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Abstract This study focuses on addressing the existence

of chemical osmosis in the clay samples of the aquitard in

the North China Plain (NCP). For this purpose, chemical

osmotic experiments in the clay samples collected from the

aquitard in the NCP were implemented to estimate the

reflection coefficient or chemico-osmotic efficiency in

clayey sediments. More specifically, under a certain

chemical potential gradient, the reflection coefficients

were, respectively, achieved by measuring the osmotic

flow and the induced pressure in terms of the two sets of

undisturbed clay core samples and their remolded clay

samples equipped in a rigid wall permeameter. The mea-

sured reflection coefficient is the value of 0.023 for in situ

clay sample, much smaller than that of 0.098 for remolded

sample. Also, the constant-head tests for determining the

hydraulic conductivity of clay samples were conducted

before and after the osmotic tests. It is indicated that the

permeability of the remolded sample is smaller than the

undisturbed sample in both periods. Moreover, a chemical

osmosis continuum model was used to fit the evolution of

the osmotically driven hydraulic pressure in the clay

samples where more intrinsic parameters of the samples

were calibrated. Additional analysis demonstrates the

sensitivity of the osmosis pressure to the different param-

eters input to the model for the in situ clay sample. This

study could provide a reliable basis for further evaluating

the role of clay sediments in the desalination of shallow

saline groundwater and salinization of deeper fresh

groundwater in the NCP.

Keywords Chemical osmosis � Reflection coefficient �
In situ clay sample � Remolded clay sample � Continuum
model

Introduction

Sediments with high clay content often show the properties

of semi-permeable membrane. Sediments in regions with

low permeability and concentration gradient can lead to

chemical osmosis, thus resulting in osmotic flow and

abnormal hydraulic head pressure (Olsen 1969; Barbour

and Fredlund 1989; Neuzil 2000; Cey et al. 2001; Keijzer

and Loch 2001; Malusis et al. 2003; Loch et al. 2005, 2010;

Takeda et al. 2014). Chemical osmosis is of great impor-

tance to environmental science and geotechnical engi-

neering. Chemical osmosis effect shows the significant

impact on water flow, pore water pressure, and solute

transport in the soil and chemical environment with low

permeability. Therefore, the studies of membrane proper-

ties of clayey soils are of important theoretical significance

to the clay barrier design for controlling salt water intrusion

in offshore areas, waste landfills, and contaminated sites.

Moreover, the studies of viscous soils are of practical value

in cleaning contaminated soil and borehole stability

applications.

The semi-permeable membrane ability is usually quan-

tified in terms of the chemico-osmotic efficiency (Malusis

and Shackelford 2002; Malusis et al. 2003; Yeo et al. 2005)

or reflection coefficient (Kemper and Rollins 1966; Keijzer

et al. 1999; Keijzer and Loch 2001). For the ideal clay

medium which can completely restrain solute, the
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reflection coefficient is equal to 1; for the clay medium

with non-selective semi-permeable membrane efficiency,

the reflection coefficient is equal to 0, indicating that the

chemical osmosis does not exist. In reality, the coefficient

of the chemical osmosis efficiency for the clay media is

generally between 0 and 1.

In many laboratory tests, the determination of chemical

osmosis efficiency coefficient of remolded clay confirmed

that clay was characterized by the semi-permeable mem-

brane efficiency (Marine and Fritz 1981; Fritz and Marine

1983; Barbour and Fredlund 1989; Keijzer and Loch 2001;

Olsen 2003; Malusis and Shackelford 2004; Hart et al.

2008; Kang and Shackelford 2009; Oduor et al. 2009)

Through laboratory tests of bentonite and compacted

dredged mud (clay mass fraction of 56 %), Keijzer and

Loch (2001) observed chemical osmosis phenomenon and

the measured chemical osmosis efficiency coefficient was,

respectively, 0.015–0.030 and 0.019–0.022. In the mud

with clay mass fraction of 26 %, the chemical osmosis

phenomenon was not observed, indicating that chemical

osmosis efficiency was decreased or even declined to zero

with the decreasing clay content. Moreover, Fritz and

Marine (1983) found that chemical osmosis efficiency

coefficient of sodic expansive soil reached 0.89 under the

low porosity and low concentration gradient. On the con-

trary, chemical osmosis efficiency coefficient reached

0.042 under the high porosity and concentration gradient.

Similarly, other researchers (Malusis and Shackelford

2002; Yeo et al. 2005) carried a series of multiple-stage

chemico-osmosis tests and found chemical osmosis effi-

ciency coefficient gradually decreased when KCl concen-

tration gradient between the two ends of clay samples was

gradually increased. The results indicated that pore water

concentration would affect clay membrane efficiency and

the chemical osmosis efficiency coefficient decreased with

the increasing of pore water concentration. In some other

laboratory tests, undisturbed in situ clay also showed the

semi-permeable membrane effect (Cey et al. 2001; Oduor

and Whitworth 2004; Henning et al. 2006). With undis-

turbed soil samples from the soil depth of 88–123 m, Cey

et al. (2001) quantitatively analyzed chemical osmosis

capability through the measurements of hydraulic gradient

and volumetric change within certain concentration range

and obtained the chemico-osmotic efficiency (or reflection

coefficient) ranging from 0.0028 to 0.42. Henning et al.

(2006) found that two kinds of expansive soil from the

construction sites in New Jersey and Delaware showed the

membrane performance which was equivalent to the

membrane performance of remolded soil. The membrane

performance increased with the decrease of porosity and

the increase of clay content. Field evidences of the clay

semi-permeable membrane efficiency were shown in the

form of the abnormal hydraulic head pressure in the clay-

rich sedimentary basins (Hanshaw and Hill 1969; Hanshaw

1971; Kharaka and Berry 1974; Marine and Fritz 1981;

Fritz 1986). Recently, Neuzil (2000) drilled four wells in

Dakota shale (pore water content of 3.5 g/L) in Middle

America and added water solutions with different con-

centrations (35 g/L for two solutions; 3.5 g/L for one

solution; deionized water for another) into various wells.

Neuzil (2000) monitored water table and total dissolved

solids (TDS) in the wells for 9 years and found that heads

in the wells with saline water increased to a maximum of

2 m compared to the one with duplicate pore water due to

chemical osmosis effect. The monitoring results provided

the direct field test proof for chemical osmosis effect.

Similarly, Noy et al. (2004) suddenly changed water con-

centration in Jurassic clay in a stabilized sealed well in

Switzerland observed the significant change in hydraulic

head pressure, providing the similar direct field evidence of

the clay semi-permeable membrane effect.

The assessment methods of clay membrane efficiency

were mostly established on the Donnan Equilibrium Con-

cept, the Teorell–Meyer Filtration Theory and the Gouy–

Chapman Theory of the Diffuse Double Layer (Keijzer

2000). The assessment methods were proposed to explore

the influences of clay porosity, geometric model (shapes

and arrangement of the clay particles), cation exchange

capacity (CEC) of the clay, the water film thickness of the

clay particles, and the clay pore water concentration on

clay membrane efficiency. The chemical osmosis models

considering complex fluid flow and solute transport inclu-

ded the discontinuous model (Yeung 1990; Yeung and

Mitchell 1993; Olsen et al. 2000) and continuous model

(Greenberg et al. 1973; Sherwood and Craster 2000; Soler

2001; Garavito et al. 2002, 2006; Malusis and Shackelford

2002; Ghassemi and Diek 2003; Kooi et al. 2003; Bader

and Kooi 2005). In the discontinuous model, the membrane

efficiency was usually evaluated through the determination

of pressure gradient across the clay and the concentration

difference (including constant flow rate state and non-flow

state). This evaluation method has been widely used in the

calculation of the average membrane efficiency. The con-

tinuous equation is usually derived from unbalanced ther-

modynamic status. Considering the impact of concentration

gradient on the osmotic flow, combined with flow and

solute conservation equation, a set of differential equations

can be obtained to simulate and predict the changes of

solute concentration and hydraulic head pressure with time

and space. Greenberg et al. (1973) developed a one-di-

mensional model for characterizing the coupled salt and

water flows in the embedded solid layer of Oxnard Basins

in California, the United States. In the embedded solid

layer, chemical consolidation led to the sedimentation as

well as seawater intrusion into adjacent aquifers (Datta

et al. 2009). Soler (2001) carried out simple one-
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dimensional transport simulation including thermal and

chemical osmosis, hyperfiltration and thermal diffusion to

study the radionuclide transport from a repository of

nuclear waste in the Opalinus Clay, Switzerland. Sherwood

and Craster (2000) proposed the three-parameter controlled

transient flow model to interpret testing results of clay

membrane performance and simplified transport behaviors

of water flow and solutes passing through the clay mem-

brane. Malusis and Shackelford (2002) proposed a complex

continuous transfer model for the exchange among various

anions or cations. Through the comparison of the chemical

osmosis testing data and the data obtained with conven-

tional convection–dispersion equations and the model, it

was found that the data obtained with the model were

consistent with testing results. The model can only interpret

the result for the case of the chemical osmosis efficiency

coefficient equal to zero. Thus, this model cannot reflect

the relationship between the coefficient of chemical

osmosis efficiency and the concentration of solutions.

This paper is intended to investigate the existence of

chemical osmosis in the aquitard where is the vertical

mixing zone between the shallow aquifer containing saline

groundwater and the deeper aquifer containing fresh

groundwater in the North China Plain (NCP) and to further

determine the coefficient of chemical osmosis efficiency

associated with the aquitard of interest. To achieve the

goal, clay samples including in situ and remolded samples

collected from the aquitard of interest and subjected to

chemical osmosis experiments. Moreover, based on the

monitoring chemical osmotic pressures in the experiments,

the numerical simulation model for fluid flow and solute

transport in the clay samples is conducted to identify the

intrinsic parameters of clay. This work provides the reliable

basis for further evaluating the effect of the chemical

osmosis in clayey sedimentary aquitards on the desalina-

tion of shallow saline groundwater and salinization of

deeper fresh groundwater in the NCP.

Experimental design and testing procedures

Sampling site

The sampling site, a groundwater test base of Ministry of

Land and Resources of China, is located at Shenzhou

County of Hengshui City, Hebei Province in the NCP

(Fig. 1). The topography is alluvial-proluvial plain with flat

terrain and the elevation of about 20 m above sea level.

Geographic position of the test base is bounded by latitude

37�54021.500–37�540 26.500 north, and longitude

115�40042.300–115�40049.300 east. The study area is char-

acterized by the complicated geological and hydrological

conditions. Groundwater can be vertically divided into five

groups of aquifers from top to bottom. The uppermost

aquifer is unconfined aquifer group containing highly

mineralized salt water; and the other four aquifer groups

contain deep confined fresh water. The test base is a rep-

resentative location for investigating the downward

movement of shallow saltwater in NCP. Many previous

studies (Fei 1988; Wang et al. 2008, 2012; Cao et al. 2013)

have focused on the investigation of the hydrogeological

and hydraulic mechanisms related to the downward

movement of saltwater in the NCP. However, the role of

chemical osmosis phenomenon has never been discussed in

renewability and sustainability of groundwater resources in

the NCP.

Experimental design and testing procedures

The used clay samples in the experiments were the

Pleistocene clayey sediments taken from sample cores of

Shenzhou borehole TW2 at depth 87.1–87.3 m below

ground surface (Fig. 1). The clayey sediments at this

depth form the aquitard between the shallow aquifer

(Aquifer 1) containing saline groundwater and the deeper

aquifer (Aquifer 2) containing fresh ground water in the

area. For the sake of simplicity, the salt water solution

selected in the experiments was tested with 8.9 g/L

(0.152 mol/L) NaCl solution, approximately equivalent to

the maximum TDS of the groundwater in the concerned

shallow aquifer.

In the experiments, the reflection coefficient r was

evaluated through the measurement of water flow and

abnormal hydraulic head caused by chemical potential

gradient in the clay. The experimental device as illustrated

in Fig. 2 is composed of a permeameter and two connected

reservoirs. The permeameter consists of three parts: two

end caps and one O-ring (a mechanical gasket designed in a

toric shape). These three parts are fixed together to form a

unified whole with four stainless steel screws. Each end cap

contains one chamber which can accommodate one piece

of 1.5-cm-thick porous stone with the diameter of 5 cm.

Each end cap is equipped with two ports which are con-

nected via one peristaltic pump and reservoirs to form and

maintain the constant chemical potential gradients at both

ends. Each reservoir is equipped with the devices as

follows:

(1) A scaled burette to measure the water exchange

capacity between the two reservoirs; (2) a pressure sensor

to monitor pressure changes inside the reservoir; (3) a

pressure valve to limit the maximum pressure inside the

reservoir; (4) a pressure port to control the pressure inside

the reservoir to simulate the burial pressure environment of

clay samples; (5) a low-flow peristaltic pump for water

exchange between end cap and the reservoir; and (6) a

pressure difference sensor was fixed to detect the pressure
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difference between the two reservoirs. Moreover, the whole

equipment is placed in the environment with a temperature

between 18 and 22 �C to prevent temperature gradient

affecting the sensor accuracy. Under this temperature

condition, the measurement error of the pressure sensor

caused by the temperature is less than 1 % of relative error

and should be neglectable accordingly.

To begin the experiments, the clay samples must be

properly loaded into the permeameter and fixed with bolts

(see Fig. 2). The in situ clay was carefully cut into the

proper size. Then the remaining clay was cut into remolded

samples with the identical size and porosity.

The experimental procedure can be briefly described as

follows. First of all, circulating distilled water was supplied

at both ends of the sample to saturate clay samples and

remove the dissolved salts in clay samples. Then the

hydraulic conductivity of clay samples was measured

before and after the chemical osmosis test. In this study, the

falling head method is used for measurement of the

hydraulic conductivity of clay samples. In this method, a

constant pressure of 10 kPa is added at one end of the

reservoir under the same solution concentration of both

ends, and the water flow through the clay sample can be

measured by the burette installed on another end of the

reservoir. More detailed measurement of hydraulic con-

ductivity of clay with low permeability can be read from

Daniel (1984), Dunn and Mitchell (1984), and Benson and

Daniel (1990).

Following the measurement of hydraulic conductivity of

clay, chemical osmosis test consists of two stages: the open

reservoir stage and the closed reservoir stage. In both

stages, water flow circulation on one end was replaced by

the 8.9 g/L NaCl solution. Water flow (in the open reser-

voir stage) and abnormal pressure (in the closed reservoir

stage) is considered to be caused by the concentration

gradient. The osmotic pressure can be theoretically calcu-

lated by the van’t Hoff equation (Katzir-Katchalsky and

Curran 1965):

Dp ¼ mRTDC; ð1Þ

where m [-] is the ion type (m = 2 for NaCl); R [J/(mol K)]

is the thermodynamic constant (8.314); T [K] is the abso-

lute temperature; DC [mol/L] is the concentration differ-

ence. In this study, Dp was calculated to be 682 kPa.

Fig. 1 The location of the

sampling well (red-filled circle)

at the test base site in the North

China Plain and the geological

profile of the sampling well

showing the position of clayey

sediments (red-filled) sampled

for the experiment
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Results and discussion

The measurement results of the clay permeability are

shown in Table 1. For the two sets of samples, the

results measured before the chemical osmosis experi-

ments were lower than those measured after the same

experiments. First, the increasing water concentration

after the test completion lowers the dynamic viscosity

and increases clay permeability. Afterward, the

increasing pore water concentration leads to flocculation

effect in clay particles, which facilitates the liquid to

pass through clay samples. In the two samples, the per-

meability of in situ clay was significantly higher than

that of remolded clay before and after the test because

the sorting of clay particles became better after clay

remodeling for the remolded clay.

As expected, the two samples showed the membrane

efficiency under concentration gradient. In the rigid wall

permeameter, the change of clay volume can be ignored.

Chemical osmosis reflection coefficient can be calculated

by Eq. 2 (Katzir-Katchalsky and Curran 1965):

r ¼ DP
Dp

; ð2Þ

where r [-] is the reflection coefficient; DP [Pa] is the

directly or indirectly measured real osmotic pressure

caused by the chemical concentration gradient.

In the open stage of the reservoir, DP was determined by

measuring water flow driven by the osmotic pressure. It is

assumed that hydraulic head gradient is negligible and only

chemical concentration gradient exists, DP was determined

with the Darcy’s Law (Barbour and Fredlund 1989; Keijzer

et al. 1999; Keijzer and Loch 2001):

Fig. 2 Schematic diagram of

testing apparatus: the equipment

package includes a rigid wall

permeameter connected with

two stainless steel reservoirs.

The hydraulic conductivity of

clay samples was obtained by

measuring the water flux and the

hydraulic gradient between two

reservoirs. Solutions of different

concentrations were added to

the reservoirs, respectively, to

achieve a certain chemical

potential gradient. The chemical

reflection coefficient, r, was
estimated by measuring the

water flux (open reservoir

phase) and abnormal pressure

caused by the chemical potential

gradient

Table 1 Clay permeability and chemical osmosis coefficient

Sample for test Parameter value measured by the tests

k (910-19 m2) r (-)

Before* After Open** Closed

In situ clay 23 ± 5 37 ± 6 0.011 ± 0.0025 0.023

Remolded clay 8.9 ± 1 9.1 ± 2.1 0.083 ± 0.0092 0.098

* ‘‘Before’’ and ‘‘after’’ denote the measured permeabilities before

and after the chemical osmosis experiments, respectively. ‘‘23 ± 5’’

means the parameter value is the average of 23 with a deviation

ranging from -5 to ?5

** ‘‘Open’’ and ‘‘closed’’ denote the reflection coefficients obtained in
the stages of open and closed salt water reservoirs, respectively
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DP ¼ qgJwd
KhA

¼ lJwd
kA

; ð3Þ

where q [kg/m3] is the fluid density; g [m2/s] is the grav-

itational acceleration; d [m] is the clay thickness; Kh [m/s]

is the hydraulic conductivity; A [m2] is the area of the

samples; l [Pa s] is dynamic viscosity; k [m2] is the

intrinsic permeability. The obtained reflection coefficients

of chemical osmosis are shown in Table 1.

After the open reservoir stage, two reservoirs were

replaced by the initial solution. Then the salt water reser-

voir was closed. The changes of pressure in the salt water

reservoir (colored dots) caused by the chemical concen-

tration gradient are shown in Fig. 3a, b.

As shown in Fig. 3a, b, the osmotic pressure caused by

the chemical concentration gradient on both ends rapidly

increased with time. Then the osmotic pressure reached the

maximum value and declined gradually. Although the two

clay samples have the same porosity, osmotic pressure

measured in in situ sample reaches its maximum value

earlier than that recorded in remolded sample and the

maximum value in in situ clay is significantly lower than

that in remolded clay. The difference of osmotic charac-

teristics between the in situ clay sample and remolded clay

samples originates in their difference in clay particle

arrangement. The particle arrangement in in situ clay

samples is more complex and there often contains large

pores or tiny fractures (Dunn and Mitchell 1984). This

particle arrangement may increase the permeability of clay

samples, lower the chemical osmosis efficiency, and even

decrease the clay membrane efficiency.

The osmotic pressure slowly decreased after reaching

the peak value, indicating that clays with chemical osmosis

are non-ideal semi-permeable membranes and then the

solute cannot be completely blocked by the clay samples.

During the test, due to the dispersion effect, the high

concentration of ions gradually entered the reservoir with

low concentration of ions through the clay samples. Thus,

chemical potential gradient on both ends of the clay sample

was decreasing and the corresponding chemical potential

was also decreasing. On the other hand, due to the floc-

culation of clay particles, the electrical double layers

attached to the clay particles were contracted so that ions

can pass through the clay samples more easily.

As shown in Table 1, the reflection coefficients (r) of
chemical osmosis are different in the two stages. The value

of r measured in the open stage is slightly less than that in

the closed stage. The results can be interpreted as follows.

During the open stage, water was exchanged between the

two reservoirs and ions entered the reservoir with the low

ion concentration. On the contrary, in the closed stage,

water was not exchanged between the two reservoirs and

ions entered the reservoir through the ion diffusion.

Numerical simulation of chemical osmosis effect

Numerical modeling of chemical osmosis

The determination of chemical osmosis efficiency coeffi-

cient is based on the previously described discontinuous

model (Yeung 1990; Yeung and Mitchell 1993; Olsen et al.

2000; Malusis et al. 2003), which is unable to reflect the

change of pressure or concentration. Therefore, we adopted

the complex liquid flow and solute transport model pro-

posed by Garavito et al. (2006) to interpret the chemical

osmotic pressure curve observed in the experiment.

The model is derived from the unbalanced thermody-

namics equation. In the unbalanced thermodynamics the-

ory, different types of water flow Ji are driven by different

potentials (Bader and Kooi 2005):

Ji ¼
Xn

j¼1

Lijxj; ð4Þ

where Lij are the coupling coefficients that relate flows of

type i to gradient of type j. Since the model considers only

t (s)

0
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P 
(P
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Observed pressure for the in-situ clay
Calculated pressure for the in-situ clay

0 500000 1000000 1500000 2000000 2500000 3000000

0 1000000 2000000 3000000 4000000 5000000 6000000
t (s)
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28000

42000

56000
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Observed pressure for the remold clay
Calculated pressure for the remold clay

(a)

(b)

Fig. 3 The evolution of pressures in salt water reservoir (P) for

a in situ sample, and b remolded sample
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the hydraulic head gradient and chemical potential gradi-

ent, constitutive equations of the fluid and solute are as

follows:

Jv ¼
k

l
ðrq0gh� rrpÞ ð5Þ

Jms ¼ � Dð1� rÞrðqxÞ þ ð1� rÞqfxJv; ð6Þ

where Jv [m
3/m2s] and Jms [kg/m2s] are the water flow and

solute mass flow, respectively; h [m] is the hydraulic head;

D [m2/s] is the diffusion coefficient; x [-] is the mass

fraction of the solution; qf [kg/m
3] is salt water density.

On the right hand side of Eq. 6, the first item is the

diffusion item; the product rqfxJv is the ultrafiltration

item. If r = 0, the membrane efficiency does not exist and

the equation can be simplified as the traditional advection–

diffusion equation; if r = 1, then Jms = 0, which is the

same as with the fact that solute transport is completely

blocked by an ideal membrane.

The mass conservation equations are given by:

oðnqfÞ
ot

þ rðqfJvÞ ¼ 0 ð7Þ

oðnxqfÞ
ot

þ rJms ¼ 0: ð8Þ

Substituting the constitutive equations given by Eqs. 5

and 6 into the mass conservation equations given by Eqs. 7

and 8, we can derive the partial differential equations

describing the solute concentration and pressure with time

and space, respectively.

For this particular experiment dealt with a one-dimen-

sional problem, the governing differential equations can be

stated as the following equations proposed by Bader

(2005):

niSsi
oPi

ot
¼ k

l
o2Pi

ox2
� hi

o2C

ox2
ð9Þ

ni
oC

ot
¼ Di

o2C

ox2
; ð10Þ

where the composite parameter h = (rk/l)RTm is depen-

dent on a series of parameters; Ss [m-1] is the specific

storage, the subscript i is an identifier for the different

subdomains of the experiment domain (see Fig. 4), repre-

senting the parts I, II, and III for i = 1, 2, and 3,

respectively.

As mentioned above and shown in Fig. 4, the experi-

ment domain based on the closed reservoir stage is divided

into three parts: two porous stone areas and one sample

area. The porous stone on the left side (I, 0–0.015 m) was

soaked with circulating distilled water (C = 0); the porous

stone on the right side (III, 0.025–0.04 m) was soaked with

NaCl (0.152 mol/L); the middle part between the left and

right porous stones was filled with the clay sample (II,

0.015–0.025 m). As pointed out above, circulating distilled

water was supplied on both sides of the samples before

chemical osmosis test. Also, the pore water concentration

in clay sample can be considered to be 0.

For the one-dimensional numerical model, the boundary

conditions based on the conceptual model as in Fig. 4 can

be mathematically stated as:

oC1

ox
¼ 0

P1 ¼ 0

8
<

: for x ¼ 0 ð11Þ

oC3

ox
¼ 0

oP3

ox
¼ 0

8
><

>:
for x ¼ 0:04: ð12Þ

The corresponding initial conditions of the model can be

expressed as:

Pðx; 0Þ ¼ 0 for x 2 ½0; 0:04� ð13Þ

and

Cðx; 0Þ ¼ 0 for x 2 ½0; 0:025�
0:152 for x 2 ½0:025; 0:04�

�
: ð14Þ

Equations 9–14 above define a one-dimensional math-

ematical model that reflects the chemical osmosis effect

that existed in the clay sample. On the basis of work of

Bader (2005), the analytical solution for the pressure to this

model in the clay can be therefore derived as:

Pðx; tÞ ¼ A erfc
�d

2
ffiffiffiffiffiffiffiffi
k2t

lnSs3

q

0

B@

1

CA� B erfc
�d

2
ffiffiffiffiffiffiffi
D2t

p
� �

; x

2 ½0:025; 0:04� ð15Þ

with

Fig. 4 Model configuration and initial and boundary conditions for

the experiment
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A¼ kC3l
k2

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ss3lD1k2

p

k3

� �
; B¼ kC3

k2
l � Ss3D2

� �
1þ k2

k3

� � ;

ð16Þ

where the subscripts 2 and 3 similarly denote the subdo-

mains 2 (clay) and 3 (porous stone) of modeled domain,

respectively. Again, considering k2 � k3, Eq. 16 can be

simplified to as follows:

A ¼ kC3l
k2

; B ¼ kC3

k2
l � Ss3D2

� � : ð160Þ

Actually, the pressure measured by the sensor inside the

reservoir (the right porous stone) corresponds to the solu-

tion of Eq. 15 at x = 0.025. As shown in Table 1, some

parameters required for numerical simulation are the pre-

determined parameters, including the intrinsic permeability

k, the porosity n, and the reflection coefficient r. It is

assumed that these pre-determined parameters are fixed

during the whole experimental period. The other unknown

parameters for numerical simulation, including the diffu-

sion coefficient (D) and the specific storage (Ss), are given

reasonable initial values as suggested by Bader and Kooi

(2005). Generally, the value of specific storage (Ss) for the

porous stone is greater than that for the clay sample, so is

the value of diffusion coefficient (D). In this study, it is

shown that the simulation results are very insensitive to the

specific storage (Ss) of clay sample and diffusion coeffi-

cient (D) of porous stone, as long as the values of the

parameters are set in a reasonable range. On the other hand,

the specific storage (Ss) of porous stone and the diffusion

coefficient (D) of clay sample can be achieved by fitting the

experimental data. The calibrated parameters input to the

model are listed in Table 2.

An excellent match between the measured pressures

(colored dots) and the calculated curve output by Eq. 15

(continuous line) as shown in Fig. 3 indicates that this

model can be used to explain the evolution process of the

pressure in the experiments. Of course, the model can also

be used to simulate the evolution of concentration over

time. However, concentration measurement elements are

not provided in the test, the concentration change is not

available for this study.

Sensitivity analysis

Shown in Fig. 5 are the qualitative changes of the pressure

for the in situ clay samples estimated by Eq. 15 dependent

on the several main parameters over time. Comparatively,

the parameter r mainly affects the peak value of the osmotic

pressure, while the parameter D mainly affects the decay

rate of the late pressure curve over time. It is noteworthy that

the decay rate of the osmosis pressure over a period of time

is referred to as the ratio of its decrease from the peak in

pressure to the duration of the period. Also, the clay intrinsic

permeability (k) and specific storage of porous stone (Ss)

similarly dominate the arrival time to the peak of osmotic

pressure. Actually, it is too complicated to discriminate how

the pressure curve is controlled by the individual parameters

on earth. For example, both of the clay intrinsic permeability

(k) and specific storage of porous stone (Ss) not only control

the duration required for reaching the osmotic pressure peak,

but also affect the peak value of the osmotic pressure to a

certain extent (Bader 2005; Garavito et al. 2006). Moreover,

various parameters are mutually affected. For instance, the

value of k definitely affects the value of r.
On the basis of the qualitative analysis of model

parameters for the in situ clay samples, we further used the

deterministic sensitivity analysis to quantitatively evaluate

the importance of different parameters in the established

model on the osmotic pressure. Shown in Fig. 6 are the

results of sensitivity analysis based on perturbations of the

parameters ranging from -50 to ?50 %. As shown in

Fig. 6a, among these model parameters, including the

reflection coefficient (r), diffusion coefficient (D), intrinsic

permeability (k), and the specific storage (Ss), the per-

Table 2 The calibrated parameters input to the models for the in situ and the remolded clay samples in the chemical osmosis experiments

Item Parameter value in different model subdomain

Parts I and III (porous stone) Part II (in situ clay) Part II (remolded clay)

n, porosity (-) 0.5 0.47 0.47

r, reflection coefficient (-) 0 0.023 0.089

k, intrinsic permeability (m2) 1.0 9 10-13 23 9 10-19 8.9 9 10-19

D, diffusion coefficient (m2/s) 1.0 9 10-10 3.0 9 10-12 1.2 9 10-12

Ss, specific storage (m-1) 3.6 9 10-8 1.0 9 10-8 1.0 9 10-8

It is assumed that these parameters are fixed during the whole experiment period. The values of porosity for the porous stone and the clay samples

are pre-measured and considered constant
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centage change of r results in the equivalent percentage

change of the peak value of the osmosis pressure. Also,

?50 or -50 % of D approximately leads to a change of the

peak pressure with -5.08 or 7.56 %. However, ?50 or

-50 % of k and Ss hardly influences the peak pressure with

its perturbation less than 1 %. Thus, the peak value of the

osmosis pressure obtained from the model is highly sen-

sitive to the reflection coefficient (r), and insensitive to the

other parameters. Similarly, Fig. 6b indicates that the

decay rate of the pressure over a period of time is very

sensitive to the diffusion coefficient (D) but insensitive to

the other three parameters. In particular, as shown in

Fig. 6c, we can infer that both of the intrinsic permeability

(k) and the specific storage (Ss) profoundly influence the

arrival time to the peak value of the pressure. On the

contrary, both the reflection coefficient (r) and diffusion

coefficient (D) have nothing to do with the arrival time to

the peak value of the pressure.

As mentioned above, the results of sensitivity analysis

indicate that different individual parameter plays its

importance in affecting the evolution of osmosis pressure

over time in the experimental tests and the numerical

modeling. Note that this study is only the first step toward a

comprehensive effort to investigate the osmosis effect of

the clay samples on the downward intrusion of saline

groundwater in the NCP.

Conclusions

To investigate the existence of chemical osmosis in the

aquitard between the shallow aquifer containing saline

groundwater and the deeper aquifer containing fresh

groundwater in the North China Plain (NCP), we chose clay

samples including in situ and remolded samples collected

from the aquitard of interest to carry out a series of chemical

Fig. 5 Qualitative analysis of the osmosis pressure over time with respect to the different parameters for the in situ clay samples. Here, r is the

reflection coefficient, D is the diffusion coefficient, k is the intrinsic permeability, and Ss is and specific storage
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osmosis experiments. The experimental results show that

apparent osmotic flow can be monitored, no matter what the

clay sample for test is the in situ or the remolded. Mean-

while, the reflection coefficient (r) measuring the magni-

tude of osmotic flow for the in situ and remolded clay are

0.011–0.023 and 0.083–0.098, respectively, by the open

reservoir and closed reservoir methods. Obviously, com-

pared with undisturbed (in situ) clay, remolded clay pos-

sesses a higher chemical osmosis efficiency coefficient (r)
and a lower permeability (k) because the sorting of clay

particles became better for the remolded clay. Also, for both

in situ and the remolded clay samples, the reflection coef-

ficient measured in the open reservoir stage is smaller than

that measured in the closed reservoir stage.

Moreover, a chemical osmosis continuum model was

conducted to simulate the evolution of the osmotically

driven hydraulic pressure in the clay samples. To identify

the intrinsic parameters of clay, the simulating results

output from the continuum model are compared with the

measured data in the closed reservoir stage for the in situ

clay sample experiment. An excellent match between the

measured and the calculated pressure data indicated that

the model can be used to simulate the transient evolution of

fluid pressure induced by the chemical osmosis gradient. It

is verified that the model is applicable to interpret a series

of osmosis tests, including laboratory test and in situ field

osmosis test. Sensitivity analysis indicates that the different

individual parameters input to the model play their

Fig. 6 Sensitivity analysis of the evolution of the osmosis pressure over time with respect to the reflection coefficient (r), diffusion coefficient

(D), intrinsic permeability (k), and specific storage (Ss) for the in situ clay samples
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importance in affecting the evolution of osmosis pressure

over time. The reflection coefficient (r) and the diffusion

coefficient (D) mainly control the peak value and the decay

rate of the osmosis pressure over a period of time,

respectively. At the same time, both of intrinsic perme-

ability (k) and the specific storage (Ss) profoundly influence

the arrival time to the peak value of the pressure. In par-

ticular, this study indicates that the chemical osmosis

phenomenon certainly occurs in clayey sediments between

the shallow saline groundwater and deeper fresh ground-

water in the North China Plain. This requires that the

osmotic transport should be taken into account in the

quantitative assessment of the hydrological process for the

salt-rich region of the North China Plain (NCP). Further-

more, this study provides a reliable basis for further eval-

uating the effect of the chemical osmosis in the aquitard on

the desalination of shallow saline groundwater and salin-

ization of deeper fresh groundwater in the NCP.
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