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Abstract
A series of laboratory experiments, including sedimentation, liquid limit, SEM and oedometer tests, was performed to

explore the influence of chemo-mechanical loadings on the compression behavior of kaolinitic clay. The results indicate

that the concentration and valence of pore solution have significant effect on the volume change of kaolinitic clay. The

volume change can be attributed to the change of intergranular forces caused by the variation of pore water chemistry. It is

observed that the recompression curves under mechanical loading after solution replacement at various vertical stresses

merge into a single curve. In addition, the salinization-induced volumetric strain under the same vertical stress is inde-

pendent of the step number of salinization, provided that the total change of ionic strength is the same. A recently

developed formulation of intergranular stresses, which accounts for the physicochemical interactions between the solid

matrix and the pore solution, is introduced to interpret the experimental results. It is shown that the compression behaviors

of kaolinitic clay under complex chemical and mechanical loadings can be remarkably unified by a single intergranular

stress, showing the capability of the intergranular stress in describing the chemo-mechanical behavior of kaolinitic clay.
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Abbreviations
aaE Activity of species a in the equilibrium solution

aaP Activity of species a in the pore solution

c Molar concentration of equilibrium solution

c0 Molar concentration of equilibrium solution at the

reference state

ca Molar concentration of species a
ciE Molar concentration of ionic species i in the equi-

librium solution

ciP Molar concentration of ionic species i in the pore

solution

CEC Cation exchange capacity

cfix Fixed negative charge density

cfix;e Effective fixed charge density

e Void ratio

F Faraday’s constant

Gs Specific gravity of soil

mi
E

Molar fraction of ionic species i in the equilibrium

solution

mi
P

Molar fraction of ionic species i in the pore solution

Ma Molar mass of species a
pl0 Pressure of pure water at some reference state

plE Pressure of the equilibrium solution

plP Average pore water pressure

R Universal gas constant

T Kelvin temperature

ciE Activity coefficient of ionic species i in the equi-

librium solution

ciP Activity coefficient of ionic species i in the pore

solution

d Reduction factor

dij Kronecker delta

ev Volumetric strain

n Local electrostatic potential

laE Chemical potential of species a in the equilibrium

solution

laP Chemical potential of species a in the pore solution

la� Chemical potential of species a at the pure state

m Valence of cation
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mi Valence of ionic species i

P Generalized osmotic pressure

PD Donnan osmotic pressure

PD0 Donnan osmotic pressure at the reference state

qd Dry density of soil

ql Mass density of the pore solution

qa� Mass density of species a in pure state

rij Total stress tensor

r0ij Terzaghi’s effective stress tensor

r00ij Intergranular stress tensor

r0v Vertical Terzaghi effective stress

r00v Vertical intergranular stress

sSij Part of intrinsic skeletal stress

/ Porosity of the sample

/0 Porosity of the sample at the reference state

Xl Surface force potential

Xl
0

Surface force potential at the reference state

1 Introduction

The mechanical behavior of clayey soils is closely related

to the chemistry of pore water (or interchangeably, pore

solution) due to the existence of the physicochemical

interactions between the solid matrix and the pore solution

[24]. Increasing engineering activities, such as landfill

construction, groundwater extraction, geological disposal

of nuclear waste and submarine gas hydrate extraction,

may change the pore solution chemistry in soils, and in turn

influence their deformation and strength properties

[2, 4, 8, 13, 18, 29, 31, 32]. Inadequate design or improper

disposal may give rise to serious geotechnical issues or

geoenvironmental hazards, such as groundwater pollution,

oil production platform collapse and landslides

[14, 17, 28, 41]. Therefore, comprehensively understanding

the chemo-mechanical properties of clayey soils is of prime

importance when the chemo-mechanical loadings come

into play.

As one of the most important aspects of soil behavior,

the compressibility of clayey soils subjected to various

chemical attacks has been attracting research attentions

from diverse fields for decades. Bolt [2] studied the com-

pressibility of active clays (mainly montmorillonite)

through the oedometer tests on the remolded clay samples

prepared by mixing dried powders with solutions of various

concentrations, and showed that the compressibility of

active clays decreased with the increase of pore fluid

concentration, which was in agreement with the double-

layer theory. Similar conclusions were drawn on active

clay by Mesri and Olson [23], Sridharan and Rao [31], and

Di Maio et al. [10]. Barbour and Fredlund [1] suggested

that the volumetric deformation, induced by chemical

loading, can be generally attributed to two mechanisms,

i.e., osmotically induced consolidation and osmotic con-

solidation. The former is associated with the flow of water

molecules driven by osmotic gradient, while the latter is

caused by the change of interparticle physicochemical

forces. It is believed that the reversibility of the osmotic

deformation (i.e., consolidation and swelling) of active

clays in response to chemical loading cycles under constant

vertical stress depends on the type of salt in pore solution,

and the observed mechanical behavior was closely related

to the occurrence of ionic exchange in the samples

[6, 8, 13, 34].

For non-active clays (say kaolinitic clay, including both

pure kaolinite and kaolinitic soil mainly compose of

kaolinite), in response to chemo-mechanical interactions,

Chen et al. [5] observed that under certain overburden

stress (\ 300 kPa), the void ratio of kaolinitic clay

observably decreased with the increase of cation valence

and concentration of salty solution. They suggested that the

double-layer theory could be used to account for the

influence of cation valence and concentration on com-

pressibility of kaolinitic clay. Di Maio et al. [8–10] found

that sodium chloride solutions had negligible effect on the

liquid limit, compressibility and residual strength of kao-

linitic clay. However, Moore et al. [25] observed that the

residual strength increased with the concentrations (from

0.2 to 1.0 g/L) of sodium chloride solutions. Wang and Siu

[39] reported that the volume change characteristics of

kaolinitic clay samples formed by pore solution with dif-

ferent pH values are significantly different under isotropic

confinement. Meanwhile, Wang and Siu [39] also found

that the response of kaolinitic clay deformation behavior to

sodium chloride solution depended upon the pore solu-

tion’s pH condition of the prepared samples. They attrib-

uted afore-mentioned experimental results to the existence

of the highly pH-dependent charges on the edges of par-

ticles. These particles would result in different interparticle

forces and associated fabrics under various pH conditions.

Indeed, the kaolinitic clay sample with a pH value less than

the isoelectric point of edge surface (i.e., the pH value at

zero zeta potential of the edge sites [38], denoted by

IEPedge hereinafter) exhibits opposite behavior compared to

that with a pH value lager than IEPedge.

Wahid et al. [36, 37] investigated the chemo-mechanical

effects induced by inorganic salt, acid and base solutions

on kaolinitic clay, and showed that the physical and

mechanical behavior of kaolinitic clay was relatively

insensitive to salty solution, but significantly influenced by

the pH value. They suggested that the observed mechanical
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behavior was probably due to the mineral dissolution

(mainly at particle edges) and the change of surface

chemistry. The mineral dissolution was observed by Cha-

vali and Ponnapureddy [4] through FT-IR spectra of kao-

linitic clay, which was saturated with highly concentrated

inorganic acidic solution. Apparently, the afore-mentioned

experimental results, which were obtained under specific

hydrochemical conditions, were relatively scattering, and

no consensus was achieved on the effect of pore solution

chemistry on the behavior of kaolinitic clay. Thus far, few

efforts have been made to studying the compressibility of

kaolinitic clay under various chemo-mechanical loading

paths, in spite of its important theoretical and practical

relevance, e.g., in evaluating the leakage problem in clay

liners or cutoff walls against landfill [5, 19] and analyzing

the urban ground subsidence caused by seawater intrusion

in coastal areas.

To characterize the influence of pore solution chemistry

on the mechanical behavior of clayey soil, some

researchers attempted to modify the effective stress equa-

tion. Sridharan and Rao [31] proposed an effective stress

formula as, r0¼r� plw � ðR� AÞ, where r is the external

applied stress, plw is the pore water pressure, and R� A

represents the interparticle repulsive-minus-attractive

stress. The term R� A is used to address the influence of

pore solution chemistry on the mechanical behavior of

clayey soil. Thus far, a generally accepted expression for

R� A is not available. Barbour and Fredlund [1] proposed

to adopt the osmotic pressure p as an independent stress

state variable to address the osmotic volume change

behavior of clayey soil induced by the change of pore

solution chemistry. Rao and Thyagaraj [27] developed the

total net vertical stress, in which pore fluid osmotic suction

component was incorporated, to address the influence of

salt solution concentration on the swelling potential of

compacted clays.

Wei [40] proposed an effective stress formula, called the

intergranular stresses, based on the chemo-mechanical

theory of porous media. It has been shown that the pro-

posed intergranular stresses equation can be effectively

used to address the water-weakening effect of chalk

materials [21] and the swelling behavior of expansive soils

[22]. Recently, Tuttolomondo et al. [35] proposed a gen-

eralized effective stress for active clay. In this equation, the

different structural characteristics of water near clay par-

ticles were considered, and the concept of effective density

of fixed charge was introduced to characterize the negative

charge per unit volume of clay balanced by the non-mov-

able ions of the pore water.

The objective of this paper is twofold: 1) to explore the

influence of chemo-mechanical loading paths on the com-

pression behavior of kaolinitic clay based on a series of

laboratory experiments, including the sedimentation tests

of pore solution with different pH values and the

oedometer tests of the water-saturated slurry samples under

various chemo-mechanical loading paths; 2) to validate

experimentally the applicability of the intergranular stres-

ses proposed by Wei [40] in describing the chemo-me-

chanical behavior of kaolinitic clay. In the calculations, the

effect of the variation of pore water concentration on the

intergranular stresses is explicitly characterized.

2 Materials and methods

2.1 Materials

The soil used in this study was a natural clayey soil sam-

pled from Nanning, Guangxi Province, China. To minimize

the influence of natural salt and impurity on experimental

results, the soil was washed with deionized water (pH =

5.6, electrical conductivity 1.8 ls/cm) for desalination.

The salt washing follows the procedure by Wang and Siu

[38]. The suspension without electrolyte was firstly dried in

an oven at 80 �C for 3–4 days, grinded into powder and

then sieved through the 2000-micron sieve. Finally, the

treated soil (\ 2000-micron) was used for testing. The

basic properties are presented in Table 1.

The total specific surface area of soil was measured by

the methylene blue method [16, 43], and the cation

exchange capacity (CEC) was determined by the barium

Table 1 Physical properties of the tested soil

Soil properties Unit Value

Specific gravity, Gs – 2.73

Total specific surface area m2/g 34.42

Cation exchange capacity meq/100 g 5.49

Consistency limits

Liquid limit, LL % 70.36

Plastic limit, PL % 24.87

Plasticity index, PI % 45.49

Grain size distribution

Sand % 4.37

Silt % 28.63

Clay % 67

Mineral composition

Montmorillonite % 0

Illite % 4

Kaolinite % 60

Quartz % 31

Hematite % 5
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chloride buffer method [20]. The tested soil is composed of

4.37% sand, 28.63% silt and 67% clay, respectively. The

mineralogical composition was determined by X-ray

diffraction. The results show that its composition is 4%

illite, 60% kaolinite, 31% quartz and 5% hematite,

respectively.

The purities, test types, states and suppliers of the

chemical reagents (HCl, NaOH, NaCl, CaCl2) used in the

experiments are shown in Table 2. The reagents were

mixed with deionized water to obtain the desired solutions

for the testing programs in the laboratory.

2.2 Experimental procedures

2.2.1 Determination of IEPedge

The mechanical behavior of kaolinitic clay under chemical

loading is influenced by the pH value of the pore solution,

which is characterized by the value of IEPedge. Here, a

series of sedimentation tests under various pH conditions

were performed to determine the IEPedge of the tested soil.

In the sedimentation tests, 20 g of dried electrolyte-free

soil powder was mixed with the desired chemical solutions

to form 100 mL suspension, which was shaken in the

100-mL graduated cylinder. To remove the dissolved gas,

all the soil samples were vacuumed for 1 h. Then, the

suspension was stirred slowly with a perforated plunger for

100 s. The top of cylinder was sealed with the rubber plug

to prevent evaporation. The height of interface between the

sediment and the supernatant liquid was recorded once per

day. The suspension was considered to reach equilibrium

when the height remained constant for 2 * 3 days. Usu-

ally, the whole process took about 2 * 3 weeks. Follow-

ing the method proposed by Wang and Siu [38], the height

of sediment after equilibrium versus pH value was used to

characterize the IEPedge. 13 solutions with different pH

values (1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, and 13,

respectively) were used in the experiments. The pH value

of the pore solution was adjusted by mixing with HCl,

NaOH and deionized water.

2.2.2 Liquid limit tests

The liquid limits were determined by the cone penetrom-

eter method on the samples mixed with the deionized

water, NaCl solutions and CaCl2 solutions with various

concentrations. (For both types of solutions, the concen-

trations were chosen as 0.01, 0.05, 0.1, 0.5, 1.0, 2.0 and

4.0 mol/L, respectively.) In the liquid limit measurement,

the mixture of soil and chemical solution was sealed in the

air-tight plastic bags and kept in a desiccator for one month

to ensure complete hydrate reaction. The water content is

equal to the weight of water divided by the weight of dry

soil, which can be calculated by subtracting the weight of

salt from the dried residual solids (a mixture of dry soil and

salt). The amount of salt was calculated by using the vol-

ume of water lost during the drying process, the initial salt

concentration and the molar mass of the salt.

2.2.3 Chemo-mechanical oedometer tests

To investigate the effect of various chemo-mechanical

loading paths on the compressive behavior of the kaolinitic

clay, the conventional experimental setup for the

oedometer test was modified to incorporate the infiltration

of salt solutions as shown in Fig. 1 [13, 24, 42]. By

tightening the screws and pressing the O-ring, the gap

between the top part, the basement and the cutting ring was

sealed to form a closed cavity, so that the fluid flew only

through the soil. To resist the corrosiveness of chemical

solution, the oedometer cell is made of 304 stainless steel.

A certain amount of the dried electrolytic-free clay

powder was mixed with deionized water in a container to

form slurry (about 2 times the liquid limit). The slurry was

then consolidated under a vertical stress of 20 kPa. In this

process, the leachate was collected and the corresponding

electrical conductivity was measured to estimate the initial

concentration of the pore solution in the prepared sample

[27]. When the vertical deformation converged to a steady

value (typically it takes 4 days), the consolidated clay was

carefully put into a cutting ring with a designated size

(61.8 mm diameter and 20 mm height) along the direction

of the major principal stress. The moisture content of the

samples was about 52%, corresponding saturation was

more than 98.5%, at which the soil was considered to be

fully saturated. The initial concentration of the pore solu-

tion in the prepared samples is summarized in Table 3.

The sample together with the cutting ring was trans-

ferred into the oedometer cell (Fig. 1) and then was con-

solidated again. Once after the deformation of the sample

Table 2 Analytical reagent

Reagent Purity State Test

type

Supplier

HCl 0.36 * 0.38 Liquid ST Hengyang Kaixin

Chemical Co., LtdNaOH C 0.96 Solid ST

NaCl C 0.995 Solid LLT

and

OT

Guangdong Xilong

Scientific Co., Ltd

CaCl2 C 0.96 Solid LLT

and

OT

ST stands for sedimentation tests, LLT stands for liquid limit tests, OT
stands for oedometer tests
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under a specified vertical loading converged to a steady

value (typically this process took about 1.5 weeks), the

chemical loading was carried out. The salt solution went

through the bottom porous stone and entered into the

samples under the constant vertical stress. During this

process, the vertical displacements of the samples were

recorded. The vertical deformation was considered to reach

a steady state, once the strain rate was less than 0.003 mm

within 24 h. After the hydraulic gradient (about 10 kPa)

was eliminated and the induced deformation was recorded,

the final deformation was obtained. Concentrations of 0.1,

0.5, 1.0, and 4.0 mol/L were selected based on the mea-

surements of the liquid limit (roughly representing the

sensitivity of the tested soil to salty solution [18]). The

chemo-mechanical loading paths adopted in the experi-

ments are summarized in Table 3.

Three types of chemo-mechanical loading paths were

adopted, i.e.,

Fig. 1 Schematic of modified oedometer testing apparatus

Table 3 Details of the testing conditions used in oedometer tests

Test Sample

No

Initial concentration

(mmol/L)

Vertical stresses at

replacement (kPa)

Target replacement solution

concentration (mol/L)

Solution

Type 1 2, 6, 10,

14

1 50, 100, 200, 800 0.1 NaCl

3, 7, 11,

15

1 50, 100, 200, 800 0.5 NaCl

4, 8, 12,

16

1 50, 100, 200, 800 4.0 NaCl

17, 19 1 50, 200 0.1 CaCl2

18, 20 1 50, 200 0.5 CaCl2

Type 2 21 1 50 0.1 ? 0.5 ? 1.0 NaCl

22 1 200 0.5 ? 4.0 NaCl

23 1 200 0.1 ? 0.5 ? 4.0 NaCl

Type 3 24 1 50 cyclic chemical loading path (see the

footnote)

DW, NaCl,

CaCl2

Calibration 1, 5, 9,

13

1 50, 100, 200, 800 0 DW

DW stands for deionized water, whose concentration is assumed to be zero.

The cyclic chemical loading path in Test type 3 was: DW ? 1.0 mol/L NaCl ? DW ? 1.0 mol/L NaCl ? 0.5 mol/L CaCl2 ? 1.0 mol/L

NaCl ? DW
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Type 1 Compression-solution replacement-recompres-

sion (CsRR). In these tests, the saturated kaolinitic clay

sample was first consolidated up to a specified vertical

stress, under which the pore solution was replaced by a salt

solution of the targeted concentration, and then mechani-

cally consolidated up to 1000 kPa. The specified vertical

stresses under which the pore solution was replaced were

chosen as 50, 100, 200, and 800 kPa, respectively.

Type 2 One-step or multi-step salinization. To study the

effect of salinization steps on the volumetric strain, the

saturated kaolinitic clay samples were first compressed up

to a target vertical stress, and then, the concentration of

pore solution was changed stepwise to the target value by

one step or multiple steps. The targeted vertical stress were

chosen as 50 kPa and 200 kPa, respectively.

Type 3 Salinization-desalinization cycle. To identify the

potential mechanisms for volume change behavior of

clayey soil, a salinization/desalinization test was per-

formed, in which the saturated kaolinitic clay sample was

alternatively exposed to different salt solutions (NaCl or

CaCl2) and deionized water under a vertical stress of

50 kPa.

2.2.4 Calibration tests

As well known, the infiltration and creeping (that is, the

deformation increases with time under constant external

mechanical loading after consolidation) would give rise to

the sample deformation during the replacement of pore

solution in chemo-mechanical oedometer tests [24]. Con-

sequently, the total deformation for chemical loading at

constant vertical stress consists of these deformations

induced by the pore solution composition change and by

the infiltration and creeping. It is assumed that these

deformations can be superimposed. To obtain the correct

deformation induced by the pore solution composition

change, several oedometer tests (denoted by No. 1, 5, 9 and

13, see Table 3) were carried out to evaluate the influence

of infiltration and creeping during the chemical loading. In

these tests, the vertical stress was applied up to 50 kPa,

100 kPa, 200 kPa and 800 kPa, respectively, and then

waited for the same period of time (about 1.5 weeks)

before applying chemical loading in the CsRR experi-

ments. The samples were then percolated by the deionized

water, and the volumetric strains (i.e., the ratio of the

volume change caused by solution replacement to the ini-

tial volume of sample) were measured. The percolation

time was almost the same as that of replacement salt

solution (about 1 month).

3 Results and analysis

3.1 Sedimentation tests

Figure 2 presents the final sediment void ratio versus the

pH value for kaolinitic clay suspensions. Three parallel

experiments were conducted to ensure the repeatability of

the experimental results. It can be seen that the final

average void ratio of sediment decreased firstly and then

increased as the pH value increased. The threshold pH

value is approximately equal to 5, at which the clayey soil

changes its fabric.

Wang and Siu [38] suggested that at pH\ 5, the EF

(edge-to-face, see Fig. 2) flocculation occurs due to the

Coulombic attraction between oppositely charged edge

(positive, due to the protonation) and face (negative),

whereas at pH[ 5, all the surfaces (edges and faces) are
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Fig. 2 Final sediment void ratio of kaolinitic clay suspensions as a

function of pH value
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Fig. 3 Effect of salt concentrations on the liquid limit of kaolinitic

clay
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negatively charged so that the double-layer repulsion

becomes dominated, preventing the particles to approach

each other and facilitating the formation of the dispersed–

deflocculated packed structure (e.g., face-to-face, FF, see

Fig. 2). As the pH value decreases (or increases) from the

threshold value, the Coulombic attraction (or repulsive

energy barrier) between particles is enhanced, resulting in a

V-shaped change curve of the sediment void ratio versus

the pH value. At the threshold value (pH = 5), the surface

charge at the edge site transits between positive and neg-

ative, implying that the IEPedge of the tested soil is roughly

equal to 5. This result is consistent with the others obtained

by the sedimentation test [3, 38]. Although the IEPedge
inferred from the sedimentation test is probably not exactly

the same as that obtained from the Zeta potential test, as an

approximation, an IEPedge of 5 is used here in the subse-

quent analysis. Indeed, a similar approach was already

adopted by Wang and Siu [38].

3.2 Liquid limit tests

Figure 3 shows the relationship between the liquid limit

(LL) and the concentrations of NaCl and CaCl2 solutions

for kaolinitic clay. It can be seen that the LL decreases

significantly with the increase of solution concentration.

The influence of CaCl2 solution on LL is more significant

than that of NaCl solution, indicating that the testing soil is

sensitive to changes in salt solution. These results are

consistent with the double-layer theory. Indeed, the

increase of the cation concentration or valence may com-

press the thickness of the double-layers, thereby reducing

the water content and the LL. Therefore, the higher the

concentration and valence of the cation are, the lower LL

is. Remarkably, some researchers also reported that the LL

increased with the increasing solution concentration for

kaolinitic clay, and they suggested that this phenomenon

was due to the EF flocculation of clay particles induced by

the reduction of repulsive forces [30, 33, 38]. However,

this mechanism does not completely account for the LL

change for the kaolinitic clay with relatively large specific

surface area unless the response of double-layers thickness

is taken into account. As observed by Palomino and San-

tamarina [26], the high volumetric solid content (referred

to the solid volume divided by the total soil volume) hin-

ders EF flocculation, and in this case, the liquid limit

depends primarily upon the thickness of the double layer.

Noticeably, our result is inconsistent with the observa-

tions by Di Maio et al. [10] and Wahid et al. [36], who

showed that the variation of the LL of kaolinitic clay with

the concentration of the salt solution was insignificant. The

discrepancy is probably due to the fact that the kaolinitic

clay used in our study was a natural clayey soil, which had

experienced severe physical and chemical weathering and

(a)

(b)
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10 100 1000
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Samples No. 4, 8, 12 and 16
Exposed to NaCl 4.0 mol/L

′

′

Fig. 4 One-dimensional compression curves of the samples prepared

with deionized water and later exposed to a NaCl solution under

various vertical stresses (50, 100, 200 and 800 kPa). a 0.1 mol/L,

b 0.5 mol/L, c 4.0 mol/L
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it contained small amount of illite. Indeed, the kaolinitic

clay used in our study has a specific surface area of 34.42

m2/g (see Table 1), which is much higher than that of the

clay used by Wahid et al. [36] (* 14 m2/g), and the clay

content (* 67%) is also much higher than that used by Di

Maio et al. [10] (* 30%). Apparently, the kaolinitic clay

used in our study is more chemically active than those used

in these previous studies.

3.3 Chemo-mechanical oedometer tests

3.3.1 Compression-solution replacement-recompression
(CsRR) tests

Figure 4 presents the results of various CsRR oedometer

tests for different solution replacements of 0.1, 0.5 and

4.0 mol/L NaCl. Figure 4a shows the void ratio variation

of samples with 0.1 mol/L NaCl solution replacement at

different specified vertical stresses (50, 100, 200 and

800 kPa, respectively). Apparently, the void ratio of soil

decreases first, due to the compaction induced by the

applied mechanical loading. Then, at a constant vertical

stress, the void ratio decreases due to the chemical loading

(i.e., osmotic consolidation). The subsequent mechanical

loading further reduces the void ratio. Interestingly, all the

recompression curves under further mechanical loading

after solution replacement merge into a single one. Similar

behavior was observed in the Ponza bentonite by Di Maio

[7].

Figure 4b, c shows the variations of void ratio under

various chemo-mechanical loadings for the cases of 0.5 and

4.0 mol/L NaCl solution replacement, respectively. The

trends of the void ratio variation are similar to those of

0.1 mol/L NaCl solution replacement. Nevertheless, it is

clear that under the same vertical stress, the void ratio

variation induced by solution replacement is more signifi-

cant, if the concentration of the replacement solution is

higher for the case of samples prepared with deionized

water. For more comparison of volumetric strain changes

(hereinafter referred to as the osmotic volumetric strain)

caused by chemical loading under constant vertical stress,

see later.

Figure 5 presents the results of various CsRR oedometer

tests for different solution replacements of 0.1 and 0.5 mol/

L CaCl2. As can be seen from the figure, similar to the

replacement of NaCl solution, the significant decrease of

void ratio caused by chemical loading was observed. In

addition, once after the solution replacement is completed,

all the compression curves resulting from further

mechanical loading at the same concentration practically

merge into a single curve. Based on these experimental

results, it can be inferred that for slurry remolding kaoli-

nitic clay samples, the recompression curves under the

mechanical loading after the same solution replacement are

independent of the chemo-mechanical loading paths.

Combining the results in Figs. 4 and 5, the total osmotic

volumetric strain induced by pore solutions containing

various salts (NaCl or CaCl2) at different vertical stresses

was reprocessed, as shown in Fig. 6. It can be seen that the

osmotic volumetric strain decreases monotonically with

increasing the applied vertical stress at the same replace-

ment solution (including concentration and composition).

In addition, for the same salt and the same vertical stress,

the osmotic volumetric strain increases monotonically with

increasing replacement solution concentration under the

experimental conditions here.

(a)

(b)
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Exposed to CaCl2 0.5 mol/L

Fig. 5 One-dimensional compression curves of the samples prepared

with deionized water and later exposed to a CaCl2 solution under

various vertical stresses (50 and 200 kPa). a 0.1 mol/L, b 0.5 mol/L
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In Fig. 6, one can find the volumetric strain responses of

samples to NaCl solution and CaCl2 solution at 50 kPa and

200 kPa vertical stresses. It is clear that the osmotic vol-

umetric strain induced by 0.5 mol/L CaCl2 solution

(6.62%) is greater than that of 4.0 mol/L NaCl solution

(6.57%) under the vertical stress of 50 kPa. Although the

absolute value of osmotic volumetric strain decreases with

increasing vertical stress, a similar trend can be observed at

the vertical stress of 200 kPa. This indicates that the effect

of CaCl2 solution on the osmotic volumetric strain is more

significant than that of NaCl solution, implying that the

effect of ionic valence on the osmotic volumetric strain is

more pronounced compared to that of concentration for the

species and concentrations considered here. The trend of

variation of volumetric strain in osmotic consolidation is

roughly consistent with the variation of the liquid limit

with solution concentration (see Fig. 3), implying that

similar physicochemical mechanisms are functioning at the

place.

Remarkably, Di Maio et al. [7, 10] and Wahid et al. [37]

showed that inorganic salt solution has negligible effects

on the compression behavior for kaolinitic clay. This is

inconsistent with our results presented here. As pointed out

above, the reason is that the kaolinitic clay used in this

study is more chemically active than those used in the

previous studies.

Figure 6 also includes the results of calibration tests,

which are about the variations of volumetric strain induced

by deionized water. It can be seen that the variations of

volumetric strain induced by deionized water are 0.09%,

0.06%, 0.04% and 0.02% under the constant vertical

stresses of 50 kPa, 100 kPa, 200 kPa and 800 kPa,

respectively. Compared to the osmotic volumetric strain

caused by salt solution (see Fig. 6), the change of volu-

metric strain due to infiltration and creeping is very small

so that it can be neglected. That is, in the experiment

performed here, the deformation induced by chemical

loading is mainly due to the change of the pore solution

composition. Considering the small contribution of infil-

tration and creeping to deformation during chemical

loading, the osmotic volumetric strain obtained in this test

is not modified.

The deformation behavior of soil depends largely on the

evolution of intergranular forces and soil microfabric [24].

To clarify the changes of soil microfabric during chemo-

mechanical loading, the SEM tests were performed on

samples with different states, as shown in Fig. 7. These

oedometer tests were independently performed on the

parallel samples and are not listed in Table 3. To minimize

the effect of fabric changes due to unloading and capillary

effects, the tested samples were rapidly placed in the liquid

nitrogen, after deposition or consolidation, to quickly

freeze its pore water [38].

Figure 7a presents the SEM image of the sample (i.e.,

the sediment) after deposition in deionized water without

loading. It can be seen that, except for a few edge-to-face

(EF) flocculation, the particles are oriented approximately

in the same direction, representing face-to-face (FF)

aggregation. This is consistent with the result inferred from

the sedimentation test. During mechanical loading, the

previous fabric feature (i.e., FF aggregation) of the sedi-

ment was preserved in the samples (Fig. 7b, c). During

chemical loading, the sample was exposed to the salt

solution under a vertical stress of 50 kPa until it reached a

steady state, at which the FF aggregated fabric was readily

seen in the samples with different solutions (Fig. 7d, e and

f). These SEM images indicate that the main features (FF

aggregation) of the fabric of kaolinitic clay formed in the

deposition stage were reserved in subsequent mechanical

and chemical loadings. This can be attributed to the fact

that the packed FF alignment is a type of stable fabrics,

which can limit the steering and rolling of particles [39].

The similarity between the microfabric changes induced

by chemical and mechanical loadings implies that the

deformation induced by these two types of loadings is

induced by similar mechanisms, namely, the change of

effective stress. At a constant vertical stress, the double-

layer repulsion is weakened by the infiltration of electrolyte

solution, and thus the net attraction force between particles

is enhanced (i.e., the effective stress increases), resulting in

soil compression (or osmotic consolidation). Because the

change of the thickness of diffuse double layer is propor-

tional to the solution concentration or cationic valence

[1, 15, 24], the higher the concentration or cationic valence

of the replacement solution, the greater the corresponding

osmotic volumetric strain for the samples prepared with

0.0

2.0

4.0

6.0

8.0

σv : kPa

0.90

1.52

2.36

3.95 4.18 4.27

6.57 6.62

0.04 0.020.060.09

Δ
ε v

:%

Deionized water
0.1 mol/L NaCl
0.5 mol/L NaCl
4.0 mol/L NaCl
0.1 mol/L CaCl2

0.5 mol/L CaCl2

200100 80050

Fig. 6 Variation of volumetric strain with concentrations of the

replacement solution under different vertical stresses
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deionized water. Under larger mechanical loading, the soil

becomes denser and the deformation resistance between

particles becomes stronger, so that less deformation is

induced by chemical loading.

3.3.2 One-step or multi-step salinization tests

Figure 8 shows the results of volumetric strain changes

induced by one-step and multi-step chemical loadings

under constant vertical stresses of 50 kPa and 200 kPa,

respectively. Figure 8a shows the volumetric strain for

mechanical loading from 25 to 50 kPa, and the volumetric

strain for chemical loading at constant vertical stress of

50 kPa. In one-step chemical loading (No. 24), the induced

volumetric strain is 6.19%, which is practically equal to

that under multi-step chemical loading (No. 21), which is

6.08%. Similar tests were conducted under 200 kPa con-

stant vertical stress with three different salinization

schemes (No. 16, 22, and 23), and the experimental results

are shown in Fig. 8b. The change of volumetric strains

induced by chemical loading are 4.18%, 4.18% and 4.10%

for No. 16, No. 22, and No. 23, respectively. These results

clearly indicate that the step number of salinization has a

negligible effect on the osmotic volumetric strain of kao-

linitic clay samples within the experimental time scale.

Noticeably, Fig. 8a illustrates that the temporal variation of

ev shows a sudden drop by the end of the salinization. This

can be attributed to the elimination of the hydraulic

gradient (about 10 kPa) that drives the salt solution into the

sample, resulting in an increase in the effective stress. Such

a sudden increase of ev does not appear significantly at the

vertical stress of 200 kPa (Fig. 8b), since the soil sample is

denser under a larger vertical stress, and the volumetric

strain induced by the elimination of the hydraulic gradient

is less pronounced.

3.3.3 Salinization-desalinization cycle tests

Figure 9 shows the development of the volumetric strain of

the sample subjected to cyclic exposures to different salt

solutions (NaCl or CaCl2) and deionized water, under the

vertical stress of 50 kPa.

Figure 9b is the enlargement of the local variation of

volumetric strain during cyclic loading (Fig. 9a). Clearly,

when the sample previously exposed to NaCl solution was

re-exposed to deionized water (i.e., BC), the recovered

volumetric strain (osmotic swelling) due to desalinization

was very small, compared to the volumetric strain induced

by the previous chemical loading (i.e., AB). This implies

that chemically induced volumetric compression is irre-

versible for the kaolinitic clay. However, when the kaoli-

nitic clay sample was again exposed to a NaCl solution

(i.e., CD), the volumetric strain was compressed to almost

the same value as the first salinization (i.e., point B),

implying that the osmotic swelling in BC is reversible, and

associated with the change of the double layer thickness in

(a) Deionized water (0 kPa)     (b) Deionized water (50 kPa)    (c) Deionized water (1000 kPa)

(d) 0.1 mol/L NaCl (50 kPa) (e) 4.0 mol/L NaCl (50 kPa)     (f) 0.1 mol/L CaCl2 (50 kPa)

Fig. 7 SEM images of the samples under a vertical stress of 50 kPa. s, edge-to-face flocculation; 4, face-to-face aggregation
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the desalinization phase [8]. The above experimental

results clearly indicate that the osmotic (irreversible) vol-

umetric strain of kaolinitic clay is mainly due to the par-

ticle rearrangement governed by intergranular forces,

rather than the compression of the diffuse double layers

which results in reversible deformation.

From D to E, the 1.0 mol/L NaCl solution was replaced

by the 0.5 mol/L CaCl2 solution, and then from E to F, the

0.5 mol/L CaCl2 solution was again replaced by the

1.0 mol/L NaCl solution. Noticeably, these two solutions

have the same amount of cationic charges but different

valences. By comparing the osmotic volumetric strains in

DE and EF, it is clear that about 0.10% of the osmotic

volumetric strains were produced when Na? was replaced

by Ca2? in the solution. Finally, from F to G, the kaolinitic

clay sample was re-exposed to deionized water, and the

soil sample swelled to some extent until equilibrium was

reached at point G. Interestingly, from C to G, the volu-

metric strain increased by 0.15%, which is very close to the

amount induced by the replacement of the 1.0 mol/L NaCl

solution with the 0.5 mol/L CaCl2 solution (i.e., 0.10%

from D to E). Hence, it is suggested here that the

replacement of Na? with Ca2? in pore solution may induce

a slight increase of intergranular forces, resulting in parti-

cle rearrangement and irreversible skeletal deformation.

4 Theoretical characterization

4.1 Intergranular stress

Traditionally, Terzaghi’s effective stresses have been used

as stress state variables to characterize the mechanical

behavior of fluid-saturated soils. Terzaghi’s effective stress

tensor, r0ij, can be written as r0ij ¼ rij � uwdij, where rij is
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Fig. 8 Effect of the salinization steps on the osmotic volumetric strain
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the total stress tensor, uw is the pore water pressure and

equal to the pressure of a virtual equilibrium solution

(denoted by plE hereinafter) [22], and dij is the Kronecker

delta. The equilibrium solution is defined as the water

solution in the reservoir (Fig. 10) that is hydraulically

connected and equilibrated with the pore water in the soil.

It has been well recognized that Terzaghi’s effective stress

is insufficient to describe the behavior of clayey soils

[24, 31]. Indeed, due to the long-range interactions between

solid grains and pore water, local distribution of the pore

water pressure in clayey soils is generally heterogeneous

[15], as schematically shown in Fig. 10. In particular, the

water pressure in the vicinity of grain contacts (say at Point

B) is different from those far away from grain surfaces (say

at Point A). Hence, uw in Terzaghi’s effective stresses does

not take into account the effect of the local heterogeneous

distribution of pore water pressure stemming from clay–

water interactions.

To resolve this problem, Wei [40] proposed the concept

of intergranular stresses, based on the continuum theory of

porous media, as a substitute for Terzaghi’s effective

stresses to address the chemo-mechanical behavior of soils.

The intergranular stress tensor proposed by Wei [40] has

two unique features, i.e., it is transferred through grain

contacts, while work-conjugated with the skeletal strains.

Explicitly, the proposed intergranular stress tensor (r00ij) is

given by

r00ij ¼ ð1� /ÞsSij ¼ r0ij � /Pdij ð1Þ

where / is the porosity, sSij is the part of intrinsic skeletal

stresses that is transferred through grain contacts, P ð¼
plP � plEÞ is the generalized osmotic pressure, accounting

for the effect of physicochemical interactions between the

solid matrix and the pore fluid, and plP is the average pore

water pressure (over the pore space). It can be proved that

(Appendix 1)

P ¼ PD � qH2O
� Xl ð2Þ

where PD is the Donnan’s osmotic pressure, associated

with the electrically charged nature of the soil; qH2O
� is the

mass density of the pure water (1.0 g/cm3), and Xl is the

surface force potential. Apparently, �qH2O
� Xl represents the

contribution of the surfaces forces induced by the interac-

tions between the solid matrix and the pore fluid.

Donnan’s osmotic pressure is given by

PD ¼ RTqH2O
�

MH2O
ln

aH2O
E

aH2O
P

 !
ð3Þ

where R is the universal gas constant and equal to 8.314 J/

(mol�K), T is the absolute temperature (K), MH2O is the

molar mass of water (18 g/mol), aH2O
P and aH2O

E are the

water activities in the pore water and the equilibrium

solution, respectively.

In general, Xl is a function of porosity /, the concen-

tration of the equilibrium solution c and the fixed charge

density of soil cfix. At full saturation, matric suction van-

ishes, and one has [40]

/qlXl¼/0q
H2O
� Xl

0þ
Z /0

/
PDd/ ð4Þ

where subscript ‘‘0’’ refers to the initial (reference) state, ql

is the mass density of the pore solution. Noticeably, for

dilute solution, ql is approximately equal to qH2O
� , and thus

qH2O
� and ql are used interchangeably in this paper.

4.2 Applicability of intergranular stress
as effective stress

Clearly, the intergranular stress tensor r00ij has two inde-

pendent contributions, i.e., a purely mechanical contribu-

tion, represented by Terzaghi’s effective stresses r0ij, and a

physicochemical one, given by �/P. With the two unique

features stated above, r00ij should be capable of describing

the mechanical behavior of clayey soils as the effective

stresses. To demonstrate this, the results of oedometer tests

in Figs. 4 and 5 are recast onto the r00v � e plane, where r00v
is the vertical of the intergranular stresses. Here the

working hypothesis is that the physicochemical component

of r00ij induces skeletal deformation just in the same way as

its mechanical counterpart does, and thus, all the data

points in Fig. 4 (or 5) should converge into a single smooth

curve on the r00v � e plane, as schematically shown in

Fig. 11.

Coarse grain

Aggregate or domain

Clay particle

A

B
B
lp A

lp

E
lp

Equilibrium solution
REV

Fig. 10 Schematic illustration of saturated soil–water system. Due to

the physicochemical interactions between solid grains and pore

solution, local pore water pressure is heterogeneously distributed over

the representative elementary volume (REV), particularly, plA 6¼ plB.
In the pore water pressure measurement, what is measured is indeed

the pressure of the equilibrium solution (plE)
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To evaluate r00v, one has to determine PD and Xl
0 first.

PD is determined by Eq. (3) with given /, cfix and c, and

explicitly given in Appendix 1. Noticeably, the value of Xl
0

in Eq. (4) is generally unknown. However, existence of

nonzero Xl
0 can simply be considered as the physical origin

of the initial stress of soil at the initial state. Equation (1)

implies that the initial intergranular stress is given by

r00v0 ¼ r0v0þ/0q
H2O
� Xl

0 � /0PD0, which holds the soil

intact. In this paper, all the samples were consolidated with

a vertical stress of 20 kPa and then unloaded to 0 kPa.

Hence, at the initial state, r0v0¼0 kPa and

r00v0 ¼ /0q
H2O
� Xl

0 � /0PD0. In the following, unless other-

wise explicitly specified, r00v is used to replace r00v � r00v0 for
convenience.

To evaluate PD0, it is also necessary to determine the

concentration of equilibrium solution at the initial state

(denoted by c0). In this paper, the leachate collected during

sample preparation was used as the equilibrium solution at

the initial state. By the electrical conductivity method [27],

c0 was determined as 1 mmol/L, which corresponds to an

electrical conductivity of 138.8 us/cm (of equilibrium

solution). With these conditions, r00v can be evaluated for

any chemical and mechanical loading paths (Appendix 2).

In calculation, the pore solution is considered as an ideal

dilute solution. In general, the NaCl solution can be con-

sidered as an ideal solution over a wide range of concen-

tration [44]. For the CaCl2 solution, the concentration

adopted in our test is relatively small. Hence, as a first

approximation, it is assumed here that all the solutions are

ideal in the calculation. In addition, the reduction factor d
of the CEC is determined by fitting the calculated results

with experimental data, and approximately equal to 0.5.

Figure 12 presents the calculated results of various

CsRR oedometer tests on the samples exposed to NaCl

solution and CaCl2 solution, onto the r00v * e plane. For

comparison, the compression curve (the solid curve) of the

sample saturated with deionized water is also given.

Apparently, for both types of samples, which were exposed

to NaCl and CaCl2 solutions, respectively, all the experi-

mental points converge into a small vicinity of the com-

pression curve of the sample saturated with deionized

water, showing that both chemical and mechanical loadings

Fig. 11 Schematics of compression curves in different coordinate

systems. When casted on the r00v � e plane, the compression curves

converge into a single curve

(a)

(b)

1 10 100 1000
0.6

0.8

1.0

1.2

1.4

e

σv″: kPa

DW
0.1 mol/L NaCl
0.5 mol/L NaCl
4.0 mol/L NaCl
(δ=0.5)

1 10 100 1000
0.6

0.8

1.0

1.2

1.4

(δ=0.5)

e

σv″: kPa

DW
0.1 mol/L CaCl2

0.5 mol/L CaCl2

Fig. 12 The calculated r00v � e relationships for the samples prepared

with deionized water and later exposed to salt solution under various

vertical stresses: a NaCl solution-saturated; b CaCl2 solution-

saturated
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can be reasonably described by a unique intergranular

stress formula.

Figure 13 shows the experimental results, which are

recast onto the r00v � e plane, of the samples prepared with

deionized water and later exposed to NaCl solution under

the vertical stresses (50 and 200 kPa, respectively) in one-

step or multi-step salinization (Type 2 in Table 3).

Apparently, all the experimental points also converge into

a small vicinity of the compression curve of the sample

saturated with deionized water, again showing that the

intergranular stress can be used to unify the behaviors of

kaolinitic clay under chemical and mechanical loadings.

Figure 14 depicts the r00v � e relationships of the sample

initially prepared with deionized water under a vertical

stress of 50 kPa in the salinization-desalinization cycle

experiments (Type 3 in Table 3). For comparison, the

mechanical loading and unloading curves (denoted by A1-

B1-C1) for the sample saturated by the deionized water are

also presented. The experimental procedure is schemati-

cally illustrated in the right upper part of the figure. From A

to G, three salinization and desalinization cycles were

performed: from A to C, the deionized water-saturated

sample was first exposed to a 1.0 mol/L NaCl solution

(salinized), and then desalinized; from C to D, the sample

was salinized again by a 1.0 mol/L NaCl solution and then

desalinized from D to E, where the saturating 1.0 mol/L

NaCl solution was replaced by a 0.5 mol/L CaCl2 solution;

finally, from E to F, the saturating 0.5 CaCl2 solution was

replaced by a 1.0 mol/L NaCl solution and then desalinized

from F to G. Clearly, the first salinization (from A to B) is a

chemical loading process, and the compression practically

follows the virgin compression curve. The following

desalinization (from B to C) represents chemical

unloading, while the re-salinization (from C to D) is

chemical reloading. It can be seen that the B-C and C-D

curves (i.e., dashed curve) are approximately parallel to the

unloading-reloading curve (B1-C1), implying that the

rebound index is independent of the applied vertical stress

and solution concentration.

From D to E, the 1.0 mol/L NaCl solution was replaced

by 0.5 mol/L CaCl2. In the process, the type of salt solution

was changed, though the amount of cationic charges

remained the same, and the induced volumetric strain is

very small (about 0.1%). This implies that the volumetric

strain is mainly due to the change of ionic strength (i.e.,

induced intergranular stress) but the type of salt. Similarly,

from E to F, the 0.5 mol/L CaCl2 solution was replaced by

the 1.0 mol/L NaCl solution, the intergranular stress

remained practically unchanged, and thus no significant

deformation occurred. Based on the above results, it is

concluded that the chemo-mechanical behavior of kaoli-

nitic clay can be very well described by the intergranular

stress.

5 Conclusion

A series of experiments, including sedimentation tests,

liquid limit tests, SEM tests and oedometer tests, on the

remolded kaolinitic clay was performed under various

chemo-mechanical loadings. It is shown that the concen-

tration and valence of pore solution have significant effect

on the volume change of kaolinitic clay. The volume

change can be attributed to the change of intergranular

forces caused by the variation of pore water chemistry. In

addition, in the compression-solution replacement-
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Fig. 13 The r00v � e relationship in one-step or multi-step salinization

experiments under various vertical stresses (50 and 200 kPa)
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recompression tests, all the recompression curves under the

subsequent mechanical loading after solution replacement

merge into a single curve, provided that the replacing

solution is the same. If the change of ionic strength is the

same, the induced osmotic volumetric strain is independent

of the step number of salinization. The results of sedi-

mentation tests imply that clay mineral face-to-face (FF)

aggregation prevails in the soil sample. The SEM-based

microstructural analysis reveals that such a FF-aggregation

fabric remains practically unchanged during both

mechanical and chemical loadings.

The concept of intergranular stress by Wei [40] is

introduced to interpret the experimental results, and a

simple procedure is provided to calculate the intergran-

ular stress. It is found that when Terzaghi’s effective

stress is replaced by the introduced intergranular stress,

the compression curves under various chemo-mechanical

loadings converge into a small vicinity of the compres-

sion curve of the deionized water-saturated sample. This

result implies that the behaviors of kaolinitic clay under

complex chemical and mechanical loadings can be

remarkably unified by a single intergranular stress.

Nonetheless, further research needs to be pursued to

explore the applicability of the intergranular stress

equation for other soils, especially highly active clay, say

montmorillonite.

Appendix

Determination of osmotic pressures P
and PD

The detailed derivations can be found in Wei [40], and for

easy reference are also presented here. Both NaCl and

CaCl2 solutions are of concern here. For clarity, both

solutions can be denoted by BAv, where B
v? represents the

cations with a valence of v, and A- the monovalent anions.

When the system in Fig. 10 is in equilibrium, for any

species a (= H2O, B
v? or A-), one has

laE ¼ laP ðA:1Þ

where laE and laP are the chemical potentials of species a in

the equilibrium solution and in the pore water in the soil,

respectively. In the equilibrium solution,

lH2O
E ¼ lH2O

� ðT ; pl0Þ þ
ðplE � pl0Þ
qH2O
�

þ RT

MH2O
ln aH2O

E ðA:2Þ

liE ¼ li�ðT ; pl0Þ þ
ðplE � pl0Þ

qi�
þ RT

Mi ln a
i
E

þ Fnmi

Mi i ¼ Bvþor A�ð Þ ðA:3Þ

In the pore space,

lH2O
P ¼ lH2O

� ðT ; pl0Þ þ
ðplP � pl0Þ
qH2O
�

þ RT

MH2O
ln aH2O

P þ Xl

ðA:4Þ

liP ¼ li�ðT ; pl0Þ þ
ðplP � pl0Þ

qi�
þ RT

Mi ln a
i
P þ Xl

þ Fnmi

Mi i ¼ Bvþor A�ð Þ ðA:5Þ

where la� is the chemical potential of species a in its pure

state (i.e., pure substance), depending only upon T and p;

qa� the mass density of species a at the pure state; F

Faraday’s constant; n the local electrostatic potential; mi the
valence of ionic species i; Ma the molar mass of species a;
aiE the activity of ionic species i in the equilibrium solution;

aiP the activity of ionic species i in the pore solution.

Applying Eq. (A.1) to the solvent (i.e., H2O), i.e.,

lH2O
E ¼ lH2O

P , and combining Eqs. (A.2) and (A.4), one

obtains

P ¼ plP � plE ¼ RTqH2O
�

MH2O
ln

aH2O
E

aH2O
P

 !
� qH2O

� Xl ðA:6Þ

The firsts term on the right of the second equation is

Donnan’s osmotic pressure, PD, given by Eq. (3). Now

Eq. (2) immediately follows after substituting PD in

Eq. (A.6).

Applying Eq. (A.1) to both ionic species (i.e., Bv? and

A-), i.e., lB
mþ

E ¼ lB
mþ

P and lA
�

E ¼ lA
�

P , one can derive

lB
mþ

E þ mlA
�

E ¼ lB
mþ

P þ mlA
�

P ðA:7Þ

By substituting Eqs. (A.3) and (A.5) in Eq. (A.7), one

can derive

ln aB
mþ

P aA
�

P

� �mh i
¼ ln aB

mþ

E aA
�

E

� �mh i
þ OðeÞ ðA:8Þ

where OðeÞ represents the higher-order small terms, which

is negligible in calculation. Hence, Eq. (A.7) can be

rewritten as:

aB
mþ

P aA
�

P

� �m¼ aB
mþ

E aA
�

E

� �m ðA:9Þ

where activities aiE and aiP can be written as aiE ¼ ciEm
i
E and

aiP ¼ ciPm
i
P, respectively, where ciE=P is the activity coeffi-

cient, and mi
E=P is the molar fraction,

mi¼ ciP
ca

ðA:10Þ

where ca is the molar concentrations of species a. It follows
from Eq. (A.9) that

mBmþ

P mA�

P

� �m¼ cmBmþ

E mA�

E

� �m ðA:11Þ
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and c ¼ cB
mþ

E ðcA�

E =cA
�

P Þm=cBmþ

P , and c� 1. In particular,

c ¼ 1 for an ideal solution.

PD is determined using Eqs. (4) and (A.10). For an ideal

dilute solution, aA
�

E � mA�

E , aB
mþ

P � mBmþ

P ,

aH2O
E � 1� mA�

E � mBmþ

E , aH2O
P � 1� mA�

P � mBmþ

P , PD can

be computed as:

PD ¼ RTqH2O
�

MH2O
ln

1� mA�

E � mBmþ

E

1� mA�
P � mBmþ

P

 !
ðA:12Þ

Substituting Eq (A.10) in Eq. (A.12), one obtains

PD ¼ RTqH2O
�

MH2O
ln 1� cA

�

E þ cB
mþ

EP
caE

� ��

� ln 1� cA
�

P þ cB
mþ

PP
caP

� �� ðA:13Þ

By Taylor’s expansion and ignoring the higher-order

small terms, Eq. (A.13) yields

PD ¼ RTqH2O
�

MH2O

cB
mþ

P þ cA
�

PP
caP

� cB
mþ

E þ cA
�

EP
caE

� �
ðA:14Þ

In the case of dilute solution,P
caP �

P
caE � cH2O

E=P � qH2O
� =MH2O. Hence,

PD � RT cB
vþ

P þ cA
�

P � cB
vþ

E � cA
�

E

� 	
ðA:15Þ

Let c be the molar concentration (mol/L) of the equi-

librium solution. The condition of electrical neutrality

requires that

cB
mþ

E ¼ cA
�

E

m
¼ c ðA:16Þ

mcB
mþ

P ¼ cA
�

P þ cfix
/

ðA:17Þ

where cfix is the fixed negative charge density (mol/L),

equal to the number of electrical charges per unit volume

of soil, and given by

cfix ¼
CEC � qd

100
¼CEC � qs

100
1� /ð Þ ðA:18Þ

where CEC is the cation exchange capacity (meq/100 g or

mmol/100 g); qd is the dry density of soil (g/cm3); qs is the
particle density of soil (g/cm3) and equal to qwGs, where Gs

is the specific gravity of soil. Noticeably, not all the

exchangeable cations contribute to the Donnan osmosis.

Indeed, some exchangeable cations (say, those in the Stern

layer) are strongly adsorbed onto clay particle surfaces,

counterbalancing part of the negative charge of the clay

minerals [11, 12, 35]. Hence, a reduction factor (d) is

introduced to obtain the effective fixed charge density

(cfix;e) as

cfix;e ¼ dcfix ðA:19Þ

Then, the electroneutrality condition in pore solution

(Eq. (A.17)) can be rewritten as:

mcB
mþ

P ¼ cA
�

P þ cfix;e
/

ðA:20Þ

If c, cfix, m, and / and d are specified, cB
mþ

P and cA
�

P can

be obtained by simultaneously solving Eqs. (A.10)-(A.11),

(A.16), and (A.18)-(A.20).

For NaCl solution, m ¼ 1, and one can obtain

cNa
þ

P ¼ dcfix
2/

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4

/c
dcfix

� �2
s

þ 1

0
@

1
A ðA:21Þ

cCl
�

P ¼ dcfix
2/

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4

/c
dcfix

� �2
s

� 1

0
@

1
A ðA:22Þ

Inserting Eqs. (A.21) and (A.22) into Eq. (A.15) yields

PD ¼ RT
dcfix
/

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4

/c
dcfix

� �2
s

� 2c

0
@

1
A ðA:23Þ

For CaCl2 solution, m ¼ 2, and one can obtain

cCl
�

P

� �3þ dcfix
/

cCl
�

P

� �2�8c3 ¼ 0 ðA:24Þ

PD ¼ RT
3cCl

�

P

2
þ dcfix

2/
� 3c

� �
ðA:25Þ

Calculation of intergranular stresses r00v
during mechanical/chemical loading

Inserting Eqs. (2) and (4) into Eq. (1), one obtains

r00v ¼ r0v � /PD þ /0q
lXl

0þ
Z /0

/
PDd/ ðA:26Þ

At the initial (reference) state, no vertical loading is

applied (i.e., r0v0¼0 kPa), and thus, the initial (reference)

vertical intergranular stress is

r00v0 ¼ /0q
lXl

0 � /0PD0 ðA:27Þ

which is the very initial effective stress keeping the soil

intact. In the following calculations, r00v represents r
00
v � r00v0

for simplicity.

During a chemo-mechanical loading process, r00v can be

calculated stepwise. Assuming r00vn�1(i.e., the value of r
00
v at

Step n-1) is known, and r00vn can be determined as

r00vn ¼ r00vn�1 þ Dr00vn. For mechanical loading, in which

pore solution concentration remains practically constant

(i.e., Dc ¼ 0), where

Dr00vn¼Dr0vn � /n�1 � DPDn ðA:28Þ
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In the case of chemical loading, where Dc 6¼ 0 and

D/ 6¼ 0,

Dr00vn ¼ Dr0vn � /n�1 � DPDn þ
Z /0

/n�1

oPD

oc
d/ � Dcn

ðA:29Þ
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