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plus: water is pushed back into the reservoir and stability is %mﬁmwﬁm&. There
may come a time, however, whenthe compression goes forward so H.NU::% that
Qmm surplus water cannot be carried off fast enough. When that point is reached

(if it is reached), there will tend tobe an excess of water in the interstices and |

that excess will transmit some of the pressure that was before carried only _m.i
the bearings of solid particles, and the frictional resistance of the material will
be less, and perhaps much less, than it was before. 3

«“The thought has occurred to the writer, inlooking at the material that slid
in the Calaveras Dam, that somethingof this kind may have happened on a large
scale—800,000 cu yd of fill flowed for abrief space, and then became solid. It
was, infact, so solid that in examining it afterward, by samples and by borings,
it i.mm difficult to see how the material could have flowed—as it certainly did
flow. : y

«It may be that after the first movement there was some readjustment of the
material in the toe which resulted in producing temporarily this condition of
quicksand, and which destroyed for a moment the stability of the material and
facilitated the movement that took place.

«This will not account for the initial movement;but the initial movement of

some part of the material might result in accumulating pressure, first on nwnm
point, and then-on another, successively, as the early points of ooumm:nnwﬁon
were liquefied and in that way a condition comparable to quicksand in a large
mass of material may have been produced.”

From the “Summary” of his paper, the following paragraph is particularly
pertinent: .

«Stability is increased by compactness. It is worth while to watch voids
closely, and to make every efforttohold them at a minimum. The extra ﬁmwm.w»
is advantageous, but security against compression and Hmlwn&mdmmgmﬂw with
resulting temporary quicksand conditions, can be best reached in this way.”
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INTRODUCTION

~Although the hydraulic permeability of clay soils is of great importance
in connection with problems of seepage, settlement, and stability, it has not
been studied to the same extent as other major soil engineering properties,
such as strength and compressibility. However, significant contributions to
our understanding of the permeability of saturated clays, have been made

. recently by Michaels and Lin,4 Schmid,5 Hansbo,® Olsen,7 and Miller and

Low.8

<
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Lambe, 9,10 and Bjerrum and Huderll have made recent contributions t
our understanding of the permeability behavior of compacted clays. Lambe
devised a simple apparatus wherein a soil specimen was compacted in a
lucite mold and then tested using a constant head procedure. Although the]
procedure did not allow for either the precise control or measurement of
saturation during permeation, the test was rapid, reliable, and convenient
Fig. 1 presents data typical of those obtained by Lambe. The great influence

of molding water content on permeability is readily apparent. As shown by
Lambel0 and Seed and Chan,12 many clay soils compacted dry of optimum
U%,wuw.mm.n—mzm compaction have a more random particle orientation (flocculent
structure) and a larger average pore size than when compacted wet of opti-
mum .where the shear strains induce more nearly parallel particle arrange -
Rw n s (dispersed structure). It may be seen from Fig. 1 that this effect of
structure outweighs the opposing influence of saturation, because the speci-
mens compacted dry of optimum come to equilibrium ata considerably

JoxIG" jower degree of saturation than do the specimens compacted wet of optimum;
\ &x 10 <] “ Nﬂ&. ‘ordinarily, other oozﬂwww.omnm UmE.m equal, the higher the degree of satura-
“oo : x 1072 Pore Pressure 5 kg/cm*_| tion the greater the permeability. It is also apparent from Fig. 1 that density
200 X - /7A xllm“u.ﬁunnn plays a role that is minor relative to the effect of molding water content and
© ) . L x0T : ucture. .
59“; , ,, m /A mnﬁwwmnﬁ.ﬁs and Huderll describe a method for the measurement of compacted
LI § B clay permeability wherein a back pressure is used for saturation. Their tests
m 20 / § e were performed in a triaxial cell. Fig. 2 illustrates the influence on permea -
& / m / | oie Brgssure O tgseme bility of both the saturation and consolidation of the specimens. Increased
3 10x 10" \ S w0 o\ |\w|..M Iy permeability of higher degrees of saturation is clearly indicated because,
S mm X g asx/0 \ | for these tests, higher degrees of saturation are associated with higher pore
E & oex/07 N\ = pressures. . .
s 2 ’ Wl\ “ " Studies of the permeability of compacted clays have been in progress at
. / Qe xi0" /w.le | the University of California for several years in an effort to clarify further
. o T kﬂm&%ﬁ.&%%&i the roles of such factors as soil structure, density, method of compaction,
as o2ei" | | \w ‘method of test, thixotrophy, and degree of saturation. It is the purpose herein
R, I PR RS, SR T © . moiing Water Content - parcent to outline the test procedures, to present significant findings, and to point
)28 138 out the practical implications of the results of these studies.
- Notation.-—The letter symbols adopted for use in this paper are defined
124 o 139 £ where they first appear and listed alphabetically in the Appendix.
= ce > e
m %\e\o\ M 130 N %
s % I $ N EXPERIMENTAL PROCEDURES
Mi 1/6 n/ JVA] X W 126 > \Avo.n i
.m P |~ V/ .w \\ ‘A permeability test apparatus was developed which permits the utilization
S /2 ~ — =1 S 22 . Q) of saturating back pressures and the precise determination of flow both in
uﬁuw..‘mu»sns_,.nn\i B A 4 /P fand out of the sample. The basic elements of the apparatus are shown
108 15 R ) R sorng Wassr Comin - perce *© "l Schematically in Fig. 3. Air pressure is applied through regulators (1) to the
Woter Contans = percent 7 water reservoirs (2) “Nylon” pressure tubing of two different diameters (3,4)
G RRReT - OR Sk TioN E connects to the inflow and outflow sides of the permeameter cell through non-
FIG. 1.—COMPACTION—PERME - FIG. 2.— URA £ displacement control valves (5). Red-dyed carbon tetrachloride in the lower
MW%H%MMWM%SOﬁ OF JAMAICA MMWJM >~.wmw%%m MWWMM%WMOM%WMMMH #parts of the U-tubes provides a well-defined interface with the water. Be-
ABILITY

i cause the U-tubes are calibrated with respect to volume of contained fluid,
observation of the rate of travel of the interface along the meter sticks (6)
provides a direct measure of flow rates. The small diameter U-tube is used
for measurements on samples of lower permeability, while the larger tube is
used for samples of higher permeability. The reservoirs (7) permit the re-
charging of the U-tubes as needed. A pressure gage (8) may be switched into
either side of the system through valves (9).

9 Lambe, T. W., “The Permeability of Compacted Fine-Grained Soils,” Special
Technical Publication No. 163, ASTM, 1954, pp. 56-67. -
10 Lambe, T. W., “The Engineering Behavior of Compacted Clay,” Journal of the
Soil Mechanics and Foundations Division, ASCE, Vol. 84, No. SM2, Proc. Paper 1655,
8.
gwwwwwummn.ﬂmcg. L. and Huder, J., “Measurement of the Permeability of Compacted
Clays,” Proceedings, Fourth Internatl. Conf. on Soil Mechanics and Foundations Engrg
London, Vol. I, 1957, pp. 6~-10.

12 Seed, H. B., and Chan, C. K., “Structure and Strength Characteristics of com-
pacted Clays,” Journal of the Soil Mechanics and Foundations Division, ASCE, Vol. 85,
No. SM5, Proc. Paper 2216, October, 1959.
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; A lucite sample holder of either 1.4 in. or 2.8 in. inside diameter, 1/2 in.
Air . «hhh:k walls, and 3.5 in. or 1.0 in. height, respectively, contained within brass or
Fressure stainless steel top and base plates (Fig. 4) has been used for most of the
tests. Samples could be compacted directly in the lucite molds and tested
O without:the necessity of further manipulation of the specimen. This procedure
has been found considerably easier and more rapid than testing specimens
within a triaxial cell.
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Valve as a result of the possibility of undetected excess flow along the contact be -
5"dia - tween the sample and the mold. To provide positive evidence thatno boundary
leakage took place, sets of essentially identical specimens of silty clay were
. prepared—one sample of each set to be tested in a triaxial cell where the
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HIGH PERMEABILITY CELL
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other to be tested in a lucite mold in the usual manner. The results of these

tests are shown in Fig. 5, from which it may be seen that nearly the same |
values of permeability were determined for each method of test. It was con- |
cluded, therefore, that reliable tests could be performed on samples compact- |
ed in lucitée molds and that leakage between the sample and mold was not

taking place. :

2
32

%

Because back pressure saturation was used so extensively in the permea- © e
P < : % — 2 g - )
bility tests and back pressure saturation is now commonly used on a routine N w Gs at
basis for triaxial testing of soils, a comparison between theoretical and 9 S ?\_\
3 } X

experimentally measured back pressure-saturation relationships has been
made. The results of this study are presented in Appendix I.
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INFLUENCE OF STRUCTURE ON PERMEABILITY 3 2o
‘ : . R § =35

The data shown in Figs. 1 and 2 represent permeability values for samples § : N | S m /~ ZM =4 w
of different density, degree of saturation, and structure. In order to investi- - w m // -3 e m
gate the effect of structure alone on permeability, samples of silty clay § : ® _Iw % M ~
(liquid limit = 37%, plastic limit = 23%) were prepared using kneading com- § J mm / ® =
paction over a range of water contents but to a constant density of 108 lb per & « L8 by W 3
cu ft, as shown in the lower part of Fig. 6. Permeability values were deter-: - G ~CT o e
mined and compared at values of saturation of 90% and 95%. It may be seen : o e R
that for specimens compacted dry of the line of optimums, the permeability ° o E S oy 03 s 8 8§ & Mw =h
increases slightly with increasing water content. An abrupt decrease in S NS N /t:uxm&/ﬁrbar_aa o = W =
permeability is observed at about optimum moisture content, and the speci- | iicind Aus11qoounsod i
men prepared wet of the line of optimums had a permeability nearly three |

“orders of magnitude less than the permeability of samples prepared dry of §
optimum. ; N &

Seed and OENSHN have studied in detail the structure and strength charac- TR R
teristics of the silty clay used for these tests. They have provided evidence Sx [ W w m
that this soil is extremely structure sensitive in the sense that a method of /ﬁ 8 m o<y,
compaction including large shear strains, such as kneading compaction, in- |lvw|l ] g & & g >
duces a dispersed structure in soil compacted on the wet side of the line of ® hﬂ R ) W < =z
optimums. The great influence of this dispersion on permeability is well 2 Q m 8 Q M W b
jillustrated by the data in Fig. 6. B s e ©8 ok a =

j S|k e
PERMEABILITY BEHAVIOR OF SAMPLES DRY OF OPTIMUM \ye MWM * wa. ) m = m
; 3 § LZES

The slight increase in permeability accompanying an increase in molding m.”.” 4 A & W | 3 2 T, N ZM mm m o
water content for samples prepared dry of the line of optimums, Fig. 6, is § = 3 Y NN b B, M
contrary to the steadily decreasing values of permeability accompanying an | S =N m = 58
increase in molding water content, as found by Lambe9,10 and Bjerrum and | X S - ~ = Q =55k
Huderll and shown in Figs. 1 and 2. It might be argued that the behavior of | m m m m N X - = m m 7_. M be <
Fig. 6 is caused by the fact that the compactive effort required to obtain a & 2 = © o 430 G - Apsusg A1g o m = m

(4840} s sSQwy X s19A0) x dwen /SG/) = M m nnbv

density of 108 lb per cu ft decreased with increasing molding water content § i s
for specimens prepared dry of the line of optimums, as shown in Fig. 7. The § , m&\w\bo\- X 9 pasnbay 110443 911200u0D
decreased tendency towards dispersion of the structure because of reduced } i
compactive effort may outweigh the tendency for increased dispersion at in-
creased water content and lead to a slight increase in permeability.
This explanation, however, is untenable as the sole cause of such behavior, :
as may be seen from the test data in Fig. 8, which show the permeability §
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versus molding water content behavior for specimens prepared over a wide
range of water contents using the same compactive effort for each specimen.
Fig. 8 shows that the permeability passes through a minimum at a low water
content .a.w@mv“ then increases to a maximum at a water content of 12.5%,

.ﬁ.ﬁ.ﬂ.ﬁ% decreases abruptly ata water content of approximately 13%
»f dispersion of the structure.

and
as a result

m Wm n the other hand, similar tests on samples of a different soil, a silty clay
ECM ‘the AASHO road test site, Ottawa, Ill., gave results similar to those
M o M wn in Figs. 1 and 2 (see Fig. 9). It should be noted however, that the range
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SOMPACTION . ..

‘u!«w.nmn. contents dry of optimum is considerably less in Fig. 9 than it is in
Fig. 8. Thus, the actual behavior of specimens prepared dry of optimum
- u.nw.wrﬁ be a function of soil type and would appear to reflect the combined
,W,,Encobomm of compactive effort, a tendency towards increased dispersion
ﬁnﬂr increased molding water content, and possibly the effects of nonuniform
~ saturation of the sample under a back pressure and the migration of fine

particles under the action of relatively large hydraulic gradients. Hydraulic
4§ gradients used for the tests reported herein were in general in the range of

9.—PERMEABILITY VERSUS MOLDING WATER
CONTENT RELATIONSHIP FOR AASHO RO
OIL-KNEADING

FIG,
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50 to 120, which, while not unusually high for laboratory permeability ﬁmmﬁum.
:o:mnvmwmmm ﬁnoncom substantial seepage forces within the clay. ;

INFLUENCE OF COMPACTION CONDITIONS ON PERMEABILITY

Inorder to develop more fullythe interrelationships between permeability
structure, Boausm water oo:«mnn and density, three series of silty cla
specimens were ﬁumbwwmn using’ Q:.wa different compactive efforts to give th
compaction curves shown in the lower part ‘of Fig. 10. Permeability values
determined after saturation, using back pressure, are shown in the uppe
part of Fig. 10. The curves showing permeability as a function of moldin
water content for specimens prepared at the lower two compactive effort
(curves A and B) are ‘similar to the curves in Fig. 6. Curve C, correspond
ing to the highest compactive effort'is similar to the curves shown in Figs. 1,
2, and 9, for different soil types. Thus the behavior illustrated by Figs. 6 and
8 and curves A and B of Fig. 10 cannot be solely a function of soil type.

The data from Fig. 10 have been replotted in Fig. 11 to show the variation
of permeability with dry density for various constant values of molding wate ,
content. The curves clearly show the pronounced decrease in Umﬂgmm\dimnw
that accompanies an increase in density at any given water content.

Perhaps of greater importance, however, isthe great difference in vmu.gm..
ability of samples at the same water oo:gbﬁ and density, but prepared usin
different compactive efforts. Reference to the curves in Fig. 11 for moldin
water contents of 18%, 19%, and 20% shows that the permeability may b
decreased more than 100-fold, without change in density or moisture content,
simply by increasing the Wﬁmw.&:m compactive effort. The effect of the 5..
“creased compactive effort is to increase the degree of particle dispersion
The increased dispersion reduces the number of large flow channels an
results in smaller average pore sizes, and, because permeability varies
directly with the pore cross-sectional area, the permeability decreases. The
great influence of shear strain on the stress-strain and shrinkage charac
teristics of the silty clay used in'these tests had been previously studied by
Seed and Chanl2 (Fig. 12). The permeability characteristics shown in Fig
10 and 11 are in accord with the general pattern of behavior established U<
Seed and Chan.

The water content, permeability, and density data in Fig. 11 have been
replotted in Fig. 13 in the form of contours of equal permeability on a plot
of dry density versus molding water content. The extremely great variation
in permeability with water content and density for compaction conditions
wet of optimum is clearly shown. Fortunately, permeability values are lo
in this region so that essentially impervious embankments could be con
structed with this soil. Selection of an appropriate value of permeability for

use in a seepage, drainage, or rate of pore pressure dissipation wbmﬁ%mum
would be difficult, however.

INFLUENCE OF METHOD OF COMPACTION ON PERMEABILITY

It would be expected that permeability would be greatly influenced by the
method of compaction because, for the silty clay used in these studies, (1) the
permeability has been shown to be influenced more by structure than any

COMPACTED CLAY
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other single variable, (2) structure is greatly influenced by shear strains
associated with compaction wet of the line of optimum s, and (3) different
methods of compaction induce different amounts of shear strain. Seed and
Chanl2 have studied the influence of the compaction method on the swelling,
shrinkage, and stress-strain characteristics of compacted clays. The test
data ishown in Fig. 14 show the effects of the compaction method on the
mQ. ngth and shrinkage characteristics of silty clay. The shear strain and,

mmou.ﬁ the degree of dispersion, increases for the different oosaumogo:
procedures in the following order: static, vibratory, and kneading. Fig. 14
shows that, for specimens prepared wet OH optimum, where it is possible
to disperse the structure under the action of shear strain, strengths in-
ed and shrinkage decreased with the method of compaction inthe follow -
ing order: kneading, vibratory, and static.

S n is anticipated that permeability should be similarly influenced by the
anron of compaction, with samples prepared by kneading compaction having
permeabilities than samples prepared by static compaction for molding
contents greater than optimum. As for shrinkage and strength, Fig. 14,

nr@v method of c ompaction should have little effect on the permeability om
specimens prepared dryof optimum because no method of compaction induces
appr ciable shear strains in such specimens.

g order to test these predictions, samples of silty clay were prepared by
g both static and kneading compaction. Because of side friction, homo -
mm eous specimens could not be prepared by static compaction using lucite
§o~&m 1.4 in. in diameter and 3.5 in. high. The sample ends were at a signifi-
ogﬁ% greater density than the center and reliable density measurements
: oo&n not be made. Consequently, samples were prepared using a 2.8 in.
&,N..imﬁmn. by 1 in. high mold and were found to have satisfactory uniformity.
H= wa&ﬁo: two tests were made on samples prepared by kneading compac-
n the 3.5 in. high molds.

w_m results shown in Fig. 15 verify the predictions given previously and
25» for samples prepared dry of optimum moisture content, the method
OBUNGQOS has little effect. When wet of optimum water nosﬁmsn statically
pacted samples are significantly more pervious than mwsvwmw prepared
§ bykneading compaction. The differences were not as great as originally
: ipated, however. To account for the permeability behavior of several
- structural clays, the significant drop in permeability wet of optimum water
noanmbe for samples prepared by static compaction, even in the absence of
m.wmbumwouw:» local shear strain during compaction, might be interpreted in the
light of the cluster concept of soil structure proposed by Olsen7 to account
9@ permeability behavior of several saturated clays.

t was observed that the clay particles were randomly flocculated into
gregates or clusters that formed even during carefully controlled hand
mixing of the soil and water prior to compaction. The resistance to deforma -
tion' of such clusters could be expected to decrease with increasing water
content. Olsen has shown that the permeability of a cluster structure is con-
- trolled largely by flow through intercluster pores, rather than through the
. clusters themselves. At low water contents, the clusters have high strength
and should be able to resist the static oosvwoﬂo: pressure without appreci-
- able distortion. Thus intercluster spaces may be large because of the diffi-
oﬂ#% in deforming a given cluster to the contours of adjacent clusters.
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+As molding water content increases, however, the cluster should become
weaker. Furthermore, they will probably be of a smaller size prior to com-
v»hﬂo: due to the disruptive effects of mixing. Because the clusters are
' weaker, they may be more easily distorted to fit efficiently with surrounding
clusters, thus resulting in smaller intercluster void spaces. The smaller

3 size will also tend to reduce ‘intercluster pore size. At water con-
etter than optimum,. the structure retains its basic flocculent nature
tatic compaction, as evidenced by the swell, shrinkage, and strength
ties studied by Seed and Chan.12 The weakening effect of the higher
w ‘content, however, has enabled floc or cluster distortionto the point that
average pore size has been significantly reduced.

INFLUENCE OF THIXOTROPY ON PERMEABILITY

: Compacted clays may exhibit appreciable thixotropic effects; i.e., the ability
to gain strength with time of rest after compaction while at constant water
content and density (Seed and Chanl3 and Mitchell,14) . Fig. 16 shows typical
data for strength gain as a function of time for three compacted clays.
i Mitchelll4 has suggested that compacting a thixotropic clay creates a some-

what dispersed structure that is compatible with the compacting energy. The
natural tendency may be for the clay to flocculate, however, so that on com-
u—wﬁold» compaction, the clay structure may undergo a small but significant,
time-dependent transition to a more flocculated state. At the same time,
‘E changes in adsorbed water structure probably take place, because measure-
‘B ments have shown pore water pressure to decrease with time after compaction
(Bishop, et al., 1960) .15 Both of these effects tend to create a stronger
material. If a transition to a more flocculent structure takes place to cause
thixotropic hardening, it would be expected that the permeability should in-

crease as well, because the more flocculent structure should have a larger
tive pore size.

FIG. 16.—SUMMARY OF THIXOTROPIC STRENGTH GAIN

rder to investigate the effect of aging onthe permeability of a trixotropic
lay, two sets of specimens were compacted to a dry density of 108 1b
u ft over a range of water contents. One set of specimens was tested
immediately after compaction, and the other was aged at constant water con-
ent and density for 21 days and then tested. The test results shown in Fig.

show that aging did lead to an increase in permeability. The relative
magnitude of the effect is shown in Fig. 18, where the ratio of permeability
2 u. aging to permeability immediately after compaction is plotted as a func-
: tion of molding water content. Fig. 18 shows that the importance of thixo-
ic effects on permeability increases with increasing molding water

FIG. 15.—~INFLUENCE OF METHOD OF

COMPACTION ON

13 Seed, H. B., and Chan, C. K., “Thixotropic Characteristics of Compacted Clays,”
ournal of the Soil Mechanics and Foundations Division, ASCE, Vol. 83, No. SM4, Proc.
aper 1427, November, 1957,

14 Mitchell, J. K., “Fundamental Aspects of Thixotropy in Soils,” Transactions,
ASCE, Vol. 126, 1961, pp. 1586-1626.

Hm Bishop, A. W., Alpan, 1., Blight, G. E., and Donald, I. B., “Factors affecting the
Strength of Partly Saturated Cohesive Soils,” ASCE Research Conf. on the Shear
Strength of Cohesive Soils, Boulder, Colo., 1960.
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content—a result consistent with previously observed effects .of molding water
conf nt on thixotropic strength gain (Seed and Chanl3 and Mitchell, 14)

’

H.H.GMZOM OF DEGREE OF SATURATION ON PERMEABILITY

ecause the apparatus used for permeability testing permitted the accurate
det HBSNSOS of flow both into and out of the sample, and because tests could
o:ﬁmmﬁbnmn. arange of back pressure, ithas been possible to determine
the va: jation of permeability with the degree of saturation. It would be antic-
ed that an increase in the degree of saturation in a sample maintained at
no=mew=n void ratio wouldlead to an increase in hydraulic permeability because
of the increased pore volume through which water can flow. An approximate
,n—_oonmn—omh estimate of the effect of variation in saturation may be made as
follows. .
{ rom Poiseuille’s law for flow through a capillary, it may be shown that
for ».3\ geometrical cross section of tube, the flow rate is given by .H.wﬁou..:w
Thus,

c mJIWNcn--ou-csro.-Auyv

ter; Ry refers to the Evzuﬂwcfo radius of :5 tube; p represents the
wn% of. permeant; i is the hydraulic gradient; and a denotes a cross-

he gas phase is uniformly distributed along the direction of flow, then

w 0m flow vwmmmmmm atany cross section is m~<m= U% m n A, in which S is

W

P PL wetted area ceeeee(®
is the length of flow path.

mmm _ .>| _ A L _ volume available for flow

4 % lor, D. .s Fundamentals of Soil d .
§ h Wiley & Sons, Inc New
6 : aylo W « ent (o) 0il Mechanics,” John y ’ »
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in which Vy is the ‘volume of water;” V,, denotes the volume of voids; Vg rep
resents the volume of solids; and e is the void ratio. -Therefore, the volum

available for flow is

<¢ =S m\<m e i i e e e b e il e o (5
Denoting the Smﬁma ‘area by Ag gives
_ S se,
A KT ; i £ ) s

.8

SRS S WA |

Cmm:mnrmmwo::mﬁsﬁn To— and .mcvmsncm:.mmnmmsmn.mﬁ&am

y N\ C_V 3 {
Asvtml S LA Ll

\
\

n >AN 1+e
S

If Darcy’s law is assumed valid, then
d=KiA..iooiieeeeneannoann.(yg

in which k is the coefficient of permeability, and
3 0% C Vv 2 3
_ w s s e 3
A .
s

Thus for a given soil the permeability should vary asthe cube of the degree g
saturation. This conclusion can be accepted as a rough approximation onl
however, becausethe use ofa simple capillary model to describe flow thro d
fine-grained 'soils is ‘subject to a number of limitations17 and may, infact,
in considerable error.7

Experimental evidence of the variation of permeability with cube of degr
of saturation is given in Fig. 19 for samples used for the tests described §
connection with Figs. 6 and 17. Saturation values less than 80% could ng
reliably be investigated during steady-state flow because the degree of satura
tion increased immediately on the initiation of flow. !

Fig. 19 shows that the actual variation of permeability with cube of degr
of saturation is in excellent agreement with the prediction of Eq. 9. T
same data replotted in Fig. 20 show that the assumption of permeability vary
ing directly with the degree of saturation gives as good a correlation as th
theoretically derived cubic function. The reason for this is that in the rang
of saturation from 80% to 100%, the relationship between saturation and
cube of saturation does not itself deviate appreciably from a straight line.

The slopes of the lines in Figs. 19 and 20 show that the increase in per
meability withincrease in saturation can be of practical significance, amo nt

ing to a factor of as much as four or five over ranges of saturation from 8

to 98%. Thus it would appear desirable to take the saturation effects i
account when performing seepage analyses on compacted earth structure

17 Leonards, G. A., “Foundation Engineering,” McGraw Hill Book Co., Inc., N
York, N. Y., 1962.
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It may be seen that if Eq. 9 is applicable, then the variation in the slope g

' : C

the lines ws Fig. 19 could be due onlyto variations in MM , because Vg, e, Yw
i A

5. The method of compaction influences the permeability of samples pre-
pared wet of optimum in accordance with the previously establishedl2 effects
of ‘the method of compaction on structure. Samples prepared by kneading
ction have lower permeabilities than those prepared by static com-
yaction Amﬁm. 15) because of the more dispersed structure induced by the
er shear strains associated with kneading compaction. ~

. Thixotropic hardening ( Figs. 17 and 18) led to an increase in permea-
. This result is compatible with the results of previous work which sug-
wmnmm ngn thixotropic hardening involves a change to a more flocculent

! s

and p n.oauﬁdmﬂ constant during S,-m test. The steepest curves.in Fig. 19 a
associatedwith mvmnnambm permittedto undergo thixotropic structure orwzmm
The slope -of the curve corresponding to the aged sample at a molding watej
contentof 11, % ~m an exception; however, zﬁxo:.om#n m»»mo»m in this specim
were minor.

Taylorl6 mroim that mnﬁnﬂgmbmaosgnmrwﬁm& pores should have largy
shape constants ‘than elongated pore cross sections. The area adjacent
flowing water eqa@:: a given specimenwould be expected to decrease with d
creasing wamuwu.muon/ of the soil structure. Pores in a dispersed specimen g
clay could ‘be expected to be more elongated in cross sectionthan inthe cas
of a specimen with a flocculent structure. Thus the relative slopes of t
lines in .Fig. 19 for aged and nonaged samples would be consistent with thé
change towards a greatér degree of flocculation n—cﬂa:m nvr&onﬁomﬁn hardeni
as vow?bwnma previously.

7 >= increase in saturation leads to an increase in permeability. The
ermeability appears to vary linearly withthe cube of the degree of saturation,
put correlates equally as well in terms of a direct variation with saturation.
mwnﬁ.wzo:mn.og the as-compacted conditions maylead to as much as a four to
H: ..no—.u increase in the coefficient of permeability.

PRACTICAL ASPECTS

-These results lead to some practical considerations in connection with
”Sudnwszc flow problems in s0il mechanics. It is clear that the permeability
£ u. compacted clay may vary over several orders of magnitude depending on
ympaction conditions; it is also clear that rather large changes in permea-
ity may accompany very small changes in molding water content or com-
ﬁﬂn#«.m effort. Thus the selection of an appropriate value of permeability for
se in the analysis of seepage m:,owimsm in compacted clay is likely to be
:nmu.»ws at best.
q.rm permeability of compacted soils is likely to increase with time after
Thixotropic effects can lead to a several-fold increase in per-
Bm,».g:n%. Saturation is likely to increase as a result both of the flushing out
f.the air by seeping water and by compression and solution of the air phase
f under high-pore .pressures that may exist, for example, at the base of an
ment.
‘ortunately, however, the actual values of permeability for compactedclays
mnwm type studied herein are sufficiently low as to make seepage problems
, critical in most instances, thus nullifying the need for knowledge of exact
 pe Ewmgra.% values. On the other hand, problems involving drainage and
ipation of excess pore pressures can be vitally affected by permeability
nsiderations. Seed and Mitchelll8 have shown how the time required for
pressure equalization in triaxial tests on compacted clays is influenced
compaction conditions and their influence on permeability. The loading
' required for complete pore pressure equalization may be many times
ower for specimens compacted wet of optimum than for specimens compacted
ry of optimum.
In the field, dissipation of excess pore pressures during embankment
o:mnn.coﬁos may be of criticalimportance tothe stability of the embankment.
he: pPermissible rate of construction may depend, therefore, on permeability.

SUMMARY AND CONC LUSIONS

In ::.m study, anapparatus has been developed for the permeability testin
of compdcted clays; this apparatus is simple in operation, reliable, and pex
mits accurate measurement and control of saturation through the use of ba
pressure. It has been possible to investigate the permeability characteristic
of compacted clays in considerably more detailthan has been done previous
The major conclusions that can be drawn from this study are as follows: ]

1. Thetest results obtained inthis investigation have borne outthe earl
conclusions of Lambe9,10 that structure is the most important single varial
influencing the vmﬁamw_u-fn% of oog_vw..unma clay. Specimens compacted wet g
the line of optimums may have permeability values two or three orders ¢
magnitude less than samples compacted dry of the line of optimums, ocs,
conditions being equal.

2. For molding water oo:»osnm dry of optimum, the permeability ma
increase (Figs. 6, 8, 10, and 17) or decrease (Figs. 1, 2, 9, and 10) wif
increasing 53&:@ water content.” This behavior would appear to nmﬁﬂmmm‘ :
the results of a complex interaction between soil type, compactive efforj
small changes in'structure that develop withincreasing molding water conter
dry of optimum, and effects such as nonuniform saturation and the migratio
of fines that may develop during permeation. ;

3. Variations in permeability of two to three orders of magnitude
evelop within relatively narrow ranges of compaction water content ang
#density (Fig. 13), particularly in the case of compaction wet of the line
‘foptimums.

4. The influence of shear strain during the compaction of a structure
sensitive soil wet of optimum is marked, leading to a many-fold decrease
permeability, without change in molding water content or density, solely as
result of the increased mn-mpn:—m strains associated with greater compactiy
efforts (Fig. 11).

Hm mmmn_ H. B., and Mitchell, J. K., “Test Interpretations and Errors,” ASTM Special
.Hmog»oww Publication No. 361, American Society for Testing Materials—National Re—-
‘search Council Canada Symposium on Laboratory Shear Testing of Soils, Ottawa Canada
Sept. 9-11, 1963, pp. 401-415. ’
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1ay: of the type studied herein have permeabilities that are so sensitive to
ction: conditions that in the field (where compaction cannotbe controlled
e extent required to assure a specified permeability, even within afactor
)0%) :such problems become nearly impossible to handle on a purely
tical basis. Thus piezometers must be used to provide a record of the
'pore-pressure dissipation.
ly, it should be borne in‘'mind that all data presented inthis paper have
btained’in the laboratory. There is need for data on the permeability of
cimens:actually compacted inthe field. Laboratory testing subjects speci-
:conditions, particularly with respect to hydraulic gradients, that are
m,ﬂ:v.. unrealistic with respect to the field where hydraulic gradients seldom
'd unity. and are usually far less than unity.

Sy

ACKNOWLEDGEMENTS

he writers are pleased to acknowledge the assistance of J. Scott Younger,
‘Graduate Research Engineer, who carried out a number of the tests,
eorge ‘Dierking, who prepared the figures.

FIG. 22.—THEORETICAL AND EXPERIMENTA

PENDIX I.~SATURATION OF SOIL SAMPLES USING BACK PRESSURE

increase of pore pressure in a vmﬁﬁw:u\ saturated soil leads to an in-
of saturation as a result of the (1) compression of pore air in accord-
vith Boyle’s  law, and (2) solution of air in the pore water according to
?’s.law. . In the usual application of back pressure, the soil specimen

maintained constant during saturation, while water is allowed to

o the pores. Lowe and Johnsonl9 give the relationship between pore
ressure (gage) and saturation as

_-:a,mvmo
vanuucpnAwnu.c 5, ............:8

ch Pg and S refer to the initial pressure (absolute) and saturation,
ctively; Sy is the saturation corresponding to pressure, Py; and H rep-
s Henry’s coefficient of solubility =~ 0.02 at 20°C, measured as volume
at the given pressure) per volume of water.

g. 21 from Lowe and Johnsonl9 presents the relationship between initial
> of saturation and the magnitude of back pressure required to reach
ull saturation and 9%% saturation according to Eq. 10. It may be seen
_significantly greater pressure is required to cause full saturation than
99% saturation.

rder to check the predictions of Eq. 10, samples of silty clay were
ctedinto lucite molds andwater was permittedto flow into the-specimens

FIG. 21.—MAGNITUDE OF BACK PRESSURE REQUIRED

lowe, J., and Johnson, T. C., “Use of Back Pressure to Increase the Degree of

tion of Triaxial Test Specimens,” Proceedings, ASCE Research Conf. on the
Strength of Cohesive Soils, Boulder, Colo., 1960.
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from each end until equilibrium was reached under a series of successivel
higher pressures. The amount of water inflow, as indicated by changes in U-
tube readings ( Fig. 3),in conjunction withthe water content and density at th
end of the test permitted calculation of the actual saturation at the <w~.~o&.‘
pressure levels used in the test..

The measured relationship between saturation and back pressure compare
with the theoretical relationship as given by Eq. 10 for two specimens of d
ferent initial degrees of saturation is given in Fig. 22. The calculation of th
theoretical #m—vﬁon_ﬁrwv was facilitated by rewriting Eq. 1 in the form

, 0.97 P + 0.98 S_
Sp T "0.98 + 095 P gk LERE (SR

in which mv is the m,.m.nsn.wnmo: at pressure P; P denotes the back pressur
(gage) in Kg per sq cmj and Sy represents the initial degree of saturatio
under atmospheric pressure.

The data show that theory and experiment are in reasonably good agree
ment inthe case of the specimen prepared to an initial degree of saturation ¢
87.2%. The agreement is not as good for the specimen prepared to an initia
degree of saturation of 70.5%. It may be seenthat the theoretical and experi
mental curves are generally similar in shape, and the experimental curvef
tend to become asymptotic to a degree of saturation considerably less tha;
100%. Such an asymptote is not likely and itis suggested that the major ca
of the discrepancies may have been an undetected compressionduring seepag
Calculation has shown that a 2 mm compression of the 3.5 in. high specim
would be sufficient to account for the difference between the theoretical a
experimental curves.

Another cause for greater than predicted pressures being required f
saturation has been noted by Lowe and Johnson.19 If the air present int
specimens before the application of back pressure is discontinuous, the ini
-air pressure will be greater than atmospheric caused by the presence
menisci. :

On the basis of these considerations, Eq. 11 can be assumed to give o
an approximation of the back pressure required for complete saturation a
should probably be used only for preliminary estimates. Measurement of

B pore pressure parameter probably provides the best check available fg
complete saturation. ]

hydraulic gradient;

length of flow path;

. porosity;

pressure;

microscopic flow rate;

hydraulic radius;

. degree of saturation;

- volume of solids;

volume of voids;

volume of water;

= unit weight of water; and
.= viscosity.

APPENDIX II.—NOTATION

The following symbols have been adopted for use in this paper:

total cross-sectional area of soil mass;
cross-sectional area of flow passage;
shape constant;

void ratio;

Henry’s coefficient of solubility;

COMPACTED CLAY

~ coefficient of permeability;

flow rate through a capillary;
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