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Abstract

When predicting the behaviour of a proposed capillary barrier, it is possible to
utilize either the experimental measurements or the numerical modelling. Results
of tipping trough modelling of a capillary barrier are used to study the reliability
of numerical modelling. The required hydromechanical parameters of the capillary
barrier layers are determined and used for the numerical repeating of the tipping
trough experiments. The results are presented and discussed.

Subsequently, the paper studies the problem of capillary barriers efficiency. A
criterion is introduced that makes use of soil-moisture retention data in order to
predict the efficiency of a capillary barrier. Hysteresis of retention curves of the
applied materials is studied and its effect on the efficiency is discussed.
Keywords: capillary barrier, retention curve, hysteresis, hydraulic characteristics,
tension apparatus.

1 Introduction

A capillary barrier is one of methods used to close landfills. It is a relatively simple
device that is built of two inclined layers of specially chosen materials. The upper
layer, called the capillary layer, consists of a finer material, while the underlying
layer, known as the capillary block, consists of a coarser material. The material of
the capillary layer is mostly fine to medium sand and that of the capillary block
is a uniform coarse-grained sand or fine-grained gravel. The device is aimed at
protecting the landfill against a possible water infiltration.

The insulating effect of the capillary barrier is based on the fact that, under
conditions of sufficiently low values of pressure head, the hydraulic conductivity
of the capillary layer is at least by one order higher than that of the capillary block.
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If so, the water that enters the capillary barrier from above flows along the capillary
block downwards rather than coming through the interface into the capillary block,
e.g. [1-3]. As the amount of water kept in the capillary layer increases in the
direction of its flow, it is necessary to find a safe length, the diversion length, after
which the water has to be drained out of the layer, see [1,4].

There is another kind of capillary barriers known as the combined capillary
barriers, see [3]. These barriers contain a third layer that separates the capillary
layer from the capillary block. The additional layer is usually a water repulsive
geomembrane. In order to distinguish, the two-layers barriers are also called the
simple capillary barriers. The reason for the double protection is in the fact that the
simple barrier takes over the role of the geomembrane in the case of its failure [5].

When designing a capillary barrier, it is necessary to predict its function. There
are two possibilities to do so. The first one is to use the supposed materials of the
barrier and to make its physical model, e.g making use of a laboratory tipping
trough. In this case one can test the behaviour of the proposed barrier under
various values of inclination and various distributions of irrigation. The other
possibility is to make use of mathematical modelling. It means to make use of a
numerical model of unsaturated flow in porous media. This is a standard approach,
see e.g. [5-9]. The crucial problem, in this case, is to properly determine all the
involved parameters. Among them, the geometry of the flow domain can be easily
define with any required accuracy. Similarly, the initial and boundary conditions,
complicated as they may be, can be prescribed with any required accuracy. The
most difficult problem is to determine hydromechanical parameters of the applied
materials. The question on reliability of numerical modelling of capillary barrier
is actually question on the ability to determine the material characteristics.

Having a reliable model of a given barrier, either physical or mathematical,
one can find the answer to particular questions like what would be the diversion
length, the effect of a slope change etc. On the other hand, modelling changes of
the barrier’s materials requires to completely rebuild the physical model or, when
using a numerical model, to determine hydromechanical parameters of the new
materials.

This paper presents results of a study concerned with both, the reliability of
capillary barriers modelling and their efficiency. In order to test the agreement
between numerical results and experimental measurements, the data obtained
during a laboratory testing of two capillary barriers carried out at the Bochum
University are utilized, see below.

2 The applied materials

Two different capillary barriers were investigated at the hydrogeological laboratory
of the Ruhr-University in Bochum. The research was carried out in a large tipping
trough and was aimed at testing two different couples of materials. The materials
will be denoted by L1, L2, B1, B2 in this paper, with respect to the way of their
utilization in the barriers, see also [9]:
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Figure 1: Grain-size curves of the applied materials.

B1: capillary block of the first barrier. It is a homogeneous material of grain size
from 2 mm to 8 mm. According to classification [10], it belongs to the category
subrounded; the corners of grains are well rounded, their edges are partly rounded.
The material is a product of the German company G2.

B2: capillary block of the capillary second barrier. It is a homogeneous material
of grain size from 2 mm to 7 mm. According to classification [10], it belongs to
the category not rounded.

L1: capillary layer of the first barrier. It is a heterogeneous material originating
in a river bed, from which the rough grains and calcareous layers were removed.
According to classification [10], the sand belongs to the category rounded; both
the corners and the edges of the grains are well rounded. The material is a product
of the German company Tecklenborg.

L2: capillary layer of the second barrier. It is a homogeneous material of grain
size from 0.4 mm to 1 mm. According to classification [10], the sand belongs to
the category rounded; both the corners and the edges of grains are well rounded.

The grain-size curves of the materials are shown in Figure 1. The grain-size data
utilized in the figure were measured at Ruhr University in Bochum.

Wohnlich [11] presents just one hydromechanical characteristic that was
determined at Bochum University — retention curve of one of the four materials.
As it is not enough for numerical modelling of the barriers, it was necessary to
determine complete set of hydromechanical characteristics by means of laboratory
measurements carried out on samples of the materials. This was done at Charles
University. The materials were obtained from the laboratory in Bochum.
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3 Laboratory determination hydromechanical characteristics
of the applied materials

Water flow in the unsaturated zone is governed by the Richards equation. There
are situations in capillary barriers where nonnegative values of pressure head are
reached, e.g. when simulating drains. To be capable of solving such problems, the
capacity form of the Richards equation has to be applied

oh 0 oh
h) — = — h) — i3 K (h)), 1
Ch) 5 = g (E(h) 5= + 813 K () (1)
where © = (x1,x2,x3) are the space coordinates with the x3-axis oriented

vertically upwards, ¢ is time, h(z,t) is the pressure head, K (h) is the unsaturated
hydraulic conductivity, and C(h) is the capacity function,

00

C(h) = 5

h),
where 6(h) is the retention curve.

As the dependence of hydraulic conductivity on the pressure head can also
be determined from parameters of the corresponding retention curve, it was
necessary to get the soil moisture retention data of the four materials. The method
of tension apparatus was chosen for laboratory measurements as it was more
convenient for the measured materials than the colon method or the pressure-plate
apparatus. Moreover, the tension apparatus can be utilized for measurements in
both directions, drying and wetting, without any modifications.

Samples of the four materials utilized in the capillary barriers in Bochum were
taken to the laboratory of Soil mechanics of Charles University. A set of 18
samples, at least three of each material, was investigated. The size of the samples
varied between 50 cm® and 100 cm®. Both, the main drying branch and the main
wetting branch were measured on each sample. Sets of 10 to 15 couples (h, 6) of
the retention data were obtained on each sample and each branch. The particular
points of the retention curves were measured in steps controlled by setting the
values of pressure head.

Any measured sample was saturated initially and the main drying branch was
measured. After reaching the residual saturation, the measurement of the main
wetting branch started.

Another set of samples was utilized to measure saturated hydraulic
conductivities of the tested materials. The samples were cylindrical, their diameter
was 5 cm and their hight was 7 cm. At least three samples of each material were
measured and at least five measurements on each sample were carried out. The
applied equipment was a permeameter working with constant differences of the
hydraulic head at the ends of the measured sample.

As numerical solutions of problems with Equation (1) require to define retention
curve for all admissible values of pressure head, the van Genuchten form
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of the retention curve was chosen, where h is pressure head, 6 is water content, 6,
and 6, are residual and saturated water contents, and a, n and m are parameters
satisfying > 0, n > 1, m € (0, 1). It is usually required that m = 1 — 1/n; this
relation is accepted also in the present paper. The parameter 6,. is unique for both
branches of retention curves. As the relations between water content and pressure
head depend on the direction of the process, there are generally different values
of water content at saturation: # for the main drying branch and 6% for the main
wetting branch. And similarly the parameters a?, n¢ of the drying branch differ
from o, n" of the wetting branch.

The Mualem model, based on statistics of pore-size distribution [12], was
used in combination with Equation (2) to express the dependence of unsaturated
hydraulic conductivity on pressure head:

=3 (Iisa DRE (1 - (1 - 1+(—1ah)">m>2 @

where K is saturated hydraulic conductivity and a,m,n are the parameters
introduced in Equation (2).

While the first parameters 6¢, 0, and % were measured directly on samples, the
remaining parameters were obtained by an optimization method. Particularly the
code RETC by van Genuchten, Leu and Yates was utilized, see [13] to obtain the
values o, n?, o and n™. The complete set of parameters 62, 6,., 0%, a?, n?, o™,

n' and K is presented in Table 1.

Table 1: Hydromechanical parameters of the four tested materials.

Bl 2.25e-3 0.07 041 029 456 041 032 4.17
B2 1.72¢-3 0.06 040 025 450 039 0.29 4.05
L1 1.18-4 0.04 035 0.03 7.39 031 004 524
L2 7.63e-4 0.02 041 006 445 038 0.09 3.23

Main drying branches of retention curves of all the tested materials and main
wetting branches of both capillary layers are shown in Figure 2. It is not necessary
to show also the wetting branches of the capillary block materials as they are very
close to the corresponding drying branches.

Hydraulic conductivities of the four materials as functions of pressure head
are presented in Figure 3. The figure shows that there are regions of pressure
head, h < —4 cm for the first barrier and h < —3 cm for the second barrier,

WIT Transactions on Engineering Sciences, Vol 82, © 2014 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)



388 Advances in Fluid Mechanics X

0.5 ‘
04 —

03 —

Water content

02 —

Pressure head (cm)

Figure 2: Retention curves of the applied materials.
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Figure 3: Hydraulic conductivities of the applied materials.

where hydraulic conductivities of the capillary layers are higher than those of the
capillary blocks.

Several models were developed in order to incorporate the effect of hysteresis
into the soil-moisture retention relations. The models are either empirical or
theoretical, see [14]. Having obtained a complete set of the retention curve
parameters 0%, 0,., 0¥, a?, n?, o™, n*, hysteresis of retention curves can be

described e.g. by means of the empirical model by [15]. It is convenient to
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introduce several assumptions. While 8¢ = 6% = 0,, n® = n* =nand a? < ¥
are accepted generally, Dohnal et al. [14] suggest to assume also ¢ = ¥ = 6, in
order to obtain the hysteresis loop closed also at the point of saturation. Figure 2
shows that, at least in the case of our soils CL1 and CL2, it is not desirable to force
the equality 99 = 6.

The curves depicted in Figure 2 and Figure 3 differ from those depicted in [9],
where averaged values n = n? = n™ was used. Figure 2 and Figure 3 show
functions 6(h) and K (h) for the original values n? # n™ as they were obtained
from the measured data.

4 Numerical modelling of the tipping trough tests

Numerical simulations represent an alternative to experimental measurements
when examining the performance of the studied capillary barrier. One of the
targets of this paper is to answer the question whether the numerical modelling
can substitute for the laboratory experiments.

Two of the tipping trough tests carried out at the Ruhr University were repeated
numerically. The geometry of the capillary layers was known as well as the space
and time distribution of the applied irrigation. The hydromechanical characteristics
presented in Table 1. were used to define parameters required in Equation (1).

Hysteresis is usually neglected in numerical simulations, e.g. [7] or [4]. On the
other hand, Morris and Stormont [6] suggest that the pressure head and water flow
conditions in the capillary barriers can be significantly affected by hysteresis. The
numerical simulations presented in this paper were carried out using just the main
drainage branches of the applied materials. The influence of hysteresis (and more
generally of the moisture retention characteristics) was investigated separately.

The code S2D_dual [16] was used for the numerical modelling of the tipping
trough experiments. The code solves the capacity form (1) of the Richards’
equation using the finite element method. The M_GS code of the Menhart package
[17] was used to generate the meshes of triangular elements that were required
by the numerical method and the solved problems. Due to the discontinuity of
the material parameters, it was necessary to make the mesh much denser at the
capillary interface, where the distances of nodes shrank down to few millimeters.

A comparison of measured and computed results is shown in Figure 4. In the
figure, the results of an experiment carried out with the first barrier are presented
(see also [5], where the combined barriers were studied and these results were
utilized in order to verify the model for its application to holes in the artificial
sheeting). The period of the laboratory measurements was 6 weeks. The curve
denoted by ir depicts the time distribution of the applied irrigation. The measured
discharges from the capillary layer and from the capillary block are denoted by
Lm and Bm. The curves denoted by Le and Be depict the computed discharge
from the capillary layer and the capillary block respectively.

There is evidently a very good agreement between both couples m and ¢ of
curves expressing the discharge. The computed values are within the margin
of error. The biggest differences at the beginning of the studied process are
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Figure 4: Tipping trough experiment, barrier No. 1; measured (m) and
computed (c) discharge.

evidently due to the chosen initial moisture distribution. The imposed initial
condition overestimated the real initial state and the numerical model indicates
some discharge caused be the excess of water content in the capillary layer before
the beginning of irrigation.

The intensity of the applied irrigation was set sufficiently large during the
laboratory tests in order to break the insulation capacity of the barrier. It can be
seen in the Figure 4 that this happened approximately 28 days after the begging
of the test and that the measured and the computed data indicate almost identical
starting time of the leakage.

S Reliability of capillary barriers

The laboratory tests of the second barrier showed that there was some leakage
through the capillary interface from the very beginning of the experiments. The
efficiency of the second barrier was much worse than that of the first one. This
fact may be surprising when comparing unsaturated hydraulic conductivities of
the four applied materials, see Figure 3. The comparison suggests that the second
barrier should be even better than the first one. In order to predict the efficiency
of a barrier, it is necessary to consider not only the hydraulic conductivity but also
retention curves.

The capillary layer has to contain a significant amount of water and to transfer
it out of the protected region. Wang et al. [18] define the air entry value and
the water entry value as pressure head at which the derivative 6’(h) reaches its
maximum value. When absorbing the infiltrated water, the pressure head values in
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Figure 5: Drying branches of the retention curves of the four materials. Water
entry values of both capillary layers are denoted by the vertical lines.

the capillary layer are equal to or higher than the water entry value. It follows from
the continuity of pressure head that its values in the capillary block are close to
those in the capillary layer. At the same time, these values of pressure head must
be sufficiently below the water entry value of the capillary block. Hence, to be
efficient, a capillary barrier should consist of materials whose water entry values
are sufficiently distant from each other, see also [9].

In the Figure 5, drying branches of retention curves of the two barriers are
depicted. Two vertical lines show the positions of the inflection points of the
capillary-layer curves. The water entry values are added. The efficiency of a
capillary barrier requires a sufficiently large pressure head interval between the
water entry values of its two layers. The figure shows the significant difference
between the lengths of the intervals of the barriers. This explains the fact that the
efficiency of the first barrier is better than that of the second one. As a capillary
barrier is broken during a process of increasing water content, the wetting branch
of the capillary-layer retention curve should be considered rather than its drying
branch. Consequently, see Figure 2, the length of the interval between the water
entry values is actually even smaller than when using the drying branches.

6 Conclusions

Experimental results were used to study the reliability of numerical modelling
of capillary barriers. To do this, the required hydromechanical parameters were
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obtained making use of soil moisture retention data measured on samples of the
capillary barrier materials.

Two different tipping trough experiments were simulated numerically and the
results were compared with measured data. It can be concluded that there is a
good agreement between both data sets which suggests that numerical modelling
can substitute for tipping trough measurements. It should be stressed that the
numerical model was not calibrated to the experiments and the model parameters
were obtained from measurements on samples of the applied materials.

The soil-moisture retention data were further utilized when studying the
reliability of capillary barriers. A criterion based on the water entry values of the
capillary barrier layers was introduced. The criterion shows, moreover, that the
wetting branch of the capillary layer retention curve should be preferred to its
drying branch, when studying the efficiency of the barrier. It was shown that the
efficiency of a studied capillary barrier could be overestimated when neglecting
hysteresis of its materials.
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