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ABSTRACT: A laboratory apparatus for measuring the chemico-
osmotic efficiency coefficient, �, for clay soils in the presence of
electrolyte solutions is described. A chemico-osmotic experiment is
conducted by establishing and maintaining a constant difference in
electrolyte concentration across a soil specimen while preventing
the flow of solution through the specimen. The chemico-osmotic ef-
ficiency coefficient is derived from a measured pressure difference
induced across the specimen in response to the applied concentra-
tion difference. The effective diffusion coefficient (D*) and retar-
dation factor (Rd) of the electrolytes (solutes) also can be deter-
mined simultaneously by measuring the diffusive solute mass flux
through the specimen until steady-state diffusion is achieved. Ex-
perimental results using specimens of a geosynthetic clay liner sub-
jected to potassium chloride solutions indicate that the measure-
ment of � may be affected by soil-solution interactions, as well as
by changes in the induced chemico-osmotic pressure difference due
to solute diffusion. As a result, � should be evaluated using the in-
duced pressure difference at steady state. The time required to
achieve a steady-state response in induced pressure difference is re-
lated to the time required to achieve steady-state diffusion of all so-
lutes, and may be affected by the circulation rate at the specimen
boundaries. The circulation rate should be sufficiently rapid to min-
imize changes in the boundary concentrations due to diffusion, but
sufficiently slow to allow measurement of solute mass flux at the
lower concentration boundary for evaluating D* and Rd.

KEYWORDS: chemico-osmosis, chemico-osmotic pressure,
chemico-osmotic efficiency coefficient, coupled phenomena, diffu-
sion testing, effective diffusion coefficient, geosynthetic clay liners,
reflection coefficient, retardation factor

The ability of fine-grained (i.e., clay) soils to act as semiper-
meable membranes that inhibit the passage of electrolytes, and
thereby cause chemico-osmotic flow, has been recognized as a
possible cause of anomalous in situ pore-pressure measurements
and groundwater movement (Marine and Fritz 1981, Olsen et al.
1990). The degree to which a clay soil inhibits the entry of ions
into the pore space is termed chemico-osmotic efficiency and of-
ten is expressed quantitatively in terms of a chemico-osmotic ef-

ficiency coefficient, �, or reflection coefficient, � (e.g., see
Staverman 1951, Kemper and Rollins 1966, Olsen et al. 1990,
Keijzer et al. 1997). The theoretical chemico-osmotic efficiency
coefficient of an “ideal” membrane that completely restricts the
movement of electrolytes is unity (i.e., � � 1), whereas � � 0 for
a material that exhibits no electrolyte restriction (e.g., Mitchell
1993). Clay soils that exhibit membrane behavior are considered
“nonideal” membranes, since � typically falls within the range 0
� � � 1 (Kemper and Rollins 1966, Olsen 1969, Fritz and Ma-
rine 1983). The value of � for a given clay soil is influenced by
several factors, including the types and amounts of clay minerals
in the soil, the sizes of pores, and the types and concentrations of
electrolytes (Kemper and Rollins 1966, Bresler 1973, Olsen et al.
1990, Mitchell 1993).

The influence of chemico-osmotic efficiency on liquid migration
in porous media typically is described using coupled flux theory
based on the principles of irreversible thermodynamics applied to
charged membranes (e.g., Katchalsky and Curran 1965, Olsen
1972, Yeung 1990, Mitchell 1993). At steady state, the horizontal,
one-dimensional flux of an electrolyte solution through a charged
membrane under isothermal conditions with no applied electrical
gradient ( i.e., I � 0) may be written as the sum of the Darcy flux,
qh, and a chemico-osmotic flux, q�, as follows (Kemper and
Rollins 1966, Barbour 1986):

q � qh � q� � �	
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where q is the total liquid flux, kh is the hydraulic conductivity, 
w

is the unit weight of water, P is the liquid pressure, x is the direc-
tion of transport, and � is the chemico-osmotic pressure. The
chemico-osmotic pressure difference, ��, represents the theoreti-
cal pressure difference across an “ideal” semipermeable membrane
(i.e., � � 1) that is required to prevent chemico-osmotic flux (e.g.,
see Olsen et al. 1990). Values of �� across a membrane separating
ideal, dilute solutions can be computed using the van’t Hoff ex-
pression (Barbour and Fredlund 1989), or

�� � RT∑
N

i�1

�Ci (2)

where R is the universal gas constant [8.314 J mol�1°K�1], T is the
absolute temperature [°K ], �Ci represents the concentration differ-
ence of solute i across the membrane [mol�L�3], and N is the total
number of solute species. The van’t Hoff expression is based on the
limiting assumption that the electrolyte solution is ideal and dilute
and, therefore, provides only an approximate value of the chemico-
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osmotic pressure difference. However, Fritz (1986) notes that the
error associated with the van’t Hoff expression does not exceed 5%
for 1:1 electrolytes (e.g., NaCl, KCl) at concentrations �1.0 M.

An evaluation of the potential effect of chemico-osmotic flux,
q�, on liquid and solute migration through low-kh clay soils with �
 0 based on Eq 1 will require the measurement of the chemico-
osmotic efficiency coefficient, �. Such an evaluation may be im-
portant, for example, with respect to the design and performance of
low-kh clay soils commonly used for waste containment. Thus, the
purpose of this paper is to describe a new testing apparatus to mea-
sure the chemico-osmotic efficiency of clay soils in the presence of
electrolyte solutions.

Background

Values of � for clay soils have been measured in the laboratory
using different methods. For example, Kemper and Rollins (1966)
measured � for sodium bentonite pastes with respect to different
salts by conducting a two-stage test in which the chemico-osmotic
flux, q�, and Darcy flux, qh, were measured separately for a single
test specimen. In the first stage, q� was evaluated by placing a soil
specimen into a testing cell located between two reservoirs con-
taining solutions with different electrolyte concentrations (i.e., ��
 0), but the same hydraulic pressure (i.e., �P � 0). For these con-
ditions, qh � 0 such that, from Eq 1,

q|
�P�0

� q� � �	
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The chemico-osmotic flux, q�, was measured by monitoring the
change in height of the solutions in standpipes connected to the
reservoirs.

In the second stage, qh was evaluated by permeating the same
soil specimen with a solution containing equal parts of the solu-
tions used in the chemico-osmotic stage (i.e., the average solution)
under a controlled hydraulic pressure difference (i.e., ��P  0).

Since �� � 0 at steady state under these conditions, q� � 0 such
that, from Eq 1,

q|
���0

� qh � �	
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The Darcy flux, qh, was measured by monitoring liquid elevations
in the standpipes. The expression used by Kemper and Rollins
(1966) to calculate � based on the results of the two testing stages
is obtained by dividing Eq 4 by Eq 3, or
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The method proposed by Kemper and Rollins (1966) was used also
by Letey et al. (1969) to measure � of loams from natural deposits,
and by Kemper and Quirk (1972) to measure � of pure clays, in-
cluding illite, kaolinite, and sodium bentonite.

Although the test procedure proposed by Kemper and Rollins
(1966) is simple to assemble and perform, two separate testing
stages must be conducted to obtain measured values of �. Also,
variations in the applied chemico-osmotic pressure difference, ��,
will occur unless an attempt is made to maintain constant elec-
trolyte concentrations at the specimen boundaries.

Olsen (1969) described a different approach for measuring �.
The apparatus used by Olsen (1969) to measure � for saturated
kaolinite specimens in the presence of NaCl solutions consisted of
a confining cylinder with pistons to control the vertical stress on the
specimen. The specimen was separated from the pistons with
porous ceramic discs that transmit liquid between the clay and the
piston channels (Olsen 1969). Solutions of different concentration
of NaCl were introduced at the specimen boundaries through the
piston channels, and flow through the specimen was superimposed
using a syringe pump. Hydraulic head differences across the spec-
imen were measured using a differential pressure transducer.

An example of the experimental results presented by Olsen
(1969) is shown in Fig. 1 as a plot of head difference, �H, across the
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FIG. 1—Measured head differences (�H) across a kaolinite specimen as a function of externally imposed flow rates  (Q/t) and the ratio of NaCl con-
centrations at the specimen boundaries (CB/CT) (replotted after Olsen 1969).



specimen versus the ratio of the solute concentrations at the bottom
and top of the specimen, CB /CT. Separate curves are shown in Fig.
1 for each applied flow rate (designated as Q / t). The chemico-os-
motic efficiency coefficient, �, was determined using the results in
Fig. 1 in accordance with the following relationship (Olsen 1969):
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where the numerator in Eq 6 represents the slope of the data shown
in Fig. 1.

The method of Olsen (1969) represents a multistage approach to
measure �, since several different values of CB /CT must be applied
to define the slopes shown in Fig. 1. Olsen (1969) indicated that the
response time of the system was sufficiently rapid such that indi-
vidual measurements were obtained within minutes after changing
the boundary concentrations. As a result, measurement of � using
the approach of Olsen (1969) probably is more rapid than using the
approach of Kemper and Rollins (1966). However, Olsen (1969)
also noted that the system probably was not at a true steady state,
since the testing durations were much shorter than the time that
would be required for sufficient diffusion of the electrolyte to es-
tablish a steady-state concentration distribution within the soil
specimen.

The advantages of the new testing apparatus and corresponding
measurement approach described in this paper relative to the exist-
ing systems include the ability to (1) measure chemico-osmotic ef-
ficiency based on the results of a one-stage test, (2) maintain con-
stant boundary electrolyte concentrations and, thus, a constant
chemico-osmotic pressure difference, ��, throughout the testing
duration, and (3) measure simultaneously both �, and the effective
diffusion coefficient (D*) and retardation factor (Rd) of the solutes.
The results of laboratory tests on a geosynthetic clay liner (GCL)
using potassium chloride (KCl) solutions are presented to illustrate
these measurements.

New Testing Apparatus and Procedures

The chemico-osmotic testing apparatus proposed in this study is
illustrated schematically in Fig. 2 and pictorially in Fig. 3. The pri-
mary components of the apparatus include a testing cell, a flow-
pump system with two stainless steel actuators (syringes), stainless
steel tubing to control the circulation of electrolyte solutions at the
boundaries of the soil specimen, a differential pressure transducer,
and bladder accumulators to collect the circulated solutions and re-
fill the actuators. Additional details pertaining to these components
follow.

Testing Cell

The chemico-osmotic testing cell consists of an acrylic cylinder
(7.1-cm diameter), top piston, and base pedestal, as shown in Fig.
4. The design is similar to that used by Olsen (1969). The top pis-
ton is used to control the vertical stress or void ratio of the soil spec-
imen and can be locked in place to prevent soil expansion. The top
piston and base pedestal are equipped with ports that enable circu-
lation of separate electrolyte solutions through porous stones at the
specimen boundaries to establish and maintain a constant concen-
tration difference across the specimen. Additional ports are in-
stalled in the top piston and base pedestal to allow for measurement
of differential pressure across the specimen.

Flow-Pump System

The electrolyte solutions are circulated through the porous
stones at the ends of the specimen using a flow-pump system con-
sisting of a dual-carriage syringe pump (Model 944, Harvard Ap-
paratus, South Natick, MA) equipped with two custom actuators to
provide circulation of separate solutions through the top piston and
base pedestal. A schematic of the flow-pump system is shown in
Fig. 5. The Model 944 syringe pump is the same as that described
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FIG. 2—Schematic of chemico-osmotic testing apparatus used in this study.



in Redmond and Shackelford (1994). The pump offers twelve gear
selections and an additional variable speed control to provide lin-
ear displacement rates ranging from approximately 2.1 � 10�8 to
1.1 � 10�3 m/s. The two individual plungers are connected to lead
screws from a single pump motor that drives the plungers at the
same rate through the actuators, displacing liquid at the selected
rate. The plungers can be operated in the same direction (i.e., par-
allel motion) or in opposite directions (i.e., reciprocal motion).

Flow-Pump Actuators

The actuators (syringes) mounted on the syringe pump consist of
an outer housing with an inner bore that contains the plunger, as
shown in Fig. 5b. Electrolyte solution contained within the annular
area around the plunger shaft is forced from the actuator by the
plunger barrel, which contains a groove for an O-ring to create a
seal between the barrel and the inner wall of the housing. Liquid is
forced from the actuators through ports installed in the end-caps
that are attached to the ends of the housing with screws, as shown
in Fig. 6a. All actuator parts were constructed with Grade 316
stainless steel to minimize corrosion in the presence of strong
electrolytes.

The dimensions and manufacturing tolerances of the actuator
housing, plunger shaft, and plunger barrel are shown in Fig. 6b.
The dimensions of the actuator parts were selected based on the
size of the Model 944 pump carriage and the range of flow rates de-
sired in this study and, therefore, may not be appropriate for other
flow-pump systems or other applications in which a different range
of flow rates is required. For example, the measured flow rates for
the actuators used in this study ranged from 9.2 � 10�12 to 4.7 �
10�7 m3/s. A lower desired range of flow rates requires a smaller
bore size in the actuator housing or a larger plunger shaft. How-
ever, the manufacturing tolerances (Fig. 6b) associated with the di-
ameter of the bore, plunger shaft, and plunger barrel are recom-
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FIG. 3—Pictorial view of chemico-osmotic testing apparatus used in this study.

FIG. 4—Schematic of chemico-osmotic testing cell.
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FIG. 5—Illustrations of flow-pump system used in study: (a) pictorial view; (b) schematic cross section.

mended for this actuator design, regardless of the dimensions, to
ensure that a proper seal is maintained with the installed O-rings.

An advantage of this actuator design relative to other designs is
the capability of infusing and withdrawing liquid at identical rates
(see Olsen et al. 1991). For example, liquid can be expelled at one
end of the housing and simultaneously collected at the same rate on
the rear side of the plunger barrel through the port in the opposite
end-cap. As a result of this capability, the two actuators are used in
the chemico-osmotic test as individual circulation loops through

the top piston and base pedestal to introduce fresh electrolyte solu-
tion continuously at the specimen boundaries, as shown in Fig. 7.

Once the plunger barrel reaches the end of the actuator housing,
the actuator must be refilled with fresh electrolyte solution by re-
versing the pump direction and replenishing the actuator from an
accumulator. The circulation outflow previously collected inside
the actuator housing is purged simultaneously into a separate accu-
mulator for subsequent chemical analysis (e.g., pH, electrical con-
ductance, and solute concentrations). All tubing used to circulate



the solutions and refill the actuators is constructed with Grade 316
stainless steel to minimize corrosion and to prevent volume change
in the system.

Measured solute concentrations in the purged solutions are used
to evaluate the solute mass flux entering the soil from the higher
concentration boundary and exiting the soil into the lower concen-
tration boundary, due to diffusion. For example, if we assume in
Fig. 7 that the solute concentration introduced into the top piston,
Cot, is greater than the solute concentration introduced into the base
pedestal, Cob (i.e., Cot  Cob), the difference in these concentra-
tions represents a driving force for solute diffusion through the soil
from the top piston to the base pedestal. As indicated in Fig. 7, the
diffusive flux results in a lower concentration in circulation out-
flow from the top piston, Ct (i.e., Ct � Cot), and a higher concen-
tration in circulation outflow from the base pedestal, Cb (i.e., Cb 
Cob) as the solutions pass through the end-caps of the testing cell
and back into the actuator housing. The measured concentrations,
Cb and Ct, are used to compute the chemico-osmotic pressure dif-
ference across the specimen, ��, and to evaluate the solute trans-
port parameters (D* and Rd).

Measurement of Chemico-Osmotic Efficiency

In order to measure the chemico-osmotic efficiency coefficient,
the solutions are circulated through the specimen boundaries as
shown in Fig. 7 to maintain a constant concentration difference
across the specimen while maintaining a constant volume inside

the testing cell (i.e., �Vcell � 0). Since the volume of solution in-
fused into either end of the testing cell is equal to the volume of so-
lution withdrawn during circulation, no additional flux of solution
can enter or exit the specimen boundaries. Therefore, solution flux
through the soil cannot occur. This condition is represented math-
ematically by setting q � 0 in Eq 1, or
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Rearrangement of Eq 7 yields the following expression for the
chemico-osmotic efficiency coefficient, � (Katchalsky and Curran
1965, Groenevelt and Elrick 1976, and van Oort et al. 1996):
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The hydraulic pressure difference, �P, is induced across the speci-
men as a result of prohibiting the chemico-osmotic flux of solution
that otherwise would occur in response to the applied concentration
difference (e.g., see Keijzer et al. 1997). This induced pressure dif-
ference is measured with a differential pressure transducer (Model
DP15, Validyne Engineering Sales Corp., Northridge, CA). The
transducer is used in conjunction with a demodulator (Model
CD223, Validyne Engineering Sales Corp., Northridge, CA) for
conversion of the transducer signal into units of pressure. An analog
output channel on the demodulator is used to transmit the pressure
data continuously to a personal computer equipped with an OMEGA
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FIG. 6—Schematics of flow-pump actuator: (a) top view; (b) cross-sectional view.



Model 100A DAQ board (OMEGA Engineering Inc., Stamford,
CT) and the LabVIEW data acquisition software (National Instru-
ments Corp., Austin, TX, Version IV), as illustrated in Fig. 8.

The chemico-osmotic pressure difference, ��, in Eq 8 can be
computed based on the solute concentrations in the opposite spec-
imen boundaries in accordance with the van’t Hoff expression (Eq
2). Since Ct � Cot and Cb  Cob due to solute diffusion (see Fig. 7),
we may define the average boundary concentrations of a solute
species i, C�t,i and C�b,i, as follows:

C�t,i � 	
Cot,i

2

� Ct,i
	 (9a)

C�b,i � 	
Cob,i

2

� Cb,i
	 (9b)

Based on these average concentrations, the average chemico-os-
motic pressure difference, ����, can be written as follows in accor-
dance with Eq 2:

���� � RT∑
N

i�1

(C�b,i � C�t,i) (10)

In accordance with Eq 10, ���� � 0 when C�t,i  C�b,i.

Measurement of Transport Parameters

The effective diffusion coefficient, D*, and retardation factor,
Rd, for a solute species i is based on solute concentrations measured

in the circulation outflow from the lower concentration boundary
(i.e., the base pedestal) during the test in a similar manner to that
previously described by Jessberger and Onnich (1994). This ap-
proach to measuring D* and Rd is referred to commonly as the
steady-state approach (Shackelford 1991).

In the steady-state approach, the measured concentrations for a
given solute, Cb, typically are converted to cumulative mass per
unit cross-sectional area, Qt, or

Qt � 	
A

1
	 ∑

Nt

j�1

�mj � 	
A

1
	∑

Nt

j�1

Cb,j�Vj (11)

where �m is the incremental mass of the solute collected over a
time increment (�t), Cb is the concentration of the solute in the in-
cremental volume, �V, of circulation outflow from the base
pedestal corresponding to the same �t, and Nt is the number of in-
cremental samples j corresponding to the total elapsed time, t. The
results are plotted in terms of Qt versus t, as illustrated in Fig. 9.
The curved portion of the example plot in Fig. 9 represents tran-
sient diffusion, while the linear portion of the data in Fig. 9 repre-
sents steady-state diffusion (Shackelford 1991). The analytical so-
lution for Qt at steady state based on one-dimensional diffusion
with a constant source concentration, Cot, in the top piston and a
perfectly flushing boundary condition in the base pedestal (i.e., Cob

� 0) can be written as follows (Crank 1975, Shackelford 1991):

Qt � 	
nD

L

*Cot
	 t � 	

nRd

6

LCot
	 (12)
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FIG. 7—Schematic of top and bottom actuators during constant-volume circulation of electrolyte solutions at soil specimen boundaries.
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FIG. 8—Differential pressure measurement and data acquisition system: (a) schematic view; (b) pictorial view.



where n is the specimen porosity, D* is the effective diffusion co-
efficient, L is the specimen thickness, and Rd is the retardation fac-
tor. By inspection, Eq 12 represents a straight line through the
steady-state data, as shown in Fig. 9. Typically, the slope, �Qt /�t,
in Fig. 9 is determined by best-fit linear regression of the steady-
state data and used to compute the effective diffusion coefficient,
D*, of the given solute species in accordance with Eq 12, or

D* � �	
�

�

Q

t
t

	��	
nC

L

ot
	� (13)

The retardation factor of the solute, Rd, is evaluated by deter-
mining the time tag, TL, that represents the intercept of the re-
gressed line through the steady-state data on the t-axis in Fig. 9.
The intercept, TL , is related to Rd by setting Qt � 0 in Eq 12 and re-
arranging the resulting expression for Rd as follows (Shackelford
1991):

Rd � 	
6

L

D
2

*
	TL (14)

where D* is determined previously from Eq 13.

Example Results

Some example results illustrating the performance of the testing
apparatus are presented herein based on two tests conducted on
separate 0.010-m-thick geosynthetic clay liner (GCL) specimens.
A GCL was chosen for testing due to the presence of sodium ben-
tonite, which is expected to exhibit measurable chemico-osmotic
efficiency based on previous studies (e.g., Kemper and Rollins
1966). In addition, GCLs commonly are used either individually or
as components of waste containment liners and cover systems
(Daniel 1993, Koerner 1994). The GCL used in this study is sold
commercially under the trade name Bentomat® (Colloid Environ-
mental Technologies Company (CETCO), Lovell, WY). The Ben-
tomat® GCL consists of a layer of granular sodium bentonite be-
tween two nonwoven polypropylene geotextiles held together by
needle-punched fibers. Although the bentonite is regarded as a
sodium bentonite, the results of the exchangeable cation measure-
ments presented in Table 1 indicate that an appreciable amount of
calcium (Ca2�) is present also on the exchange sites of the ben-
tonite. The procedures associated with measurement of the ex-
changeable cations shown in Table 1 are described in detail by
Shackelford and Redmond (1995).

Circular GCL specimens were cut from a larger GCL sheet,
placed in the testing cell, and permeated under back pressure with

a processed tap water (PTW) to saturate the specimen, remove ex-
cess soluble salts, and measure hydraulic conductivity. The PTW
was processed by passing tap water through three Barnstead® ion
exchange columns in series, resulting in no measurable potassium
or chloride, a measured pH of 6.93, and a measured electrical con-
ductance (EC) of 0.32 mS/m at 25°C. At the beginning of each test,
PTW was circulated at both boundaries of the specimens (i.e., Cot

� Cob � 0) at a flow rate of 4.2 � 10�10 m3/s for approximately
4.5 days to establish a steady baseline pressure difference. The
chemico-osmotic tests then were initiated by circulating 0.0087 M
KCl (� Cot) in the top piston in Test 1 (L � 0.010 m, n � 0.79) and
0.047 M KCl (� Cot) in Test 2 (L � 0.010 m, n � 0.78), while
maintaining Cob � 0 in the base pedestal for both tests.

Chemico-Osmotic Efficiency Coefficient

Although the actual pressure differences, �P, induced across the
GCL specimens are less than zero due to sign convention, the mea-
sured induced pressure differences are plotted as positive values
(i.e., ��P  0) versus time in Fig. 10. The baseline pressure dif-
ference, ��Po, during the first 4.5 days of PTW circulation at both
specimen boundaries (i.e., Cot � Cob � 0) reached steady values of
approximately 2.5 kPa and 4.0 kPa, respectively, in the two tests.
Introduction of 0.0087 M KCl into the top piston in Test 1 after 4.5
days resulted in an immediate and rapid increase in the pressure
difference as shown in Fig. 10a, which reached a steady value,
��Pss, of 22.2 kPa. Introduction of 0.047 M KCl into the top pis-
ton in Test 2 after 4.5 days resulted in a steady value, ��Pss, of
32.0 kPa, as shown in Fig. 10b.

The nonzero baseline pressure difference measured while Cot �
Cob � 0 in the two tests is similar to that observed by Olsen (1969),
as indicated in Fig. 1 (i.e., �H  0 for CB/CT � 1 and Q/t � 0), and
discussed by Olsen (1985) and Olsen et al. (1985). Possible reasons
for this nonzero baseline pressure difference include the existence
of very small flow rates through the specimen that constitute small
deviations from the q � 0 condition assumed in the test (e.g., due
to slight differences in the dimensions of the actuators), and/or dif-
ferences in the hydraulic properties of the porous stones at the op-
posite ends of the specimen. In either case, this nonzero baseline
pressure difference should not be included when evaluating
chemico-osmotic efficiency. Therefore, evaluation of � at steady
state is based on the corrected ��P (i.e., �(�Pss � �Po) of 19.7
kPa in Test 1 and 28.0 kPa in Test 2 (see Fig. 10).

The concentrations of K� and Cl� in circulation outflow from
the top piston and base pedestal in the two tests are shown in Figs.
11 and 12, respectively. The results for Test 1 (i.e., Cot � 0.0087 M
KCl) in Fig. 11 show that the average concentrations in the top pis-
ton and base pedestal at steady state are C�t,ss � 295 mg/L and C�b,ss

� 10.5 mg/L, respectively, for Cl�, and C�t,ss � 326 mg/L and C�b,ss

� 11.0 mg/L, respectively, for K�. The results for Test 2 (i.e., Cot

� 0.047 M KCl) in Fig. 12 show that the average concentrations at
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FIG. 9—Schematic illustration of steady-state diffusion test results.

TABLE 1—Exchangeable cation concentrations for bentonite in
Bentomat® GCL.

Concentration
Exchangeable Cation (meq/100 g Dry Soil)

K� 0.8
Na� 31.0
Ca2� 20.8
Mg2� 6.4



steady state in the top piston and base pedestal are C�t,ss � 1770
mg/L and C�b,ss � 118 mg/L, respectively, for Cl�, and C�t,ss � 1950
mg/L and C�b,ss � 125 mg/L, respectively, for K�. Based on these
average concentrations, values of ����� across the specimens at
steady state are 39.9 kPa in Test 1 and 201 kPa in Test 2 (see Eq
10). The resulting values of � at steady state are 0.49 (i.e., 19.7
kPa/39.9 kPa) in Test 1 and 0.14 (i.e., 28.0 kPa/201 kPa) in Test 2.
These results are consistent with previous results for bentonite in
that � decreases with increasing average solute concentration
across the soil (e.g., Kemper and Rollins 1966).

The time required to achieve a steady induced pressure differ-
ence response is approximately six days in Test 1 (Fig. 10a) and 16
days in Test 2 (Fig. 10b). This time also corresponds essentially to
the time required to achieve steady electrical conductance (EC) in
the base pedestal in the two tests, as shown in Fig. 13. The steady
EC indicates a steady concentration of total ions (i.e., anions plus
cations) diffusing into the base pedestal. The correlation between
the steady induced pressure difference and the steady EC is ex-
pected since the chemico-osmotic pressure difference, ��, that
controls the induced pressure difference for a given � (i.e., �P �
����), is a function of the difference in total solute concentration
across the specimen in accordance with the van’t Hoff expression
(Eq 2).

Diffusion of the nonreactive species (i.e., Cl�) represents the
contribution of anions to the measured EC values in the base
pedestal shown in Fig. 13. However, during the transient stage of
the test, diffusion of the reactive species (i.e., K�) represents only
a portion of the total cation contribution to the EC values in the
base pedestal. For example, the results in Figs. 11 and 12 show that
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FIG. 10—Pressure differences induced across 0.010-m thick GCL spec-
imens: (a) Test 1; (b) Test 2.

FIG. 11—Boundary concentrations of chloride and potassium versus
time for chemico-osmotic Test 1 (Cot � 0.0087 M KCl).

FIG. 12—Boundary concentrations of chloride and potassium versus
time for chemico-osmotic Test 2 (Cot � 0.047 M KCl).



steady K� concentrations in the base pedestal are observed much
later than steady Cl� concentrations. Under the assumption that
this delayed transport of K� is due to ion exchange, the adsorption
of K� to the bentonite during this transient stage must be accom-
panied by desorption of the same number of equivalents of ex-
changeable cations in order to maintain electroneutrality in solu-
tion (Shackelford et al. 1999). As previously noted in Table 1, the
dominant exchangeable cations associated with the bentonite of the
GCL used in this study are Na� and Ca2�. Although K� is more
likely to exchange with Na� relative to Ca2� on the basis of charge
(Mitchell 1993), the desorption of either Na� or Ca2� should result
in a similar contribution to the overall EC in the base pedestal since
the equivalent ionic conductances of Na� and Ca2� are similar
(Shackelford et al. 1999).

Effective Diffusion Coefficient, D*

The results of the steady-state method to determine the effec-
tive diffusion coefficient, D*, and the retardation factor, Rd, for
Test 1 (i.e., Cot � 0.0087 M KCl) are shown in Fig. 14. Steady-
state diffusion into the base pedestal was observed after 144 h (6
days) for Cl� and after 912 h (38 days) for K�, based on the con-
centrations shown in Fig. 11. The slopes, �Qt/�t, obtained from
linear regression of the steady-state data are 2.82 � 10�6 g/m2/s
for Cl� and 2.43 � 10�6 g/m2/s for K�. The resulting D* values
for Cl� and K� are 1.16 � 10�10 m2/s and 0.907 � 10�10 m2/s,
respectively. The closeness in the D* values for Cl� and K� is
consistent with the requirement that these D* values must be the
same at steady-state diffusion due to electroneutrality (Shack-
elford and Daniel 1991). In addition, these values of D* are sim-
ilar to the steady-state salt (KCl) D* values reported by Jess-
berger and Onnich (1994) for sand, gravel, and bentonite mixtures
containing 14.4 percent sodium bentonite. For example, Jess-
berger and Onnich (1994) reported salt D* values for 0.05 M KCl
and 0.2 M KCl of 1.23 � 10�10 m2/s and 1.34 � 10�10 m2/s, re-
spectively. However, the measured D* values in this study do not
account for the coupling effect that results from the salt sieving
associated with clay membrane behavior (e.g., Groenevelt et al.
1980).

Retardation Factor, Rd

The TL values for Test 1 based on linear regression of the data for
Cl� and K� in Fig. 14 are 56.6 h and 466 h, respectively. Thus,
from Eq 12 with L � 0.010 m, n � 0.79, and the previously re-
ported D* values, the measured values of Rd are 1.4 for Cl� and 9.1

for K�. Values of Rd for nonreactive (i.e., nonadsorbing) solutes,
typically anions such as chloride (Cl�), are expected to be unity
(i.e., Rd � 1) (e.g., Shackelford 1993). Therefore, the measured
value of Rd for Cl� is close to that expected for Cl�. Conversely,
the measured value of Rd for K� is consistent with the behavior of
a reactive (i.e., adsorbed) solute in which Rd  1. As noted earlier,
the adsorption of K� in this test likely is due to ion exchange with
Na� and/or Ca2� at the clay particle surfaces.

Discussion

Soil-Solution Interaction

Membrane behavior in a clay soil is characterized by the restric-
tion of ions from the soil pores. This restriction is caused by elec-
tric fields associated with the adsorbed ion layers (i.e., diffuse dou-
ble layers) surrounding adjacent clay particles that extend into the
pore space (Marine and Fritz 1981). The degree of ion restriction
and, thus, the chemico-osmotic efficiency of the soil is governed by
the thicknesses of these adsorbed layers. For example, the degree
of ion restriction is greatest (i.e., � � 1) when the adsorbed layers
of adjacent particles completely overlap in the pore space, leaving
no “free” space for solute transport.

The thickness of the adsorbed ion layer is influenced by pore
fluid chemistry factors such as ion concentration, valence, dielec-
tric constant, and temperature (Mitchell 1993). For example, an in-
crease in ion concentration in the pore water causes a decrease in
adsorbed layer thickness (Mitchell 1993). Therefore, an increase in
solute concentration in the pore water of a soil during a chemico-
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FIG. 13—Measured electrical conductance in circulation outflow from
base pedestal versus time in chemico-osmotic Tests 1 and 2.

FIG. 14—Results of steady-state method to evaluate the effective diffu-
sion coefficient (D*) and retardation factor (Rd) in chemico-osmotic Test 1
for chloride and potassium (Cot � 0.0087 M KCl, L � 0.010 m, n � 0.79).



osmotic test due to solute diffusion could result in a time-depen-
dent decrease in the chemico-osmotic efficiency.

In this study, the measured pressure differences, ��P (0),
shown in Fig. 10b for chemico-osmotic Test 2 (i.e., Cot � 0.047 M
KCl), increase to 40 kPa after approximately three days, but subse-
quently decrease before reaching a steady value of 32 kPa. The de-
crease in ��P in this test may be due to a time-dependent decrease
in chemico-osmotic efficiency of the specimen as the KCl diffuses
from the top piston into the base pedestal. Conversely, a time-de-
pendent decrease in ��P was not observed in Test 1 (see Fig. 10a),
probably because the solute concentration (i.e., 0.0087 M KCl) was
not sufficiently high to cause a significant change in adsorbed layer
thickness.

The potential for a time-dependent change in chemico-osmotic
efficiency may be reflected indirectly through a change in hy-
draulic conductivity since an increase in electrolyte concentration
also may result in an increase in hydraulic conductivity for rela-
tively highly reactive clay soils, such as the sodium bentonites
commonly used in GCLs (Shackelford et al. 2000). Therefore, the
hydraulic conductivity of each GCL specimen was measured both
before and after chemico-osmotic testing for comparison.

The results of these hydraulic conductivity measurements are
shown in Fig. 15 for specimens subjected to Cot � 0.0087 M KCl
(Test 1) and Cot � 0.047 M KCl (Test 2) during the chemico-os-
motic tests. The results show that the hydraulic conductivity of the
specimen subjected to 0.0087 M KCl during the chemico-osmotic
test increased 36% from ~ 1.1 � 10�11 m/s before testing to ~ 1.5
� 10�11 m/s after testing. However, the hydraulic conductivity of
the GCL specimen subjected to 0.047 M KCl during the chemico-

osmotic test increased 61% from ~ 9.1 � 10�12 m/s before testing
to ~ 1.5 � 10�11 m/s after testing. The slightly greater increase in
kh for the specimen subjected to the higher concentration of 0.047
M KCl is consistent with a greater decrease in adsorbed layer thick-
ness during the chemico-osmotic test that also is likely responsible
for the time-dependent decrease in ��P in Fig. 10b.

Circulation Rate

At t � 0 in a chemico-osmotic test, the initial difference in
chemico-osmotic pressure, ��o, computed in accordance with Eq
2 based on the initial concentrations, Cot and Cob, of all solutes in
the circulated solutions, or

��o � RT∑
N

i�1

(Cob,i � Cot,i) (15)

represents the maximum possible (absolute) value of �� that can
be maintained across the specimen. At t  0, the value of �� and,
thus, the induced �P are related to the rate of diffusion relative to
the circulation rate of the electrolyte solutions at the specimen
boundaries. For example, “perfectly flushing” boundary conditions
are applied by imposing a sufficiently rapid circulation rate such
that the changes in solute concentration at the specimen boundaries
due to diffusion are negligible. In this case, C�t � Cot, C�b � Cob and,
therefore, ���� � ��o throughout the test. Conversely, if no attempt
is made to maintain the boundary concentrations, diffusion will re-
sult in a decrease in solute mass in the top piston and an increase in
solute mass in the base pedestal until C�t � C�b and �� � 0 at steady
state. Likewise, any induced pressure difference, ��P, that is gen-
erated during the transient stage of the test also will dissipate to
zero at steady state (e.g., see Keijzer et al. 1997).

In this study, the circulation rate at the specimen boundaries was
4.2 � 10�10 m3/s in both Test 1 and Test 2. This circulation rate
was not sufficient to mimic “perfectly flushing” boundary condi-
tions in either test, since C�t � Cot and C�b  Cob at steady state in
both cases (see Figs. 11 and 12). However, the transient reduction
in �� over time is greater in Test 1 than in Test 2. For example, val-
ues of ���o in Test 1 (Cot � 0.0087 M KCl and Cob � 0) and Test
2 (Cot � 0.047 M KCl and Cob � 0) are 43.0 kPa and 234 kPa, re-
spectively. Therefore, at steady state, ����� in Test 1 (39.9 kPa) is
7.2% lower than ���o, whereas ����� (201 kPa) is 14% lower
than ���o in Test 2. The greater influence of diffusion on ����� in
Test 2 is due to the higher concentration gradient and resulting
greater diffusive mass flux relative to Test 1. The greater reduction
in ����� in Test 2 may be responsible, in part, for the increase and
subsequent decrease in the transient differential pressure response
(Fig. 10b), and the corresponding longer time required to achieve a
steady ��P (16 days) relative to Test 1 (6 days).

Use of the initial chemico-osmotic pressure difference, ��o,
rather than the average chemico-osmotic pressure difference, ����,
to evaluate � is more convenient, since values of ��o are computed
easily based on the initial boundary solute concentrations (Eq 15).
Therefore, evaluation of � based on ��o eliminates the need to
measure solute concentrations, Cb and Ct, in the circulation outflow
from the base pedestal. For example, in this study, the values of �
based on ��o rather than ���� are 0.46 (i.e., 19.7 kPa/43.0 kPa) in
Test 1 and 0.12 (i.e., 28.0 kPa/234 kPa) in Test 2. These values of
� are only slightly lower than the values of � based on ���� (0.49
and 0.14, respectively). Nonetheless, the differences in these � val-
ues represent the error associated with ignoring the influence of so-
lute diffusion. This error can be reduced further by increasing the
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FIG. 15—Hydraulic conductivity of GCL specimens before and after
chemico-osmotic tests: (a) Cot � 0.0087 M KCl; and (b) Cot � 0.047 M
KCl.



circulation rate to reduce changes in the boundary solute concen-
trations. A faster circulation rate also could reduce the time re-
quired to achieve steady-state conditions. However, a circulation
rate that is too rapid will dilute the concentrations of solutes dif-
fusing from the specimen such that the ability to measure the solute
mass flux into the base pedestal required for determination of D*
and Rd may be prohibited. Therefore, the optimal circulation rate
should be sufficiently rapid to minimize changes in the boundary
solute concentrations due to diffusion and to allow � to be deter-
mined more conveniently based on ��o, but sufficiently slow to al-
low a measurable accumulation of solute mass into the base
pedestal for determining D* and Rd.

Summary and Conclusions

The design and performance of a testing apparatus to measure
chemico-osmotic efficiency coefficients, �, for clay soils in the
presence of electrolytes is described. The testing cell that contains
the soil specimen consists of a rigid cylinder, top piston, and base
pedestal. The top piston and base pedestal are equipped with ports
for measuring pressure differences across the specimen and for
continuous circulation of different electrolyte solutions at the spec-
imen boundaries. Electrolyte circulation is provided under con-
stant-volume conditions using a dual-carriage flow-pump system
with custom actuators (syringes) that facilitate infusion and with-
drawal of the solutions across opposite specimen boundaries at
identical rates, while preventing solution flux through the soil spec-
imen. Thus, pressure differences are induced across the soil speci-
men due to the prevention of chemico-osmotic flux of solution
through the soil that otherwise would occur as a result of the con-
trolled difference in electrolyte concentration. This concentration
difference represents a difference in chemico-osmotic pressure
across the specimen that can be estimated using the van’t Hoff ex-
pression. The chemico-osmotic efficiency coefficient, �, repre-
sents the ratio of the induced pressure difference, �P, relative to the
chemico-osmotic pressure difference, ��.

The concentration difference applied by circulating the different
electrolyte solutions at the specimen boundaries also represents a
driving force for diffusion from the higher concentration boundary
to the lower concentration boundary. Measured electrolyte concen-
trations in the circulation outflow from the lower concentration
boundary can be used to determine the effective diffusion coeffi-
cient, D*, and the retardation factor, Rd, for the solutes based on the
steady-state approach.

The results of chemico-osmotic tests conducted on geosynthetic
clay liner (GCL) specimens in the presence of KCl solutions indi-
cate that the differential pressure response may be influenced by
(1) time-dependent changes in chemico-osmotic efficiency due to
soil-solution interactions, and (2) the circulation rate of the elec-
trolyte solutions at the specimen boundaries relative to the rate of
solute diffusion through the soil. The induced pressure difference
is related directly to the difference in chemico-osmotic pressure,
��, that is a function of the difference in electrolyte concentrations
circulated at the opposite specimen boundaries. Solute diffusion
through the soil results in a decrease in electrolyte concentration at
the higher concentration boundary and an increase in electrolyte
concentration at the lower concentration boundary. The overall ef-
fect is a net decrease in ��, that likely is responsible, in part, for
the initial increase and subsequent decrease in the induced pressure
difference across a GCL specimen subjected to 0.047 M KCl. In
general, changes in the boundary concentrations and, therefore,
��, due to diffusion can be reduced or eliminated by increasing the

circulation rate. A faster circulation rate also may reduce the time
required to achieve steady-state conditions. However, the circula-
tion rate should be sufficiently slow to allow measurement of so-
lute mass flux at the lower concentration boundary for evaluating
the solute transport parameters (D* and Rd).
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