. Last but
not least; one must consider that a crumb soil, as used
by the ifivestigators, contains,voids much larger than
the coarsést ifidividual particles of the soil. ‘Water per-
colating’through such a“mass’ carries in suspension the
fine particles detached from' the cruribs located hear
the upper surface of the sample, and the formation of
a “filber skin” becorhes, inevitable. As soon as a filter
skin is formed, no more conclusions can be drawn from
the results of the tests regarding the permedbility of
the samples. It is very doubtful whether the coefficient .
of permeability of clay crumb soils can be determingd
at all e:;:ceptﬂ by indirect ]exparimen'tal methods.

In order to-exclude these sources of error I construc-
ted $h‘e appaf-gtug‘shuwri in Fig: 8. Air c¢an easily be
excluded’ from the ir_1terinr' of the aﬂparatus;_ the diam-
eter of the clay sample is ‘much gredter thatsits thick-
ness, hence the friction along th;e sides, of the sample
has practically no influence on the vplume of voids; and
the moisture content of the sample is maintained: con-
stant by keeping the sample under a constant pressure.

The apparatus consists of a vessel ih which-an internal
rim. rests on a_ perforated bronze plate, whose "'up;‘)er
side is covered with a fine brass wire mesh.. The plate
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supports a sand filler covered with a circular sheet of
thin filter paper. In order to perform the test, one fills
the vessel with water, introduces the bronze plate,
removes the 'air bubbles from the "wire mesh, fills the
space above the mesh with clgan quartz sand (size of
graigs 0.5 mm.), and covers the surface of the filter
with filter paper. In the meantime the ring shown
eeeteﬂl on the v,eeeel "has been pertmlly filled with a
plastic; hlr:.u:e:.:rge*eet:.ﬂ.l;.'?..1 mixture of weter and clay, about
2.5 em. thick. Thie ring is applled to the top of. the
vessel in such a way that the air may escape when the
ring 18 lowered, and is then clamped down by a gas-
keted bronze ring. , The upper. surface of the clay
gsample is covered with paper and a sand filter. Thia is
loaded by a lever. The water-filled space below the per-
forated bronze plate communicites with a standpipe
100 cm. high, 0.6 em. in diameter.

Under the influence of the load on the clay, the mois-
fure content of the sample decreases, until equilibrium
is reached. Then one fills the standpipe with Water and
the water percolates upward through the:clay. As a
rqle more water evaporates in the small annular space
around the loading plate then eemee up through the
clay. Hence it is necessary to keep the.water-level in
the annular space constant by occasionsally adding water.
In the standpipe the weter-level falls during the.test at
a decreasing rate. T make reedmge three times a day
and compute the coefficient of permeability from the
rate at which the level sinks.

» Three tests are run simultaneously, at loads of 60,
125 and 190 kg. (0.75, 1.6 and 2.4 kg./em.”). As s rule
four to six wegks are required for the contents ef the
standpipe to filter through a fairly fat clay. ‘After
each re.a.dmg, the temperature of the wateér is read
from a thermometer whosé bulb is enclosed within a

. bragss p1pe (not shown on the drawing) which peeeee

across the vessel below the perforated bronze plate. As
ehang;ee of femperature have marked effect on the ele-
vation of the wafer level in the etandpme. the testg

must be made irr a cellar with a very constant. tempera-

ture. A fourth simultaneous test is run in an appa-
ratus of somewhat d1fferent ‘g}*pe, containing a sample
at aboyt the lower limit of the 11quu1d ‘state, not loaded,

the water ﬁlEermg threugh the clay in downward direc-

tion from a standpipe over an epemng in a bronze plate
elempedn:climm on the geeketed upper rim of the cylin-
der.,'which contains the clay. After the test tHe clay
in each epperetue is sampled and its moisture content
determmed

Homogeneous mixtures of clay and water were used
only. As the width of the voids of such samples ig equal
to or less than the Alameter of the smaller individual
particles, no filter skin can be fermed provided the water
used fe;' the teet is perfectljr clean.

In order to investigate whether a fllter skin forms
in thege teete parallel tests, were run with samples of
dxﬁerent thickness. If a filter skin formed, 2 thin layer
should gshow a emel;er coeficient of permeability than a
thick one, since the passage of water through the filter
gkin is not affected by the clay below the skin. But
the tests gave the same’ coefficient of permeability for
g thin as for a thick layer. Again, after a test on a
liquid-plastic sample, the surface was scraped off and
the test was repeated, without any change in result.

-In the moisture-permeability curves in Fig. 1, those
points whose ordinates were determined by means:of

the apparatus shown in Fig. 3 are indicated by circles:
For moisture contents approaching the lower limit of
the plastic state the coefficient of permesghility became
exceedingly small, so that it could no longer be reliably
determjned in g direct sway. In order to overcome this
difficulty and to make it possible to.investigate the per-
meability for the semi-solid state of the clays also, I
was obliged to work out an indirect method, which
enables the permeability of almost impermeable samples
to be measured comparatively rapidly: This method
will be deseribed in a subsequent article. It is distin-
guished by the fact that the water merely circulates in
the interior of the sample, without entering or leaving
it, since during such a process no filter skin can possibly
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be formed. The close check between the points‘a and 4,

Curve A, Fig. 1, furnishes 2 conclusive additional proof.
for the results obtained 'by means of the rapperefue
Fig. 8 to bhe reliable.

Darey's Loaw Vehd——Teete with the appere.tue juei
described prex{ed that Darcys.law holds for pereolatich
through eley of *pleetle condigfency: In addition it may
be mferred ftom ‘certain of the'results that it is elee
valid fel‘ the fiow of water threugh semi-solid clays.
Distinet departure from Der?y s law cotld be noticed
only for semiliquid: clays. ' Reduting the hydraulic
gradé from 50 down to 10 or 15 causei® rapid decrease
of the coefficient of permeability, aud only at low heads,
was the coefficient fairly constant. This phenomenon,
however, may be explained by the fact that the struc-
ture of a semi-liquid clay is honey-combed. The void-
ratio of the loosest possible aggregation of egnal
spheres amountd to 0.91 (volume of 'voids 47.6 per.
cent), while for a semi-liquid mass of clay it is approxi-
matély 2. The structure of such a mass is stable
merely because initial friction* keeps the partieles in
relative position, and the average width of the voids is
far greater than the average diameter of the clay par-
ticles. When water percolates through such a mass
under :a considerable head it produceg elastic and hon-
glastie deformations and grain displaéemments similar to
the deformations produced by a stream of water forced
through a system of vetry expansible rubber tubes, but
at lower hydrostatic pressure the elastic deformations
disappear and the coefficient of permeability changes
accordingly. |

Hence we can state that Darcy’s latw is valid at least
for the flow of water through clays with a medium or
a low moisture contént (plastic or semi-solid consist-

*NoTE—The term Initial frictlon has been used by the author
for indicating the shearing etrena'th the clay hes, if it does not
stand under the influenye of any pressure (nelther external hor
capillary). It'amountg to at leaat 10-* dynes per point of cﬂﬂ
tact bastween each pair of clsy particles,

14
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ency). It remains fo be examined whether or not the
permeability coefficients agree mth the formula given

abbve.
Departure from Thsnry—-Fig 1 contzins the results

of three sets of perrneability tests. In order to comi-
pare these results with the formula, 1 detérmined first

auch values of Q and of dy as would make the curve

fit the test pnmts 1 to & (curve A, points.l and 2 out-

C
side of the figure). Then, with the same value of v I

detéermined two other values for dy, to fit the respective
groups & to 8 and 9 to 12 (curves B and C). If the

-1

e JO 0 E1T, g

Fig.©

FIGS. 2 AND 3—MEASURING PERMEABILITY OF
SAND AND CLAY

Fig, 2—Apparatus for sand, Fig. 3—Apparatus for clay.

formula is correct, the points of each set ought to be
close to the corresponding theoretical curve. For
medium moisture contents the curves and the poinis
agree fairly well, but for moisture contents aporoach-
ing the plastic limit the disagreement increases rapidly,
and for the semi-solid ‘state the coefficient is only a
small fraction of the theoretical value. The plastic
limit (limit between the 'plastic and the semi-solid
Etate) is marked in the figure by the leftter 2. The
amomaly becomes particularly obvious when comparing

the relation between the void-ratio and the coefficient.-

uf permeability of sands with the results of the clay
tests. Increasing the void-ratio of a sand from 0.6 to
0.8 increases the value of k by 75 per cent, whereas the
same increase of the veid-ratio of the clay Increases
the coefticient of permeability by several thousand per
cent.

For reasons which have already been discussed, it
seemed inadmissible to blame such important disagree-
ment merely upon the approximate character of the
assumptions. On the other hand there was reason for
suspecting that the disagreement is due to a physical
factor, one not present in flow of water through sand
but appearing only when the voids are very small. If
the disagreement were due to error of the formuls, it
ought to manifest itself whenever the vmd-rratm drops
below some certain value but instead; it is' invariably
associated with the semi-solid state of a qlay,f regard-
less of whether this state (plastic limit) is reached at
void-ratio 0.3 or 1.0. Experience has shown that the
moisture cnntent of a clay corresponding 'to tha plastic
limit increases with increasing fineness of the grains,
Provided the grains are of similar kind, so that it
Beemed likely that the plastic limit is reachet as soon
as the width of the voids drops below a definite critical
value, regardless of what the effective size of the grains
May be, If that be true, the observed anomaly concern-
Ing the permeability too should be in some way related

15
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to the width of the voids dropping below a certain
critical value.

Change in Viscosily—-From this reasoning it seemed
that the physical constants of the water might.change
when the capillary channels of a shrinking clay:become
reduced tc a certain 'size. This supposition was
strengthened by anomalous results obtained in certain
evaporation tests. |

Prisms made of different clays wers allowed to dry
at normal temperature (15 to 25 deg. C.), and their
loss of we1ght was determined three times a day,
together with the shrinkage 6f the prisms (distance
between gage-points on their surfaces); at the same
time the loss of weight of a cylindrical vessel containing
distilled water with a wide, free surface was measured.
Basing my calculations on the data thus obtained, I
computed for each one of the prisms the ratio between
the speed of evaporation of the capillary water and the
cnrresponding speed of evaporation of the water con-
tained- in the vessel (relative speed of evapuratinn3
The results of the computation were plotted in a di-
gram (Fig. 4) the abscissas of which represent water
content (void-ratio) and ordinates represent the rela-
tive speed of evaporation. The letter P indicates the
plastic limit, ¥ the point at which the surface of the
capillary water retires into the interior, and S the
shrinkage limit. Down to the plastic limit the relative
speed of evaporation was constant, at.about 1.1. But
between P and N the speed of evapuratmn decreased,
though the surface of the capillary water remained
at the surface of the prisms.

Thus, one of the physical constants, the relative
speed of evaporation, changes after the state P has
been reached. It has already been remarked-that the
surface tension of the water changqs ite value at this
same point. TUnder these cundltanns I felt warranted
in concluding that the phyeical constant which deter-
niines the speed of percolation, i.e., the viscosity of the

.water, also changes it8 value ad f;he iclay approaches

the lower limit 'of the plastic state.
Deducing from the observed factzs the law which

connects width of voids and coefficient of viscosity, we
obtalned the law

By = 0o, (1 +'IE‘) .
where v, denotes the normal value-of -the coeflicient of
ﬂacuslty and v,” the viscosity of the water flowing
through & capillary channel 28 (cm.) wide; R is a
constant of value between the limits 6 > 10° and
2 W 10 (its exact value has not_been determined, but
knowledge of the limits is sufficient for our purposes).
In voids smaller than 0.14(0:0001 mm.) the value of’
the coeflicient of viscosity increases rapidly.,

Revided Perimeability Formula—DBecause of this
change in‘viscosity the formula for permeability of
clay had to be modified, the result being,

= (0) () S22,

It is obviously difficult to determme the effective
gize dy, of the graing of clay because it requires wet

mechanical analysis of the material. But as the for-
mula ‘expresses the relation between water conteht and
permeability it can be used even when dy is not known.
The only requirement is that we know the result, of a
single permeability test 'on the sample of clay under
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study. This one resulf, the value k of the sample at
one particular moisture content, may be used to detef-
mine the ‘value k% at any other moisture content, the
two values bemg connected by the law expressed by
the formula given.

Thus suppose we have two clays, for one of which
the effective grain size d, is m times larger (m being
unknown) than the grain size d,, of the other one. In
addition; we suppose that the permeability of the clay
with the grain size dy be given by the formula

v} (e—0.15)% (148
% =35.84 X 10 ( , ((e—o 15))'450-{,;16)6 (cm./sin.),
Atcording to what precedes, the permeability of the
clay with the grain size md, should be

w0\ (6 -=0.15)% (1 4 o)
k.===t3.34>(10 i(ﬂt)(e 0.0166

0.15)" - ~—=

lBy’ making a amgle permesability test with the ae,cand
clay, one point.of its moisture-permeability curte is
obtaihed; and this point permits of solving the above
equation for m. Knowing the value of.m, the cnmplete
curve can be drawn from the formula and subsequent
pemeablhty tests should plot close to this curve. Curve
B in Fig. 11is an exariple of what agreement may Be,

m’ (em./min.).

e ]
bl + I .
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FiG. i—SPEED OF HVAPORATION'  OF CAPILI.ARY
N WATER OF CLAY

- expected. For one point of this curve the test fuinished
the value k== 40 X 10" cm./min., while the formula
gave the value 85 X{ 10~ cm./min. In thecaseof curve €,
Fig. 1, the agreement’ batween theory and test. results
was less satigfactory, on account of the hlgh sand con-
tent of this material, amounting to 59,1 per cent. Such
& soil may be called a ﬁandy mud, Nevertheless its per-
meability also proved to’ vary between extraordinary
wide, limits as its density varies. This furthér -illus-
trates that one cannot possibly describe the permeabil-
ity- of a clayey material except by a moisture per-
mesability curve; a single figure means nothing,
Individuol Cha,mcter of Different Clays—For clays
having equal graln size, the plastic lithit may be high or
low according to the shape of the grains and to the degree
of adsorptive eaturation. Therefore the values of the
constants ¢ and ¢ in the. general formula for the per-
meability coefficient depend on the mature of the grains
as well as on their size, and an expression of the nu-

merical type as just quoted is not valid except for claya °

whose grains are fairly similar in charactar. If the
water which percolates through the clay’ contains sub-
stances in Eulutmn these substances are adsorbed by
the clay, axd the solite ‘accumulates ‘along the Hurface
of the clay particles. The doncentration of the solutien
influences considerably the viscosity of the solvent, and
in turn the viscosity of the solvent Has a markéd: effest
upon the permeability of the medium.

Attention should be called orice more to the unpurtant

fact that the preceding discussions apply only to homo:
geneous mixtures of clay and water. Crumb clav soils
do not belong to this class. Percolation through such
soils inevitably leads first to the formation of a filter
gkin and then to the filling up of the mdesﬁ Yoids with
spongy colioidal mattér; detached from the top layers
of the crumbs. Hence percolation through ecrumb soilg
i8 associated with grain displacements, internal erosiof
and deposition. It is a very complex phenomenon, which
still needs éareful investigation., It ia aItugether ine
admissible to simply apply to the hydraulics of crumb
soils the conceptions derived from sand filter tests op
those applicable to homogeneous clays.

=C1.15. Slichter. Annual Report of T. E. Geologlea) Burvey, 1889,

aky, Zlschr, fiir Mathemafil .
Physik, 1012, p. 170: “ triucga Untaruuchunr dar Bawegrfx
dudﬂrundiuﬁm n: Giazrtt;llﬁr o der Wu.garﬂ;}er:ng ﬂurgﬁ
sand,” urmester c anpetoatt ema
Mochanik, 1924, p. B3, ’ ¢ Mahematis u.

‘Erdbaumeachanlk, by K. Terdaghl (1525).

‘Varbal Commtunlcation of R, R. Coghlan, chemist in .
'Exspa manu on Material for Guld Epgh Eu Dam Umaﬂﬂg.hum
ect, C. Henny and E. upuun. Newa 1807, n. 25

ents on Cold or n. P’rn acted Ilam
?{hlpcﬁmnu Abandoned,” Eﬂrﬂ Newa, 11.901’. D 480,

D.
#Filtargeometrice,” l:g‘

:rn']?’ A Hﬂhl&

16






