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ABSTRACT

The problem of the reliability of capillary-barriers’ modelling is studied making use of tipping trough
measurements. In its first part, the article describes laboratory measurements of saturated hydraulic
conductivities and retention curves of four materials of two different capillary barriers. Both the main
branches of the retention curves were measured, and the unsaturated hydraulic conductivities and
capacity functions were determined. The second part of the article describes numerical modelling
of two tipping trough experiments. The obtained results are compared with the measured data. The
comparison shows a good agreement that is presented and discussed. It is concluded that, in the case
of capillary barrier materials, the laboratory measurements made on samples and the subsequent math-
ematical modelling can substitute for the tipping trough experiments.

Keywords: Capillary barrier, retention curve, hydraulic characteristics, suction apparatus, hydraulic
conductivity, tipping trough.

1 INTRODUCTION
The capillary barrier is a simple device frequently used to cover landfills. It consists of two
inclined layers: the overlying fine grained layer called the capillary layer and the underlying
coarse grained layer called the capillary block. The capillary layer consists of finer material,
usually a fine to medium grained sand, while the capillary block consists of significantly
coarser material usually a uniform coarse-grained sand or fine-grained gravel.

The insulating effect of the barrier is based on the fact that, under sufficiently low values
of pressure head, the hydraulic conductivity of the upper layer is significantly, at least one
order, higher than that of the capillary block. The infiltrating water comes from above into the
capillary layer and flows along it downwards rather than to cross the interface (the capillary
interface) and to enter the capillary block, see e.g. Ross [1] or Abdolahzadeh et al. [2].

Several laboratory experiments testing two capillary barriers were carried out at the Ruhr
University in Bochum. A large tipping trough containing the barriers was used for the exper-
iments [3].

A measured time-dependent infiltration into the capillary layer was applied and the
responding discharge from both layers of the tested barriers was measured as a function
of time. The results made it possible to find out critical values of infiltration intensity and
cumulative infiltration causing water flow through the capillary interface into the capil-
lary block [3] and [4]. The tested barriers were built up of well-defined standard
materials and, moreover, several physical characteristics of the materials were measured
in Bochum.

Numerical simulations of water behaviour in capillary barriers are based on numerical
solutions of the Richards equation describing water flow in unsaturated media. As the equa-
tion contains two unknown functions, the pressure head h and the water content 0, it is
necessary to make use of the material’s soil-moisture retention curve either in the form

h=h(0)
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or
0=0(h)

in order to obtain a well-posed problem. The effect of retention curve hysteresis is usually
neglected in such simulations, see e.g. [5—7]. However, Morris and Stormont [8] suggest that
the hysteresis can affect predictions of flow and pressure conditions in capillary barriers.
Trpkosova and Mls [9] studied the influence of the retention curve hysteresis on the water
behaviour in capillary barriers and found that neglecting hysteresis in numerical simulations
gives results that may overestimate the efficiency of the barrier and that the effect is propor-
tional to the difference between the pressure head values of the inflection points of the main
drying branch and the main wetting branch of the capillary-layer material.

The aim of the presented study was to test the reliability of mathematical modelling of
capillary barriers under assumptions that laboratory measurements carried out just on sam-
ples of applied materials are available. That means, to carry out a set of laboratory
measurements on samples of materials used in the tested capillary barrier, to determine the
necessary hydraulic characteristics of the materials, to formulate the supposed experiments
mathematically and eventually to solve the problems numerically. In order to test the agree-
ment, materials of the capillary barriers tested in Bochum were utilized and the solved
problems simulated the tipping trough experiments.

2 PHYSICAL CHARACTERISTICS OF THE APPLIED SOILS
Two different capillary barriers consisting of four different kinds of material were investi-
gated during the experiments at Ruhr University Bochum. Several physical characteristics of
the capillary barrier materials were determined in Bochum. Wohnlich [3] presents retention
curve of one of the materials and grain-size curves, minimal and maximal compactness and
chemistry of two materials.

As the numerical simulations of capillary barriers require complete sets of hydraulic char-
acteristics of all applied materials [10], the required characteristics were determined at
Charles University by means of laboratory measurements carried out on samples of the orig-
inal materials.

Definitions of the studied materials are given below.

No. 1 - material of the capillary layer of the capillary barrier No. 1. The material is a product
of the German company Tecklenborg. It is a heterogeneous sand originating in a river bed.
Rough grains and calcareous layers were removed. According to Powers [11] classification,
the sand belongs to the category rounded: both the corners and the edges of the grains are
well rounded. The grain-size curve is shown in Fig. 1.

No. 2 - material of the capillary block of the capillary barrier No. 1. The material is a product of
the German company G2. It is a homogeneous material of grain size from 2 mm to 8§ mm.
According to Powers [11] classification, it belongs to the category subrounded: the corners of
grains are well rounded, their edges are partly rounded. The grain-size curve is shown in Fig. 1.
No. 3 - material of the capillary layer of the capillary barrier No. 2. The material is a homo-
geneous material of grain size from 0.4 mm to I mm. According to Powers [11] classification,
the sand belongs to the category rounded: both the corners and the edges of grains are well
rounded. The grain-size curve is shown in Fig. 2.

No. 4 - material of the capillary block of the capillary barrier No. 2. The material is a homo-
geneous material of grain size from 2 mm to 7 mm. According to Powers [11] classification,
it belongs to the category not rounded. The grain-size curve is shown in Fig. 2.
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Figure 1: Grain-size curves of materials No.l and No.2.
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Figure 2: Grain-size curves of materials No. 3 and No. 4.
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3 LABORATORY MEASUREMENTS

Most of the hydraulic characteristics required for numerical modelling of the capillary barri-
ers can be determined from the soil-moisture retention curves. Wohnlich [3] presents the
retention curve of material No. 1 obtained by a column test. The tension apparatus method
was chosen for laboratory measurements of soil-moisture retention data by the authors. The
design of the applied apparatus was that of Havlicek, J. and Myslivec [12]. The main drying
branch and the main wetting branch of the retention curves were measured on each sample.

The tension apparatus is more convenient than the pressure-plate apparatus for the meas-
ured materials, i.e. sands. Moreover, the tension apparatus is suitable for the wetting branch
measuring while the pressure-plate apparatus is usually utilized just for the drying branch
measurements as it requires a special modification for this purpose [13]. Compared to the
column test, the tension apparatus allows for finer distribution of measurement points at those
parts of the curves where it is required by higher rate of change of the measured data.
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The particular points of the soil-moisture retention curves were measured in steps, con-
trolled by setting the values of the pressure head. The increments ranged between 0.5 cm and
20.0 cm and were chosen to correspond to the change of the water content. Sets of 10-15
measured points served to define each branch of each retention curve.

During the main drying branch measurement, the sample of the measured material was
converted from the saturated state into the residual-moisture state by gradual decreasing of
the pressure head. Once the sample reached its residual state, the measurement of the wetting
branch started. The minimum pressure head values applied to measured samples were as
follows: material No. 1: =200 ¢cm, material No. 2: =35 c¢m, material No. 3: =150 cm and mate-
rial No. 4: =17 cm.

The amount of water in the apparatus was affected by evaporation. In order to determine
the effect of this, free water table evaporation was measured as a function of time during the
experiment. The obtained function was calibrated using the actual cumulative value meas-
ured as the difference between the water content of the sample at the beginning and at the end
of the experiment and used to correct the measured retention curve data.

Besides the soil moisture retention data, the saturated hydraulic conductivities of the
applied materials were measured in a permeameter working with a constant gradient of the
hydraulic head. The samples used for the measurement of saturated hydraulic conductivity
were cylindrical with the base of 5 cm in diameter and the average height of 7cm. Each sam-
ple was tested with 5 different values of the hydraulic head gradient. For each gradient,
Smeasurements of the relation between the time and the cumulative outflow of water were
carried out. The saturated hydraulic conductivities of the four tested materials were finally
determined as mean values of the results of particular measurements.

As the tested materials allow the flow within the samples to easily reach non-Darcian
regime, it was necessary to check the values of Reynolds number during the experiments in
order to carry out the measurements at sufficiently low values of hydraulic-head gradients so
that the Darcian flow was guaranteed. The obtained values of saturated hydraulic conductiv-
ities are presented in Table 2 (the results in this table are obtained from those presented in
Table 1).

4 HYDROMECHANICAL CHARACTERISTICS OF THE MATERIALS
In order to simulate the capillary barriers numerically, it is necessary to know hydromechan-
ical characteristics of their materials. As the capacity form of the Richards equation was used
in our case, the retention curves and hydraulic conductivities were determined as functions of
pressure head.
Flow of water in a capillary barrier, i.e. in the unsaturated zone, is governed by the Rich-
ards equation. Its capacity form reads

oh O Oh
“ . Y K25 K (1)
€ Ot Ox, (&) Ox, +0,K ().

where ¢ is the time, x = (x,, x,, X,) are the space coordinates with the x3-axis oriented verti-

cally upwards, & is the pressure head, C(h) is the capacity function, i.e. derivative of the
retention function with respect to pressure head A,

Clh) = %(h),

and K(h) is the unsaturated hydraulic conductivity.
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Table 1: Parameters of the tested materials obtained on individual samples.

0. 0’ 0" a’(m') @ (cm™) nd n"
Material 1 0.07 0.37 0.31 0.026 0.036 9.41 7.35
Material 1 0.03 0.34 0.31 0.025 0.034 5.75 4.05
Material 1 0.03 0.34 0.32 0.024 0.036 8.22 4.33
Material 1 0.02 0.34 - 0.025 - 6.17 -
Material 2 0.05 0.40 0.40 0.268 0.321 4.57 4.60
Material 2 0.09 0.42 0.42 0.276 0.300 4.84 4.68
Material 2 0.08 0.43 0.42 0.296 0.338 4.27 3.71
Material 2 0.02 0.40 0.39 0.291 0.339 4.38 3.70
Material 2 0.11 0.40 - 0.283 - 5.42 -
Material 2 0.04 0.39 - 0.300 - 3.87 -
Material 3 0.03 0.40 0.38 0.058 0.082 5.14 3.71
Material 3 0.02 0.43 0.38 0.065 0.097 4.54 2.95
Material 3 0.01 0.41 0.37 0.064 0.094 3.68 3.03
Material 4 0.03 0.40 0.39 0.211 0.267 3.41 4.47
Material 4 0.04 0.39 0.39 0.235 0.270 4.85 4.19
Material 4 0.04 0.39 0.38 0.250 0.330 5.71 3.49
Material 4 0.09 0.40 - 0.285 - 3.79 -
Material 4 0.08 040 - 0.257 - 474 -

To define the retention function in Equation (1), the van Genuchten [14] formula was cho-
sen in this paper

O(h) =0, + i’ 2)
a+(=ah)")"

where h < 0, o, m, n, Os and 6r are the parameters, a > 0, n > 1, m =1 — 1/n. While the
water content at saturation and the residual water content, parameters 0 ,and 0 » Were meas-
ured directly on each sample, it was necessary to determine the parameters a and n as
constants giving the best fit of function (2) to the measured soil-moisture retention data. To
do this, the computer code RETC [15] was used. The set of parameters 0, 0, ., m, n was
determined for every sample and every branch of the retention curve. The results are pre-
sented in Table 1.

The voids in the table denote the experiments at which the hydraulic contact was lost and
the measured set of data could not be completed.

The statistical pore-size distribution model by Mualem [16] was used to define the unsatu-
rated hydraulic conductivity K (/4 ) in the form

k@)-k, |22 [ﬂ] , 3)
\ 6.-6,(1-F(@)

where Ks is the measured saturated hydraulic conductivity, the function F'is given by
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Table 2: Resulting parameters of the tested materials.

0. 0’ 0" a(em) @ (em™) n? n K (m/s)
Material 1 0.04 0.35 0.31 0.03 0.04 7.39 524 1.18e-4
Material 2 0.07 0.41 0.41 0.29 0.32 4.56 4.17 2.25e-3
Material 3 0.02 0.41 0.38 0.06 0.09 4.45 3.23  7.63e-4
Material 4 0.06 0.40 0.39 0.25 0.29 4.50 4.05 1.72e-3
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Figure 3: Soil-moisture retention curves of the four materials. The curves numbers are those
of the materials.

1/m \"
F(0)=[1—(9_9’] } , 4)
6 -0
and 0, 0, and m are the above defined parameters. The inverse form of Equation (2) was used
to convert the function K(6) to function K(%).
The set of data obtained on the samples was used to define the resulting hydraulic param-
eters of the four materials, see Table 2.

Retention curves, the main drying branches and the main wetting branches, of the four

materials are depicted in Fig. 3, and their unsaturated hydraulic conductivities are depicted in
Fig. 4.

5 NUMERICAL SIMULATIONS OF THE TIPPING TROUGH EXPERIMENTS
The tipping trough experiments were mathematically formulated as two-dimensional flow of
water in unsaturated zone. It was supposed that the materials of the capillary layer and the
capillary block were homogeneous and isotropic and that their hydromechanical character-

istics were defined by the parameters obtained by measuring on samples and presented in
Table 2.
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Figure 4: Hydraulic conductivities of the four materials. The curves are numbered according
to the materials numbering.

The imposed boundary conditions reflected the known conditions of the tipping trough
experiments. Particularly the time-dependent condition prescribed at the upper surface of the
capillary layer was of the Neumann type and was given by the known rate of irrigation. The
discharge from the layers was measured separately. It was modelled by the seepage face con-
ditions at the particular parts of the boundary which were surrounded by isolated parts (no
flow conditions) exactly as it was made at the places where the discharge from the layers was
measured in the tipping trough.

It was supposed that the initial distribution of water in the layers was homogeneous and, in
view of this assumption, an estimated constant value of water content was prescribed as the
initial condition in each layer. The simulations started with water content values of 0.119 and
0.070 for the capillary layer and the capillary block of the first barrier, respectively.

The hysteresis of the retention curves was neglected and the main wetting branches were
used as the retention curves in the numerical models. The choice of the main wetting branches
was based on results of the paper by Trpkosova and Mls [9] where it was shown that the effi-
ciency of capillary barriers may be overestimated when just the main drying branches are
utilized. As the measured discharge from the capillary block was nonzero from the very
beginning of the experiments with the second barrier, these experiments were not modelled
numerically and only the experiments carried out with the first capillary barrier were utilized
in this study.

The length of the tipping trough was 6 m, its incline with respect to horizontal plane was
11.3°, and the depths of the capillary block and the capillary layer were 20cm and 40cm,
respectively.

The program S2D_dual [17] was chosen for the problem solution. The code solves the
capacity form (1) of the Richards equation using the finite element method. The required
mesh of triangular elements was created using the MLGS code of the Menhart package [18].
The mesh applied in the numerical simulations had over 3000 elements, the typical distance
of neighbouring nodes was about 5 cm. Because of the discontinuity of the material parame-
ters at the capillary interface, it was necessary to make the mesh much denser here in order to
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Figure 5: Capillary barrier No. 1, the first experiment. Comparison of numerical solution
(solid lines) and tipping trough measurements (dashed lines).

reach sufficient accuracy of the solution. The distances of nodes in the region of the capillary
interface shrank down to few millimetres.

The obtained results of the numerical modelling are presented in Figs 5 and 6.

Overall five functions are depicted in each figure. The dashed lines present results meas-
ured during the tipping trough experiments in Bochum. The functions are numbered: 1 is the
irrigation, 2 is the discharge from the capillary layer and 3 is the discharge from the capillary
block. The solid lines present the numerical results obtained by the authors: 4 is the discharge
from the capillary layer and 5 is the discharge from the capillary block. The figures demon-
strate a very good agreement between the measured and computed results. Particularly, their
agreement in time and in values of the discharge from the capillary block suggests that the
presented approach of numerical modelling based on laboratory measurements on samples
can give reliable results.

6 DISCUSSION AND CONCLUSIONS
Two different tipping trough experiments with the first capillary barrier were repeated numer-
ically. The numerical values of the discharges from the capillary layer and the capillary block
are in a good accordance with the corresponding measurements when compared as functions
of time.

It can be seen from the comparison that numerical results are more sensitive to changes of
the rate of infiltration, i.e. the time needed for response is shorter and the response is more
significant, than was found at the measured values. This can be considered as the most impor-
tant difference between the results of the mathematical model and the measurements.

The relatively big differences at the beginning of both the experiments resulted evidently
from the imposed initial condition. A proper space distribution of the water content could
lead to better results than the applied assumption of the water content homogeneity.

Another significant disagreement can be found between the curves of discharge from the
capillary layer from the 15th to the 27th day of the second experiment. In this case, however,
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Figure 6: Capillary barrier No. 1, the second experiment. Comparison of numerical solution
(solid lines) and tipping trough measurements (dashed lines).

one can be almost certain that the laboratory measured values are too big to reflect the
imposed irrigation.

It should be stressed that the parameters of the model were not calibrated to the tipping
trough measurements. The presented agreement between the measured and computed data
was achieved using parameters measured in the tension apparatus and in the permeameter.
The results of this study suggest that, in the case of materials convenient for capillary barri-
ers, the hydromechanical characteristics based on laboratory measurements of retention
curves and saturated hydraulic conductivities carried out on samples can serve as sufficiently
reliable parameters of a numerical model of the corresponding capillary barrier. In this way
the measurements on samples of the chosen materials and subsequent numerical modelling
can serve as a substitute for tipping trough measurements.
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