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Abstract. A new method for calculation the membrane efficiency coefficient w of compacted clay is

proposed in this paper. The influence of fixed negative charge on the surface of clay minerals is considered.

What’s more, the change of porosity during deformation is considered. Based on the chemical potential of
specimens, the true ion concentration in pore-water is obtained. Based on the true ion concentration in pore

water, the disjoining pressure considering fixed negative charge inside soils and the change of void ratio is
proposed. A new calculation method for the membrane efficiency coefficient of compacted clay is established.

The test data of w considering different porosity are calculated and the calculated results are compared with

the traditional calculation methods. The new calculation methods of w provide a more physical-based theory

for environmental geotechnical engineering.

1 Introduction

Membrane efficiency coefficient is the behaviour of
porous medium to restrict the migration of solutes. Due to
the semi-permeable membrane behaviour, compacted clay
has been used as the engineering barriers in environmental
geotechnical engineering (landfill, high-level nuclear
waste disposal, et al.) to inhabit the migration of solutes
harmful to humanity [1]. Therefore, the research of the
membrane efficiency coefficient of compacted clays is
essential for the safety of the environmental geotechnical
engineering.

The membrane efficiency coefficient of compacted
clay can be affected by many factors (such as the porosity,
the concentrations of ions in pore-water, the mineral
composition). [2,3] Extensive experimental research work
on membrane behaviour of compacted clay has been
carried out by researchers [4,5]. And experimental results
have shown that the membrane behaviour of compacted
clay would be enhanced with the decrease of the porosity
[6,7], the increase of the bentonite content [8], and the
decrease of pore-fluid concentration [9-11].

Theoretical work on membrane properties of
compacted clay has been carried out by researchers. The
theoretical expression of membrane efficiency coefficient
wis [12,13]

o=22 (1)
Arx

Where Ap is the measured pressure difference between
the two boundaries of the tested specimen, Ax is the
theoretical pressure difference between the two
boundaries of the tested specimen. However, until now,

2 Corresponding author: cfwei@whrsm.ac.cn.

the van’t Hoff equation has been used to calculate the
theoretical pressure difference of the tested specimen by
most researchers [14]. The expression of van’t Hoff
equation is

A =vRTAC 2)

Where v is the quantity of ions per mole of the pore-
salt (i.e. for KCI, v=2), R is universal gas constant (8.314
J mol™' K™), T is Kelvin temperature (K), AC is the
concentration difference of pore-salt between the top and
bottom boundaries of the tested sample. Two forms of
pore-salt concentration difference are adopted by
researchers: the first form is the concentration difference
between the boundaries of tested sample in the initial state
ACy (the corresponding theoretical pressure difference and
membrane efficiency coefficient are Az and wy), the other
form is the average concentration difference between the
boundaries of tested sample in the average state ACaye (i.e.
the average ion-concentration of initial and steady state,
and the corresponding theoretical pressure difference and
membrane efficiency coefficient are Azzye and waye).

As mentioned above, the tested results have shown the
membrane characteristics of compacted clay are affected
by many factors. However, the pore-fluid is ideal fluid is
assumed in the van’t Hoff equation, which was improved
by Fritz et al. through the activity of the pore-water [14].
What’s more, the true ion-concentration in pore-water and
the effect of deformation are not considered by the above
theoretical chemico-osmotic pressure difference.

A new calculation method of membrane efficiency
coefficient w is proposed in this paper. The true ion-
concentration in pore-fluid and the effect of deformation
are considered in the new theoretical chemico-osmotic
pressure difference and membrane efficiency coefficient.
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2 The calculation of the membrane
efficiency coefficient

2.1 The movable ions in pore-water

As shown in Fig.1, fixed negative charge exists on the
surface of the clay mineral due to the isomorphic
substitutions and complexation reactions [15]. Part of the
positively charged cations would be attracted near the
surface of the clay mineral under the electric field of fixed
negative charge. As a result, part of the positively charged
cations cannot move with the flow of pore-fluid. Therefore,
the actual pore-ion concentration is not the measured pore-
ion concentration. The pore-fluid that contain the movable
ions is defined as equilibrium solution.

Figl. lon distribution between clay layers

Based on the chemical potential of components in
pore-fluid, the true ion concentration in pore-water of clay
has been proposed by the authors [16-18]. KCI solution
has been used as the pore-solution in membrane behaviour
tests of compacted clay by researchers [4-9, 13].
Assuming that the pore solution is a KCl solution, the true
concentration of pore ions is

(€)

4)

Where ¢** and ¢ are the true concentration of K* and
CI' in pore-water, n is the porosity of the compacted clay,
¢ is the measured pore-salt concentration, cgx is fixed
charge density (mol/m3), which can be calculated by the
following equation

¢ =10xCECx p, &)

Where CEC is the exchangeable cation capacity
(mmol/100g), pq is dry density of compacted clay (g/cm?),
equals (1-n)Gs, where Gs is the specific gravity of
compacted clay.

2.2 The theoretical chemico-osmotic pressure

Based on the activity of pore-water, the theoretical
chemico-osmotic pressure can be represented by

liy0
— & ln(aﬂ) (6)

H,0 apw

l_ID

Where Mo is the molar mass of water (18 g/mol), aew
and apw are the activity of water (H,O) in equilibrium
solution and pore-fluid of clay. a=jx, where x is the mole
fraction of the specimen of water, y is nearly equals to 1 in
dilute solution [19]. Taking account the true concentration
of K* and CI" in pore-fluid, the new theoretical chemico-
osmotic pressure is

O]

The change of the proposed theoretical chemico-
osmotic pressure difference with different factors (pore-
salt concentration, porosity and fixed charge density) are
shown in Fig.2.

As shown in Fig.2, the influencing factors of
membrane characteristics of compacted clay (the
concentration of the pore-fluid, the porosity and the fixed
charge density of the compacted clay) can all be
considered in the new theory, which cannot be reflected in
the van’t Hoff equation.
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Fig2. The change of the proposed theoretical chemico-osmotic
pressure difference with different factors

2.3 The expression of the membrane efficiency
coefficient

Based on the proposed theoretical chemico-osmotic
pressure difference, the expression of the membrane
efficiency coefficient is
A :(HD)b _(HD)t (8)
Then the membrane efficiency coefficient can be
calculated by Eq.1.

3 Case studies

Membrane efficiency coefficient tests of compacted clay
considering different porosity conditions was researched
by Kang and Shackelford (2009, 2011) [6,7]. KClI solution
was used as the pore-solution. The CEC and G of the
compacted clay are 47.7 mmol/100 g and 2.43,
respectively. The tested condition and the tested results are
shown in table 1 (Where 7 is the porosity of the tested soil,
Cyo is the initial concentration of KCl solution on the top
boundary of the tested specimen while the bottom
boundary with distilled water (i.e. Cy,y=0 for all the tested
specimen), C; and C, are the concentrations of KCI
solution on the top and bottom boundaries of the specimen
at the steady state of the test).

Table 1. Parameter table of the membrane efficiency
coefficient tests

n Ap Cio Ci Gy
(kPa) (mmol/l) | (mmol/l) | (mmol/l)

0.8 8.117 3.9 2.68 0.63
0.8 9.007 6 4.12 1.25
0.79 8.572 8.7 5.81 2.19
0.79 4.903 20 12.9 6.31
0.79 2.29 47 30.3 15.2
0.8 9.476 39 3.22 0.41
0.8 10.966 | 6 4.84 1.12
0.8 11.034 | 8.7 6.91 1.93
0.8 11.028 | 20 14.7 5.25
0.79 11.159 | 47 33.5 13.6
0.77 12.062 | 3.9 3.25 0.441

The theoretical chemico-osmotic pressure difference
of the tests are calculated with three methods (the
calculation of wvan’t Hoff equation with initial
concentration difference and the average concentration
difference between the top and the bottom boundaries of
the specimen, the corresponding membrane efficiency
coefficient are wy and waye, and the proposed method are
calculated as well).

The calculated results of the proposed model are
shown in Fig.3. The results show that the membrane
efficiency coefficient increasing with the decreasing of the
porosity and the concentrations of KCl solution, which are
consistent with the previous research rules.
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Fig3. The calculated membrane efficiency coefficient w by the
new theory

The comparison of the different calculation models are
shown in Fig.4. The results show that the membrane
efficiency coefficient of compacted clay calculated by the
proposed theory are larger than the value calculated by
traditional calculation methods. The analysis of the results
is carried out below.

First of all, the initial concentration difference of KCl
solution between boundaries of tested sample are larger
than that in stable-state (part of the KCI component seeps
through the sample), which means that the calculated
chemico-osmotic pressure difference by van’t Hoff
equation using the initial ion-concentration difference is
larger than the true values, then the calculated membrane
efficiency coefficient wy is less than the true value.

The calculated membrane efficiency coefficient waye is
less than calculated value by the proposed model.
However, waye value is bigger than wy. The reason is that
the theoretical pressure difference Az is closer to the
true value compared with Az due to ACyye is closer to the
true ion-concentration difference compared with ACj,
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which means the calculated waye value is bigger than wy.
However, the influence of deformation on the specimen is
ignored by the calculation results wae and wop, which
means that the wye and wo are both smaller than the real
value of membrane efficiency coefficient (tested results
show that the membrane efficiency coefficient would
increase with the decrease of porosity). The theory
proposed by this paper is larger than the value of way. and
wo due to the consideration of the deformation of the tested
sample.
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Fig4. The comparison of the calculated results

4 Conclusion

A new theory for calculation the membrane efficiency
coefficient w of compacted clay is researched in this paper.
The true ion concentration of the pore-solution and the
influence of deformation are considered in the proposed
theory. The membrane efficiency coefficient of
compacted clay is calculated and compared with the
values calculated by van’t Hoff equation. The calculation
results show that the calculated membrane efficiency
coefficient value by van’t Hoff equation is conservative
due to ignoring the effect of deformation of the tested
sample.
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