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Abstract: Based on experimental data and the flow property analysis of the drying-wetting process of fluids under a microscope, a theoretical
model is developed to consider the effect of air entrapment in the soil-water retention constitutive relationship. The effect of hysteresis on the
fluid flow is considered by introducing an integrated capillary hysteretic model. There are only three conditions needed in the new model,
i.e., the primary drying boundary curve, the main wetting boundary curve, and one point in the main hysteretic loop. Furthermore, as long
as the previously experienced maximum matric suction in the porous medium is given, the model is capable of simulating changes of the
soil-water state with the effect of air entrapment undergoing an arbitrary change of matric suction. By comparing the predictive curves with
measured data from the literature, it is shown that the effects of air entrapment and capillary hysteresis are significant on the soil-water retention
relationships. Themodel with the effects of capillary hysteresis and air entrapment should be taken into account in the soil-water relationship in
order to accurately predict soil-moisture states in porous media.DOI: 10.1061/(ASCE)GM.1943-5622.0000462.© 2014 American Society of
Civil Engineers.

Introduction

In general, a geomaterial (e.g., a soil) cannot be fully saturated
through a wetting process because of air entrapment. During a wet-
ting process, because of the local heterogeneity of the soil, the water
tends to fill smaller pores first and then larger pores. Hence, the
passageway of the air in the larger pores can be blocked when the
degree of saturation is high, and some amount of pore air is trapped
in the soil. The trapped air exists in the soil as air bulbs, which are
surrounded by the wetting fluid (i.e., pore water) in the porous
medium (Bond and Collis-George 1981). Air entrapment can sig-
nificantly influence the hydraulic conductivity of soils (Stonestrom
andRubin 1989; Seymour 2000; Hammecker et al. 2003). The effect
of capillary hysteresis and air entrapment have an important in-
fluence on the resilient modulus, stress-strain relationship, and shear
strengthof unsaturated soils (Khoury et al. 2012;Liu andMuraleetharan
2012; Chen et al. 2013). Similar to the effect of air entrapment,
residual nonaqueous phase liquids (NAPLs) can also be trapped
in multiphase porous medium systems. The quality of ground-
water is affected in the long term by the trapped or residual
NAPLs because the fluids gradually dissolve into the surrounding
porous water and seep into the groundwater (Miller et al. 1990;
Lenhard et al. 2004). Organic compounds and other solvents can

cause contamination of the aquifer over long periods of time
because of their low solubility (Van Geel and Roy 2002). The
distribution of the trappedNAPL is important in the assessment of
the contamination source and the effective remediation of the
contaminated site (Van Geel and Sykes 1997; Hilpert et al. 2000).
Under fluctuating water table conditions, entrapment of light NAPLs
(LNAPLs) has a significant effect on the LNAPL distribution in
unsaturated sand that is contaminated as a result of a LNAPL spill
(Van Geel and Sykes 1997).

The amount of trapped air depends on the minimal degree of
saturation, or the highest matric suction, that the soil experiences.
Sharma and Mohamed (2003) demonstrated that the content of
trapped air largely depends on the reversal degree of saturation of the
soil during a drying-wetting cycle. The reversal degree of saturation
is defined as the degree of saturation at the turning point of the
drying-wetting cycle. Sharma and Mohamed (2003) also demon-
strated that the functional relationship between the content of
trapped air and the reversal degree of saturation is nonlinear, and that
the content of trapped air is changed with drying-wetting cycles.
Trapped air significantly influences the soil-water retention rela-
tionships at a high degree of the saturation state, and the amount of
trapped air changes monotonically with the water content in soils
(Stonestrom and Rubin 1989). The formula between the amount of
trapped air and the reversal degree of saturation has been previously
developed (Land 1968; Lenhard and Parker 1987; Gerhard et al.
1998). The maximum residual degree of saturation of NAPL is
related to the particle-size distribution; the properties of the fluid-
solid interface, especially wettability; and the properties of various
fluids in a porous medium (including the viscosity ratio, interfacial
tension, and density difference) (Stegemeier 1977).

The effects of air entrapment should be taken into account in the
soil-water retention relationship in order to accurately predict the
change of the soil-moisture state in a porous medium. Although
many new models have been developed to describe the soil-water
retention relationship (Krishnapillai and Ravichandran 2012; Noh
et al. 2012), very fewmodels include the effect of capillary hysteresis
and air entrapment in the saturation-capillary pressure relationship
(Van Geel and Sykes 1997). Some models have been developed to
describe the relationships of hysteretic saturation-capillary pressure,
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in which the effect of entrapment air and oil phase during thewetting
process was considered (Parker and Lenhard 1987; Lenhard and
Parker 1987). The content of trapped nonwetting fluid was obtained
by extending the method developed by Land (1968), in which
a linearly interpolated method was used. Although this method can
decrease the number of computations and amount of parametric
acquisition, the parameters of the model increase because the effect
of trapped air is considered. Moreover, the scaling approach, which
was developed by Lenhard and Parker (1987), essentially assumed
that the capillary tubemodel is valid; however, it neglected the effect
of the contact angle (Kechavarzi et al. 2005). Variation of the contact
angle causes significant hysteresis in the soil-moisture state (Likos
and Lu 2002). Steffy et al. (1998) improved the scaled inhibition
pressure-saturation relationships by incorporating a correction for
contact angle hysteresis and surface roughness. Gerhard and Kueper
(2003) also constructed a constitutive model considering the hys-
teretic effect and entrapped dense NAPLs (DNAPLs) during the
infiltration and redistribution process.

This paper focuses on analyzing the soil-water distribution and
pore pressure change as a result of entrapped air in porous media
under an arbitrary change of the degree of saturation or matric
suction conditions. First, based on analysis of the experimental data,
a theoretical model is developed to consider the effect of entrapped
air in unsaturated soils during the drying-wetting cycles. Then, the
new soil-water characteristic relationship model is used to simulate
the changes of the degree of saturation and pore pressure. Finally,
the predictive curves are compared with the experimental data from
the literature to validate the new model.

Theoretical Formation

Conceptual Model

Capillary hysteresis commonly occurs in unsaturated porous media
with the increase and decrease of water content. The mechanism of
the hysteresis effect has been the focus of previous research and has
been explained by many theoretical models. The research results
from the literature have offered conclusions to explain the mecha-
nism of capillary hysteresis (Likos and Lu 2004). Based on the
mechanism research about capillary hysteresis, some models have
been developed to describe the change of the soil-moisture state with
the effect of capillary hysteresis in porous media (Miller et al. 2008;
Nuth and Laloui 2008; Tan et al. 2009). In fact, the entrapped effect
of air and NAPL is one of the main reasons for capillary hysteresis.
However, the effect of air entrapment has not been considered in
these models. Hence, these soil-water retention curve (SWRC)
models are imprecise when modeling the flow phenomenon of air

entrapped in the pores of unsaturated soils. Therefore, in this study
a new model is developed to consider the effect of air entrapment in
the unsaturated seepage process that experiences drying-wetting
histories.

Wardlaw and Taylor (1976) carried out mercury injection and
withdrawal tests on various rocks. Mercury is a nonwetting liquid in
the gas-mercury system because the wet potential of mercury is
smaller than that of gas. Wardlaw and Taylor (1976) found that the
content of entrapped mercury is closely related to the degree of
saturation of mercury at the transform point from the intrusion curve
to the extrusion curve. A similar result was observed in unsaturated
soils by Stonestrom andRubin (1989).Here, two assumptions can be
put forward based on the aforementioned phenomenon that occurred
during the drying and rewetting experiments. One is that the content
of air entrapment only depends on the previously experienced
maximum matric suction (or at the lowest degree of saturation
state). The other is that the scanning curves of the soil-moisture
retention curve can be uniquely determined by the closed hysteresis
circles, depending upon the previously experienced maximum
matric suction. Also, the slope of the scanning curves is not affected
by the content of trapped air. The rationality of the two assumptions
can be well explained from the microporosity scale. In order to
clearly explain the mechanism, schematics are given in Fig. 1. In the
beginning, the porousmedia are fully saturated.Based on the capillary
tubes bundle theory, one matric suction sci corresponds to a certain
equivalent porosity radius ri. Three different equivalent pore radii
are shown in Fig. 1. The aqueous phase liquid (e.g., water phase) is
expelled from the pores with equivalent pore radii larger than or
equal to r1, corresponding to the matric suction value, sc1. However,
the aqueous phase liquid can be still stored in pores with radius
smaller than r1, as shown in Fig. 1(a). The drying processwill further
continue when the matric suction increases to sc2. The wetting liquid
will flow out from all pores with equivalent pore radii larger than r2,
as shown in Fig. 1(b). In the same way, the aqueous phase liquid in
pores with radii larger than ri can be expelled under the matric
suction sci condition. The drying process will finish when the
aqueous phase liquid stops discharging at matric suction sci. Fur-
thermore, pores with equivalent pore radius ri start to absorb mois-
ture if matric suction sci decreases gradually, and the other pores
are not affected at matric suction sci during the drying and wetting
process. Here, sci can be referred to as the previously experienced
maximum matric suction. Hence, the first assumption that the
content of air entrapment only depends on the previously experi-
enced maximum matric suction is reasonable. Compared with the
volume of one porousmedium, the volumeof air entrapment is rather
small within the change of matric suction at each step. In reality, the
connectivity among pores is not very strong. Therefore, the effect of
air entrapment is the same in the drying andwetting processwhen the

Fig. 1. Schematics of the draining progress of porous water in porous media: (a) under matric suction sc1; (b) under matric suction sc2
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matric suction increases or decreases within the range of sci
(Wardlaw and Taylor 1976). Also, the effect of air entrapment is not
significant in relation to water flow in pores smaller than ri when the
matric suction continues to increase (Wardlaw and Taylor 1976).
Consequently, the second assumption is rational.

The primary drying curve (IDC), main drying curve (MDC), and
mainwetting curve (MWC) are generally called the boundary curves
of the SWRC, as shown in Fig. 2. The difference in the degree of
saturation between the IDC and MWC at zero matric suction is the
maximum degree of saturation of entrapped air, Straprmax. The scanning
curves are included in the boundary curves. These scanning curves
can be divided into two types. One type is included in the closed loop
that is constituted of the MWC and MDC. The other is included
between the IDC andMDC. The first type of scanning curves can be
predicted by constructing a capillary hysteresis model, such as the
model of capillary hysteresis [i.e., the internal state variable hys-
teresis (ISVH) model] developed by Wei and Dewoolkar (2006).
The secondary type of scanning curves is affected by the effect of
air entrapment. A new model should be developed to consider the
effect of air entrapment for the change of the soil-water state.

Based on the two previous assumptions the change rate of water
content along the drying orwetting scanning curves starting from the
IDC can be determined, as long as the previously experienced
maximum matric suction or the corresponding degree of saturation
is given. The details of this method are illustrated in Fig. 2. The
matric suction is smax

ci at Point B, where the porous media start to
absorb water after the drying process. A closed hysteretic loop
(ADBC) forms after the drying-wetting cycle. The distance between
Point O at the full saturation state and Point A is called the degree of
saturation of entrapped air, Strapri . The closed hysteretic loop (ADBC)
can be predicted according to the following method with the effect
of air entrapment. First, Point B is translated left and intersects with
Curve MDC at Point F (sFc 5 smax

ci ). The length of BF is equal to that
of AE from the geometric relationship. Under the decrement of
matric suction starting from Point B (smax

ci ), the soil-water state
reaches Point C (sCc ). Thewater content at Point C can be determined
by using the translating method. From Point F, the matric suction
also changes the same increment to Point G. Then, the change of
water content and slope of the scanning curve can be modeled
through the ISVH model in the main hysteretic loop (MHL). The
ISVH model is based on a rigid thermodynamic-consistent frame-
work, which uses the boundary surface plasticity theory to simulate

the hysteretic behavior of the soil-moisture state (Wei and Dewoolkar
2006). The real water content is gained by translating right of the
length of BF, and the slope is the same as the scanning curve in the
MHL. In the same way, the change of water content can also be
determined by the drying path from Point H to Point F when the
matric suction at Point D (sDc ) is increased to Point B. The state of the
water content under any change of matric suction is completely
determined through the method. Hence, the closed hysteretic loop
(ADBC) can be predicted. The other scanning curves from the
saturated state to the unsaturated state can also be modeled using the
same method. Based on the two previous assumptions, the wetting
scanning curve (BCA) can actually be coincident with the scanning
curve (FGE) by the translational method, and the drying scanning
curve (ADB) can be obtained by paralleling the scanning curve
(EHF). If the drying or wetting transform process comes out in the
loop (ADBC), the loop related to the previously experienced matric
suction smax

ci is first paralleled into theMHL (FGEH), and the change
of water content can be predicted in the loop (FGHE). Then, these
higher-order scanning curves can be obtained in the loop (ADBC).
The hysteretic loop (ADBC) needs to be renewed once the matric
suction increases to the one larger than smax

ci at Point I during the
drying process. The change of water content needs to be determined
in the new hysteretic loop, depending on matric suction sIc at Point I.
The previously experienced maximum matric suction is also
renewed (smax

ci 5 sIc). Then, the translating method is used again to
give the actual soil-water state under repeated hydraulic conditions.

Mathematical Description of the Theoretical Model

Prediction of Soil-Water Retention Curves with the Effect of
Air Entrapment
Based on the aforementioned mechanical analysis, mathematical
formulas can be obtained to predict the scanning curves. The hys-
teretic circle (ADBC), which includes the secondary scanning
curves, is up to the maximum matric suction that the porous media
have experienced along the IDC, as shown in Fig. 2. The soil-water
state of one Point B can be described by smax

ci and SIDCri on the IDC.
Point B (smax

ci , SIDCri ) is then translated left to another Point F (smax
ci ,

SMDC
ri ) on theMDC.Once the change ofmatric suction is given in the

MHL, the hysteretic circle (EHFG) in the space between the wetting
(FGE) and drying (EHF) curves will be determined uniquely.

The translational change of degree of saturation of the water
phase from Point B on the IDC to Point F on the MDC is computed
as

SMDC
ri ¼ SIDCri 2

�
Straprmax2 Strapr

�
(1)

where SMDC
ri 5 degree of saturation of the water phase on the MDC

corresponding to translating left the maximum matric suction point
into the main hysteresis loop; SIDCri 5 reversal degree of saturation of
the water phase on the IDC corresponding to transition point smax

ci ;
Strapr 5 degree of saturation of air entrapment in relation to smax

ci ; and
Straprmax 5 maximum content of air entrapment between the IDC and
MWC.

Loop ADBC can be translated left into the MHL and coincides
with Loop EHFG. Assuming the increment of matric suction, _sc, the
change degree of saturation in the MHL, _S

W
r , can be computed as

follows:

_S
W
r ¼ 2 _sc

�
Kp (2)

where Kp 5 slope of the scanning curve, in which the variable is
a function of SWr , sc, and n̂; S

W
r and sc 5 present degree of saturation

Fig. 2. Schematics of the theoretical model for the SWRC
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andmatric suction in theMHL, respectively; and n̂5 direction of the
hydraulic path, in which its value is 21 or 1. For the wetting path,
n̂521, and for the drying path, n̂5 1. Here, Kp is given as follows:

Kp ¼ Kp þ d
��sc 2 sc

����r2 ��sc 2 sc
��� (3)

where d 5 fit parameter, which is an additional parameter used to
describe all of the scanning curves in the main hysteretic circle; the
matric suctions at the main drying and wetting boundary curves are
expressed by sc 5 kDðSWr Þ and sc 5 kWðSWr Þ, respectively; r 5 dif-
ference of matric suction between the main boundary curves when
the soil-water state is at the degree of saturation SWr , r5 kDðSWr Þ
2 kWðSWr Þ; and Kp and scðSWr , n̂Þ5 slope and matric suction of the
main drying and wetting boundary curves, respectively, which are
obtained for the drying path (n̂5 1) and wetting path (n̂521) as
follows:

sc
�
SWr , 1

�
¼ kD

�
SWr

�
, Kp

�
SWr , 1

�
¼ dkD

�
SWr

�.
dSWr (4a)

sc
�
SWr ,21

�
¼ kW

�
SWr

�
, Kp

�
SWr ,21

�
¼ dkW

�
SWr

�.
dSWr

(4b)

Corresponding to the small increment of matric suction _sc, the
degree of saturation SMHL

r in the MHL is given as follows:

SMHL
r ¼ SMHL

ro þ _S
W
r (5)

where SMHL
ro 5 degree of saturation at matric suction sc. The actual

degree of saturation SWr is obtained by the transitionmethod atmatric
suction (sc 1 _sc)

SWr ¼ SMHL
r þ Straprmax2 Strapr (6)

In general, the boundary curves are needed in the theoretical model
to compute the change of the degree of saturation under any change
of thematric suction condition. The IDC andMWC can be first fitted
by a soil-water retention model. Here, the soil-water retention curve
model developed by Feng and Fredlund (1999) is adopted as the
boundary curve equation

sc ¼ b
h�
Sir 2 SWr

�.�
SWr 2 Sirrr

�i1=a
(7)

whereSir 5 1:0 (for the IDC) and Sir 5 SMWC
r (for theMWC); a and b

5 empirical parameters obtained from fitting the experimental data;
Sirrr 5 residual degree of saturation of the water phase; and SMWC

r
5 degree of saturation when the matric suction is zero on theMWC.
There is one constraint needed to be satisfied as follows:

SMWC
r þ Straprmax ¼ 1:0 (8)

and parameters of the MDC are also obtained by Eq. (7). The
parameters will be excessive in the theoretical model if the fitting
parameters for the MDC are adopted. Hence, a new simplified
method is developed to predict the MDC in the subsequent section.

Predictive Formula of the MDC
The content of air entrapment is related to maximum matric suction
smax
ci , which previously is obtained from the unsaturated porous
media. The degree of saturation on the MDC (SMDC

ri ) according to
smax
ci can be obtained by translating left the point (smax

ci , SIDCri ) on the
IDC to the MDC. The formula can be gained from the geometry as

Strapr ¼ Straprmax2
�
SIDCri 2 SMDC

ri

�
(9)

The degree of saturation of entrapped air Strapr will always retain
a constant value as long as the change of matric suction is not larger
than the previously experienced maximum matric suction smax

ci .
Eq. (9) can be rewritten as follows:

SMDC
ri ¼ SIDCri 2

�
Straprmax2 Strapr

�
(10)

Thus, as long as the degree of saturation of entrapped air Strapr can be
obtained according to smax

ci or SIDCri , the reversal degree of saturation
on the MDC can be obtained using Eq. (10). If the matric suction
continues to increase along the IDC, smax

ci would be renewed, and the
degree of saturation of entrapped air Strapr should be solved again. In
the same way, the change of degree of saturation can be predicted
along the main drying path by the IDC and the maximum degree
of saturation of entrapped air Straprmax using Eq. (10). Hence, the re-
lationship between Strapr and smax

ci or SIDCri will be discussed in the
subsequent section.

Relationship between Strapr and SWt
r : Modified Relationship

between Strapr and SWt
r

The effect of entrapped nonwetting fluid was considered by Gerhard
et al. (1998) in order to explore the law of the DNAPL flow in porous
media. An empirical equation was developed based on the measured
data between the content of the entrapped DNAPL and the degree of
saturation of the water phase. The equation is given as follows:

Strapr ¼ Straprmax

�
12 SWt

r

�
(11)

where Strapr 5 degree of saturation of entrapped DNAPL; Straprmax
5 maximum degree of saturation of entrapped DNAPL; and
SWt
r 5 reversal degree of saturation of water when the hydraulic path

begins to transform into a wetting path from a drying process, which
is the degree of saturation according to the maximummatric suction
that the porous media experience during the drying-wetting pro-
cesses of the water content.

There are two restrictions that should be satisfied in Eq. (11)

SWt
r ¼ 1:0, Strapr ¼ 0:0 (12a)

SWt
r ¼ Sirrr , Strapr ¼ Straprmax (12b)

Eq. (12a) describes that the degree of saturation of entrapped
DNAPL or air is zero when the porous media obtain a fully saturated
state; Eq. (12b) describes that the degree of saturation of entrapped
DNAPL or air is up to themaximumdegree of saturation of entrapped
DNAPL or air Straprmax when the degree of saturation reaches the re-
sidual state with the degree of saturation Sirrr in the porous media.
Eq. (12a) can be obtained by Eq. (11). However, the restriction of
Eq. (12b) is not yet satisfied in Eq. (11). To satisfy the restriction in
Eq. (12b), Eq. (11) could be modified as follows:

Strapr ¼ Straprmax

�
12 SWt

e

�
(13)

The new relationship may be referred to as a modified Gerhard’s
model. Here, SWt

e is the effective reversal degree of saturation of
water according to the previously experienced maximum matric
suction. The effective degree of saturation can be defined as SWt

e
5 ðSWt

r 2 Sirrr Þ=ð12 Sirrr Þ. The restrictions from Eqs. (12a) and (12b)
can be satisfied automatically in Eq. (13). Although Eq. (11) is
obtained from the flow test of organic fluids, the validity of the
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modified Eq. (11) [i.e., Eq. (13)] is not confirmed in the two-phase
flow for air and water in unsaturated soils. Hence, soil-water re-
tention relationship tests have been done to verify the correctness of
Eq. (13).

RelationshipbetweenStrapr andSWt
r : Verification of the Formula

of the Content of Trapped Air
To verify Eq. (13), some experiments were done in the laboratory to
measure the relationship between Strapr and SWt

r of unsaturated soils.
The physical characteristics of the soils used in the tests are given in
Table 1.

The samples were saturated by vacuum packaging after the soils
were prepared in cutting rings. Then, one-step drying-wetting out-
flow tests were done in the flow tempe cell. One-step loading of the
matric suction was imposed on the soil sample. The mass of the
outflow water can be measured by a balance. The matric suction
decreased to zero after the equilibrium state was reached during the
drying process. Then, the wetting water test was performed. The
difference was the content of entrapped air between the drainage
mass of the water content and the absorption mass. The same soil
sample was saturated once again after the one-step drying-wetting
test was finished. Next, the step matric suction was loaded on the
sample, and the drainage process of the soil began. The wetting was
done as soon as the drying process reached its equilibrium state. In
the same way, the drying-wetting tests were done as in the afore-
mentioned method at each given matric suction. The matric suction
steps for sand were 10, 30, 60, and 100 kPa. However, the steps for
silt were 30, 60, 120, 240, and 290 kPa. The measured relationship
between the transitional degree of saturation SWt

r and the content of
entrapped air Strapr is shown in Fig. 3 for sand and silt, respectively.
The predictive curves are also shown in Fig. 2 using Eqs. (11) and

(13).Although a small discrepancy exists between themeasured data
and predictive results, the empirical equation can briefly describe the
relationship between SWt

r and Strapr . Furthermore, the predictive curve
is nearer the measured data using the modified equation than using
Gerhard’s equation. The modified equation is not only simple in
form but it also automatically satisfies the restrictive conditions.
Moreover, no additional parameters are introduced.

The modified relationship was verified using the measured data
for the sand and silt. Although verificationwas not done on other soil
types (e.g., clayey soils), the method adopted is feasible. However,
the linear relationship may not be valid for other soil types, and
a more complicated relationship can be developed to describe the
relationship between SWt

r and Strapr . Then, the empirical equation can
be used to reduce the parameters of the aforementioned new the-
oretical model. In this paper, the linear relationship of Eq. (13) will
be used to predict the MDC with the effect of entrapped air. The
degree of saturation of entrapped air Strapr has been obtained using
Eq. (13). Hence, the MDC can be predicted by Eq. (10). That is, the
MDC can be described by the IDC and Straprmax, and no additional
parameter is introduced into the new model to obtain the MDC.

Thus, the theoretical model has been developed. There are seven
parameters needed to describe the change of water content under any
change ofmatric suction conditon: Sirrr , a

IDC, bIDC, aMWC, bMWC, Straprmax
(or SMWC

r ), and d. Parameters Sirrr , a
IDC, and bIDC are obtained by fitting

the IDC.ParametersaMWC andbMWC areobtainedbyfitting theMWCs.
Parameter d can be gained by fitting one point or one scanning curve in
the hysteretic circle made up of the MWC and MDC. A theoretical
model has been developed, which can be called the simple ISVH-trap
model. The new model considers the effect of air entrapment and
capillary hysteresis on the liquid flow in porous media undergoing
drying-wetting cycles. The new model can be adopted to describe the

Table 1. Physical Parameters of the Tested Material

Grain analysis (%)

USCS classification Specific gravity, Gs Dry density, rd (g=cm3) Porosity, n ,0:005 mm 0.005–0.075 mm .0:075 mm

SM 2.70 1.64 0.393 3.6 39.9 56.5
ML 2.71 1.72 0.391 5.2 76.3 18.5

Note: ML 5 low-plasticity silt; SM 5 silty sand; USCS 5 Unified Soil Classification System.

Fig. 3. Relationship between the degree of saturation of entrapment air and the degree of saturation from the experimental results
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complicated changes of the soil-water state in porous media suffering
any change in the history of the water content or matric suction.

Model Validation

Prediction of the MDC

The theoretical model needs to be verified using the measured data.
Hence, the model was implemented into the program codes. The
program was used to predict the soil-water retention curves and the
results were comparedwith the experimental data from the literature.
The experimental material was the mixed sand fractions, and the
SWRC was measured using a dynamic method in a porous column
developed by Poulovassilis (1970b). The IDC andMWCwere fitted
by Eq. (7) for the boundary curves in the literature. The physical
parameters and model parameters are given in Table 2. The simple
ISVH-trapmodel was used to predict theMDC. The predictive curve
is compared with the measured data in Fig. 4, which shows good
agreement between the measured data and predictive curve. No
additional parameters were needed in the new model.

Prediction of the Soil-Water Retention Curves
Undergoing Drying-Wetting Cycles

The experiment was carried out using sintered glass beads and their
saturation with water under vacuum conditions. The static method

was used to measure the SWRC in order to investigate the effect of
trapped air on the hysteresis curves. More detail on this method can
be found in Poulovassilis (1970a). The measured data are shown in
Fig. 5. The MDC was first predicted by the new model. Then, one
measured data point in the main hysteretic circle was used to cal-
ibrate parameter d. The parameters of themodel are listed in Table 3.
Furthermore, the new model was used to predict other scanning
curves. These predictive curves are also shown in Fig. 5, compared
with themeasured data.As seen fromFig. 5, the predictive curves are
coincident with the measured data with the effect of air entrapment.
Hence, the new model is able to model the cycle change of the soil-
moisture state in porous media under repeated increment and
decrement of water content.

There is another example that validates the new model. The soil-
water retention curve of fine silica sand was measured under static
equilibrium in the laboratory by Mohamed and Sharma (2007). The
porosity of the sand was 0.41, and the dry density of the sample was
1:61 g=cm3. The saturated sample was used before the tests were
done. The maximum degree of saturation of entrapped air was 0.13.
First, Eq. (7) was used for fitting the IDC and MWC. The model
parameters are given in Table 4. Second, theMDCwas predicted. To
obtain parameter d, one scanning curve was used to calibrate the
parameter. Finally, the newmodelwas adopted to predict any change
of water content andmatric suction with the effect of air entrapment.
The predictive curves and measured data are shown in Fig. 6, where
a slight discrepancy is revealed between the measured data and the
predictive MDC under low matric suction. The main reason for this
is that some discrepancies appeared in the process of fitting the IDC
using Eq. (7). The predicted drying scan curve is coincident with the
measured data except for some discrepancies at the initial state. Once
the matric suction is larger than the previously experienced maxi-
mum matric suction smax

ci 5 23:7 cm, the soil-water state will move
out of the hysteretic circle determined by smax

ci , and the change of
water content andmatric suction will be modeled in a new hysteretic
circle determined by the new matric suction smax

ci . The scanning
curves according to smax

ci 5 23:7 cm between the IDC and MDC are
also shown in Fig. 6, where the degree of saturation of entrapped air
is approximately 7% according to smax

ci . The actual change of water
content and matric suction is different from the boundary curves as

Table 2. Material Properties and Model Parameters of Mixed Sand

Parameter Symbol Quantity Unit

Porosity n0 0.30 —

Residual degree of saturation Sirrr 11.6 Percentage
Maximum degree of saturation of
entrapped air

Straprmax 14.7 Percentage

bIDC 30.37 cm
Model parameters for the simple
ISVH-trap

bMWC 22.49 cm

aIDC 6.55 —

aMWC 2.66 —

Fig. 4. Predictive curves and measured data of mixed sand fractions
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a result of the effects of capillary hysteresis and air entrapment. Thus,
the simple ISVH-trap model is efficient in simulating the soil-water
retention relationship undergoing drying-wetting paths of water
content. The hydraulic state of unsaturated soil (water content and
matric suction) is significantly affected by the effect of entrapped air.
Furthermore, the hydraulic and mechanical behavior of unsaturated
soil will show some different properties under repeated changes of
hydraulic paths. Hence, to predict the hydraulic and mechanical
characteristics of unsaturated soil, the effect of entrapped air should
be included in the unsaturated flow analysis.

The effect of air entrapment also exists in other porous media
besides unsaturated soils, such as rocks. To explore the mechanism
of air entrapment, mercury-injection and withdrawal cyclic tests
were done byWardlaw and Taylor (1976) using the Ruska mercury-
injection capillary pressure apparatus, where mercury was a non-
wetting liquid in an air-mercury two-phase flow system. Hence,
a transform formula is needed as follows:

SWr ¼ 12 SNr (14)

where SWr 5 degree of saturation of the wetting liquid; and SNr
5 degree of saturation of the nonwetting liquid. Here, SWr is the
degree of saturation of air and SNr is the degree of saturation of
mercury in the air-mercury flow system. The sample used was
Midale dolomite from a Weyburn field in Saskatchewan, Canada.
The porosity of the sample was 0.23. More detailed information can
be found in Wardlaw and Taylor (1976). The experimental data are
shown in Fig. 7. The IDC andMWCwere fitted using a least-squares
method. The parameters are listed in Table 5. The MDC and sec-
ondary scanning curves were predicted by the new model. The
predictive curves are also shown in Fig. 7.

The predictive MDC is close to the measured data, as shown in
Fig. 7. One drying scanning curve was adopted to calibrate pa-
rameter d. Then, the other scanning drying and wetting curves were
predicted by the model. The conformity of the drying scanning
curves compared well with the measured data. Some deviations
existed between the predictive curves and the measured data. The
main reason for this is that the fitting result did not fit the MWCwell
when the matric suction was at low values. On the whole, as long as
the previously experienced maximum matric suction was given, the
new model was capable of modeling any change of the degree of
saturation of mercury in the hysteretic loop determined uniquely by
smax
ci . Therefore, it can be stated that the relationship between the
pressure and degree of saturation of mercury in the rocks was
significantly affected by entrapped mercury or air.

The distribution of pores is generally inhomogeneous and their
connectivity is perplexing in unsaturated porous media (Frydman
and Baker 2009). The phenomenon of capillary hysteresis and
entrapped air in thesemedia will commonly occur under intermittent

Fig. 5. Soil-water retention relationship of sand with the effect of capillary hysteresis and entrapped air subjected to wetting-drying cycles

Table 3. Material Properties and Model Parameters of Sand

Parameter Symbol Quantity Unit

Porosity n0 0.33 —

Residual degree of saturation Sirrr 15.15 Percentage
Maximum degree of saturation of
entrapped air

Straprmax 17.27 Percentage

bIDC 26.43 cm
Model parameters for the simple
ISVH-trap

bMWC 19.44 cm

aIDC 5.52 —

aMWC 2.84 —

d 500 cm

Table 4. Material Properties and Model Parameters of Fine Silica Sand

Parameter Symbol Quantity Unit

Porosity n0 0.41 —

Residual degree of saturation Sirrr 13.7 Percentage
Maximum degree of saturation of
entrapped air

Straprmax 13.0 Percentage

bIDC 23.00 cm
Model parameters for the simple
ISVH-trap

bMWC 13.66 cm

aIDC 10.05 —

aMWC 7.25 —

d 100 cm
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rainfall infiltration and fluctuations in water table conditions. Hence,
the two effects should be considered when modeling the soil-water
retention relationship and unsaturated seepage problems under re-
peated changes of soil-water states. The predictive curves will be
able to accurately describe the evolvement of the degree of saturation
and matric suction.

Conclusions

Based on the analysis of the effect of capillary hysteresis and air
entrapment in porous media, a new soil-water retention theoretical
model has been developed that considers the effect of air entrapment
on pore flow. The simple ISVH-trap model can predict well the

Fig. 6. Soil-water retention relationship of fine silica sand with the effect of entrapped air subjected to wetting-drying cycles

Fig. 7. Mercury injection and withdrawal cycled curves of Midale dolomite with the effect of entrapped mercury

Table 5. Material Properties and Model Parameters of Midale Dolomite

Parameter Symbol Quantity Unit

Porosity n0 0.23 —

Residual degree of saturation Sirrr 9.0 Percentage
Maximum degree of saturation of
entrapped air

Straprmax 52.8 Percentage

bIDC 11.864 kg=cm2

Model parameters for simple
ISVH-trap

bMWC 2.767 kg=cm2

aIDC 1.72 —

aMWC 0.96 —

d 400 kg=cm2
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change of the soil-water state under arbitrary changes of hydraulic
paths in unsaturated porous media. Only a few parameters are
needed and the predictive method is easily implemented.

The proposed model was used to predict the soil-water retention
relationship of an unsaturated porous medium subjected to complex
drying-wetting cycles. By comparing the predictive curves with the
measured data, the change of matric suction and the degree of sat-
uration of the water phase in the unsaturated porous medium was
significantly affected by the effect of entrapped air. The model with
capillary hysteresis and air entrapment effects should be taken into
account in the soil-water retention relationship in order to accurately
predict the change of the soil-moisture state in a porousmedium. The
simulated results also show that as long as the previously experi-
enced maximummatric suction smax

ci or reversal degree of saturation
SWt
r is given, the new model is capable of modeling any change of

matric suction and degree of saturation of the water or air phase in
the hysteretic loop determined uniquely by smax

ci .
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Notation

The following symbols are used in this paper:
a, b 5 empirical parameters;

aIDC, bIDC 5 parameters by fitting the primary drying
curve;

aMWC, bMWC 5 parameters by fitting the main wetting
curves;

d 5 fit parameter to describe the scanning
curves in the main hysteretic cycle;

Gs 5 specific gravity of soil particles;
Kp 5 slope of the scanning curve;
Kp 5 slope of the main drying and wetting

boundary curves;
n̂ 5 direction of the hydraulic path;
n0 5 porosity of samples;
ri 5 equivalent radius of pores in the porous

medium;
rðSWr Þ 5 difference of thematric suction between the

main boundary curves;
r1 5 equivalent radius of one type of pores in the

porous medium;
r2 5 equivalent radius of another type of pores in

the porous medium;
Sir 5 degree of saturation of the primary drying

and main wetting curves with zero matric
suction;

SIDCr 5 degree of saturation on the primary drying
curve;

SIDCri 5 degree of saturation of one point on the
primary drying curve;

Sirrr 5 residual degree of saturation of the water
phase;

SMDC
r 5 degree of saturation on the main drying

curve according to smax
ci ;

SMDC
ri 5 degree of saturation of one point on the

main drying curve;
SMHL
r 5 degree of saturation in the main hysteretic

loop at matric suction (sc 1 _sc);
SMHL
ro 5 degree of saturation in the main hysteretic

loop at matric suction sc;
SMWC
r 5 degree of saturation with zero matric

suction on the main wetting curve;
SNr 5 degree of saturation of nonwetting liquids;

Strapr 5 degree of saturation of entrapped air and
entrapped dense nonaqueous phase liquid;

Straprmax 5 maximumdegree of saturation of entrapped
air;

SWr 5 present degree of saturation in the main
hysteretic loop and degree of saturation of the
wetting liquid;

_S
W
r 5 change of degree of saturation in the main

hysteretic loop;
SWt
e 5 effective degree of saturation of water

according to SWt
r ;

SWt
r 5 degree of saturation according to previous

maximum matric suction;
sc 5 present matric suction in the main

hysteretic loop;
_sc 5 increment of matric suction;
sc 5 matric suction in themain drying orwetting

boundary curves;
sCc 5 matric suction on the Point C;
sDc 5 matric suction on Point D;
sFc 5 matric suction on Point F;
s Ic 5 matric suction on Point I;
sci 5 matric suction on a point;

smax
ci 5 previous maximum matric suction;
sc1 5 matric suction according to r1;
sc2 5 matric suction according to r2;

scðSWr , n̂Þ 5 matric suction of the main drying and
wetting boundary curves;

kDðSWr Þ 5 matric suction in the main drying boundary
curves;

kWðSWr Þ 5 matric suction in the main wetting
boundary curves; and

rd 5 dry density of samples.
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