
Research Article
Effect of Porosity on Soil-Water Retention Curves: Theoretical and
Experimental Aspects

Chang Liu,1,2 Fuguo Tong ,2 Long Yan ,3 Hongbo Zhou,4 and Shuang Hao5

1College of Hydraulic & Environmental Engineering, China Three Gorges University, Yichang 443002, China
2Key Laboratory of Geological Hazards on Three Gorges Reservoir Area (China Three Gorges University), Ministry of Education,
Yichang 443002, China
3Institute of Geotechnical Engineering, Hohai University, Nanjing 210098, China
4Nonferrous Geological Exploration and Research Institute Limited Liability Company, Shenyang 110013, China
5Department of Sustainable Development, Environmental Science and Engineering, KTH Royal Institute of Technology,
S-10044 Stockholm, Sweden

Correspondence should be addressed to Fuguo Tong; tfg_ctgu_edu@163.com

Received 12 November 2020; Revised 25 November 2020; Accepted 2 December 2020; Published 22 December 2020

Academic Editor: Feng Xiong

Copyright © 2020 Chang Liu et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Porosity change is a common characteristic of natural soils in fluid-solid interaction problems, which can lead to an obvious change
of the soil-water retention curve (SWRC). The influence of porosity on soil water retention phenomena is investigated by a
theoretical model and an experimental test in this study. A model expressing the change in suction with porosity and effective
saturation is put forward theoretically. The model is based on an idealization of three-phase porous materials, the pore
structures of which are homogeneous and isotropic. It accounts for the porosity effect on soil water retention, using four
parameters with clear physical meanings. The presented model can obtain the SWRC at any porosity, which will reduce the test
number required in characterizing the hydraulic behavior of soil. A laboratory experiment for loamy sand with different
porosities is performed. The test results show that suction has a significant variation with changes in porosity and decreases with
the increase of porosity. The formulation is verified by both the test data and the literature data for FEBEX bentonite and Boom
clay. The very good agreements between measured and predicted results show that the SWRC model is reliable and feasible for
various soils.

1. Introduction

The soil-water retention curve (SWRC) is defined as the rela-
tionship between matric suction and the degree of saturation
in unsaturated soils. The SWRC relation is a key hydraulic
property to describe fluid flow phenomena in unsaturated soils,
which can be affected by the porosity or the density of the soil
[1, 2]. A variation in soil porosity is common in fluid-solid
interaction problems [3, 4], and this change will result in an
obvious change of SWRC [5]. Sometimes, it needs to predict
the SWRCs for soil with different porosities. However, many
traditional SWRC models [6–11] do not consider the effect of
porosity on SWRC, which may cause an inaccurate result.
Therefore, it needs to establish the relationship between poros-
ity and SWRC in agricultural engineering and geotechnical

engineering, especially involving water-induced landslides
[12–14] and water-rock coupling engineering [15–17].

Various SWRC models have been proposed to take the
influence of porosity into account by relating suction
and/or the pore size distribution index to void ratio or
density. The first group of the models linked the current
void ratio to the initial void ratio using a volume change
law which describes the relation between suction and void
ratio [18–22]. It is difficult to establish a direct formula-
tion between volume and suction, which usually involves
the hydraulic and mechanical processes of soil. Some
models used an empirical volume function to quantify
the influence of initial porosity on SWRC based on exper-
imental findings [21]. Even for the simplest models [23], it
still requires a lot of additional parameters to describe the
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variation of soil volume. The other approaches describe
the porosity dependence by shifting SWRCs with a
porosity-dependent air entry value or pore size distribu-
tion index [3, 24–28]. Such approaches can be used in
SWRC laws which contain the item of air entry value,
such as the Brooks and Corey model [7]. But unsaturated
soils are three-phase mixtures of solid, water, and air.
Water and air flow in structured soils depend not only
on soil texture but also on pore shape and pore distribu-
tion [29]. Some important intrinsic relations for the pore
systems may not be satisfied. It is necessary to consider
the influence of pore distribution, shape, and size on
SWRC from the mixture theory.

In this paper, a SWRC model accounting for the effect
of porosity is presented, assuming the unsaturated soil as a
continuous, isotropic, and homogeneous three-phase pore
mixture. This equation is expressed by a law of effective
saturation, suction, and porosity, with only four parame-
ters. An experimental test is also conducted for loamy
sand to study the porosity effect on water retention. The
proposed model is verified by the test data for loamy sand
with different porosities, as well as the literature data for
FEBEX bentonite and Boom clay.

2. Derivation of the Porosity-Dependent
SWRC Model

Suction, s, can be expressed as the relation between pore gas
pressure (ug) and pore water pressure (uw):

s ≡ ug − uw: ð1Þ

ug in soil can be set as the atmospheric pressure, for gas
flow is relatively free to the water flow ([30, 31]). Therefore,
it only needs to determine uw.

2.1. Pore Water Pressure. Although the soil pore structure is
composed of nonuniform pore size and the pore distribu-
tion is quite complex, most soils can be assumed to be a
continuous, isotropic, and homogeneous porous medium,
in which the distributions of pore water and air are also
isotropic and homogeneous at a macroscopic scale [29].
Therefore, on per unit area of two-dimensional (2D)
cross-section cutting through the soil for any angle, the
total pore area Ap, pore gas area Ag, and pore water area
Aw are constant. The macroscopic porosity ϕ and satura-
tion Sr can be described by

ϕ =
Vp
V

=
Ap
A

,

Sr =
Vw
Vp

= Aw
Ap

,
ð2Þ

where Vp, Vw, and V are the total volume of pore, water,
and soil, respectively.

The water in the pore mainly includes the interfaces of
water-solid and water-gas and the water between the two
interfaces, as shown in Figure 1(a). In order to calculate uw

on any cross-section, the pore shape can be arbitrary. Here,
the pores are idealized as ellipses for their shape can be round
or flat. An elliptical pore randomly distributes on arbitrary
cross-section. Each pore contains an identical elliptic air bub-
ble (Figure 1(b)) [29]. The total normal force of a given cross-
section is expressed as

Fw = −
ð
Tw‐g

Ts sin αdl +∬
Dw
uw′ dA, ð3Þ

where Ts represents water surface tension, α is the angle
between the tangent plane and the section plane at point C
of the water-gas interface (Figure 1(b)), and dl represents
the differential length of Tw‐g. Dw is the area occupied by
water but not including the water-gas interface. The differen-
tial area of Dw is represented by dAμw′ represents the static
water pressure in the area of Dw.

According to the assumption of isotropy and homogene-
ity of medium, the angle at any point at the water-air inter-
face always has 0 ≤ α ≤ π. The part, −T s

Ð
Tw‐g

sin αdl, in Eq.

(3) can be expressed as

−Ts

ð
Tw‐g

sin αdl = −Ts

ð
L
sin πl

L
dl = −Ts

2L
π
: ð4Þ

Another part, ∬
Dw
uw′ dA, in Eq. (3) is rewritten as

∬
Dw
uw′ dA = u′wAw: ð5Þ

According to the theory of surface science, the surface
tension of liquid can be regarded as a constant when temper-
ature is constant [32]. uw can be described as

uw = Fw
Aw

= −k
L
Aw

+ �uw′ , ð6Þ

where k = 2Ts/π; the unit for k is N/m.
The shapes of elliptic gas bubbles and pores are repre-

sented by two semiaxes, a1 and b1 for pores (a1 ≥ b1) and
a2 and b2 for gas bubbles (a2 ≥ b2). A pore contains gas
bubble, so there are b2 ≥ b1 ≥ 0 and a2 ≥ a1 ≥ 0. Defining
e1 = b1/a1 and e2 = b2/a2, where 0 < e1 ≤ 1 and 0 < e2 ≤ 1,
the macroscopic porosity ϕ and saturation Sr can be
expressed as

ϕ =
Vp
V

=
Ap
A

= nπa1
2e1

A
, ð7Þ

Sr =
Vw
Vp

= Aw
Ap

= nπ a1
2e1 − a2

2e2
� �
nπa12e1

= 1 − e2
e1

a2
a1

� �2
:

ð8Þ
The equivalent pore number per area for the cross-section

is represented by η, which is expressed as η = n/A. According
to Eqs. (7) and (8), one can obtain a1 = ðϕ/ηπe1Þ0:5 and a2 =
a1½e1/e2ð1 − SrÞ�0:5.
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The perimeter of an elliptical air bubble can be written
as L1 = 2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ða22 + b2

2Þ/2
p

= πa2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ð1 + e22Þ

p
. The total

perimeter length of the air bubbles on the cross-section:

L = nL1 = nπa2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 1 + e22ð Þ

p
= n

ϕ

η

� �0:5
1 − Srð Þ0:5 2πe2 + 2πe2−1

� �0:5,
Aw = Ap − Aa = nπ a1

2e1 − a2
2e2

� �
= nϕSr

η
:

ð9Þ

Eq. (6) can be rewritten as

uw = −k
η

ϕ

� �0:5 1 − Srð Þ0:5
Sr

2πe2 + 2πe2−1
� �0:5 + �uw′ : ð10Þ

2.2. Formulations of the New SWRC Model. Substituting
Eq. (10) into Eq. (1) yields

s = k
η

ϕ

� �0:5 1 − Srð Þ0:5
Sr

2πe2 + 2πe2−1
� �0:5 − �uw′ : ð11Þ

The equation of suction is composed of the functions
of pore density, saturation, shape of air bubbles, and water
stress. The influence of porosity on suction is reflected
through the parameters ϕ (porosity), η (pore density),
and e2 (shape coefficient of air bubble). η (pore density)
is related to the pore structure of soil and can be written
as a function of porosity. A simple function η = c1ϕ

c2 is
used to express the relation. �uw′ is related to saturation,
and its effect can be expressed by saturation. So, Eq. (11)
can be rewritten as

s = d1ϕ
d2 2πe2 + 2πe2−1
� �0:5 1 − aSr + bð Þð Þ0:5

aSr + b
, ð12Þ

where d1 = kc1
0:5, d1 is in units of N/m2, and the other

parameters are dimensionless. a and b are parameters
changed with �uw′ .

Defining Se = aSr + b yields

s = d1ϕ
d2

1 − Seð Þ0:5
Se

2πe2 + 2πe2−1
� �0:5

: ð13Þ

Se can be obtained from the conditions that SeðSr =
Sr maxÞ = 1 and SeðSr = Sr minÞ = 0:

aSr max + b = 1
aSr min + b = 0

(
⇒

a = 1
Sr max − Sr min

,

b = −Sr min
Sr max − Sr min

:

8>>><
>>>:

ð14Þ

Hence, one has

Se =
Sr − Sr min

Sr max − Sr min
: ð15Þ

The equation is not a new one and has been used by many
people (including Brooks and Corey and van Genuchten). Se
describes the ratio of current saturation to the maximum.
Noting that Sr max represents the saturation when sðSr =
Sr maxÞ ≡ smin = 0 and Sr min represents the saturation when s
ðSr = Sr minÞ ≡ smax.

The function f ðe2Þ = ð2πe2 + 2πe2−1Þ0:5 represents the
effect of the shape of air bubbles. It can be approximately
expressed by a simple power law function through a good
curve fitting method (Figure 2):

f e2ð Þ = 2:5908e2−0:494: ð16Þ

The air bubble shape, represented by e2, should vary with
Se, ϕ, T (temperature), and some other factors. For the diffi-
culty in measuring e2 directly in practice or developing ana-
lytical function form of e2, a function for e2 is used here for
simplicity, e2 = Se

ðd3+d4ϕÞ, where d3 and d4 are parameters
related to the concerned soil. Eq. (13) can be simplified as

s = d1ϕ
d2

1 − Seð Þ0:5
Se

d3+d4ϕð Þ : ð17Þ

The proposed model involves four parameters, fd1, d2,
d3, d4g. d1 is related to the surface tension. The unit of d1 is
N/m2, and the other parameters are dimensionless. d2 is con-
nected to pore density and related to porosity. d3 represents
the combined effect of temperature, hysteresis effects, and
other factors, and d4 is only related to porosity.

Water

Gas

Solid
Section plane
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Water
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Gas
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Section plane

Tangent plane

Water-gas interface

𝛼
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(b)

Figure 1: (a) Ideal pore structure and the distribution of water, gas, and solid; (b) angle α at point C.
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Figure 3: Sketch of test device.

Figure 4: The soil samples.
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3. Validation

3.1. Sample Preparation and Test Procedure. In order to verify
Eq. (17), a pressure-plate system is used to determine SWRCs
at different porosities. The setup of the experimental system
is shown in Figure 3. A cylindrical soil sample (70mm in
diameter and 20mm in height) enclosed tightly in a cutting
ring is placed on a ceramic disk, and the ceramic disk (with
air entry value 500 kPa) connects well with the bottom. With
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Figure 6: Comparison between experimental and predicted SWRCs with different porosities.

Table 1: Values of fd1, d2, d3, d4g in Eq. (17) for two different soils.

Parameters d1 (kPa) d2 d3 d4

FEBEX bentonite [24] 4:94 × 105 2.243 26.616 -68.846

Boom clay [28] 0.0176 -11.211 -0.675 10.493
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Figure 5: Comparison between experimental and predicted suctions.
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the application of air pressure, water flows out from the soil
sample to a chamber and the mass of water is measured by
a balance.

A kind of loamy sand (83.92% sand, 14.19% silt, and
1.89% clay) extracted from the Three Gorges Region, China,

was used as test material. According to the specification of
soil test, three samples were prepared and labeled as L1, L2,
and L3 (Figure 4), and the corresponding porosities were
0.4666, 0.4346, and 0.4097, respectively. The test started with
saturated soil and was carried out in room temperature
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Figure 7: Comparison between model-predicted and literature results: (a) FEBEX bentonite and (b) Boom clay.
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(20°C). The degree of saturation corresponding to each suc-
tion step was calculated from weighing the water outflow,
the soil sample over the test, and the dry sample after drying
in an oven.

3.2. Validation against the Experimental Results. The test data
for loamy sand with all porosities was adopted to verify Eq.
(17). There are four parameters, fd1, d2, d3, d4g, in the pro-
posed SWRC model. The parameters are calibrated by using
a nonlinear least squares (NLS) fitting method: d1 = 0:0115
kPa, d2 = −9:626, d3 = −4:631, and d4 = 20:100, respectively.

Figure 5 shows the comparison between the model-
predicted suctions and the test data for loamy sand. The
predicted suctions are in good agreement with the test data,
with most discrepancies less than 10%. The measured and
predicted SWRCs using the proposed model at different
porosities are shown in Figure 6. It can be seen that the
predicted SWRCs by the proposed model match well with
the experimental data, which indicates that Eq. (17) suc-
cessfully reproduces the influence of porosity on the SWRC.
Figure 6 also shows that both the calculated and measured
suctions decrease with the increase of porosity, and the
shape and position of SWRCs change obviously with differ-
ent porosities.

3.3. Validation against Literature Data. In order to further
examine the applicability of the proposed model, the experi-
mental data for two different soils found in literature are
used.

The first is FEBEX bentonite (clay: 92%; silt and sand:
8%), which is a kind of engineered clay [29]. Three dry den-
sities were chosen here; they are ρd1 = 1:6 g/cm3, ρd2 = 1:65
g/cm3, and ρd3 = 1:7 g/cm3, respectively. The test tempera-
ture was 20°C. The porosity was calculated as ϕ = 1 − ρd/ρs,
where ρs = 2:7 g/cm3. So, the corresponding porosities of
the three samples are ϕ1 = 0:4074, ϕ2 = 0:3889, and ϕ3 =
0:3074, respectively.

The second is Boom clay [33]. This material was obtained
by compacting natural Boom clay. The Boom clay (10–20%
smectite, 20–30% illite, and 20–30% kaolinite) has a plastic
limit of 29%, a liquid limit of 56%, and a specific gravity of
2.7, and half of the particles are smaller than 2μm. The tested
samples were prepared at dry densities of 1.37 g/cm3 and
1.67 g/cm3, and the corresponding void ratios are 0.932 and
0.591, respectively. So, the porosities of the two samples are
0.4824 and 0.3715, respectively. The test temperature was
kept at 22°C.

The four parameters, fd1, d2, d3, d4g, in Eq. (17) are cal-
culated by using the NLS method and listed in Table 1. In
Figure 7, the experimental data for the two different soils
are fitted with Eq. (17). It reveals very good agreements
between the model predictions and experimental data, with
negligible discrepancies.

4. Conclusions

A theoretical model is developed to describe the influence of
porosity on SWRC. The model is derived for a three-phase
mixture with an idealized pore structure. The idealized air

bubble shape and pore system meet the equivalence of mac-
roscopic physical effects. On this basis, a SWRCmodel is pro-
posed, where suction is expressed as a function of porosity
and effective saturation. There are four characterization
parameters in the model, fd1, d2, d3, d4g, with clear physical
meaning. d1 is related to the surface tension; d2 is related to
porosity; d3 represents the combined effect of temperature,
hysteresis effects, and other factors; and d4 is only related to
porosity. An experimental verification of this model was
carried out on SWRCs of loamy sand. The model predic-
tions are close to the test results, which also show that suc-
tion decreases with the increase of porosity, and the shape
and position of SWRCs change obviously with different
porosities. The predictions of the proposed model were also
compared with the experimental results for FEBEX benton-
ite and Boom clay in published articles. The good agree-
ments show that the SWRC model is reliable and feasible
for wide soils.
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