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Water retention curve model based on micro-pore filling and capillary 
condensation theories 
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Abstract: Water retention curve (WRC) is an important tool to study the hydraulic and mechanical properties of unsaturated soils, such 
as permeability, strength and deformation properties. Most of the existing WRC models fail to reflect the water retention mechanisms 
of unsaturated soils or they are complex in form, and these models are hard to give good performance on modelling the bimodal and 
multimodal WRCs. In this study, based on analyzing the water retention mechanisms of unsaturated soils, the WRC was divided into 
two domains that are governed by adsorption and capillary mechanisms, respectively. An adsorption water retention curve model (WRCM) 
was developed based on micro-pore filling theory and Kelvin’s law. A capillary WRCM was established based on the capillary condensation 
theory and Young-Laplace equation. Then, a new water retention curve model over the full suction range was built by superposing the 
adsorption and capillary WRCMs. Finally, the new model was validated through modelling the experimentally measured WRCs of six 
representative unsaturated soils, including Shanghai soft clay, Xi’an loess, Nanyang expansive soil, Guilin lateritic clay, Western Liaoning 
aeolian soil and Inner Mongolia Gaomiaozi (GMZ) bentonite. Results showed that the proposed model, which was simple in form with 
definite physical meaning parameters and successfully reflected the adsorption and capillary mechanisms of water retention, was able 
to simulate WRCs with different shapes for different types of soils under different conditions. 
Keywords: unsaturated soils; water retention curve (WRC); micro-pore filling; capillary condensation; water retention model 

 

1  Introduction 

In engineering practice, soils are mostly in unsaturated 
condition. When the air relative humidity (or suction) 
changes, the water retention capacity (water content or 
saturation) of unsaturated soils will change accordingly. 
The water retention curve (WRC or SWRC) or the soil- 
water characteristic curve (SWCC) can characterize the 
relationship between suction and water retaining capacity 
in unsaturated soils[1]. The WRC can be used to predict 
the hydraulic−mechanical properties of unsaturated soils 
such as permeability, strength and deformation properties. 
It is an important tool for studying the properties of unsa- 
turated soils[2−4]. 

The WRC can be obtained by two ways, including 
measuring the water content when controlling the relative 
humidity (or suction) and measuring the relative humidity 
(or suction) when controlling the water content. The former 
method can be achieved using methods such as axial trans- 
lation method, vapor phase technique and osmotic method, 
and the latter one mainly involves measuring the suction 
of specimens with different water contents using suction 

measuring devices (psychrometer, tensiometer, dew-point 
water potentia meter)[5]. However, these test methods are 
usually demanding and time consuming. Only a small 
number of discrete data points can be obtained, which 
makes it difficult to obtain a complete WRC over the full 
suction range. Especially for low permeability soils such 
as compacted bentonite, it can take weeks or even longer 
to determine just one data point[6]. Therefore, the WRC 
over the full suction range usually needs to be obtained 
indirectly with the help of mathematical models or to be 
predicted from other WRC under different conditions 
based on fitting parameters. The mathematical model 
describing the WRC is called the water retention curve 
model (WRCM). 

Many scholars have developed many different types 
of WRCMs for unsaturated soils, including: (i) empirical 
or semi-empirical WRCMs based on curve shape or sta- 
tistical analysis, such as the traditional BC model, VG 
model and FX model[7−9]; (ii) WRCMs that involve particle 
size distribution or pore structure characteristics[10−13]; 
(iii) WRCMs that use soil deformation[14−15]; (iv) WRCMs 
based on basic theories such as thermodynamics, fractal 
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theory or surface science[16−18]; and (v) WRCMs that 
consider adsorption and capillary water retention mech- 
anisms[19−20]. All these models can properly describe the 
WRCs under specific conditions and have played an 
important role in the study of coupled constitutive models 
for unsaturated soils. 

However, the water retention behaviour of unsaturated 
soils are influenced by many factors such as their mineral 
composition, dry density (void ratio), pore structure (size, 
distribution and connectivity of pore), deformation beha- 
viour, stress history and temperature[21−22]. Therefore, there 
are different forms of WRCs (single, double or multiple 
peaks), which are difficult to be described by the traditional 
unique-expression WRCMs. Qi et al[23] deduced a all- 
purpose WRCM expressed by a power function polynomial 
on the basis of analyzing 4 types of representative WRCMs. 
This model can simulate various shapes of WRCs, and 
its simulation accuracy can be improved by increasing 
the number of polynomial terms. However, the physical 
meanings of the model parameters are unclear. 

In this paper, based on the water retention mechanism 
of unsaturated soils, the WRCs were divided into two 
parts, namely adsorption water retention domain and 
capillary water retention domain. An adsorption WRCM 
was constructed based on the micro-pore filling theory. 
A capillary WRCM was constructed based on the capillary 
condensation theory. A new WRCM of unsaturated soils 
over the full suction range was then established. Finally, 
the model was validated using experimentally measured 
WRCs of six representative soils, and the applicability 
and limitations of the new model were discussed. Compared 
with the existing models, the model in this paper has 
simpler expressions and clearer physical meanings of 
the parameters and can simulate the WRCs of different 
types of unsaturated soils. 

2  Water occurrence and water retention 
mechanisms  

Unsaturated soil is a porous medium with two phases 
of gas and solid or three phases of gas, liquid and solid. 
The pore water includes adsorbed water, capillary water, 
and gravitational water. Gravitational water is mainly 
present in the large pores when the suction is low, and 
its content is small and difficult to be reflected in the 
WRC obtained from the experimental tests. Therefore, 
the gravitational water is not involved in this paper. There 
is an example about clay to explain pore water in unsa- 
turated soil. As the environmental suction decreases, water 
molecules will be drawn into the interlayer pores with 
the lowest matrix potential energy and combined with 
the interlayer cations to form interlayer adsorbed water; 

then the interlayer adsorbed water will be attracted by 
the particle surface cations and electrostatic forces to 
form the surface adsorbed water (i.e. bound water film). 
As the environmental suction further reduces, more water 
molecules condense on the particle surface, and interact 
with the particle surface and the air to produce a mech- 
anically balanced meniscus water column. Finally, inter- 
particle capillary water will be formed (Fig.1)[24−25]. 

 

Fig. 1  Adsorbed water and capillary water in unsaturated clay 
 

The above analysis shows that the main water retention 
mechanisms of unsaturated soils are adsorption and capil- 
lary effects in the high and low suction ranges. It has 
been shown that the adsorbed water content is mainly 
related to the properties of the gas−liquid−solid interface 
(cation exchange capacity, specific surface area); Although 
the capillary water content is also related to the properties 
of the gas−liquid−solid interface (e.g. surface tension, 
contact angle), it is mainly related to the pore structure 
characteristics (size, distribution, connectivity of pore)[26]. 
Factors such as mineral composition, temperature and 
chemistry in pore water essentially influence the gas− 
liquid−solid interface properties. Factors such as dry density, 
stress history and boundary conditions essentially influence 
the pore structure characteristics. Thus, these factors will 
affect the water retention behaviour of unsaturated soils. 
The WRCs of the same type of soil almost coincide in 
the high suction range. In the low suction range, they 
are affected by the factors such as dry density, tem- 
perature, and boundary conditions[27−28]. Adsorbed water 
and capillary water have different effects on the strength, 
permeability and volumetric deformation characteristics 
of unsaturated soil. However, most of traditional unsaturated 
soil mechanics theories only consider capillary water 
or do not distinguish between them. These result in dif- 
ference between calculated and measured results. Quan- 
titative differentiation between adsorbed water and capillary 
water is of great guiding significance for engineering design, 
construction and safety evaluation in water retaining and 
drainage of soil, deformation prediction, bearing capacity 
calculation. 

3  Modelling the water retention curve 

Based on the above analysis, the WRCs of unsaturated 
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soils can be divided into two parts: the adsorption and 
capillary WRCs (Fig.2). The adsorption and capillary 
WRCs can be modelled separately to establish a WRCM 
for unsaturated soils in the full suction range. In this 
conceptual model, the WRC is formed by superimposing 
the adsorption and capillary WRCs. The adsorption WRC 
starts at the highest suction and gradually increases and 
stabilises as the suction decreases. The capillary WRC 
starts at a lower suction and gradually increases and 
stabilises as the suction decreases. 

 
Fig. 2  Conceptual model of water retention for unsaturated 

soils 
 
3.1  Adsorption water retention curve model 

In the field of colloid and interfacial chemistry, the 
curve of adsorption versus gas equilibrium relative pressure 
at a constant temperature is known as the adsorption 
isotherm[29]. By definition, in fact the WRC for unsaturated 
soils is also a generalized adsorption isotherm. Therefore, 
an adsorption WRCM can be considered from the ad- 
sorption isotherm model. 

Many scholars have proposed adsorption isotherm 
models, for example, the popular Langmuir monolayer 
adsorption model, the Freundlich multilayer adsorption 
model, the BET multilayer adsorption model, the FHH 
adsorption model and the D-R micro-pore filling theory 
model. These models are applicable to adsorbent materials 
with different pore characteristics[29]. For unsaturated soils 
with multiple pore structure characteristics, water vapour 
adsorption mainly occurs in the interlayer pores and inter- 
stack pores. The interlayer pores are of molecular scale 
size and are suitable to be described by the micro-pore 
filling theory model. The inter-stack pores are slightly 
larger in size and can gradually form diffused double 
electric layer and are suitable to be described by the multi- 
molecular layer adsorption model. However, modelling 
the inter-layer pores and the inter-stack pores separately 
would make the final model expressions for the WRC 
very complex. Therefore, in this paper, appropriate modi- 
fications to the micro-pore filling theory model are con- 
sidered so that it can be applied to describe the adsorption 

WRCs of unsaturated soils. 
The micro-pore filling theory was established based 

on the adsorption potential theory. The concept of ad- 
sorption potential was first introduced by Euken (1914) 
and the adsorption potential theory was established by 
Polanyi (1914)[30]. The adsorption potential is defined 
as the change in Gibbs' free energy per unit mole resulting 
from moving 1 mol of an ideal gas from an infinite distance 
(i.e. outside the adsorption space unaffected by adsorption 
forces) to a point in the adsorption layer at constant 
temperature, shown as following: 

0

0d ln( / )
p

p
G V p RT p pε = −Δ = =             （1） 

where ε is the adsorption potential; GΔ is the increment 
of Gibbs free energy; p is the equilibrium pressure of 
the gas; p0 is the saturation vapour pressure of the gas 
(constant at constant temperature); and V is the molar 
volume of the gas. It can be seen from Eq.(1) that the 
adsorption potential ε decreases and the adsorption of 
the interface to water vapour molecules decreases as the 
equilibrium pressure p increases (i.e. the relative humidity 
increases). 

Influenced by the Van der Waals potential of the pore 
wall, adsorption does not occur layer by layer on the 
pore wall, but by volume filling within the micro-pore. 
Dubinin et al[31] proposed the well-known D-R micro-pore 
filling model based on the Polanyi adsorption potential 
theory. It is assumed that the pore size distribution obeys 
the Gauss function: 

2
a 0 exp( )V V ηε′= −                          （2） 

where aV  is the volume of adsorbate at an adsorption 
potential of ε ; 0V ′ is the micro-pore volume; and η is 
a constant. 

However, the assumptions of the D-R model are too 
idealistic. It is therefore only applicable to micro-pore 
porous media with a uniform and narrow distribution 
of pore sizes. Dubinin et al[32] proposed the D-A model 
by slightly improving the D-R model: 

a 0 exp[ ( / ) ]mV V Eε= −                       （3） 

where E is the characteristic energy of adsorption; m is 
a constant; and 0V  is the volume of pore holding the 
adsorbed water (pore may also retain capillary water 
meanwhile). The D-A model has been proved to suc- 
cessfully describe the adsorption WRCs of unsaturated 
soils such as compacted bentonites with multiple pore 
characteristics[20]. 

Substituting Eq.(1) into Eq.(3) and then combining 
it with Kelvin's law, we can organize it to obtain: 

a 0 aexp[ ( ) ]mV V βψ= −                       （4） 

10−1 100 101 102 103 104 105 106
0 

5 

10 

15 

20 

25 

30 

35 

W
at

er
 c

on
te

nt
 /%

 

Suction /kPa 

Water retention curve 
Adsorption water retention curve
Capillary water retention curve 

3

LIU et al.: Water retention curve model based on micro-pore filling and capil

Published by Rock and Soil Mechanics, 2021



  1552                  LIU Zhang-rong et al./ Rock and Soil Mechanics, 2021, 42(6): 1549−1556 

 

where w w= /M Eβ ρ , wM  is the molar mass of water 
molecules; wρ  is the water density; and aψ  is the ads- 
orption suction. 

When suction is 0, there should be a 0V V<  due to 
the capillary water occupying a certain pore volume. 
Therefore, Eq.(4) was amended as follows: 

a 0 aexp[ ( ) ]mV Vα βψ= −                      （5） 

where α is a coefficient, 0 1α< < . 
Based on the definition of volumetric water content, 

Eq.(5) can be further rewritten as 

a amax aexp[ ( ) ]mθ θ βψ= −                     （6） 

where aθ  is the adsorbed volumetric water content; amaxθ  
is the maximum adsorbed volumetric water content, amax =θ  

0 /V Vα , V is the total volume of the sample. 
Equation (6) shows that the adsorption volumetric 

water content will be only equal to 0 when the suction 
tends to infinity, which is clearly unrealistic. In fact, when 
the suction rises up to levels of 300−1 200 MPa (depending 
on the mineral composition), the soil sample reaches a 
completely dry state[33]. Therefore, Eq.(6) was further 
refined as 

a a max a max a[1 exp(1 / ) ]mθ θ ψ ψ= − −             （7） 

where a maxψ is the maximum adsorption suction. When 
the adsorption suction a a max=ψ ψ , a = 0ψ ; and when the 
suction a = 0ψ , a a max=θ θ . Thereby Eq.(7) is the ad- 
sorption WRM. The model is based on the D-R model 
for micro-pores. However, due to the improvement of 
the D-R model by introducing the characteristic 
energy of adsorption E and the parameter m (Eq.(3)), it is 
applicable to describe the adsorption WRCs of 
unsaturated soils with various pore characteristics. 
3.2  Capillary water retention curve model 

With the decrease of suction, capillary condensation 
begins to appear in the pores. When the suction reaches 
equilibrium, the pore pressure, water pressure and surface 
tension are all in an equilibrium state, thus the Young- 
Laplace equation can be easy to be derived: 

s

c

4= cosTd γ
ψ

                             （8） 

where d is the pore diameter; Ts is the surface tension 
of water; γ is the contact angle of water on the particles 
surface; and cψ is the capillary suction. 

Equation (8) shows that pores with a pore size less 
than d will be saturated for a given capillary suction (Fig.3). 
The capillary water retention is therefore related to the 
pore size distribution. Influenced by the factors such as 
dry density, water content and boundary conditions, the 

 

Fig. 3  Relationship between capillary void ratio and 
cumulative mercury-intruded void ratio 

 
pore size distribution curve of unsaturated soils may exhibit 
single, double or even multiple peaks and cannot be des- 
cribed by a unique mathematical model. However, its 
cumulative mercury-intruded volume always increases 
with decreasing lgd (Fig.3). For simplicity, it is assumed 
that the cumulative mercury-intruded void ratio (the ratio 
of cumulative mercury-intruded volume to soil particle 
volume) can be roughly expressed as 

i i max= exp( )ne e bd−                         （9） 

where i maxe is the maximum cumulative mercury-injected 
void ratio; b and n are fitting parameters. The cumulative 
mercury-intruded void ratio of the Gaomiaozi bentonite 
with dry density of 1.45 g/cm3 and suction of 113 MPa, 
for example, can be properly fitted by Eq.(9) (Fig.3). 

Based on the implications of the Young-Laplace 
equation, when the suction is cψ , the cumulative void 
ratio ce  occupied by capillary water (hereafter referred 
to as the capillary void ratio) is written as 

c cmax i c max= = 1 exp( )ne e e e bdλ − − −          （10） 

where cmaxe  is the maximum value of the capillary void 
ratio, imax cmax= /e eλ > 1. 

Substituting Eq.(8) into Eq.(10) gives 

c c max c= [1 exp( / )]ne e kλ ψ− −                 （11） 

where s= (4 cos )nk b T γ . 
In terms of the definition of volumetric water content, 

Eq.(11) can be further rewritten as 

c cmax c= [1 exp( / )]nkθ θ λ ψ− −                 （12） 

where cθ is the capillary volumetric water content; cmaxθ  
is the maximum capillary volumetric water content, 

c max cmax total(1 )e eθ = − , and totale is the total void ratio. 
Equation (12) is the capillary WRCM. 
3.3  Water retention curve model for unsaturated 
soils 

Based on the concept shown in Fig.2, the WRCM 
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for the full suction range can be obtained by superimposing 
Eqs. (7) and (12) as follows: 

a max max= [1 exp(1 / ) ]mθ θ ψ ψ− − +  

c max[1 exp( / )]nkθ λ ψ− −                    （13） 

where a c=ψ ψ ψ+ . Since the main water retention mec- 
hanisms in the high and low suction ranges are adsorption 
and capillary effects, respectively, max a max=ψ ψ , in the 
first term aψ ψ≈ , and cψ ψ≈  in the second term on 
the right-hand side of the equation. Based on the deter- 
mination of the model parameters, the adsorbed and capil- 
lary water contents for specific suction can be quantified 
by Eq.(13). This provides a basis for improving the theory 
of strength, permeability, and deformation in unsaturated 
soils. 

Based on the proportion relationship of the three 
phases of the soil, Eq.(13) can also be converted into a 
WRCM expressed by mass water content w and degree 
of saturation Sr. 

4  Model validation  

To verify the applicability of the model proposed in 
this paper, the experimentally measured WRCs of six 
common representative soils, including Shanghai soft 
soil[34], Xi'an loess[35], Nanyang swelling soil[36], Guilin 
red clay[37], Liaoxi aeolian soil[38] and Inner Mongolia 
Gaomiaozi (GMZ) bentonite[39−40], were simulated using 
the model in this paper (Eq.(13)), the VG model[8] and 
the FX model[9]. The results of the simulations are shown 
in Fig.4. As can be seen from the figure, the fitted results 

           

(a) Shanghai soft clay                                                 (b) Xi 'an loess 

          

(c) Nanyang expansive soil                                              (d) Guilin red clay 

           

(e) Eolian soil in western Liaoning                                    (f) Gaomiaozi bentonite 

Fig. 4  Comparison of the measured and simulated water retention curves 
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agree well with the experimentally measured results for 
different shapes of WRCs for different types of soils under 
different conditions (the R2 of all fitting curves is greater 
than 0.996). This indicates that the model in this paper 
can simulate the WRCs of common unsaturated soils very 
well. Especially for the WRC of Guilin red clay (Fig.4(d)), 
the traditional VG model[8] and FX model[9] cannot acc- 
urately depict its bimodal shape characteristics. However, 
the fitted results of model in this paper almost perfectly 
agree with the experimentally measured results. 

5  Discussion 

5.1 Meanings of model parameters and differences 
in fitting parameters 

The model in this paper (Eq.(13)) has seven parameters, 
where parameters a maxθ and c maxθ  are the maximum ad- 
sorption volumetric water content and maximum capillary 
volumetric water content. Parameter maxψ  is the maximum 
suction. Parameter λ  is related to the pore size distribution 
(Eq.(10)). Parameter k is related to the pore size distri- 
bution, capillary water surface tension and contact angle 
(Eq.(11)). Parameters m and n are fitting parameters. 
Except for parameters m and n, the other five parameters 
have clear physical meanings. 

Table 1 presents the fitting values of the model para- 
meters for the experimentally measured WRCs of the 
six representative soils (Fig.4). By comparing the data 
in the table, it can be seen that a high clay mineral content 
leads to a large maxψ . This correctly reflects the rule that 
the water retention capacity increases with increasing 
clay mineral content. In addition, the parameter m varies 
less with specimen conditions for the same soil, whereas 
parameters k and n vary more with specimen conditions. 
This can be explained that the former parameter is mainly 
related to the factors such as mineral composition and 
specific surface area, while the latter parameters are related 
to the pore size distribution. However, the model para- 
meters do not vary clearly with the dry density of the 
specimen and other factors. Some of the fitting values 
of the parameters are even unreasonable. For example, 
the fitting values for soft clay, red clay, aeolian soil and 
bentonite are all less than 1, which is not consistent with 
the definition of 1λ >  (Eq.(10)). For another instance, 
the a maxθ  of Nanyang swelling clay and Gaomiaozi ben- 
tonite are clearly smaller than those of other soils with 
less clay minerals. This may be due to the facts that: (i) 
A reasonable range of values for each parameter was not 
set during the fitting calculations, and the principle was 
only to achieve the best fit; (ii) The deformation behaviour 
and the boundary conditions of the water retention tests 
for various soils were different (except for the Gaomiaozi 

bentonite which has the constant volume, the other soils 
were all free swelling), which results in difference between 
change laws of different pore structures; (iii) Even for 
the same soil (e.g. Liaoxi aeolian soil), the shape of the 
WRC varies considerably under different conditions. 
Although the different WRCs can be fitted well based 
on these fitting parameters (Fig.4), it is likely that un- 
reasonable adsorption and capillary WRCs will be obtained. 
This will prevent the correct prediction of the adsorbed 
and capillary water contents for a given suction. Therefore, 
a reasonable value range for each parameter of the model 
should be set separately according to the meaning of the 
parameter. 
 
Table 1  Fitted values of model parameters 

Material Number / 
Conditions a maxθ maxψ  m cmaxθ  λ k n 

Soft clay
SH 1-1 22.72 240.83 0.008 26.766 0.974 0.753 0.233
SH 8 25.41 117.57 0.011 26.671 0.955 0.190 0.497

Loess 

1.2 g /cm3 29.14 111.05 0.682 36.700 1.438 0.014 0.854
1.4 g /cm3 31.32 97.34 0.802 34.490 1.317 0.008 1.088
1.5 g /cm3 31.19 98.16 0.315 34.400 1.195 0.007 1.202
1.6 g /cm3 33.03 108.76 0.296 34.570 1.211 0.012 1.167

Expansive 
clay 

Hygroscopic 3.56 644.14 0.062 37.580 1.081 0.777 0.342
Dehumidification 5.25 889.19 0.109 40.460 1.078 0.635 0.356

Red clay
Undisturbed 31.88 170.07 0.040 13.860 0.859 0.241 0.615
Compacted 37.73 164.91 0.044 12.570 0.860 0.044 1.070

Aeolian 
soil 

1.43 g /cm3 12.38 44.56 0.010 26.170 0.604 0.007 1.299
1.59 g /cm3 12.71 51.08 0.011 22.690 0.633 0.063 0.802
1.73 g /cm3 13.17 50.05 0.010 18.360 1.743 1.301 0.256

Bentonite

1.30 g /cm3 11.40 2 802.50 0.073 38.760 1.053 2.649 0.515
1.45 g /cm3 14.78 1 901.10 0.079 31.480 0.909 2.239 0.731
1.50 g /cm3 8.23 2 199.10 0.065 34.820 0.883 2.870 0.458
1.70 g /cm3 8.69 2 184.40 0.041 27.150 0.914 3.471 0.410

 
5.2  Limitations of the model 

The model mechanism in this paper is clear and simple 
and is able to fit WRCs well for various types of soils 
and shapes. However, there are still some shortcomings 
that need to be improved. 

(1) The capillary water retention model (Eq.(12)) does 
not limit the maximum suction maxψ . This may result 
in the capillary water content only tends to 0 when the 
suction approaches infinity in some fitting curves. This 
may also cause capillary water only to exist in the very 
high suction, which do not agree with the actual situation 
obviously. 

(2) Both the adsorption water retention model (Eq. 
(7)) and the capillary water retention model (Eq.(12)) 
are convex functions that increase monotonically with 
decreasing suction. This means that the combination of 
these two has at most two peaks. Therefore, the model 
in this paper (Eq.(13)) can only simulate WRCs with single 
or double peaks but cannot accurately simulate WRCs 
with three or more peaks. However, most of the WRCs 
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of common unsaturated soils in engineering are single- 
peaked or double-peaked, thus the WRCs can be simulated 
using the model proposed in this paper. 

Based on the principle of making the model mechanism 
as clear and simple as possible, improvements to the 
model can be considered in terms of limiting the maximum 
capillary suction, improving the assumption of capillary 
void ratio, and revising the micro-pore filling theory. 

6  Conclusions 

Based on the water retention mechanism of unsaturated 
soils, two WRCMs were constructed in this paper, including 
the adsorption WRCM based on the micro-pore filling 
theory and the capillary WRCM based on the capillary 
condensation theory. From these, the WRCMs for unsa- 
turated soils in the full suction range are established. The 
following conclusions are obtained: 

(1) In the high and low suction ranges, the main water 
retention mechanisms of unsaturated soils are adsorption 
and capillarity, respectively. Adsorption is mainly related 
to properties of the gas−liquid−solid interface (cation 
exchange capacity, specific surface area). Capillarity is 
mainly related to the structural characteristics of the pores 
(size, distribution, connectivity of pore). 

(2) Based on the micro-pore filling theory and combined 
with Kelvin's law, an adsorption WRCM was constructed 
(Eq.(7)), which contains three parameters. 

(3) Based on the capillary condensation theory and 
combined with the Young-Laplace equation, an adsorption 
WRCM (Eq.(12)) was constructed, which contains four 
parameters. 

(4) The WRCs of unsaturated soils in the full suction 
range are established by superimposing the adsorption 
and capillary WRCMs. This model has a simple form, 
and the parameters have clear physical meanings. It can 
reflect the water retention mechanism of unsaturated soils 
by adsorption and capillary effects and can be applied 
to simulating different shapes of WRCs for different types 
of unsaturated soils under different conditions. 

References 

[1] YE Wei-min, BAI Yun, JIN Qi, et al. Lab experimental 
study on soil-water characteristics of Shanghai soft clay[J]. 
Chinese Journal of Geotechnical Engineering, 2006, 28(2): 
260−263. 

[2] MUALEM Y. A new model for predicting hydraulic con- 
ductivity of unsaturated porous-media[J]. Water Resources 
Research, 1976, 12(3): 513−522. 

[3] VANAPALLI S K, FREDLUND D G, PUFAHL D E, et al. 

Model for the prediction of shear strength with respect to 

soil suction[J]. Canadian Geotechnical Journal, 1996, 33(3): 

379−392. 

[4] ZHAI Q, RAHARDJO H. Estimation of permeability 

function from the soil-water characteristic curve[J]. Engi- 

neering Geology, 2015, 199: 148−156. 

[5] FREDLUND D G, RAHARDJO H, FREDLUND M D. 

Unsaturated soil mechanics in engineering practice[M]. 

New York: John Wiley & Sons, Inc., 2012. 

[6] YE W M, BORRELL N C, ZHU J Y, et al. Advances on 

the investigation of the hydraulic behavior of compacted 

GMZ bentonite[J]. Engineering Geology, 2014, 169: 41− 

49. 

[7] BROOKS R H, COREY A T. Hydraulic properties of 

porous media[J]. Transactions of the ASAE, 1964: 26−28. 

[8] VAN GENUCHTEN M T. A closed-form equation for 

predicting the hydraulic conductivity of unsaturated soils[J]. 

Soil Science Society of America Journal, 1980, 44(5): 892− 

898. 

[9] FREDLUND D G, XING A. Equations for the soil-water 

characteristic curve[J]. Canadian Geotechnical Journal, 

1994, 31(4): 521−532. 

[10] LI Cheng-sheng, KONG Ling-wei, BAI Wei, et al. Deter- 

mination of water retention curve of fully weathered 

mudstone using its pore-size distribution[J]. Rock and 

Soil Mechanics, 2018, 39(2): 598−604. 

[11] NIU Geng, SUN De-an, WEI Chang-fu, et al. Determination 

of water retention curve of fully weathered mudstone using 

its pore-size distribution[J]. Rock and Soil Mechanics, 

2018, 39(4): 1337−1345. 

[12] HU R, CHEN Y F, LIU H H, et al. A water retention 

curve and unsaturated hydraulic conductivity model for 

deformable soils: consideration of the change in pore-size 

distribution[J]. Géotechnique, 2013, 63(16): 1389−1405. 

[13] CHEN Ke, CAO Wen-gui, CHEN He. Hysteresis incremental 

model of soil-water characteristic curve based on pore 

expansion and contraction[J]. Rock and Soil Mechanics, 

2020, 41(10): 3236−3244. 

[14] TARANTINO A. A water retention model for deformable 

soils[J]. Géotechnique, 2009, 59(9): 751−762. 

[15] ROMERO E, DELLA VECCHIA G, JOMMI C. An insight 

into the water retention properties of compacted clayey 

soils[J]. Géotechnique, 2011, 61(4): 313−328. 

[16] YANG Ming-hui, CHEN He, CHEN Ke. Study of the 

hysteresis effect model of SWCC boundary curves based 

on fractal theory[J]. Rock and Soil Mechanics, 2019, 

7

LIU et al.: Water retention curve model based on micro-pore filling and capil

Published by Rock and Soil Mechanics, 2021



  1556                  LIU Zhang-rong et al./ Rock and Soil Mechanics, 2021, 42(6): 1549−1556 

 

40(10): 3805−3812. 
[17] LIU Xing-zhi, LIU Xiao-wen, CHEN Ming, et al. Soil- 

water characteristic curve based on particle contact model 
using three unequal particle sizes[J]. Rock and Soil 
Mechanics, 2018, 39(2): 651−656. 

[18] SUN H Q, MAŠÍN D, NAJSER J, et al. Water retention 
of a bentonite for deep geological radioactive waste repo- 
sitories: High-temperature experiments and thermos-dynamic 
modeling[J]. Engineering Geology, 2020, 269: 105549. 

[19] DELLA VECCHIA G, JOMMI C, ROMERO E. A fully 
coupled elastic-plastic hydromechanical model for compacted 
soils accounting for clay activity[J]. International Journal 
for Numerical and Analytical Methods in Geomechanics, 
2013, 37(5): 503−535. 

[20] DIEUDONNE A C, DELLA VECCHIA G, CHARLIER R. 
Water retention model for compacted bentonites[J]. Canadian 
Geotechnical Journal, 2017, 54(7): 915−925. 

[21] LU Ying-fa, CHEN Gao-feng, LUO Xian-qi, et al. Study 
of soil-water characteristical curve and its influential factors[J]. 
Rock and Soil Mechanics, 2008, 29(9): 2481−2486. 

[22] WAN M, YE W M, CHEN Y G, et al. Influence of 
temperature on the water retention properties of compacted 
GMZ01 bentonite[J]. Environmental Earth Sciences, 2015, 
73: 4053−4061. 

[23] QI Guo-qing, HUANG Run-qiu. An universal mathematical 
model of soil-water characteristic curve[J]. Journal of 
Engineering Geology, 2004, 12(2): 182−186. 

[24] TULLER M, OR D, DUDLEY L M. Adsorption and 
capillary condensation in porous media: liquid retention 
and interfacial configurations in angular pores[J]. Water 
Resources Research, 1999, 35(7): 1949−1964. 

[25] REVIL A, LU N. Unified water isotherms for clayey 
porous materials[J]. Water Resources Research, 2013, 49: 
5685−5699. 

[26] KHORSHIDI M, LU N. Intrinsic relation between soil 
water retention and cation exchange capacity[J]. Journal 
of Geotechnical and Geoenvironmental Engineering, 2017, 
143(4): 04016119. 

[27] SEIPHOORI A, FERRARI A, LALOUI L. Water retention 
behaviour and microstructural evolution of MX-80 bentonite 
during wetting and drying cycles[J]. Géotechnique, 2014, 
64(9): 721−734. 

[28] LIU Z R, CUI Y J, YE W M, et al. Investigation of the 
hydro-mechanical behaviour of GMZ bentonite pellet 

mixtures[J]. Acta Geotechnica, 2020, 15: 2865−2875. 
[29] FOO K Y, HAMEED B H. Insights into the modeling of 

adsorption isotherm systems[J]. Chemical Engineering Journal, 
2010, 156: 2−10. 

[30] ZHAO Zhen-guo. Application principle of adsorption[M]. 
Beijing: Chemical Industry Press, 2005. 

[31] DUBININ M M, RADUSHKEVICH L V. Equation of the 
characteristic curve of activated charcoal[C]//Proceedings 
of the Union of Soviet Socialist Republics Academy of 
Sciences. [S. l.]: [s. n.], 1947: 331−333. 

[32] DUBININ M M, ASTAKHOV V A. Basic problems of 
the theory of physical adsorption[J]. Advances in Chemistry 
Series, 1970, 102: 69. 

[33] LU N. Generalized soil water retention equation for 
adsorption and capillarity[J]. Journal of Geotechnical and 
Geoenvironmental Engineering, 2016, 142(10): 04016051. 

[34] YE Wei-min, TANG Yi-qun, CUI Yu-jun. Measurement 
of soil suction in laboratory and soil-water characteristics 
Measurement of soil suction in laboratory and soil-water 
characteristics[J]. Chinese Journal of Geotechnical Engi- 
neering, 2005, 27(3): 347−349. 

[35] WANG Tie-hang, LU Jing, YUE Cai-kun. Soil-water 
characteristic curve for unsaturated loess considering tem- 
perature and density effect[J]. Rock and Soil Mechanics, 
2008, 29(1): 1−5. 

[36] SUN De-an, ZHANG Jun-ran, LÜ Hai-bo. Soil-water 
characteristic curve of Nanyang expansive soil in full 
suction range[J]. Rock and Soil Mechanics, 2013, 34(7): 
1839−1846. 

[37] SUN De-an, GAO You, LIU Wen-jie, et al. Soil-water 
characteristics and pore-size distribution of lateritic clay[J]. 
Chinese Journal of Geotechnical Engineering, 2015, 37(2): 
351−356. 

[38] JIA Bao-xin, WANG He, ZHOU Lin-li, et al. Experimental 
study on soil-water characteristic curve of aeolian soil roadbed 
in western Liaoning province[J]. Journal of Engineering 
Geology, 2018, 26(3): 633−638. 

[39] XU L, YE W M, CHEN B, et al. Experimental investi- 
gations on thermo-hydro-mechanical properties of compacted 
GMZ01 bentonite-sand mixture using as buffer materials[J]. 
Engineering Geology, 2016, 213: 46−54. 

[40] LIU Zhang-rong. Investigation on the packing behaviour 
and thermal-hydraulic properties of GMZ bentonite pellet 
mixtures[D]. Shanghai: Tongji University, 2019.

 

8

Rock and Soil Mechanics, Vol. 42 [2021], Iss. 6, Art. 3

https://rocksoilmech.researchcommons.org/journal/vol42/iss6/3
DOI: 10.16285/j.rsm.2020.6427


	Water retention curve model based on micro-pore filling and capillary condensation theories
	Custom Citation

	Water retention curve model based on micro-pore filling and capillary condensation theories
	Authors

	tmp.1683240067.pdf.eRMeT

