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Geosynthetic clay liner (GCL) - chemical
compatibility by hydraulic conductivity testing
and factors impacting its performance

Robert J. Petrov and R. Kerry Rowe

Abstract: The results of confined swell, consolidation, and hydraulic conductivity tests on a needle-punched geosynthetic

clay liner (GCL) are reported. The effects of permeant (distilled water, aqueous single salt solutions with concentrations
between 0.01 and 2.0 M NacCl, and a synthetic municipal solid waste (MSW) leachate), static confining stress, hydrating
medium, and degree of bentonite hydration at the time of the application of the confining stress are examined. Increases in the
permeant salt concentration and decreases in the magnitude of the confining stress caused increases in the hydraulic
conductivity. It is shown that high salt concentrations in the hydrating fluid increased the hydraulic conductivity. The GCLs
permeated with 0.6 and 2.0 M NaCl solutions were more permeable than GCLs initially hydrated with water. The hydrating
fluid was not as critical for permeation of 0.1 M NaCl. The effect of the degree of bentonite hydration at the time of the
application of the confining stress was also found to be significant, highlighting the hydraulic benefits of maximizing
overburden stress prior to GCL hydration. Tests performed using a synthetic MSW leachate gave results comparable to those
obtained for aqueous salt solutions between 0.2 and 0.8 M NaCl. Practical implications are discussed.

Key words geosynthetic clay liner (GCL), hydraulic conductivity, compatibility, hydrating medium, confinement, leachate.
Résumé:

On rapporte ici les résultats d’essais de gonflement sous confinement, d’essais de consolidation et de conductivité hydraulique
effectués sur une membrane argile-géosynthétique (MAG) aiguilletée. On a examiné les effets du liquide de percolation (eau
distillée, solutions aqueuses salines avec des concentrations en NaCl de 0,01 et 2,0 M, lixiviat synthétique de type déchets
municipaux), ainsi que les effets de la contrainte statique, du liquide hydratant et du degré d’hydratation de la bentonite a
I'instant de I'application de la pression de confinement. L’augmentation de la concentration en sel de la solution et la
diminution de la pression de confinement ont entrainé une augmentation de la conductivité hydrauliqgue. On a aussi montré
gue des concentrations en sel élevées dans le liquide hydratant augmentent la conductivité hydraulique. Les MAG soumises a
des solutions de NaCl a des concentrations de 0,6 et 2,0 M étaient plus perméables que les MAG initialement hydratées a
I'eau. Le liquide hydratant n’était pas un facteur aussi critique pour des circulations de fluide &4 0,1 M NaCl. On a également
constaté I'importance du degré d’hydratation de la bentonite lors de I'application de la pression de confinement, ce qui
souligne les avantages hydrauliques qu’il y a a maximiser la contrainte verticale avant I'hydratation de la membrane. Les
essais effectués avec le lixiviat synthétique ont donné des résultats comparables a ceux obtenus avec les solutions salines entre
0,2 et 0,8 M NaCl. On discute finalement les conséquences pratiques de ces essais.

Mots clés. membrane argile-géosynthétique (MAG), conductivité hydraulique, compatibilité, milieu hydratant, confinement,
lixiviat.
[Traduit par la rédaction]

Introduction “leachates” (see Shan and Daniel 1991; Petrov et al. 4997
Geosynthetic clay liners (GCLs) are bentonite-based liners 199%) and their effectiveness as a diffusion barrier, prior to
that are gaining acceptance for use as hydraulic barriers intheir application in base sealing (liner) systems. Diffusive
containment and sealing applications. In certain situations, transport of chemical species through GCLs is beyond the
GCLs may have advantages over compacted clay liners (segscope of this paper; however, it should be recognized that dif-
Koerner and Daniel 1995); however, there is a need to evaluatefusion will in some circumstances dominate over advective
both the potential susceptibility of GCLs to increases in hydraulic transport. For example, premature arrival of the contaminant

conductivity when exposed to some organic and inorganic frontin the effluent during hydraulic conductivity testing was
primarily attributed by Petrov et al. (198yto a diffusion-

dominated transport mechanism through the relatively thin
Received June 11, 1996. Accepted June 25, 1997. GCL samples. Similarly, Rowe et al. (1997) found that, as a
R. J. Petrov. Trow Consulting Engineers Ltd., 1595 Clark result of diffusion, “breakthrough” could be expected in less

Boulevard, Brampton, ON L6T 4V1, Canada. than 1 day. . . . . .

R.K. Rowe. Geotechnical Research Centre, Department of Even at relatively high void ratios, the natural sodium*Na_
Civil Engineering, The University of Western Ontario, bentonite used in North American manufactured GCLs typi-
London, ON N6A 5B9, Canada. cally maintains reasonably low hydraulic conductivity values
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when permeated with potable water. However, itis well known Mgent  Mgeo
that smectite-rich soils can undergo significant increases in 2 s= o(l+w) + o
hydraulic conductivity when exposed to some leachates (see s o g
Mesri and Olson 1971; D'Appolonia 1980; Anderson et al. whereMggyt andMggp are the mass per unit area of the ben-
1985). Although important work on clay—leachate compatibil- tonite and geotextiles, respectively, prior to testipgandpg,

ity has been conducted on a number of soil types by severalare the densities of the bentonite solids and geotextile polymer
investigators (see Mitchell and Madsen 1987; Mitchell 1993; solids (polypropylene here), respectively; amglis the initial
Rowe et al. 1995), Quigley (1993) states that “since they (ben- bentonite moisture content. In the following discussion, the
tonites) are very susceptible to double layer and c-axis con-term bulk GCL void ratio will be abbreviated to void ratio for
traction, bentonites are the most temperamental of the barriersimplicity of presentation.

clays and have not received nearly enough laboratory and field
study.” Mitchell et al. (1995) also identify the need to consider -
the potential change in the hydraulic properties of bentonite in Materials and methods

GCLs due to interaction. For liner components such as GCLs Al laboratory tests described in this paper were conducted on
to adequately perform their design function, it is important to 3 GCL specified to contain a minimum of 3500 g/of essen-
identify through appropriate laboratory hydraulic conductivity tially dry, natural, N& bentonite sandwiched between nonwoven
tests the potential hydraulic conductivity that would be ex- polypropylene geotextiles and held together by needle-punching.
pected when exposed to the intended leachate under simulateghe initial unconfined height of the GCL ranged from about 5
field conditions. In addition, there has been a paucity of infor- {5 7 mm, and the initial bentonite moisture content averaged
mation specifically addressing the long-term compatibility 894 The buff-coloured powder bentonite taken from the GCL
characteristics (i.e., specifically tests run to chemical equilib- had a high activity A. = 5.3) and contained mostly smectite
rium) pf GCL§. Previous studies investigating the ef‘fe_ct of (91%) with small amounts of quartz (5%), feldspar (3%),
some inorganic and organic permeants on the hydraulic con-and carbonate (1%). About 70% of the measured cation
ductivity of GCLs include Shan and Daniel (1991), Daniel exchange capacity of 86 mequiv./100 g consisted of.Na
etal. (1993), Rad et al. (1994), Heyer (1995), and Petrov etal.  additional information about the GCL and complete details
(19972, 199D). . pertaining to specimen preparation, installation and test proce-
~ This paper examines a number of factors that can poten-dyres employed for one-dimensional (1D) confined swell, con-
tially influence the hydraulic conductivity of a needle-punched sgjidation, and hydraulic conductivity tests, and descriptions
geosynthetic clay liner. Specifically, the objectives of this pa- of the apparatus are given elsewhere (see Petrov 1995; Petrov
per are thre_zefold: (1) examine the effect ofprehydratlon_versus etal. 1993, 1997). Briefly, the 1D confined swell and con-
posthydration confinement on the bulk void ratio; (2) discuss splidation tests were conducted in a standard oedometer with
the effects of varying concentrations of NaCl solutions and a gistilled water as the hydrating medium. Prehydration confine-
synthetic municipal solid waste (MSW) leachate on some ben- ment (confined swell tests) involved loading the GCL to the
tonite index properties and the implications with respect to desired confining stress prior to bentonite hydration and GCL
clay-chemical interaction; and (3) investigate the effect, onthe swell. Posthydration confinement (consolidation tests) in-
hydraulic conductivity of the GCL, of the concentration of a yolved allowing the essentially dry GCL to hydrate and swell
single salt solution (NaCl), the static confining stress, the hy- ynder a low confining stress of 6 kPa until its height was con-
drating medium, prehydration versus posthydration confine- stant with time, after which the confining stress was increased
ment, and a synthetic MSW leachate. incrementally (i.e., the confining stress was doubled every
48 h). Sample consolidation was monitored with time. The
6 kPa confining stress represents 30 cm of overburden nor-
- - mally recommended by manufacturers prior to hydrating the
Bulk GCL vold ratlo GCL. For a given overburden stress, the results from the pre-

It is important to recognize that the manufacturing process hydration and posthydration confinement tests are considered

usually produces some spatial variability in the mass of ben- I Many practical applications to provide upper and lower
tonite throughout any given GCL roll. This variability influ- Pound GCL properties as discussed later in this paper.
ences some test results, hence it is useful to be able to separate 1 "€ majority of hydraulic conductivity tests reported in this
the effects of variability in bentonite mass from those due to Paperwere conducted in the constant flow rate, fixed-ring (FR)
other factors. Both the hydrated GCL heighiy,, and the permeameter designed by Fernandez (1989) for testing inac-
height of solids in the GCL (bentonite and geotextite), will tive compacted soils. For comparison purposes, the results
vary from one GCL sample to the next because of changes infrom hydraulic conductivity tests conducted in both a double-
the mass of bentonite per unit arellgLy). Petrov et al. ring (I_DR) and flexible-wall (FW) permeameter which were
(19970) demonstrated that, although the hydraulic conductiv- described by Petrov et al. (198)7are also shown. Petrov et al.

ity of the GCL is related to both the bulk GCL void ratie, examined the effect of permeameter type and the potential for
andHge,, a better correlation is observed with respecegp preferential sidewall flow in the fixed-ring apparatus and found
which is defined as the ratio of the volume of voids to the thathydraulic conductivity values obtained in the fixed-ring ap-

volume of solids in the GCL (including both the bentonite and paratus were (_:onsistent with similar tests conducted_in the o_Io_ubIe-
geotextiles) and is calculated as follows: ring and flexible-wall permeameters for the static confining
stresses, hydrating mediums, and concentration of aqueous NaCl
Heel = Hs solutions considered. Thus for the range of confining stresses
[1] e= — and permeants considered in this paper, the fixed-ring apparatus
S
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was regarded as an appropriate apparatus to obtain repreTable 1.Composition of the synthetic MSW leachate.
sentative GCL hydraulic conductivity values. It has advan-

tages over the other permeameters in terms of the ability tocom_pone_nt Concentration
monitor the GCL thickness (and hence void ratio) during the Aceticacid 4000
test. Propionic acid 3000
The fixed-ring apparatus that was used (Fernandez andButyric acid 500
Quigley 1991) is a consolidation-type permeameter. The GCL N&" 1615
was cut using a specially fabricated steel cutting shoe with a K* 354
sharp circumferential edge, having the same inner diameter afNHs" 618
the fixed-ring cell (54 mm), and placed into the cell where it <& 1224
was sandwiched between upper and lower porous stones. Th9 473
desired static confining stress (hereafter called the confining cr . 4414
stress) was applied by a system of springs, and the GCL wasHC S 4876
hydrated with the reference (or initial) permeant under a hy- NO32_ 40
drating reservoir head of 2—4 cm for a specified period until SO, ) 137
the GCL height was constant with time. The degree of satura- HP?‘_‘ 18
tion was not measured in these tests; however, in other similarc®s 156
tests on the same GCL, the degree of saturation exceeded 959232\:’“%6 d by NS9H,0) ;72?3 iy
) A X _
in all cases where measurements were made. For the tests depH (adjusted by NaOH) 6.23

scribed in this paper, the hydrating medium and reference per-
meant were distilled water, varying concentrations of NaCl Trace metal solution (2 mL added per 1 L synthetic MSW leachate)

solutions, or the synthetic MSW leachate. The apparatus wasFeSQ7H,0 2000
equipped with dial gauges that monitored the GCL height prior H,BO, 50
to, during, and at termination of the tests. Under a constant znsq,7H,0 50
flow rate, the reference permeant was forced through the GCL, cusgBH,0 40
the induced head drop was measured by an in-line pressureMnSo,H,0 500
transducer, and the GCL hydraulic conductivity was calculated (NH,)¢Mo,0,,24H,0 50
using Darcy’s law. Al(SQ,);16H,0 30
As previously discussed in detail by Fernandez and Quigley CoSQZH,O 150
(1991) and Petrov et al. (198) testing in the constant flow Note: All concentrations are in mg/L except for pH aBgdand are from

rate fixed-ring apparatus may result in high and variable seepageL. Hrapovic (personal communication).
induced stresses and small changes in the confining stresses
(due to changes in GCL height) from a value @f when
permeated with water to a final value of after permeation ) o ) )
with the NaCl solutions or the synthetic MSW leachate. For laboratory hydraulic conductivity testing. The chemical com-
the tests reported herein, the final confining stressgswere  Position of the synthetic MSW leachate is given in Table 1.
within 14% of the confining stress for the reference permeant
(i.e., distilled water)o,,. Most of the test results for water Prehydration confinement versus
permeation are reported by Petrov et al. (1§97 posthydration confinement

Petrov (1995) examined the effects of increasing seepagep
induced stresses due to increasing flow rates by a factor rang
ing from 2 to 11 and found that the effect on the hydraulic

conductivity was not significant despite some small consoli- absence) of needle-punching. To examine the effect of the
dation. Based on this, high hydraulic gradients and hence higheye| of bentonite hydration at the time of application of the
seepage-induced stresses often were used to expedite tests $ining stress, a series of confined swell (prehydration con-
that chemical equilibrium or near-chemical equilibrium could  inement) and consolidation (posthydration confinement) tests
be achieved within reasonable time periods. _were performed and compared for both standard needle-
The applied confining stresses for both water permeation, punched GCLs (called fibre samples herein) and GCLs where
o,/, and salt water permeatiow;’, were about 3, 35, and  the needle-punched fibres had been intentionally removed
110 kPa. The NaCl concentratior, in aqueous single salt  (called fibre-free samples herein).
solutions were 0.01, 0.1, 0.6, and 2.0 M. A NaCl concentration  |n practice, GCLs may be intentionally prehydrated, they
of 0.1 M (5.84 g/L) corresponds to the total dissolved salt con- may be hydrated by precipitation, or they may hydrate by re-
tent in some MSW leachates, 0.6 M NaCl (35.1 g/L) has moving water from adjacent soils (e.g., for GCLs underlying
roughly the salinity of seawater, and 2.0 M NaCl (116.9 g/L) geomembranes). As noted by Daniel et al. (1993), the level of
represents a brine solution. A synthetic MSW leachate was bentonite hydration can significantly affect the hydraulic con-
selected to chemically simulate cation concentrations at theductivity when permeated with some pure organics. Because
upper end of the typical range for MSW leachate in Ontario GCLs are often hydrated prior to application of high overbur-
(see Rowe 1995) and hence provide insight into clay — MSW den stresses, the void ratios obtained from confined swell tests
leachate compatibility without the complicating influence of may not be representative of field values at these high stresses.
potentially beneficial microbial clogging of soil pores during However, the confined swell (prehydration confinement) tests

etrov et al. (199%) demonstrated that the void ratig,,, for
‘GCLs hydrated and permeated with water was dependent on
factors such as the confining stress,, and the presence (or

© 1997 NRC Canada
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Fig. 1. The effect of prehydration versus posthydration confinement on the bulk void ratia)ffiore-free and f) fibre samples.

10 A et 10
u Pre—~hydration confinement | | ® Pre—hydration confinement |
O Post—hydration confinement O Post—hydration confinement
9 |- (loading) . . (loading) 49
A& Post-hydration confinement v Post—hydration confinement
(unloading) | . (unloading)
8 |- - -8
3 H
& 7 - 47 o
@ -
-~ o
2 +=
= o
O = -
o 6 16 =
o
2 2
o >
> . | -
S5 15 @
(& (&)
(&
« =
5 4 - 14 @
m [—
— [0}
5 £
e 3F - 43 "
K
2 |- - 12
' (a) [ (b)
1 NP ] i | ] R ) 1
1 10 100 1000 1 10 100 1000

CONFINING STRESS, o' (kPa) CONFINING STRESS, o, (kPa)

are valuable because the void ratios corresponding to a giver8 x 10°to 3 x 10-8cm/s. This illustrates the considerable im-
confining stress likely represent lower bound void ratios (and pact that significant swell prior to confinement can have on
hence hydraulic conductivities) representative of the GCL. An void ratio and, hence, hydraulic conductivity, even at the rela-
upper bound of void ratios at a given confining stress may be tively low overburden stress of 25 kPa.
obtained from the laboratory consolidation (posthydration  Figure b shows results similar to those of Figa but for
confinement) tests. the normal unaltered (fibre samples) GCL. This plot is similar
The effect of prehydration versus posthydration confine- to that for the fibre-free sample but the void ratios are lower
ment on the final void ratio of fibre-free samples is illustrated at any given confining stress level. This difference is attributed
in Fig. la. Prehydration confinement tests for both sample types to the additional confinement during swell applied to the ben-
were discussed by Petrov et al. (18R7Referring to results  tonite core by the needle-punching. The impact of the needle-
for posthydration confinement, the GCL swelled under the punching is greatest at the low stresses. The unaltered GCL
6 kPa confining stress to a final constant void ratio of 8.03 fibre sample swelled to a void ratio of 4.7 prior to the applica-
(after 47 days hydration), and had an apparent preconsolida-tion of the incremental confining stresses and had an apparent
tion pressureg,’, of 25 kPa and a compression ind€, of preconsolidation pressure of about 70 kPa and a compression
2.15. The void ratio of 1.37 was obtained at the 800 kPa con- index of 1.46. The largest difference in void ratios obtained
fining stress. The results obtained in the unloading portion of between the confined swell and consolidation tests occurred at
the consolidation tests agreed well with those obtained from confining stresses between about 50 and 100 kPa. Based on
the confined swell tests. Petrov et al. (1999), this difference in void ratio corresponds
The results indicate that for the range of confining stressesto an approximately threefold difference in projected hydraulic
considered, the final void ratio at a given stress was highly conductivity values from about 1:810°cm/s at a void ratio
dependent on the degree of bentonite hydration prior to con-of 3.2 in the confined swell test to about 471.0°cm/s at a
finement, with the differences in void ratio between the test void ratio of 4.6 in the consolidation test (for a confining stress
types reaching a maximum at about 25 kPa. The differencesof about 50 kPa).
in void ratio decreased for both stresses greater than and less In summary, the lower void ratios associated with prehy-
than 25 kPa. At a 25 kPa confining stress, the void ratio rangeddration confinement in contrast to posthydration confinement
from about 4.0 for confinement prior to hydration to about 7.3 for for the needle-punched GCL are primarily the result of two
confinement after hydration. Based on Petrov et al. (bf9fis factors. First, significantly larger confining stresses are re-
range in void ratio corresponds to a range in projected hydraulic quired to produce a given void ratio if the bentonite is initially
conductivity values of about an order of magnitude, from about allowed to hydrate and swell under low stresses (i.e., essentially
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Fig. 2. The effect of varying NaCl concentrations on the liquid limit of bentonite.
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free swell conditions) prior to sample consolidation in contrast bulk soil, after which the desired leachate was forced through
to bentonite that is allowed to hydrate while confined. Second, by a suction applied to the underside of the slides. The smec-
the sum of the applied stresses (confining and fibre-inducedtite minerals remained well dispersed for the distilled water and
stresses) varies depending on the level of hydration when ex-0.01 and 0.1 M NaCl solutions; however, the c-axis contracted to
ternal confinement is applied. Increases in the confining stress1.96 nm for both 0.6 M NaCl and the synthetic MSW leachate,
and the needle-punching as well as confining the GCL prior to and 1.70 nm for 2.0 M NaCl. The data are consistent with those
hydration (in contrast to posthydration confinement) all con- presented by Norrish (1954) and suggest that highly concentrated
tribute to decreasing the final void ratio. Since the hydraulic inorganic salt solutions have the potential to promote face-to-face
conductivity of the geosynthetic clay liner is related to the void flocculation and domain formation.
ratio (Petrov et al. 1993, it is advantageous to control the Test tube flocculation tests were prepared by mixing air-dried
void ratio if the purpose of the GCL is to perform as a hydraulic bulk powdered bentonite with 20 mL of distilled water, the vary-
barrier and, hence, minimize the advective flow. These resultsing concentrations of NaCl solutions, or the synthetic MSW
also suggest that for a given GCL, both the overburden stresseachate. The slurries were dispersed in a plastic vial for a
in the field and the level of GCL hydration when confinement few minutes using an ultrasonic probe, poured into test tubes
is applied must be taken into account in any laboratory test which were stoppered to prevent evaporation, and then manually
program if values representative of field conditions are to be shaken prior to the commencement of testing. The distilled water
obtained. The results of a test program examining the effectsand 0.01 and 0.1 M NaCl hydrated bentonite remained a well-
of confining stress and prehydration versus posthydration con-dispersed homogenous gel throughout the 5 day test period. How-
finement on the hydraulic conductivity of the GCL for a ever, 0.6 and 2.0 M NaCl and the synthetic MSW leachate
number of permeants are presented in a subsequent section. produced severe bentonite flocculation, and floccs settled to the
bottom of the test tube in a few minutes (for 0.6 M NaCl and
MSW leachate) and few seconds (for 2.0 M NaCl).
Index tests Using standard procedures in accordance with ASTM
D4318 (ASTM 1993), the liquid limit was obtained for the
Index tests were conducted to examine the potential effects ofbulk bentonite taken from the GCL. The powdered bentonite
the synthetic MSW leachate and the range of aqueous NaClwas air-dried for about 48 h and then wetted up to its respective
solutions on the bulk bentonite taken from the GCL and to saturation moisture content (the moisture content at which a
provide insight into their potential impact on the hydraulic wet sheen covers the surface of a remoulded soil) with the
conductivity. The synthetic MSW leachate and aqueous NaCl desired solution. The mixtures were allowed to equilibrate for
solutions (0.01, 0.1, 0.6, and 2.0 M) were identical to those about 24 h prior to testing. The measured moisture content
used in hydraulic conductivity tests described later in this pa- (i.e., the mass ratio of water to total solids, which includes soil
per. The index tests included X-ray diffraction (XRD) traces solids and salt precipitate)y;, was corrected for salt precipi-
on the clay-sized minerals (4&n), test tube flocculation, and  tate using the relationship
liquid limits.
The effects of both leachate types on the c-axis of the smec-[8] W= 1
tite minerals in the bentonite were investigated by preparing W_Cl
water-wet preferred oriented slides on theps2 fraction of the f
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Table 2. Summary of prehydration confinement hydraulic conductivity tests.

Test Final permeant H; (mm) gt of (kPa) i¢? Jgr (KPa) ki(cm/s) w; (%) w, (%)
Distilled water hydrated

Suite 1

C1 0.01 M NacCl 12.37 4.89 3.6 386 47 &70° 244 244
Cc2 0.1 M NaCl 11.82 4.60 3.4 199 23 %3108 222 225
C3 0.6 M NaCl 11.81 4.85 35 32 3.7 xB08 219 237
C4 2.0 M NaCl 12.25 4.89 3.7 nd nd nd 177 226
Suite 2

C1 0.01 M NacCl 8.47 2.81 35 700 58 1x80° 132 132
Cc2 0.1 M NaCl 8.24 2.63 36 521 42 2Q10° 123 124
C3 0.6 M NaCl 7.75 2.66 35 111 8 9310° 113 118
C4 2.0 M NaCl 7.37 2.43 33 55 4 K708 99 113
Suite 3

C1 0.01 M NacCl 5.79 1.98 107 2142 122 480710 98 98
Cc2 0.1 M NacCl 5.80 1.91 108 1426 81 K300 89 89
C3 0.6 M NaCl 5.28 1.68 105 496 26 2110° 80 82
Cc4 2.0 M NaCl 5.43 1.60 101 166 9 6210° 66 72
Suite 4

C3 2.0 M NaCl 10.67 4.59 4.0 23 2.4 23107 — —
Cc4 2.0 M NaCl 10.48 4.66 4.0 18 2.0 29107 176 224
Salt water hydrated

Suite 5

C1 0.1 M NaCl 8.18 3.15 4.3 203 16 6410°° 128 129
Cc2 0.1 M NaCl 6.02 2.19 35 625 37 2<110° 99 100
C3 0.1 M NaCl 5.09 1.60 113 1477 74 X200 78 78
Suite 6

C1 0.6 M NaCl 6.77 2.62 3.8 162 11 4QL07 88 91
Cc2 2.0 M NaCl 6.77 2.54 3.7 80 5 2X710°8 75 83
C3 0.6 M NaCl 5.78 1.95 35 270 15 76108 73 75
C4 2.0 M NaCl 5.06 1.71 34 184 9 12106 66 72
Suite 7

C1 0.6 M NaCl 4.82 1.52 111 280 13 23108 67 69
Cc2 2.0 M NaCl 4.47 1.34 107 125 5.5 26107 58 62

Note: All tests were conducted in a fixed-ring apparatus. nd, values not determined because of a failure to measure consistent positive head drspraptess the
aFinal hydraulic gradient.
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Table 3. Summary of posthydration confinement hydraulic conductivity tests of distilled water hydrated GCLs in suite 8.

Test Final permeant o;' (kPa) H; (mm) €5t i Jgr (kPa) ki (cm/s) w; @ (%)
C1 0.01 M NacCl 3.9 10.79 4.68 488 52 %30°
14 10.54 4.55 507 52 5210°
37 9.76 4.14 697 67 3810°
69 8.62 3.54 1249 106 2210°
114 8.15 3.29 160 129 1610° 175 (175)
c2 0.1 M NaCl 35 10.45 4.36 342 35 HEL0°
12 10.23 4.25 342 34 7%10°
34 9.32 3.78 496 45 5810°
73 8.22 3.22 968 78 2510°
112 7.34 2.76 1734 125 1:610°° 140 (141)
C3 0.6 M NaCl 3.6 10.03 4.39 57 5.6 46108
12 9.53 4.12 48 4.5 58108
37 8.07 3.34 121 10 22108
74 6.82 2.67 378 25 6.810°
109 5.87 2.16 988 57 25710° 107 (111)
C4 2.0 M NaCl 3.6 10.08 4.45 10-20 1-2 x207P
12 9.61 4.19 10-20 1-2 210°7°
35 8.32 3.50 10-20 1-2 2107°
75 6.90 2.73 71 4.8 3.810°%
114 6.11 2.30 165 10 161078 90 (101)

Note: All tests were conducted in a fixed-ring apparatus.
a Corrected bentonite moisture content, is given in parentheses.
b The approximate values given are estimated and not accurately measured.

__C permeation of salt water or MSW leachate at constant void
- Peo— C ratio. A series of hydraulic conductivity tests was conducted

) ) ) to examine the impact of the solutions and the results are de-
wherew, is the corrected bentonite moisture content (mass scribed below.

ratio of water to soil solids)C is the salt concentration in the
pore fluid (g/L), C, is a constant for a given pore fluid salt
concentration and density, apd,, is the density of the pore
fluid (g/L). This correction is significant for soils at high meas-
ured moisture contents;yeontaining highly concentrated saline  The results of 27 hydraulic conductivity tests are summarized
pore water. The liquid limitsy, , reported are corrected moisture in Tables 2 and 3 for permeation of 0.01, 0.1, 0.6, and 2.0 M
contents and are plotted as a function of NaCl concentration inNaCl. The tests included both distilled water hydrated and salt
Fig. 2. The NaCl concentration had a significant effect on the water hydrated GCLs subjected to both prehydration and post-
liquid limit of the bentonite, as the liquid limit decreased from hydration confinement. The number of pore volumes of se-
530% for water to 139 and 96% for 0.6 and 2.0 M NaCl, respec- quential salt water permeants passed through the GCLs ranged
tively. The decreases iw_for increasing salt concentration is  from about 3.5 to 9.5. The final effluent salinities at test termi-
attributed to double-layer and c-axis contraction. The liquid limit nation were greater than 90% of the initial reservoir values. For
of 221% obtained for the synthetic MSW leachate was essentiallyconvenience, the confining stresses of 3—4 kPa are referred to
equivalent to a concentration of NaCl ranging between 0.1 andas low confining stresses, confining stresses of 33—-37 kPa are
0.6 M; this is consistent with the total salt concentration in the referred to as intermediate confining stresses, and confining
synthetic leachate. stresses slightly greater than about 100 kPa are referred to as
This investigation shows that high NaCl concentrations can high confining stresses. The results of these tests will be de-
impact the bentonite index properties, with the higher NaCl scribed below and will be explained in a subsequent section.
concentrations causing both c-axis and double-layer contrac-
tion and a more open structured, flocculated clay fabric. Simi- Distilled water hydrated GCLs subjected to
larly, the synthetic MSW leachate also changed the index prehydration confinement
properties of the bentonite. These index tests are simple to  The final hydraulic conductivityk;, is shown as a function
conduct, relatively inexpensive, and valuable in that they can of the permeant NaCl concentration in Fig. 3 for the three con-
be used to identify deleterious effects on the bentonite; how- fining stresses considered. The average reference hydraulic con-
ever, as will become evident later in this paper, they should ductivity values for the GCLs initially hydrated and permeated
not be used as an alternative to hydraulic conductivity testing. with water ranged from 5.2 10-°cm/s for low confining stresses
The results from these tests can potentially be used to qualita-to 7.5x 101%m/s for high confining stresses. As shown in
tively estimate the relative impact of the solutions on the hy- Fig. 3, the shapes of the hydraulic conductivity — NaCl concen-
draulic conductivity of the GCL. For example, the results tration (—C) curves for permeation of the salt solutions are
qualitatively suggest increases in hydraulic conductivity for similar; however, they are shifted vertically contingent on the

4] G

GCL hydraulic conductivity for permeation
of aqueous NaCl solutions
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Fig. 3. Hydraulic conductivity versus NaCl concentration for sequential permeation of varying concentrations of aqueous NaCl solutions at
three confining stresses.
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magnitude of the confining stress. At a given salt concentra- 4.7 x 10-"cm/s for 2.0 M NaCl at the intermediate confining
tion, the hydraulic conductivity varied by about one to one and stress (suite 2).
a half orders of magnitude and increased with corresponding The change in GCL heighf\Hs,, is shown as a function
decreases in the confining stress. of pore volumes of salt solution flow in Figa4suite 3) for
Permeation of the agueous NaCl solutions produced eitherwater-hydrated GCLs. The change in GCL height is defined
similar (i.e., within a factor of 2) or significantly larger as the difference in height measured at a given pore volume of
(i.e., greater than a factor of 2) hydraulic conductivity values flow, Hg, and the height measured at the completion of water
than for the reference permeant (i.e., distilled water). The simi- permeationH,,. Also noted are the range of void ratios prior
lar hydraulic conductivities demonstrate adequate compatibil- to salt water permeatiormg,,, the final void ratios at test ter-
ity of the low concentrated salt solutions with the initially mination,eg;, and the final volumentric strains at test termina-
water hydrated bentonite core and suggest that GCLs cantion, €, (AHgc/H,,). All four samples were subjected to
maintain their characteristically low hydraulic conductivity identical flow rates.
values for these permeants if effectively prehydrated with po-  As the concentration of NaCl was increased from 0.01 to
table water. On the other hand, the significant increases in2.0 M NacCl, the sample consolidation increased from about
hydraulic conductivity, which occurred independent of the 0.1 to 0.88 mm and the final maximum seepage stresses (see
confining stresses, demonstrate poor chemical compatibility of Table 2),Jg;, decreased from 122 to 9 kPa. The decrease in
the initially water hydrated bentonite with the concentrated salt GCL height (relative tdH,,) for sequential permeation of the
solutions (0.6 and 2.0 M NaCl). This suggests that highly con- less concentrated solutions (0.01 and 0.1 M NaCl) may in part
centrated salt solutions have the ability to degrade the hydrau-be attributed to both osmotic consolidation and the effects of
lic performance of GCLs. Increases in the salt concentration anincrease in seepage stress (due to an increase in applied flow
increased the hydraulic conductivity for all confining stresses rate) relative to the maximum seepage stress of about 40 kPa
considered. For example, the hydraulic conductivity ranged by for the reference permeant. However, for the higher salt solu-
a factor of about 30, from 1.8 10-2cm/s for 0.01 M NacCl to tions (0.6 and 2.0 M NaCl) the final seepage stresses decreased
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Fig. 4. Change in GCL height{sc,—H,,) versus pore volumes of flow for sequential permeation of aqueous NaCl solutioa$ ¥arying
concentrations of NaCl solutions arg) {arying confining stresses.
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(to 26 and 9 kPa, respectively) and thus cannot explain the  Figure 3 shows results for two suites of GCLs confined to
considerable decreases in GCL height. The higher compres{ow stresses and sequentially permeated with the range of salt
sive strains associated with the higher salt concentrations areconcentrations. The curves are similar in shape, however, they
primarily attributed to physicochemical effects as will be dis- are shifted relative to one another. The differences in observed
cussed subsequently. hydraulic conductivity values can be explained by differences
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Fig. 5. (a) Hydraulic conductivity andk) relative hydraulic conductivity ratio versus NaCl concentration for hydration and permeation of
varying concentrations of aqueous NacCl solutions at three confining stresses.
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in void ratios observed between the suites. For example, final hydraulic conductivityk;, and the relative hydraulic conduc-
void ratios in the suite having slightly higher hydraulic con- tivity ratio, ki/k,,, wherek,, is the hydraulic conductivity at the
ductivity values (suite 1) averaged 4.81 and were greater thancompletion of water permeation, are shown against the con-
those of the other suite (suite 8), which averaged 4.47. Both testcentration of NaCIC. Average hydraulic conductivity values
suites were conducted under essentially identical applied con-for distilled water permeation, taken from Fig. 3, are shown for
fining and seepage-induced stresses; however, reservoirs wereomparison in Fig. 5. The final GCL height;, is plotted
recharged more frequently in suite 1 (i.e., release of seepageagainst the confining stressy, in Fig. 6. At a given confining
induced stresses), causing the GCL to rebound to greaterstress, GCLs hydrated and permeated with the lower salt con-
heights (and hence void ratios) and thus the higher hydraulic centrations generally reached larger GCL heights and hence
conductivity values. This suggests that significant fluctuations larger void ratios than those of the higher salt concentrations.
in reservoir heads applied to GCLs used as pond liners may lead  For all confining stresses considered, the hydraulic conduc-
to increased rates of seepage with time in certain applications tivity of the GCL was linearly related to the NaCl concentra-
Generally, the GCL appears to be less susceptible to in-tion (on a log—log scale), with increases in salt concentration
creases in hydraulic conductivity for sequential permeation causing a more permeable GCL (see Fig). The hydraulic
(i.e., after permeation with distilled water) of these inorganic conductivities were highly dependent on the salt concentra-
solutions if high confining stresses are applied. This trend ap- tion, as hydraulic conductivity values varied by a factor rang-
pears to be related to both the lower initial void ratio prior to ing from about 280 to 570 as the concentration was increased
sequential permeation and the higher volumetric compressive20-fold from 0.1 to 2.0 M NacCl. This was despite the fact that
strain for sequential permeation, for the higher confining void ratios at a given confining stress varied significantly and
stresses. This is illustrated, for example, in Figfer permea- tended to decrease for permeation of the more concentrated
tion of 0.6 M NaCl. The initial void ratio decreased from 5.03 aqueous NaCl solutions. For all salt concentrations considered
at low stresses to 2.00 at high stresses while the shrinkagethe final hydraulic conductivity values were greater than aver-
increased from 3.0% at low stresses to 10.7% at high stressesage values obtained for permeation of distilled water at a simi-
lar confining stress. This was despite the fact that the void
Salt water hydrated GCLs subjected to prehydration ratios tended to be smaller for samples hydrated and permeated
confinement with the salt solutions than for samples hydrated and perme-
A series of hydraulic conductivity tests for GCLs hydrated and ated with distilled water. For example, even though the void
permeated with 0.1, 0.6, and 2.0 M NaCl was conducted. Con-ratios for permeation of 0.1 M NaCl were significantly
fining stresses were applied prior to hydration (prehydration smaller and ranged from 67 to 80% of the average void
confinement). The results are plotted in Fig. 5, where the final ratios for distilled water permeation, the relative hydraulic
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Fig. 6. Final GCL height versus final confining stress for hydration and permeation of varying concentrations of NaCl solutions and distilled
water; fixed-ring apparatus.
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Fig. 7. The effect of posthydration confinement on the hydraulic conductivity for sequential permeation of varying concentrations of NaCl

solutions.
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conductivityratioski/k,, were greater than unity and ranged and ranged from 54 to 66% of the average void ratios for

from 1.2 to 1.6 (see Fig.l). Permeation of 2.0 M NacCl re-

distilled water permeation. This is discussed in a subsequent

sulted in hydraulic conductivities that were 340-940 times section. For a given NaCl concentration, the hydraulic conduc-
greater than those obtained for distilled water permeation de-tivity did decrease for increasing confining stress, and this is
spite the fact that the void ratios after permeation were smaller attributed to a decrease in void ratios by as much as a factor
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Fig. 8.Change in GCL height{; — H,,) versus confining stress for sequential permeation of varying concentrations of NaCl solutions;
fixed-ring apparatus.
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of 2 as the confining stress was increased from about 3 to aboutwhen subjected to greater confinement, even if partially dam-
110 kPa. aged due to early exposure with an incompatible liquid. This
has practical implications with respect to the possible use of
GCLs as part of a liner system in MSW landfills. As overbur-
den (i.e., waste and cover liners) is increased, significant re-
ductions in void ratio and hence reductions in the hydraulic
conductivity are likely to occur, everything else remaining
constant. King et al. (1993) attributed an order of magnitude
decrease in the hydraulic conductivity of an inactive com-
pacted clay liner, in part, to consolidation resulting from the
placement of overburden.

Distilled water hydrated GCLs subjected to

posthydration confinement
The results of posthydration confinement on distilled water
hydrated GCLs permeated with varying concentrations of
aqueous NaCl solutions are shown in Fig. 7, where the hydraulic
conductivity,k;, is plotted against the NaCl concentrati@,
and in Fig. 8 where the change in GCL heighiti 5, is plot-
ted against the confining stress;. The GCLs were hydrated
and initially permeated with distilled water while confined to
low (3—4 kPa) stresses and then permeated with one of the fouDistilled water versus salt water hydration
different salt solutions. Confining stresses were incrementally Figure 9 shows the hydraulic conductivity, and the relative
increased to simulate the effect of increasing overburden andhydraulic conductivity ratiok/k,,, for (1) GCLs initially hy-
to assess its impact on the hydraulic conductivity. The final drated and permeated with distilled water and sequentially per-
confining stresses at each stagg, were 12-14, 34-37, meated with agueous NaCl solutions, (2) GCLs hydrated and
69-74, and 109-114 kPa. The horizontal solid line in Fig. 7 permeated with aqueous NaCl solutions, and (3) reference val-
represents the average reference hydraulic conductivity valueues obtained using distilled water as the permeant. The results
of 4.9x 10°cm/s for distilled water permeation at low stresses for posthydration confinement tests, where GCLs were hy-
(o, =3-4 kPa). The curves representing hydraulic conductiv- drated and initially permeated with distilled water and sequen-
ity values for sequential permeation of varying salt concentra- tially permeated with agueous NaCl solutions while subjected
tions are similar in shape; however, they are shifted vertically to incremental loads, are also shown but will be discussed in
contingent on the magnitude of the confining stress and gener-the next section.
ally indicate decreasing hydraulic conductivity for increasing Figures @-9c will be discussed simultaneously, as similar
confining stress. trends were observed; however, as discussed previously, they

Results indicate very little effect of increasing the confining differed in the magnitude of hydraulic conductivities resulting
stress from 3—4 to 12—-14 kPa on both the hydraulic conductiv- from differences in void ratios. For permeants such as 0.6 and
ity (Fig. 7) and the thickness of the GCL (Fig. 8), irrespective 2.0 M NaCl, hydraulic conductivity values can be minimized
of the concentration of NaCl in solution. However, incremen- by prehydrating the GCL with potable water prior to sub-
tally increasing the confining stress from low- to high-stress sequent exposure to these concentrated saline solutions. This
conditions caused a significant reduction in hydraulic conduc- observation is valid for all confining stresses and both prehy-
tivity by about a half order of magnitude for 0.01 and 0.1 M dration and posthydration confinement tests; however, the sig-
NaCl and by about an order of magnitude for 0.6 and 2.0 M nificant differences observed in final hydraulic conductivity
NaCl. These results are encouraging and suggest that due tealues at a given confining stress cannot be explained in terms
the high compressibility of bentonite, GCLs are able to heal of void ratios because void ratios were noticeably lower for
themselves by undergoing a significant reduction in void ratio the salt water hydrated specimens relative to the distilled water
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Fig. 9. Hydraulic conductivity k) and relative hydraulic conductivity r