
LICENTIATE T H E S I S

Department of Civil, Environmental and Natural Resources Engineering
Division of Mining and Geotechnical Engineering

Performance of Landfills of Hazardous 
Waste with Special Respect to the 

Function of Clay Liners

Laith Al-Taie

ISSN: 1402-1757  ISBN 978-91-7439-471-9

Luleå University of Technology 2012

Laith A
l-T

aie  Perform
ance of Landfills of H

azardous W
aste w

ith Special R
espect to the Function of C

lay Liners

ISSN: 1402-1757  ISBN 978-91-7439-XXX-X     Se i listan och fyll i siffror där kryssen är





 

 

 

LICENTIATE THESIS 

 

PERFORMANCE OF LANDFILLS OF HAZARDOUS 

WASTE WITH SPECIAL RESPECT TO THE 

FUNCTION OF CLAY LINERS 
 
 

Laith Al-Taie 
 
 

Department of Civil, Environmental and Natural Resources Engineering 
Division of Mining and Geotechnical Engineering 

Luleå University of Technology 
Luleå, Sweden 

 
 

 

 
 
 

SUPERVISORS 
SVEN KNUTSSON & ROLAND PUSCH 

 
 

  



Printed by Universitetstryckeriet, Luleå 2012

ISSN: 1402-1757  
ISBN 978-91-7439-471-9

Luleå 2012

www.ltu.se



iii

 
 
 
 
 
 
 
 
 

To my family 
Father, 

Mother, 
Brothers and Sisters 



iv

  



v

ABSTRACT (ENGLISH) 
 
 
 
This licentiate thesis is based on four papers related to the performance of near-surface 
low-level (LLW) repositories (landfills) focusing on construction and performance of clay 
liners in the cappings. The first paper discusses the source of hazardous wastes, their 
location and their impact on public health. The paper also discusses the scientific basis of 
the selection of the isolation of such wastes taking in account also cost issues. The paper 
also shows rules and principles of composing and constructing isolation of such waste 
according to American and German regulations. The second paper deals with the criteria 
for locating plants for processing and disposal of hazardous waste in Iraq with special 
respect to environmental, geological and socio-economic factors. Referring to these 
criteria a potential disposal site in the Al-Jezira desert is assessed in the paper. The third 
paper describes the properties of two candidate Iraqi smectitic clays of potential value for 
isolating hazardous wastes. These clays have been and are still being examined in order to 
determine their performance and usability for waste isolation. The fourth paper, finally, 
discusses in detail the hydration-dehydration processes in clay liners in cappings of waste 
landfills in desertic climates. It also deals with construction issues.   
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ABSTRACT (SWEDISH) 
 
 
 
Denna licentiatavhandling är baserad på fyra artiklar med anknytning till utförande av 
ytnära deponier för lågaktivt avfall (LLW) med fokus på byggande och funktion hos 
lerlager i topptäckningen. Den första artikeln behandlar ursprunget till farligt avfall, dess 
förekomst och inverkan på folkhälsan. Artikeln rör också det vetenskapliga underlaget till 
val av isoleringen av sådant avfall med hänsyn också till kostnadsfrågor. Regler och 
principer för uppbyggnad av isolering enligt amerikanska och tyska normer redovisas. Den 
andra artikeln beskriver hur behandling av avfall sker i anläggningar för avfallsdeponering 
och innehåller förslag till kriterier för placering av sådan verksamhet i Irak med särskild 
hänsyn till miljömässiga, geologiska och socio-ekonomiska faktorer.  Med dessa kriterier 
som grund visar artikeln att en anläggning i Al-Jeziraöknen kan vara lämplig för 
behandling och deponering av farligt avfall. Den tredje artikeln beskriver egenskaperna hos 
två irakiska smektitiska leror som ses som kandidatmaterial för isolering av farligt avfall i 
Irak. Dessa leror undersöks fortlöpande för att utvärdera deras användbarhet för ändamålet. 
Den fjärde artikeln, slutligen, behandlar processerna vid bevätning/uttorkning av lerlager i 
avfallstäckningar i ökenklimat och frågor som gäller byggande av sådana täckningar. 
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1 Introduction 

This chapter is an introduction to the thesis, which deals with the radiological situation in Iraq by 
defining hazardous wastes including depleted uranium (DU), and proposing techniques for solving 
the problem of isolating radioactive waste in this country. 

 

1.1 Are Hazardous Wastes Present in Iraq? 

The Iraqi state has been and is still suffering from accumulated hazardous wastes (HWs). HWs are 
currently found in chemical and radioactive forms as a consequence of the 1991 and 2003 wars 
(MOEN, 2005). The use of depleted uranium (DU) munitions and destruction of Iraqi nuclear 
facilities gave different levels of radioactive contamination ranging from low to high radiation 
levels covering various parts of Iraq, Fig. 1. A report published by the Iraqi Ministry of 
Environment revealed the existence of contamination in the form of solids and liquid objects in 
addition to contaminated scrap and soil, Table 1. Examples of radioactive waste contamination are 
given in Fig. 2 and 3. Moreover, Iraq nuclear facilities destroyed in the aforementioned wars were 
contaminated with different levels of radiation ranging between low to high, Fig. 4, (MOEN, 
2007; IAEA, 2010). The various types of contamination have had serious effects on the public 
health of Iraqi people, (Bleise et al., 2003; MOEN, 2005; Bertell, 2006). 

In 2004, the Iraqi government initiated work to resolve the crisis with the support of 
International Atomic Energy Agency (IAEA). The IAEA agreed to assist the Iraqi government by 
taking a first step toward evaluating the contamination problems and taking all related problems 
into consideration (Table 1, IAEA, 2010). 

 

Table 1: Preliminary data on radioactive contamination in Iraq including DU, (MOEN, 2007) 

Radioactive contamination  Quantity (ton) 
Solid 500 
Liquid 270 
Scrap and soil  Unspecified  

 

 

1.2 Hazardous Wastes 

1.2.1 Definitions  

There are many national definitions of HWs that can be sub-grouped into two major categories; 
characteristic wastes and listed wastes. Characteristic wastes are known to exhibit hazardous 
behavior like ignitability, corrodibility, reactivity and toxicity. Listed wastes are considered as the 
rest products of specific industrial waste streams. They include those specified in the F-list, K-list, 
P-list and U-list, (USEPA, 2005). Radioactive wastes are divided into four groups depending on 
their activity levels, Table 2, (IAEA, 1994). 
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Figure 1: The distribution of contamination with hazardous wastes in Iraq, (Chulov, 2010) 

 

 

         

Figure 2: Left: Waste barrels with uranium material (known as yellow cake), and waste material stored in 
plastic barrels. Right: Decayed solid and liquid radioactive wastes stored in silos at the Al-
Tuwaitha site (www.iaea.org) 

 

 

         

Figure 3:  Left: Radioactive scrap and soil at the Adaya site in northern Iraq. Right: Contaminated soil at 
the Al-Tuwaitha site - RWTS Warehouse near Baghdad, (www.iaea.org) 
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Figure 4: Left: The destroyed Tamoz 2 reactor. Right: The IRT 5000 reactor, (www.iaea.org) 

 

DU falls under HWs and is considered as low-level radioactive waste (LLW). The latter is 
defined as “Radioactive waste that is not high-level waste, spent nuclear fuel, transuranic waste, or uranium 
or thorium mill tailings”, (NCRP, 2006). 

 

1.2.2 Soil Contaminated by Depleted Uranium (DU) 

DU, which is a byproduct of the nuclear enrichment processes, is less radioactive than uranium 
(40%). Because of its extreme density research of using it as armor-penetrating ordnance began in 
the early seventies by the US army, including also the nature of accumulated DU (Bleise et al., 
2003). Further, DU is genotoxic. It chemically alters the DNA causing abnormally high activity 
in cells leading to tumor growth (Birchard, 1998; Miller, 2007). 

 

Table 2: Radioactive waste classification, (IAEA, 1994) 

Waste class Disposal option 
1. Exempt waste (EW) No radiological restrictions  
2. Low level waste (LLW) Near surface repository   
3. Intermediate level waste (ILW)  

3.1 Short-lived waste (ILW-SL) Near surface repository   
3.2 Long-lived waste (ILW-LL) 

} Deep geological repositories 
4. High level waste (HLW) 

 

 

2 Hazardous Wastes Disposal  

All HWs disposal facilities should be designed on the basis of protecting waters (surface and 
groundwater), environment and biotic receptors. The produced HWs should not be a burden on 
future generations. Near-surface repositories or landfills (NSRs) are internationally adopted for 
isolating the hazard considering LLW and ILW-SL which, for the Iraq case, represent DU 
contaminated soil and scrap. These facilities are still the common and the economical solution 
available today, (Pusch, 1994; Chien, 2006). Internationally, about 40 near-surface disposal 
facilities are in operation in the past 35 years, and extra 30 facilities are expected to be in service 
within the forthcoming 15 years, (IAEA, 2012). The time-related performance of NSRs is 



6

defined for a predetermined period. A time frame of 300 years is defined for disposed LLW and 
LILW-SL according to the IAEA regulations, (IAEA, 1994). In contrast, the American Nuclear 
Regulatory Commotion (NRC) has advised the isolation of LLW for 500 years, (NCR, 2000). 
Other environmental regulations are also relevant, like those concerning uranium and thorium 
mill tailings, which have to be isolated for 1000 years following the 40 CFR192 rules, (NCR, 
2000). ILW-LL and HLW should be isolated in deep geological repositories (Pusch and Weston, 
2012) for at least 100,000 years following IAEA regulations.  

 

2.1 Disposal Concepts of LLW and ILW-SL 

Three safe disposal options are recommended for avoiding contamination of the biosphere: 

2.1.1 The Surface Concept 

An NSR constructed on elevated ground “hill-type” is being proposed for effective isolation of 
HW from groundwater. Multi-barrier arrangement that could be of natural and/or engineered 
materials is preferable, like using concrete or steel drums for confinement. The containers are best 
isolated from the surrounding landfill by being placed in a reinforced concrete structure 
comprising vaults. The principle can be as in Fig. 5a, which indicates that the vaults are covered 
by clay and an upper draining layer that also serves as erosion protection. A well-engineered 
repository should function as a dry tomb throughout the required period of isolation.  A 
drawback of this concept is the exposure to weathering and erosion that might endanger its 
integrity and function. However, such a concept was effectively applied in Centre de Aube NSR-
France and the Lithuanian NSR, which is presently under construction. 

 

2.1.2 Trench Concept 

The idea is to construct an engineered trench in the ground built of masonry blocks, fabricated 
metal, concrete or other materials, Fig. 5b. It can be located above or below the groundwater 
table. HWs can be placed in concrete containers or reinforced concrete vaults surrounded by 
natural and/or engineered barriers in addition to a drainage system. The effect of erosion is less 
than for the on surface concept but the cement component will start dissolving and Ca2+ given off 
to the groundwater, which leads to lower strength after a century and nearly total loss of strength 
in a thousand year perspective, (Höglund, 2001). The selection of a suitable site can be a 
challenge in this context since rapid groundwater flow can accelerate the degradation of concrete 
in NSR storages. This concept was applied in Sellafield NSR-UK and in Rokkasho Mura NSR-
Japan, (IAEA, 2009). 

 

2.1.3 Underground Concept 

Underground abandoned tunnels can be adopted for HWs isolation, Fig. 5c. This principle was 
successfully applied in Forsmark, Sweden and Loviisa and Olkiluoto in Finland where HWs are 
being embedded in crushed crystalline rock fill. Rock salt and clay deposits are options in certain 
regions, like in Germany and France, (Pusch, 1994). However, they present difficulties with rock 
stability and the problem with groundwater flow modeling is not solved. The risks associated with 
HW storage below the groundwater level are high and effective long-lasting engineered barriers 
are needed (IAEA, 2006; Popov and Pusch, 2006). 
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2.1.4 Tentative Remarks  

The first two concepts could possibly be applied for disposal of HWs in Iraq. They are similar and 
represent the same construction cost, except for the trench version located under water, which 
will be significantly more expensive. An advantage of the below-ground concepts is that the 
disposal is hidden and therefore not appearing as threatening if located near residential areas. Also, 
they do not require the comprehensive isolation from external impact, like heavy rainfall and frost 
that on-ground disposal requires. 

 

2.2 NSR Main Components  

The “on-ground” and “below-ground” concepts will comprise the following components. 

2.2.1 Final Cover System 

It is also called “capping” and “top liner system” that is usually composed of multi-layers (starting 
from top):  1) surface layer (with/without a vegetative cover), 2) protection layer, 3) drainage 
layer, 4) hydraulic/gas barrier layer, and 5) foundation layer. The main objective of a well-
engineered cap is to, (USEPA, 1990; Koerner and Daniel, 1997): 

1. Control water percolation to the wastes, 
2. Control the release of gases, 
3. Perform as physical buffer isolating the wastes from biotic receptors, 
4. Provide protection against weathering and erosion. 

A properly designed capping will minimize or eliminate water percolation into the waste body, 
hence minimizing or under some conditions, eliminating the need for a bottom liner especially in 
desertic climates, (Pusch and Kihl, 2004). There are many national regulations concerning the 
final coves, Fig. 6 and 7 describe the American and German types. 

 

2.2.2 Bottom Liner System 

This arrangement is located below the waste body and acts as a foundation. It comprises the 
following components (starting from top): 1) regulating layer, 2) drainage blanket (sand and gravel 
or synthetic material), 3) protective layer, 4) hydraulic barrier and finally 5) the foundation layer. 
Fig. 6 and 7 show the minimum requirements according to the American and German 
regulations. The bottom liner system is considered as the final defense line in case of water 
percolation through the capping and waste mass. 

 

2.2.3 Leaching Collection and Removal System (LCRS) 

LCRS is included within the bottom liner system. Its main function is to collect the leachate in 
case of water percolation through the bottom liner system. It includes a drainage layer, filters, 
cushions and sumps in addition to pipes and some other components. Such systems require 
continuous  monitoring and maintenance during the NSR service time that must last for 300 
years which make it quite expensive and requiring an organization capable of running them. The 
need for LCRS in desertic climates (e.g. Iraq) may not be necessary which eliminates considerable 
technical difficulties and cost. The aforementioned components are subjected to maintenance and 
regular upgrading and repair. They are discussed further in paper #1. 
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2.3 Hydraulic Barriers 

These barriers are considered to be the most important components of the final cover and bottom 
liner systems and can consist of natural or synthetic materials. They are of three main types: 

 Compacted clay liners, CCL 
 Geomembrane, GM 
 Geosynthetic clay liners, GCL 

These materials could be included as a barrier solely or as composite components, e.g. 
GM/CCL, GM/GCL or GM/GCL/CCL. 

A compacted clay liner (CCL) is an example of natural hydraulic barriers composed of a 
mixture of expanding clay minerals and ballast. The expanding clay component referred as 
smectite or bentonite while the ballast could be of any material other than clay, like gravel, sand 
or silt. CCLs are placed in shallow layers called “lifts” and compacted using heavy compaction 
machines, Fig. 8. The mixing of smectite with ballast and addition of water are considered as 
mega processes and involve a lot of technical difficulties. 

Geomembranes are manufactured industrially and marketed under different names, like high 
density polyethylene (HDPE), very flexible polyethylene (VFPE), co-extruded H DPENFPE/H 
DPE, Flexible polypropylene (fPP), Polyvinyl chloride (PVC), Fig. 9. All of these types are either 
smooth or surface textured for increased friction and shear resistance strength for minimizing the 
risk of slope failure. 

Geosynthetic clay liners are manufactured rolls of smectite-rich bentonite sandwiched between 
geotextiles and adhesively attached to a geomembrane. The bentonite is the main component of 
the GCL because of its low hydraulic conductivity. GCLs are also structured by needle punch 
stiches that provide enough strength for handling and placement, and for sustaining shear forces in 
slopes. 

 

2.4 Requirements for CCLs 

As stated earlier, CCLs are used for top and bottom liner systems. They are subjected to strict 
requirements because of their important rule of controlling water percolation. Table 3 shows the 
requirements according to United States Environmental Protection Agency (USEPA). More 
details are found in paper #1. 

 

Table 3: USEPA requirements for CCLs, (USEPA, 1990) 

1. Percentage fines:  (20-30)%, percentage fines are the material passing 75 m 
sieve, 

2. Plasticity index  (7-10)%, 
3. Percentage gravel  30%, the material retained on sieve No. 4, 
4. Maximum particle size: 25-30 mm, 
5. Hydraulic conductivity  1×E-9 m/s and 1×E-10 m/s for top and bottom 

liner systems respectively. 
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Figure 5: Disposal concepts of LLW and ILW-SL. A & B: on the surface disposal concept. C & D: the 
trench disposal concept. E: underground burial concept. 

 

 

 

Figure 6: Required components for shielding hazardous waste landfills according to the German 
geotechnical society, A) Capping system. B) Basal lining system. (Modified from DGGT, 1993) 

No. Layer zone 
1 Restoration profile, subsoil, top soil. 
2 Drainage system. 
3 Geomembrane. 
4 Mineral sealing layers. 
5 Gas venting system. 
6 Regulating layer. 
7 Waste body. 
8 Transitional layer (if necessary). 
9 Drainage blanket. 
10 Protective layer. 
11 Geomembrane. 
12 Mineral sealing layers. 
13 Subgrade (in the case of embankment or soil 

replacement). 
14 Subsoil. 
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Figure 7: Required components for shielding hazardous waste and LLW landfills under RCRA 40 CFR 
§258. A) Final cover system. B) Bottom liner system. (Modified from NRC, 2007) 

 

 

         

Figure 8:  Compaction of clay liner as a component of the bottom liner system. Left: Altdorf, Germany 
(Gartung and Burkhardt, 2009). Right: bottom liner compacted via pad-foot roller at the 
Högbytorp landfill, Sweden, (Pusch et al., 2011). 
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Figure 9: Left, geomembrane rollers, (GM, 2012). Right: geosynthetic clay liner, (GCL, 2012). 

 

2.5 Smectites and the Engineering 

Clays have been known to humans since the early dawn of civilization. They are ranked as the 
material of the 21st century because of their abundance, inexpensiveness and alliance in many 
environmental and remedial applications. In the industry, clays are exploited in ceramics, paints, 
paper, rubber and cosmetics. The expanding group of clays, i.e. the smectites, has many 
environmental applications. Various types of wastes, ranging from municipal to highly radioactive, 
are being isolated from biosphere in repositories relaying on smectitic based seals. 

Most smectites originate from the transformation of volcanic ash in saline water environment. 
They can occur in beds of various thicknesses ranging from few centimeters to several meters. 
Smectites can also be sourced from the weathering of feldspars and heavy minerals of 
hydrothermally eroded rocks. They appear within fractured rock mass where solutions have 
caused the transformation, (Pusch and Yong, 2006). Smectite is the group name of expanding clay 
minerals like montmorillonite, beidellite, nontronite, saponite, hectorite and sauconite (Mitchell 
and Soga, 2005). Smectites, commercially termed as bentonites, are widespread in different parts 
of the world. Well known examples are those from Wyoming in the US and from southern 
Europe where many of them were formed in Cretaceous and Tertiary times. Wyoming 
bentonites are being investigated and used for various industrial purposes; among them is the 
ground and sieved brand MX-80. Na+ is the major cation that gives it favorable colloidal 
properties, plasticity and bonding. Most European bentonites have Ca2+ as major adsorbed cation 
and they are converted to Na+ type by soda treatment and therefore contain more calcite than 
naturally occurring Na-bentonites. Table 4 shows international bentonite production listed by 
countries. 

 

2.5.1 Iraqi Clays 

Iraq has considerable amounts of clay minerals. They are mainly distributed in desert areas. For 
instance, the Western desert holds more than 22 million tons of Ca-bentonite deposits formed in 
Late Cretaceous and being situated within the Al-Anbar governorate. Considering its 
composition, the dominant clay minerals were identified as montmorillonite and palygorskite, 
(Al-Bassam, 2007). The annual production of bentonite is reported to be 75 kilotons according to 
the Iraqi Geological Survey Company, which is associated to the Iraqi ministry of industry and 
minerals. Recently, the aforementioned afflation agreed with a Chinese company upon building a 
soda treatment unit for producing Na-activated bentonite, (IGS, 2012). Further, the Al-Jezira and 
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Southern deserts contain valuable deposits of claystones of 1-10 m thickness. Montmorillonite and 
palygorskite are the dominant clay minerals in them, whereas some parts of the Southern desert 
(Al-Sahan area) contain 5 m clay deposits with up to 98% palygorskite. The exact quantities of 
these clays are under evaluation, (Jassim, 2009). 

Some of the aforementioned clay deposits are currently being exploited for many industrial 
purposes like oil drilling and these clays should also be valuable for environmental applications, 
like isolation of HWs. The suitability of these clays from an engineering perspective must be 
evaluated before starting large-scale exploitation. Two smectitic clays were selected for testing and 
they have been thoroughly discussed in paper #3. 

 

Table 4: World production of bentonite by country per 2009, (USGS, 2012) 

Country Production in  metric tons 
United States 3650 
Turkey 1000 
New Zealand 880 
Greece 845 
Mexico 511 
Japan 432 
Germany 350 
Ukraine 300 
Iran 250 
Argentina 250 
Australia 240 
Brazil 239 
Bulgaria 170 
Spain 155 
Cyprus 150 
Italy 146 
Slovakia 145 
Poland 120 
Peru 120 
Czech Republic 116 
Total 10069 
 

 

2.6 Hydration – Dehydration of CCLs 

The matter of cyclic hydration/dehydration caused by normal weather variations has been 
extensively tested by various investigators leading to the belief that water retention (suction), 
hysteretic phenomena and unsaturated hydraulic hysteresis phenomena play a major role, 
especially in thick clay liners, (Marshall et al., 1996; Yong et al., 2012). The water uptake of 
swelling clay could be either as finger flow paths (loose structure) or the flow by diffusion 
migration (dense structure). The wetting front advance (WFA) is a function of initial soil density 
and percentage of clay, as well as of the water pressure. It also depends on the geometrical and 
boundary conditions. Thus, for smectitic clay, the WFA of highly compacted confined clays is 
much slower than of low-density unconfined ones, (Yong et al., 2012). Further, the clay content 
also affects the wetting speed. Mixtures of clay loam and #14 glass beads prepared with 50, 75 and 
100% loam ratios showed that after about 1600 minutes, the wetting front distance from the 
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source was about 14, 9.8 and 6 cm respectively, (Yong et al., 2012). Moreover, the initial water 
content of the soil affects WFA. El-Shafei concluded that as the initial water content increases, the 
WFA increased, (El-Shafei, 1988). Accordingly, for maximum water tightness of CCLs, one 
concludes that liners with high density, high clay content and sufficient confinement (no volume 
change) are important factors for successful waste isolation. Nonetheless, one should also keep in 
mind the generated swelling pressure at high densities and at high clay contents. These issues will 
be discussed later. 

 Dehydration of CCLs can also take place, especially in desert climate, like in Iraq. The CCLs 
in the top liner system will be wetted by infiltrated water and may undergo desiccation during 
drought seasons, causing risk of fracturing. These fractures can be filled with frictional materials 
emerging from the filter materials overlying the top liner, hence reducing the “effective” liner 
thickness intended in the design, Fig. 10. The installation of a sufficiently thick overburden over 
the top liner can eliminate or minimize temperature and moisture fluctuations. Further, one 
should also consider the self-healing capacity of smectites upon wetting when subjected to a 
pressure that balances the swelling pressure, since this can close cracks emerging from shrink–swell 
cycles, (Boynton and Daniel, 1985). 

 

Figure 10: Poorly desiccation-protected top liner. Cohesionless materials overlying the top liner (i.e. 
sand/silt) may drop down in the cracks upon drying. Expandability of the clay due to the next 
wetting cycle will not effectively close up these cracks, hence reducing the “effective” liner 
thickness. 

 

 

3 Factors Controlling the Design of CCLs  

Many issues have to be considered by geotechnical engineers in the design of CCLs for making 
them perform acceptably over the years. If a certain clay is selected for the isolation purpose 
having specific mineral “chemical” composition, then five main factors have to be considered in 
the design: hydraulic/gas conductivity, swelling pressure, shear strength, slope stability and creep 
strain, Fig. 11. They are functions of the dry density and clay content. The chemical integrity of 
CCL composition will control the performance of all mentioned factors as discussed in papers #1 
and 3.  

Sand/silt 

Gravel 

Clay liner 

Percolated water 

Desiccation crack 
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Figure 11:  Factors controlling the design of CCLs. The “density and clay content” control the five design 
elements. The shear strength is responsible for slope stability and creep issues. 

 

3.1 Hydraulic/Gas Conductivity 

The hydraulic and gas conductivities are determined by the dry density and clay content and by 
the microstructural evolution of the clay liner, which undergoes changes in conjunction with 
hydration/dehydration processes. The higher the density and clay content, the lower the 
conductivity. A suitable dry density should be selected taking into account the swelling pressure 
exerted by the clay liner on the overburden. The latter has to cause an effective confinement that 
balances the swelling pressure for avoiding expansion and loss of tightness of the clay. 

The importance of gas conductivity is different for top and bottom clay liners. For those 
contained in cappings, it is of significance only if air and gas are being compressed in the waste 
mass, in which case fingering gas paths can be formed and serve as channels for quick water 
migration through the liner ”two-phase flow”. This risk is eliminated if the design of the capping 
is such that the liner will never be fully saturated and no or very limited wetting of the waste mass 
takes place. A second criterion is that gas shall be given an opportunity to dissipate through the 
bottom liner. 

    

3.2 Swelling Pressure 

The stability of the capping is controlled by the dry density and mineral composition of the clay 
component. A high density can result in a high swelling pressure that requires unreasonably thick 
overburden layers. The swelling pressure can be balanced by the inclusion of ballast in the clay. 
For the bottom liners the effective pressure is higher which allows higher clay density or less 
ballast, which gives a lower hydraulic conductivity.  However, if the waste contains dissolved salt, 
coagulation and widening of voids in the liner will occur, leading to an increase in conductivity. 

 

3.3 Shear Strength  

CCLs should have sufficient strength to resist shear stresses over the years. Slope slippage and 
softening by liquefaction caused by seismic events are obvious risks. Too steep slopes may lead to 
breakage due to slope failure since the shear strength can be exceeded and this would ruin the 
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landfill and result in release of pollutants. The density and clay content affect the strength. The 
shear strength has to be considered in both short and long terms perspectives.  

 

3.3.1 Short Term shear strength and slope stability 

Stability can be provided by CCLs in the construction phase and a certain period thereafter is 
determined by the shear strength parameters cohesion “c” and angle of internal friction “ ”, 
which are both related to the density and clay content. CCLs are commonly not thicker than 1 
m. Slope failure can take place in part of such liners while it has the form of slippage along a plane 
within thinner liners if the shear strength is not high enough for the selected inclination (  angle 
with the horizontal, cf. Fig. 12).  

 

 

Figure 12:  Schematic section of capping containing a clay liner below overburden fill, (Modified from 
Pusch and Yong, 2006) 

 

The shear stress in any part of the clay liner can be calculated as the vector of the overburden 
pressure acting parallel to the slope, while the shear strength is the sum of the cohesion and the 
product of the effective normal pressure exerted on the clay by the overburden.  The cohesion 
can be considerable but may not be retained very long since creep strain can cause softening. 

 

3.3.2 Long Term (Creep) 

Following classical soil mechanics, long-term stability problems are solved by performing c-
analysis assuming drained conditions and taking the safety factor F to be =1.5, expressed as the 

ratio of the shear strength and shear stress, i.e. yielding the expression F=tan /tan . Pure Na and 
Ca smectites are known to have internal friction angles between 10-15° (Pusch and Yong, 2006), 
which limits the liners slope to 6-10° for long-term stability. Mixing the clay with frictional 
materials like sand and/or gravel or using natural soils with low smectite content can dramatically 
enhance the shear strength. Nowadays, most landfills are being constructed with 17° side slopes. 

Smectite clays are classified as plastic materials which undergo time depended-strain (creep) 
under constant shear stresses. NSR engineers should realise that creep effects play a role in 
assessing the long term performance. The understanding of such effects is very limited, however, 
and practically useful ways of taking the impact of creep into consideration are not at hand, except 
that the factor of safety should be at least 1.5. This is because experience shows that for clay liners 
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subjected to shear stresses that are up to 2/3 of the conventionally determined shear strength value 
(e.g. from direct shear test), creep strain and associated microstructural distortion diminishes with 
time following an exponential function (Pusch and Yong, 2006). When the shear stress exceeds 
2/3 of the shear strength, the creep rate will be too high to give microstructural self-repair and 
irrepairable damage takes place leading to failure. The enhancement of liner strength by using clay 
with a moderate amount of smectite is a practical way of reducing the risk of creep-related failure.  

 

3.3.3 Summary of processes and conditions that affect the performance of clay liners 

Figure 11 summarizes the factors that have an impact on the sealing ability of clay liners. The 
respective factor, representing design elements, has an impact that is different in short- and long-
term perspectives as described in the preceding text. 

 

4 Iraqi Clays for Hazardous Wastes Isolation 

The vast source of clays in Iraq has been mentioned but it remains to find out whether they are 
suitable for HW isolation using CCLs. Smectitic clays are exposed in different parts of Iraq 
especially in the northern governorates and two clays from these areas were selected, termed 
“green” and “red”. Representative smectitic clays were selected for closer geotechnical 
examination in an attempt of finding practically useful types. They belong to the so-called Fatha 
formation, which is of Lower Miocene age, (Jassim and Goff, 2006). Samples were collected from 
a part of the formation that is exposed in many parts of the Mosul city. The green clay was 
extracted from a thick layer (at least 2 m) exposed near the ground surface in the Qadia district, 
appearing as hard light-green coloured blocks. The red clay had the form of brown/red hard 
blocks sampled from a thick layer (at least 3 m) about 4 km SSE from the place where the green 
clay was taken, Fig. 13. 

Both clays were characterized with respect to Atterberg consistency limits, specific gravity, 
grain size distribution, Methylene blue reaction and x-ray identification of major clay and non-
clay minerals. The XRD study comprised qualitative and semi-quantitative analyses as described 
in Appendix A. It was found that the green clay has a higher percentage of smectite than the red 
clay as evidenced by the semi-quantitative analysis, the liquid limit, cation exchange capacity 
(CEC) and clay “activity”, Table 5. Some of the tests are still under investigation especially 
concerning the red clay.  

The swelling pressure was determined for samples with different densities. The green clay 
exerted high swelling pressure, about 1200 kPa for a dry density of 1500 kg/m3, the clay being 
saturated with distiller water, Fig. 14. Additionally, the hydraulic conductivity was investigated for 
various dry densities and hydraulic gradients, Fig. 15, Table 6. The results are for the green clay 
permeated with distilled water. These results indicate that the green clay has a low hydraulic 
conductivity, i.e. 1xE-10 m/s for the dry density 1250 kg/m3. This value satisfies both USEPA 
and German regulations considering the conductivity of CCLs. However, even for this low 
density the swelling pressure is so high, about 250 kPa that it requires a heavy overburden for 
avoiding expansion and softening of the top liner system. As outlined before, the inclusion of 
frictional material like sand or/and gravel may be needed for providing sufficient slope stability. 
This can be decided on the basis of shear tests. 
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Figure 13:  On the left, the locations of green and red clays near Qadia district within Mosul city. On the 
right, the Fatha formation within Makhul Mountains near the Baiji oil refinery plant. 

 

 

Table 5: Index properties of the green and red Iraqi clays 

Category  Green clay Red clay 
Liquid limit (%) 148 115 
Plasticity index (%) 91 60 
Fraction <0.002 mm (%) 65 48 
Activity (Skempton, 1948) 1.40 1.25 
Specific gravity g/cm3 2.76 2.75 
Methylene blue value (MBV)/100g 10 9.3 
CEC, meq/100g * 23.1 19.7 

X-ray identification 
Non-clay minerals Feldspar, Zeolite, 

Anhydrite 
Feldspar, 
Zeolite, 
Anhydrite, 
Ankerite 

Major clay minerals  Montmorillonite, 
Chlorite, Illite 

Montmorillonit
e, Chlorite, 
Illite, Kaolinite 

Clay minerals semi-quantitative analysis via x-ray diffraction 
Ca-Montmorillonite (%) 64 49 
Illite (%) 25 48 
Chlorite (%) 11 1 
Kaolinite (%) N/A 2 
* calculated according to Çokca and Birand model, (Çokca and Birand, 1993) 

 
 
 

Mosul city 

Green clay 

Red clay 

Fatha formation

©2010 Google 
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Table 6: Models relating hydraulic conductivity (K) and hydraulic gradients (i) for different dry densities 
( d). 

d 

(kg/m3) 
Models for predicting K, 

(m/s) 
a b R2 Expected K (m/s) under i=1 m/m 

1000 ibaK E lnexp)07(
..(1) -1.5056 0.094 0.99 2.2×E-08 

1250 ibaK E lnexp)10(
..(2) -0.07273 0.4324 0.99 1.0×E-10 

1500 5.0
)11( ibaK E  

…......(3) -0.02414 0.17443 0.91 1.5×E-12 

 

 

   

Figure 14: Swelling pressure of the green clay under different dry densities saturated with distilled water. 

 

 

 

Figure 15:  Relation between hydraulic gradient and hydraulic conductivity for the green clay with 
different dry densities, permeated by distilled water.  
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5 Summary of Papers 

This thesis contains four papers which are related to the performance of near surface landfills or 
repositories containing hazardous waste. 

 

Paper #1 introduces the contamination problems and how they affected the public health in 
Iraq. The disposal of hazardous wastes is discussed on the basis of environment protection taking 
economic factors in account. The main requirements of the elements of near surface landfills were 
addressed according to the American and German regulations. Both of them focus on the 
construction of a tight bottom liner instead of a top tight liner. Further, criteria for selecting a 
disposal site were also discussed.  

 

Paper #2 the first vital step toward the solution of the problem of safe disposal of hazardous 
wastes is to select a proper landfill site keeping in mind common criteria. Landfill siting is 
considered as one of the factors that directly affect their performance. Site selection criteria are 
suggested taking into account the environmental, geological and socio-economic factors in Iraq. 
Based upon them, a disposal site in Al-Jezira desert is suggested. This preliminary study shows its 
suitability for the disposal of hazardous wastes. 

 

In Paper #3 a question was raised “Are the Iraqi clays suitable for liner construction?”  The 
suitability of two Iraqi clays was studied as material candidates in the construction of compacted 
clay liners for near surface landfills. The physical and engineering properties were examined. The 
results showed that both clays have sufficient smectite content for making them suitable for 
isolation purposes. They can be utilized for the construction of top and bottom liners after mixing 
with specific ballast content. The factors affecting long term performance of clay liners were also 
discussed in this paper. 

 

Paper #4 discusses the matter of hydration and dehydration processes of smectite-rich clays 
used for top liners, focusing on landfills situated in desertic climates. Further, construction 
techniques of near surface landfill are suggested taking in consideration desertic climatic 
conditions. It is concluded that the construction of a very tight top liner will control the whole 
performance of waste containment. If the top liner fails to keep the percolated water away from 
the wastes, the water will accumulate on the bottom liner and it will only be a matter of time 
until a breakthrough occurs. 
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6 Future Work 

Further research should focus on the following items:  

 

 Smectite – Ballast Mixtures for Liner Construction. Various smectite-ballast contents should 
be investigated taking into account criteria concerning hydraulic conductivity, swelling 
pressure and shear strength, 

 

 The very low hydraulic gradients prevailing in top liners are expected to give lower values 
of the hydraulic conductivity than common oedometer testing and higher values than those 
obtained from percolation tests with very high gradients. The relation between gradient and 
conductivity is an important issue that needs to be investigated in detail,  

 

 Performance of Landfills of HWs Located in the Iraqi Deserts. The HELP code shall be 
used for estimating the percolation of water through top and bottom liners. Desert climatic 
conditions will be considered in addition to other factors, like seismicity, for evaluating the 
landfill taking into consideration a 300 years performance. 
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Natural chunks of green and red Iraqi clays from late Miocen age, (chunk size about 10 cm) 

 

APPENDIX –A– 
X-Ray Diffraction 

Qualitative and Semi-Quantitative Analysis of the Green 
and Red Iraqi Clays 
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1 Introduction 

Here, the green and red smectitic clays were examined by X-ray diffraction. Samples preparations 
beside the identification of clay and non-clay minerals were thoroughly discussed. Further, the 
theory behind the semi-quantification of major clay minerals was also explained. The results were 
also discussed with respect to other rough quantification methods.  

 

2 Preparations of Clay Samples  

2.1 Randomly Oriented Air-dry Powder 
Small chunks of green and red clays were selected. They were gently crushed with ceramic 
mortar at air-dry condition following the procedure described by Moore and Reynolds, (Moore 
and Reynolds, 1997). The Empyrean-PANanalytical diffractometer at the division of Sustainable 
Process Engineering, Luleå University of Technology was utilized for the identification of major 
clay and non-clay minerals and for the semi-quantitative analysis. Randomly oriented powder 
mounts were prepared by loading the soil powder using the back-loading technique via special 
arrangement. The diffraction patterns were determined using CuK  radiation with Ni-filter at 40 
mA and 45 kV. The divergence slit was kept in automatic mode (sample length 10 mm, radiation 
length 10 mm), the diffraction angle (2 ) ranged between 5-90° running at a speed of 0.026°. 

 

2.2 Ethylene Glycol Treated Samples 
Another set was prepared for ethylene glycol solvation for better detection of expanding clay 
minerals like montmorillonite. The powder mounts were also prepared following the same 
method as for the air-dry mounts. They were left inside a desiccator containing 200 mL of 
ethylene glycol. The desiccator was stored into 60°C oven for 24 hours for better exposer to 
ethylene glycol vapor, (Moore and Reynolds, 1997). Afterward, the samples were immediately 
installed in the diffractometer. Figs. 1 and 2 illustrate the procedure. 

 

3 Clay and Non-Clay Minerals Identification 

The X-ray patterns of green and red clays shown in Fig. 3 and 4 were analyzed using HighScore 
Plus software. The non-clay minerals calcite and quartz were detected from their strong peaks at 
3.04 Å and 3.3 Å respectively in both clays. Feldspar, zeolite, anhydrite and ankerite were spotted 
in the red clay only. Clay minerals were detected from their d(001) reflections, Figs. 5 and 6 for the 
green and red clays respectively. The smectite was characterized in both clays from d(001) reflection 
having about 15 Å for air-dry powder and about 17 Å in the glycolated powder, this was 
evidenced as shown in Fig. 7 and 8. This indicates that the smectite is montmorillonite with Ca2+ 
as a major cation. That is also evidenced from the liquid limit (wL) value of 148 and 115% for the 
green and red clays respectively. Pure Ca-montmorillonite wL usually range between 160-500%, 
whereas the pure Na-montmorillonite wL is much higher (500-700%), see Table 11. Further, clay 
activity values (ac) also proved that the smectite is in Ca-form. The activity of pure Ca- and Na-
montmorillonite is about 1.5 and 7.2 respectively. The activity values for the green and red clays 
were calculated to be 1.4 and 1.25 respectively. 
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Moreover, illite and chlorite were also pinpointed in the green and red clays from their d(001) 
reflection at 10.1 Å and 14.2 Å respectively, Fig. 5 and 6. The clay mineral kaolinite was detected 
in the red clay only at 7.2 Å. It is believed that both clays also have some traces of palygorskite 
and sepiolite. Table 1 summarizes all the detected clay and non-clays minerals in the green and 
red clays. 

 

 

      

Figure 1: Green and red clays mounts inside desiccator prepared for ethylene glycol treatment in 60°C 
oven. 

 

 

 

     

Figure 2: PANanalytical diffractograph. http://www.panalytical.com/index.cfm?pid=1343 
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Table 1: Clay and non-clay minerals for the green and red clays 

Mineral Existence in the green (G) and/or red (R) 
clays 

Montmorillonite  G&R 
Illite G&R 
Chlorite G&R 
Palygorskite- 
Sepiolite 

G&R 

Kaolinite prototypes 
Kaolinite R 
Dickite R 
Nacrite R 
Quartz G&R 
Feldspars 
Microcline (Tr) R 
Ortho.(mono) R 
Albite R 
Anorthite R 
Hi-Sanidine R 
Mica, tv 1M R 
 

 

 

 

Figure 3:  Diffraction data for the air-dry sample of the green clay. Legend: Q: quartz, Ch: Chlorite, P: 
Palygorskite, I: Illite, C: Calcite. 
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Figure 4:  Diffraction data for the air-dry sample of the red clay. Legend: Q: quartz, Ch: Chlorite, P: 
Palygorskite, I: Illite, C: Calcite, K: Kaolinite. 

 

 

Figure 5:  Peak identification of some clay and non-clay minerals in the green clay. The first number 
indicates the d-spacing while the other indicate 2  angle. Legend, M: Montmorillonite, S: 
Sepiolite. 

 

 

Figure 6:  Peak identification of some clay and non-clay minerals in the red clay. The first number 
indicates the d-spacing while the other indicate 2  angle. Legend, M: Montmorillonite, S: 
Sepiolite. 
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Figure 7:  Diffraction data of the green clay for air-dry and ethylene glycol mounts 

 

 

 

                    

 

Figure 8: Diffraction data of the red clay for air-dry and ethylene glycol for montmorillonite identification. 
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4 Semi-quantitative Analysis  

The major clay minerals could be quantified using an approximated method described in the 
literature (Moore and Reynolds, 1997). This method is based on the comparison of areas under 
strong peaks for a specific clay mineral. A reference mineral is selected and compared to other 
minerals of unknown quantities having certain reflection intensities, eq. 1. These intensities are 
usually normalized so that the summation is equal to 100%. It is important to mention that the 
quantification of clay minerals should be based on reference clay mineral (e.g. quartz or calcite 
could not be used as a reference for the quantification). The term ( ) in eq. 1 is usually 
abbreviated by MIF (mineral intensity factor). This factor will determine wither the quantification 
is accurate or not. MIF could be accurately determined by adding a reference mineral of known 
intensities and weight to a mixture of clay minerals of unknown weight. Alternatively, the MIF 
could be found in much simpler procedures depending on the intensity factor of each clay 
mineral. This approach is in focus here. The X-ray diffraction of randomly oriented samples 
having enough length and thickness might yield good results. 

 

         (1) 

 

Where: WT: percentage weight of the target mineral, WR: percentage weight of the reference 
mineral, IT and IR: Intensity of the target and reference minerals in (counts per second, cps) 
respectively. These values could be found by calculating the area under the peak by simplifying 
peak geometry as shown in Fig. 9. UR and UT: reflection constant of the reference and target 
minerals which is given in eq. 2, (Moore and Reynolds, 1997): 

 

    (2) 

 

Where V: unit cell volume of the mineral (pm3 (picometer)), : mineral density (g/cm3), : sample 
position during diffraction (°), |F|: structure factor for a certain reflection (hkl) which can be 
calculated from eq. 3: 

 

       (3) 

 

Where Pn: number of atom of type P per atomic layer, fn: scattering factor of each atom, l: order 
of the reflection, zn: the displacement of the atomic layer (Å) from the center of symmetry 

measured along  a line normal to 00l plane, c: unit cell length, Å,  = . 
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4.1 Area under the peak 
The major clay minerals were quantified according to eq. 1, 2 and 3 seeking for accurate MIF 
depending on the available resources. The strong peaks of the clay minerals were selected for 
quantification (i.e. 001 or 002). Montmorillonite, illite and chlorite detected in the green clay 
were quantified. The strong peaks of montmorillonite, illite, chlorite and kaolinite were 
considered in the quantification of the red clay. The diffraction patterns of the clay samples treated 
with ethylene glycol solvation were used for the analysis because of the availability of clear peaks 
of montmorillonite that could yield a better quantitative analysis. Accordingly, the area under 
each peak was precisely calculated using AutoCAD, Fig. 10, not following the geometrical 
approximation mentioned earlier (c.f. Fig. 9). The calculated areas are shown in Table 2 in 
nominal units for each mineral in the green and red clays.  

 

 

Figure 9:  An example of area calculation of the 002 illite and 003 chlorite peaks. Approximating area 
under the peak to rectangle having width  and height h, where  is peak width at half-height 
of the peak, (Moore and Reynolds, 1997).  

 

 

Table 2: Calculated areas of each clay mineral of the samples treated with ethylene glycol. 

Green Clay 
Mineral Peak d (Å) 2 , ° Area (nominal unit) 

Montmorillonite 
001 16,93 5,214 2.957 
002 8,42 10,5 1.2450 

Chlorite 
001 14,2 6,21 2.4528 
002 7,1 12,5 4.2619 

Illite 
001 10,1 8,8 2.9964 
002 5 17,77 1.4437 

Red Clay 
Mineral Peak d (Å) 2  Area (nominal 

unit) 
Montmorillonite 001 16.91 5.221 2,1477 
Chlorite 001 14.23 6.203 1.4938 

Illite 
001 10.18 8.67 5.3677 
002 5 17.77 3.1726 

Kaolinite 
001 7,14 12,4 3,6798 
002 3,58 25 4,7675 

h 
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4.2 The Structure Factor (F00l) 
In order to calculate the structure factor precisely, we should know the chemical composition of 
each clay mineral.  Recalling eq. 2, the number of atoms in each layer in the unit cell must be 
identified. The following example illustrates the calculation of the structure factor of Illite in 001 
projection having a chemical composition of (K1.6)(Al3.6Mg0.4)(Si6.8Al1.2)O20(OH)4, (Moore and 
Reynolds, 1997). Table 3 explains these calculations based on Fig. 11. Further, the scattering 
factors (f) of each atom were taken from special charts provided by (Klug et al., 1974). 

In this analysis, the chemical composition of each clay mineral was taken from the database 
provided by PANanalytical software (HighScore Plus). The structure factors of montmorillonite, 
illite and chlorite were taken from the literature (Brown and Brindley, 1980; Klug et al., 1974) on 
the basis of the chemical analysis detected by the mentioned software. Table 4 summarizes the 
detected chemical composition of each clay mineral. Nonetheless, the structure factor of kaolinite 
was calculated following the same procedure explained in Table 3 and it was found to be 39.5, 
Table 5. The structure factor of each clay mineral beside other parameters used in the 
quantification is given in Table 6. 

 

 

 

 

Figure 10: Area calculation under each peak using AutoCAD software. A) Green clay peaks of samples 
treated with ethylene glycol. B) Red clay diffraction pattern of ethylene glycol solvated 
sample. Legend: M: Montmorillonite, I: Illite, Ch: Chlorite, K: Kaolinite, P: Palygoriskite, S: 
Sepiolite. 
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Figure 11: The diagram showing 001 plan of illite with the atoms shown above displaced from the line of 
symmetry in Å, (Moore and Reynolds, 1997). 

 

 

Table 3: An example of the calculation of the structure factor for Illite 001, F001 

Atom (n) Zn (Å) 
C 
(Å) 

l  cos  (f) n×f n×f×cos  N N×J 

K 1,6 5 10 1 180 -1 17,9 28,64 -28,64 1 -28,64 

O 6 3,3 10 1 118,8 -0,5 7,6 45,6 -21,968 2 -43,94 

Si 3,4 2,68 10 1 96,48 -0,1 13,2 44,88 -5,06499 2 -10,13 

Al 0,6 2,68 10 1 96,48 -0,1 12,1 7,26 -0,81934 2 -1,64 

O 4 1,07 10 1 38,52 0,78 7,6 30,4 23,78468 2 47,57 

OH 2 1,07 10 1 38,52 0,78 7,6 15,2 11,89234 2 23,78 

Al 3,6 0 10 1 0 1 12,1 43,56 43,56 1 43,56 

Mg 0,4 0 10 1 0 1 11,25 4,5 4,5 1 4,50 

          F 35,07 

 

 

Table 4: The detected chemical composition by HighScore Plus for green and red clays 

Clay mineral Detected chemical composition 

Montmorillonite Al4.00Si8.00O24.00Ca1.00 

Illite K4.00Al16.00Si8.00O48.00 

Chlorite Mg9.17Fe1.02Al3.46Si6.35O36.00 

Kaolinite Al2.00Si2.00O9.00H4.00 
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Table 5: Calculations of the structure factor for 001 kaolinite, F001 

Atom (n) 
Zn 
(Å) 

c 
(Å) 

l  cos  (f) n×f n×f×cos  N N×J 

O 6 0 7,16 1 0 1 7,6 45,6 45,6 1 45,60 

Si 4 0,6 7,16 1 30,1676 0,86 13,2 52,8 45,64872 1 45,65 

O 4 2,19 7,16 1 110,1117 -0,3 7,6 30,4 -10,4531 1 -10,45 

OH 2 2,19 7,16 1 110,1117 -0,3 7,6 15,2 -5,22655 1 -5,23 

Al 4 3,27 7,16 1 164,4134 -1 12,1 48,4 -46,6201 1 -46,62 

OH 6 4,37 7,16 1 219,7207 -0,8 7,6 45,6 -35,0741 1 -35,07 

O 6 7,16 7,16 1 360 1 7,6 45,6 45,6 1 45,60 

          F 39,5 

 

 

4.3 The analysis 
After gathering suitable parameters considering the intensity (i.e. calculated area, I) and the 
structure factors, we can simply calculate the reflection constant U for each mineral using eq. 2. 
These values are listed in Table 6. The 002 illite was taken as a reference in this analysis to 
quantify other minerals in the green and red clays. Rewriting eq. 1 we get: 

 

          (4) 

 

Where WT: percentage weight of the target mineral (montmorillonite, illite001, chlorite or 
kaolinite), WI002: percentage weight of the reference illite 002, IT and II002: Intensity of the target 
and illite 002 respectively. These values were precisely determined using the CAD software, UI002 
and UT: reflection constant of illite 002 and target minerals, Table 6. 

Considering the calculated reflection constants (U), now we can simply quantify each mineral 
by simple calculations which are summarized in Table 7 and 8 for the green and red clays 
respectively. 

 

 

Table 6: Semi-quantitative parameters used in the analysis of each clay mineral 

Clay mineral 
V, unit 
cell 
volume 

Mineral 
density 
( ), g/m3 

Structure 
factor (F) 

hkl Calculated 
(U), eq. 2 

Montmorillonite 697,75 1,8 10 001 0,0025 
Illite 944,12 2,78 35 001 0,00642 
Chlorite 703,33 2,66 31 002 0,02128 
Kaolinite 164,37 2,61 39,5(calculated) 001 0,20133 
Illite (reference) 944,12 2,78 53(calculated) 002 0,00708 
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Table 7: Semi-quantification analysis for the green clay minerals 

Mineral Reflection UT UT/UR=C Area Area/C Wt% 

Montmorillonite 0 0 1 0,0025 0,3551 2,957 8,32722 63,9644 

Illite 0 0 1 0,00642 0,91301 2,9964 3,2819 25,2095 

Chlorite 0 0 2 0,02128 3,0239 4,2619 1,4094 10,8261 

Illite (reference) 0 0 2 0,00704 1 sum 13,0185 100% 

 

 

Table 8: Semi-quantification analysis of the red clay minerals 

Mineral Reflection UT UT/UR=C Area Area/C Wt% 

Montmorillonite 0 0 1 0,0025 0,35264 2,1477 6,09029 49,4082 

Illite 0 0 1 0,00648 0,91554 5,3677 5,86289 47,5634 

Kaolinite 0 0 1 0,20133 28,4259 3,6798 0,12945 1,0502 

Chlorite 0 0 1 0,04339 6,126 1,4938 0,24385 1,97823 

Illite (reference) 0 0 2 0,00708 1 sum 12,3265 100% 

 

 

5 Discussion 

Semi-quantitative analysis yielded approximating percentages of the selected clay minerals in both 
Iraqi clays which are summarized in Table 9. On the other hand, one can also safely estimate the 
percentage of smectite depending on Atterberg limits beside the cation exchange capacity (CEC). 
The later could roughly be calculated by adopting the formula suggested by Çokca and Birand 
(1993) which depends on the methylene blue spot test method, eq. 5: 

 

       (5) 

 

Where C: Cation exchange capacity, meq/100 g clay, Ms: weight of the oven dry soil specimen, 
g, Vcc: volume of methylene blue injected, mL, Nmb: the normality of the methylene blue 
substance, meq/mL. 

 

     (6) 

 

Where x is the moisture content of the methylene blue substance, %. 

 

The calculated values of the CEC (meq/100g) for the green and red clays following eq. 5 were 
23.1 and 19.7 meq/100 g respectively, Table 10. The value of CEC of pure montmorillonite 
ranges between 80-150 meq/100 g. Both Iraqi clays are a mixture of different clay and non-clay 
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minerals, each one of them have certain value of CEC. The estimated values represent the lump 
sum of all of these minerals. 

Tables 11-13 list some physical and chemical properties of common clay and non-clay 
minerals. From which we can roughly estimate the percentage of smectite. Firstly, we have 
montmorillonite in Ca from and that was evidenced from the 001 reflection of the ethylene 
glycol treated samples which was indicated by about 16.93 Å spacing for both clays. Further, wL 
of the green and red clays are about 148% and 115% respectively. Na-montmorillonite wL is 
much higher than these values (500-710) % while the Ca-montmorillonite wL is about (160-
510)% which is more convenient to wL of the green and red clays. Further, the calculated clay 
activities (ac) of the clays were 1.4 and 1.25 respectively. These values are closer to Ca-
montmorillonite than the Na form (1.5 for Ca- montmorillonite and 7.2 Na- montmorillonite). 
The smectite content for the green and red Iraqi clays may range between 40-60% and 30-50% 
respective according to wL and CEC figures which are practically close to semi-quantitative 
evaluation.  

 

Table 9: Weight percent of the major clay minerals in the Green and Red clays 

Clay mineral Green clay Red clay 
Montmorillonite (%) 64 49 
Illite (%) 25 48 
Chlorite (%) 11 1 
Kaolinite (%) -- 2 
Palygorskite-Sepiolite Some traces 

 
 
 
Table 10: Physical properties of the green and red clays from the Fatha formation 

Clay 
Liquid 
limit 
(%) 

Plasticity 
index 
(%) 

Fraction 
<0.002mm 
(%) 

Activity, 
ac 

Specific 
gravity 

MBV 
g/100mL 

CEC§ 
meq/100g 

Green 148 91 65 1.40 2.76 10 23.1 
Red 115 60 48 1.25 2.75 9,3 19.7 
§ calculated using eq. (5), (Çokca and Birand, 1993) 
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Table 11: Atterberg limits of representative clay minerals from the literature 

Mineral 
Exchangeable 
ion 

Liquid limit 
(%) 

Plastic limit 
(%) 

Plasticity 
index 
(%) 

shrinkage 
limit 
(%) 

Montmorillonite 

Na 
710 [1], 700 [2], 
500 [3] 

54 [1], 97 [2], 
75 [3] 

656 [1], 
633 [2], 
425 [3] 

9.9 [1] 

K 660 [1] 98 [1] 562 [1] 9.3 [1] 

Ca 
510 [1], 177 [2], 
160[3] 

81 [1], 63 [2], 
90[3] 

429 [1], 
114 [2] 

10.5 [1] 

Mg 410 [1] 60 [1],  350 [1] 14.7 [1] 
Fe 290 [1] 75 [1] 215 [1] 10.3 [1] 
Fea 140 [1] 73 [1] 67 [1] - 

Illite 

Na 120 [1], 34 [2] 53 [1] 67 [1] 15.4 [1] 
K 120 [1] 60 [1] 60 [1] 17.5 [1] 
Ca 100 [1], 90 [2] 45 [1] 55 [1] 16.8 [1] 
Mg 95 [1] 46 [1] 49 [1] 14.7 [1] 
Fe 110 [1] 49 [1] 61 [1] 15.3 [1] 
Fea 79 [1] 46 [1] 33 [1] - 

Kaolinite 

Na 53 [1], 52 [2] 32 [1] 21 [1] 26.8 [1] 
K 49 [1] 29 [1] 20 [1] - 
Ca 38 [1], 73 [2] 27 [1] 11 [1] 24.5 [1] 
Mg 54 [1] 31 [1] 23 [1] 28.7 [1] 
Fe 59 [1] 37 [1] 22 [1] 29.2 [1] 
Fea 56 [1] 35 [1] 21 [1] - 

Palygoriskite-
Sepiolite - 171 [2] 145 [2] 26 [2] - 

Chlorite  44-47 [4] 36-40 [4] - - 
[1] Lambe & Whitman, 1979, [2] Huang et al., 2011, [3] Bergaya et al., 2006, [4] Brown, 1972.  

 

 

Table 12: Caion exchange capacity (CEC) of 
common minerals 
Mineral CEC (meq/100 g) 
Montmorillonite 80-100 [6], 80-150 [8] 
Kaolinite 3-5 [6], 3-15 [8] 
Illite 10-40 [6] 
Chlorite 10-40 [6], 4-47 [8] 
Vermiculite 100-150 [6] 
Zeolites 100-300 [8] 
Palygoriskite 5-30 [10] 
Sepiolite 20-45 [10] 
Feldspar, Quartz  1 [8] 

 

Table 13: Activity values of common 
minerals 

Mineral Activity value 
Ca-Montmorillonite 1.5 
Na-Montmorillonite 7.2 
Kaolinite 0.5 
Illite 0.9 

 

 

 

6 Conclusions 

The accuracy of the semi-quantitative analysis by x-ray diffraction is mainly dependent on the 
determination of the mineral intensity factor (MIF). The later depends on the accuracy of the x-
ray machine in counting the peaks of each mineral. The obtained and predicted smectite contents 
are in good agreement. 
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Hazardous Wastes Problems in Iraq: A Suggestion for an 
Environmental Solution 
Laith Al-Taie, Nadhir Al-Ansai, Sven Knutsson and Roland Pusch 

Luleå University of Technology, Luleå, Sweden 

 

Abstract 

Iraq passed through many destructive wars where the country infrastructures have been 
destroyed. Consequently, various types of hazardous wastes generated from 1991 and 2003 wars 
are exposed in different parts of Iraq without any aspect of human and environment 
considerations. Contaminants are found in the form of contaminated rubble with depleted 
uranium (DU). Landfill disposal is still an economical and vital solution that should serve 
between 500-1000 years for confining hazardous wastes like DU. The longevity of a hazardous 
waste landfill is mainly controlled by clay based liners. There are many factors affecting the 
performance of clay liners. These factors were discussed in this research. The main requirements 
of hazardous waste landfills were listed according to USEPA and German regulations. Finally, 
the main aspects of landfill siting criteria in Iraq were suggested. 

Keywords: hazardous wastes, DU, landfill, clay liners, site selection. 

 

1.  Introduction 
Hazardous wastes have many national definitions which fall into two major groups; characteristic 
wastes and listed wastes. Characteristic wastes are known to exhibit a hazardous action like 
ignitability, corrosively, reactivity and toxicity. Listed wastes are considered the out product of 
specific industrial wastestreams. They include F-list, K-list, P-list and U-list, (EPA, 2005). 
Radioactive and chemical wastes in Iraq are considered hazardous according to the 
Environmental Protection Agency (EPA) and European Community (EC) criteria. Depleted 
uranium (DU) falls under Low-Level radioactive Waste (LLW) according to United States 
Nuclear Waste Policy Act. LLW defined as “Radioactive waste that is not high-level waste, spent 
nuclear fuel, transuranic waste, or uranium or thorium mill tailings’’ (NCRP, 2006). DU is less 
radioactive than uranium by 40% which is a byproduct of the nuclear enrichment processes. DU 
is genotoxic; it chemically alters the DNA resulting abnormally high activity in cells leading to 
tumor growth (Birchard, 1998; Miller, 2007). The research of using DU as armor-penetrating 
ordnance began in early 1970s by US army (because of its extreme density) (Commission of the 
European Communities, 1991; Bleise et al, 2003; EPA and SEPA, 2008). 

Iraq passed through many destructive wars where the country infrastructures had been destroyed. 
Consequently, various types of hazardous wastes were left behind and exposed in different parts 
of Iraq without any aspects of human and environment considerations (Figure 1). The nature of 
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the hazardous wastes was either radioactive or chemical. These wastes were generated from 1991 
and 2003 wars which are found either in the form of contaminated rubble with DU used by the 
American and allied forces in Iraq (Bleise et al, 2003; Akerblom, 2008) or in the form of 
chemical wastes produced either as a result of bombing Iraqi chemical facilities belonging to 
Iraqi Ministry of Defense or some of industrial organizations like Al-Mishraq sulfur factory in 
Ninavah governorate. IAEA reported many contaminated sites with different levels of waste 
radiations ranging from LLW to High-Level radioactive Waste HLW (Abbas et al, 2007; IAEA, 
2010b). Another type of contamination was the decommissioning of the destroyed Iraqi nuclear 
facilities which were considered to be hazardous with different levels of radiation. They are Al-
Ramah site in Jezira area west of Mosul city, Adaya site located 50 km west of Mosul city 
containing 3 tons of yellowcake and uranium oxide produced from Al-Ramah site and 80 tons of 
destroyed equipments, Al-Tuwaitha nuclear research center which was totally destroyed during 
1991 war and further damaged in 2003 war. Al-Wardia site contains two types of radioactive 
pollutants, a ready to use material including the yellowcake beside 3 tons of stored waste in 
plastic containers. Furthermore, Al-Qaim, Geo-pilot Plant, Tarmiya, Rashdiya, Al-Atheer were 
considered as contaminated sites according to the Iraqi Ministry of Environment and IAEA, 
(MOEN, 2007; IAEA, 2010a). To sum up, the existing radioactive wastes in Iraq estimated to be 
more than 500 tons of solid wastes and 270 tons of liquid wastes without considering the 
aforementioned numbers of contaminated scrap and rubble (Abbas et al, 2007). It was also 
reported by the Iraqi Ministry of Environment the existence of 152 heavily contaminated sites in 
different parts of Iraq which were classified as extremely polluted with hazardous wastes. 
Unfortunately many of them are open for biotic receptors (MOEN, 2005).  

 

 

Figure 1. Contaminated sites in Iraq with different levels of contamination hazardous wastes, 
(Chulov, 2010). 
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In 2004, the Iraqi Government requested the assistance of IAEA for solving the contamination 
problem. On this basis, the IAEA responded to assist the Iraqi government by adopting the first 
basic step to evaluate the contamination problems covering all parts of Iraq and putting all related 
problems into consideration, like the decommissioning project of the Iraqi x-nuclear facilities 
(IAEA, 2010a). Consequently, many health related problems were documented in different parts 
of Iraq like cancer and abnormally born infants, (Bleise et al, 2003; MOEN, 2005; Bertell, 2006). 

 

2.  Disposal of low-level radioactive waste 
The main objective of hazardous wastes disposal system is the isolation of wastes from biosphere 
for the period required to ensure no potential future releases of harmful substances would result. 
Time scale for the disposal systems depends on the life-time scale of the waste. Radioactive 
wastes are known to have long-life radioactivity, unlike the chemical wastes. LLWs and short-
lived ILWs (intermediate level radioactive wastes) are usually contained in near surface landfills. 
On the other hand, HLWs have much longer life-time (more than 10000 years) where they 
disposed in deep geological repositories (Pusch, 2003). In Iraq case however, the time frame for 
the radioactive wastes varies due to the waste as they vary between LLW to HLW. If a near 
surface burial system is adopted, this system can usually contain a LLW and short-lived ILW 
which require a time frame performance between 500 to 1000 years (NRC, 2000). Land disposal 
of hazardous waste is still the lowest cost of the available technologies, (Chien, 2006). These 
landfills are mainly composed of a resistive final cover (including top liner), a bottom liner and 
leaching removal and collection system (LRCS). Final cover usually comprise of multi-layers; a 
surface layer (with/without a vegetative cover), protection layer, drainage layer, hydraulic/gas 
barrier layer, and foundation layer. The main objective of well engineered cap is to 1) control 
water percolation to the wastes, 2) control the release of gases and 3) to function as physical 
buffer isolating the wastes from biotic receptors (USEPA, 1991; Koerner and Daniel, 1997). A 
properly designed covers will minimize or eliminate water percolation into waste body, hence 
minimizing or under some conditions eliminate the need for the bottom liner (Pusch and Kihl, 
2004). Liners are considered as the main element of any landfill which are usually constructed 
from compacted clays or may be used as geosynthetic clay sheets. Compacted clay liners should 
be designed to function with low hydraulic conductivity which is controlled by the proper 
selection of raw materials and compaction density. Clay liners constructed from native material, 
near to landfill site, could be compacted alone or mixed with fillers (sand, gravel or even 
synthetic filler), (Daniel, 1993; Koerner and Daniel, 1997). 

 

3.  Long-term performance of clay liners 
A hazardous waste landfill should serve with the minimal maintenance according to the USEPA 
and German regulations. The longevity of landfills depends mainly on clay based liners which is 
affected by many factors. 
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3.1 Cyclic stressing mechanisms 

Wetting/drying and freezing/thawing cycles can largely affect hydraulic conductivity for top 
liners. Wetting/drying cycles generate desiccation cracks which might cause a decrease in the 
functionality of most clay liners. Smectite (a group of expanding clay minerals) rich clay has a 
unique character; self healing. Boynton and Daniel (1985) reported that clay liners subjected to 
28-56 kPa can start self-heal the desiccation cracks resulting from cyclic wetting/drying (swell-
shrink). Swell-shrink defects could be reduced by the inclusion of granular materials (silt, sand or 
gravel) with the clay used for lining. On the other hand, freezing/thawing cycles might be capable 
of increasing the hydraulic conductivity by 50-300 folds for only 10 cycles (Benson et al, 1995). 
The freezing of fine grained soils, like silt and clay, will produce ice lenses which will cause local 
densification of the soil structure forming aggregates filled with ice occupying pores. On 
thawing, this will yield low effective stress along the frozen depth of the soil. Knutsson et al 
concluded that permeability values are directly controlled by the initial void ratio. Dense soil 
structure may yield an increase in permeability, whereas permeability may decease for loose soil 
skeleton due to local densification (Knutsson et al, 1998). Freezing degradation mechanism may 
be avoided by placing a protective layer having a depth greater than the maximum frost depth 
over the top liner (Pusch 1994). 

 

3.2 Biological activities 

Microorganisms present in the soil can adversely affect clay hydraulic properties by increasing 
organic matter. Nutrients availability, temperature, oxygen, moisture and osmotic pressure are 
factors creating excellent environment for their maximum performance of alteration, this process 
is called biotransformation of clay menials. When a clay mineral is attacked by bacteria, this will 
dissolute the bonding energy between the atoms that makes up a clay mineral leading to a 
dissolute clay mineral. Many chemical compounds are considered toxic to many microorganisms 
depending on the contact time and the concentration, (Yong et al, 2010). 

 

3.3 Chemical attack by waste leachate 

Hazardous wastes generally stabilized prior to disposal in landfills, e.g. chemically. The chemical 
attack by leachate must be considered as it causes serious defects. This is mainly focused on 
bottom liner where it is considered as the final defense line. Acids have been reported to dissolve 
alumina while bases capable of dissolving silica. Clay minerals contain large quantities of both 
silica and alumina, thus they are susceptible to partial dissolution by either acids or bases. Some 
acids like hydrofluoric and phosphoric acid aggressively dissolve clays. Leachate with pH<3 and 
>11 have the most affecting factor on the clay, (Daniel, 1993; Mohamed and Antia, 1998; Pusch 
and Kihl, 2004). 
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3.4 Gas generation 

Top clay liners should be designed for the upcoming heave due to gas generation. The gas 
movement through the top liner has two effects; oxygen migrating into waste body through the 
top liner may speed up the release of metal ions due to acidic environment. The other effect is the 
heaving the entire top cover if the gas conductivity for the top liner is too low. Self-healing of the 
clay liner should be able to close gas channels. From a practical prospective, 40-50% smectite is 
sufficient to self-heal clay liners after gas penetration (Pusch and Kihl, 2004). 

 

3.5 Piping and erosion  

Water accumulation over the liner will increase water pressure that may reach critical values 
causing piping and erosion of fine materials. Comprehensive laboratory testing on smectite rich 
soil indicated that a hydraulic gradient (water pressure/liner thickness) between 20-30 m/m is 
capable of doing damage, especially for thin liners like geomembrane. Compacted clay liners 
should be thick enough to resist such risks, (Pusch 1994). Risk of piping can also be reduced by 
well-designed filters surrounding clay liners, (Koerner and Daniel, 1997). 

 

3.6 Landfill stability 

Excessive differential settlement under clay liners leads to cracks. This effect is minimized if the 
clay layer is thick and ductile. The bonding mechanism and inter-particle forces are two major 
factors controlling the structural stability of the compacted liner. Surface inclination will be 
change if the settlement not considered and may produce a lake on the hazardous waste landfill. 
Another stability issue is the liner slope stability. Breakage due to slope failure will lead to 
pollutants release. The slope instability can be caused by water addition to the lining system or 
cracks can be produced due to seismic activity. Slope stability must be insured by liner shear 
strength and selecting appropriate side slopes. Most modern landfills have side slopes in the order 
of 3:1 (H:V) ratio, (Daniel, 1993; Mohamed and Antia, 1998; Koerner and Daniel, 1997). 

 

3.7 Intrusive events 

Hazardous wastes landfills are usually constructed away from human activities. There will be a 
big chance of various types of animals invading the top cover seeking for food or shelter. In 
USA, it was documented that the harvester ants excavated the protective layers to depths of 2-4 
m. Further, vegetation growth on the top soil cover is an important matter that the engineers 
should be aware of. Plant root system penetrates the soil seeking for water and neutrons. One 
should pay attention to the ability of roots to establish cracking in asphalt and concrete 
pavements. Root penetration could reflect 1) mobilization of contaminants to the surface by roots, 
2) induction of water movement to the buried waste. In Germany, the vegetation growth at the 
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top cover was not considered, roots penetrated through the top soil for a depth of 1.6 m causing 
big problems (Melchior, 1997). Furthermore, when vegetations colonize the top soil, this will 
lead to significant changes in water run-off that will increase water infiltration rate due to death 
and decay cycles that will produce organic materials retained at the top. In spite of these defects, 
one important effect of vegetation presence is the alteration of water balance. Roots seek for 
water and neutrons from the soil to support growth thus water pumping out of the soil mass to the 
atmosphere. Another key of success of plant presence is to hold soil surface (i.e. minimize 
erosion). Vegetation growth should be controlled (designed) which will also add an aesthetical 
touch to the landfill, (Mohamed and Antia, 1998; Gartung, 2001; Chien, 2006). 

 

4.  Requirements of Hazardous waste landfills 
Landfill engineers should meet certain regulations when designing final cover, bottom liner and 
LCRS. Final covers must be designed to function with minimum maintenance and to 
accommodate settlement and subsidence of the underlying layers. German regulations advice the 
basal liner system (bottom liner system) should function reliably and permanently as the repair 
will be impossible. The leaching system should be designed so that the leaching hydraulic head 
on the liner does not exceed 0.3 m. On the other hand, some design approaches advice the 
construction of the bottom liner system without LCRS for very low leaching productivity 
especially in hyper-arid regions. However, future climatic changes should be considered because 
the lifetime service of these structures range from 500 to 1000 years. German and USEPA 
hazardous waste regulations were listed in Table 1, figures 2 and 3, (USEPA, 1990; German 
Geotechnical Society, 1993; Gartung, 2001). German regulations mostly fit humid climate 
regions while USEPA regulations are more adapted to hot climates. Iraq climate is (now) 
considered as arid-semiarid region, (Jassim and Goff, 2006). The authors suggest that both 
regulations may be considered in the design of a hazardous waste landfill in Iraq considering 
current and future climatic conditions. Further, efforts should be focused on designing as tight as 
possible top liner instead the bottom liner. The top liner will control water percolation while the 
bottom liner is considered as the final defense line. 

 

5.  Suggested site selection criteria of hazardous wastes 
Site selection process is the key factor to a successful design of an engineered hazardous waste 
landfill. It should be planned on a stable geological bases and a little sensitivity toward the 
environment and biotic receptors in case of escaped contaminants. Three main aspects should be 
considered: environmental, geological and finally economic and social criteria. Failure scenario 
analysis should be done, e.g. the possibility of the contamination of surface and ground waters, 
wildlife and public Areas. In this context, authors believe that the requirements listed in table 2 
could be considered as the main aspects for selecting a landfill site in Iraq confining hazardous 
wastes. 
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Figure 2. Minimum requirements for hazardous wastes landfills according to German 
Geotechnical Society, A) Capping system. B) Basal lining system. (Modified from DGGT, 
1993). 

 

 
 
Figure 3. Minimum requirements for hazardous waste and LLW landfills under RCRA 40 CFR 
§258, A) Final cover system. B) Bottom barrier system. (Modified from NRC 2007). 
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Table 1. German and USEPA regulations for final cover, bottom liner and LCRS 

Component German regulations USEPA regulations 

Final covers 

Regulating soil layer (0.3-0.5 m), gas 
collection, compacted clay liner (K 1×E-9 m/s) 
or geo-synthetic clay liner, geo-membrane, 
drainage layer (0.3 m) with K 1×E-03 m/s 
inclined by 5% and not greater than 3:1, a thick 
soil cover of 1.5-3.0 m suitable for humid 
areas. 

Geo-membrane, geo-synthetic clay liner 
(GCL), low permeability soil layer (0.6 m) with 
K  1×E-08 m/s, granular drainage layer (0.3 
m) thick with 3:1 slope, a layer of rock or other 
mechanically resistant material. 

Basal 
(Bottom) 
liner system 

Sealing system (K 1×E-10 m/s) with thickness 
 1.5 m, geo-membrane, a protective layer to 

prevent puncture of the geo-membrane and 
usually constructed from a 0.1 m sand layer. 
Drainage layer constructed from coarse grained 
material, thickness 0.3 m, K 1×E-03 m/s. 

a double liner with a single geo-membrane 
(primary liner), a drainage layer, a geo-
membrane and low-permeability soil composite 
(secondary liner), compacted clay liner with 
K 1×E-09 m/s, leak detection system. 

LCRS 
Drainage blanket (0.3 m thick) with K 1×E-03 
m/s, protective layer, drainage pipes, collection 
and monitoring shafts (chimneys). 

Drainage layer of clean sand or clean gravel 
with K value between 1×E-05 to 1 m/s, filters, 
cushions, sumps and pipes. 

 

Table 2. Main aspects suggested for sitting a hazardous waste landfill in Iraq 

Criterion Description 

Environmental 

 Ground water quality: Areas with saline water is suitable over high quality water. 
 Groundwater flow direction: The area should be located away from downstream 

communities. 
 Groundwater flow gradient: Low flow gradients areas are suitable. 
 Floodplains: A 100-year flood event must be considered to avoid disturbance and washout of 

the landfill final cover. 
 Water table: Groundwater table should be deep enough to avoid capillary effect.  
 Distance to surface water: Rivers or streams and lakes or ponds, the area should be located at 

least 3000 m for rivers and 200 m for lakes. 
 Wetlands: These areas must be avoided. 

Geological 

 Topography: The selected site is better to be convex in relation to the surroundings, to ensure 
better drainage characteristics. 

 Sub-soil properties: The selection should be based on soils having low hydraulic 
conductivity, high cation exchange capacity and high pH values. 

 Depth to bedrock: The deeper the depth, the better the selected area will be. 
 Seismic conditions: Seismic intensity should be as low as possible. Reservoir areas should be 

far from the site to avoid induced seismicity. 
 Faults: Active faults affecting landfill stability should be avoided. 
 Karst terrains: Areas with soluble rocks (limestone and dolomite) should be avoided as it 

may cause hidden cavities. 
 Mass movement: Areas sensitive to movement due to gravitational events should be avoided 
 Sand dune movement: Areas subjected to sand dunes swarms should be avoided. 
 Nature of rocks: Soluble and jointed rocks should be avoided. 

Economic and 
Social 

 Landfill capacity: Sufficient capacity to meet current and future needs.  
 Infrastructures availability: Main roads and power supply lines should be considered. 
 Habitation: The site must be located at least 500 m away from nearest occupied area. 
 Public acceptance: The selected area should not adversely effects on public health, quality of 

life, local land and property values. 
 Distance to primary highways: Visual impact related with a landfill from adjacent highways 

must be considered. 
 Land-use: The landfill should be located in areas of low economic value. 
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6.  Conclusions 
Considering the contamination fact with different types of hazardous wastes (e.g DU), near 
surface landfill is an economical and vital solution considering the amount of wastes. Basic 
requirements of hazardous waste landfills that could match Iraqi current and future climate could 
be based on USEPA and German regulations. Efforts should be focused on designing as tight as 
possible top liner instead a bottom liner. Landfill designing process beside site selection criteria 
are two important factors controlling the landfill longevity. The suggested site selection criteria 
by the authors might be suitable and could be adopted as a first basic step for resolving 
contaminations problem in Iraq. 
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Abstract 

Hazardous wastes in Iraq can be considered as a looming crisis due to its severe 
impact on health and environment after the 1991 and 2003 wars. The most 
dangerous type is depleted uranium waste. It is classified by EU and USEPA as 
Low-Level radioactive Waste and a simple and sufficiently safe way of isolating 
it from the biosphere is to turn it into a landfill confined within tight dikes. 
Selection of a disposal site requires a number of conditions to be fulfilled, like 
socio/economic, environmental and geotechnical criteria, which, in combination, 
determine where such landfills can be located. This is particularly obvious for 
Iraq, with its large desertic areas that are available for constructing landfills of 
hazardous waste. The climatic conditions are suitable and the deep groundwater 
level valuable for minimizing or avoiding contamination of the area. Heavy rain 
may occasionally fall requiring special measures to be taken for maintaining 
stability and tightness. This paper lists suitable site selection criteria for landfills 
of hazardous waste with special respect to Iraq. An example of a suitable 
disposal site is described and assessed.  
Keywords: hazardous waste, depleted uranium, Iraq, repository, landfill, site 
selection, Al-Jezira desert. 

1 Introduction 

Wars in Iraq (1991 and 2003) generated various types of hazardous waste, 
termed HW in this paper, the ones that we will consider here being soil 
contaminated by depleted uranium (DU)  [1, 2]. Other HW emanates from 
destroyed army vehicles and remnants of Iraqi nuclear facilities holding various 
types and amounts of chemical and radioactive material IAEA [3]. A report 
issued by the Iraqi Ministry of Environment [4] prepared in co-operation with 
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IAEA revealed that the destroyed facilities were contaminated by soil causing 
radiation ranging from low to high levels [5]. The amount of contaminated soil 
and tools successively accumulated during the wars. 
     The impact on the health conditions of the population was reported from 
different parts of Iraq, showing a high frequency of cancer and abnormally born 
infants [6, 7]. HW was defined as material being flammable, corrosive, reactive 
and toxic [8]. According to United States Nuclear Waste Policy Act, DU is 
classified as HW and can be categorized as LLW. This type of waste should be 
disposed so that the environment is protected and public health unaffected for a 
predetermined period of time. Near-surface repositories (NSR) represent the 
most common and least expensive way of isolating low-level and short-lived 
intermediate level radioactive wastes (LILW) [9, 10].  
     Internationally, the time frame of the containment of LILW is designated to 
be 300 years [11]. NSR is expected to perform effectively for at least this period 
of time because of its multibarrier function: a bottom liner system, a system for 
collecting and discharging leached fluid, and a tight top cover [12]. These 
components should be designed so that they are mutually compatible and 
combined to effectively isolate the waste. The site selection affects and largely 
controls the selection of a suitable design. The aim of both is to minimize or 
eliminate migration of hazardous chemical elements from the waste to the 
groundwater and shallow soil.  
     This paper defines site selection criteria, focusing on the environmental, 
geological and socio-economic factors. The application of these criteria is 
employed here to select a preliminary candidate site for disposing HWs. 

2 Successful examples of HW disposal facilities  

2.1 Centre la Manche and centre de l’Aube NSR, France 

La Manche, the first disposal facility for radioactive waste in the world, was built 
in 1969 at Digulleville, east of La Hague’s reprocessing plant for nuclear fuel. In 
1994, la Manche was abandoned after 25 years’ service, providing more than 
500,000 m3 of LILW. The French government decided to establish a new facility 
at l’Aube in 1992, fifty kilometres east of Troyes, for taking care of forthcoming 
HWs. It covers 95 ha with 30 ha disposal area that can host 1,000,000 m3 of 
radioactive wastes, cf. fig. 1. Until 2006, l’Aube received around 200,000 m3 of 
radioactive waste [13, 14]. 

2.2 El Cabril repository, Spain 

The facility in Spain was designed to contain 100,000 m3 of LILW from Spanish 
nuclear and research activities.  It is situated in the province of Cordoba at the 
foothills of Sierra Albarrana. Construction started in 1990 and the facility was 
officially announced to be ready for receiving wastes in 1992. The El Cabril 
NSR reached 54% of its disposing capacity in 2006 and it is still running safely 
and efficiently [15, 16]. 
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Figure 1: Right, El Cabril repository, Spain [19] and on the left, L’Aube 
disposal facility, France [20]. They were situated on an elevated 
area which provides excellent protection of groundwater and good 
drainage characteristics of the percolated water. 

2.3 Lithuanian NSR 

The main objective of this facility was to dispose LILW from the 
decommissioning of the Ignalina nuclear power plants by constructing a disposal 
facility on the ground as near as possible to the mentioned nuclear power plant. 
In 2003, the government of Lithuania initiated the site identification process 
which ended in November 2007 by recommending Stabatišk  site among the 
nine candidate sites to be selected for constructing a NSR. It would require a 40 
ha area including the disposal section of 10 ha, which was designed to take 
100,000 m3 of radioactive waste. The construction of the facility was planned to 
be complete in 2016 [17, 18]. 

2.4 Tentative conclusions 

The main principles applied in the aforementioned cases are preferably followed 
also in the siting process of Iraqi HW facilities. Thus, the selection of suitable 
sites should be based on the following criteria 1) stable geological formation, 2) 
low seismic activity, 3) simple hydrology (implying an elevated area for 
discharge of rain- and meltwater), 4) public acceptance 5) areas of low economic 
value and 6) low population density. The l’Aube and El Cabril disposal facilities 
have excellent topographical conditions by being located on elevated land. The 
latter, is however, vulnerable to seismic impact.  

3 Proposed site selection criteria of HW facilities 

They are discussed here on the basis of three perspectives. 

3.1 Environmental factors 

The selected site must fulfil basic requirements with respect to the role of the 
groundwater. A deep groundwater level is preferred and the groundwater 
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composition must be compatible with the chemical performance of the waste 
disposal facilities and the waste. The flow direction of the groundwater away 
from downstream communities is preferable since it would cause minimal 
contamination of the ground in populated areas. Furthermore, selection of a site 
on the floodplain of major rivers (Tigris and Euphrates) requires location well 
over the level representing 100-year flooding. Positions very near a river or lake 
should be avoided and also wetlands and marshes [21, 22]. 

3.2 Geological factors  

Sites on elevated areas will provide good hydrological conditions like a deep 
groundwater level and protection against flooding. The sub-soil properties also 
play a role because they determine the rate of flow of surface water and 
groundwater and the possibility of fixation of certain cationic contaminants. 
Thus, the hydraulic conductivity, cation exchange capacity and pH value will 
affect the efficiency of the containment of the waste. The seismic conditions of a 
candidate site must be considered and the impact of earthquakes on the 
performance of the selected design of the landfill be predicted. Moreover, areas 
sensitive to mass movements like large-scale slides due to gravitational forces 
and artesian conditions should be excluded. The existence of faults, especially 
active ones, may generate stability problems and should also be avoided. Karst 
phenomena in areas with soluble rocks (e.g. limestone and gypsum) can give 
great problems because of hidden cavities that can cause sudden and strong 
subsidence. Such areas should therefore be ruled out. Hyper-arid regions are 
normally subjected to sand dune movement that must be taken into consideration 
since they can affect the disposal facility by changing the topography [21–23]. 

3.3 Socio-economic factors 

The availability of roads and railways to the disposal facility is of fundamental 
importance for construction of the landfill and for bringing contaminated soil and 
solids there. Electric power and fresh water are important facilities meaning that 
the distance to power transmission lines is a parameter to be considered and also 
the possibility to transport water and store it at the construction site. The 
nominated site should be located at least 500 m away from the nearest village or 
permanently populated area. A very important factor is the need for public 
acceptance, which effectively controls the entire selection process and requires 
professional hydrological and agricultural investigations with risk analysis to be 
made. It must hence be shown that the selected area will not adversely affect 
public health, quality of life, local land and property values. Moreover, the visual 
impact related to the disposal facility is another factor that may have a negative 
impact on the public opinion. Landscaping has to be made for adapting the 
landfill to the existing topography and terrain as much as possible and here is 
where wind-borne sand in desert areas needs special attention. Naturally, 
location of the landfills should preferably be in areas of low economic value with 
due respect also to protection of the national archaeological heritage and wildlife 
[23, 24]. 
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4 Al-Jezira desert as a disposal site 

4.1 Geological and metrological features 

Iraq has a total area of 438,317 km2 of which 60% is considered as desert. These 
areas are known as the Western, Southern and Al-Jazira deserts. The Al-Jazira 
desert covers an area of 29,270 km2, which represent about 6.7% of the total area 
of the country, fig. 2. It is located in the northern part of Iraq within the area 
bordered by Tigris and Euphrates Rivers. Most of the area (80%) is within the 
Ninevah Governorate with minor parts within the Al-Anbar and Salah Ad-Din 
Governorates. The area has very sparse population due to the lack of suitable 
water resources. Many large valleys drain the area and the water from most of 
them is discharged in the Euphrates River and Tharthar Lake, fig. 2. The mean 
annual temperature in the Al-Jazira area is (30–33) °C, and the average annual 
amount of evaporation 3000–3200 mm [25]. Rainfall occurs during winter 
(December to February) in this area, increasing northwards from 150 mm in the 
south to 200–300 mm in the center and further, gradually, to 400 mm in the 
north. The potential of evaporation in the area is several times higher than the 
average rainfall [25]. 
 

 

Figure 2: Geological map of Al-Jazira Area, modified from Sissakian [28]. 
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4.1.1 Topography 
The topographic gradient of Al-Jazira Area decreases from north to south. The 
highest point (400 m AMSL) is located south of the Sinjar Mountain and the 
lowest point (50 m AMSL) is south of Tharthar Lake. The area is characterized 
by flat terrain and rising towards north. Two denudational plains can be 
recognized within the area and they are intersected by many valleys. The length 
of the valleys may reach several kilometres and their cross sectional area is 
usually wide. The southern plain is characterized by isolated hills that can be a 
few meters high, occasionally up to 30 m. Some of them are believed to be 
ancient settlements [25]. 
     Other features are depressions resulting from erosion (salt marshes), solution 
(karsts) or swelling (“Blister voids”). They have different shapes and some of 
them are exceptionally large (Tharthar Lake) while others have an extension of 
only a few kilometres [25]. Due to the extensive evaporation, the area has 
undergone solution and karstification [26]. Accordingly, numerous sinkholes of 
varying dimensions have developed. Some of them may be flooded in rainy 
seasons and eventually become ephemeral lakes. They can later dry up and 
become salty pans. The area is also dominated by gypcrete soil and salt playas. 
The soil varies in thickness from 0.3 m in the elevated parts to 8 m in depressed 
areas. The gypsum content is high, ranging from 30 to 80%. Also, there are three 
major playas, i.e. the Sunaisla playa created by topographic depression, and the 
Bowara playa at the Iraqi-Syrian border, and the Tawila playa located at the 
contact between the Fatha and Injana formations, fig. 2 [27].  

4.1.2 Formation 
The oldest exposed formation in the area is of Late Oligocene and Miocene age, 
fig. 2 [26, 29]. The Anah Formation (Late Oligocene) is the oldest exposed one. 
It is composed of limestone, creamy in colour, fine crystalline, massive, very 
hard, coralline and fossiliferous [30]. Its exposure is restricted to a very narrow 
strip along the left bank of the Euphrates River south of the Al-Jazira area. The 
Euphrates Formation (Early Miocene) is exposed in a narrow strip along the 
Euphrates River and Haitha lakes. It consists of basal conglomerate, followed by 
dolostone and dolomitic limestone, white fossiliferous limestone alternating with 
pseudoolitic chalky like limestone in its lower parts, and white fossiliferous 
limestone, in turn alternating with pseudoolitic chalky limestone in its middle 
part, while the upper part is composed of alternating grey limestone and green 
marl [30].  
     Fatha (Lower Fars) Formation (Middle Miocene) is exposed mainly in the 
southern and middle parts of the area, e.g. in the southern part of Al-Jazira Area 
along the northern side of the Euphrates Valley in the form of narrow cliffs. The 
lower member of the formation is of cyclic nature, each cycle starting with green 
marl, limestone and ending with gypsum facies [31–35]. The upper part of the 
formation is exposed in the middle part of Al-Jazira Area and occupies a wide 
area there. It is of cyclic nature with 7 cycles recognized [33]. The composition 
is similar to that in the lower part, where red claystone and sandstone appear 
[29]. 
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     The Injana (Upper Fars) Formation (Late Miocene) is exposed mainly in the 
northern parts of the area, together with Quaternary sediments [28]. They vary in 
thickness from a few centimeters to 10 m and represent sediments of alluvial, 
evaporation, slope and residual types [29]. In the Al-Jazira area the formation 
consists predominantly of red, brown and grey claystone, siltstone and 
sandstone, overlying the uppermost gypsum bed of the Fatha Formation. 
Generally, the formation comprises of repeated cycles of sandstone, siltstone and 
claystone. In the lower part, thin horizons of fossiliferous and oolitic limestone 
occur locally [29]. 
 

 

Figure 3: Hydrogeological and geological map of Al-Jazira Area with 
groundwater level (AMSL) and direction of flow, after Sissakian 
[27]. 

4.1.3 General hydrology 
The drainage of the Al-Jazira area is directed to marshes, swamps and sabkhas, 
and takes place along sloping large-scale structures. The main water recharge is 
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by direct infiltration from the central wadies to shallow aquifers. Flowing 
groundwater discharges along the Tharthar Lake and sabkhas. The main water-
bearing formations are the Fatha and Injana deposits and Quaternary sediments 
[36]. The trend of groundwater flow is generally from north to south, southeast 
and southwest, fig. 3. There are minor deviations from this pattern due to the 
impact of local geological and topographical processes. The salinity of the 
groundwater ranges from about 300 to 7000 mg/l. It is high in the discharge 
areas in the south and logically decreases towards north, i.e. in the direction to 
the recharge area. The water quality is mainly sulphatic with chloride and 
bicarbonate. The groundwater depth varies from 3 to more than 60 m below the 
surface ground level [36]. 

4.1.4 Tectonic layout 
Respecting tectonics, most of the Al-Jazira province lies within a stable shelf 
area [26]. According to Alsinawi [37] large parts of the area is believed to be in a 
seismically undamaged zone and the rest of it in a zone of minor damage. 
Historical studies of earthquake events in Iraq indicate that large parts of the Al-
Jazira area did not experience any impact of seismic events in the past and that 
the remaining small areas were affected by only few minor earthquakes [38]. The 
Al-Jazira desert is stable, implying stability also of the disposal facility. The 
deeply located groundwater level is another beneficial property of this desert 
area especially for constructing repositories in the middle and southern parts. 
However, depression areas containing free water, salty marshes and karst terrains 
occur and should be avoided.  
     The Al-Jazira area has a number of isolated hills representing suitable 
construction conditions. Most of Al-Jazira desert is of low land type that is not 
suitable for cultivation because of its high gypsum content and low precipitation. 
The central and southern parts are also candidates since the tight shallow soil 
here will minimize rainwater infiltration. Since the ancient Hatra city (Hadhr) is 
one of the most important archaeological features in the area, due respect to it 
has to be paid in the siting process, fig. 2. 

5 Conclusions 

The formulation of siting criteria is the first vital step toward the resolution of 
the problems with safe disposal of HW in Iraq, especially of DU-contaminated 
soil and solids. It is the authors’ opinion that the Al-Jazira desert represents a 
number one candidate for location of one or several landfills of such hazardous 
waste, primarily because of the suitable topography, climatic conditions and 
seismic stability, and also of the low population intensity, and of the availability 
of raw materials. The western and southern deserts can also be utilized for 
hosting a HW repository because they offer similar good prerequisites as Al-
Jazira desert. 
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Hydraulic Properties of Smectite Clays from Iraq with 
Special Respect to Landfills of DU-contaminated Waste 

Laith Al-Taie, Roland Pusch, Nadhir Al-Ansari and Sven Knutsson 

Luleå Technical University, Luleå, Sweden. 

 

Abstract  

Landfills of material contaminated by depleted uranium and other low-level radioactive waste 
must be isolated from the biosphere for a sufficiently long time. This can be effectively made 
in desert climate by collecting contaminated waste in suitable areas confined by tight 
embankments and covering them with very tight clay liners protected from desiccation and 
erosion by suitably composed filters and coarse rock fill. Examples of design principles and 
construction are described in the paper. The clay liners are made of air-dry expanding clay 
that can be found in sufficient quantities in Iraq and that provide very good tightness at low 
cost. The construction technique is well known from various projects.   

Key words: clay, DU, hydraulic conductivity, ion diffusivity, liner, swelling pressure, 
smectite, waste 

 

1  Background  
Soil with radioactive contaminants needs to be isolated from groundwater and living species 
for sufficient time, which is about 300 years for low-level waste from nuclear plants and even 
longer for waste with long-lived radionuclides (IAEA, 1994). Climatic conditions, that can 
represent arctic to desert environments, need to be considered in the design and construction 
phases and short-term extreme conditions, like very heavy rainfall for a day or two every 
fiftieth year may have to be included in the scenarios taken as basis of the design work. Top 
covers of waste piles shall therefore contain an erosion-protective drain layer over the 
engineered barrier that shall minimize infiltration of rain and melt water into and through the 
waste. The barrier below the erosion-protecting top cover is commonly proposed to be a low-
permeable clay liner of smectitic clay and a similar layer suggested to form the base of the 
waste pile. If maintenance of the landfill in the form of drainage and treatment of water that 
has percolated the waste is required, the respective organization or authorities responsible for 
this must see to that the function of the landfill is acceptable for the long time considered. If, 
on the other hand, no monitoring, repair or reconstruction are planned the landfill must 
perform automatically. This latter principle is preferable from economic points of view if a 
durable barrier system can be made and various attempts for this have been comprehensively 
described in the literature (van der Sloot et al, 1993, Wing & Gee, 1993). The aim can be to 
design the top liner so that infiltrated precipitation is retained until evaporation recycles the 
water back to the atmosphere hence preventing irreparable desiccation, but it is realized that 
the whole wetting/drying process is a key issue of great complexity and further complexed by 
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entering electrolytes and freezing/thawing. A fundamental matter is the hydraulic 
performance of smectitic clay for the special case of complete water saturation with respect to 
the microstructural constitution and the impact of hydraulic gradients. They are in focus of the 
present paper.  

 

2  Principle of design of a DU waste landfill  

2.1 Legislation and criteria  

Waste with very low content of radioactive matter (LLW) shall be isolated from the biosphere 
for 300 and 500 years according to IAEA and NRC regulations (IAEA, 1994; NRC, 2000). 
The following criteria are taken as a basis of the design: 

 Disposal within a defined area within which there must be no wells for drinking water 
or irrigation. 

 Confinement by construction of stable and tight embankments or dikes. 

 

The ideal function of the disposal site is to design the top liner so that infiltrated precipitation 
is retained until evaporation recycles the water back to the atmosphere (Pusch & Kihl, 2004). 
If this can be achieved there is no need for constructing pipe systems for collecting percolate 
and clean it and such a solution is aimed at for the DU waste landfill in Iraq. Figure 1 shows a 
cross section of such an arrangement. 

 

Figure 1. Cross sectional profile of a suggested landfill confining contaminated soil with 
Depleted Uranium. 
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2.2 Function of a landfill in desert area  

2.2.1 Principle  

The landfill is constructed so that no maintenance will be needed for the required time, at 
least 300 years, of isolation of the waste. The conditions are that no human activities will take 
place that can cause deterioration, i.a. excavation for use of engineered barriers, dropping of 
bombs or sabotage, and that very significant exogenic impact, like earthquakes of very high 
magnitude, does not take place.   

 

2.2.2 Site selection 

The construction site should be in an elevated area where precipitation of rain or melt water 
cannot accumulate and cause flooding, and where wind-driven sand migration is not expected 
to cause significant erosion or lead to considerable sand drift. Areas with significant seismic 
or tectonic events are known to take place shall be avoided. The disposal area should be on 
dense sand, which minimizes settlement and provides effective drainage of occasionally 
occurring rainfall. Cold conditions causing freezing shall be avoided. 

 

2.2.3 Construction sequence  

The construction of a landfill of the type shown in Figure 1 starts by evening the natural 
ground and placing a base layer of coarser material that is effectively compacted. A filter 
consisting of silt/sand/gravel is then placed and compacted upon which embankments are 
constructed for supporting the waste to be filled. A bottom liner of clay material can then be 
placed over the entire area, reaching up on the sloping embankments but this may not be 
required depending on the stipulations by the authorities. The next phase is placement of DU-
contaminated soil in layers that are compacted by vibrating rollers, the shape of the fill being 
a ridge with sloping sides. The compacted waste is covered by a top liner of smectitic clay 
that is suitably in the form of air-dry granulate. The inclination of the sloping waste fill must 
not exceed the angle of internal friction of the clay layer, which is covered by a filter of 
silt/sand/gravel, with rock blocks for erosion protection of the clay liner being the uppermost 
barrier.  

 

2.2.4 Evolution 

A normal scenario in desert areas is that the temperature rises to more than 47°C in daytime 
(Iraqi Meteorological Organization, 1986), by which the upper barriers become heated but 
sufficient height of the erosion protection and filter will keep the temperature of the clay liner 
at much lower temperature. Three scenarios can appear respecting the clay in the top liner: 

1. No precipitation keeps the initial water content of the clay constantly at 5-10 percent 
by weight through days, weeks, months and years, 
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2. Rainfall for a limited period of time causes wetting and homogenization of the clay, 
which will self-seal and stop migration of infiltrated water. Intermediate dry periods 
will cause reverse migration of water, ultimately leading to the original state with 
microstructurally heterogeneous clay with a water content of 5-10 percent by weight 
through days, weeks, months and years etc. 

3. Very long, intense rain can create an artificial groundwater table in the filter covering 
the top liner and create complete water saturation of the clay in the top liner. Taking 
the lower boundary of the clay to have no water pressure, the hydraulic gradient across 
the clay will be i=H/d, where H is the water pressure on the upper boundary of the 
liner and d its thickness. For practically selected dimensions i will be in the range of 1-
5 m/m, with a duration of the highest gradients ranging from days to weeks while the 
lower will dominate and become negative in periods of draught because of capillary 
suction.  

The most critical conditions with respect to percolation of the top liner will be those 
prevailing in paragraph 3, with the clay liner being completely water saturated. This is the 
case that we will examine in the paper.  

 
3  Hydration and permeation of clay liners  
 

3.1  General 

The amount of water that is infiltrated into the top liner of a waste pile and that penetrates the 
waste mass and the bottom clay liner per time unit depends primarily on the water pressure 
exerted on the liner. The hydration of it is transient since it depends on the varying access to 
water from the overlying drain layer, the water pressure and relative humidity of the air in the 
voids of this layer and in the clay layer. Taking the clay to consist of smectitic clay, like 
bentonite, and assuming that access to water from the overlying drain layer is unlimited, one 
can assume that hydration of the clay takes place by diffusive migration of water (Börgesson, 
1985; Pusch & Yong, 2006; Kröhn, personal communication). The time for saturation of the 
clay liner is very long as illustrated by the fact that a 20 mm thick layer of smectite clay with 
a dry density (ratio of solids and total volume) of 1300 kg/m3 is almost 12 days by one-sided 
wetting if the diffusion coefficient is 3x10-10 m2/s, which is typical for dense smectite-rich 
clay. Considering that rain- and snowfall and hence access to water for uptake by the clay are 
intermittent and that draught will occur in periods, the actual time for complete saturation will 
be several tens of years and even more for a few decimetre thick smectite clay layer. 

After water saturation of the top liner it will be percolated under the hydraulic gradient that is 
produced when a pressure head develops in the overlying drain layer. Prediction of the 
percolation rate is trivial, while definition of pressure heads and their persistence requires 
estimation of the water balance based on statistical precipitation data. As a very conservative 
case one can assume that the water level in the drain layer on top of the upper clay liner is 
maintained at a height over the clay liner that corresponds to 100 % of the annual 
precipitation, which is taken here as 1 m. Using Darcy’s law the percolation rate is: 

v=K x i     (1) 
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where: v=flow rate in m/s, K=hydraulic conductivity in m/s and i=hydraulic gradient (m/m) 

Taking as an example K as 10-11 m/s, which is achievable by using smectitic clay with a 
density of about 2000 kg/m3 at water saturation and a thickness of the clay layer of 1 m one 
has i=1 and v=10-11 m/s, which means that a flow-transported water molecule moves by about 
10 mm in 300 days and that it would take 100 years for it to migrate through a 1 m thick clay 
layer. Such a clay exerts a swelling pressure which can cause upheaval of the overlying soil 
layers if it exceeds the effective pressure caused by these layers. For a fully water saturated 
smectite-rich clay with a dry density of 1590 kg/m3, yielding a bulk density of about 2000 
kg/m3 after water saturation, the swelling pressure would be disastrous, i.e. 10 MPa. It is 
therefore required to use less smectite-rich clay and compact them to lower density. Taking 
the overburden to have an average density of 2000 kg/m3 and be 5 m high it will exert a 
pressure on the upper boundary of the top liner of 100 kPa which is hence the upper limit of 
the swelling pressure exerted by the liner. 

 

3.2 Iraqi candidate clay for use in top liners  

3.2.1 Location and identification 

Green and Red smectite rich clays were selected from Mosul City which is located in the 
northern part of Iraq. The clays belong to the Fatha formation, (Jassim and Goff, 2006). This 
formation is of Lower Miocene age and is composed of alternating beds of limestones, 
gypsum and green and red clays and siltstones. These beds are very thick toward the upper 
most part of the formation. The formation in its type locality is few hundred meters thick (Al-
Ansari, 1973). The green clay was extracted from a thick layer (at least 2 m) exposed near the 
ground surface in Qadia district, Figure 2, which appeared as hard light-green coloured pieces 
(green clay). The red clay had the form of brown/red hard pieces sampled from a thick layer 
(at least 3 m) about 4 km SSE from the place where the green clay is located.  

 

3.2.2 Characterization 

The two smectite clays were crushed by means of impact (no grinding) before doing 
laboratory tests. The crushing product was sorted on a 1 mm sieve and further disaggregated 
by ultrasonic treatment before carrying out consistency limits, grain size analysis and specific 
gravity tests (Müller-Vonmoos et al., 1990). All the laboratory work was conducted according 
to the American Society for Testing and Materials (ASTM) or British Standard (BS). 

 

3.2.2.1 Granulometry  

Both wet sieving and pipette analysis were conducted, the grain size analysis being shown in 
Figure 3. Table 1 shows some physical properties of the green and red clays. Both were 
classified as CH soils according to the unified soil classification system (USCS). Further, clay 
activity characterization (Plasticity index/fraction<0.002mm) indicated both clays are active, 
(Lambe and Whitman, 1979). 
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Figure 2. On the left, the locations of green and red clays near Qadia destrict. On the right, the 
Fatha formation within Makhul Mountains. 

 

Table 1. Physical properties of the green and red clays from the Fatha formation 

Soil Liquid limit 
(%) 

Plasticity index 
(%) 

Fraction <0.002 mm 
(%) Activity Specific 

gravity 
Green clay 148 91 65 1.40 2.76 
Red clay 115 60 48 1.25 2.75 

 

3.2.2.2 Methylene Blue test 

Methylene Blue testing for approximate evaluation of the smectite content was conducted 
following the European Standard (spot method), (Kandhal and Parker 1998). Both clays were 
sieved on the 63μm sieve then treated with 3% hydrogen peroxide for removing organic 
substances, (Pusch, 2002). The clays were then crushed again after oven-drying and sieved 
again. The Methylene Blue value (MBV) was calculated using Equation 2 (Cokca, 2002) and 
found to be 10/100g and 9.3 g/100g for the green and red clays respectively. These values 
reflect a high swelling potential according to the relation between MBV and the clay fraction 
content, (Erguler and Ulusay, 2003). XRD measurements are on their way for more accurate 
determination of the smectite content, which is preliminarily estimated to be 35-45 % for the 
green clay and 25-35 % for the red clay. 

 

)().(1000
)(100).(10).()100/( ' gfmL

ggmLVggMBV cc    (2) 

where, Vcc: Volume of methylene blue solution added, f’: dry weight of the soil used. 

 

Mosul city

Green clay 

Red clay 

Fatha formation

©2010 Google 
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3.2.3 Experimental determination of the hydraulic conductivity and swelling pressure 

The following paragraphs will discuss the experimental procedures and results of the 
hydraulic conductivity and swelling pressure for the green clay only. 

Stainless steel oedometer cells of 3 cm diameter were utilized for hydraulic conductivity 
determination, Figure 4. Three dry densities were selected to determine the hydraulic 
conductivity 1000, 1250 and 1500 kg/m3. Air dry samples were prepared by static compaction 
in four layers (5 mm thick) to meet the specified dry density. The interior of the oedometer 
cell was coated by a thin layer of very smectite-rich clay (MX-80) paste to eliminate leakage 
along the clay–wall contacts. Filters of sintered stainless steel were used at the inflow and 
outflow ends of the cells. These filters were cleaned (after each run) by ultrasonic treatment in 
distilled water and de-aired by gentle boiling for 10 minutes prior to use. After compacting 
the samples, distilled water was supplied from the bottom end of the cells for reaching 
saturation without applying any back pressure. 

 

Figure 3. Grain size distribution of the green and red clays. 

 

Hydraulic conductivity tests were conducted under different hydraulic gradients ranging 
between 5 and 95 m/m (meter water head divided by sample height). The hydraulic gradients 
were applied by use of a vessel connected to the inflow end of the cells and placed so that the 
intended gradient was maintained with very high accuracy. The testing was made according to 
the method proposed by Daniel, 1994; Pusch and Yong, 2006. 

After saturation of the 20 mm thick samples, permeation started under the three specified 
gradients and the tests continued until stable values were reached, (Daniel, 1994). The 
discharged water was collected in 100 ml glass containers with a rubber cap. A small needle 
was mounted on the cap for equalizing air pressure in the container without allowing 
desiccation as verified by a separate test using a free-standing arrangement of the same type. 
Permeation with distilled water at the lab temperature 20oC ±0.5oC lasted for 1–3 weeks 
depending on the clay dry density. 
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3.2.3.1 Impact of hydraulic gradient on the hydraulic conductivity 

The hydraulic conductivity increased as the applied hydraulic gradients were raised. This 
pattern was observed for all three densities and most clearly for the soil with lowest density, 
Figure 5-a. If K35 (K under i=35 m/m) is taken as a reference value for each density, the ratio 
K65/K35 = 30% and K95/K35= 212% for d=1000 kg/m3, Figure 5-b. The difference between the 
two ratios is 182%. If we apply this to dry density 1250 and 1500 kg/m3 we get much smaller 
change, i.e. 28% and 11% respectively, which means that as the dry density increases, the 
impact of hydraulic gradients on the hydraulic conductivity decreases. This can logically 
attributed to the fact that clay samples prepared at higher densities are more resistant to 
change in their structure. The clay plates will be closely arranged due to swelling pressure 
exerted by them, (Lambe and Whitman, 1979). 

 

Figure 4. Schematic diagram for testing setup of hydraulic conductivity and swelling pressure. 

 

3.2.3.2 Evaluation of the hydraulic conductivity under very low hydraulic 
gradients  

Table 2 shows the mathematical expressions for evaluating and predicting the hydraulic 
conductivity for low gradients. The coefficient of determination (R2) ranged between 0.91–
0.99 which indicates good correlation. The right column shows the expected K-value for the 
very low gradient i=1 m/m for different dry densities.  

 

3.2.4 Experimental determination of the swelling pressure 

The same oedometer cells were used for determining the swelling pressure of the green clay. 
Zero displacement pressure cells with 3–5 kN load capacity were mounted on the oedometers 
for logging the swelling pressure generated in the saturation phase, Figure 4. Four dry 

O-rings 
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Inflow 

Outflow 
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densities 1000, 1250, 1375 and 1500 kg/m3 were investigated to correlate the swelling 
pressure with the dry density. The swelling pressure was not stable until after 2–6 weeks 
according to the criterion that the   percentage change is less than 0.5% depending on the clay 
dry density. Stabilization of the swelling pressure indicates clay saturation (Pusch, 1982). 

 

Table 2. Models relating hydraulic conductivity (K) and hydraulic gradients (i) for different 
dry densities. 

d 
(kg/m3) Models for predicting K, (m/s) a b R2 Expected K (m/s) 

under i=1 m/m 
1000 ibaK E lnexp)07( …...(3) -1.5056 0.094 0.99 2.2×E-08 

1250 ibaK E lnexp)10( …...(4) -0.07273 0.4324 0.99 1.0×E-10 

1500 5.0
)11( ibaK E ………....(5) -0.02414 0.17443 0.91 1.5×E-12 

1175§ )lnexp()09( ibaK E ......(6) -22.47767 0.52208 0.99 1.7×E-10 
§ interpolated, see figure 6. 
 

 

Figure 5. a- Relation between hydraulic conductivity and dry density under various hydraulic 
gradients. b- The impact of dry density on the percentage change in hydraulic conductivity, 
denser samples are less susceptible to change in hydraulic conductivity under increased 
gradients (notice the difference between the two columns for a given dry density). 

 

3.2.4.1 Swelling pressure limitations for maintaining top liner stability 

As the dry density increases the swelling pressure (Sp) increased as seen from Figure 7 and 
Equation 7. If the erosion protection layers overlying the top clay liner have an average 
density of 2000 kg/m3 and are 5 m thick, the generated overburden pressure would be 100 
kPa. On that basis, the maximum permissible swelling pressure of the top liner is around 100 
kPa. The dry density of the clay liner which is suitable to maintain the equilibrium will be 
about 1175 kg/m3, Equation 7. 

)ln000869.054142.2exp( ddpS    (7) 
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4  Discussion and conclusions 
 
4.1  Predicted performance 
 
Landfills can be constructed in desert climate by locating them on elevated areas that will 
save them from flooding. A landfill designed as in Figure 1 with stable sloping sides and 
suitably composed overburden covering the clay top liner should guarantee long-term 
performance without maintenance. . Assuming the top liner to be 1 m thick and exposed to a 
pressure of 1 m water head would be exposed to a hydraulic gradient of 1 m/m. By 
considering the aforementioned dry density 1175 kg/m3 to be used for top liner construction, 
the hydraulic conductivity can be interpolated from Figure 6, giving   the K-value 1.5×E-10 
m/s, (Equation 6 in Table 2). This conductivity value will meet the USEPA and German code 
regulations, which are 1×E-08 and 1×E-09 m/s respectively for the top clay liners (USEPA, 
1990; German Geotechnical Society, 1993). The bottom liner could be constructed with much 
higher dry density. Assuming the total height of materials overlying the bottom liner to be at 
least 10 m (including the final cover) with an average density of 2000 kg/m3, the overburden 
pressure would be 200 kPa. A height of 20 m would give the pressure 400 kPa etc. The 
bottom liner can hence have a dry density of 1375 kg/m3 for the firstmentioned height and 
still meet the stability requirements concerning swelling pressure. The hydraulic conductivity 
will be about 1.0×E-11 m/s if the liner is subjected to 1 m/m gradient, Figure 6, and this 
would also meet the aforementioned regulations. However, there are other factors that can 
affect the performance of landfills as discussed below. 

 

4.2 Risks  
 

4.2.1 Physical stability of waste mass and liners  

4.2.1.1 Liner desiccation  

The upper most part of the top liner will be wetted by infiltrated water and undergo 
desiccation during drought seasons, causing risk of fracturing. The fractures can be filled with 
frictional material emerging from the filter material overlying the top liner and hence reduce 
the “effective” liner thickness as indicated in Figure 8. Such problems can be eliminated or 
minimized by installing a thick overburden over the top liner that for at least partial evening 
out temperature and moisture fluctuations. Further, one should also consider the self-healing 
capacity of smectites subjected to pressures greater than 50 kPa, which will self-heal the 
cracks generated from shrink–swell cycles, (Boynton and Daniel, 1985). The proposed 
overburden thickness of 5 m (100 kPa) may in fact prevent formation of desiccation cracks. 

 

4.2.1.2 Internal erosion 

High hydraulic gradients may cause internal erosion and migration of small particles in and 
from the top liner. Extensive laboratory tests (Pusch 1994) indicated the hydraulic gradients 
between 20–30 m/m are capable of tearing and transporting clay soft gel. Such threats are not 
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applicable for thick clay liners but should be considered when using thin geosynthetic clay 
liner. These thin synthetic clays have microstructural heterogeneities at which the percolated 
water under high gradients will easily tear off and transport the soft gel, (Pusch and Kihl, 
2004). 

Figure 6. Relation between hydraulic gradient and hydraulic conductivity under different dry 
densities. The predicted relation of dry density 1175 and 1375 kg/m3 is based on interpolation 
of experimental data. 

 

Figure 7. Swelling pressure of the Green Clay under different dry densities and saturation 
with distilled water. 
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4.2.1.3 Gas generation 

Top clay liners should be designed for maintaining physical stability in the case of gas 
generation that can cause upheaval of the entire top cover if the gas conductivity of the top 
liner is too low. Self-healing of the clay liner implying closing of gas channels depends on the 
clay expandability upon wetting. From a practical perspective, 40-50% smectite is sufficient 
to self-heal clay liners after gas penetration (Pusch, 1994). 

 

Figure 8. Poorly protected top liner against desiccation. Cohesionless materials overlying the 
top liner (i.e. sand/silt) may drop down in the cracks upon drying. Expandability of the clay 
due to the next wetting cycle will not effectively close up these cracks, hence reducing the 
liner thickness. 

 

4.2.1.4 Cementation and permanent collapse 

Silicification of smectite, i.e. cementation, is the consequence of chemical degradation of 
smectite to illite, chlorite or kaolinite..  The dissolution of non-clay minerals like feldspar or 
mica due to hydrothermal processes will release H3SiO4 and finally the precipitation of silica 
in colder parts. The hydraulic conductivity will be increased due the reduction of smectite 
expandability caused by welding of clay plates by the precipitated silica. The same process 
can take place in high temperature environment, more than 100°C, in deep geological 
repositories hosting highly radioactive waste but to a smaller extent in surface landfills (Yong 
et al., 2010; Pusch et al., 2010). 

A separate matter, related to displacement and malfunctioning of the top liner, is the risk of 
compression of the waste mass. For eliminating this problem the waste body must be 
effectively compacted to maintain the required stability and prevent mass body collapse. 
Stabilization of the waste mass by mixing or injecting low-pH cement is a suitable additional 
measure to be taken. 
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Clay liner 

Percolated water 

Desiccation crack 
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4.2.2 Chemical stability of liners  

Chemical degradation is the most threatening chemical process at which smectite minerals 
lose their expanding and healing capacity. Illite and chlorite were considered as the ultimate 
products of such degradation process, (Pusch and Yong, 2006). The smectite transformed 
either to mixed layer smectite/illite or to pure illite. Suitable environment (pH and 
temperature) greatly control such process according to Pytte’s theory (Pytte 1982). The 
saturation process of the top liners normally occurs with low-electrolyte rain water that will 
not significantly alter the porewater chemistry. One should be aware of the layers overlying 
the top liner since they may contain sulphide minerals, and consider if the precipitation is in 
acidic form, since both will significantly lower pH of the porewater. However, a thick 
overburden layer with some carboniferous content can be capable of maintaining pH value of 
the percolated water between 6–8. By applying Pytte’s model and considering pH value kept 
between 6–8 and the temperature at 60°C for the top liner, smectite will stay intact for at least 
ten thousands years, (Pusch and Kihl 2004). 

Hazardous wastes generally undergo partial chemical stabilization prior to disposal in 
landfills, except for those containing radioactive contaminants. The chemical attack by 
leachate must be kept in mind as it causes serious defects. This issue is of great importance 
for bottom liners where it is considered as the final defence line. Acids have been reported to 
dissolve alumina while bases are capable of dissolving silica. Clay minerals contain large 
quantities of both silica and alumina and are hence susceptible to partial dissolution by either 
acids or bases. Some acids like hydrofluoric and phosphoric acid aggressively dissolve clays. 
Leachate with pH<3 and >11 have the most affecting factor on the clays, (Daniel, 1993; 
Mohamed and Antia, 1998; Pusch and Kihl, 2004). 

 

4.2.3 Biological activities and clay liners 

Microorganisms present in the soil can adversely affect the hydraulic properties of clays 
(increasing organic matter). Nutrient availability, temperature, oxygen, moisture and osmotic 
pressure are factors creating excellent environment for their impact. When a clay minerals 
gets in contact with certain bacteria, the later will degrade the bonding energy in the crystal 
lattices of clay minerals, leading to dissolution of them by biotransformation processes. Many 
waste forms are considered toxic to many microorganisms depending on the contact time and 
the concentration, (Yong et al, 2010). 

 

4.2.4 Landfill stability 

Excessive differential settlement of clay liners can cause shear failure or fracturing under dry 
conditions. These effects are minimized if the clay layers are thick enough and ductile.  A 
particularly important issue is the stability of sloping liners since failure  of slopes will lead to 
release of pollutants and need for reconstruction.. Slope instability can be caused by a too low 
angle of internal friction or by artesian conditions triggered by seismic events. Slope stability 
must be insured by sufficient liner shear strength and selection of appropriate slope angles as 
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well as by well-designed supporting dikes. Most modern landfills are designed with side 
slopes of 3:1 (H:V) ratio, (Daniel, 1993; Mohamed and Antia, 1998; Koerner and Daniel, 
1997). 

4.3  What is most effective, the top or the bottom clay liner?  

Considering the factors mentioned there are great advances in constructing very tight top 
liners.  Thick protection covers for eliminating erosive degradation and for minimizing 
temperature variations in the top clay liner, as well as stable slopes of the landfill will create 
preconditions for acceptable long-term performance. If water percolation occurs  through the 
top liner due to unsuitable design and construction, water will pass through the waste body 
and be charged with electrolytes released from  the waste, thereby affecting the pH and 
causing cementing by precipitation of products like gypsum (CaSO4.2H2O), calcium 
carbonates (CaCO3) or iron complexes emanating from reinforced concrete (Fe+2) etc. The 
accumulated water in the waste mass will effectively raise the hydraulic gradient over the 
bottom liner and may cause breakthrough and failure of the bottom clay liner in a few years. 
Finally, a well-designed “very tight” top liner is believed to create a dry waste tomb for 
hundreds of years. 

4.4  Recommendations for further studies and investigations 

The landfill should be located on an elevated area for eliminating flooding and erosion. 
Efforts should be directed on constructing a very tight top liner with sufficiently heavy 
overburden to balance the swelling pressure caused by water saturation of the top liner. 
Further, the green and red smectites seems to be good candidates from engineering and 
economical point of view in Iraq. Both clays can be found in sufficient quantities for liners 
construction and be suitably processed by crushing via suitable technique. The inclusion of 
non-smectite constituents fine materials, e.g. silt and sand, makes the expandability suitable, 
but does not significally reduce the required tightness. It also serves to give the clays a 
relatively high angle of internal friction and sufficient shear strength to provide the required 
slope stability.  
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Abstract 

Cappings of waste piles conventionally contain a drain layer over a low-
permeable clay liner composed of smectite minerals. The rate of percolation of 
the clay liner, once it has been largely water saturated, determines the downward 
migration of water into and through the underlying waste. In a desert climate, 
cyclic variation in the degree of hydration of the clay takes place, from 
desiccated to largely water saturated conditions. Clays of smectite type 
effectively seal off the underlying waste but the content must be low for 
preventing contraction and expansion causing a reduced isolation potential of the 
liner. Penetration of the liner, implying wetting of the waste, starts when the top 
liner is largely water saturated but the hydration followed by dehydration is 
confined to take place only to a limited depth according to the assumed wetting 
mechanism. The rate of wetting usually follows a log time law. For an ideal 
composition and density of the upper clay liner there will be no percolation and 
wetting of the underlying waste. This paper is focused on the mechanisms 
involved in hydration/dehydration of a top clay liner prepared by mixing clay 
and ballast material for providing a basis for design, construction and 
maintenance of well performing cappings. 
Keywords: hazardous waste, depleted uranium, landfill, groundwater, 
contamination, microstructural modelling. 

1 Scope 

The present paper deals with shallow disposal of hazardous waste for which 
many designs have been proposed, like the one in fig. 1. The major drawback of 
this solution is that water can enter and flow laterally through the waste mass 
causing contamination of soil and groundwater on the lee-side. A superior 
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technique is to construct the landfill on the ground surface, separating it from the 
ground for eliminating uptake of water from below, and to equip it with a 
capping that minimizes uptake and percolation of water from above. This 
principle is being proposed for isolation of hazardous waste in the form of DU-
contaminated soil in Iraq [1]. The present paper deals with the evolution of top 
clay liners with respect to the transient degree of hydration and to their hydraulic 
buffering capacity [2–4]. 
 

 
Figure 1: Traditional system of components in shallow disposal of hazardous 

waste [4]. 

     The matter of cyclic hydration/dehydration caused by normal weather 
variations has been described and discussed earlier by various investigators 
leading to the belief that water retention, hysteretic phenomena and unsaturated 
hydraulic hysteresis phenomena play a major role, especially in thick liners. It is 
also understood that the boundary condition are important, like accumulation of 
precipitated salt and other water-driving substances at the soil surface [3, 4]. In 
this paper we will confine ourselves to discuss the wetting process of a smectitic 
top liner, the starting condition being that of an air-dry layer of smectitic soil in 
contact with free water temporarily contained in an overlying overburden of 
coarse soil that serves to provide erosion protection and to discharge rain and 
meltwater. 

2 Performance of clay barriers 

2.1 Design principles 

Smectite clay is known to be an effective barrier to water since the hydraulic 
conductivity is very low, especially at high density, and it is therefore used 
extensively in cappings and bottom liners of landfills of hazardous waste. The 
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clay particles consist of very thin, negatively charge lamellae between which 
cations and water molecules are sorbed. 
     The number of hydrates in the interlamellar space of the smectite species 
montmorillonite can be up to three for bulk densities at water saturation lower 
than about 1600 kg/m3 and about two for bulk densities of 1900-2000 kg/m3. For 
the very high densities 2100-2200 kg/m3 there is just one hydrate layer and the 
suction potential at least 30 MPa. The hydraulic conductivity when sodium 
occupies the interlamellar space is about E-10 m/s for a density at saturation with 
electrolyte-free water of about 1600 kg/m3. It is about E-12 m/s for a density of 
1900-2000 kg/m3, and drops to less than E-13 m/s for densities higher than 
2100 kg/m3. For saturation with Ca+2 or multivalent cations the conductivity is 
5–50 times higher [3].  
     The very low conductivity for high densities is attractive but it is associated 
with a high swelling pressure. Thus, while the swelling pressure is only 300 kPa 
for a density of 1600 kg/m3 of Na+ clay, it is 3 MPa for a density of 1900 kg/m3, 
and more than 20 MPa for a density of 2100 kg/m3. For saturation with Ca+2 the 
swelling pressure is significantly lower, i.e. 30 kPa for a density of 1600 kg/m3, 
400 kPa for a density of 1900 kg/m3 and about 15 MPa for a density of 
2100 kg/m3 [3]. The swelling pressure must be balanced by the overburden, i.e. 
the overlying erosion-protecting layer that discharges rain and meltwater. The 
effective pressure exerted on the clay layer by the overburden is the product of 
its thickness and dry density. Taking the density of the overburden as 1800 kg/m3 
the thickness must be 1.67 m if the clay liner has a density of 1600 kg/m3, while 
the thickness must be 16.7 m for balancing the swelling pressure of clay with a 
density at water saturation of 1900 kg/m3. Since thicker overburden than 5 m is 
not reasonable the swelling pressure of the clay should not exceed 900 kPa, 
which corresponds to a clay density at water saturation of around 
1750 kg/m3.This gives a layer of Na+ clay a hydraulic conductivity of about  
E-11 m/s, which is a commonly required value.  
     From a practical point of view the most important measure of the hydraulic 
barrier effect of the clay is not the hydraulic conductivity but the transmissivity 
of the clay layer, i.e. the product of the conductivity and the hydraulic gradient 
per unit cross section area. The gradient determines the risk of piping and 
erosion and should not exceed 30 m/m (meter water head per meter flow length) 
according to experience [4]. Applying this rule the thickness of the clay layer 
below an overburden of 3 m, giving a maximum water head of 3 m on its upper 
surface, should not be less than 0.1 m. The maximum allowable density of the 
clay for avoiding upheaval of the overburden would be 1650 kg/m3 
corresponding to a hydraulic conductivity of 5E-11 m/s [3]. In practice, a 
suitable minimum thickness of the clay layer is 300 mm, obtained by placement 
and compaction of clay in two campaigns. This gives a hydraulic gradient of 
10 m/m and a transmissivity of 1.5E-11 m2/s, implying a percolation rate per 
square meter surface area of about 0.5 l/year and 50 l per 100 years. Doubling 
the thickness of the clay layer reduces the hydraulic gradient to 5 m/m and the 
transmissivity to 7.5E-12 m2/s. The annual through-flow would be 250 ml. 
Making the clay layer even thicker prolongs the time for wetting and desiccation, 
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which would mean that water saturation will never be reached in its lower part. 
This strategy will be examined and assessed in this paper in which we disregard 
from the impact of frost and other exogenic impact including earthquakes. 

2.2 Selection of clay material 

Theoretical modelling for finding optimal densities and thicknesses of the 
various components of a top liner can lead to an ideal design but in practice quite 
other parameters determine the choice of clay material [1]. Thus, access to and 
cost of suitable clay materials are decisive, which has called for extensive 
investigation of the performance of natural smectite-poor clays and of mixtures 
of suitably graded “ballast”, i.e. non-expansive minerals like quartz, and smectite 
of montmorillonite type. The latter is in air-dry granular form with a size 
distribution that is suitable for achieving a desired microstructural constitution 
(fig. 2). 
 

     

Figure 2: Typical size distribution and appearance of commercial smectite 
granules by scanning electron microscopy (MX-80). The edge 
length of the block is about 5 mm. 

2.3 Clay microstructure 

Figure 3 shows a generalized microstructural model of clay consisting of 
granules. 
 

 

Figure 3: Arrangement of granules in compacted MX-80. The granules 
contain numerous small, isolated voids and billions of smectite 
particles [4]. 

Grains with interlamellar voids 
Clay gels in ‘external’ voids 
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2.4 Clays prepared with low smectite content 

2.4.1 General 
Although smectite-rich clays offer better isolation capability for containment of 
waste, smectite-poor natural clays and mixtures of smectite and ballast material 
can be used and they will be considered here. The principle is to create mixtures 
with such a granulometric composition that the space between ballast grains 
becomes occupied by smectite minerals [4]. Fig. 4 shows the difference between 
cases without clay and with smectite granules in air-dry and water saturated 
form. One should note that the compressibility and expandability of the mixture 
are low because the skeletal structure is composed of ballast grains that will 
carry almost all of the externally applied load. This same skeletal structure does 
not allow for much swelling of the pore-filling clays to occur because of the 
structural strength of the skeleton. 
 

 

Figure 4: Microstructural constitution of soil with and without mixed-in clay 
component. 1) Only ballast material. 2) Smectite clay particles in 
the voids between ballast grains. 3) Clay hydrated and expanded in 
the voids [4]. 

     The proportion of clay content is very important. As in other geotechnical 
contexts, a clay content exceeding about 15% means that the clay matrix 
becomes continuous. This will result in a situation where the ballast grains are 
effectively “floating” in the clay matrix. When this occurs, the properties of the 
clay will dominate. This is good for the hydraulic conductivity provided that the 
mixture can be compacted to a very dense state. For a sensible mixture that 
would allow for a proper development of a skeletal structure and optimum 
performance with respect to bulk hydraulic conductivity and compressibility, a 
moraine or Fuller-type ballast grain size distribution with 5 to 10% swelling clay 
by weight can be used. 

2.4.2 Microstructural modeling 
2.4.2.1 Geotechnical parameters Earlier work has shown that there is a 
relationship between the content of clay granules and the dry density of a 
mixture compacted to various degrees of 100% Standard Proctor density [4]. The 
basis for this is eqn (1), which gives the porosity ns of the ballast: 

  (1) 

1 

Ballast grain 

Clay granules 

Clay gel 

2 3 
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where d = dry density of the mixture, s = density of the minerals, and  
b = clay content (weight fraction). 
     Not all ballast voids can be filled with clay and the degree of clay filling can 
be calculated by applying eqn (2) in which the density of the clay filling is db 
and the degree of clay filling Sb of the voids between ballast grains. 

  (2) 

     Assuming the mixed soil and the clay in the respective voids to be 
homogeneous the relationships in table 1 for different clay contents can be 
derived. 

Table 1:  Semi-theoretical relationship between clay granule content, degree 
of compaction, and physical soil data [4–6].  

Clay 
content 
(%) 

Degree of 
Proctor 

comp. (%) 
d 

(kg/m3) 
sat 

(kg/m3) Sb ns db 
(kg/m3) 

10 100 2050 2290 0.40 0.32 1600 
10 87.5 1790 2130 0.32 0.40 1400 
10 75 1540 1970 0.25 0.49 1200 
20 100 1950 2230 0.57 0.42 1600 
20 87.5 1710 2070 0.50 0.49 1400 
20 75 1460 1920 0.43 0.57 1200 
50 100 1750 2100 0.81 0.67 1600 
50 87.5 1530 1960 0.76 0.72 1400 
50 75 1310 1830 0.72 0.76 1200 

 
     One finds from the table that a compaction energy corresponding to 100% 
Standard Proctor compaction is required to give a density of 1600 kg/m3 of the 
finally matured clay in the ballast voids. This density prevents it from collapsing 
should salt water enter the liner. One also observes that the degree of clay filling 
is low for the most clay-poor mixture and high for the most clay-rich one. For 
the one with only 10% clay, representing the most cost-effective mixture, the 
grains in the ballast skeleton are tightly connected giving it a dry density as high 
as 2050 kg/m3 by very effective compaction. Further compaction using the most 
effective tools available is not possible unless the energy input is high enough to 
crush the ballast grains. 
 
2.4.2.2 Hydraulic conductivity Converting the porosity of the ballast from 3D 
form to 2D form one gets the figure 0.322/3 for the most densely compacted 
material with 10% clay. Taking the hydraulic conductivity to be proportional to 
the fraction of a cross section that is occupied by clay with a conductivity of E-
10 m/s, the average net conductivity of the mixture with 10% clay content would 
be about 5E-11 m/s, which is substantially lower than experimental data. The 
reason for this is that the clay granules do not disintegrate and expand 
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sufficiently deep into the narrowest space between adjacent ballast grains, a fact 
that has been demonstrated by numerical modeling [6]. The microstructural 
model geometry was in 2D and represented clay granules with a dry density of 
1980 kg/m3 whilst that of the ballast grains was taken to be 2650 kg/m3. The dry 
density of the mixture was 1560 kg/m3, corresponding to 2000 kg/m3 at water 
saturation.  
     Fig. 5 shows successive stages in the homogenization process calculated by 
use of the FEM code ABAQUS using laboratory data for the expansion of the 
clay granules and assuming an internal friction angle of 10o. The ultimately 
reached dry density varied from 620 to 1450 kg/m3, corresponding to a density at 
water saturation of 1400 to 1930 kg/m3. The study showed that the narrowest 
portion of the voids between the ballast grains would not be filled with clay and 
that the resulting open space, that would form isolated unfilled ring-shaped zones 
around the contact points of ballast grains in 3D, can only have some minor 
effect on the overall hydraulic conductivity. However, the heterogeneity of the 
clay is more important; the density of the clay would be low in the most 
expanded part of the clay grains, and remain high in the central parts of the 
granules. The risk of piping and erosion of the softest parts would be 
considerable. 
 

 
 

 
 

 
Figure 5: Maturation of mixture of 10% smectite clay (MX-80) and ballast 

particles according to a 2D FEM analysis [6]. Pictures 1, 2, and 3 
show the expansion of the clay between the ballast grains. The 
softest part in the ultimate stage has a density at saturation of 1420 
kg/m3, and 1930 kg/m3 in the densest part. T is time in seconds. 

3 

1 2 
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     It is evident that the prudent course of action is to use very fine-grained clay 
when the amount of clay added to the ballast is small. The impact of the grain 
size distribution of both ballast and clay particles indicates that both types of 
materials should conform to the Fuller parabolic curves to minimize the size and 
volume of unfilled voids. 

2.5 Hydration/dehydration 

2.5.1 Water inflow 
Water uptake of smectitic clays takes place by penetration if the density is low 
and by diffusive migration if it is high. Large-scale tests have shown that inflow 
of water into soft fills of clay granules takes place in a finger-like manner as 
illustrated in fig. 6. For low inflow rates, generating low pressure at the inflow 
point, a small hydraulic wedge is formed but it remains stable by being blocked 
by the confining pellets that sorb water from the wedge. Many more small 
wedges tend to grow in different directions but they all stagnate because of the 
successively tighter clay gel around them. The water pressure is thereby raised 
and a larger hydraulic wedge evolves and propagates. This high-pressure case is 
reached after sufficiently long time independently of the inflow rate, which is in 
fact also the conclusion from full-scale tests [6]. 
 

 

Figure 6: Penetration of water into a fill of expandable granules. Left: first 
stage causing expansion and coherence of the granules and 
initiation of water wedge. Right: stage with expanded pellets and 
pressure rise causing growth of water wedge forming a channel. 

     The overall conclusion from the tests was that a critical state with local piping 
and erosion will take place in soft fillings even for very low inflow rates. The 
same phenomenon can occur also in mixed clay/ballast fills because of the low 
density of the clay in the ballast voids. Assuming, conservatively, that there is a 
threshold inflow rate of 0.1 l per minute and inflow spot, this would roughly 
correspond to an inflow of tens to hundreds of liters per minute and square 
meter. Such conditions can be reached for the common case of covering the clay 
layer with welded plastic membranes in which holes can form and to which large 
amounts of water can be directed. Assuming 10 mm rain to fall in one hour and 
water from 1000 m2 being discharged through a single hole in the plastic 

Discharge
spot in rock

Pellets

Capillary
meniscs

Discharge
spot in rock

Pellets
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membrane it would correspond to an inflow rate of 0.17 l per minute, which will 
cause piping and erosion of the clay layer. This situation will not appear in 
practice with the clay layer covered by an overburden that is very fine-grained at 
the contact with the clay because of its flow-distributing function. 

2.5.2 Hydration by diffusive water transport 
There are comprehensive studies of the mechanisms involved in the hydration of 
smectitic clay under low water pressure [4]. In fact, common oedometer testing 
of smectitic clay in geotechnical laboratories provides information on the rate of 
water saturation that precedes the steady-state percolation for determining the 
hydraulic conductivity, and the hydration has generally been interpreted as a 
diffusion process [4]. Such tests take only a few weeks for standard sample sizes 
but there are experiments that have lasted for several years that show the same. 
     Fig. 7 shows the distribution of the water content in a 6 year column test for 
determination of the hydration rate of a mixture of 10% smectite-rich clay and 
Fuller-type ballast compacted to a dry density of 1450 kg/m3. The initial water 
content was 2.3% and the water to be taken up was distilled and doped with a 
low concentration of formaline for avoiding algae growth. The column was 2 m 
high and 300 mm in diameter. Water was filled to maintain a constant water 
table 1 m over the clay, which was covered with 0.1 m silt and 0.5 m sand for 
simulating an overburden. The experiment, which started in 1987 and terminated 
in 1993, has been reported earlier [4]. It indicated diffusive wetting of the larger 
part of the clay pile but no water uptake in the lower 50 mm part even after 6 
years. The convex curve shape down to half the clay height is believed to have 
been caused by dominant inflow under the prevailing water head, while the rest 
of the curves indicates diffusive wetting. The evaluated diffusion coefficient was 
about 3E-10 m2/s, which agrees well with the corresponding coefficient values 
derived from oedometer tests. Using coefficients of this order complete water 
saturation of test column would take at least 100 years. Under real conditions the 
cyclic desiccation/wetting conditions in desert climate of a clay liner with a 
 
 

 

Figure 7: Water content distribution in 6 year column test of mixed clay  
(10% MX-80) and ballast with 10 kPa water pressure acting on the 
clay. The lower curve represents the condition after 4 years and the 
upper the state after 6 years. 
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thickness of the tested type would lead to a variation in distribution and 
magnitude of the water content but not to complete water saturation. A thickness 
of the clay liner of only 300 mm would most probably not give complete water 
saturation quicker than for the thicker one under arid conditions. However, for 
practical reasons and considering safety margins a somewhat thicker layer is 
recommended. 
     Considering the inhomogeneous physical state of the clay in the voids 
between ballast grains exhibited by the theoretical modeling it is highly probable 
that the early hydration in the column tests had the form of finger-like 
penetration. A more uniform migration of water into a smectitic liner would be 
obtained if all the grains contain clay, still maintaining a low total clay content. 
This would give a more comprehensive wetting by uniform expansion of each 
soil element and lead to a more uniform density of the liner. This strategy has 
been applied in recent landfill projects providing technical/economical 
optimization by using natural slightly smectitic clays, which are available in 
most countries exemplified by Lithuania and Germany, where they form large 
quantities of uniformly composed, easily exploitable beds. Experience from field 
compaction of such clay shows that densities of the same order as for mixtures of 
smectite-rich granules and ballast grains can be obtained by using vibrating 
rollers of sheep-foot or pad-foot type. For either of these materials dry placement 
and compaction should be made for avoiding over-saturation in the compaction 
stage (fig. 8), for delaying hydration, and for saving cost [4]. 
 
 

 
Figure 8: Appearance of padfoot-compacted expandable clay placed in the 

form of slightly dried natural material. The wet surface indicates 
that the clay was compacted to complete water saturation. It was, 
however, perfectly homogeneous and no grains or chunks can be 
seen [8].  
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3 Discussion and conclusions 

Landfills of hazardous waste material conventionally contain a low-permeable 
clay-based top liner covered by a drain layer that also serves to exert sufficient 
pressure on the clay layer for balancing its expandability and protecting it from 
being eroded. If the clay liner can be composed and constructed so that water 
will not penetrate it and enter the underlying waste the desired state of perfect 
isolation of the waste would be reached. The conditions for this are good in arid 
areas like the southern parts of Iraq where DU-contaminated, hazardous soil and 
armed tools and vehicles remaining from recent wars should be isolated in 
landfill form.  
     The main issue is whether one can find a design that makes the top cover of 
the waste fulfil the various criteria that are defined, i.e. 1) to maintain its 
coherence under the expected conditions of cyclic wetting and drying and, 2) to 
become so slowly and uniformly wetted that desiccation in drier seasons brings 
the physical constitution back to the initial, 3) to find suitable local clay material 
at very low cost, and 4) make construction with required accuracy. To this comes 
that suitable coarse-grained material of boulder and block size and also fine 
silt/sand for filter construction must be found for constructing the overburden. 
     One concludes from the present pilot study that: 
 the rate of percolation of the clay liner, once it has been largely water 

saturated, determines the downward migration of water into and through the 
underlying waste, which is DU-contaminated sandy soil, and down to the 
bottom liner. If penetration of water down into the waste can be hindered no 
contaminating elements from the waste can enter the groundwater by water 
flow or diffusion and no problems with gas production that can affect the top 
liner will take place. Construction of a tight bottom liner will not be required, 

 in desert climate the best possibility to avoid penetration of rainwater through 
the clay liner is offered by very slow hydration with intermittent desiccation 
of the upper clay liner. This creates local cyclic variation in degree of wetting 
from desiccated to largely water saturated conditions of the clay in the top 
liner, 

 the criteria defined can be fulfilled by mixtures of a small amount of 
smectite-rich clay and suitably graded non-expanding ballast grains, 
preferably quartz material since it is inert in practice. With a fine-grained 
filter separating the upper drain layer from the upper clay liner for preventing 
clay particles to migrate out from it, the uptake of water of the liner will be 
uniform and driven by its suction potential. The basic idea of using ballast 
with a gradation that makes the grains form a stable network with clay in the 
voids the desired conditions of a non-expanding and incompressible liner 
material is the key point, 

 using natural smectite-poor clay instead of mixtures of smectite-rich clay and 
ballast will improve the homogeneity and tightness of the liner but 
technical/economical optimization requires comparison of the cost of such 
liner material with that for mixed material considering also the expenses for 
mixing and homogenization. 
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