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ABSTRACT: Air entrapment in soil-pores during cyclically hydraulic load-
ing requires a physical insight by means of both modelling and experimental
works. In the present study, transient drying and wetting tests are performed
in a sand column device. The device enables to perform measurements of
transient water content and pore water pressure in unsaturated soils. The mea-
surements of water content as well as the pore pressure are directly linked
to soil-water retention curve. The experimental results show that it exists an
entrapped air together with hysteresis in soil water retention. Based on the ex-
perimental results, a new computer model of soil water retention is proposed.
Finally, numerical simulation of air-water transport in unsaturated media is
implemented using this model. The comparison between measured data and
numerical simulation results shows that the proposed model can improve an
accuracy in simulation of the water transport in unsaturated media.

KEY WORDS: air-water flow, entrapped air, hysteresis, modelling, soil water
retention, unsaturated soil.

1 INTRODUCTION

Two-phase flow experiments are available for determining hydraulic properties of
unsaturated soil. Experiments are performed either under steady-state or transient
flow conditions. Transient state tests were reported in [1-3]. Commonly, this type
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of tests are performed in a conventional column apparatuses. These apparatuses are
equipped with sensors for measuring the capillary pressure—saturation relationship
while drying and wetting the soil sample. However, these drying and wetting stages
were not started from fully saturated condition with the result that the entrapped
air in the soil and water retention curves (SWRC) was not clearly detected in these
studies, although the phenomenon was recently discussed by [4, 5]. Furthermore,
the sediment materials are formed generally by settling in the water e.g. river, sea.
They are initially fully saturated until getting dried. In order to reproduce this initial
state, we performed column type tests from initially fully water saturated condition
in the column tests. Two drying and wetting cycles, which starting from initial fully
saturated condition, were performed. During the testing procedure capillary pressure
as well as water content were monitored by means of tensiometer and TDR sensors.
The measured data allows tracking the transient capillary pressure and water content
during drying and wetting cycles and to link capillary pressure and water content
directly into SWRC. The experimental results show that there exists an entrapped air
phenomenon together with hysteresis in soil water retention.

Regarding models of SWRC, several model concepts and formulations have been
developed to simulate the hysteresis phenomenon measured. In general, models used
to predict hysteretic SWRC can be classified into two categories: physically based
models (e.g. domain models) and empirical models. Physical principle models based
on the domain theory are introduced by several authors, e.g. by [6-8]. Other authors
used empirical models for describing the hysteretic SWRC, [3,9-12]. These models
employ regression analysis to fit the experimental data.

However, each model has its advantages and disadvantages, which have been dis-
cussed in [13, 14]. While the domain theory model family [6,8, 15] is complicated to
implement in finite element (FE) code (see [9]), the scaling model family [3,9, 11]
has artificial pumping error (see [16]). The discussion of [16] showed that Mualem
model [8] and Kool and Parker (KP) model [9] require storing a large number of soil
moisture reversal points in the computer memory. From numerical simulation points
of view, the SWR models should be parametrically controlled, simple and practical
for implementing in FE code. Particularly, when the SWR model is coupled with the
other laws such as flow law and stress-strain law, the computational convergence in
numerical simulation must be stable.

Therefore, a new SWR model for sandy soils is proposed. The model is developed
based on the basis of [17] and [18]. The main characteristics of the model is that
air—entry and air—expulsion values vary depending on the state of saturation when
transiting from wetting state to drying state and vice-versa. The model allows also
to reproduce the entrapped air phenomenon which has been observed in the drying
and wetting cycled experiments. The model does not require storing a large number
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of soil moisture reversal points when simulates drying-wetting loops in FE method.
Finally, the model is implemented incorporating with flow laws in a FE code. An
agreement between numerical simulations and measurements shows that the SWR
model can accurately predict water transport in unsaturated sandy soils.

2  EXPERIMENTS OF TRANSIENT SWRC AND RESULTS

The material used in the column tests was Hostun Sand [19] from France. Hostun
Sand is a poorly graded medium-grained sand and according to USCS classification
the sand is described as SP sand (ASTM D422-63).

A sand column testing device was used to conduct the transient state, where
drainage and imbibition cycles were performed. During the transient state test, vol-
ume changes were measured by the attached dial gauge. The pore water pressure was
measured by tensiometers (T1-T5) and the volumetric water content was determined
using the readings of buriable-type TDR- sensors (TDRI1-TDRSY) see Fig. 1. Water
was pumped in/out at the bottom of the column by an electronic pump. The device
has been introduced in detail by [20].

A specimen with a height of about 540 [mm] and 300 [mm] in diameter was
prepared by settling oven dry sand in the column filled with de-aired water, thus
ensuring almost 100[%)] saturation. During the preparation procedure the water level
was always kept above the sand specimen. Every ten centimeters, the void ratio in
the column was checked using the accumulated mass of dry sand in the column.
Following the experimental protocol, see Fig. 1 (right), the specimen was drained
and wetted using the attached pump. Throughout the drainage process the water table
was kept above the bottom water reservoir. The imbibition process was not stopped
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Fig. 1: (left) Initial conditions in the transient two-phase flow test and the depths of
the sensors; (right) Water in/out flow by pumping from bottom.
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until the water table reached the top of the sand specimen. Between each cycle the
specimen was left for ~ 12 hours to reach equilibrium state.

At the initial state, the measured pore water pressure increased with depth and
almost exactly recover the gravimetric pressure, see Fig. 1. The measured degree of
saturation at the beginning of the tests was equal or very close to 1 at each observation
depth. The change of total volume of the column during the experiment is observed
insignificant and therefore the degree of saturation may be considered proportional
to the volumetric water content.

The water saturation obtained by means of the TDR sensors is plotted versus time
in Fig. 2(left). Accordingly, the tensiometer measurements versus time are given in
Fig. 2(right). The results from the first drying, the first wetting as well as of the
second drying and second wetting cycles are shown in these figures.

As explained in Fig. 1 the sensor TDR 1 and the tensiometer T 1 are located at
the top of the column and the sensor pair TDR 5 and T 5 is located at the bottom
of the column. At the beginning of the wetting paths (first wetting path and sec-
ond wetting path) the tensiometer T 1 measures lower negative pore-water pressure
than tensiometer T 4, referring to a higher capillary pressure at the top of the sand
specimen. The saturation at the top of the specimen is lower than the saturation at
the bottom of the specimen. During wetting paths, the saturation increases corre-

sponding to a decrease in capillary pressure, see Fig. 2(right). Saturated conditions
are reached when the tensiometers measure positive pore-water pressure. During the
wetting path the saturation increases first at the bottom of the specimen and then at
the top of the specimen.
However, after the first wetting path the measurements obtained by TDR sensors
and the observation on the column volume change show that the fully saturated con-
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Fig. 2: (left) Results of TDR measurements; (right) results of tensiometer measure-

ments.
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Fig. 3: Experimental results linked to the first drying and wetting cycle: TDR—sensors
and tensiometer measurements.

dition is not recovered. This may be due to entrapment of air in soil pores that can
not be removed by wetting process.

The readings of the tensiometers plotted against the corresponding TDR readings
are given in Fig. 3. Only measured data of the first drying and wetting cycle measured
at different depths are presented in the figure. TDR 5 and T 5 are always located in
the saturated zone during the test and therefore the SWRC is plotted only for sensor
pairs from TDR 1-T 1 to TDR 4-T 4.

The air-entry value, ¥4y, is approximately 1600 [Pa]. After reaching this value,
the saturation in the sand specimen decreases rapidly. The transition zone is between
1600 [Pa] to 3000 [Pa]. The residual zone starts at a relatively low capillary pressure
in the drying cycle. The wetting paths result in different scanning curves, depending
on the starting point for the wetting on the main drying curve. Due to the effect of
air phase entrapped, the water saturation in wetting cycles reaches a maximum value,
S; = 0.84.

3 MODELLING OF THE HYSTERESIS IN SWRC

In this paper, two phenomenological models of hysteretic SWRC are introduced in
order to reproduce the hysteresis phenomenon during drying-wetting cycle. The first
model represents the hysteresis by means of two equations, one valid along the first
drying path and another for the main wetting path. The scanning curves are modeled
as linear lines, like a Hank model, connecting transition points between first drying
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path and the main wetting path. The model has almost characteristics of the other
previous models with drying curve, wetting curve, and scanning curve, but entrapped
air phenomenon was not considered. We name it a former model. A second model, a
new model, is an enhancement of the former model by the variation of air entry and
air expulsion values during wetting-drying cycles. The entrapped air phenomenon is
considered in the new model. The Hank model family was selected here to develop a
new model, because it does not require Newton-Raphson method when implementing
in finite element code at the beginning of the scanning curve. Therefore, the conver-
gence of the problem is always guaranteed, even in a high frequency region of the
drying-wetting loops.

In this section, we formulate the SWR model in the capillary pressure-saturation
plane. We consider that the effective liquid saturation .S, is a scale of liquid saturation
(S}). Whilst S varies in their domain [S;,., S;s], the S, varied in a fixed domain [0,1].
The relation between S; and S, is defined as

S =S

1 e o o
( ) 5 Sls_Slr

where Sj; and 5, are the maximum and the residual liquid degree of saturation,
respectively. In the Mualem—van Genuchten SWRC model [18], .S, is related to the
capillary pressure 1) = P; — P as follows

=
”(Po> ] |

where F is a model parameter which represents the air entry value in soil drying
path, X\ is represents the shape of the slope. A function f has three variables: 1), A,
FPy. In the original van Genuchten model, two variables A and F, are considered the
two parameters. Therefore, the model can not reproduce the hysteresis loops during
soil wetting—drying cycles. In this study, the variables A and P, are designed to
change with conditions.

) Se=f (¥, A\ R) =

3.1 A FORMER HYSTERETIC SWR MODEL

For simulation of the hysteresis, the SWRC is defined through introducing equations
for the first (or also for the main) drying curve and for the main wetting curve using
the same functional form as in Fig. 2 but with different shape parameters, i.e. Ay
and Py g for the first (or main) drying curve and A, and F ,, for the main wetting
curve. The transition paths from main drying curve to main wetting curve (scanning
or transition curves) are defined in this model as linear lines by the parameter d.S,.
The schematic representation of the first model is shown in Fig. 4(a).
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Fig. 4. Schematic representation of the former approach for modelling hysteresis in
SWRC: (a) capillary pressure versus effective liquid saturation, (b) capillary pressure
versus normal liquid saturation.

The state of water flow is changed via transition line. The particular transition line
is determined by the value of the capillary pressure at which the transition loading
path starts. The transition line is a straight parallel line to transfer from wetting state
to drying state and vice-versa. The equation of the transition line is as follows:

Sew — Y=duw dS. for wetting — drying
3) Se = Y Y ,
Se.d + R dS, for drying — wetting
wd - ww

where Se ., and S, 4 are effective degree of saturation at beginning of transition state,

14 and 1, are transition points at drying curve and at wetting curve, respectively.

Eq. 3 produces line 3-4 or line 1-2 in the Fig. 4. When the transition line meets the

main wetting or main drying curve, it follows this curve according to:

@ g f(W|N=Ag, Po = Pyq) for drying path
° F(WIX= Ay, Py = Py,) for wetting path '

Equation 4 produces the curves 4-1 or 2-3 in the Fig. 4. The main drying curve and
the main wetting curve meet each other when capillary pressure v is either equal to
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zero or tends to infinity. The effective degree of saturation (S,) is transformed to .5;
by Fig. 1.

3.2 A NEW PROPOSED HYSTERETIC SWR MODEL

In the second model, a new parameter, a,., is introduced to account for the amount
of the entrapped air during the initial drying path and the reduction of the maximum
degree of saturation to S,. = S5 — a,c. As soon as the degree of saturation drops
below S, (see Fig. 5(b))it will not exceed this value again due to the entrapped air
in the soil particles. By defining the effective saturation accordingly, this model will
become equivalent to the previous one in the effective saturation—capillary pressure
plane, Fig. 5(a). The equation for the effective degree of saturation is now as follows:

S1 — S
Sis — S — <Soc - Sl>aoc/ (Soc - Sl) ’

(5) Se =

where (F) = 0if F < 0 and (F') = F elsewhere. The Eq. 5 means that along the
initial drying path S, is defined by the Eq. 1. The Eq. 5 is launched when hydraulic
loading deviates from the first drying path.

The model described in this section is developed within the previous modeling
approach to the simulation of the drying-wetting hysteresis loops. The experimental

(a) >t () s, S

: } 1
0.0 ds, 1.0 S

Fig. 5: Schematic representation of the proposed approach for modelling hysteresis in
SWRC: (a) capillary pressure versus effective liquid saturation, (b) capillary pressure
versus normal liquid saturation.
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results of drying-wetting test reveal that the air—entry and the air—expulsion values are
dependent on the current position in the capillary pressure—effective saturation plane.
We propose a model that is able to reproduce both the reduction of the maximum
saturation due to air entrapment and the variation of the air entry and the air expulsion
with drying—wetting cycles. The SWRC parameter that represents the air entry (Pg’ 2

or the air expulsion (P({’w) values is modified to depend on the development of the
drying—wetting process. The proposed equations are:

(6) Pg,w = PO,w + <S£,d> (PO,d - PO,u)) y

) Pg,d = Pya+ (1 - (Sgw)n> (Po,w — Po,a)

where, n is a model parameter which determines the magnitude of air-entry and ex-
pulsion values variation at the transition from drying to wetting, Sg 4 and S? . are the

effective saturation at transient positions of 5" drying-wetting loop. The equation of
the transition line is written in Fig. 3. The scanning curves in the Fig. 4 are rewritten
as

(8) S = {f(wa P(id’)\ = )g) for drying path

f(, Pg’w|)\ = \,) for wetting path

The mathematical model of hysteretic SWRC is illustrated in Fig. 5. If at the
initial state the liquid saturation S is less than S,. the drying and wetting paths
only go inside the domain drawn by the main drying and wetting curves b and c,
respectively and the transient path follow e.g. line 4-5, see Fig. 5(b). If at the initial
state S is in between S, and S, there are two possibilities: (i) the soil state is at
first drying path and for drying process, the drying goes along curve a until e.g. point
2, the scanning curve is in between points 2 and 3 and the wetting and dry cycle will
follow the path 3 — 4 — 5; (i7) for wetting process, the wetting path follows a
scanning line up to capillary pressure equal to zero (line 1’-2”) in Fig. 5(b).

3.3 COMPARISON WITH EXPERIMENTAL DATA

In this subsection, the two models are verified with experimental data and with the
other models. For illustrating all the characteristics of the new model, two types
of SWR experiment are selected: the experiments which show entrapped air phe-
nomenon and the experiments which show scanning curve at different transition
points. For the early one, three types of soil are selected: Beaver Creek sand,
Saskatchewan silt [21] and Hostun sand (this study). For the latter one, two types
of soil are selected: a Robicon sandy loam [22] and a sand [23].
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Table 1: Material parameters for SWRC

Parameter Py A Srl Sis  Pow Aw Aoe dS, n
Unit kPa kPa
Huston sand 23 0875 0.10 0095 1.1 0836 0.12 0.18 0.5

Beaver Creek sand 4.0 0.542 0.20 097 1.8 0.641 0.09 0.1 0.7
Saskatchewan silt 25 0512 022 094 10 0.501 0.06 0.05 1.8
Sand 41 0910 020 1.0 24 0806 0.093 02 035
Sandy loam 10 0754 032 1.0 22 0486 0.1 0.01 1.6

The parameters of the new model are presented in Table 1. The model parameters
Sris Siss Goc, dSe can be determined directly from experimental results. The param-
eters Iy g, Aq and P 4, Ay, n are determined based on fitting considering the pore-
size distribution suggested by [18]. It is proposed in [18] that soils having narrow
pore-size distribution cause the steep of the soil-water retention slope, thus resulting
in a large value of A. Fine grain soils have air entry value Py and value n greater
than coarse grain soils. There are no transition points in experimental data provided
by [21], therefore the prediction curves start at initial saturated condition to residual
saturated condition. The prediction curves in Fig. 6 include a main drying curve, a
main wetting curve, and a secondary drying curve. The transition points in our model
for Fig. 7a are S, = [0.3,0.43,0.57,0.7] and for Fig. 7b are S, = [0.48,0.62,0.81].
The prediction curves in Fig. 7 include a main drying curve, a main wetting curve,
and scanning curves. When computing with the former model, the parameters of the
new model (a,. and n) are excluded.

New model

— — — Former model

O Initial drying-measurement
107 olQ A Main drying-measurement |1 10
. O  Main wetting—-measurement
N

New model

10° t| — — — Former model

O  Initial drying—-measurement
A Main drying-measurement

O  Main wetting—-measurement

Capillary pressure (kPa)
S

01 02 03 04 05 06 07 08 09 01 02 03 04 05 06 07 08 09

Saturation (=) Saturation (-)
(a) Beaver Creek sand (b) Saskatchewan silt

Fig. 6: Comparison with laboratory measured data
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Fig. 7: Comparison with laboratory measured data — denoted by (0 A O ¢)

Figure 6 presents the fitting curve between model and measured data given by
[21]. According to [21], the volume change was considered negligible in their exper-
iments. It is clear that when both soils are initially saturated, the initial drying curve
of former model and new model are the identical. However, the wetting curves of
the two models are different, because entrapped air is considered in the new model.
Consequently, the maximum saturation of the main wetting curve modeled by new
model is smaller than the initial maximum value. On the contrary, the main wetting
curve and initial drying curve in the former model have the same maximum saturation
value. Because of the difference from the initial value of main drying curves mod-
elled by two models, the main drying curves of two models are different. In summary,
the new model curve fits the experimental data better than the former model.

Figure 7 shows the comparison of the new model with the other models proposed
by other authors. It is clear that a new simple model enables to reproduce the scanning
curves similarly with the models proposed by [22] and by [24]. The measured data
in Hostun sand test using axis translation experimental technique in this study is
compared with the two models in Fig. 8. It is clear that the new model reproduces the
different scanning curves based on the transition points in drying process or wetting
process. Meanwhile, the former model, the scanning curve is constantly starting
from initial drying curve to main wetting curve. The entrapped air phenomenon is
not taken into account in the former model therefore it can not reproduces well the
fitting with experimental data. The entrapped air phenomenon was also not taken
into account in the SWR models proposed by the other authors, thus these models
can also not fit well with measured data as compared with the new model.
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Fig. 8: Comparison of laboratory measured data for Hostun sand with soil model

4  NUMERICAL MODELLING OF TWO-PHASE FLOW

According to the experimental observation the sand column may be considered as
non-deformable and therefore the equilibrium of mechanical forces is not considered.
Equations for mass balance are established for gas and liquid phase. We assume that
there are no gas dissolved in liquid phase and vice-versa.

4.1 MASS BALANCE OF WATER AND AIR

Mass balance equations for water (¢ = w) and air (o = a) in the pores are written
as:

0
) a7 (9a5a¢) +V- q, = fcx )

ot

where, S, is degree of saturation of liquid/gas phase, ¢ is porosity, 6, is mass of
liquid or gas per unit volume, g, is an advective fluxes of liquid/gas, and f, denotes
the external supply of phase. The dependent variable S, has to be related to the
unknowns e.g. our case I and P,. The relation between degree of saturation S; and
liquid/gas pressures is established by SWR model. The relation between gas phase
saturation and liquid phase saturation always obeys the following relation: S;+ S, =
1.

4.2 CONSTITUTIVE EQUATIONS

The advective flow of the water phase described by the generalized Darcy’s law and
the equation for the advective flux q,, is
kkyq

(10) 9o =
Mo

(vp& - pag) )
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where, [, is the dynamic viscosity of the phase a(gas/liquid), g is the gravity accel-
eration vector, p, is the phase density, k = diag(kyz, kyy, k) is a tensor of intrinsic
permeability, assuming that the material is isotropic,thus, one entry of the tensor can
define the matrix k, and finally, k,, is the relative permeability of phase.

The liquid relative permeability k., is derived from the Mualem—van Genuchten
closed form model ( [18]) for liquid phase:

(11) ot = JSi{l— (1—S§/A)Ar,

where, A is a SWRC shape parameter and S, is an effective degree of saturation. The
relative permeability k., for gas phase is follows:

(12) k9 =1— k.

The effective saturation (S.) is computed based on the relation between capillary
pressure and degree of saturation, which is presented as in Fig. 2 in the previous
section.

4.3 NUMERICAL APPROACH

The two phase flow model is implemented by solving a system of balance equations.
Constitutive equations are used to connect between primary unknowns (liquid pres-
sure and gas pressure) to parameters and dependent variables like water saturation,
water flux. The numerical analysis is composed by two terms: spatial and tempo-
ral discretization. The FE method is used to solve in spatial discretization in each
time step. Because the problem presented here is temporally non-linear, the Newton-
Raphson method is used to solve temporal discretization iteratively. The numerical
approach is introduced here based on the formulations in [25,26] and [27]. The sim-
ulations are implemented in the Code_bright FE code. The balance equation includes
two terms: storage terms (S, ) and advective flow terms (q,)

4.3.1 APPROACH FOR STORAGE TERMS

Considering a constant porosity ¢, the first term of Eq. 9, which relates to liquid
saturation is transformed as:
S
o+ [ wo2eesilag,

where NZ- is shape function in FE method. Using approximations for temporal finite
difference at time step k, every integral can be written as, for example:

8(0aSe) w (BaS)ET! — (6a5a)F,
(14) / Nip——22040 ~ ¢ m / N;d©,
o ot em < thtt — tk em

(13)
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This approximation allows us to make the space integration independently from the
physical variables. Consequently, computation of geometrical coefficients is neces-
sary only once for a given finite element mesh. The integral of shape function over
an element is equal to V,  /n.,, for the case of linear shape functions.

4.3.2 APPROACH FOR ADVECTIVE FLOW TERMS

The weighted residual method is applied to the balance equation. After that the Green
theorem is used to reduce the order of the derivatives and the divergence of flows is
transformed into two terms. One of them is with gradient of the shape function. The
Darcy’s law can be written at node ¢ as follows:

(15 - / VIN;00qadQ
Q
kk'r’a t 7‘04
V Nifq o T2V N; dQ v N; 9 2gd$)

where j denotes the summation over the element nodes, (Pa) j 1s node-wise variable,
where its values are defined by nodes and interpolation over nodes by means of shape
functions.

For the node i the volume €2 over which the integral in Eq. 15 has to be performed
in composition of the elements ey, es, ..., é,,. The contribution of element e,, to the
total lateral flux toward node ¢ is approximated as:

kE

(16) (/ vtNieavazvde)(Pa)j

k+€
L / VNVNdQ)( Bl

~ O,
where two different intermediate points are used: (t**%) is used for pressure, and
(tk+¢) for the relative permeability. The integrals of products of shape function gradi-
ent are considered influence coefficients. They have to be computed for each element
but only once for the given mesh points.

A similar approximation is applied for the gravity term in Eq. 15. The evaluation

of density element-wise is convenient in order to balance correctly pressure gradients
with gravity forces at element level.

4.3.3 BOUNDARY CONDITION FOR THE MODEL

The boundary conditions for balance equations are incorporated by means of simple
addition of nodal flow rates. The mass flow rate of phase « is written as

(17) qa = (woc)oqg + (wa)O’Ya(Pg - POC) )
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where, the superscript (-)° stands for the prescribed values, w, is the mass fraction
of water in phase «, P, is the pressure in phase a, ¢°, is the prescribed mass flow for
phase a;, and v,, is the leakage coefficient, which follows a boundary condition as the
Cauchy type. In particular cases, where only the flow rate is applied, -, is defined to
be equal to zero.

5 NUMERICAL SIMULATIONS OF SAND COLUMN EXPERIMENT
5.1 GEOMETRY, PARAMETERS, INITIAL AND BOUNDARY CONDITIONS

The FE-model with its geometry and discretization is presented in Fig. 9(a,b). The
positions of nodes are defined corresponding to the TDR sensors and tensiometers
locations along the sand column height. Nodes 60, 48, 36, 22, and 8 are correspond-
ing positions to the locations of the TDR and tensiometer pairs enumerated from 1 to
5 (i.e. layer 1 to 5) instrumented within the sand column.

The space at the top of the sand column is used to stores water, if the inflow
water exceeds the water storage capacity of the sand column. It is named a water-
bearing space (WBS), see Fig. 9. The WBS exists in the model in order to avoid
a rapid increase in water pressure when the sand material reaches a fully saturated
state and consequently, this may cause a non-convergence of the Newton—Raphson
integration procedure. The SWRC of the WBS obeys the van Genuchten type law
with very small Fy as compared to the parameter F; of sand. This way, the existing

Water-
Bearing
Space

Out/In flow of water

(@ (b)

Fig. 9: Experimental description: (a) Materials and boundary conditions, (b) Geom-
etry and discretization
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Table 2: Material parameters

PO,d Ad Sl'r‘ Sls PO,w dSe >\w k (bO n Goc
Unit  MPa MPa
Sand 2.3E-03 0.875 0.12 1.0 6.0E-4 0.04 0.846 2.8E-11 047 0.25 0.16
WBS 5.0E-05 09 0.00 1.0 — — — 28E-07 098 — —

of the WBS in the numerical model will not influence the wetting-drying process in
sand material. No hysteresis and entrapped air phenomena are taken into account for
WBS. The parameters of the materials are given in Table 2.

The liquid boundary conditions applied at the nodes at the bottom as prescribed
liquid fluxes (¢2). The prescribed liquid flux values are presented in Fig. 1(right). At
the initial state, the sand material is fully saturated and liquid pressure at the bottom
boundary is prescribed to be equal to the gravimetric pore water pressure, that is
P,;=5400 [Pa] at the bottom nodes. At the top, the gas pressure is applied on the
nodes equal to atmosphere pressure (P!? = 100 [Pa])

4000

3000

2000

1000

Capilary pressure (Pa)

4000

3000 [~

2000 [~

1000 -

Capilary pressure (Pa)

Saturation(-) Saturation(-)

—— New model - - - Former model ¢ Measured data

Fig. 10: Experiment vs. numerical simulation: capillary pressure and saturation.
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5.2 RESULTS AND DISCUSSION

The results derived from numerical simulation are presented in time-dependence of
the water saturation, the water pressure, and the capillary pressure. These results are
compared with experimental results obtained in this study. The comparison of exper-
imental and numerical SWRC results is given in Fig. 10, where capillary pressure is
plotted against saturation. No entrapped air is taken into account in the former model.
Therefore, the simulated saturation always reaches the value 1.0 after each drying-
wetting loop. On the contrary, the entrapped air is considered by the parameter a..
Therefore, the maximum liquid saturation of the main drying and wetting curve is
only equal to 0.84 (Fig. 10). Moreover, when the hydraulic loading starts from an ul-
timate state such as fully saturated or fully dry state, the wetting and drying curves in
the numerical model are the same as the main wetting and drying curves in the exper-
iment. But if the starting point of loading transition is not at an ultimate state, the soil
water retention curves are located in between the main wetting and the main drying
curves. The two wetting curves are not shown separately in the simulation at layer
1 (Fig. 10), because the transition points at the two wetting-drying loops are in close
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Fig. 11: Experiment vs. numerical simulation: degree of saturation and time.
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proximity of each other. However, the difference between the first scanning wetting
curve and the second scanning wetting curve in the numerical simulation can be seen
clearly at layer 3 and layer 4. Overall, it can be seen that the new model can fit with
experimental data better than the former model in terms of capillary pressure-suction
relation.

Because the new SWR model considers the entrapped air, the maximum liquid
saturation reaches after the first drying-wetting cycle also the value of 0.84. Conse-
quently, the evolution of the liquid saturation obtained in the numerical simulation
has a better agreement with the measured data (Fig. 11) when compared to the pre-
dictions of the simulation based on the former model. It it also can be seen from
Fig. 11 (layer 1) that the first wetting curve can not reach to its maximum value by
simulating with former model although the hydraulic boundary conditions are iden-
tical in the simulations with both models. It shows that the water/moisture transfer
in unsaturated conditions faster when entrapped air is taken into account in SWR
models.

Figure 12 presents the comparison between the measured and simulated capillary
pressures versus time. It shows that the capillary pressure simulated by the new model
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Capillary pressure(Pa)

—4000

4000
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—2000
—4000 - ‘ Layer 3 ‘ n ‘ Layer 4 | .
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time (s) 10° Time (s) 10°
’— New model ---- Former model ¢ Measured data ‘

Fig. 12: Experiment vs. numerical simulation: liquid pressure and time.
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results in a better agreement with measured data than the former model in layer 2,
layer 3 and layer 4.

6 CONCLUSIONS

This paper presents experimental and numerical investigations of air-water flow con-
sidering the hysteresis and the entrapped air phenomena due to drying-wetting cycles
in unsaturated sandy soils. A column testing device equipped with TDR and ten-
siometer sensors along the column height was used to monitor the water content and
capillary pressure redistribution during wetting and drying loading paths. The exper-
imental results evidence that there exists an entrapped air phenomenon together with
hysteresis in soil water retention.

A new hysteretic water retention model is proposed. The model can reproduce as-
pects of the soil-air-water relation better than the other former models. Moreover, the
model is simple to implement in a finite element code, thus its computational stabil-
ity is guaranteed in coupling analysis with flow laws. The reduction of the maximum
degree of saturation after the first drying path and the variation of the air-entry and
air repulsion values with hydraulic loading cycles are special characteristics of this
model. Numerical simulation of the experimental procedure is further presented in
the paper in order to validate the effectiveness of the new model against former mod-
els in terms of unsaturated flow. The results derived from the numerical simulation of
the column test based on the new model show a good agreement with the measured
data. The study also shows that an improvement of SWR model enables to improve
the simulation of water and air flows in porous media.
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