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Abstract
The closing of landfills is a very topical issue in Europe, with many European countries already
scheduling the end of waste disposal at these sites (Biele, 2007). A capillary barrier is one option for
surface closure of landfills. For covering landfills of municipal waste, European regulations require
that surface sealing for class 2 waste be made up of two independent components. In most cases, this
is satisfied by the combination of an artificial and a mineral sealing. The next development stage of the
capillary barrier is the combined capillary barrier (Wohnlich, 2006a), intended as an alternative to
conventional combined sealing. Prof. Dr. Stefan Wohnlich and his team at Ruhr-University Bochum
undertook a series of laboratory experiments simulating capillary barriers in a tipping trough. The
German association LAGA was made aware of the conducted research. The research should be
focused on the combined capillary barrier and should particularly answer questions concerning the
pressure and runoff condition of a combined capillary barrier.

During my research, I revisited numerically two tipping trough experiments carried out at RuhrUniversity Bochum in order to find conditions under which it is possible to replace laboratory-based
investigation of a capillary barrier by its numerical modelling. For all the numerical modelling
presented in this thesis I used the programs S2D_dual nebo S1D_Console 10 (Vogel, 1999). It was
found that in the case of soils applicable in capillary barriers, the hydraulic characteristics determined
by the tension-apparatus method according to Havlíček and Myslivec (1965) are quite suitable for
numerical models. The obtained results suggest that using such hydraulic characteristics, the outcomes
of the numerical model are quite reliable. According to this evidence of reliability, it was possible to
investigate capillary barriers by means of numerical simulations.

The obtained hydraulic characteristics were further utilized in an investigation of the influence of
failures in the impermeable sheeting on the efficiency of a combined capillary barrier. It was found
that even fine fissures (of 1 mm width) in the impervious sheeting can result in significant leakage
through the capillary boundary. On the other hand, the breakthrough of a combined capillary barrier
(with sheeting) should never exceed that of a capillary barrier with no sheeting at all in the applied
model. It was also found that the relative position of the drain and the rupture of impervious sheeting
affect the efficiency of the barrier considerably. Taking into account that the position of a failure
cannot be predicted, the results suggest that the combined capillary barrier should be equipped with
the same drainage system as a simple capillary barrier. The numerical model successfully provided
answers to the questions originally intended for laboratory research.
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Two different capillary barriers were considered with the aim of studying efficiency of a capillary
barrier from the viewpoint of applied materials. The impact of hysteresis of the retention curve on
numerical simulations of the capillary barrier was discussed. A new criterion of capillary barrier
efficiency was found and presented. It was found, that the efficiency of a capillary barrier is closely
related to the distance between retention curves of materials of the capillary layer and capillary block.
barrier
The efficiency of a barrier increases with increasing value of ∆hinf
(Equation 43). When
l

comparing the efficiency of two capillary barriers, the difference in pressure head values of retention
curve inflection points is a more suitable indicator than the difference in hydraulic conductivity. The
behaviour of water within the capillary barrier is affected by hysteresis. If the retention curve’s
hysteresis is discounted and only the drying branch of the retention curve used, the efficiency of the
capillary barrier is overestimated.

A capillary barrier is not the sole component of the sealing of a landfill surface, which also includes an
overburden of a recultivation layer. During the tipping trough experiments the capillary layer is
irrigated directly; in a real landfill profile water has to cross the recultivation layer to approach the
capillary barrier. If the interaction of capillary barrier and recultivation layer is examined and
understood it would therefore help with assessment of the suitability of materials for the landfill
covers. The data needed for extension of the numerical model and implementation of the recultivation
layer have been collected during my research fellowship at University of Applied Sciences Zittau/
Görlitz, namely in the research facility in Bautzen/Nadelwitz, led by Prof. Dr.-Ing. J. I. Schoenherr
and Prof. Dr.-Ing. habil. J. Engel.

Ten lysimeters of different recultivation layer layout were used to estimate material parameters of a
numerical model of the recultivation layer. This allowed subsequent extension of the model of the
capillary barrier so that it included an overlying recultivation layer. This new model was then used in
investigations of the interaction between the recultivation layer and the capillary barrier with regard to
the materials used in their construction. It was found, that a recultivation layer improves the sealing
capability of a capillary barrier by reducing the amount of water infiltrating the actual sealing system,
provided that it is not damaged and that preferential flow paths do not develop. With a carefully
chosen material composition, the recultivation layer contributes to drainage function and lowers the
amount of water infiltrating into the underlying capillary barrier.
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Abstrakt
Uzavírání skládek komunálního odpadu je v Evropě velmi aktuální, mnoho evropských zemí se již
zavázalo k ukončení skládkování odpadu na deponiích. Kapilární bariera je jednou z možností
povrchového skládkového těsnění. Pro zakrývání skládek komunálního odpadu vyžadují evropské
předpisy (pro odpad třídy 2) povrchové těsnění ze dvou nezávislých komponent. Ve většině případů je
tato podmínka splněna kombinací umělého a minerálního těsnění. Dalším vývojovým stupněm
kapilární bariery je kombinovaná kapilární bariera (Wohnlich, 2006a) představená jako alternativa ke
standardnímu kombinovanému těsnění. Prof. Dr. Stefan Wohnlich a jeho skupina na Ruhrské
univerzitě v Bochumi provedli sérii laboratorních zkoušek ve sklopném žlabu simulující kapilární
barieru. Na prováděný výzkum dohlížela německá asociace LAGA. Výzkum měl být zaměřen na
kombinovanou kapilární barieru a měl především odpovědět na otázky týkající se tlakových a
odtokových poměrů kombinované kapilární bariery.

Během mého výzkumu byly zopakovány dvě zkoušky ve sklopném žlabu provedené na Ruhrské
universitě v Bochumi z důvodu nalezení podmínek, za kterých je možné nahradit laboratorní výzkum
kapilární bariery numerickým modelováním. Veškeré numerické modelování představené v této práci
bylo prováděno v programech S2D_dual nebo S1D_Console 10 (Vogel, 1999). V případě zemin
používaných v kapilární barieře bylo zjištěno, že hydraulické charakteristiky určené podtlakovou
aparaturou navrženou Havlíčkem a Myslivcem (1965) jsou vhodné pro matematické modelování.
Získané výsledky naznačují, že při použití těchto hydraulických charakteristik jsou výsledné modely
dostatečně spolehlivé. Na základě tohoto faktu bylo možno zkoumat kapilární barieru prostřednictvím
numerických simulací.

Získané hydraulické charakteristiky byly následně použity k výzkumu vlivu porušení nepropustné
fólie na účinnost kombinované kapilární bariery. Bylo zjištěno, že i malé trhlinky v nepropustné fólii
(o šířce 1 mm) mohou způsobit výrazný průsak přes kapilární rozhraní. Na druhou stranu prolomení
kombinované kapilární bariery (s fólií) v žádném matematickém modelu nebylo větší než prolomení
kapilární bariery bez fólie. Dále bylo zjištěno, že vzájemná pozice drénu a poruchy v nepropustné fólii
výrazně ovlivňují účinnost kapilární bariery. Vezmeme-li v úvahu, že místo poruchy nemůže být
předvídáno, výsledky ukazují, že kombinovaná kapilární bariera by měla být vybavena stejným
drenážním systémem jako jednoduchá kapilární bariera. Numerické modelování dokázalo úspěšně
odpovědět na otázky, které byly předmětem laboratorního výzkumu.

Dvě rozdílné kapilární bariery byly uvažovány s cílem studování účinnosti kapilární bariery z pohledu
použitého materiálu. Byl diskutován vliv hystereze retenční křivky na numerické simulace kapilární

20

bariery a bylo nalezeno a uvedeno nové kritérium pro posuzování účinnosti kapilární bariery. Bylo
zjištěno, že účinnost kapilární bariery je úzce vztažena ke vzdálenosti mezi retenčními křivkami
materiálů použitých v kapilární vrstvě a kapilárním bloku. Účinnost kapilární bariery roste s rostoucím
barrier
∆hinf
(rovnice 43). Při porovnávání účinností dvou kapilárních barier je vhodnějším ukazatelem
l

rozdíl v tlakových výškách příslušejících inflexním bodům retenčních křivek, než rozdíl v
hydraulických vodivostech. Chování vody v kapilární barieře je ovlivněno hysterezí. Je-li hystereze
retenční křivky zanedbána a použita pouze drenážní větev retenční křivky, dochází k přeceňování
účinnosti kapilární baiery.

Kapilární bariera není jedinou součástí povrchového těsnění skládek, v jejím nadloží se nachází
rekultivační vrstva. Během zkoušek ve sklopném žlabu je kapilární bariera přímo zavlažována. V
reálném skládkovém profilu musí voda projít přes rekultivační vrstvu, aby se dostala ke kapilární
barieře. Je-li interakce kapilární bariery a rekultivační vrstvy zkoumána a pochopena, může to pomoci
s výběrem vhodného materiálu pro skládkové těsnění. Data potřebná k rozšíření numerického modelu
a začlenění rekultivační vrstvy byla získána během mého výzkumného stipendia na Vysoké škole
technické Zittau/ Görlitz, konkrétně na výzkumné lokalitě Bautzen/Nadelwitz vedené Prof. Dr.-Ing. J.
I. Schoenherrem a Prof. Dr.-Ing. habil. J. Engelem.

K odhadu materiálových parametrů matematického modelu bylo použito deset lyzimetrů lišících se
konstrukcí rekultivační vrstvy. To umožnilo následné rozšíření modelu kapilární bariery o nadložní
rekultivační vrstvu. Tento nový model byl použit při vyšetřování interakce mezi rekultivační vrstvou a
kapilární barierou s ohledem na použitý materiál. Bylo zjištěno, že rekultivační vrstva zlepšuje těsnící
schopnost kapilární bariery snížením množství vody infiltrující těsnícím systémem, pokud nejsou
vyvinuty proudové preferenční cesty. Při vhodném výběru materiálu přispívá rekultivační vrstva k
drenážní funkci a do v podloží ležící kapilární bariery zasakuje tak menší množství vody.
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Chapter 1

Introduction
The closing of landfills is an extremely topical issue in Europe, with many European countries already
scheduling the end of waste disposal at these sites (Biele, 2007). A capillary barrier is one option for
surface closure of landfills. This type of sealing has already been successfully applied at an
experimental life-size landfill, but the method has not yet moved from the research labs to everyday
practice.

Numerical modelling has been devised as an extension to the laboratory tipping trough tests
undertaken at Ruhr-University Bochum. The following three main topics have been examined during
the development of the numerical model of a capillary barrier.

1.1

Identification of parameters of a mathematical model and discussion of impact of the
hysteresis on numerical model accuracy

The efficiency of a capillary barrier depends on a great number of parameters. The most significant
attributes have to be identified and maximum attention has to be paid to their proper modelling and
calibration. Sensitivity tests made during this thesis and results of Morris and Stormont (1998)
highlighted the importance of retention curve parameters. The tension apparatus attributed to Havlíček
and Myslivec (1965) was chosen from a range of measuring devices, as it allows measurement of both
branches - drying and wetting - of a retention curve and also supports measurements in very fine steps
of pressure head. This is desirable for assessment of materials used in capillary barriers, especially for
materials of capillary blocks, in which the transition from saturated to residual state occurs in short
intervals of pressure head.

This section also covers the efficiency of a capillary barrier with regard to parameters used in the
mathematical model. The suitability of using individual branches of retention curves is discussed, as is
the inclusion of retention curve hysteresis in the mathematical model.
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1.2

Numerical reconstruction of laboratory tests in a tipping trough and potential usage of
the mathematical model.

Recently, a set of laboratory tipping trough experiments testing the function of hydraulic barriers
related to different kinds of materials of both layers has been carried out at Ruhr-University Bochum.
The aim of the study was to measure discharges from both the capillary layer and the capillary block,
for different settings of the barrier during significantly time-dependent infiltration into the capillary
layer.

Two laboratory experiments testing a simple capillary barrier and the effect of ruptures in the
impermeable sheeting of a combined capillary barrier were undertaken in cooperation with RuhrUniversity Bochum. Apart from actual research into the capillary barrier, these tests were to be used
for validation of the mathematical model in which they were re-created numerically. The numerical
results are in good agreement with the corresponding laboratory measurements. The model parameters
had not been calibrated to the trough results, with their final agreement achieved using parameters
measured on the tension apparatus. The parameters are therefore independent of the given structure of
the trough, providing the option of using the numerical model for investigations of combined barrier
behaviour.

With knowledge of parameters of material retention curves that are independent of trough
construction, the numerical model could be used in further tests that are unsuitable for laboratorybased research. This unsuitability can be caused by spatial requirements or technical design of the
tipping trough.

1.3

Implementation of a capillary barrier model in a real landfill profile.

A capillary barrier is not the sole component of the sealing of a landfill surface, which also includes an
overburden of a so-called recultivation (water storage) layer. During the tipping trough tests the
capillary layer is irrigated directly; in a real landfill profile water has to cross the recultivation layer to
approach the capillary barrier. If the interaction of capillary barrier and recultivation layer is examined
and understood it would therefore help with assessment of the suitability of materials for the landfill
covers.
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Chapter 2

Capillary barrier
2.1

Utilization of the capillary barrier

A capillary barrier is an alternative method of landfill surface closing (Barth, 2003) to clay sealings
and artificial geotextiles. A capillary barrier limits the infiltration of rain water into the landfill body
and therefore prevents contamination of the surroundings by acid water. Its main area of usability is in
arid or semi-arid climate areas (Tami et al., 2004), where high precipitation levels are not expected and
so a long duration of unsaturated conditions (a necessary condition for the barrier to function properly)
can be assumed.

The main advantage of a capillary barrier is its relative simplicity and above all lower construction
costs than other sealing types. However, its long-term stability is still unknown (Bussière et al.,
2003b).

For covering landfills of municipal waste, European regulations require that surface sealing for class 2
waste be made up of two independent components. In most cases, this is satisfied by the combination
of an artificial and a mineral sealing. The principle of combined conventional sealing is, according to
TASi (German Technical Directive on Residential Waste), that the mineral sealing takes over the role
of the artificial one in the case of its failure. The mineral and artificial sealings do not affect each other
(Sehrbrock, 2003). The main weaknesses of conventional sealings are high construction costs and
limited viability with regard to terrain conditions. The disadvantages of artificial sealing include its
impermanence – material may crack or tear – and its cost (Weeks, 2004).

The next development stage of the capillary barrier is a so-called combined capillary barrier
(Wohnlich, 2006a), intended as an alternative to conventional combined sealing. There are several
designs combining a capillary barrier and artificial sealing, with the artificial sealing under or above
the capillary barrier. TASi, however, recommends a design in which the impermeable sheeting is
located between the capillary layer and capillary block. This is said to act as the best substitute for
conventional combined sealing (Sehrbrock, 2005).

24

Such designed combined capillary barriers benefit from a simpler construction in comparison with a
simple capillary barrier, as there is no need for a thorough separation of layers at the capillary
boundary. A combined capillary barrier is also less prone to the process of settlement than a simple
barrier or conventional combined sealing; only the need for minimal inclination of the system remains
(Wohnlich and Bitomsky, 2006).

A combined capillary barrier requires fewer construction layers than a conventional combined sealing.
The capillary block can serve as a compensatory layer and potentially also as a layer for gas drainage
(Wohnlich and Bitomsky, 2006). Neither a lower compensatory layer nor a layer protecting the
impermeable sheeting is necessary. The material of the capillary layer does not pose any threat of
mechanical damage to the sheeting. A combined capillary barrier is approximately 40% cheaper than a
combined sealing compliant with TASi standards (Sehrbrock, 2003).

2.2

Structure of a capillary barrier

Terminology – capillary barrier structure (Figure 1):

Figure 1 Terminology of a capillary barrier’s structure.

Capillary layer (CL), moisture retention layer (MRL), fine layer, upper layer
Water accumulation, evaporation and diversion take place in this layer. The layer features strong
capillarity and high hydraulic conductivity and is made of material finer than the lower layer (Parent
and Cabral, 2006).

Capillary block (CB), capillary break layer (CBL), coarse layer, lower layer
This layer covers and protects the landfill body beneath it from infiltration by water from the upper
layer. The layer features weak capillarity and is made of coarser material than the upper layer (Parent
and Cabral, 2006). It also has a levelling function, as it provides a straight capillary boundary of
previously defined inclination on top of an uneven landfill body surface (Pícha, 2004).
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Capillary boundary, boundary – interface between the capillary layer and capillary block. Place of
step increase in water content of capillary layer compared to water content in the capillary block,
although the layers exhibit the same pressure value.

Upper boundary – limits the fine layer from above. Irrigation enters the barrier through here.

Lower boundary – limits the coarse layer from below. The border between the coarse layer and
landfill body.

Up-dip boundary – artificially-defined boundary (does not exist in field conditions), worth
considering especially in a tipping trough. The upper part of the tipping trough boundary.

Down-dip boundary – artificially-defined boundary (does not exist in field conditions), worth
considering especially in a tipping trough. The lower part of the tipping trough boundary.

Efficiency of capillary barrier – a capillary barrier is considered efficient if it fulfils its sealing
objective at 100%.

DDL – location of the initial infiltration of water across the capillary boundary.

The structure of a capillary barrier allows many variations, but the basic concept consists of the
combination of two soil layers on top of each other, which have different grain structure and therefore
differ in terms of hydraulic properties. The structure tends to be kept simple in real-life application, for
the sake of easy construction and low cost. On the other hand, researchers also work on more complex
versions of layout, such as those implementing UDLs (unsaturated drainage layers) that should
improve the efficiency and viability of capillary barriers (Morris and Stormont, 1999).

Suitable materials for a capillary barrier are those that create hydraulic conditions maximising the time
rainwater needs to pass through the homogeneous upper layer material to the capillary boundary. At
the same time, the materials need to respect other phenomena occurring in a capillary barrier, e.g. the
movement of water in the highly saturated zone above the capillary boundary.

Generally, a capillary barrier is a system of finer material on top of a coarser one, but there is no strict
definition of what these terms cover. However the material must be chosen with regard to desired
hydraulic attributes and acceptable infiltration rate (Parent and Cabral, 2006).
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The fine material can include various sorts of sand. It is important that the soil is well sorted so that it
meets Terzaghi filter criteria (Pícha, 2004):

4.d 15s ≤ d 15f ≤ 4.d 85s ,

(1)

where d is the particle diameter, the indices s and f denote the soil and filter soil respectively and the
subscript denotes the volume percentage (share of given grain fraction on total volume).

This sorting is of consequence for good separation of the layers. The study by Parent and Cabral
(2006) used DBP (deinking by-product) for the capillary layer. DBP is a material produced in the early
stages of the paper recycling process and is used as an oxygen barrier preventing the production of
acid mine water. The fine layer is sometimes covered by a coarser material, which minimises drying of
the finer material (Bussière et al., 2001).

In terms of the properties of the material used for the capillary layer, the main demands according to
Pícha (2004) are for a relatively large water-absorbing capacity of the thick, highly saturated zone
above the capillary boundary and, at the same time, sufficiently large hydraulic conductivity, which
are rather contradictory conditions.

The soil of the fine layer is expected to meet the following two requirements:
1. Presence of large pores to allow efficient lateral drainage
2. Presence of small pores to create sufficient textural differentiation with the material of
the capillary block. Hydraulic properties of the capillary layer define the total degree
of saturation of the capillary barrier. At higher infiltration rates the majority of water
is drained away through the highly saturated zone above the capillary boundary.

Practical experience shows that such materials are prone to the creation of secondary macropores, so
their homogeneity cannot be guaranteed on a larger scale. This means that the theoretical critical head
is not likely to be achieved in real life. Fine-grained soils have also low permeability which limits that
viability, as runoff is necessary along the boundary. On the other hand, coarse soils have relatively
uniform structure but their critical head is low and breakthrough is more likely (Pícha, 2004).

The coarse layer can be made of coarser, well-sorted sand, fine gravel-sand or fine gravel. The
material should be well sorted to minimise the creation of preferential paths. However, even the actual
landfill body material can be regarded as a capillary block in real-life applications.
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A proper separation of layers is important and can be achieved in a number of ways (Pícha, 2004),
with different methods of separation providing different hydraulic conditions at the capillary
boundary. The efficiency of a capillary barrier depends on the thoroughness of material separation.

A capillary barrier can be either horizontal or inclined. While the former permits only
evapotranspiration, in the latter position the infiltrating water is accumulated in the capillary layer
above the boundary and then drained away along the inclined boundary. The minimum recommended
inclination is 5°, which should ensure a good level of drainage from the boundary. The maximum
inclination is subject to the requirements of landfill body stability and the sealing layer (Pícha, 2004).

The efficiency of a capillary barrier can be increased by the introduction of an unsaturated drainage
layer (Stormont, 1996). Significant increase in the lateral diversion capacity can be accomplished by
modifying the finer layer, and hence its unsaturated flow characteristics. This has often been
accomplished by constructing layer using specially selected (and transported) soil. This soil may not
be suitable as a rooting medium, hence the additional of vegetative layer may also be required in the
cover system. However, as the bulk of the lateral flow occurs near the fine/coarse interface, a
relatively thin intermediate layer between the overlying fine and the underlying coarse material can be
used to increase the lateral diversion. The material of the intermediate layer should be conductive
enough laterally divert downward moving water, yet remain unsaturated to preserve the capillary
break with the underlying coarser material. Such intermediate layer is termed a transport layer or
unsaturated drainage layer (UDL, Stormont and Morris, 1997). The use of the UDL allows native soils
to be used as the fine layer of the system, which acts both a vegetative and storage medium in the
cover system. This may be significantly less expensive to construct. It can be shown that insertion of
UDLs can dramatically reduce the amount of water passing through the sealing and therefore can
make this kind of system viable also in areas with a wetter climate (Morris and Stormont, 1999).

2.3

Principles of capillary barrier functioning

Terminology – pressure and runoff conditions in a capillary barrier:

AEV-ψa- Air Entry Value – the definition of the AEV depends on the author. In this thesis, the AEV is
considered to be the pressure head at which air starts to enter saturated pores. An alternative definition
of the AEV is shown in Figure 2.

WEV-ψw- Water Entry Value – again, the definition of the WEV depends on the author. In this thesis,
the WEV is considered to be the pressure head at which water starts to enter dry pores. For example,
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Wang et al. (2000) suggest that the entry values of a soil (the air entry value and the water entry value)
can be defined as pressure heads at the retention curve inflection points. Actually, at these points the
derivative θ´(h ) of the retention curve takes its maximum value and hence the inflection points are in
fact points of maximum change in water content with unit change of pressure head.

Retention curve (SWCC – soil water characteristic curve) – describes the non-linear relationship
between water content and pressure head at the state of equilibrium. The retention curve shows
hysteresis, which is often neglected (Oldenburg and Prues, 1993; Webb, 1997; Parent and Cabral,
2006) although it can affect the accuracy of models (Morris and Stormont, 1998) and therefore should
be considered. Hysteresis is more significant in fine and clayey sand than in coarse sand and gravel
(Maqsoud et al., 2004).

Suction pressure (working with negative pressure) – investigating of water behavior in the
unsaturated zone, we often introduce suction (suction pressure, pressure potential) defined as negative
pressure. Thus suction pressure is positive and pressure head is negative in the unsaturated zone.

Breakthrough of a capillary barrier – the state at which water from the capillary layer starts to enter
the capillary block. The effect of the capillary barrier disappears gradually; there is not a particular
point to determine as a breakthrough (Bussière et al., 2003a).

Irrigation rate, infiltration rate – the amount of water applied evenly along the upper boundary in
volume per unit surface per unit time (L/T).

Figure 2 Definition of terms related to retention curve (Fredlund and Xing, 1994).

Pressure conditions in a capillary barrier:
Two different movements of water can be distinguished in a capillary barrier:
1. flow along the slope (parallel with layer inclination) – transverse current
2. vertical downward movement
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The transverse current is caused by a difference in unsaturated hydraulic conductivity of the materials
of the two layers (while the pressure head is equal). Water is drained away along the boundary without
entering the coarse layer and subsequently the landfill body. It is this distinction of hydraulic
properties that minimizes vertical flow of water through the boundary (Bussière et al., 2001).

The movement of water in the capillary barrier is subject to a combination of gravitational and
capillary forces (pressure head). If the pressure head in the upper capillary layer is lower than the
value allowing water to enter the capillary block, then water flows along the capillary barrier as a
result of gravitational forces. If the pressure head is equal to or higher than the threshold, a
breakthrough occurs and water infiltrates the capillary block. Due to gravitational forces, water flows
downward almost vertically (towards and into the landfill body). The efficiency of the capillary barrier
is therefore governed by the pressure head at the capillary boundary compared to the WEV of the
capillary block material.

Figure 3 shows the impact of water content on the system (capillary barrier). Flow along the upper part
of an inclined capillary boundary is rather low and the environment is relatively dry. Further down
transverse flows increase and so does the water content of the system. Higher water content also
means higher hydraulic conductivity and so the system progresses to one of lower negative pressure
and higher saturation (i.e. from right to left in Figure 3). At a certain point on the slope the two curves
in Figure 3 begin converging. This means that the water content of the system is so high that the
capillary forces cannot hold the water within the fine material and water starts infiltrating the coarse
material. The intersection of the curves – the point of the capillary barrier’s breakthrough – is called
the down-dip limit (DDL, Ross 1990).

Figure 3 Hydraulic conductivity K as a function of pressure potential ψ for representative soils (assumed from
Billiotte et al., 1988).
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Hydraulic conductivity and water content conditions:
Unsaturated hydraulic conductivity of the fine layer may be higher than that of the coarse layer under
certain conditions. This is caused by the significant difference in grain size at the boundary and thus
the layers must be properly separated (the soils have to fulfil Terzaghi filter criteria). If the unsaturated
conditions are met, the boundary is an area where both sides have the same pressure head. Differences
in grain size mean different levels of saturation, with the fine layer having a considerably higher level.

The thickness of the capillary layer is not prescribed and layouts may vary significantly in this respect.
If the capillary layer is 0.4 m thick then an area only 15 to 17 cm above the boundary experiences a
high degree of saturation and participates in transverse flow along the boundary. This area is called the
capillary fringe (defined by Pícha 2004 as a highly-saturated zone above the capillary boundary). The
rest of the capillary layer, together with the recultivation layer, performs a balancing function, i.e. a
real balancing of inflows. Of the capillary block, only about 15 cm of its thickness contributes to the
primary functioning of the barrier - although it is not advisable to limit the thickness to this value. The
capillary block also acts to level an uneven landfill body surface and so tends to be about 30 cm thick
(Pícha, 2004).

Experiments have shown that soils viable for use in the capillary layer have a capillary fringe of about
20 to 30 cm and a saturated hydraulic conductivity of 1 to 2.10-4 m/s. These properties correspond to
fine sand with grain sizes of between 0.1 and 2 mm. The capillary block is best represented by a coarse
sand or fine gravel, with a size fraction of between 1 and 16 mm (Pícha, 2004).

Only a small amount of water is drained away under unsaturated conditions, while at higher
infiltration rates most water is drained through a capillary fringe (under saturated conditions) above
the boundary. The most suitable materials drain over 80% of water through the fringe; the thickness of
the fringe decreasing with increasing grain size. On the other hand, coarser materials have a higher
saturated hydraulic conductivity, although this does not compensate the reduction of capillary fringe
thickness. Coarser materials therefore have a lower water diversion capability along the capillary
boundary.

Infiltration to the coarse layer can be described by a model of preferential flows. Existing studies (e.g.
Kämpf et al., 2003) have not proved a strict correlation between flow model and soil water properties.
Some studies show that the number of flow paths, their radii and flows through them increase with
increasing infiltration rate. However, even with a very low infiltration rate the radius of preferential
flow paths does not drop under a certain minimum value.
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Uniform distribution of water infiltration through the barrier can be observed at low irrigation and
high suction. With increasing irrigation rate the distribution of discharge becomes less uniform and the
infiltration through the boundary concentrates into simple preferential flow paths, especially in the
state of maximum transverse diversion. Water-resistant materials (contact angle 90°) or those of low
conductivity are more susceptible to non-uniform distribution of water, while materials that are not
hydrophobic show relatively uniform distributions even at higher levels of infiltration. Experiments
have shown that preferential flows do not act as a hydraulic limit to a capillary barrier’s transverse
diversion.

Infiltration into the capillary block nearly disappears when the infiltration rate drops under the critical
value (Kämpf et al., 2003).

2.4

Basic parameters of a capillary barrier

The efficiency of a capillary barrier is described by its diversion capacity and diversion length
(effective length).

Terminology – parameters of a capillary barrier

Diversion capacity (Ross, 1990) – maximum amount of water per unit time (L/T) a capillary barrier
can drain away before it reaches down-dip limit. The diversion capacity depends on the hydraulic
conductivity of barrier materials, slope inclination, irrigation rate and layer thickness.

Diversion length (Ross, 1990) – horizontal distance from the top of the slope (up-dip boundary) to the
location of breakthrough of the capillary barrier. The upper limit of the length (maximum distance
over which all the water can be drained away) is the diversion capacity divided by infiltration rate.
Diversion length depends on the hydraulic conductivity of materials, slope inclination, irrigation rate
and layer thickness.

Many methods of estimating diversion capacity and length have been devised (Chapter 3). The basic
calculations of diversion capacity and length were formulated by Ross (1990), but have subsequently
been modified, for example by Steenhuis et al. (1991) who considered different functions of relative
permeability for suction values lower and higher than AEV, or by Stormont (1995) who investigated
the impact of anisotropy of the hydraulic conductivity on diversion capacity. Webb (1997) used a
generalisation of Ross’ calculations without assuming a quasi-linear relation of relative hydraulic
conductivity (Equation 5, detailed later), one of the main assumptions of the initial concept. Further
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authors, e.g. Oldenburg and Pruess (1993) or Parent and Cabral (2006) have compared Ross’
experimental scheme with numerical models.

2.5

Factors affecting capillary barriers

Impact of input attributes on accuracy of results
The retention curve shows hysteresis caused by the differential re-distribution of water content during
soil wetting and drying. This hysteresis is usually neglected (Oldenburg and Prues, 1993; Webb, 1997;
Parent and Cabral, 2006), although some researchers (Morris and Stormont, 1998) argue that it has a
considerable impact on the accuracy of numerical models of pressure and runoff conditions in a
capillary barrier.

The simulation results obtained using the wet characteristics are a better representation of the onset of
irrigation and actual breakthrough of the capillary barrier, but once the irrigation stops or is reduced
and the water content decreases, observed conditions correspond more to simulations run using the dry
characteristics. Therefore the wet characteristics better represent the moistening of the soil and initial
breakthrough of the barrier, while further development and the drainage of the soil are better modelled
using the dry characteristics.

The afore-mentioned reasons highlight the importance of deciding at every simulation step whether
the soils get wetter or dryer and also the choice of appropriate characteristics.

Impact of layer inclination on diversion capacity
A linear relationship has been demonstrated to exist between inclination and diversion capacity
(Bussière et al., 2003a), with a higher inclination of layers resulting in higher diversion capacity.
Inclination is therefore of critical importance to the efficiency of the capillary barrier (Bussière et al.,
2003b).

Impact of irrigation rate on diversion capacity
The irrigation rate affects the location of DDL, with the lower the irrigation, the longer the diversion
length of the barrier. The location of DDL corresponds to the place where pressure head at the
boundary is equal to the water entry value of the coarse layer. It has been demonstrated that a critical
irrigation rate exists, above which the DDL location begins to move from its original position to the
top of the slope, thus reducing the diversion length of the capillary barrier (Bussière et al., 2003a).
Irrigation at rates below the threshold can therefore be drained away by the system.
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Impact of saturated hydraulic conductivity on diversion capacity
Below a certain threshold, saturated hydraulic conductivity does not cause the location of DDL to
change with increasing irrigation rate. For the DDL location to change and thus diversion length to
decrease, the saturated hydraulic conductivity would have to considerably exceed this threshold
(Bussière et al., 2003a). Saturated hydraulic conductivity is therefore of critical importance to
diversion capacity, with diversion length increasing with lower values of ksat.
Impact of layer thickness on diversion capacity
Layers of greater thickness provide a better resilience to the infiltration of water into the landfill body
(Bussière et al., 2003a; Fala et al., 2005).

Impact of layer separation on the efficiency of a capillary barrier
The fine and coarse layers are usually separated by a geotextile, which theoretically isn’t necessary,
but which supports drainage along the boundary, improves resilience to terrain consolidation and
simplifies initial construction. The geotextile’s properties are assessed following standard regulations
for design and construction of geotextile filters. The efficiency of the barrier is also partially affected
by the geotextile material. Water-resistant polymers with a high contact angle, e.g. polypropylene or
polyethylene, are recommended as they have a high negative pressure head. This can increase the
critical hydraulic head and the drainage profile above the boundary, which results in a safer capillary
barrier.

There are several methods of separating layers, with Pícha (2004) detailing and examining three of
them:
1. The capillary layer lies directly on the capillary block without any segregation
2. The capillary block is first covered by a non-woven geotextile such as HDPE (high
density polyethylene)
3. A thin layer of fine quartz sand of fraction 2-3 mm lies between the capillary block
and the capillary layer.

The capillary barrier with type 1 separation allowed more than 99.5 % of water to infiltrate the
capillary block. The capillary barrier with type 2 separation showed an effectiveness of 99 % (meaning
that 99 % of infiltrating water was drained away without barrier breakthrough) for a slope inclination
of 9 %, with the effectiveness being even better for higher inclinations.The capillary barrier of type 3
was more effective than that with type 1 separation, although it did not reach the effectiveness of the
type 2 barrier.
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Chapter 3

Simplified models of a capillary barrier
According to Parent and Cabral (2006), a suction profile is key to the understanding of the capillary
barrier effect. As a first step in explaining how the suction profile develops, a one-dimensional
capillary barrier was examined (Figure 4). In hydrostatic conditions above the water table, i.e. where
no flow crosses the capillary barrier, the pressure head decreases linearly (at 45°) with increasing
height and the hydraulic head is null. If a vertical flow (or irrigation rate, q) is imposed on a
sufficiently thick medium, the pressure head profile breaks away from the 45° line to be practically
constant with height above zc (Figure 4). Under steady-state infiltration conditions, the variation of
suction with height can be predicted using the linear method (Bews et al., 1997) or Kisch model
(Kisch, 1959).

Figure 4 Relationship of suction pressure, elevation and hydraulic conductivity in a 1D capillary barrier profile.
Irrigation is assumed at

3.1

7.10 −10 m/s (Parent and Cabral, 2006).

Linear methods (Parent and Cabral, 2006)

Linear methods are involved in the determination of the maximum suction value, ψc, existing in a
porous material submitted to an infiltration rate under a unity gradient, such that the infiltration rate is
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equal to the hydraulic conductivity. This suction can be determined graphically or with an iterative
procedure to find the suction value corresponding to a specific hydraulic conductivity (ψ(k)). Once ψc
has been determined, it is supposed that suction increases linearly with elevation until it attains ψc (at
elevation zc). Above zc, suction becomes constant (Parent and Cabral, 2006).
In a capillary barrier, suction at the lowest point of the capillary layer corresponds to that existing at
the highest point of the capillary block - in this case ψ c _ CBL . The maximal suction attained in the
capillary layer is ψ c _ MRL . Accordingly, using the linear method, the elevation from the base of the
capillary layer where suction becomes constant, zc_MRL, is calculated using:

z c _ MRL = γ w (ψ c _ MRL − ψ c _ CBL ) ,

(2)

where γw is a unit weight of water and ψ is the negative suction.
However the linear method does not model the asymptotic behaviour that is observed at elevations
below zc, when suction converges towards ψ c (Akindunni et al., 1991).

Zc denotes the critical height and delimits the thickness of the highly-saturated zone above the
capillary boundary (Pícha, 2004). When comparing the structure of capillary barriers that differ
regarding the material of the coarse layer, those with the coarsest capillary block material are the most
efficient, as such a material has the lowest WEV. This means that water enters the coarse layer at
lower suction (higher pressure head) (Yang et al, 2004).

3.2

Kisch Model (Parent and Cabral, 2006)

The Kisch model is based on the Darcy-Buckingham law:

v = − k (ψ )

dH
,
dz

(3)

where H = −ψ + z , ψ is suction pressure and z is vertical axis oriented upware.

Its advantage over linear methods is the inclusion of asymptotic behaviour, which can be observed
above zc where the suction approaches ψc (Figure 4). Kisch model for estimation of suction profile:
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−1

ψ

 q

z (ψ ) = − ∫ 
− 1 dY ,
k (Y ) 
0 

(4)

where z is elevation, ψ is suction, q is irrigation rate (positive downward), k(Y) is hydraulic
conductivity at suction ψ and Y is a variable representing ψ .

3.3

Ross’ experimental scheme (Ross, 1990)

Ross based his deductions on the following assumptions:
1. Water flows are stationary
2. The upper and lower boundaries are far enough from the capillary boundary (i.e. the
layers are thick enough) so that the system is affected only by the irrigation /
infiltration rate.
3. The down-dip boundary is far enough from the up-dip boundary so that the length of
the capillary boundary is longer than the diversion length. Drainage pipes are provided
at the capillary boundary, which drain away the diverted water.
4. No horizontal flows are assumed across the up-dip boundary

The experimental scheme of Ross is also based on the assumption of the quasi-linear function of
relative conductivity (Philip, 1969), such that:

k rel = e α ψ ,

(5)

where α is the sorptive number and ψ is the pressure potential (taken to be negative).

Mathematical formulation of the problem:
If the system is assessed in terms of coordinates parallel with the inclined boundary (Figure 5) then the
equation of stationary flow under unsaturated conditions is:

∇ ( K∇ ψ ) =

∂K
∂K
sin φ +
cos φ ,
∂x
∂z

(6)

where K is unsaturated hydraulic conductivity (which can be expressed as K=Ks.krel where Ks is
saturated hydraulic conductivity and krel is relative conductivity defined by equation (5)) and φ is the
inclination of the system.
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Assuming isotropy and homogeneity of both layers, Equation (6) transforms into:

∇ 2 k rel − α . sin φ

∂k rel
∂k
− α . cos φ rel = 0 .
∂x
∂z

(7)

This equation is valid for both the capillary layer and the block.

Figure 5 Idealized capillary barrier (Ross, 1990).

The boundary is considered at elevation z = 0. The fine layer is assumed to have elevation z < 0, the
coarse layer z > 0. Variables with index * refer to the coarse layer, those without index to the fine
layer. At the boundary z = 0 the pressure head of the layers must be equal; ψ(0) = ψ * (0) , which
implies that:

1
*
ln krel
α*

=
z =0

1

α

ln krel

.

(8)

z =0

At the upper boundary the infiltration rate must be equal to hydraulic conductivity and therefore:

k rel ( x,−∞) = q / K s .

(9)
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The diversion capacity can be estimated either for a horizontal or inclined capillary barrier. If an
inclined barrier is assumed, the location of DDL must be found. The coordinate system is assumed
parallel to the boundary, so there is no gradient in the x-direction (at the location of DDL).

When the x-axis gradient is neglected, Equation (7) becomes:

∂ 2 k rel
∂k
− α . cos φ rel = 0 .
2
∂z
∂z

(10)

It is an ordinary differential equation of the second order with the general solution:

k rel = c1e α . cos φ . z + c 2 ,

(11)

where c1 , c 2 ∈ E1 .

A particular solution of Equation (7) for the coarse layer takes the form:
*
k rel
= q * / K s* ,

(12)

where q* is the steady downward flux. It can be assumed that the relative hydraulic conductivity of the
coarse layer is very low ( e −α *z = 0 ).
A particular solution of equation (7) for the fine layer can be obtained through substitution of (9) and
(10) into boundary condition, Equation (8), which takes the form of:

α /α


q 
q  α . cos φ . z
q

k rel ( z ) =  * 
−
e
+
.
 K s 
Ks 
Ks


*

(13)

The Equations (12) and (13) suggest that only the fine layer is affected by the presence of an adjoining
unit (the coarse layer) with contrasting flow properties. This unit contains a highly saturated zone of
approximate thickness 1 / α immediately above the boundary.
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Diversion capacity:
The diversion capacity is derived using a horizontal coordinate system. Such a system can link flux
entirely to pressure gradient, while a system parallel to the boundary would also have to include
gravity acceleration. The capillary barrier is assumed to be inclined.

Horizontal water flux is governed by:

q h ( z ) = − K s k rel ∇ψ .( xˆ. cos φ − zˆ. sin φ ) = K s k rel sin φ

∂ψ
,
∂z

(14)

where x̂ and ẑ are unity vectors. The right-hand side of the equation is derived from the fact that the
x- gradient at the DDL location is equal to 0.

Total horizontal flux is obtained by the integration of the following expression along the vertical line
across the region affected by the boundary. The differential length in the vertical direction is dz/cos φ
and the total horizontal flux (the diversion capacity) is:

Qmax = ∫ K s k rel ( z ). sin φ

∂ψ dz
= K s tan φ ∫ k rel dψ .
∂z cos φ

(15)

Equation (15) is completely general as it does not depend on a quasi-linear form of relative hydraulic
conductivity. If the materials do exhibit such quasi-linear behaviour then the integral only extends
over negative z as horizontal flux vanishes in the coarse layer. The equation then becomes:

Qmax = K s tan φ

ψ (0)

∫
ψ

e α ψ dψ =

( −∞ )

K s tan φ

α

[k rel (0) − k rel (−∞)] .

(16)

As krel is less than 1 (under unsaturated conditions) and Kskrel(-∝)=q, the diversion capacity has a very
simple upper bound:

Qmax <

tan φ

α

( K s − q) .

(17)

Inequality (17) can be simplified through the assumption Ks>>q (even though in such a case the
capillary barrier would not be very efficient), becoming:

40

Qmax <

K s tan φ

α

;

(18)

An exact representation of diversion capacity can be obtained by substituting krel from Equation (13):
α /α


tan φ  q 
q 


= Ks
−
α  K s* 
Ks 


*

Qmax

(19)

Diversion length is calculated as the diversion capacity divided by irrigation rate and can be expressed
as:

L<

K s tan φ
.
q.α

(20)

These analyses assume infinite thickness of layers. Results of various capillary barrier layouts cannot
be compared with one another, which mean that the thickness of the layers should be considered in the
inferences. This is especially important when layers of low thickness or those made of materials with
low sorptive number are examined. The simplest cases, from a mathematical point of view, are layers
of thickness much lower than α

−1

where eα . z approaches a constant value, as here the diversion

capacity depends on the thickness linearly and can be expressed as:

Qmax = K s .b. sin φ ,

(21)

if b << (α . cos φ ) .
−1

All Ross’ calculations were inferred for quasi-linear approximation. Webb (1997) examined how
Ross’ calculation for diversion capacity applies to soils that do not exhibit a quasi-linear relation for
relative hydraulic conductivity, concluding that the calculation can be used for the assessment of such
soils, without any considerable error in the results.

3.4

Impact of constant anisotropy on efficiency of a capillary barrier (Stormont, 1995)

Ross’ inference assumes that the fine layer is isotropic. If the fine layer has higher hydraulic
conductivity in the horizontal direction, then the diversion capacity should be higher.
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The majority of soils exhibit a certain level of anisotropy of hydraulic conductivity. The anisotropy
can have two main sources:
1. In a homogeneous material, the anisotropy is caused by orientation of particles. The
radius of anisotropy for truly homogeneous materials in a saturated state does not
seem to exceed a value of 4.
2. Most natural deposits have a heterogeneous structure. Here anisotropy in surface
sealing is caused by the positioning and consolidation of the material.

The anisotropy can be intentionally integrated in the capillary layer by inducing preferential
orientation of particles or by constructing a layered profile.

The impact of anisotropy can be introduced to Ross’ inferences of diversion capacity and diversion
length of a capillary barrier via the following method.

Mathematical formulation of the problem:
The main direction of the hydraulic conductivity tensor is the same as the contact angle (capillary
boundary inclination), since the anisotropy in landfill sealing material is caused by the consolidation
and positioning of the layers, which usually follow the slope. To simplify the calculations, α is
assumed constant and independent of direction or water content. This results in constant anisotropy
and limits the analysis to homogeneous materials. The anisotropy radius is assumed to be 10 or less as
a higher value (the result of textural positioning) relies greatly on current water content and so the
theory of anisotropy cannot be applied. The hydraulic conductivity of the coarse layer is assumed to be
isotropic.

Figure 6 Coordinate systems for analysis of anisotropy of hydraulic conductivity (Stormont, 1995).
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Figure 6 shows coordinate systems which are used during analysis of the anisotropy of hydraulic
conductivity.

If the conductivity tensor and deflection from the vertical line are implemented in Ross’ formulae then
the relative hydraulic conductivity of the fine layer at the DDL is described as:

 q α / α
q cos ξ 
q cos ξ
 expα . cos φ . z + s
k rel ( z ) =  s* 
− s
,
K ZZ cos φ 
K ZZ cos φ
 K 

*

(22)

where Ks* is the saturated hydraulic conductivity of the coarse layer, Kijs is the saturated hydraulic
conductivity of the fine layer, with the angles defined in Figure 6.
A finite, yet relatively high ( b >> (α . cos φ ) ) thickness of the layer has to be assumed so that the
−1

upper boundary is not affected by the capillary boundary (general assumption for Ross’ inference).
The deflection from the vertical is represented in the equation by cosξ/cosφ.
The diversion capacity is therefore governed by:

Qx / = K

s
XX

α /α *
s
s
− K ZZ
tan φ  q 
q cos ξ   K XX

− s


+
s
α  K s* 
K ZZ cos φ  
K ZZ


 tan φ .q. cos ξ .b .


(23)

Unlike Ross’ inference, Equation (23) has two components:
1. The first component is similar to Ross’ formula and concerns the diversion caused by
the capillary barrier. The hydraulic conductivity in the direction of inclination (xdirection) is critical for this diversion.
2. The second component represents the transverse movement of water caused by
anisotropy of the fine layer, independent of the effect of the capillary barrier at the
capillary boundary.

The diversion length of the capillary barrier is based on the assumption that all the water that has
entered the capillary barrier between the up-dip boundary and the DDL is drained away parallel to the
boundary. This is suggested by the equation:
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K s tan φ
L ≤ XX
q.α

s
s
 q α / α *
− K ZZ
q cos ξ   K XX

+
−


 s*

s
s
K ZZ
cos φ  
K ZZ
 K 


 tan φ cos ξ .b .


(24)

The presented formula for diversion length of a capillary barrier (Stormont, 1995) demonstrates the
impact of anisotropy on capillary barrier efficiency. Anisotropic conditions are represented by a
constant hydraulic conductivity in the perpendicular direction (z-direction) and variable hydraulic
conductivity in the transverse direction (x-direction).

Anisotropy has the following impact on the efficiency of the capillary barrier (Stormont, 1995):
1. Increasing transverse diversion flow velocity in the anisotropic capillary barrier can
help keep the fine layer drier and thus make the capillary barrier more efficient.
2. Regardless of the infiltration rate, an anisotropic capillary barrier has a longer
diversion length than an isotropic barrier. This longer diversion length allows more
irrigation to be handled and diverted and so (anisotropy) improves the viability of
capillary barriers as alternative surface sealing systems even in more humid climates.

3.5

Steenhuis modification of Ross’ inference (Steenhuis et al., 1991)

The original Ross’ inference was modified by Steenhuis (Steenhuis et al., 1991) via the integration of
the following function of relative permeability:

ψ ≤ ha

k rel = 1
k rel = e

α (ψ + ha )

ψ > ha

,

(25)

where ha is the Air Entry Value.
This function is applicable to both the fine and coarse layers. With the implementation of Water Entry
Value h*w, the relative permeability at DDL becomes:


q cos ξ 
q cos ξ
k rel ( z ) = exp α ha − hw* − s
,
 exp[α cos φ .z ] + s
K ZZ cos φ 
K ZZ cos φ


[ (

)]

if ψ > ha .
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(26)

The diversion capacity can take the following forms based on relative values of ha and h*w:
1. If ha ≤ h*w then water enters the coarse layer even before the fine layer reaches a
saturated state. Then the diversion according to Steenhuis et al. (1991) capacity takes
the form:
s
Q x / = K XX

s
s
− K ZZ
tan φ 
q cos ξ   K XX
*

exp
(
h
h
−
−
+
α


a
w
s
s
α 
K ZZ
cos φ  
K ZZ

[

]


 tan φ .q. cos ξ .b .(27)


2. If ha > h*w then the transverse flow has to be integrated in two components, with the
formula for the diversion capacity becoming:


 Ks −Ks

q. cos ξ 
s
 + ha − hw*  +  XX s ZZ
Q x / = K XX
tan φ α −1 1 − s
K ZZ
 K ZZ cos φ 
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 tan φ .q. cos ξ .b .(28)


Chapter 4

Laboratory experiments in a tipping trough
Numerical modelling presented in this thesis is related to experimental research made by Prof. Dr.
Stefan Wohnlich and his team at Ruhr-University Bochum. The experiments were utilized in two
different ways.
1

Measured the basic hydraulic characteristic of four material used in tipping trough in
Bochum.

2

Repeated the Bochum experiments numerically in order to compare both sets of
results and to prove the reliability of numerical modelling.

Prof. Dr. Stefan Wohnlich undertook a series of laboratory experiments in a tipping trough (Figure 7).
The German association LAGA was made aware of the conducted research. The research was focused
on the combined capillary barrier and should answer particularly following questions (Wohnlich,
2006a):
•

Can the transverse flows overcome longer disruption in the sheeting?

•

Is the diversion capacity of the combined capillary barrier same as that of a simple
capillary barrier?

•

How does the impermeable sheeting affect the pressure conditions?

•

Do the pressure conditions above the sheeting correspond to an unsaturated area?

•

Does the flow above the intact sheeting occur in unsaturated conditions?

The layout of the large scale tipping trough is shown in Figure 8. The length of the trough was 6 m,
the height 1 m and the width 0.6 m. The thicknesses of the capillary layer and the capillary block were
0.4 m and 0.2 m, respectively. The capillary block was divided by five insulating screens into six
separate areas in the axial direction. These insulating screens made it possible to localise and measure
the breakthrough discharge from the capillary layer into the capillary block. The height of the screens
was 15 cm. The trough was, moreover, divided by an axially oriented insulating screen into two
separate sections so that two sets of experiments using the full length of the tipping trough could be
carried out simultaneously (Figure 9).
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Figure 7 Tipping trough in the laboratory of Ruhr-University Bochum.

Figure 8 Layout of the tipping trough. The angle of inclination depended on a current simulation. The
dimensions are in centimetres.

Research team of Ruhr-University has undertaken a large number of tests in the tipping trough for
their own research. In 2006-2007 they performed two experiments which were discussed with the
author and Doc. Mls, which were intended for subsequent numerical simulations.
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Figure 9 Longitudinal parting of the trough in two separate parts.

The aim of the above-mentioned laboratory exams was to measure discharges from both the capillary
layer and the capillary block for different settings of the barrier during significantly time-dependent
infiltration into the capillary layer.

The inflow into the capillary layer was made by pumping water from a tank and using sprinklers made
by Gardena Company. The sprinklers were placed on a horizontal plastic plate situated 20 cm above
the upper end of the capillary layer (Figure 10). Two systems were installed side by side above he
tipping trough, both parts of the trough were irrigated independently. The runoff occurred through
outlets in the lower part of the tipping trough. Twelve drain tubes drained away water from the
capillary block; two tubes from the capillary layer. The tubes draining the capillary layer and half of
those draining the capillary block conveyed the water through a tipping scale, where the amount of
water was measured continuously and recorded every fifteen minutes. The remainder of the drain
tubes led to a collective reservoir, where the water level was recorded at least twice per day.
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Figure 10 Sprinkler equipment- location of sprinklers marked by the rings. Dimensions in centimetres.

Results of two laboratory experiments were made available for the development of the numerical
models; the experiments differed primarily in the materials used and the introduction of impermeable
sheeting at the boundary. It should be noted that even though insulated screens allowed measurement
of discharge from smaller sections of the capillary barrier, only the total (summary) discharge values
from the capillary block were available at the time of numerical modelling.

4.1

Capillary barrier No. 1

Following materials, denoted material 1 and material 2, were used for the laboratory tests of the
capillary barrier No. 1 (Figure 11).

Figure 11 Materials of the capillary barrier No. 1. The cap diameter is 5.5 cm. Material 1 on the left, material 2
on the right.
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Material 1 (capillary layer): The material is a product of the German company Tecklenborg. It is a
heterogeneous material originating in a river bed, from which the rough grains and calcareous layers
were removed. According to Powers (1953) 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 Figure
12.
Material 2 (capillary block): 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 (1953) 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 Figure 12.

A water repulsive impermeable geomembrane was placed between the capillary layer and capillary
block. The geomembrane is glossy on both sides and its thickness is 2.5 mm. It is made by the AGRU
Kunstofftechnik Company and is utilized in conventional combined sealings.

Percentage of particles smaler than given size (%)

100

Material 1
Material 2
Material 3
Material 4

80

60

40
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0
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1
Particle diameter (mm)

10

100

Figure 12 Grain-size curves of used materials (results of material 1 and material 2 were assumed from Wohnlich
2006a).

The inclination of the tipping trough was 11.3°. The left and the right parts of the trough differ in the
usage of impermeable sheeting at the boundary (Figure 13). The left part simulated a combined
capillary barrier; the right part was a simple capillary barrier. Even the right part included the sheeting
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at the beginning and at the end of the trough for the reasons described in Chapter 6.1. The sheeting is
inset in both parts 40 cm from the down-dip boundary (Wohnlich, 2006a).

Figure 13 Layout of the impermeable sheeting in the two halves of the trough, red refers to the simple capillary
barrier, blue to the combined barrier. Dimensions in centimetres.

All the inflows and outflows were measured separately for each section of the trough over a period of
41 days (Figure 14 and Figure 15).
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Figure 14 Development of inflow and outflow from the left half of the tipping trough (combined capillary
barrier).
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Figure 15 Development of inflow and outflow from the right half of the tipping trough (simple capillary barrier).

4.2

Capillary barrier No. 2

Following materials, denoted material 3 and material 4, were used for the laboratory tests of the
capillary barrier No. 2 (Figure 16).

Figure 16 Materials of the capillary barrier No. 2. The cap diameter is 5.5 cm. Material 3 on the left, material 4
on the right.
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Material 3 (capillary layer): The material is a homogeneous material of grain size from 0.4 mm to 1
mm. According to Powers (1953) 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 Figure 12.

Material 4 (capillary block): The material is a homogeneous material of grain size from 2 mm to 7
mm. According to Powers (1953) classification, it belongs to the category not rounded. The grain-size
curve is shown in Figure 12.

The inclination of the tipping trough was 21.8°. Both halves have the same layout including the
impermeable sheeting at the end (Figure 17), but they differed in the irrigation rate. Both tests
represent a simple capillary barrier (Wohnlich, 2006b).

Figure 17 Layout of the tipping trough, the sheeting is only located at the end of the trough (green line).
Dimensions in centimetres.

All the inflows and outflows were measured separately for each section of the trough over a period of
47 days (Figure 18 and Figure 19).
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Figure 18 Development of inflow and outflow from the left half of the tipping trough (simple capillary barrier).
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Figure 19 Development of inflow and outflow from the right half of the tipping trough (simple capillary barrier).

Figure 18 shows discrepancy in water balance, the inflow to the trough is higher than the total outflow.
Comparison of ouflows from the capillary block of barrier No. 1 and No. 2 shows that the capillary
barrier No. 2 is more prone to a breakthrough. The outflow from the capillary block can be witnessed
at a much lower irrigation rate, despite the higher inclination that should increase the barrier’s
efficiency (Bussière et al., 2003a). Details of the laboratory simulations as well as a thorough
discussion of the results will be part of dissertation thesis of Kathrin Bitomsky, abridged version has
been included in diploma thesis of Chalulos (2007).
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Chapter 5

Determination of hydraulic characteristics of applied
materials
5.1

Retention curve parameters

Unsaturated water flow is governed by Richards’ equation


∂θ
∂ 
∂h
 K (θ )
=
+ δ i 3 K (θ ) ,
∂t ∂xi 
∂xi


(29)

where the summation rule is utilized and where x1, x2, x3 are the space coordinates with x3-axis
oriented vertically upwards, t is time, θ is the water content, h is the pressure head, K is the hydraulic
conductivity and δ is the Kronecker delta. The equation contains two unknown functions, θ and h, and
one parameter - the hydraulic conductivity. The presence of two unknown functions requires applying
a proper constitutive law in order to complete the system by one more equation. The moisture
retention curve, either in the form

h = h(θ )

(30)

or in the form

θ = θ (h ) ,

(31)

is used for this purpose.

The fact that Equation (29) requires derivative of the retention curve and that the retention curve is
also used to define function K makes it obvious that precise determination of retention curve is of
crucial importance when solving problems governed by Equation (29).
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In this study, the tension apparatus was chosen to measure the main drying (desorption) and wetting
(adsorption) branches of the retention curves of each sample. The design of the applied apparatus was
that of Havlíček and Myslivec (1965, Figure 20 and Figure 21 ).

Figure 20 Apparatus made according to Havlíček and Myslivec (1965).

Figure 21 State of the apparatus prior to the start of the measurement.
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The advantages of the method compared to the column test are that it permits measuring both branches
of the curve, the main drying branch and the main wetting branch, and also that it allows for very fine
steps of pressure head (less than 2 cm which is the limiting value for the hanging water column test).
The requirement of measuring both branches of the retention curves was based on conclusions of
studies by Morris and Stormont (1998).

The tension apparatus compared to pressure plate apparatus cell allows easier measurement of the
wetting branch. In most cases only the drying branch is measured in pressure plate apparatus, while a
specially modified pressure plate apparatus is necessary for the wetting branch measurements (Kuráž
et al., 2003).

The points of the soil moisture retention curves were measured in steps controlled by setting the values
of 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.

The sample was converted from the saturated state into the residual state by decreasing gradually the
pressure head. Once the sample reached its residual state, the wetting started. Minimum pressure head
applied to the sample was -200 cm for the material 1, -35 cm for the material 2, -150 cm for the
material 3 and -17 cm for the material 4.

The amount of water in the apparatus was affected by evaporation. In order to get precise values of
this effect, the free water evaporation was measured as a function of time during the experiment. The
obtained function was calibrated on the actual cumulative value measured as the difference between
the water content of the sample at the end and at the beginning of the experiment. Particular points (hi,

θi) of the retention curve were determined by means of formula

θi =

ws − wi − e(t i )
,
V

(32)

where ti is time of reading values of the i-th point, V is the bulk volume of the sample, θi is the water
content at the i-th measurement, hi is the pressure-head value at the i-th measurement, ws is the initial
volume of water in the sample, wi is the cumulative volume uptake at i-th measurement and e(t) is the
cumulative evaporation from the sample up to time t.
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The van Genuchten (1980) equation

θs −θr

θ r +
n
θ (h ) = 
1 + (− αh )
θ ,
 s

(

)

m

,

h < 0,
(33)

h≥0

was used to define retention curves of the investigated materials. In this equation, θ is the water
content (i.e. the volumetric fraction of water), h is the pressure head, θr and θs are the residual and the
saturated water content, respectively, α, m and n are van Genuchten parameters, α>0, n>1, m=1-1/n.
The parameter α is related to the AEW of material. The parameter n points out a drainage velocity of
material (Fredlund, 2006).

The van Genuchten equation was chosen because it is commonly utilized for both numerical
simulations and retention curve constructions.

Making use of the statistical pore-size distribution model of Mualem (1976) and the van Genuchten
equation (33), the unsaturated hydraulic conductivity K can be expressed as

 θ −θr
K (θ ) = K s 
θs −θr





1/ 2

 1 − F (θ ) 

 ,
(
)
1
−
F
θ
s 

2

(34)

where θr, θs and m are the above defined values and

  θ −θ
r
F (θ ) = 1 − 
 θm −θr






1/ m

m


 ,



(35)

where θ m is the parameter defined by Vogel and Císlerová (1988).
Retention data were measured on eighteen 50 - 100 cm3 samples in numbers 4, 6, 3 and 5 of materials
1 to 4, respectively. On each sample, both the main drying branch and the main wetting branch of the
retention curve were measured. Due to lost hydraulic contact, 5 of the 36 measurements were not
suitable for further treatment. The materials were investigated while in a same degree of compaction
controlled by the porosity value as they were in the capillary barrier during the laboratory exam.
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The RETC code (van Genuchten et al., 1991) was used to determine the parameters α and n of every
sample and every branch. The obtained results are presented in Table 1. The compliance of the
measured values and theoretical retention curve according to van Genuchten relation can be seen in
Figure 22 - Figure 25. The figures show wetting branches of the retention curves as those were used in
the numerical simulations.

Table 1 Van Genuchten fitting parameters of examined materials.

θ sdrain.

θ sinf.

θr

αdrain.

ndrain.

αinf.

ninf.

(-)

(-)

(-)

(1/cm)

(-)

(1/cm)

(-)

Material 1

0.37

0.31

0.07

0.026

9.41

0.036

7.35

Material 1

0.34

0.32

0.03

0.025

5.75

0.034

4.05

Material 1

0.34

0.31

0.03

0.024

8.22

0.036

4.33

Material 1

0.34

-

0.02

0.025

6.17

-

-

Material 2

0.40

0.40

0.05

0.268

4.57

0.321

4.60

Material 2

0.42

0.42

0.09

0.276

4.84

0.300

4.68

Material 2

0.43

0.42

0.08

0.296

4.27

0.338

3.71

Material 2

0.40

0.39

0.02

0.291

4.38

0.339

3.70

Material 2

0.40

-

0.11

0.283

5.42

-

-

Material 2

0.39

-

0.04

0.300

3.87

-

-

Material 3

0.40

0.38

0.03

0.058

5.14

0.082

3.71

Material 3

0.43

0.38

0.02

0.065

4.54

0.097

2.95

Material 3

0.41

0.37

0.01

0.064

3.68

0.094

3.03

Material 4

0.40

0.39

0.03

0.211

3.41

0.267

4.47

Material 4

0.39

0.39

0.04

0.235

4.85

0.270

4.19

Material 4

0.39

0.38

0.04

0.250

5.71

0.330

3.49

Material 4

0.40

-

0.09

0.285

3.79

-

-

Material 4

0.40

-

0.08

0.257

4.74

-

-
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Figure 22 Comparison of measured points and smoothed theoretical curve according to van Genuchten in
material 1.
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Figure 23 Comparison of measured points and smoothed theoretical curve according to van Genuchten in
material 2.
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Figure 24 Comparison of measured points and smoothed theoretical curve according to van Genuchten in
material 3.
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Figure 25 Comparison of measured points and smoothed theoretical curve according to van Genuchten in
material 4.
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This set of data was finally used to define hydraulic characteristics of the four materials. The average
van Genuchten parameters of every material are presented in Table 2 and graphically in Figure 26.

Table 2 Average van Genuchten fitting parameters of examined materials.

θ sdrain.

θ sinf.

θr

αdrain.

ndrain.

αinf.

ninf.

Ks

(-)

(-)

(-)

(1/cm)

(-)

(1/cm)

(-)

(m/s)

Material 1

0.35

0.31

0.04

0.03

7.39

0.04

5.24

1.18e-04

Material 2

0.41

0.41

0.07

0.29

4.56

0.32

4.17

2.25e-03

Material 3

0.41

0.38

0.02

0.06

4.45

0.09

3.23

7.63e-04

Material 4

0.40

0.39

0.06

0.25

4.50

0.29

4.05

1.72e-03
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Material 1
Material 2
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-40

-20
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Water content (-)
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Figure 26 Retention curves (the main drying branches) of examined materials.

Wohnlich (2006a) presents the retention curve of material 1 produced by a column test. The result is
shown in Figure 27 which moreover illustrates the differences in measured data obtained by different
measurement methods presented above. The comparison concerns the wetting branches of the
retention curve, as that is the branch measured by the column test.
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Figure 27 Comparison of retention curves of material 1 obtained by tension apparatus and column test. The
results from column test were assumed from Wohnlich (2006a).

5.2

Determination of saturated hydraulic conductivity

The saturated hydraulic conductivity Ks was measured in permeameter at very low gradients of
hydraulic head. The examined materials occur close to limit of Darcy´s law force. Due to their grainsize distribution, the examined materials easily allow for flow with rather high Reynolds number. In
order to keep the Reynolds number of flow in permeameter under the critical value, it was necessary to
carry out the experiments at low gradients of hydraulic head.

The samples used for measurement of saturated hydraulic conductivity were of cylindrical form with
the base of 5 cm in diameter and the average height of 7 cm. The measurements were done with
constant gradient of hydraulic head; each material was tested with 5 different values of the hydraulic
head gradient. For each gradient 5 measurements of the relation between the time and the cumulative
outflow of water were carried out.

The average saturated hydraulic conductivities of used materials are presented in Table 2. The
functions K (h ) obtained for the applied materials using Equations (34) and (35) are presented
graphically in Figure 28.
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Figure 28 Hydraulic conductivity of examined materials in relation to pressure head.

64

-30

Chapter 6

The numerical model of a capillary barrier
The laboratory experiments with barrier No. 1 in the tipping trough were carried out in order to study
the behaviour and the efficiency of the combined capillary barrier. The objectives of this chapter are:

1. to investigate the possibility of testing the hydraulic barrier by means of
measurements of samples of capillary barrier materials and subsequent numerical
modelling and
2. to simulate numerically the effect of distribution of faults in the sheeting of a
combined capillary barrier.

The laboratory experiment with barrier No. 2 testing the simple capillary barrier were used for
validation of findings for objective 1.

6.1

Revisiting of laboratory tests using numerical modelling

Three different laboratory experiments testing simple capillary barriers (2 experiments) and the effect
of holes in the impermeable sheeting of a combined capillary barrier (1 experiment) were repeated
numerically. The left-hand side of barrier No. 2 wasn´t simulated due to the invalidity of measured
water balance. The experiments differed firstly in the presence of the impermeable sheeting and
secondly in the volume of irrigation. The differences between barriers No. 1 and No. 2 are described in
more detail in Chapter 4. The exact location of the sheeting is shown in Figure 29. Here, the described
experiments and simulations are denoted as Simulation 1 (combined capillary barrier, barrier No. 1),
Simulation 2 (simple capillary barrier, barrier No. 1) and Simulation 3 (simple capillary barrier, barrier
No. 2). The three experiments were repeated by means of numerical modelling quite independently of
the results of the tipping trough experiments (Trpkošová and Mls, 2010a). The comparison of the
numerical results with the tipping trough measurements is presented and discussed below.
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Figure 29 Interface in individual simulations. The lengths are in centimetres. The solid lines mark the
impermeable sheeting (inner boundary,

Γ1 ); the voids in solid lines mark the ruptures (no boundary).

Simulation 2 is assumed to be a simple capillary barrier. Impermeable sheeting was used on
approximately 50% of the boundary, however not in order to model a combined capillary barrier but
for reasons discussed further. In order to separate outflow from the capillary layer and outflow from
the capillary block, impermeable sheeting was placed between the layers at the lower end of the
barrier. Water gathers in the capillary layer along the sheeting; it leaves the trough only when the
pressure head reaches zero, but enters the capillary block in case of lower values. The presence of the
sheeting at the upper end is due to the structure of the trough. The laboratory trough of 6 m in length is
supposed to simulate processes in a real-scale landfill. The amount of infiltration (irrigation) water at a
landfill is significantly lower than applied in a laboratory test, and the amount of water on the capillary
boundary increases alongside the slope. This is due to water flowing in from higher parts of the
landfill. In order to simulate a similar amount of water flowing along the boundary, the irrigation and
subsequently amount of infiltrating water must be considerably higher during laboratory tests. It is
necessary to avoid a pointwise breakthrough instead of water spreading along the boundary, which is
why impermeable sheeting is provided in the upper section of the trough, which prevents such a
breakthrough.

The simulated processes were formulated mathematically as two-dimensional initial boundary value
problems with Equation (29) for x ∈ Ω and t ∈ (0,T), where T denotes the period of simulation and the
domain Ω is defined as the projection of the trough into the vertical plane containing the axis of the
trough. The program S2D_dual (Vogel, 1999) was chosen for the numerical solution of the problems.
The program solves the Richards equation (29) in two space dimensions using the finite element
method. The program has been ported to Linux to allow for remote access and running on high
performance computers.

Homogeneity and isotropy of the materials of each layer were assumed. The hysteresis of the soil
water retention curves was neglected and the main wetting branches were used. It would be plausible
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to take the hysteresis into account, however no program was available that would be able to solve the
problem including the hysteresis of the retention curve. The critical factor is the steepness of the
retention curve (high value of van Genuchten parameter n). The hysteresis was considered in
numerical models using S2D_dual, FEFLOW (DHI-Wasy, 2010) and SiWaPro DSS programs
(Kemmesies et al., 2007), however none of these has achieved convergence of results. Prof. Graeber
from TU-Dresden, the author of SiWaPro DSS estimates that value of van Genuchten parameter n
should not exceed 3 for the models to work.

The finite element mesh was created using the GS_v_01 code of the Menhart package (Mls, 2002).
For each simulation, a special mesh was generated reflecting the changes in boundary conditions due
to different lengths and positions of the faults in the impermeable sheeting. The applied meshes had
over 1780 nodes and over 3030 triangular elements. The distance between nodes was under 5 cm on
average. The meshes were denser in regions of significant change of pressure head and along the
capillary boundary, where the distance between nodes was as short as to 1 cm (Figure 30). The mesh
density is a critical aspect of numerical models with regard to their feasibility. One run of the model
described above took two to three days on the high performance computer in Faculty of Civil
Engineering at Czech Technical University (CTU).

Figure 30 Mesh grid for Simulation 2.

The S2D_dual software makes it possible to assign hydraulic properties only in individual nodes. The
values of the attributes are averaged on edges between two nodes with different properties. To
minimize the effect of averaging between different materials an extra layer was inserted at the
capillary boundary, which was 2.5 mm thick (Figure 31).
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Figure 31 Detail of the capillary boundary and the thin inserted layer.

The initial condition. According to our knowledge of initial conditions of the tipping trough
experiments, and according to known water retention curves of the barrier, the value -40 cm for the
barrier No. 1 (-20 cm for the barrier No. 2) was prescribed as the initial value of pressure head.

The boundary conditions. Three different kinds of boundary conditions (Mls, 1987) were prescribed
over the boundary of the domain Ω.
Denote Γ1 the impervious part of the boundary. Γ1 consists of the insulating screens dividing the
trough into sectors, the undisturbed impervious sheeting and the not irrigated upper part of tipping
trough (the soil evaporation is neglected). The Neumann boundary condition with right-hand side zero
was prescribed on this part of the boundary in the form

∂h
(x, t )ν i (x ) + ν 3 (x ) = 0
∂xi

on Γ1 , t > 0 ,

(36)

where x = ( x1 , x3 ) and ν = (ν 1 ,ν 3 ) is the unit outward normal to the boundary.

The general form of the Neumann boundary condition prescribes the a priori known flow through the
boundary. This kind of boundary condition was imposed upon that part of the boundary, where the
surface of the capillary layer was irrigated. The total value of the recharge, as a function of time, was
known. The recharge was supposed to be uniformly distributed over the irrigated part of the surface.
Denoting r(t) the resulting flux density ([r]=length/time) the boundary condition is

 ∂h

(x, t )ν i (x ) + ν 3 (x ) = r (t )
K (θ ( x, t ))
 ∂xi

where Γ2 is the irrigated part of the boundary.
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on Γ2, t > 0 ,

(37)

The remaining parts of the boundary are composed by the segments, where the outflow from the
capillary layer or the capillary block was collected. These segments form free surface at the boundary
of the layer and make the existence of the seepage face possible. Such segments serve for the
capillary-layer drainage, when the capillary barrier is utilized as a landfill closing.
Denoting Γ3 this part of the boundary, it holds

Γ1 ∪ Γ2 ∪ Γ3 = ∂Ω and Γi ∩ Γ j = 0/

for i ≠ j

(38)

The boundary condition imposed upon Γ3 is expressed by means of inequalities

h( x, t ) ≤ 0 and

∂h
(x, t )ν i (x ) + ν 3 (x ) ≤ 0 on Γ3, t > 0 .
∂xi

(39)

During the computation, inequalities (39) were satisfied by prescribing the following combination of
Dirichlet’s and Neumann’s conditions

∂h
(x, t )ν i (x ) + ν 3 (x ) = 0 while h(x, t ) < 0
∂xi

(40)

∂h
(x, t )ν i (x ) + ν 3 (x ) < 0
∂xi

(41)

and

h( x, t ) = 0 while

for x ∈ Γ3 and t > 0 .

The location of particular boundary conditions is shown in Figure 29 and Figure 32.

Method of simulation of the impermeable sheeting. Absolute impermeability of the sheeting was
assumed. This determines the way the sheeting was modelled. The impermeable sheeting is not part of
the model domain Ω, but represents its inner border. This allows us to apply the Neumann boundary
condition of zero discharge to this boundary and thus simulate the impermeability of the sheeting
(Figure 33).
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Figure 32 Description of tipping trough measure and of the boundary conditions, which was used by numerical
simulations. The lenghts are in centimetres. The solid line describes the
dashed line describes the

Γ1 part of boundary, the

Γ2 part of boundary and the rings the Γ3 parts of boundary.

Figure 33 Method of simulation of the impermeable sheeting. Vertical hatch represents the material of the
capillary layer, slanted hatch the material of the capillary block. Thick lines represent the boundary part

Γ1 . The letter X represents the length of failure which depends on the simulation number. Dimensions
are in millimetres.

The parameters presented in Table 2 were used for numerical simulations of the barriers. The results of
the simulations are presented in Figure 34 to Figure 37 together with the rate of irrigation. As the
laboratory measurements were known, it was possible to compare both sets of results. These figures
make the comparison visible.
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Figure 34 The comparison of model results with measured data (Simulation 1).
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Figure 35 The comparison of model results with measured data (Simulation 2).
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Figure 36 The comparison of model results with measured data (Simulation 3).
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Figure 37 The comparison of model results with measured data (Simulation 3, outflow from capillary block).

The development of distribution of water content and the location of the breakthrough of the capillary
barrier are shown in Figure 38 to Figure 40.
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Figure 38 Development of water content conditions in the modelled area, day 28, Simulation 1. Values are
dimensionless.

Figure 39 Development of water content conditions in the modelled area, day 38, Simulation 2. Values are
dimensionless.

Figure 40 Development of water content conditions in the modelled area, day 10, Simulation 3. Values are
dimensionless.

The numerical results are in good agreement with the corresponding laboratory measurements. The
numerical simulation of barrier No. 1 shows a higher sensitivity of computed outflow to changes of
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the infiltration rate than was found for the laboratory data. The differences at the beginning of
simulations, particularly of Simulation 1, were caused by the applied initial conditions. A significant
disagreement was found in the period from the 15th to the 27th day of Simulation 2. It should be noted
that in this period, the laboratory data show a higher discharge from the capillary layer than was the
infiltration.

The agreement of results of the Simulation 3 to the laboratory measurements is slightly worse than for
the Simulation 1. On the other hand the laboratory results showed rather surprising decrease in outflow
from both the capillary layer and the capillary block prior to the decrease in irrigation rate
(approximately day 5 and day 12.5). Figure 40 shows that the breakthrough didn’t occur immediately
at the up-dip boundary, despite the lack of the impermeable sheeting and considerable amount of
water, the breakthrough happend predominantly at the down-dip area. Therefore the lower efficiency
of the capillary barrier No. 2 compared to the barrier No. 1 cannot be explained by the absence of the
impermeable sheeting (Chapter 7.2 and Chapter 8.5).

In the numerical simulations, the main wetting branches of the retention curves were utilized (Table
2). This is in accordance with Morris and Stormont (1998), Trpkošová and Mls (2008), and Trpkošová
and Mls (2010b) where it is shown, that the function of capillary barrier may be overestimated when
using the drying branch of the retention curve, detailed later Chapter 7.2 of this thesis.

Figure 41 and Figure 42 show the results of the simulations when also the parameters of the drying
curves are used. The results confirm the above statement that usage of drying characteristics leads to
overestimation of the capillary barrier’s efficiency.
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Figure 41 The comparison of model results with measured data while drying or wetting characteristics are used
(Simulation 1). No outflow occurs in the time interval from day 0 to day 25.
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Figure 42 The comparison of model results with measured data while drying or wetting characteristics are used
(Simulation 3).

The model parameters had not been calibrated to the trough results. The final agreement was achieved
using parameters measured in the tension apparatus. The parameters are therefore independent of the
given structure of the trough. This provides the option of using numerical model for investigations of
the combined barrier behavior.

The obtained results show not only the mutual agreement between the tipping trough measurements
and the numerical simulation but also the reliability of the applied hydraulic characteristics. As the
hydraulic characteristics of the capillary barrier materials were obtained without making use of the
tipping trough measurements, the numerical testing of a barrier could substitute for the tipping trough
experiments with a high degree of reliability.

6.2

Numerical modelling of the influence of faults in impremeable sheeting on the capillary
barrier efficiency

Appropriate determination of hydraulic characteristics of the applied materials is a sufficient condition
for simulating the capillary barrier numerically. Having moreover obtained evidence of its reliability,
numerical modelling can substitute for the tipping trough experiments. To illustrate such an
investigation, a number of numerical simulations were carried out in order to find out how a sheeting
failure influences the capillary barrier efficiency (Trpkošová and Mls, 2010a). The prescribed
conditions of these examinations differed only in the distribution of the holes in the impermeable
sheeting. The rate of irrigation and the position of the first failure remain the same as in Simulation 1.
The simulations are denoted as Simulations 4 to 13. The exact geometry of the simulated failures is
shown in Figure 43. These simulations are divided into four groups according to the investigated
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target. The Group B was used for evaluation of rate of a failure, Groups A and C for location of a
failure and Group D for relationship between locations of a failure and of drainage channel.

The rate of failure (Group B). These simulations are aimed at studying the effect of the rate of
sheeting failure on the efficiency of a capillary barrier. Two types of failure of the impermeable
sheeting were investigated. The first assumes that small cracks develop in the sheeting (Simulation 6),
and the other assumes a fissure and subsequent displacement of the sheeting (Simulations 7 and 8).
The second case means a larger scale of disruption of the sheeting. The ruptures in Simulation 6 are
represented by 1 mm long voids in the sheeting. Any finer fissuring was not simulated as in such a
case there would be no hydraulic contact between the CL and CB and a different approach would be
required; see Figure 12.

The relationship between the location of a failure and the position of a drainage channel (Group
D). Ross (1990) defined the diversion capacity for a simple capillary barrier as the the maximum
amount of water which a capillary barrier can divert, and the effective length of diversion as the
maximum length for which the capillary barrier is efficient. Therefore in a real-scale landfill the
capillary boundary has to be interposed by a drainage system for draining away water from a certain
length. Several different situations were simulated in order to study the influence of the relative
position of a drain and a sheeting failure on the efficiency of a capillary barrier. The method of
simulating the drainage of capillary layer is shown in Figure 44.

The location of failure (Groups A and C): The aim of this study was to estimate the behaviour of the
capillary barrier, if the commensurate damage arises on multiple places.
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Figure 43 Description of simulations. Dimensions are in centimetres, the solid line (of the quotation) marks
length of failure, the dashed line marks the distance between two failures. In Simulations 4-6 the length
of failure is 0.1 cm. The sloping lines represent the drainage channel and the boundary part

Γ3 in

Simulations 11-13.

Figure 44 Method of simulating a drain in the capillary layer. Vertical hatch represents the material of the
capillary layer, slanted hatch the material of the capillary block. Thick lines represent the boundary part

Γ1 , dotted line the boundary Γ3 . Dimensions are in centimetres.
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6.2.1

The rate of failure of the impermeable sheeting

The results of the investigation of the influence of the sheeting-failure rate on the capillary-barrier
efficiency are shown in Figure 45. The lowest breakthrough was recorded during Simulation 6, where
the area of failure was the smallest and the highest breakthrough was recorded during Simulation 7
with the largest failure area. However, although the relative area of the failure in Simulation 6 was
only 8.75 per cent of that in Simulation 7, the value of breakthrough in Simulation 6 was nearly 90 per
cent of that in Simulation 7 with the applied infiltration rate. It is therefore evident that even a small
failure can cause considerably high breakthrough of the capillary barrier providing the infiltration is
sufficiently high. On the other hand, the breakthrough of a combined capillary barrier (with sheeting)
should never exceed that of a capillary barrier with no sheeting at all in the applied model.
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Figure 45 Investigation of the influence of rate of failure (Group B). All lines describe outflow from capillary
block. No outflow occurs in the time interval from day 0 to day 25. The curves of Simulation 7 and 8
are almost identical.

6.2.2

The relationship between the location of a failure of the impermeable sheeting and the
position of a drainage channel

Figure 46 presents the affect of the relative position of a rupture and a drain. The largest breakthrough
occurred in Simulation 11 where the last rupture was 1 metre upstream of the drain and the lowest
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breakthrough occurred in Simulation 13, where the first rupture was 1 metre downstream from the
drain.

The simulations show the significance of the relative position of a drain and a rupture. When a rupture
is situated upstream of a drain, the reliability of the barrier decreases with decreasing distance between
the rupture and the drain. The reason for the effect is evident: the drainage system is represented by the
boundary condition known as seepage face. Water starts to flow out only when the pressure head is
zero. The effectiveness of a capillary barrier is based on the momentary difference in saturation of the
layers (CL and CB) at the capillary boundary for the current value of the pressure head, more
specifically on the material of the capillary block staying in a residual water content state for the
current pressure head. The drain causes such a level of pressure head that both materials are in a
saturated state and water can flow freely between them. Therefore the closer the drain outlet is to the
sheeting fissure, the closer is the zero value of the pressure head to the contact of CL and CB, and if a
continuous redistribution of pressure head in the material is assumed, it is apparent that this will mean
a lower value of pressure head in the area of the fissure and so the capillary barrier is less efficient
(Figure 47).
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Figure 46 Investigation of relationship between location of failure and drainage channel (Group D). All lines
describe outflow from capillary block. No outflow occurs in the time interval from day 0 to day 25.

A recommendation may be drawn from the above conclusion such that the highest protection from a
breakthrough at the capillary boundary is needed upstream of the drainage system.
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On the other hand if the rupture occurs downstream from the drain, the capillary barrier is even more
efficient than a (ruptured) barrier without a drain, because a significant proportion of the water has
been diverted by the drainage system and the capillary boundary is less strained than it would be
without drains.

It should be noted that a laboratory experiment using a tipping trough does not comprise the process of
increasing amount of water acting at a capillary boundary along a slope of a landfill (due to rainfall
acting on the entire slope, not only at the top). Because of this the influence of distance between a
drain and a rupture would be amplified in a real scale. Approaching to the drain from above, the
rupture approaches to the point of diversion length. In the case of the rupture situated below the drain
the reliability of the barrier increases with decreasing distance of the rupture and the drain.

Figure 47 The progress of pressure head at time of 38th day for Simulations 10-13. The pressure head values are
in centimetres. The arrows describe flow direction, the rings denote position of drains on the capillary
boundary and the titles upstream/ downstream describe the relative position of ruptures and drains. The
systems are tilted in the model.

6.2.3

The location of failure of the impermeable sheeting

The results of the investigation of influence of the sheeting-failure location on the capillary-barrier
efficiency are shown in Figure 48 and Figure 49. The simulations were proposed in two different
ways. The definition of water content cone was introduced for better description of the results and
conclusions drawn from them. The term denotes the area of the capillary block surrounding the
rupture, which is irrigated by water flowing through the rupture.
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Figure 48 Investigation of location of failure influence (Group A). All lines describe outflow from capillary
block. No outflow occurs in the time interval from day 0 to day 25.
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Figure 49 Investigation of location of failure influence (Group C). All lines describe outflow from capillary
block. No outflow occurs in the time interval from day 0 to day 25.
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Figure 48 describes the situation, when the ruptures are so near one another, so that the water content
cones coincide with one another. The Figure 49 describes the both situation, of the water content cones
overlapping and not overlapping with one another. Figure 50 and Figure 51 show development of
pressure conditions.

The highest breakthrough was recorded during Simulation 5, where the total length of the rupture
(distance between the first and the last failure) is the longest. On the other hand the lowest
breakthrough was recorded in Simulation 6, where the length of the failure was the shortest. The
locations of six of the failures are identical for the Simulations 4 and 6, only the locations of the last
failure differ. The Simulation 4 has it further and the breakthrough is higher too. Figure 49 shows, that
the breakthrough in Simulations 9 and 10 is almost identical. The water content cones don’t overlap
one another in these simulations. The possible water content area is hence maximal. The Simulation 8
shows a lower breakthrough, the water content cones overlap in this simulation.

Figure 50 The progress of pressure head at time of 38th day in Simulations 4-6 (Group A). Values are in
centimetres. The systems are tilted in the model.

Figure 51 The progress of pressure head at time of 38th day in Simulations 8-10 (Group C). Values are in
centimetres. The systems are tilted in the model.
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If the water content cones of the ruptures overlap, then the larger the water content area is, e.g. the
further the ruptures are, the higher the breakthrough is. Once the ruptures are to far apart for their
water content cones to overlap (the possible water content area is hence maximal), the efficiency of the
capillary barrier doesn’t depend on their mutual distance anymore.

Complementation of results of tipping trough experiments
The results of the numerical modelling provide answers to the questions raised during the laboratory
experiments in the tipping trough:
•

Can the transverse flows overcome longer disruption in the sheeting?
Yes, water can overcome both very small and large disruptions in the impermeable
sheeting.

•

Is the diversion capacity of the combined capillary barrier same as that of a simple
capillary barrier?
The diversion capacity of a combined capillary barrier is equal to or higher than the
diversion capacity of a corresponding simple capillary barrier. The breakthrough of a
combined capillary barrier (with sheeting) should never exceed that of a capillary
barrier with no sheeting at all in the applied model (5.2.1).

•

How does the impermeable sheeting affect the pressure conditions?
The impact on the pressure conditions above the impermeable sheeting is notable from
comparison of pressure conditions in simulations with different dispositions of the
sheeting at the capillary boundary (simulations 1 and 2). Pressure conditions at the
capillary boundary are congruent when break through occurs (Figure 52). Pressure
head in the white areas varies from -1 to 1 cm. It is clear enough there is no difference
in pressure conditions in the capillary layer caused by presence of impermeable
sheeting at the capillary boundary.

•

Do the pressure conditions above the sheeting correspond to an unsaturated area?
Does the flow above the intact sheeting occur in unsaturated conditions?
Under conditions at which the capillary barrier is effective the flows above the
impermeable sheeting occur in unsaturated conditions ( θ < θ s , Figure 53). In case of
the breakthrough of the capillary barrier the water content at the boundary equals to
the saturated water content (Figure 54).
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Figure 52 The diference in pressure head in the model area in Simulation 1 and 2, 28th day. Values are in
centimetres.

Figure 53 Development of water content in the modelled area, day 25, Simulation 1. The barrier is still working
fully. Values are dimensionless.

Figure 54 Development of water content in the modelled area, day 36, Simulation 1. The breakthrough of the
capillary barrier has already happened. Values are dimensionless.
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Chapter 7

Efficiency of a capillary barriers
7.1

Sensitivity analysis

Analysis of sensitivity of the numerical model to input parameters was carried out at the beginning of
numerical simulations.

The capillary barrier No. 2 was modelled as the relevant laboratory data were available sooner.
Sensitivity of the model to input parameters of the retention curve and the saturated hydraulic
conductivity was examined. One parameter was investigated at a time by varying its values while
values of all the other parameters were fixed (Table 3).

The sensitivity analysis showed that special attention has to be paid to estimation of retention curve
parameters. The observed level of sensitivity to retention curve parameters was not expected and it
highlighted how important it was to estimate those parameters as precisely as possible. Figure 55 to
Figure 58 show the changes of the outflow from the capillary block due to changes of input
parameters.

Table 3 Initial parameters of sensitivity analysis. One parameter was examined at a time while the others
remained fixed.

θr

θs

α

n

Ks

(-)

(-)

(1/cm)

(-)

cm/day)

Capillary layer

0.06

0.43

0.07

3.7

5932.23

Capillary block

0.06

0.46

0.27

4.2

16926.23
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Figure 55 Development of outflow from the capillary block for different values of van Genuchten parameter

α of the capillary layer. All other parameters are kept constant at the initially prescribed values.
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Figure 56 Development of outflow from the capillary block for different values of van Genuchten parameter
of the capillary block. All other parameters are kept constant at the initially prescribed values.
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Figure 57 Development of outflow from the capillary block for different values of van Genuchten parameter n
of the capillary layer. All other parameters are kept constant at the initially prescribed values.
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Figure 58 Development of outflow from the capillary block for different values of van Genuchten parameter n
of the capillary block. All other parameters are kept constant at the initially prescribed values.
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Figure 55 to Figure 58 make it apparent that even a small change of the parameters – especially of the
van Genuchten parameter α – causes major change to the efficiency of the capillary barrier. Among
the examined combinations the highest breakthrough was estimated for van Genuchten parameter α of
the capillary layer equal to 0.08. This is consistent to a theory discussed later in Chapter 7.2.

Figure 59 to Figure 62 show variations of retention curves for different values of the parameters. One
parameter is varied at a time; the others have fixed values according to the Table 3.
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Figure 59 Retention curves of material of the capillary layer for different values of van Genuchten parameter

α . All other parameters are assumed to have initial estimated values.
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Figure 60 Retention curves of material of the capillary block for different values of van Genuchten parameter

α . All other parameters are assumed to have initial estimated values.
-80
n 3.4
n 3.5
n 3.6
n 3.7
n 3.8

Pressure head (cm)

-60

-40

-20

0
0

0.1

0.2
0.3
Water content (-)

0.4

0.5

Figure 61 Retention curves of material of the capillary layer for different values of van Genuchten parameter n.
All other parameters are assumed to have initial estimated values.
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Figure 62 Retention curves of material of the capillary block for different values of van Genuchten parameter n.
All other parameters are assumed to have initial estimated values.

It is not possible to select one perfect match for an observed retention curve, such a choice is always
rather subjective. This makes the high sensitivity to the parameters even more inconvenient.

7.2

Discussion of impact of hysteresis on numerical simulations

Hysteresis – introduction:
During the tipping trough experiments, the water content of the capillary layer, and similarly that of
the capillary block, was increased and decreased repeatedly. Such processes are affected by the
hysteresis phenomenon which means that the retention curve becomes a system of particular branches
rather than a function. Any process changing the water content monotonously follows its own branch
of the retention curve and this branch is different from the one followed by the previous process of
opposite orientation.

Hysteresis is usually neglected in simulations of capillary barriers (Oldenburg and Prues, 1993; Webb,
1997; Parent and Cabral, 2006). Nevertheless, Morris and Stormont (1998) suggest that in the case of
capillary barriers, hysteresis has a significant influence on predictions of flow and pressure conditions.
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A number of retention curve hysteresis models were developed which were either empirical or
theoretical (Krasnosel'skii and Pokrovskii, 1983; Mayergoyz, 1986; Visintin, 1994; Brokate and
Sprekels, 1996; Krejčí and Sprekels, 1998). Having obtained complete sets of retention curve
parameters θrd, θsd, nd, αd and θrw, θsw, nw, αw, and possibly also θmd, θmw defined by Vogel and
Císlerová (1988), where w and d stand for wetting and drying, respectively, it is possible to introduce
the hysteresis by means of the empirical model by Kool and Parker (1987). It is convenient to
introduce several assumptions. While θrd= θrw= θr, nd=nw=n and αd< αw are accepted generally,
Dohnal et al. (2006) suggest to assume also θsd= θsw= θs in order to obtain the hysteresis loop closed
also at the point of saturation (Figure 63).

Figure 63 Main drying and wetting branches of the soil water retention curve, simplification of

θ sd = θ sw = θ s

was assumed (Dohnal et al., 2006)

Comparison of efficiency of two capillary barriers (retention curve vs. hydraulic conductivity):

The laboratory experiments at Ruhr-University showed that the capillary barrier No. 1 worked with a
good efficiency and that a large amount of water was needed to get a measurable amount of discharge
from the capillary block (Wohnlich, 2006a). On the other hand, the barrier No. 2 was quite inefficient
and a relatively small amount of water broke it immediately (Wohnlich, 2006b). The amount of water
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infiltrating the capillary block is rather low, but it is a breakthrough nonetheless. These results are
rather surprising and cannot be explained solely by the shape of hydraulic conductivity functions,
Figure 28. In order to find a criterion making it possible to estimate the efficiency of a capillary barrier
from hydraulic characteristics of its materials, the shape of the retention curves has to be taken into
account.

Wang et al. (2000) suggest that the entry values of a soil (the air entry value and the water entry value)
can be defined as pressure heads at the retention-curve inflection points. Actually, at these points, the
derivative θ ´(h ) of the retention curve takes its maximum value. Hence, the inflection points are
points of maximum change of water content with unit change of pressure head.

The infiltrated water occupies the capillary layer and causes the pressure head at the capillary
boundary to reach or exceed the water entry value of the capillary layer. Beyond the capillary-layer
inflection point, any additional amount of infiltrated water increases the pressure head significantly.
Finally, if the pressure head reaches the inflection point of the capillary-block retention curve, the
capillary-block water content increases significantly meaning that the barrier has been broken.
Consequently, to be safe, the capillary barrier requires that the capillary-layer inflection point is
sufficiently below the inflection point of the capillary block. Moreover, it is important that the
inflection points of wetting branches are considered.

In virtue of Equation (33), pressure head at the inflection point of a retention curve is

hinf = −

n

m

α

.

(42)

Hence, in order to predict the reliability of a capillary barrier, following difference should be evaluated
(Trpkošová and Mls, 2010b), where the indices l and b stand for its capillary layer and capillary block

barrier
∆hinf
=
l

ml1 / nl

αl

−

mb1 / nb

αb

.

(43)

barrier
The efficiency of a barrier increases with increasing value of ∆hinf
.
l
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Making use of values presented in Table 1 and taking average values (Table 2) of the applied
barrier _ 1
barrier _ 2
barrier _ 1
parameters, one obtains ∆hinf
= 24.30 cm and ∆hinf
= 6.57 cm, where ∆hinf
and
l
l
l
barrier _ 2
∆hinf
denote the difference defined by Equation (43) for barriers No. 1 and No. 2, respectively.
l

The result suggests that the capillary barrier No. 1. is much more reliable than the barrier No. 2, and is
in agreement with tipping trough experiments.

The tipping trough tests carried out in Bochum show that the capillary barrier No. 1 is more efficient
than the barrier No. 2 (Wohnlich 2006a, 2006b). In the range of its positive values, the difference
between the unsaturated hydraulic conductivity of the capillary layer and that of the capillary block is
higher for the barrier No. 2. However, the range itself, measured in direction of pressure-head values,
is larger for the capillary barrier No.1 (Figure 28).

According to our results (Trpkošová and Mls, 2010b) the difference in pressure head values of
retention-curves inflection points is more suitable for the prediction of capillary barriers efficiency
than the difference in hydraulic conductivities.

The effect of hysteresis on the reliability of numerical modelling:

According to the above presented results, the efficiency of a capillary barrier is related to the distance
of the inflection points of its materials retention curves. Hence, our estimates of the efficiency may be
affected by the choice of retention curve branch; particularly if there is a significant difference
between the pressure heads of inflection points of the main branches.

As any actual process within a soil follows a retention curve lying between the main branches, we can
conclude that the hysteretic effect of the soil behaviour is proportional to the distance of the inflection
points of its main wetting and main drying branches measured in the direction of pressure head values.
According to Equation (42) and the asumption nd=nw, this distance is

material
∆hinf
=n m
l

α w −α d
,
α wα d

(44)

where α w and α d are the van Genuchten parameters α for wetting and drying branches. Accepting
the assumption nd = nw = n, the difference is given by a single parameter the value of α . According to
Equation (44), Table 2 makes it obvious that the soils of the capillary layer are more affected by
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hysteresis than the soils of the capillary block and that this phenomenon is particularly significant at
material
the material 1, where the value of ∆hinf
is largest.
l

The parameter α is related to the inflecion point by Equation (42). Table 1 presents its values for
varying porosity θ s of materials and shows that α is slightly sensitive to variations in material
porosity. The differences in pressure head, concerning the inflecion of the curve, vary from
centimeters for the finest material to millimeters for the coarsest material.

For almost all the range of water content of the capillary layer, the pressure head within the capillary
layer is lower than the pressure head needed to raise the water content of the capillary block (Figure
26). This difference is less significant for the wetting branch than for the drying branch (Figure 64).

Figure 64 Hysteresis of the materials of capillary barrier No. 1, when

θ sd = θ sw = θ s

is not assumed.

Parameters of the retention curve have been taken from Table 2, the inflection points are calculated
according to Equation (42).

The pressure head at the capillary boundary is controlled by the wetting branch of the capillary layer
up to the point of breakthrough. The material’s water content is gradually increased until the
breakthrough occurs. The laboratory measurement shows that θw < θd. If the simplifying assumption
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of closed retention curve and subsequent equality θsd= θsw= θs are discounted in the numerical model
and the material is regarded as following the wetting branch, then the material reaches the saturated
state faster (with smaller amount of added water) and also the pressure head at the boundary
approaches faster to the value needed for the breakthrough into the capillary block, than it would if
following the drying branch (Figure 64). Therefore if only the drying branch is used, the capillary
barrier’s efficiency is overestimated.

Consequently, it could be suggested that the behaviour of water within the capillary barrier is affected
by hysteresis and that the efficiency of a capillary barrier is closely related to the distance between
retention curves of materials of the capillary layer and the capillary block. If the retention curve’s
hysteresis is discounted and only the drying branch of retention curve is used, the efficiency of the
capillary barrier is overestimated.

94

Chapter 8

Implementation of recultivation layer in numerical
model of capillary barrier
The capillary barrier is not the sole component of surface sealing of landfills (Figure 65). It is overlaid
by a recultivation (water storage) layer, which has the following functions:
•

Place of vegetal processes

•

Place of climate-mechanical processes (drying, cracking)

•

Place where rainfall water becomes ground water

As the recultivation layer (RL) is in direct contact with the capillary barrier it was decided to include
this layer in the numerical model too.

Figure 65 Conventional landfill surface covering, right – alternative covering using a combined capillary barrier.

During the tipping trough tests the capillary layer is irrigated directly, in a real landfill profile water
has to cross the recultivation layer to approach the capillary barrier. If the interaction of a capillary
barrier and a recultivation layer is examined and understood it could help with assessment of
suitability of landfill-cover materials. The objective of this stage of modelling was not assessment of
the capillary barrier’s efficiency, but investigation of interaction between the recultivation layer and
the capillary barrier.
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The data needed for extension of the numerical model and implementation of the recultivation layer
have been collected during my research fellowship at University of Applied Sciences in Zittau and
Görlitz, namely in the research facility in Bautzen/Nadelwitz.

8.1

Research facility Bautzen/Nadelwitz and the measured data

Prof. Dr.-Ing. J. I. Schoenherr and Prof. Dr.-Ing. habil. J. Engel lead a reserch group investigating
recultivation layers using a lysimeter research facility in Bautzen/Nadelwitz with the aim to formulate
recommendations for recultivation layer constructing.

There are ten unweighable (gravitational) lysimeters in the lysimeter station Bauzten/Nadelwitz. They
are divided in two groups which differ primarily in the material applied for the lysimeter body. To
evaluate and assess the recultivation layers, which could be considered for real scale application, a
slightly cohesive material (slightly silty sand- Su2; Bormann, 2007) and a cohesive material (medium
clayey silt – Ut3) were used. The lysimeters within each group differed in thickness of the layers,
irrigation rates and the level of consolidation as shown in Figure 66. Slightly solidified material was
compressed at 92% of solidification according to the Proctor Standard, while heavily solidified
material at 100%. The investigated layers lay upon a drainage layer approximately 50 cm thick made
of washed gravel of fraction 2-8 mm (saturated hydraulic conductivity value is in order 10-4 m/s). All
the lysimeters have the same material of the upper body (sandy silt – Us) and the same vegetation
cover (commercial grass mixture).

Figure 66 Layouts of lysimeters in Bautzen/Nadelwitz. The lysimeters are denoted as A/B. The lysimeters A
belong to the group made of slightly cohesive material, lysimeters B to the group made of cohesive
material.

In order to take into account the weather conditions there is a weather station at the facility. It provides
data such as precipitation (Figure 67), wind direction, wind speed, total solar irradiance, air
temperature and relative atmospeheric humidity. Figure 68 shows the additional rrigation at lysimeters
3 and 5.
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Beside the weather conditions, the pressure conditions in the lysimeters and the outflows through the
lower boundaries were the primary observed data.
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Figure 67 Measured precipitation rate and evaporation rate as a function of time.
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Figure 68 The additional irrigation at lysimeter 5. The additional irrigation of lysimeters 3 and 5 causes the
difference in irrigation no greater than 0.3 cm/ day.
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8.2

Estimation of model parameters through inverse modelling

Modification to Richard equation
Including the recultivation layer means an additional layer in the numerical model of the capillary
barrier, the governing equations remain the same as in Chapter 6.1. The constant evaporation from the
surface of the capillary barrier was neglected in the laboratory conditions. In the field conditions,
varying temperature leads to time-dependent evaporation, so it was necessary to introduce timedependent evapotranspiration in the Richards Equation (29). According to its rate, evapotranspiration
was modeled as a source term:


∂θ (h)
∂ 
∂h
 K (θ )
=
+ δ i 3 K (θ ) − S (h)
∂t
∂xi 
∂xi


(45)

where x1, x2, x3 are the spatial coordinates with x3-axis oriented vertically; t is the time, θ is the water
content, h is the pressure head, K is hydraulic conductivity, δ is the Kronecker delta and S is the source
term, positive for direction out of the domain.

The sink corresponds to the evapotranspiration, it also covers the water drained by the roots of the
vegetation. Following the FAO methodology the evapotranspiration is governed by Penman-Monteith
equation (Allen et al., 1998):

ET0 =

0.408∆(Rn − G ) + γ

900
u 2 (es − ea )
T + 273
∆ + γ (1 + 0.34u 2 )

(46)

where ET0 is the reference evapotranspiration, Rn is net radiation at the crop surface, G is the soil heat
flux density, T is the average daily temperature, u2 the wind speed at 2 m height, es is the saturated
vapor pressure, ea the actual vapor pressure, ∆ is the slope vapor pressure curve and γ is the
psychrometric constant.

The potential evapotranspiration ET0 is converted to actual evapotranspiration ETA through a reduction
parameter a following the Feddes function (Feddes et al., 1978)

ET A (h) = a (h).ET0 ,

(47)
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where a(h) is a function depending on the capability of the roots to drain the soil in different values of
pressure head.

The parameters of the Richards equation (supplemented by the retention curve parameters and the
saturated hydraulic conductivity) were determined at the University of Applied Sciences in Dresden
(Geotechnical laboratory). The parameters of the investigated materials as well as the entire estimation
process are presented in detail in Müller et al. (2007).

Inverse modelling
The principle of inverse modelling is to determine model parameters for which the model outputs
match the observed data.

The simulated processes were formulated mathematically as one-dimensional initial boundary value
problems with Equation (45) for x ∈ Ω and t ∈ (0,T), where T denotes the period of simulation and the
domain Ω is defined as the interval. The program S1D_Console 10 (Vogel, 1999) was chosen for the
numerical solution of the problems. The program solves the Richards Equation (45) in one space
dimension using the finite element method.

Homogeneity and isotropy of the material within each layer were assumed. The hysteresis of the soil
water retention curves was neglected. The profiles consist of either two or three layers. In all case, the
whole profile was modelled.

The initial condition. The initial conditions were determined from the pressure conditions (measured
distribution of the pressure head). The initial conditions of individual lysimeters are presented in Table
4. Values in bold are measured values in the lysimeters, all the others are estimates in analogy with the
other lysimeters. Measurements for the lysimeters 3, 5, 8 and 10 were taken in the depth of 155 cm,
for the lysimeter 4 in the depth of 60 cm.

Table 4 Initial condition of the lysimeters.
h

h

(cm)

(cm)

Lysimeter 1

-400/-600

Lysimeter 6

-175

Lysimeter 2

-350

Lysimeter 7

-200

Lysimeter 3

-65

Lysimeter 8

-92

Lysimeter 4

-250

Lysimeter 9

-175

Lysimeter 5

-175

Lysimeter 10

-400/-600

99

The boundary conditions. Three different kinds of boundary conditions were used over the boundary
of the domain Ω.
At the upper boundary (corresponding to the upper boundary of the lysimeter) the Neumann
boundary condition applies. This means the throughflow changes in time. The condition is represented
by the precipitation and they are automatically measured at the lysimeter facility. At the lysimeters 3
and 5 additional irrigation is added to the precipitation. The reference to the Neumann boundary
condition is shown in Figure 67 and Figure 68, the mathematical form of the boundary condition states
Equation 37 (Chapter 6.1).

The boundary condition at the lower boundary depends on the type of the lysimeter. In the
lysimeters 8 and 10 (less than 100% consolidated layer) a free drainage is assumed while in all other
lysimeters the condition is regarded as a seepage face.

The seepage boundary condition is formulated by following switch between the Dirichlet and the
Neumann condition: There is the Neumann boundary condition with zero value prescribed while
pressure head is negative and there is zero value of the Dirichlet boundary condition prescribed while
the outflow through the boundary is non-negative. The mathematical form of the boundary condition
states Equations 39-41 (Chapter 6.1).

The free drainage is defined as flow govered by gravity i. e. with zero value of pressure-head gradient.
Hence, the flux density at the boundary is

v( x B , t ) = K (h( x B , t ))

(48)

and the imposed boundary condition is

∂h
(x B , t ) = 0 on Γ3, t > 0 ,
∂x

(49)

where x B is the coordinate of the point, where the condition is prescribed.

The reason for the boundary condition of seepage face is derived from the pressure head distribution in
the three- layers lysimeter. The mean pressure head 5 cm above the lower boundary of the lysimeter
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10 is -7 cm in the interval between days 100 and 180. The reason for the boundary condition of free
drainage for the lysimeter 8 is explained in Figure 78. The average pressure head 5 cm above the lower
boundary was -40 cm (time interval between days 30 and 243).

Sinks and sources
The loss of water can be explained by the potential evapotranspiration (47). The intake by vegetation
roots was assumed to happen in the zone up to 8 cm from the upper boundary. The numerical model
reflects this intake by the source term. The volume of evapotranspiration has been derived from the
weather data as shown in Figure 67.

Calibration of the numerical model
Program RETC was used for the determination of van Genuchten parameters of used materials (van
Genuchten et al., 1991). The obtained parameters are listed in Table 5 and they were used as initial
values during the inverse modelling.

Table 5 Initial values of hydraulic parameters of the investigated materials.

θr

θs

α

n

(-)

(-)

(1/cm)

(-)

0.050

0.39

0.030

1.31

Slightly cohesive, slightly consolidated material 0.055

0.31

0.050

1.48

Slightly cohesive, highly consolidated material

0.058

0.33

0.040

1.48

Cohesive, slightly consolidated material

0.095

0.45

0.032

1.29

Cohesive, highly consolidated material

0.088

0.47

0.031

1.26

Vegetation layer

Every layer was described using 12 parameters - 6 van Genuchten parameters, 5 Feddes parameters
and the saturated hydraulic conductivity. This means total of 24 parameters for the two-layer
lysimeters and 36 parameters for the three-layer lysimeters. The model is sensitive to changes of the
parameters. The highest sensitivity was found for the α, n parameters and the saturated hydraulic
conductivity. The calibration requires 6 or 9 parameters depending on the number of layers. Highly
accurate observed data (such as development of the pressure head) are needed in order to prevent
getting the same results for different combinations of parameters.

During the calibration the ten lysimeters were regarded as a single system. This means the parameters
of the layers should be identical. This can reduce the accuracy of the models, but it provides valuable
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insight into the system behavior for various lysimeter layouts, levels of saturation and water inflow.
The values of parameters obtained by the inverse modelling are listed in Table 6.

Figure 69 to Figure 76 show the comparison of observed data with the modelled data, the modelling
was undertaken with the final values of the parameters (Table 6). Results for lysimeters 1 and 2 are not
presented due to short duration of observation. Lysimeter 1 did not experience any outflow during the
field test observation, lysimeter 2 only showed outflow in a time period too brief to allow for proper
calibration of the model parameters. Field observations show that it is lysimeter 1 made of cohesive
materials that has the highest sealing capability.

Table 6 Updated hydraulic properties of the investigated materials (Trpkošová et al., 2008).

α

n

Ks

(1/cm)

(-)

(cm/day)

Vegetation layer

0.02

1.1

1.2

Slightly cohesive, slightly consolidated material

0.055

3.2

80.0

Slightly cohesive, highly consolidated material

0.005

3.8

40.0

Cohesive, slightly consolidated material

0.009

1.27

3.5

Cohesive, highly consolidated material

0.008

2.15

1.5
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Figure 69 Development of outflow from the lysimeter 3 – comparison of observed and modelled data, cohesive
material.
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Figure 70 Development of outflow from the lysimeter 4 – comparison of observed and modelled data, cohesive
material.
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Figure 71 Development of outflow from the lysimeter 5 – comparison of observed and modelled data, slightly
cohesive material.
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Figure 72 Development of outflow from the lysimeter 6 – comparison of observed and modelled data, slightly
cohesive material.
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Figure 73 Development of outflow from the lysimeter 7 – comparison of observed and modelled data, slightly
cohesive material.
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Figure 74 Development of outflow from the lysimeter 8 – comparison of observed and modelled data, slightly
cohesive material.
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Figure 75 Development of outflow from the lysimeter 9 – comparison of observed and modelled data, slightly
cohesive material.
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Figure 76 Development of outflow from the lysimeter 10 – comparison of observed and modelled data, cohesive
material.

Figure 69 to Figure 76 show that a very good level of consistency between modelled and observed
data was achieved for both slightly and fully consolidated materials. The lysimeters 4 and 7 with total
thickness about 1 m seem to be underestimated with regard to their sealing capacity; the modelled
outflow is higher than the observed. In the evaluation period between days 120 and 150 all the
lysimeters have higher modelled outflow than observed.

Figure 77 and Figure 78 show comparison of observed and modelled development of pressure head in
the monitoring points.
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Figure 77 Development of pressure head for the lysimeter 5 – comparison of observed and modelled data.
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Figure 78 Development of pressure head for the lysimeter 8 – comparison of observed and modelled data.

The drainage layer made of gravel of fraction 2-8 mm was not regarded as a part of the model domain.
Its function was modelled by means of boundary conditions described above. The phenomenon of
capillary barrier can occur at the boundary of the throughly consolidated layer and the underlying
drainage layer. The water transits from fine material to a coarse material only at appropriate pressure
head. The boundary condition of free drainage assumes that water can be drained away from the
system at any value of the pressure head. This means that the water would flow out even at lower
pressure head as shown in Figure 78 (lysimeter 8).

8.3

Impact of inclination on sealing capabilities

The gravitational movement in the vertical direction is the dominant movement in the lysimeters at the
research facility. The sealing properties of the system are therefore based only on its capability to
retain the water within the system. This is due to the layout of the lysimeters. A minimum slope
inclination of 3° is recommended for landfills (Mikulová, 2005). If the inclination increases, the
sealing capability is not affected only by the retention characteristics but also by the increasingly
important conductivity characteristics (Ross, 1990). The sealing effect is therefore caused not only by
retaining the water within the system but also by draining it away from the service area.

The material parameters which are independent on the layout of the lysimeters and the initial and the
boundary conditions have been obtained with the aid of inverse modelling. These can therefore be
used as independent material characteristics.
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Modified model area
A rectangular model area was chosen for the evaluation of impact of the inclination. The length of the
area was chosen as 15 m, after several different lengths have been tested, namely 10 m, 12.5 m, 15 m
and 17.5 m. It was required that the boundary condition at the down-dip boundary does not affect the
front section of the model area. The sensitivity of the flow processes in the model area were tested for
the slightly cohesive material, because it has higher value of the saturated hydraulic conductivity and it
was assumed that this material is more affected by the inclination. A simple exercise was used for
determining the model area, that simulated a seepage face for 200 days using the initial and boundary
conditions defined later in Chapter 8.3.

Figure 79 and Figure 80 demonstrate the convenience of the choice of the profile length (15 m). The
Figure 79 compares the development of pressure head in models 12.5 m and 15 m long, the Figure 80
for the models 15 m and 17.5 m long. The comparison concerns difference in pressure head in the two
model areas. Two metres long upper sections (segment 1, Figure 83) of the model areas are
considered. The section was chosen so that the irrigation was applied only at a 0.5 m long upper
boundary and in case of no inclination the water would flow out completely within the segment 1.
Figure 79 shows a non-zero difference between the pressure heads of the two models in the upper part
of the model domain for the length 12.5 m, Figure 80 shows that the pressure heads in the two models
are almost identical in the segment 1 and the above requirement is fulfilled for the length of 15 m.

The inclinations to be tested were chosen as 0°, 1°, 5°, 10° and 15° so that the trend of development of
the recultivation layer’s sealing capability could be assessed for various inclinations.
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Figure 79 Difference in pressure heads in model 12.5 m and 15 m long after stabilisation (day 200 of the
simulation). Dimensions in centimetres, inclination 15°.
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Figure 80 Difference in pressure heads in model 15 m and 17.5 m long after stabilisation (day 200 of the
simulation). Dimensions in centimetres, inclination 15°.

The simulated processes were formulated mathematically as two-dimensional initial boundary value
problems with Equation (29) for x ∈ Ω and t ∈ (0,T), where T denotes the period of simulation and the
domain Ω is defined as the projection of the lysimeter into into the vertical plane containing the axis of
the trough. The program S2D_dual (Vogel, 1999) was chosen for the numerical solution of the
problems. The program solves the Richards equation (29) in two space dimensions using the finite
element method.

The governing equations are the same as in the inverse model. The loss of water through the roots and
the evaporation were not assumed in the model of the capillary barrier. The evaporation has to be
considered during the inverse modelling if the estimated parameters are to be as accurate as possible. It
is however less important during the assessment of impact of inclination. Homogeneity of the
materials and isotropy of the hydraulic characteristics within each layer were assumed. The hysteresis
of the soil water retention curves was neglected. The model consists of two or three model layers
following layout of the lysimeters.

A triangle mesh was created using GS_v_01 code of Menhart software package (Mls, 2002). The
density of the triangles is not uniform in order to optimize the simulation speed. The density of the
triangles was higher in the segment 1 as this is where the irrigation takes place and the outflow
commences here if the inclination is not significant. The distance between adjacent vertices is 1.5 cm
in the segment 1 and 15-20 cm elsewhere (Figure 81).
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Figure 81 Triangle mesh used for assessment of impact of inclination on sealing capability of recultivation layer.

For the investigation of the impact of inclination on the sealing capability a simple process was
simulated that involves alternating periods with and without irrigation. The time-dependence of
irrigation is shown in Figure 82. The infiltration rate was chosen as 1 cm/ day independent of the
inclination, i.e. as a value of flow through the boundary. The irrigation was applied along 0.5 m at the
top of the inclined surface, the rest of the upper boundary is governed by Neumann boundary
condition of zero through flow.
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Figure 82 Development of irrigation rate along 0.5 long section of the upper boundary.
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Initial and boundary conditions
The state of saturation state was chosen as the initial condition. The prescribed pressure head was -5
cm and this value was imposed on the whole domain. Hence, the system started from a uniform and
stable state. The simulation lasted 60 days, the system was expected to nearly stabilise within this
time.

The boundary conditions. Three different kinds of boundary conditions were prescribed over the
boundary of the domain Ω. The location of boundaries Γ1, Γ2 and Γ3 is shown in Figure 83. The
mathematical form and physical sense of the corresponding boundary conditions are defined in
Chapter 6.1.

Figure 83 Layout of the modelled profile and location of the three kinds of boundary conditions. The length of
segments 1 to 3 is 2 m, length of segments 4 to 6 is 3 m, the length of irrigated area is 0.5 m.

The lower boundary was divided in six segments and the outflow was calculated for each segment
separately. Neumann boundary condition with zero value of flux was prescribed at the up-dip
boundary.

Results of simulations

Impact of inclination
Models of lysimeters 1 metre (corresponds to lysimeters 4 a 7) thick were used for evaluation of
impact of inclination. Figure 84 and Figure 85 show the outflow for different levels of inclination for
slightly cohesive and cohesive materials through the first two metres of the lower boundary (segment
1).
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Figure 84 The outflow through segment 1 for slightly cohesive material.
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Figure 85 The outflow through segment 1 for cohesive material.

Figure 84 shows a very high level of dependency of outflow on the inclination for slightly cohesive
materials. The sealing capability increases with increasing inclination. As shown in Figure 85, the
level of dependency of outflow on the inclination for cohesive materials is lower.

It was found that the cohesive materials have better sealing capability at zero inclination (according to
field results) than the slightly cohesive materials, but the slightly cohesive materials become
considerably more efficient as sealing when the inclination increases.

The segment specific outflows through the lower boundaries are shown in Figure 86 and Figure 87.
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Figure 86 The outflow rates through the lower boundary – cohesive material, day 60.
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Figure 87 The outflow rates through the lower boundary – slightly cohesive material, day 60.
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Figure 86 and Figure 87 show that while the increase in inclination causes a shift of the outflow
location from the first segment to the last one when a slightly cohesive material is applied. On the
other hand, when applying a cohesive material, most of the outflow is located in the first segment
regardless of the inclination.

Impact of layer thickness
The lysimeters differ in the thickness of layers and the level of consolidation. The outflows for the
same inclination but varying layer thickness are shown in Figure 88 to Figure 91.
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Figure 88 Outflow from segment 1 for slightly cohesive material and different layer thickness, inclination 0°.
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Figure 89 Outflow from segment 1 for slightly cohesive material and different layer thickness, inclination 15°.
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Figure 90 Outflow from segment 1 for cohesive material and different layer thickness, inclination 0°.
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Figure 91 Outflow from segment 1 for cohesive material and different layer thickness, inclination 15°.

The above figures show that for the slightly cohesive material the layer thickness does not seem to be
too important, the outflows for the inclination of 15° are very similar. The layer thickness is still of
considerable importance for the cohesive material, though. All results in this chapter are affected by
the initial condition at the beginning of the simulations.

8.4

Implementation of recultivation layer in model of capillary barrier

The results presented in Chapter 8.3 show that the recultivation layers, that can be considered as the
most efficient sealing according to field scale 1D flow analysis, do not seem to be the best choice
when 2D analysis is carried out. It is also found that the increase in inclination decreases the
importance of thickness of individual layers in the recultivation system.
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A recultivation system with total thickness of 1 metre, consisting of both cohesive and slightly
cohesive materials, was therefore chosen to be modelled as the upper part of the complex capillary
barrier model. Two main scenarios were tested – the underlying capillary barrier was assumed to have
parameters of either the barrier No. 1 or the barrier No. 2. The simulated combinations of the
recultivation layers and the capillary barriers are shown in Figure 92.

Figure 92 Simulated combinations of recultivation layers and capillary barriers.

Mathematical model definition
The simulated processes were formulated mathematically as two-dimensional initial boundary value
problems with Equation (29) for x ∈ Ω and t ∈ (0,T), where T denotes the period of simulation and the
domain Ω is defined as the projection of the complex (recultivation layer and capillary barrier) into the
vertical plane oriented in the direction of the slope. The program S2D_dual (Vogel, 1999) was chosen
for the numerical solution of the problems. The program solves the Richards equation (29) in two
space dimensions using the finite element method.

The governing equations are the same as in the capillary barrier model, the water loss through roots
and evaporation were not assumed. Homogeneity and isotropy of the materials within each layer were
assumed. The hysteresis of the soil water retention curves was neglected. The geometrical layout of
the model was the same for all the simulations – inclination of 11.3°, impermeable sheeting is located
identically to Simulation 2 (Chapter 6.1) The model consists of five layers (Figure 93). The parameters
of the model layers were established in Chapters 6.1 and 8.2.
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Figure 93 Numbering of individual layers of the capillary barrier and the recultivation layer.

A triangle mesh was created using GS_v_01 code of Menhart software package (Mls, 2002). The
density of the triangles is not uniform in order to speed up the numerical process. The distance
between adjacent vertices is 5 cm in the third and fifth layer and 10 cm elsewhere (Figure 94).

Figure 94 Triangle mesh of the extended model of the capillary barrier system.

Initial and boundary conditions
The initial conditions are the same as in the basic model of the capillary barrier, i.e. -40 cm and -20
cm. The initial pressure conditions that would correspond to saturated conductivity, when all the layers
would be in the same state, were not feasible due to unacceptable excess of water content in coarse
layer.

The boundary conditions. Three different kinds of boundary conditions were prescribed over the
boundary of the domain Ω. The locations of the boundaries Γ1, Γ3 a Γ4 are shown in Figure 95. The
function of boundaries Γ1 and Γ3 and the relevant boundary conditions have been defined in Chapter
6.1.
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Figure 95 Description of the boundary conditions. The lengths are in centimetres. The solid line describes the
part of boundary

Γ1 , the rings the parts of boundary Γ3 and the dot-dashed line the part of boundary

Γ4 .
A simple process with flooded surface was simulated, where the Dirichlet condition of a positive
constant pressure head (pressure head equal to +1 cm) was assumed along the boundary Γ4 for 200
days. Neumann boundary condition of prescribed infiltration varying in time (as in the model of the
simple capillary barrier) was not considered due to high surface outflow.
Denoting Γ4 the part of the boundary where the condition of a positive constant pressure head is
prescribed, it holds

Γ1 ∪ Γ3 ∪ Γ4 = ∂Ω and Γi ∩ Γ j = 0/

for i ≠ j .

(50)

The boundary condition imposed upon Γ4 is expressed as

h( x, t ) = ho (t ) on Γ4, t > 0 ,

(51)

where x = ( x1 , x3 ) .

Simulation results
The sealing capability of the system was retained in Simulations 14 and 15, which used the capillary
barrier No. 1 (Figure 96 and Figure 97). The Simulations 14 and 15 differed in distribution of water
within the recultivation system which reflects its material composition (Figure 98 and Figure 99). The
Simulation 16 with the capillary barrier No 2 showed outflow from the capillary block even at very
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low level of irrigation as shown in Figure 100 and Figure 101. Figure 102 shows the development of
water distribution in the modelled area (flow rate in the z-direction) during the Simulation 16.
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Figure 96 Outflow from the capillary layer in Simulation 14. The breakthrough did not occur.
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Figure 97 Outflow from the capillary layer in Simulation 15. The breakthrough did not occur.

Figure 98 Distribution of z-direction flow velocity in Simulation 14, day 100. Velocity in cm/day.
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Figure 99 Distribution of z-direction flow velocity in Simulation 15, day 100. Velocity in cm/day.
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Figure 100 Outflow from the capillary layer in Simulation 16, with a breakthrough of the barrier.
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Figure 101 Outflow from the capillary block and the recultivation layer in Simulation 16.
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Figure 102 Distribution of z-direction flow velocity in Simulation 16, day 100. Velocity in cm/day.

The simulations show that a recultivation system made of slightly cohesive materials cause water to
enter the capillary barrier further down the slope whereas a recultivation system made of cohesive
materials enables water to cross the system almost perpendicularly to layers and to enter the barrier
close to the up-dip boundary. This means that a recultivation layer of a slightly cohesive material
improves the sealing capability of a capillary barrier.

The Simulation 16 experienced leakage into the capillary block even at a low rate of irrigation. This
means a lower efficiency of the capillary barrier No. 2 in comparison with the capillary barrier No. 1.
This is consistent with results presented in Chapter 7.2.

8.5

Discussion

The set of ten lysimeters was regarded as single system during the determination of hydraulic
parameters using the inverse modelling, i.e. the parameters of the particular layers were assumed same
in all the lysimeters. The approach where the material parameters would be calibrated for each
lysimeter separately would have provided more accurate results in prediction of behaviour of that
particular lysimeter. However, it would provide up to ten different sets of parameters that would be
related not only to the material but also to the specific layout of the lysimeter. Such parameters could
not be used for subsequent investigation of impact of inclination on sealing capabilities and would not
allow the development of extended model of the capillary barrier.
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The WinPEST program (Watermark Numerical Computing & Waterloo Hydrogeologic Inc., 1999)
was used in the initial stage of inverse modelling, but the program could not handle probable patterns
of retention curves. The change of parameters had to be therefore done manually. Table 6 shows the
parameters obtained through the inverse modelling. The layers that have been thoroughly consolidated
show lower values of the saturated hydraulic conductivity, lower α parameter and higher n parameter.
It has to be noted that with increasing consolidation the porosity decreases and subsequently the
suction increases. Higher consolidation also increases homogeinity of the pore structure. With regard
to these assumption it seems reasonable to modify the soil parameters.

The results presented in Chapter 8.3 show that the recultivation layers, considered as the most efficient
sealing according to field observations using 1D flow analysis, do not seem to be the best option for a
real scale landfill conditions. The gravitational movement in the vertical direction is the dominant
movement in the lysimeters at the research facility. The sealing properties of the system are therefore
based only on its capability to retain the water within the system. This is due to the layout of the
lysimeters. The sealing capability of an inclined lysimeter is not affected only by the retention
characteristics but also by the conductivity characteristics (Ross, 1990). The sealing effect is therefore
caused not only by retaining the water within the system but also by draining it away along its layers.

An ideal layout of recultivation layer would make the underlying capillary barrier deal only with the
amount of water corresponding to the leakage through the least permeable layer of the recultivation
layer. This amount could get increased due to development of preferential flow paths, e.g. by
vegetation related disruptions or by cracks caused by drying. That is why materials resistant to
mechanical and climatic stress are preferred for the construction of the recultivation layer.

The capillary barrier was overstrained during the laboratory tests by very high infiltration rates. The
laboratory trough of 6 m in length is supposed to simulate processes in a real-scale landfill. The
amount of infiltration (irrigation) water at a landfill is significantly lower, and the amount of water at
the capillary boundary increases alongside the slope. In order to simulate field-scale processes in
laboratory, the irrigation and subsequently the amount of infiltrating water must be considerably
higher than the real-scale irrigation. The same holds for complex system of capillary barrier and
recultivation layer. And moreover, as the recultivation layer can serve as a capillary barrier itself, the
amount water infiltrating into the capillary barrier can be even lower. The main objective of the
simulations carried out in the frame of my research was study the interaction of the recultivation layer
and the capillary barrier, and to find conditions under which the numerical modelling can be used as a
substitute for the laboratory (tipping trough) investigation. From this point of view, the simulations
were related rather to laboratory experiments than to fields measurements.
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Usage of slightly cohesive soils for the recultivation layer helps to improve the sealing capability of
the system. Water is then drained away through the recultivation layer along the upper boundary of the
capillary barrier. Recultivation layers made of cohesive materials, on the contrary, allow the water to
cross the recultivation system and to enter the capillary barrier in the upper segments of the modelled
area.

The boundary between the lowest layer of the recultivation layer and the capillary layer of the barrier
creates a capillary boundary (RL-B capillary boundary, Figure 93) of its own. Chapter 7.2 includes
discussion about comparison of efficiency of two capillary barriers based on their retention curves.
slightly _ cohesive
cohesive
= 160.54 cm and ∆hinf
= 69.42 cm. Figure 103
According to Equation (43) is ∆hinf
l
l

shows the difference in inflection points of the retention curves of the materials. In order to provide
more comprehensible representation, the pressure head was linked to effective water content θ e , which
is defined as:

θe =

θ −θr
,
θs −θr

(52)

where θ is the water content (actual) and θr and θs are the residual and the saturated water content,
respectively.

The slightly cohesive soils have higher saturated hydraulic conductivity than the cohesive soils, which
helps the drainage of water along the boundary of the recultivation layer and the capillary barrier
further.

The recultivation layer improves the sealing capability of the capillary barrier in two ways:
1. Reduces the amount of water infiltrating the sealing system (due to surface runoff)
2. Participates on the drainage function, provided that the materials were chosen with
regard to this purpose.

The comparison of the modelling results of two different capillary barriers with cohesive recultivation
layer shows the capillary barrier No. 2 experiences a breakthrough but the capillary barrier No. 1 does
not. The barriers whose efficiency is discussed in Chapter 7.2 differed in the inclination of the trough
(although it should be more favourable to the barrier No. 2; Bussière et al., 2003a) and in the absence
of an impermeable sheeting in the upper part of the trough in the barrier No. 2. In this chapter the
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modelled area was the same for all the simulations and the observed processes cannot be disputed as
results of the model geometry. The modelling results are coherent with results of Chapter 7.2 and of
the laboratory tests in the tipping trough.
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Figure 103 Comparison of retention curves of material at the boundary of the retention layer and the capillary
barrier.

In Chapter 8.2 a boundary condition of free drainage was assumed in some of the lysimeters, which
allows free outflow of water from the lower boundary regardless of the local pressure conditions. This
boundary condition does not affect the pressure conditions in the modelled area. Unfortunately, this
kind of boundary condition can be prescribed only at horizontal segments of the boundary. The
boundary condition of seepage face was applied at the down-dip boundary in simulations presented in
Chapter 8.3 and Chapter 8.4. Such a condition represents a drain in the layer. The condition affects the
pressure-head distribution in certain part of the layer above boundary. In order to obtain unaffected
results, a sufficiently bigger length of domain was found so that it assures to keep the boundary effect
out of the originally studied region. Figure 99 shows the distribution of flow rates in the z-direction. It
can be seen that there is no outflow from the recultivation layer, but the water enters the underlying
capillary barrier. This is due to the above boundary condition of seepage face. Water can leave the
recultivation layer only at pressure head equal to 0 cm, but it enters the capillary barrier at lower
values of the pressure head (Figure 104).
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Figure 104 Distribution of pressure head, Simulation 15 (slightly cohesive soils), day 100. Pressure head in
centimetres.
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Chapter 9

Conclusions
Two tipping trough experiments undertaken at Ruhr-University Bochum were revisited numerically, in
order to find conditions under which it is possible to substitute numerical modelling of a capillary
barrier in place of its laboratory-based investigation.

Two different capillary barriers were considered with the aim of studying their efficiency from the
viewpoint of applied materials. The impact of hysteresis of the retention curve on numerical
simulations of the capillary barrier was discussed. A new criterion of capillary barrier efficiency was
found and presented.

The numerical model was studied with regard to the possibility of using it as a tool for investigating
the behaviour of a combined capillary barrier under variable conditions. The resulting model was used
in an assessment of the impact of intact and disturbed impermeable sheeting on the functioning of the
capillary barrier.

Ten lysimeters of different recultivation layer layout were used to estimate material parameters of a
numerical model of the recultivation layer. This allowed subsequent extension of the model of the
capillary barrier so that it included an overlying recultivation layer. This new model was then used in
investigations of the interaction between the recultivation layer and the capillary barrier with regard to
the materials used in their construction.

9.1

The numerical model of the capillary barrier

In the case of soils suitable for use in capillary barriers, the hydraulic characteristics determined by the
method specified in Chapter 5.1 are able to be numerically modelled with sufficient accuracy,
suggesting that this method could replace the laboratory testing of capillary barriers.

The obtained hydraulic characteristics were further utilized in an investigation of the influence of
failures in the impermeable sheeting on the efficiency of a combined capillary barrier. It was found
that even fine fissures (of 1 mm width) in the impervious sheeting can result in significant leakage
through the capillary boundary. On the other hand, the breakthrough of a combined capillary barrier
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(with sheeting) should never exceed that of a capillary barrier with no sheeting at all in the applied
model. It was also found that the relative position of the drain and the rupture of impervious sheeting
affect the efficiency of the barrier considerably. Taking into account that the position of a failure
cannot be predicted, the results suggest that the combined capillary barrier should be equipped with
the same drainage system as a simple capillary barrier.

The numerical model successfully provided answers to the questions originally intended for laboratory
research.

9.2

Impact of retention curve hysteresis on numerical modelling

When comparing the efficiency of two capillary barriers, the difference in pressure head values of
retention curve inflection points is a more suitable indicator than the difference in hydraulic
conductivity.

The efficiency of a capillary barrier is closely related to the distance between retention curves of
materials of the capillary layer and capillary block. The efficiency of a barrier increases with an
barrier
increasing value of ∆hinf
(Equation 43).
l

The behaviour of water within the capillary barrier is affected by hysteresis. If the retention curve’s
hysteresis is discounted and only the drying branch of the retention curve used, the efficiency of the
capillary barrier is overestimated.

9.3

Implementation of the recultivation layer in a numerical model of the capillary barrier

A recultivation layer improves the sealing capability of a capillary barrier by reducing the amount of
water infiltrating the actual sealing system, provided that it is not damaged and that preferential flow
paths do not develop. With a carefully chosen material composition, the recultivation layer contributes
to drainage function and lowers the amount of water infiltrating into the underlying capillary barrier.
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