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Abstract- To examine the effects of clay swelling and dispersion on electrolyte concentration-permeability 
. relationships of low clay content soils, flow experiments were conducted on a silt of fixed particle size 
distribution containing 0, 5, 7'5, 10 and 15 per cent clay (sodium illite, 2 JIm fraction). Flocculated 
specimens were sedimented using both slow and rapid procedures. After compression each specimen 
was permeated successively with electrolyte solutions which caused (I) swelling of the clay fraction 
(0·10 N), and (2) dispersion (0·05 N). Absolute permeabilities varied with clay content, sedimentation 
procedure, compression rate, and electrolyte concentration; however, the form of this variation 
plotted against through-put volume was similar for all specimens containing electrolyte solutions 
causing only swelling of the clay. Increasing the hydraulic gradient above a critical value apparently 
increased the swelling slightly as evidenced by further reductions in permeability. The permeability of 
mixtures permeated with electrolyte solution causing dispersion of the clay was more complex and 
depended on clay content, the hydraulic gradients used to introduce the dispersing electrolyte 
solution and the pre-dispersion gradients to which the specimens had been SUbjected. Permeability 
decreases were attributed to the last stages of swelling prior to dispersion and to pore plugging. 
Increases in permeability were the result of erosion of dispersed particles. Specimens previously sub
jected to the highest gradients while swelling dispersed more rapidly and had a greater tendency to 
erode. The effects of predispersion gradients diminished with increasing clay contents. It is concluded that 
both compositional and mechanical factors play an important role in determining electrolyte con
centration- permeability relationships for soils containing active clay minerals. 

INTROD UCTION 

Recent studies have indicated that deposits containing 
small amounts of clay play an important role in the 
movement of water within layered groundwater basins 
(California Department of Water Resources, 1971). As 
a result of seawater intrusion into coastal basins and 
groundwater recharge through previously intruded 
layers, deposits containing small amounts of clay can 
be subjected to large and relatively rapid changes in 
pore solution electrol yte concentration and cation types. 

This paper presents the results of an experimental 
investigation on artificially sedimented mixtures con
taining small amounts of clay. The study was con
ducted to examine the influences of selected composit
ional and mechanical parameters on relationships 
between compression, permeability, and electrolyte 
concn changes. The grain size distributions and the 
range of electrolyte concentration used were selected 
to simulate conditions which occur in sediments of 
a coastal groundwater basin. 

BACKGROUND 

In soils containing clay minerals, changes in pore 
soln chemistry and mechanical factors can cause 
changes in permeability. For soils containing adsorbed 
sodium cations, variations in pore water electrolyte 
concentration cause changes in the colloidal state of 
the clay particles. Decreases in electrolyte concentration 
may cause substantial swelling and dispersion. Re
ductions in permeability accompanying clay swelling 
have been attributed both to changes in adsorbed water 
structure (Lutz and Kemper, 1959 ; Miller and Low, 
1963), and to reductions in average pore sizes as a 
result of particle swelling and reorientations (McNeal 
and Coleman, 1966 ; Lagerwerff et aI., 1969). Decreases 
in permeability following clay dispersion have been 
attributed to particle migrations and pore plugging 
(Martin, 1962 ; Gray and Rex, 1966). Increases in per
meabilityafter clay dispersion can occur when fluid con
ducting pores remain large enough to permit erosion 
of dispersed particles (Aitchison and Wood, 1965). 
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Understanding of electrolyte concentration- perme
ability relationships derived from the cited studies and 
others has been applied in a practical way to 
permeability maintenance in agricultural soils (Reeve 
and Doering, 1965) and to the determination of the 
suitability and treatment of compacted clays for em
bankments and dams (Ingles and Aitchison, 1969). 
Both these general soil groups may be subjected to 
large changes in pore solution chemistry within short 
time periods as a result of natural phenomena and 
human activities. 

The influence of pore solution Chemistry on the 
absolute permeabilities and compression behavior of 
saturated, predominantly clay soils has also been 
studied extensively (Macey, 1942 ; Michaels and Lin, 
1954; Mesri and Olson, 1971). The effects of mechanical 
factors and chemical changes on post-consolidation 
permeabilities have been studied to a lesser extent. 

Mechanical factors aione may produce permeability 
changes. Blackmore and Marshall (1965) suggested 
that for flow through systems with oriented clay par
ticles, hydraulic gradients can cause clay consolidation 
and permeability decreases. Particle reorientations 
occurring as a result of seepage forces have been postu
lated as a reason for observed non-Darcy permeabi
lity-hydraulic gradient relationships (Terzagh~ 1925; 
Miller et al., 1969). Mitchell and Younger (1967) 
observed that both the magnitude and direction of the 
seepage forces affected measured permeabilities. Olsen 
(1965, 1966) reviewed the evidence for non-Darcy flow 
and concluded that realistically low hydraulic gra
dients (i.e. those approaching field values) could cause 
permeability changes as a result of fabric changes in 

shallow unconfined clays as well as in confined granu
Jar deposits containing small amounts of clay. 

The review above indicates that both chemicaHy and 
mechanically induced changes in permeability can 
occur in a variety of soils. Granular sedimentary depo
sits containing small amounts of clay may be especially 
susceptible to seepage induced fabric changes. Under 
conditions of seawater intrusion and recharge, these 
deposits may experience !apid changes in electrolyte 
concentration under varying hydraulic gradients. 

MATERIALS AND TEST METHOD:;> 

The compositional parameters investigated were 
clay content and electrolyte concentration. Mechanical 
variables included sedimentation procedure, com
pression procedure, and hydraulic gradient. 

Compression and direct permeability tests were con
ducted on mixtures of a sodium illite (particles finer 
than 2 ~m) and a ground basalt. The illite was frac
tionated from Grundite. From qualitative X-ray dif
fraction analyses, it was estimated that the < 2 ~m 
fraction contained small amounts of kaolinite, inter
stratified kaolinite and illite, and quartz in addition to 
the illite. The basalt was processed from Napa basalt 
and contained principally plagioclase feldspars, oli
vine, and pyroxene. The illite was sodium saturated by 
several cycles of washing and centrifugation in }·o N 
soln NaCI at pH 7. The exchange capacity of the illite 
atpH 7was 35 m-equiv/100 g- 1. The ground basalt con
tained a uniform distribu tion of sizes from 2 to 300 ~m. 
The grain size distributions of the illite- basalt mixtures 
tested fall within the range shown in Fig. I. 
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Fig. I. Range of grain size distributions. 
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Batches of each mixture were prepared to provide at 
least two specimens containing 0, 5, 7'5, 10 and 15 per 
cent clay for sedimentation into Lucite cylinders. The 
cylinders were 50 em in length and 6· 35 em i.d. All mix
tures were prepared in solutions of NaCI at a con
centration approximating the total electrolyte concn of 
seawater (0·6 N). 

Two procedures were used to sediment the mixtures. 
A slow sedimentation technique was used in an 
attempt to achieve an initially open flocculated soil 
structure. This procedure consisted of depositing daily, 
for approx 20 days, 25 cm3 aliquots of the saturated 
homogenized mixtures using a 1 cm dia. pipet. The 
weight of solids in each aliquot averaged 7 g . The pipet 
was inserted just beneath the surface of a 2 cm thick 
supernatant layer of 0'6 N NaCi solution in the sedi
mentation cylinder. The mixture in the pipet was 
slowly and uniformly released over the area of the 
cylinder. After consolidation under its own weight, 
each completed deposit was consolidated in the 
cylinders under pressure increments of 0·0625 kg cm - 2 

day - 1 until a final effective consolidation pressure of 
0·5 kg em - 2 was reached. Deposition and consolida
tion required approx 30 days to complete. 

A rapid sedimentation procedure was also used in 
order to assess the role of initial fabric on the sub
sequent behavior of the mixtures. Since undisturbed 
samples of saturated granular materials containing 
only small amounts of clay are not easily obtained in 
the field, comparisons with specimens prepared by the 
slow procedure allow an evaluation of the potential of 
using reconstituted field samples for determination of 
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the effects of electrolyte concn changes on permeabi
lity. 

In the rapid procedure, slurried mixtures containing 
the desired proportions of clay and silt were poured di
rectly into dry sedimentation cylinders and immedi
ately consolidated to a pressure of 1·0 kg cm - 2 in in
crements of 0·0625 kg cm - 2 applied at intervals of 
12 hr. 

The total solution contents at deposition varied 
from 110 per cent of the dry soil weight for mixtures 
containing 15 per cent clay to 50 per cent ofthe dry soil 
weight mixtures containing 5 per cent clay. 

When consolidation in the cylinders was complete, 
each mixture was extruded directly into the 6·35 em 
dia., 2'54-cm thick Teflon-lined sample ring of the per
meability-consolidation flow cell. 

The flow cell and its associated flow control system 
are illustrated schematically in Fig. 2. The system 
allowed for measurement of specimen compression 
and permeability at any time. The bleed and flush 
valves facilitated rapid and complete solution changes 
in the system. The porous stones above and below the 
test specimen could be flushed continuously while 
maintaining a hydraulic gradient across the specimen. 
The stones were so flushed except during actual per
meability measurements. Degassed solutions were 
used for all flow tests. The experiments were conducted 
in a laboratory maintained at a constant temperature 
of 20°C. 

Total and differential porewater pressures were con
trolled by applying air pressure to nylon discs floating 
on the surfaces of the reservoir soln and were measured 

Inflow reservoir 

Output shutoff 
and bleed voIve 

U -tubes with 
red dyed C Cl4 

Fig. 2. Permeability--<:ompression test apparatus. 
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by total .and differential pressure transducers con
nected to the porous stones above and below the test 
specimens. Flow rates were calculated by measuring 
the travel of a red-dyed carbon tetrachloride- water in
terface in the calibrated V-tubes. Direct permeability 
measurements were made at equilibrium void ratios 
corresponding to severa!" consolidation pressures to a 
maximum consolidation pressure of 32·0 kg cm - 2. 

Void ratio is defined as the vol of voids per unit vol 
of oven-dried mineral solids and is designated by the 
letter e. Post-consolidation void ratios were calculated 
from test specimen height changes and the known in
itial void ratios of the specimens. 

Most specimens were compressed by doubling the 
effective consolidation pressure every 24 hr. In order to 
compare the compression behavior of specimens com
pressed at a faster average rate, four specimens were 
consolidated using pressure increments of ' ·0 kg cm - 2 

hr- l . 

After compression to effective pressures of 
32·0 kg cm - 2, with permeability measurements at each 
pressure, specimens were permeated successively under 
controlled hydraulic gradients with electrolyte solution 
which caused (1) clay swelling (0'1 N NaCl) and (2) clay 
dispersion (0'05 N NaCl). The first visual observation 
of turbidity in the effluent was considered to be evi
dence of particle dispersion. After dispersion, and for 
some specimens after considerable erosion of dis
persed particles, 0·6 N NaCl soln were reintroduced. 
The term erosion as used herein refers to the entrain
ment and removal of dispersed particles from the 
specimen following the initial detection of effluent tur
bidity. 

Hydraulic gradients were varied in order to observe 
the effects of seepage forces on measured permeabili
ties and erosion. For specimens experiencing erosion, 
corrected clay contents were calculated from the 
weight of the eroded material. 

TEST RESULTS 

The compression oharacteristics of slowly and 
rapidly-sedimented mixtures are shown in Figs. 3 and 
4. Compression curves for initially dense and loose 
ground basalt with no clay added are also included in 
Fig. 3. 

The compression curves show that compressibility 
increases with clay content for samples prepared by 
both sedimentation procedures. At equarclay contents, 
the slow-sedimented mixtures have higher void ratios 
than rapid sedimented mixtures at the same effective 
pressure. This result indicates that the slow sedi
mentation procedure was successful in producing a 
more open structure in comparison to the rapid pro
cedure. Sediment volume-initial structure relationships 
for these low clay content mixtures are similar to those 
of sedimented and remolded soils containing much 
larger amounts of illite (Bjerrum and Rosenqvist, 
1956). 

Figure 4 compares the effects of average compres
sion rate on the compression of slowly-sedimented 
mixtures containing 10 per cent day. No major differ
ences in compression behavior were observed due to 
different rates of compression. 

The variation in hydraulic conductivity with void 
ratio is shown for three clay contents in Fig. 5. For the 
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Fig. 3. One-dimensional compression characteristics. 
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same average soil void ratio, permeability, expressed as 
hydraulic conductivity at 20De, decreases with increas
ing clay content. The conclusion that the slow sedi-

mentation procedure produced a more open floccu
lated structure within the clay is generally borne out 
by the permeability data. 

10-S 

CLAY CONTENT, PERCENT { I 
ELECTROLYTE ·O.6N ~ 

~ 
/~ 

~ 
[5] 

SLOW-SEDIMENTED SAMPLES 
RAPID-SEDIMENTED SAMPLES 

VOID RATIO, e 

Fig. 5. Hydraulic conductivity-void ratio relationships. 

There is no apparent explanation for the anomalous 
relationship of the mixtures containing 5 per cent clay, 
however. 

Figure 6 illustrates changes in permeability which 
occurred while the electrolyte concentration of the 
pore solution was changing from 0·6 to 0·1 N. Solutions 
at these concentrations are referred to herein as 
flocculating and swelling electrolytes, respectively. The 
permeability changes shown in Fig. 6 and those follow
ing are normalized with respect to the equilibrium 
hydraulic conductivities of each mixture existing 
prior to the last change in electrolyte concentration. 
To facilitate comparisons of mixtures of different void 
ra tios and permeabilities, the normalized hydraulic con
ductivities are plotted against normalized cumulative 
throughputs. The normalized cumulative throughput 
is the sum of each increment of flow vol. Q, in cm3

, 

divided by the specimen pore vol, V v' in cm3
. Although 

void vol varied with clay content, sedimentation 
procedure and effective consolidation pressure, none 
of the mixtures experienced changes in average soil 
void ratio when permeated with the 0·1 N electrolyte. 

The data points of Fig, 6 for 5 and 15 per cent clay 
mixtures are typical of the data observed for all clay 
mixtures tested during swelling of the clay. The data 
show that equilibrium hydraulic conductivities were 
reached after \-2 pore vol of 0·1 N solution had 
permeated the mixtures. The envelope of hydraulic 
conductivity reductions in Fig. 6 indicates that for 
mixtures containing up to 15 per cent clay, the form of 
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Fig. 6. Hydraulic conductivity reductions as a result of clay swelling. 

the decrease is independent of clay content and of the 
two sedimentation procedures used. 

The maximum hydraulic gradients to which the mix
tures containing 5 and 15 per cent clay were subjected 
while permeated with 0·1 N electrolyte were 5·4 and 63, 
respectively. The lower of these values is typical of 
those used for mixtures with less than 15 per cent clay. 
Hydraulic gradients were selected from consideration 
of the time required for testing and the need to keep 
gradients as low as possible. In fact, natural hydraulic 
gradients in the field rarely exceed unity (Mitchell and 
Younger, 1967). 

Selection of the proper gradients to use in permeabi
lity testing of natural clayey soils has seldom been 
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based on duplicating gradients in the field. Some consi
deration has been given to limiting seepage forces to 
arbitrary small fractions of the existing intergranular 
pressures. (Olsen, 1962; Mitchell, 1969). For mixtures 
containing only small amounts of clay within a granu
lar skeletal structure, the usefulness of the latter 
approach is questionable. For such mixtures, clay 
minerals within the void space defined by the non-clay 
skeleton grains are more free to respond to changes in 
chemical environment and to seepage forces than are 
clay particles subject to high intergranular stresses. 

Rowell et al. (1969) demonstrated that seepage forces 
can provide the energy necessary to surmount barriers 
preventing dispersion. These writers suggested that the 
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Fig. 7. Influence of hydraulic gradient on hydraulic conductivity reductions caused by swelling. 
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Fig. 8. Hydraulic conductivity changes associated with permeation by dispersing soln. 

electrolyte concn at which clay dispersion occurs in
creases with the magnitude of the applied seepage 
forces. 

that the magnitUde of the seepage forces can influence 
the swelling of the unconfined clay in the mixtures. 

Figure 7 suggests that the magnitude of the seepage 
forces also affects swelling. Increasing the hydraulic 
gradient after an apparent equilibrium condition had 
been obtained with 0·\ N electrolyte caused an ad
ditional decrease in permeability. The regularity of the 
decrease and the fact that no turbidity was observed in 
the throughput suggest that the permeability decrease 
was due to additional swelling. Generalization of this 
effect was not established. However, it is clear from 
both theoretical potential energy-particle spacing rela
tionships (Ingles, 1968) and from experimental results 

Shown in Figs. 8 and 9 are hydraulic conductivity 
changes for mixtures permeated with solutions of elec
trolyte concentration sufficiently low (0'05 N) to cause 
dispersion. The 7·5, 15 and one of the 10 per cent clay 
mixtures demonstrate additional permeability decreases 
below the equilibrium values at 0·1 N NaCl. The regu
larity of the decrease and the initially non-turbid 
throughput suggest that additional swelling occurred 
prior to dispersion. This last stage of swelling may be 
due to mixing of the 0·\ and 0·05 N solution. 

Clay particles were washed out of all mixtures with 
less than 15 per cent clay after permeation with 0·05 N 
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Fig. 9. Effect of gradient on hydraulic conductivity changes accompanying permeation by dispersing 
solution. 
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electrolyte. No clay erosion was observed in the mix
tures containing 15 per cent clay even at the largest 
hydraulic gradients used (48'7). The erratic variation in 
hydraulic conductivity of the 15 per cent clay mixture 
of Fig. 8, is attributed to particle migration. The aver
age permeability of this mixture after continued per
meation with the dispersing electrolyte was slightly less 
than the equilibrium permeability during permeation 
with the swelling electrolyte (0·1 N NaCl). 

Figure 9 illustrates the influence of hydraulic gra
dient differences on the dispersion and erosion of par
ticles from 10 per cent clay mixtures. The mixture in 
the upper half of Fig. 9 had experienced larger hydrau
lic gradients than the mixture in the lower part of the 
figure during permeation with the swelling electrolyte. 
The immediate onset of erosion (highly turbid 
throughput) is attributed both to the higher gradients 
applied during permeation with the dispersing electro
lyte and to the previous higher gradients during swell
ing. The conclusion that the predispersion gradient is 
in part responsible for immediate dispersion and ero
sion is based on the arguments of Rowell and his co
workers cited previously and on the behavior of a mix
ture containing 5 per cent clay. The specimen, which 
had been subjected to a gradient of 5·4 while swelling, 
immediately eroded when permeated with 0·05 N 
solution, whereas one which experienced a gradient of 
4·2 while swelling did not immediately disperse. 

The relationships between permeability and hydrau
lic gradient discussed in the preceding paragraphs 
illustrate the effects of sustained seepage forces of dif
fering magnitudes on the equilibrium permeability 
ultimately obtained at a particular electrolyte con
centration. The effects of changes in hydraulic gradient 
on the apparent equilibrium permeability as illustrated 
in Fig. 7 are designa ted long-term gradient dependencies, 
since they reflect the influence of both the duration of 
application and the magnitude of the seepage forces. 

A second type of gradient dependency, herein called 
short-term, is illustrated in Fig. 10. The variations in 
relative hydraulic conductivity were observed while 
successively increasing and decreasing the gradient. 
Each gradient was applied only for the time necessary 
to make two measurements of hydraulic conductivity. 
The mixture was in chemical equilibrium with either 
the dispersing (0'05 N) or the flocculating (0·6 N) so In 
when the measurements were made. The apparent 
short term gradient dependency of the dispersed mix
ture is attributed to irreversible fabric changes. 'An ex
tremely small amount of clay was eroded from this 
mixture during the period in which the hydraulic gra
dient was varied. 

The mixture demonstrating short term gradient 
dependency at 0'05 N NaCl was relatively stable after 
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Fig. 10. Short term dependence of hydraulic conductivity 

on gradient. 

reflocculation with 0·6 N NaCI. The short term hyd
raulic gradient relationships during permeation of 
mixtures with swelling electrolyte solution (0'1 N) 
were similar to those for the 0·6 N solution. These test 
results coupled with the data of Fig. 7 indicate that 
for mixtures in which the clay was swelling but not 
dispersing, gradient dependent hydraulic conductivity 
changes occur only after substantial flow has taken 
place under the increased hydraulic gradient. 

The final phase of the testing program consisted of 
reintroducting 0'6 N electrolyte solution into each 
mixture. Figure 1 J shows the increases in relative 
hydraulic conductivity after such reintroduction into 
mixtures containing 5 and 10 per cent clay. The 10 per 
cent clay mixture in the upper part of the figure had 
been previously permeated with 0·1 N NaCI only, 
whereas the 5 and 10 per cent mixtures in the lower 
part of Fig. 12 had been successively permeated with 
0·1 and 0·05 N solu tion. The 0·17 N solu tion caused one
half the relative hydraulic conductivity decrease 
produced by the 0·1 N solution. For the two 
mixtures permeated with 0,] and 0'05 N electrolyte 
solution permeation at 0·05 N was immediately dis
continued at the onset of turbidity. 

The data of Fig. 11 are considered to be an indica
tion of the reversibility of permeability reductions 
caused by swelling and dispersion. In terms of relative 
hydraulic conductivities, the increases after refloccula
tion were approx 20 per cent of the minimum equilib
rium value for both swelled and dispersed mixtures. 
The hydraulic conductivity of the swelled mixture in
creased from 43 per cent of the original value to 53 per 
cent; whereas the dispersed mixture increased from 4 
to 8 per cent of the original hydraulic conductivity. 
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Fig. 12. Hydraulic conductivity increases for reflocculated- dispersed mixtures. 

Figure 12 shows the effects of reintroducing electro
lyte of the same concentration as sea water (0'6 N) into 
mixtures which had been previously eroded, or, in the 
case of the 15 per cent clay mixture, permeated for an 
extended period (26 days) with the 0·05 N solution. 
The clay contents shown in the figure were those 
existing at the time the 0·6 N solution was reintroduced. 
Erosion immediately ceased after reintroduction of the 
0·6 N solution. Although it is questionable whether 
the clay remaining in the eroded mixtures was 
uniformly distributed Fig. 12 shows that the magnitude 
of the relative hydraulic conductivity increase is 
inverse! y proportional to the clay content ofthe mixture. 
The increases in relative permeability of the non
eroded mixtures of Fig. 11 were considerably smaller 
than those of the eroded mixtures of Fig. 12, but the 
relationship between the increases and the clay contents 
is similar. 

SUMMARY AND CONCLUSIONS 

The influences of clay content, sedimentation pro
cedure, compression rate, and hydraulic gradients on 
electrolyte concentration-permeability relationships 
were investigated for artificial sodium illite-silt 
mixtures designed to simulate aquitard sediments. 
After sedimentation using two procedures and com
pression at two rates, mixtures containing up to 
IS per cent clay were permeated successively with 
NaCl solution causing (I) sweIIing (0'1 N), and (2) 
dispersion of clay particles (0'05 N). FoIIowing varying 
amounts of permeation with the dispersing solution 
the solutions of the same electrolyte concentration 
used for sedimentation (0'6 N NaCl) were reintroduced. 

Permeabilities of the mixtures varied with clay con
tent, sedimentation procedure (initial structure), hyd
raulic gradients and electrolyte concentration. A slow 

https://doi.org/10.1346/CCMN.1974.0220202 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1974.0220202


152 J. H . HARDCASTLE and 1. K. MITCHELL 

sedimentation procedure produced a more open struc
ture than did a rapid procedure, as evidenced by larger 
void ratios at all values of effective pressure, and, 
except for the 5 per cent clay specimens, higher 
permeabilities at equal void ratios. Compression rate 
differences did not significantly influence the void 
raticreffective pressure relationships. 

When normalized in terms of the initial permeabili
ties and void volumes, changes in permeability follow
ing permeation with the electrolyte concn which pro
duced clay swelling (0'1 N NaCl) were similar for all 
mixtures. The form of the variation in permeability 
was independent of clay content, sedimentation pro
cedure (initial structure) and compression rate. Hyd
raulic gradients apparently affected electrolyte coni:n 
permeability relationships during permeation of tTie 
0'1 N electrolyte solutions. Increasing the hydraulic 
gradient after an equilibrium permeability was 
obtained caused further permeability reductions in a 
10 per cent clay mixture. 

Permeability changes in response to electrolyte 
concn changes causing dispersion varied with clay con
tent, hydraulic gradients used to introduce the dispers
ing electrolyte, and the gradients to which the mixtures 
had been subjected previously while permeated with 
the solutions causing swelling. Mixtures containing 15 
per cent clay showed evidence for particle migration 
and a net decrease in permeability after dispersion re
gardless of hydraulic gradient. Clay particles were 
eroded from mixtures containing 10 per cent or less 
clay resulting in permeability increases. The onset of 
erosion after introduction of the dispersing electrolyte 
soln occurred more rapidly for mixtures subjected to 
the highest gradients while swelling and dispersing. 

Permeability increases after reintroduction of the 
concentrated electrolyte solution (0·6 N) were smaller 
than the decreases attributed to either swelling or 
dispersion. Increases in permeability appeared to be 
due to a slight reduction in clay swelling. The degree 
to which relative permeabilities increased for both 
eroded and dispersed mixtures was inversely related to 
clay content. 

Specific test results are limited to the mixtures and 
procedures used. In natural sediments, stabilizing 
agents such as organic material and the natural 
cementing compounds present in many sediments may 
reduce the effects observed. However, the results of the 
tests conducted here suggest that test procedures and 
techniques must be carefully controlled if electrolyte 
concentration-permeability relationships of soils 
containing small amounts of active clay minerals are to 
be systematically interpreted. 
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Resume-Afin d'etudier les effets du gonflement et de la dispersion de I'argile sur les relations permeabili
te·- concentration en electrolyte de sols it basse teneur en argile. on a effectue des experiences d'ecoulement· 
sur un limon dont la distribution des tailles particulaires etait fixe et qui contenait 0, 5, 7,5, 10 et 15 pour 
cent d'argile (illite sodique, fraction 2 pm). Les echantillons flocules ont eti: sedimentes au moyen de tech
niques lentes ou rapides. Apres compression, chaque echantillon a eti: per coli: successivement par des solu
tions d'electrolyte qui ont entralne (1) Ie gonflement de Ia fraction argileuse (O, ION) et (2) la dispersion 
(0,05 NJ. Les permeabilites absolues varient avec la teneur en argile, la technique de sedimentation, la 
vitesse de compression et la concentration en electrolyte; cependant, la forme de cette variation portee 
en fonction du volume percole est semblable pour tous les echantillons contenant des solutions d'electro
lytes qui n'entralnent que Ie gonflement de l'argile. L'augmentation du gradient hydraulique au-dessus 
d'une valeur critique entralne apparemment une legere augmentation du gontlement comme Ie montrent 
les diminutions ulterieures de la permeabilite. La permeabilite des melanges per coles avec des solutions 
d'electrolyte entrainant la dispersion de ['argile est plus complexe et depend de la teneur en argile, des 
gradients hydrauliques utilises pour introduire la solution d'electrolyte dispersante et des gradients de pre
dispersion auxquels les echantillons sont soumis. Les diminutions de permeabilite ont ete attribuees aux 
dernieres eta pes du gontlement precedant la dispersion et Ie bouchage des pores. Les augmentations de 
la permeabilite sont Ie resultat de ['erosion des particules dispersees. Les echantillons soumis initialement 
aux plus forts gradients pendant Ie gontlement dispersent plus vite et ont une tendance accrue it ['erosion. 
Les effets des gradients de predispersion diminuent quand les teneurs en argile augmentent. On en con
elut que des facteurs it la fois texturaux et mecaniques jouent un role important dans la determination 
des relations permeabilite-concentration en electrolyte pour des sols con tenant des mim:raux argileux 
actifs. 

Kurzreferat-Um die Eintltisse von Tonquellung und Dispergierung auf die Beziehung zwischen Elektro
Iytkonzentration und Permeabilitat in Boden mit geringem Tongehalt zu untersuchen, wurden Durchlauf
versuche an einem Schluff mit festgelegter TeilchengroBenverteilung der 0, 5, 7, 5, 10 und 15% Ton 
(Natriumillit, < 2 pm-Fraktion) enthielt, durchgeflihrt. Getlockte Proben wurden unter Verwendung sow
ohl langsamer als auch schneller Verfahren sedimentiert. Nach Pressung wurden durch jede Probe 
nacheinander Elektrolytlosungen perkoliert, die erstens Quellung der Tonfraktion (0,10 N) und zweitens 
Dispergierung (0,05 N) hervorriefen. Die absoluten Durchlassigkeiten schwankten mit dem Tongehalt, 
dem Sedimentationsverfahren, der Kompressionsrate und der Elektrolytkonzentration. Wurde diese 
Veranderung gegen das Durchlaufvolumen aufgetragen, so ergab sich flir aile Proben mit Elektrolytge
halten, die eine Quellung des Tons hervorreifen, ein ahnlicher Kurvenverlauf. Die Erhohung des hydrau
lischen Gradienten tiber einen kritischen Wert lieB offensichtlich die Quellung leicht ansteigen, wie eine 
weitere Verminderung der Permeabilitat erkennen lieB. Die Durchlassigkeit von Mischungen, die mit auf 
den Ton dispergierend wirkenden Elektrolytlosungen durchsetzt wurden, war komplexer und abhangig 
yom Tongehait, dem hydraulischen Gradienten, der flir die Perkolation der dispe,gierenden Elektrolyt
losung benutzt wurde, sowie von dem Vordispergierungsgradienten, dem die Proben unterworfen wurden. 
Verminderung der Durchlassigkeit wurden auf die letzten Stadien der Quellung zurtickgefiihrt, die der Dis
pergierung und der Porenverstopfung vorangingen. Zunahmen der Durchlassigkeit waren das Ergebnis 
einer Erosion dispergierter Teilchen. Proben, die vorher dem hochsten Gradienten wahrend der Quellung 
unterworfen wurden, dispergierten schneller und wiesen eine starkere Neigung zur Erosion auf. Die Wir
kungen der Vordispergierungsgradienten verminderten sich mit zunehmendem Tongehalt. Es wird gesch
lossen, daB bei Boden, die aktive Tonminerale enthalten, sowohl auf der Zusammensetzung beruhende 
als auch mechanische Faktoren bei der Bestimmung der Beziehung zwischen Elektrolytkonzentration und 
Durchlassigkeit eine wichtige Rolle spielen. 

PeJIOMe - LJ,JUI HCCJlellOBaHHlI 3{jJ<jIeKTOB pa36yxaHHlI rJlHHbl H COOTHoweHHlI MelKlIY npoHHua
eMOCTblO H KOHueHTpaUHell: 3J1eKTpOJlHTa B nO'IBaX c MaJlblM colleplKaHHeM rJlHHbl, npOBeJlH JKCnepH
MeHTbl co cTpyell: WJlaMa C '1aCTHuaMH onpe.l\eJleHHblX pa3MepoB, CO.l\eplKaWHx 0; 5; 7,5; 10 H 15 npo
ueHTOB rJIHHbl (HJlJlHT HaTpHll - !flpaKUHlI 2 fLM) . <l>JloKKYJlHpoBaHHble o6pa3Ubl Me.l\JleHHO H 
6blCTPO cellHMeHTHpOBaJIH. TIoCJIe ClKaTHli KalK,lIblH o6pa3eu no O'lepe,llH onYCKaJIH B paCTBOp 
3JIeKTpOJlHTa, 'ITO nOBeJlO (1) K pa36yxaHHIO !flpaKUHR fJIHHbI (O,ION) \I (2) K ,lIHCnepcHH (0,05N). 
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A6coJIIOTHOe npOHHKHOBeHHe BapbHpOBaJIO B 3aBIICHMOCTH OT: COAeplKaHHlI rJIIIHbl, npoueAypbl 
ceAHMeHTaUHH, CTeneHH ClKaTHli H KOHueHTpaUHH 3JIeKTpOJIHTa; OAHaKO, IPOpMa 3THX BapllaUlI.lI: no 
OTHOllleHll1O KO BceM paCCMOTpeHHblM 06pa31~aM 6blJIa OAIIHaKOBall, TOJIbKO pa36yxaJIa rJIHHa. 
YBeJIH'leHlle rHApaBJIII'IeCKOrO rpaAHeHTa BbIllIe KpHTH'IeCKOrO 3Ha'leHIIR, O'leBHAHO, CJIerKa rrOBbI-
llIaeT Ha6yxaHHe, 'ITO YKa3bIBaeTClI rrOHHlKeHlleM npOHHKHOBeHlIlI. I10HHlKeHlle rrpOHIIKHOBeHlIlI 
OTHOClIT K nOCJIeAHeit CTaAHH Ha6yxaHHlI AO AlIcnepCIIH H AO 3aKyrropKII nop. I10BbIllIeHlle npo-
HIIKHOBeHlIlI npHrrllCblBalOT 3P03HII AlIcrreprHpOBaHHbIX '1aCTIIU. 06pa3Ubi paHee, BO BpeMlI Ha6yxa-
HlIlI, nOABepraYTblX 60JIee BbICOKIIM rpaAHeHTaM 6blCTpee rrpOXOAlIT AHcrrepCHIO II npOllBJIlIlOT 
66JIbillYlO TeHAeHUHIO K 3p0311H. I1PII 60JIee BblCOKOM COAeplKaHIIH rJIIIHbI 3IPIPeKTbI rrpeAHcnepCHbIX 
rpMlleHTOB nOHlIlKalOTClI. PeIllIlJIII, 'ITO KaK COCTaB, TaK II MeXaHII'IeCKHe IPaKTOpbI HrpalOT BalKHYIO 
pOJIb rrpll onpeAeJIeHlI1I OTHOllieHlllI «KOHueHTpaUlIlI 3JIeKTpOJIIITa-rrpOHlIuaeMOCTb» nO'lB, COAep-
lKaIUIIX r JIIIHIICTble MHHepaJIbi. 
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