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1 INTRODUCTION 

Understanding the engineering response of clays to 

changes in pore salt concentration is relevant in 

situations; such as, infiltration of chemical solutions in 

clay liners (Barbour and Yang, 1993), chemical 

spillages during industrial operations (Rao and 

Sridharan, 1993), sea-water intrusion in coastal 

aquifers from increased sea levels (Carretero et al. 

2013) or lowering of groundwater table from excessive 

pumping (Pulido-Leboeuf, 2004; Melloul and 

Goldenberg, 1997). Alterations in pore water salinity 

and associated ion exchange reactions influence 

electrochemical stress (A - R) and differential osmotic 

stress (∆pof clay-water suspensions (Barbour and 

Fredlund, 1989; Di Maio, 1996; Rao and Shivananda, 

2005; Rao et al. 2006); differential osmotic stress (∆p) 

arise from differences in dissolved salt concentration 

in pore water and external reservoir and is calculated 

as:where, R is universal gas constant (8.32 

litre.kPa/mole.K), T is absolute temperature (degree 

Kelvin), and M1 and M2 are dissolved salt 

concentrations in pore-water (M1) and consolidometer 

reservoir water (M2) respectively. The electrochemical 

stress (A - R) is contributed by van der Waals (A) 

attraction and diffuse ion layer repulsion (R) (Barbour 

and Fredlund, 1989; Mitchell and Soga, 2005).  The 

work presented below is from published research of 

the author and are appropriately quoted. 

corresponded to 84% 2000 kPa respectively. The 
specimens were inundated with 0.1 to 0.4 molar (M)  

 

 

 

 

 

 

 

 

 

2.1 Influence of Osmotic Suction Dissipation on 

Volumetric Strain (Rao et al 2006, Rao and 

Thyagaraj 2007a) 

Expansive clay specimens were compacted at 28 % 

water content and dry density of 1.42 Mg/m3; the 

degree of saturation and matric suction of specimens 

corresponded to 84% and 2000 kPa respectively. The 

specimens were inundated with 0.1 to 4 M (molar) or 

0.1 to 4 N (normal; normality and molarity is identical 

for sodium chloride solutions) sodium chloride 

solutions in conventional oedometer cells at net 

vertical stress of 6.25 kPa. The dissolved salts 

concentrations in pore water of the compacted clay 

specimens (0.3 g/L) were smaller than concentrations 

of reservoir solutions (5.84 to 233.6 g/L, NaCl 

solutions) and induced differential osmotic suction 

stress of 391 to 8968 kPa in pore water. The matric 

suction and osmotic suction gradient in the compacted 

clay dissipated through inward flow of salt solution 

and outward flow of constituent H2O molecules of pore 

water. The outward flow of constituent H2O molecules 

of pore water reduced pore water pressure, increase 

average skeleton stress with void ratio reduction 

(Barbour and Fredlund, 1989). In contrast, the inward 

flow of salt solution promoted swelling of the 

compacted expansive clay specimens, as the external 

load (6.2 kPa) was lower than the swell pressure of the 

clays (56–160 kPa).  
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Figure 1 plots axial deformations with time for 

specimens inundated with distilled water, 0.1N, 0.4 

N,1 N and 4 N NaCl solutions respectively. The 

compacted clay specimens swell on inundation with 

NaCl solutions, which implies that dissipation of 

matric suction and the attendant growth of diffuse ion 

layer repulsion dominates compacted clay behavior at 

all salt concentrations (Van Olphen, 1963, Yong and 

Warkentin, 1975). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 traces osmotic suction difference (Dp from 

Eq. 1) and percent swell as a function of time for 

compacted clays inundated with 0.4 M sodium 

chloride solution. Percent salt intrusion at time interval 

t is calculated as:

 

 100%
0  t atreservoir oedometer  in Salt

 t time at extract water  soilin Salt



      (2) 
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Fig. 1 Time-swelling behavior of expansive clays 
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Plots in Figure 2 reveal that 90 % of salt intrusion and 

93 % dissipation of initial osmotic suction difference 

occur after 40 days of contact between clay and salt 

solutions. In comparison, Figure 3 shows that large 

fraction of matric suction dissipates rapidly (80-100 

min) and before mobilization of complete swell 

potential. The inward salt intrusion in response to 

dissipation of matric suction and osmotic suction 

difference suppresses the diffuse ion layer thickness 

around the clay particles and lowers the swell 

magnitude of compacted clay specimens inundated 

with 0.4 M to 4 M sodium chloride solutions in 

reference to specimen inundated with distilled water 

(Figure 1). 

 

Fig. 3. Dissipation of matric suction and growth of swell  

with time of expansive clay 

 

2.2 Role of Osmotic Suction in Swell Mechanism 

(Rao et al. 2013) 

Swelling of unsaturated expansive clays on contact 

with water occurs in two stages. The first stage pertains 

to inter-layer separations between 10 and 22 Ao and is 

driven by moisture absorption on clay surfaces 

(crystalline swelling). The second swelling occurs at 

inter-layer separations beyond 22 Ao and is associated 

with double-layer/osmotic swelling. The inter-layer 

expansion due to adsorption of water molecules in the 

crystalline swelling region (10-22 Ao) is function of 

layer charge, exchangeable cation and attraction 

between water molecules and the polar surface groups 

of the clay mineral.  (van Olphen, 1963; Yong, 1999, 

Saiyouri et al. 2004; Villar, 2007). Swelling beyond 22 

Ao can be calculated as an osmotic pressure using 

Van’t Hoff’s equation:  

π = RT (Cc-2C0)  (3)  

where, π represents the osmotic or swelling pressure, 

R is the gas constant, T is the absolute temperature, Cc 

is concentration of cations at midpoint of two 

interacting clay platelets in the micro-structural space 

(Cc in moles/liter) and C0 is the cation concentration 

(moles/liter) in the bulk solution in macro-pores. 

Increase in C0 would reduce π and the contribution of 

double layer repulsion to swell potential. The osmotic 

pressure is identical with the double layer repulsion 

energy of two plates as computed by the equation: 

p= 2nkT(cosh u-1)     (4) 

where p is the swell pressure, n is the ion concentration 

in the bulk solution, k is Boltzmann constant, T is 

absolute temperature and u is the mid-plane potential 

between two parallel clay plates (van Olphen, 1963; 

Yong and Warkentin, 1975; Mitchell and Soga 2005; 

Karnland, 1997). The experimental data pertains to 

oedometer tests with compacted expansive soil 

specimens described in section 2.2. The concentration 

of cations at midpoint of two interacting clay plates in 

the inter-lamellar space (Cc in moles/liter) is calculated 

as (Yong and Warkentin, 1975; Karnland 1997)                              
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where z = valence of exchangeable cation, d is the half 

distance between two clay plates in A0 (10-10m), x0 is a 

correction factor (1 to 4 10-8cm) and B is a constant 

with the value of 1 1018 cm/mol and represents the 

combined effects of temperature and dielectric 

constant (values from Yong and Warkentin, 1975; 

Karnland, 1997). Inserting appropriate values for d 

(810-8cm), x0 (210-8cm) and z (1.99-weighted 

average value for the clay specimen) yields Cc value of 

0.25 M (molar) for the compacted clay specimen used 

in this study. The compacted clay specimens were 

wetted with distilled water, 0.1, 0.4, 1 and 4 M sodium 

chloride solutions in the oedometer tests at net vertical 

stress of 6.25 kPa. It is assumed that wetting with salt 

solutions rendered C0 equal to concentration of wetting 

fluids (0.1 to 4 M sodium chloride solution).  

Comparison of the Cc and C0 values lead to the 

following observations. The Cc exceeds the C0 values 
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(solute concentration in bulk solution) when 

compacted clay specimens are wetted with distilled 

water (C0 of clay specimen wetted with distilled water 

corresponds to 0.005 M NaCl) and 0.1 M sodium 

chloride solution in the oedometer tests. The Cc values 

are however smaller than the C0 values for clay 

specimens wetted with 0.4, 1 and 4 M sodium chloride 

solutions in the oedometer tests. Figure 1 had 

presented the percent swell versus time plots of 

compacted clay specimens wetted at net vertical stress 

of 6.25 kPa in the oedometer tests. The compacted clay 

specimens wetted with distilled water, 0.1, 0.4, 1 and 

4 M NaCl solutions develop swell potentials of 7.4, 

5.9, 5.1, 4.2 and 2.7 % respectively. Equation (3) states 

that osmotic swell occurs when Cc > C0 condition is 

met. This condition is met, when the compacted 

specimens are inundated with 0.1 M sodium chloride 

solution and are not satisfied upon inundation with the 

relatively more saline, 0.4, 1 and 4 M sodium chloride 

solutions. Wetting of the compacted clay specimens 

with saline solutions restricts the growth of diffuse ion 

layers (Mitchell, 1993). Owing to the restriction in 

diffuse ion layer growth, the swell potentials of 

specimens that do not meet Cc < C0 condition are 

satisfied by crystalline swelling alone. Comparatively, 

compacted clay specimens inundated with relatively 

less saline solutions (0.005 to 0.1 M sodium chloride) 

need both crystalline and osmotic/double layer 

swelling to satiate the swell potential. 

2.3 Equivalent Net Stress from Osmotic Suction 

(Rao and Thyagaraj 2007b) 

Rao and Thyagaraj (2007b) have indicated that 

osmotic flow of salt solution from external reservoir to 

pore water of the clay induces an additional equivalent 

net stress component (pπ):  

 ffp 21 pppp D
                   (6 ) 

In Eq. (6), osmotic efficiency () varies between 0 and 

1 and determines the magnitude ofDpcontribution to 

true mean effective stress. Values of α = 0 and 1, imply 

imperfect and perfect semi-permeable membrane 

behavior respectively. In Eq. (6), π1f represents 

equilibrium osmotic suction in pore water of clay and 

π2f represents equilibrium osmotic suction of the 

external (reservoir) solution. When ions flow from 

external reservoir to pore-water in response to 

differential osmotic stress, it induces an additional 

equivalent net stress (pπ) and enhances the true 

effective stress. 

2.4 Calculation of Osmotic Efficiency (sections 2. 

4 to 2.7 from Rao et al., 2016) 

The osmotic efficiency (α) can be calculated from the 

Fritz-Marine Membrane Model (Fritz 1986, Keijzer 

2000, Maine and Fritz 1981); the method is illustrated 

for kaolinites slurries prepared with 0.02 and 0.4 M 

sodium chloride solutions and subjected to 1-

dimensional consolidation in conventional oedometers 

(Rao et al., 2016). The model is based on the premise 

that at osmotic equilibrium, thermodynamic forces 

acting across the clay membrane are balanced by the 

sum of mechanical-frictional forces between ions and 

water/membrane. Anions attempting to migrate into 

the pores are repelled by the negative mid-plane 

potential; the tendency to exclude anions also hinders 

cation migration because cations need anions to 

maintain electrical neutrality. Consequently, as the 

porosity of clay decreases, increased overlap of diffuse 

ion layers enhances frictional resistance between 

anions and clay membrane that in turn enhances the 

osmotic efficiency of the clay. The model calculates 

osmotic efficiency (α) as: 
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In Eq. (7), Ks = Ca/Cs, where Ca is the anion 

concentration in pore water (moles/cm3) and Cs 

represents average solute concentration (moles/cm3) of 

pore water + reservoir water. Rw represents the 

frictional resistance between solutes and pore water 

and equals 1.63 for the NaCl amended kaolinite 

specimens used in the study (Fritz and Maine, 1983). 

Rm represents the tendency of ions to be retarded by 

frictional resistance with membrane walls. Neglecting 

electrostatic effects, Rm is obtained by considering the 

hydrated radii of ions and ranges between 1.13 and 

1.80 for NaCl - H2O system (Fritz, 1986; Keijzer, 

2000; Kharaka and Berry, 1973; Marcus 1997). Rwm 

represents the friction of anions with both membrane 
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Table 2: Physico-chemical Parameters and True                                    

Effective Stress of Kaolinites 

  

 

 

 

 

 

 

 

 

 

(m) and pore water (w) and is > 1 for compact clay (n 

≪ 40%) and reduces with increasing porosity (Keijzer, 

2000). As porosity tends to zero, the contribution from 

Rwm can transform even, low to non-active clays, such 

as illite and kaolinite into ideal membranes (osmotic 

efficiency unity). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As porosity tends to zero, the contribution from Rwm 

can transform even, low to non-active clays, such as 

illite and kaolinite into ideal membranes (osmotic 

efficiency unity). 

2.5 Incorporation of pπ in True Effective Stress  

Consolidation 
pressure (kPa) 

e 1/k (Å) 
A 
(kPa) 

R 
(kPa) 

A - R 
(kPa) 

p1f - 
p2f(kPa) 

pp(kPa) σ1’ (kPa)

0.4 M series   

6.25 1.45 4.80 0.027 0 0.027 1466 7.31 13.6 

25 1.32 4.90 0.029 0 0.029 1321 8.06 33.1 

100 1.16 4.96 0.036 0 0.036 1257 7.79 107.8 

200 1.06 5.17 0.039 0 0.039 1038 15.58 215.6 

400 0.94 4.94 0.049 0 0.049 1258 19.25 419.3 

0.02 M series   

6.25 1.31 22.27 0.021 0 0.021 82 0.41 6.7 

25 1.17 22.84 0.028 0 0.028 67 0.46 25.5 

100 1.00 21.55 0.030 0 0.030 64 2.80 102.8 

200 0.90 22.21 0.038 0 0.038 37 3.80 203.8 

400 0.785 22.90 0.040 0 0.040 54 7.77 407.8 

Consolidation  
pressure (kPa) 

n 
(porosity) 

Ca 
(mole/cm3) 

Cc 
(mole/cm3) 

Cs 
(mole/cm3) 

Rwm α 

 0.4 M series  

6.25 0.591 0.00038 0.000397 0.000515 0.27 0.0049 

25 0.569 0.00037 0.00038 0.000513 0.28 0.0061 

100 0.537 0.000366 0.000373 0.0005095 0.34 0.0062 

200 0.514 0.0003385 0.000343 0.0004945 0.34 0.015 

400 0.484 0.000374 0.000376 0.0005215 0.48 0.0153 

       

0.02 M series 

6.25 0.567 0.00002 0.0000185 0.0000305 0.1 0.005 

25 0.539 0.0000189 0.0000176 0.0000305 0.1 0.0069 

100 0.5 0.00001979 0.00001977 0.000036 0.1 0.044 

200 0.474 0.0000205 0.0000186 0.0000395 0.1 0.103 

400 0.439 0.0000181 0.0000175 0.000033 0.4 0.1437 

       

Table 1: Calculations of Osmotic Efficiency (α) 
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Mitchell and Soga (2005) define true inter-granular 

stress as: 

RA''1      (8)  

where, σ1’ is true inter-granular stress and is 

contributed by σ’ (conventional effective stress) and 

electrochemical stress (A - R). The true inter-granular 

stress (Budhu, 2007; Mitchell and Soga, 2005) is given 

as:  

u'    (9)   

where, σ is the total stress and u is the pore water 

pressure. According to Fredlund et al. (2012) the 

osmotic stress (pπ) is an independent, isotropic, stress 

state variable. The physico-chemical contributions 

totrue effective stress (σ’1) are modified to incorporate 

pπ component (in addition to A - R); the true effective 

stress (σ’1) of Mitchell and Soga (2005) becomes: 

  p pRA''1    (10) 

Table 1 presents the osmotic efficiency calculated 

from the Marine and Fritz model (1981, Eq. 7) for the 

Na-kaolinite specimens at different consolidation 

pressures. Rw, the frictional resistance between ions 

(cations and anions) and pore water is assigned value 

of 1.63 (Fritz, 1986). Rm, the friction of anions and 

cation with clay membrane structure is assigned value 

of 1.8 (Fritz, 1986). Rwm term represents the frictional 

resistance of anions with both membrane and pore 

water and is strong function of porosity. 

At given porosity (n), the least Rwm that yielded 

positive  (all other parameters remaining constant) 

defined the Rwm of the specimen at given consolidation 

pressure (Table 1). The porosity (n) values were 

obtained from experimental void ratios at different 

consolidation pressures (Table 1). Ca and Cc represent 

experimental chloride and sodium ion concentrations 

in pore water (moles/cm3) at given consolidation 

pressure, while, Cs represents the average of M1f + M2f 

(moles/cm3) at each consolidation pressure (Table 1). 

Inserting the appropriate values gave the osmotic 

efficiency of the kaolinite specimens at different 

consolidation pressures (Table 1). The osmotic 

efficiencies of 0.4 M NaCl specimens (Table 1) range 

between 0.0049 and 0.0153 (n = 0.591 to 0.484) and  

Fig. 3: Void ratio true effective stress plots of kaolinite 

between 0.005 and 0.1437 in case of the 0.02 M NaCl 

specimens (n = 0.567 to 0.439). 

 The osmotic efficiencies of NaCl specimens increase 

with reduction in porosity apparently from increased 

interference to chloride migration into pores by the 

kaolinite micro-structure. Further, the 0.02 M 

specimen exhibits larger  than the 0.4 M specimen at 

given porosity possibly as the larger diffuse ion layer 

thickness (21.55 to 22.9 Å, Table 2) associated with 

these clay particles retard the passage of chloride ions 

into the pore space more effectively. The diffuse ion 

layer thickness (1/) of the kaolinite specimens at 

given consolidation pressure is obtained from the 

equation: 
















2'2' v'en8

kT1

p




                   (11)  

where is the dielectric constant of medium (water = 

80), k is the Boltzmann’s constant (1.38x10-16 erg/K), 

T is temperature in K (290 K), n’ is sodium ion 

concentration in pore water at given consolidation 

pressure, e’ is elementary charge (4.77x10-19 esu) and 

v’ is sodium ion valence (unity). 

2.6 Calculation of pπ  

The contribution of pπ to true effective stress (σ1
!) at 

various consolidation pressures are presented in Table 

2. The differential osmotic stress [∆π = (p1f – p2f)] 
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range from 1038 to 1446 kPa for 0.4 M specimens 

(Table 2); multiplication of the differential osmotic 

stress with corresponding osmotic efficiency give pπ 

that range between 7 and 19 kPa for the 0.4 M 

specimens and from 0.41 to 7.77 kPa for 0.02 M 

specimens (Table 2). The attraction stress ranges from 

0.027 to 0.049 kPa for the 0.4 M specimens from 0.021 

to 0.04 kPa for 0.02 M specimens; both specimens are 

devoid of inter-particle repulsion (Table 2). 

2.7 Void ratio – true effective stress plots 

Figure 3 compares void ratio – true effective stress 

(σ1’) plots of 0.02 M and 0.4 M specimens. The 0.4 M 

specimens are less compressible than the 0.02 M 

specimens and exhibit larger void ratio at given true 

effective stress (Fig. 3). The 0.4 M and 0.02 M series 

specimens are subjected to similar effective vertical 

stress (σv
’: 6.25 to 400 kPa) during consolidation; 

however of the two physico-chemical components, 

only pπ finitely contributes to true effective stress 

(Table 2). Further, the availability of higher pπ 

contribution (Table 2) enables the 0.4 M kaolinite 

specimens to sustain larger void ratio during 

consolidation (Fig. 3, Table 2).  

5 CONCLUSIONS 

Osmotic suction arises in compacted clays from 

differences in salt concentrations in pore water and 

external reservoir. Inflow of salt solution into 

expansive clay pores, reduces the swell potential. Flow 

of ion rich solution from external reservoir to pore-

water in response to differential osmotic stress, 

induces an additional equivalent net stress (pπ) that 

enhances the true effective stress and lowers the swell 

potential. With non-swelling kaolinites, similar 

increase in true effective stress renders the clay less 

compressible.Contribution to swell from diffuse 

double layer growth occurs only if the salt 

concentration in macro-pore solution is smaller than 

exchangeable cation concentration in the mid-plane 

region. Inundation of expansive clays with 

concentrated salt solutions favors crystalline swelling 

from moisture absorption by exchangeable cations and 

clay surface.  

Contribution of additional equivalent net stress (pπ) to 

true effective stress is function of osmotic efficiency 

of the clay. The osmotic efficiencies of clay specimens 

increase with reduction in porosity from increased 

interference to anion migration into pores by the clay 

micro-structure. Further, clay specimens associated 

with thicker diffuse ion layers retard the passage of 

anions into pore space more effectively and exhibit 

larger osmotic efficiencies expansive clays with 

concentrated salt solutions favors crystalline swelling 

from moisture absorption by exchangeable cations and 

clay surface.  
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