
1 

-----------------------------------------------------------------------------------------------------------------
International Workshop « Hydro-Physico-Mechanics of Landfills”  LIRIGM, Grenoble University,France , 21-22 March 2005 

Abstract 
Capping systems with mineral liners - compacted clay liners CCL as well as clay geosynthetic barriers 
GBR-C - are often applied as a standard cover for landfills with small or medium hazardous waste. 
During dry periods, the clay liners can show a suction-induced dewatering due to seasonal fluctuation 
of the restoration layer’s soil moisture. In addition, the roots of the vegetation can deepen and pene-
trate into the mineral liner. If an ultimate suction is exceeded in the clay liner, irreversible cracks will 
occur and will reduce the sealing effect dramatically. The stress and deformation under which tensile 
cracks initially occur are imposed by the moister change of the adjacent layers and on the allowable 
suction of the mineral material related on its soil-physical properties and the stress conditions. Know-
ing this limits of effect and resistance a mineral layer can be designed with an engineering approach. 
The paper briefly shows the different impacts and some design principles to reduce the probability of 
desiccation cracks in cover systems with mineral liners.  

Introduction 
Compacted cohesive soils with low hydraulic conductivity (silt, clay) are used as an exclusive mineral 
liner or as a part of a composite liner (compacted clay and flexible membrane liner). The liner has to 
reduce the advective infiltration of water into the waste body and to prevent gas outlet into the envi-
ronment. Further required characteristics of the liners and the total lining system are described in the 
European regulations and its national documents ( EU-LANDFILL DIRECTIVE, 1999, DEPV,2002). 
In spite of several research projects such as AUGUST et al. (1998), BAYFORREST (2002) some prob-
lems dealing with cover lining systems are not solved definitively. In addition, no consistent design 
strategy have become accepted during the last two decades. Important durability problems of mineral 
liners are related to small loads, restraint deformations and the periodic changes of the moisture in the 
entire system. Regarding the long-term function of the cover lining system, the desiccation risk of 
mineral liners is of central relevancy because desiccation will cause cracks in the mineral liner any-
way, sooner or later. The result will be an exceedingly increase in permeability and therefore the loss 
of usability of the cover. 
In this paper, some fundamentals and an approach to design long term impervious lining systems are 
presented. Furthermore, supporting ‘geotechnical tools’ such as laboratory tests (e. g. tensile strength 
or shrinkage test) or numerical simulation (e. g. water balance) to characterize limit state conditions 
are briefly described.  

Results from site observations and excavations 
A number of excavations (e. g. overview in RAMKE et al., 2002) showed that mineral liners in cover 
lining system of landfills have often reduced or lost their sealing characteristics during a few years by 
micro and macro cracks or single tubes, respectively. The reasons often couldn’t be identified exactly. 
Therefore, the different processes and phenomena in cover lining systems should be analysed to get a 
better understanding. The central impact to a multi-layer soil system is the seasonal varying inter cor-
related soil moisture in each layer. All layers normally are unsaturated. Therefore, the suction profile 
varies by the changing water contents and the soil moisture is influenced mutually due to the suction 
gradients. From soil physics it is well known, that every change in suction will force a change in vol-
ume, shrinkage or swelling (Fig. 1). During the winter season (less vegetation), the soil system in-
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creases the moisture in the layers. While the suction decreases there is an advective flow towards the 
waste body. During summer, high suction values in the restoration layer are obtained and the water 
moves under an upward directed gradient. Therefore, the moisture in the clay liner decreases. These 
effects are supported and superposed by root growing which could dewater the top of the clay liner if 
the restoration layer is too dry and too thin, respectively, related to the climatic impact. Contrary to 
these seasonal effects there is a transport of water vapour towards the lower temperature that can be 
neglected und real circumstances. Using standard dimensions for capping systems all over Europe, 
desiccation wouldn’t be a problem in the Northern countries but in the central and especially in the 
Southern regions, where strong dry periods during summer are usual. Another adverse effect can arise 
independent of the location of the landfill, if fresh-air circulation in the drainage induces vapour trans-
port. 
As a result of a German workshop dealing with desiccation processes in cover lining systems, RAMKE 
et al. (2002) have summarized all known experiences about cracking and root penetration in clay liners 
of capping systems of landfills. Further knowledge from lysimeters and excavations are represented in 
ZEH & WITT (2002b). ROESLER & BENSON (2002) published results of in-situ studies dealing with 
cover lining systems in different climatic zones in US. Besides, desiccation in some clay liners were 
observed, too. All these studies definitely show the risk that mineral liners could be cracked or root-
penetrated within a cycle of a few years. But even a pre-crack state with not visible micro cracks can 
increase exceedingly the liner’s permeability. Furthermore, two main problems due to cracking in 
mineral liners could be derived from all results (also cf. WITT & ZEH, 2004): 

i)  Direct root penetration into the surface or the total mineral liner in case of a too thin or dried res-
toration layer related to the climatically exposition.    

ii)  Cracking in mineral liners by dewatering due to high suction values in adjacent layers (drainage 
or compensation layer). Reasons could be a capillary rise to the dried restoration layer or convec-
tive vapour transport into a ventilated drainage. 

In-situ and laboratory tests show, that the critical 
suction in a mineral liner (crack initiation) de-
pends on a couple of soil-mechanical and soil-
physical parameters like content of minerals, 
plasticity, soil structure, degree of compaction, 
initial moisture, overburden load etc. From em-
pirical studies we learn, that the critical suction 
varies in the range of 25 to 60 kPa for soils used 
for CCL (USCS classification groups ML – CL). 
Bentonites (clay geosynthetic barriers) or poly-
meric improved soils might show higher limits of 
suction (SIEGMUND et al., 2001, SCHANZ et al., 
2004). 
 

Limit State Conditions 
For any soil dewatering results in an increase of 
the matrix potential (suction) corresponding to 
the specific soil water characteristic curve 
(SWCC). Especially in cohesive soils as used for 
CCLs, this increase in suction leads to a reduction 
of void ratio and therefore to a certain shrinkage. 
The amount of volumetric strain depends on the 
structure and the strength of the soil. Neverthe-
less, any change in water content of a mineral 
clay liner causes a certain volumetric strain as 
illustrated in figure 1. But changes in water con-
tent of the CCL are obligatory if the moisture and 
the suction of the adjacent layers vary in turn of 
time. In a CCL or GBR-C this volumetric distor-
tion due to internal suction starts primarily verti-

Fig. 1: moisture – volume - suction relation-
ship of a cohesive soil 
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cal in the direction of the initial mayor principal stress. But if we consider total stresses including the 
superimposed suction, we can draw up easily, that there must be a lateral strain additionally if the total 
stress exceeds the prior lateral stress in rest. A crack occurs, if the total stress is greater than the ulti-
mate tensile strength of the soil that will be influenced by cohesion, aging, (sometimes cementation) 
and capillary forces. Therefore, a crack is nothing else as a local collapse of the soil structure. 
The actual suction Ψact within a profile of a mineral liner results from the interaction of the initial clay 
with the adjacent soil layers, which soil-water-conditions are strongly influenced by the vegetation and 
the history of climatic impact. The ultimate matrix potential Ψult is a soil specific parameter of the 
compacted clay that might depend at least on a couple of soil mechanical parameters and boundary 
conditions: 
 
ψult = f (σo, tmax, E*, ν, CMat, ACrack)      (1) 
with 
σo   = ∑ γi ⋅ di : cover load  
tmax  =  f (σo, c, ϕ, ψ): tensile strength 
E*  =  Young’s modulus (tensile strength to strain) 
ν    = Poisson’s ratio 
CMat = f (clay content, ρintial, energyinitial, structure): soil characteristics 
ACrack = f (number of cracks, max. accepted crack depth, crack length): normalised crack number. 
 
The estimation of the tensile strength in special laboratory tests yield to a well-defined relationship of 
suction (water content) changes and the tensile strength respectively E-modulus, (cf. HEIBROCK ET 
AL., (2003), ZEH & WITT, 2005). A combination of the water balance programmes with stress ap-
proaches and the tensile strength test results can be used as an upper boundary crack prediction for 
cover lining systems. But the relationship within an actual soil layer is far too complex to be analysed 
by a simple model that leads to a suitable design criteria using common soil mechanical parameters. 
During deformation process, coupled mechanisms may be acting in different parts of an element of a 
mineral liner. Over the finite depth of the clay liner the relative importance of the different parameters 
causing collapse may change as the dewatering and deformation process continues. Nonetheless, an 
overall limit state equation can be obtained providing a basis for a simple design approach. 
 
Following eq. 1 a crack will occur, if the actual matrix potential exceeds an ultimate value 
ψact ≥ ψult        (2) 
 
This may also be expressed in terms of moisture. Initial cracks will occur if the actual water content 
falls under an ultimate value: 
wact ≤ wult        (3) 
 
In both equations partial safety factors can be introduced to get an engineering design criteria compar-
ing impact and resistance. 
  
The probable adverse actual value of suction ψact respectively water content wact can be estimated by 
numerical simulations of the balance of water during long term periods as described in ZEH & WITT 
(2002a). The available water balance programmes like HELP or BOWAHALD run accurate enough to 
predict the future moisture conditions for probable adverse climatic impacts. Sophisticated mathemati-
cal models as used for coupled heat, moisture, air flow and deformation problems in unsaturated po-
rous media (THOMAS & SANSOM, 1995, ZHOU & ROWE, 2005) allow a better analysis and understand-
ing of the time dependent phenomena, but they are not sufficiently applicable for a quantitative predic-
tion due to a gap of the relevant parameters. A more fundamental strategy following the observation 
method starts with an empirical estimation of probable adverse effects coupled with the continues 
measurements of the suction in a test field as described by SIEGMUND et al. (2001).  
 
To estimate the ultimate value of suction ψult respectively the water content wult there are two ap-
proaches, a conservative empirically based assumption (combined with observation) or the direct ex-
perimental determination of the ultimate values with dry-wet-cycle test, simulating the entire process 
of desiccation under real stress conditions. Fig. 2 shows the scheme of the test device in a rigid wall 
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permeameter. The soil sample is fixed inside a 
cell between permeable support plates which 
are loaded by the axial pressure stamp. In the 
upper part of the cell water can be applied to 
measure the primary permeability. After dewa-
tering the cell dry air can be floated to dry 
down the soil specimen slowly. The axial 
pressure is kept constant, the axial deformation 
from shrinkage can be observed. The suction 
within the soil can be measured with micro-
tensiometers continuously. The drawdown of 
the water content can also be obtained by con-
tinuous weighting the entire equipment. Dur-
ing drying a small sub-atmospherical air pres-
sure is applied in the space below the sample. 
This air trap indicates even a small increase in 
air permeability of the soil specimen and 
therefore the initiation of cracks. To identify 
the development and structure of the cracks X-
ray pictures of the sample can be made at dif-
ferent sages of desiccation. 
With this simple and reproducible test, the 
ultimate suction and water content can be de-
termined for any stress condition and history 
of dewatering. The technique is well estab-
lished for testing GBR-C (KÖDITZ ET AL., 
2004) but also suitable to investigate the limits 
of thin silt and clay layers. 
 

Design Principles 
Landfill covers with composite liners, as prescribed in the EU directive for hazardous waste landfills, 
are sufficiently resistant against desiccation of the mineral component. A flexible membrane upon the 
mineral liner is the most adequate measure against root penetration. But even exclusive mineral sys-
tem, as used in most of the alternatives, can be constructed desiccation resistive, if the material of the 
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liner and the thickness of the restoration layer meets the requirements of the specific site conditions. 
The scheme of design and the tools to influence impact and resistance are illustrated in Fig. 3. The 
design of a cover system must be focused on both, the allowable ultimate suction of the mineral liner 
and the most adverse one as a result of the climatic circumstances and the water balance of the entire 
cover. 
The ultimate resistance, i. e. tensile strength respectively crack initiating suction, depends on the 
physical properties of the material, the build in conditions and the overburden pressure. Soils with a 
low capacity of shrinkage are silts and clays with a low and medium plasticity, while high plasticity 
soils are less suitable for a CCL due to the high shrinkage potential. In addition the tolerance against 
fluctuation of moisture of a cohesive soil can be improved by compaction at dry side of the proctor 
optimum. 
A more powerful tool is to restrict the imposed suction within the liner during the probable adverse 
climatic impact by designing an adequate system related to the side conditions. The most important 
factor will be the thickness, property, and porosity (density) of the restoration layer, that should work 
as a water-storage during the climatic changes of the seasons. For example, a slightly compacted 
restoration soil with an thickness of 1.5 m and an effective field capacity of about 200 mm/m is able to 
work as a water storage sufficiently at a humid location with an annual precipitation of > 1,000 mm. 
Therefore no desiccation problems and no root penetration will come up under such circumstances. 
But in a semiarid area with < 400 mm annual precipitation the same system would not be able to pre-
vent desiccation of an unprotected mineral liner. For such conditions we need a much thicker earth 
cover as a storage.  
Depending on the site conditions the stratification of the system can be designed precisely enough 
with help of regional experience and with an numerical analysis of the water balance, using the avail-
able programmes (ZEH &WITT, 2002A.). If there is any doubt in long term reliability the system can be 
strengthened enormously by wrapping the upper side of the mineral liner with a so called capillary 
protection layer CPL. A 15 cm layer out of a silty sand is able to decouple the seasonal peaks of suc-
tion in the earth cover and will tune down the amplitudes of impact to the mineral liner extremely. 
Very good results and long term experience with this simple measure are reported by SIEGMUND ET 
AL., 2001, and WITT ET AL., 2004.  
 

Conclusion 
Following the strategy to compare the imposed actual and the specific ultimate suction within the min-
eral liner, the risk of desiccation for covers with exclusive mineral liners out of compacted clay or 
geosynthetic clay liners can be analysed and assessed by designing the stratification and thickness of 
the different soil layers. Improvement of knowledge and therefore research is needed to understand the 
physical aspects of crack initiation in detail and to describe the limit state equation in terms of total 
stresses and deformations considering common soil physical and soil mechanical parameters. Never-
theless, for the central Europe humid areas, standard solutions work reliable over a long life cycle if 
we use suitable soils and adequate dimensions. However, under very dry or semiarid conditions we 
need very thick earth covers to prevent desiccation. Therefore exclusively mineral cover systems grow 
uneconomically in comparison to composite liners using geomembrans against desiccation and root 
penetration. 
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