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The uppermost pictures: The investigated Green and Red Iraqi clays in natural form.

The lowermost picture: Predicted performance of the compacted clay liner in desert 
climate during 300 years. Dry case: the top liner system is initially at air-dry condition, 
wet case: the top liner system is initially at optimum moisture content.
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ABSTRACT 
 
 
Wars in Iraq (1991 and 2003) generated various types of hazardous waste in the form of soil 
contaminated by depleted uranium. Other hazardous wastes emanated from destroyed army 
vehicles and remnants of Iraqi nuclear facilities holding various types and amounts of chemical and 
radioactive material. The negative impact of the various wastes on the health conditions of the 
population was reported from different parts of Iraq, showing an enhanced frequency of cancer 
and abnormally born infants. For isolating the wastes, which represent low-level and short-lived 
intermediate level radioactive wastes, near-surface repositories are proposed since they represent 
the least expensive way of solving future problems with sufficient safety. Internationally, the 
timeframe of the containment of such wastes is designated to be 300 years. Site selection affects 
and largely controls the selection of a suitable design the aim being to minimize or eliminate 
migration of hazardous elements from the waste to the environment.  

The formulation of siting criteria is the first vital step toward the resolution of the contamination 
problem. Site selection criteria are proposed taking in account three major factors: environmental, 
geological and socio-economic factors. Accordingly, Iraqi deserts, which make up 60% of Iraq, 
represent the number one candidate for locating a safe disposal facility, primarily because of the 
low population, suitable topography, climatic conditions, seismic stability and availability of raw 
materials.  

Long-term performance of repositories is directly related to the function of top and bottom liner 
systems. They should be designed so that they are mutually compatible and combine to effectively 
isolate the waste. Liners are considered as the main elements of any disposal facility on the ground 
surface and a properly designed top liner system is of particular importance since it will minimize 
or eliminate water percolation into the waste body. Compacted clay liners should preferably have 
with a low hydraulic conductivity, which is achievable by proper selection of raw materials, 
compaction density and construction methods. A further criterion is that they must not soften 
significantly by expansion on wetting, which puts a limit to the smectite content and density.  
The liners can consist of native material found near the landfill site, and be used after simple 
processing, primarily drying and crushing, or be mixed with fillers like silty sand.  

Since the hydraulic conductivity is the key property of a reliable clay liner, relevant experimental 
determination of the hydraulic conductivity is vital. The common practice in geotechnical 
laboratories is to apply high hydraulic gradients for getting results quickly but this can lead to 
non-conservative, incorrect results. The present study involved the determination of the hydraulic 
conductivity of a smectite-rich clay sampled at places within reasonable distance from potential 
NSR sites. Various hydraulic gradients were applied to samples compacted to several different 
densities, using two permeants and two filter types. It was concluded that the outflow filter can 
significantly affect the evaluated conductivity especially when applying high hydraulic gradients. 
This was partly explained by clogging of outflow filters of conventional fine-porous type by torn-
off clay particles at such gradients. A major conclusion was that the gradient in laboratory testing 
should not exceed 100 m/m. This means that the recommended value 30 m/m by the ASTM can 
be raised, at least for smectitic clays. 
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In order to assess the suitability of available raw materials within the Iraqi Deserts, two smectitic 
soils termed as Green and Red clays were investigated for potential use in clay liners. Both clays 
are fairly rich in smectite, which calls for mixing them with properly graded silt/sand material 
from the desert for modifying the expandability. The shear strength, swelling pressure, hydraulic 
conductivity and creep properties were determined and used for defining criteria for selecting 
suitable clay-sand ratios. The results showed that 30-50% Green clay mixed with sand and 40-
60% Red clay mixed with sand were suitable for constructing top liners with a hydraulic 
conductivity of 1×10-10 - 1×10-9 m/s. For bottom liners, 70% Green clay mixed with sand and 
80% Red clay mixed with sand would be suitable; they were found to have a hydraulic 
conductivity of 1×10-11 m/s. 

The long-term performance of clay liners is controlled by a number of processes like long periods 
of extreme dryness and short periods of very heavy rain. The percolation of water through the top 
liner system of a number of design alternatives were simulated using the code HELP 3.95D and 
subsequently by the FE program VADOSE/W. For the assumed near-surface repository concept, 
the slope stability of the top liner is essential and it was determined by using finite element 
technique considering various slope angles. The engineering properties, primarily the hydraulic 
conductivity, swelling pressure and shear strength of 30-50% Green clay mixed with sand were 
introduced in the simulations. Two initial water contents of the compacted materials were 
considered representing  optimum water content (“wet case”), and  air dry conditions (“dry 
case”). Application of the HELP code decided the selection of suitable clay liner having a 
thickness of 0.5 m and inclined by 5.7  (10% slope). More detailed analyses with VADOSE/W 
showed that a mixture at the dry case would bring 0.5 mm (0.5 litre of leaking water per square 
metre) through the clay liner in an eight year simulation period. Long-term simulations (up to 
300 years) showed that the clay liner would undergo continuous drying without reaching 
saturation even in the case of periods of very heavy rain (616 mm) for the wet and dry cases. The 
slope stability factor for the rather steep angle 30  of the lateral protection layers was found to be 
1.5 for the most critical case representing complete water saturation. In conclusion, the proposed 
materials and design features are believed to be suitable for practical application.   
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SAMMANDRAG 
 
 
Krigen i Irak (1991 och 2003) åstadkom olika slag av farligt avfall i form av jord kontaminerad av 
”utarmat uran” (deployed uranium). Annat riskabelt avfall härrörde från förstörda militärfordon 
och återstoden av irakiska kärnenergianläggningar innehållande olika slag av kemiskt och 
radioaktivt material. En negativ inverkan av avfallsslagen på befolkningens hälsotillstånd har 
rapporterats från olika delar av Irak innebärande ökning av antalet fall av cancer och missbildade 
födda barn.  För isolering av avfallet, som representerar låggradigt och kortlivat medelaktivt 
radioaktivt material, föreslås ytnära deponering eftersom den innebär det minst kostnadskrävande 
sättet att lösa framtida problem med tillräcklig säkerhet.  Internationellt sett skall vald design ge 
isolering av sådant avfall i 300 år. Platsvalet påverkar och styr i hög grad valet av lämplig 
förvarutformning med syfte att minimera eller utesluta transport av farliga element från avfallet till 
omgivningen.  
 
Formuleringen av kriterierna för platsvalet är det första viktiga steget för att lösa 
kontamineringsproblemet och föreslås innebära att tre huvudfaktorer beaktas: miljöpåverkan, 
geologiska förhållanden och socio-ekonomisk inverkan. Det leder till att irakiska öknar, som 
utgör 60 % av landet, representerar ett förstahandsalternativ för att placera förvarsanläggningar, 
speciellt därför att befolkningstätheten är låg och topografin lämplig och därför att 
klimatförhållandena, seismiciteten och tillgången till råmaterial är mest gynnsamma.  
  
Långtidsfunktionen hos ovanjordförvar är direkt kopplad till egenskaperna hos topp- och 
bottentätningarna, som skall vara så utformade att de inbördes samverkar och tillsammans ger 
effektiv isolering av avfallet.  Lerlager (liners) ses som huvudkomponenter i alla slag av ytbelägna 
förvar, särskilt funktionen hos topptäckningen som med lämplig utformning skall minimera eller 
helt undvika vattengenomströmning av avfallsmassan. Packade lerlager bör ha låg 
genomsläpplighet, vilket kan fås genom lämpligt val av råmaterial, packningsgrad och 
byggnadssätt. Ett ytterligare  kriterium  är att de inte skall undergå betydande hållfasthetsförlust 
genom svällning, något som sätter gränser för smektitinnehåll och densitet. Lerlagren kan bestå av 
naturligt material från regionen eller tillskapat genom enkel behandling av sådant material såsom 
lufttorkning och krossning eller genom blandning med tex siltig sand.   
 
Eftersom genomsläppligheten för vatten, dvs den hydrauliska konduktiviteten, är den viktigaste 
egenskapen hos ett fungerande  lerlager är relevant bestämning härav i laboratoriet viktig.  Det är 
vanligt att man i geotekniska laboratorier använder höga hydrauliska gradienter för att få resultat 
snabbt men det kan leda till icke-konservativa och felaktiga resultat. Den här aktuella studien 
omfattade bestämning av hydrauliska konduktiviteten hos smektitrika leror på rimligt avstånd från 
potentiella platser för ytförvar (NSR). Olika hydrauliska gradienter användes vid 
genomströmningen av prover som packats till olika densitet och två olika filtertyper kom till 
användning. Slutsatsen var att filtret på utströmningssidan signifikant påverkar den utvärderade 
hydrauliska konduktiviteten särskilt vid användning av höga hydrauliska gradienter. En 
delförklaring kan vara igensättning av utflödesfilter av gängse lågporös typ genom ackumulering av 
eroderade finpartiklar vid höga gradienter. En allmän slutsats var att man vid 
laboratoriebestämning inte bör använda högre gradient än 100 m/m (tryckhöjdskillnad i meter/ 
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/provtjocklek i meter). Det betyder att den av den amerikanska ASTM givna och allmänt följda 
rekommendationen av en högsta gradient av 30 m/m kan höjas, åtminstone för smektitiska leror.  
 
För att värdera lämpligheten hos tillgängliga råmaterial för lerlager inom irakiska ökenområden 
undersöktes två smektitiska material här benämnda Green clay och Red clay. Båda är relativt rika 
på smektitmineral vilket talar för att de bör blandas med lämpligt graderad sand för att modifiera 
svällbarheten. Skjuvhållfastheten, svälltrycket, hydrauliska konduktiviteten och kryp-egenskaperna 
vid skjuvning bestämdes och användes för att välja lämpliga förhållanden på lera/sand mängderna. 
Resultaten visade att 30-50% Green clay blandad med sand, och 40-60% Red clay blandad med 
sand är lämpliga för byggnad av topplager med en hydraulisk konduktivitet av 1×10-9 - 1×10-10 
m/s. For bottenlager kan 70% Green clay blandad med sand  och 80% Red clay blandad med sand 
vara lämpliga; de befanns ha en hydraulisk konduktivitet av 1×10-11 m/s. 
 
Långtidsfunktionen hos lerlager bestäms av en mängd processer såsom långa perioder av extrem 
torka och korta perioder av intensivt regn. Genomströmningen av topptäckningar enligt olika 
designalternativ simulerades genom användning av den numeriska koden HELP 3.95D och 
härefter av finite-elementkoden VADOSE/W. För det antagna förvarskonceptet är 
släntstabiliteten av avgörande betydelse och den bestämdes genom användning finite-element 
teknik med val av olika släntlutningar. De ingenjörsgeologiska egenskaperna, främst den 
hydrauliska konduktiviteten, svälltrycket och skjuvhållfastheten hos  30-50% Green clay blandad 
med sand användes vid simuleringarna. Två initiala vattenhalter användes representerande:  
optimal vattenhalt (“wet case”), och  lufttorrt tillstånd (“dry case”). Tillämpning av HELP-
koden avgjorde valet av topplerlager med 0.5 m tjocklek och en släntlutning av 5.7  (10%). Mer 
detaljerade analyser genom användning av koden VADOSE/W visade att fallet med lufttorrt 
material skulle ge en genomströmning av 0.5 mm (0.5 liter läckvatten per kvadratmeter) under 8 
år. Långtidsimulering för upp till 300 år visade att topplerlagret skulle undergå kontinuerlig 
uttorkning till och med vid perioder av intensivt regn (616 mm) för fallen med initialt bevätt 
material och med lufttorrt material. Släntstabilitetsfaktorn vid en antagen brant lutning av 30  
befanns vara 1.5 för det mest kritiska fallet svarande mot fullständig vattenmättnad. Slutsatsen är att 
de föreslagna lermaterialen och det antagna designvalet är lämpliga för praktisk tillämpning. 
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Chapter 1 
INTRODUCTION 

 

1.1 Wastes in general 
Human activities generate various types of wastes that can be municipal waste, industrial waste, 
radioactive waste or incineration ash. Specific types of waste are placed in special structures called 
landfills or repositories. The wastes in general can be classified as hazardous or non-hazardous. As 
to definitions, hazardous waste can be sub-grouped into two major categories; characteristic 
wastes and listed wastes. Characteristic wastes are known to exhibit hazardous behaviour like 
ignitability, corrodibility, radioactivity 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 could be divided into four groups depending on their activity levels, 
Table.1.1, (IAEA, 1994). Depleted uranium (DU) falls under hazardous wastes and is classified as 
low-level radioactive waste. 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). DU, which is 
a by-product of the nuclear enrichment processes and has a radioactive content that is about 60 % 
of that of uranium Because of its extreme density, research of using it as armour-penetrating 
ordnance began in the early seventies by the US army, including also the nature of accumulated 
DU (Bleise et al., 2003). DU is genotoxic and chemically alters the DNA causing abnormally 
high activity in cells that can lead to tumour growth (Birchard, 1998; Miller, 2007). 
 

 

Table.1.1 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) 

 
 

1.2 Are hazardous wastes present in Iraq? 
Iraq has significant amounts of hazardous wastes, which are currently found in chemical and 
radioactive forms as a consequence of the 1991 and 2003 Iraqi wars (MOEN, 2005). The use of 
DU munition and the destruction of Iraqi nuclear facilities generated various levels of radioactive 
contamination ranging from low to high radiation levels in various parts of Iraq, Fig.1.1. 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.1.2. Examples 
of radioactive waste contamination are given in Fig.1.2 and 1.3. Moreover, the Iraqi nuclear 
facilities destroyed in the wars became contaminated to levels of radiation ranging between low 
and high, Fig.1.4, (MOEN, 2007; IAEA, 2010). The various types of contamination have had 
serious effects on the public health of the Iraqi people, (Bleise et al., 2003; MOEN, 2005; Bertell, 
2006). 
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Fig.1.1. The distribution of contamination with hazardous wastes in Iraq, (Chulov, 2010) 

 
 
Table.1.2. Preliminary data on radioactive contamination in Iraq including DU, (MOEN, 2007). 
 
Radioactive contamination  Quantity (metric tons) 
Solid 500 
Liquid 270 
Scrap and soil  Unspecified  

 
 
 

         
  

Fig.1.2. Left: Barrels with uranium material (known as yellow cake and intended for 
manufacturing of reactor fuel), and waste material stored in plastic barrels. Right: Decayed solid 
and liquid radioactive wastes stored in silos at the Al-Tuwaitha (www.iaea.org). 
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Fig.1.3. 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)  
 
 

        
 

Fig.1.4. Left: The destroyed Tamoz 2 reactor. Right: The IRT 5000 reactor, (www.iaea.org)  
 
 

1.3 Objectives 
This thesis concerns the disposal of low-level and intermediate-level short lived radioactive 
wastes. These wastes can be disposed in a near-surface repository that will be located within one 
of the Iraqi deserts. Special attention was paid to the design of the top liner system and its 
performance.  
 
The study was designated to indicate how disposal of the radioactive wastes mentioned can be 
made especially regarding the following questions: 
 
1. What are the available approaches to dispose the Iraqi hazardous wastes safely? 

Response:  Near-surface disposal of hazardous waste was in focus partly because of the 
minimal construction cost. 

 
2. Does Iraq have suitable disposal site(s) for disposal of hazardous waste? If so, 

where can it be located?  
Response: The Iraqi deserts provide a promising solution towards resolving hazardous waste 
issues.  
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3. Does Iraq have suitable raw materials for constructing a safe disposal facility? 
Response: Two Iraqi smectitic clays, termed here Green and Red, were examined for 
assessing their potential use as clay liners. The goal was to find recipes for suitable clay-sand 
mixtures assuring minimum percolation of rain and sufficient structural stability in short and 
long term perspectives.  
 

4. Which are the main factors that affect the design of clay liners? 
Response: The proposed design principles were selected for i) minimum percolation, ii) 
sufficient erosion protection, iii) minimum contamination of the underground and iv) 
sufficient mechanical stability respecting slope failure and impact of earth pressure. This 
required determination of major geotechnical properties of the liners like the hydraulic 
conductivity and expandability (“swelling pressure”). 
 

5. How will the top liner system perform over 300 years of service?  
Many design alternatives were examined taking into account the outcomes of issues 2, 3 and 
4. A design proposed for a near-surface repository situated in one of the Iraqi deserts with 
very low groundwater level was examined and assessed. 

 
 

1.4 Thesis outline 
It comprises two parts, namely, Part I consisting of 12 chapters with an introductory part and 
describing materials and methods, a hydrological model and a performance analysis, as well as 
results from laboratory investigations. It ends with a discussion of the experimental and modelling 
outputs. Part II contains six scientific articles that are related to the objectives listed in Section 
1.3. Thesis chapters are summarized below: 
 
1.4.1 Part I: Introduction to thesis 
Chapter 1 
General introduction to the thesis. 
 
Chapter 2  
The concept of hazardous waste disposal regarding low-level and intermediate level radioactive 
wastes. Description and discussion of the main components of a near-surface repository and 
specification of minimum engineering requirements. 
 
Chapter 3 
Introductory part giving site selection criteria for disposing hazardous wastes in Iraq followed by 
description of suggested preliminary sites. 
 
Chapter 4 
Factors affecting the design of clay liners focusing on the engineering properties of the liner 
material. 
 
Chapter 5  
Description of the laboratory work performed comprising characterization of clay materials and 
determination of the selected methods for determining swelling pressure, hydraulic conductivity 
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the impact of hydraulic gradients on the evaluation of the hydraulic conductivity, shear strength 
parameters and creep strain. 
 
Chapter 6 
Presentation and discussion of the results from the laboratory investigations with special respect to 
the selection of optimal composition of top and bottom liners. Specification of data required for 
modelling and numerical calculation of the hydrological and soil mechanical performances 
described in Chapter 8. 
 
Chapter 7 
Introduction to water balance concept and hydrological modelling using the codes HELP 3.95D 
and VEDOSE/W. 
 
Chapter 8 
Report of the hydrological and soil mechanical performances of selected design alternatives for 
minimum percolation of rainwater and for achieving sufficient structural stability considering 
techniques and construction cost. The study was made by using the numerical codes Plaxis2D, 
HELP 3.95D and VADOSE/W. Model preparation and selection of material parameters were 
addressed in detail. 
 
Chapter 9  
Presentation, discussion and assessment of the results from the modelling.  
 
Chapter 10 
Six articles appended to the thesis providing a summary of each of them highlighting the major 
outcomes.  
 
Chapter 11 
List of conclusions. 
 
Chapter 12 
Indication of possible future research. 
 
 
1.4.2 Authorship of the appended papers 
This doctoral thesis comprises of six research articles. The names of the contributing authors are 
listed in Table.1.3. The ordering is related to the respective importance of the contributions.  
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Table.1.3. Contributions of the main author and co-authors of the appended papers. 
 
# Idea Experimental work Data analysis Writing 
1 LA, RP, SK, NA - - LA, RP, SK 
2 LA, RP, SK, NA - - LA, NA, RP 
3 LA, RP, SK LA LA LA, RP 
4 LA, RP, SK LA LA LA, RP 
5 LA, RP LA LA LA, RP 
6 LA, RP LA LA LA, RP 
LA: Laith Al-Taie, RP: Roland Pusch, SK: Sven Knutsson, NA: Nadhir Al-Ansari. 
 
 
1.4.3 Part II: Appended papers 
 
# Bibliographical information 

1 

Laith Al-Taie, Nadhir Al-Ansari, Sven Knutsson, Roland Pusch, 2013. Hazardous 
wastes problems in Iraq: A suggestion for an environmental solution.  
Journal of Earth Sciences and Geotechnical Engineering 3, 81-91. 
http://www.scienpress.com/journal_focus.asp?main_id=59&Sub_id=IV&Issue=795 

2 

Laith Al-Taie, Nadhir Al-Ansari, Roland Pusch, Sven Knutsson, 2012. Proposed site 
selection criteria for hazardous waste disposal facilities in Iraq.  
WIT Transactions on Ecology and The Environment, 163, 309-319. 
http://library.witpress.com/pages/PaperInfo.asp?PaperID=23706 

3 

Laith Al-Taie, Roland Pusch, Sven Knutsson, 2014. Hydraulic properties of smectite 
rich clay controlled by hydraulic gradients and filter types.  
Applied clay science 87, 73-80. 
http://dx.doi.org/10.1016/j.clay.2013.11.027 

4 

Laith Al-Taie, Roland Pusch, Nadhir Al-Ansari, Sven Knutsson, 2013. Hydraulic 
properties of smectite clays from Iraq with special respect to landfills of DU-
contaminated waste.  
Journal of Earth Sciences and Geotechnical Engineering 3, 109-125. 
http://www.scienpress.com/journal_focus.asp?main_id=59&Sub_id=IV&Issue=797 

5 
Laith Al-Taie, Roland Pusch, 2014. Natural smectitic soils for protective liners in 
arid climate. 
Accepted in Applied Clay Science 

6 
Laith Al-Taie, Roland Pusch, 2014. Predicted performance of a near-surface 
repository for radioactive waste in the Iraqi western desert. 
Submitted to Engineering Geology 
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Chapter 2 
NEAR-SURFACE BURIAL OF HAZARDOUS WASTE 

 
All disposal facilities of hazardous waste should be designed on the basis of protecting water 
(surface and groundwater), environment and biotic receptors. The hazardous waste should not be 
a burden on future generations. The principle of near-surface repositories (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 represent common and 
economical solutions available today (Pusch, 2008; Chien, 2006). Internationally, about 40 near-
surface disposal facilities for low- and intermediate-level radioactive waste have been in operation 
since about 1980 and another 30 are expected to be in service within the forthcoming 15 years, 
(IAEA, 2012). The time-related performance of NSRs is defined for a predetermined period of 
300 years for the disposal of LLW and LILW-SL (IAEA, 1994). In contrast, the American 
Nuclear Regulatory Commotion (NRC) has advised the isolation of LLW for 500 years. Other 
environmental regulations imply longer isolation times. Thus, those concerning uranium and 
thorium mill tailings, will have to be isolated for 1000 years following the 40 CFR192 rules, 
(NCR, 2000).  
 

2.1 Disposal Concepts of LLW and ILW-SL 
There are three potentially safe disposal options that are recommended for avoiding 
contamination of the biosphere: 
 
2.1.1 Surface disposal  
NSR repositories constructed on elevated ground (“hill-type”) have been proposed for effective 
isolation of low- and intermediate-level radioactive waste from groundwater. Multi-barrier 
systems of natural and/or engineered materials are commonly considered, implying use of waste 
containers of concrete or steel drums placed in vaults of concrete for confinement. The design can 
be as in Fig.2.1A, which implies that the vaults are covered by a top liner of clay protected from 
rainwater erosion by being covered by an overburden that serves as drainage and provides 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 
may endanger its integrity and function. However, such a concept was effectively applied in 
France (Centre de Aube), and in Lithuania.   
 
2.1.2 Trench disposal  
The principle followed is to construct repositories consisting of concrete vaults as indicated in 
Fig.2.1B. They  can be located above or below the groundwater table. The latter case implies that 
groundwater flows around the concrete construction causing successive dissolution of the cement 
component, which leads to lower strength, possibly after only  a century and very significant loss 
of strength in a thousand year perspective (Höglund, 2001). Locating the repository above the 
groundwater level minimizes this risk but since the groundwater fluctuates much and tends to be 
rising as a consequence of predicted climate changes, it still means that the lifetime is limited.  
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. Such concepts were applied for Sellafield 
NSR-UK and Rokkasho Mura NSR-Japan disposals, (IAEA, 2009). 
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Fig.2.1. Disposal concepts of LLW and ILW-SL. A & B: on the surface disposal concept. C & D: 
the trench disposal concept. E: underground burial concept.  
 
 
2.1.3 Underground disposal  
Tunnels and rooms in excavated rock at depth have long been used in countries like France and 
Germany for disposal of hazardous chemical waste, mostly in salt rock, Fig.2.1C. This principle 
was applied in Forsmark, Sweden and Loviisa and Olkiluoto in Finland where the repositories 
were constructed in crystalline rock (granite or gneiss). Rock salt and argillaceous rock are options 
in certain regions, like in Switzerland, Germany and France, (Pusch, 2008). However, they 
present difficulties with rock stability and problems with groundwater flow. The risks associated 
with hazardous waste storage below the groundwater level are high and effective long-lasting 
engineered barriers are needed (IAEA, 2006). In recent time it has been realized that certain deep 
mines can offer excellent possibilities to store hazardous waste including radioactive rest products 
(Popov and Pusch, 2006). 
 
2.1.4 Comments  
The two aforementioned concepts can possibly be applied for disposal of hazardous wastes in Iraq. 
They are similar and represent the same construction cost, except for the trench version located 
under the ground surface, which will be significantly more expensive. Selection of a typical desert 
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area for such a repository means that the groundwater level can be hundreds of meters below the 
ground, which minimizes the rate of concrete degradation in foreseeable time. One advantage of 
the below-ground concepts is that the disposal is hidden and therefore not easily available for 
intrusion. Near residential areas the groundwater level is usually high and hence not suitable for 
location of such a repository and the risk of removal of engineered barriers from on-ground 
repositories also speaks against placing them in or near such areas. A second advantage of below-
ground repositories compared with those located on-ground is that they do not require 
comprehensive isolation from external impact, like heavy rainfall and frost.  
 

2.2 Main components of NSR 
The surface and trench disposal concepts comprise (of) the following components. 
 
2.2.1 Final cover system 
The cover system is also called “capping” and “top liner system” and consists of multi-layers 
(starting from top):  surface layer (with/without a vegetative cover)  erosion-protecting 
layer with draining capacity  drainage layer  hydraulic/gas barrier layer and  foundation 
layer. The main objective of a well-engineered cap is to, (Koerner and Daniel, 1997): 
 

1. Control water hydration and 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 
desert climate. 
 
2.2.2 Bottom liner system 
This system is located below the waste body and acts as a foundation. It comprises of (starting 
from top):  regulating layer  drainage blanket (sand and gravel or synthetic material1)  
protective layer  hydraulic barrier and finally  the foundation layer. The bottom liner system 
is considered as the final line of defence in case of water percolation through the capping and 
waste mass. 
 
2.2.3 Leaching collection and removal system (LCRS) 
It is included within the bottom liner system. Its main function is to collect the leachate incase 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 require an organization capable of running them. The need for 
LCRS in desertic climates (e.g. Iraq) may not be necessary as shown and discussed in the present 
thesis. Avoiding such systems will naturally minimize or eliminate a number of technical 

1 Synthetics of organic type can serve as nutrients for microbes and organic colloids than can bring possibly
released radionuclides to the groundwater
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difficulties and cost. A not fully realized problem with the systems is that maintenance and regular 
upgrading and repair are required. 
 

2.3 Hydraulic barriers 
They are 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) and geosynthetic clay liners (GCL). These materials can be included 
as a barrier solely or in combination with other components, e.g. GM/CCL, GM/GCL or 
GM/GCL/CCL. 
 
2.3.1 Compacted clay liner  
On-site constructed hydraulic barriers of natural inorganic materials can be composed of a 
mixture of expanding clay minerals and ballast (aggregate). The expanding clay component, 
referred as smectite or bentonite2, while the ballast is coarser and preferably consists of gravel, sand 
and silt. Clay liners are placed in thin layers (150-300 mm) called “lifts” and compacted using 
heavy compaction machines, Fig.2.2.  
 
Considering arid areas and knowing that compaction of wetted clay liner material to the optimal 
water content can cause difficulties, like liquefaction and inhomogeneity (Boynton and Daniel, 
1985; Pusch and Yong, 2006), air-dry placement and compaction should be selected. The focus 
of this thesis was on the placement and compaction of air-dry materials, which can also be more 
effective and cheaper. This option minimizes many technical problems regarding for example the 
availability of suitable water for the mixing process, generation of desiccation cracks and 
difficulties in meeting quality measures concerning homogeneity of the mixture. It is also cost-
effective. Detailed discussion is provided by paper # 5. 
 

2.4 Requirements for hazardous waste landfills 
Landfill engineers should meet certain criteria in the design of top and bottom liner systems, and 
leaching collection system. The top liner system must be designed to operate with minimum 
maintenance and to accommodate settlement and subsidence of the underlying ground. German 
regulations specify the dimensions and maximum hydraulic conductivity of the bottom liner 
system for making it perform reliably without maintenance and repair. The system should be 
designed so that the hydraulic head on the bottom liner does not exceed 0.3 m. In contrast, other 
designs follow the principle to pay most attention to the top liner since it determines when and 
how much contaminated water will reach the bottom liner, which is vulnerable by the impact of 
low or high pH and of cation exchange processes. As to the handling and treatment of leachate 
one needs to consider how effectively and safely one can collect leachate, which is questionable 
for any repository in longer time perspectives than a few tens of years. In this respect on-ground 
repositories with very tight top liners and no systems for collecting percolated contaminated water 
are advantageous. However, future climatic changes should be considered because the lifetime 
service of these structures have to serve acceptably for 300 to 1000 years. 
 
There are many international regulations concerning the requirements of hazardous waste 
disposal, including radioactive rest products. The German and USEPA regulations were followed 

2 Bentonite is the geological term for smectite clay formed from volcanic ash deposited in salt sea
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here, in principle taken here as an example, Table.2.1, Figs. 2.3 and 2.4, (USEPA, 1990; DGGT, 
1993). German regulations concern humid climate regions while the USEPA regulations are more 
adapted to hot climate. Both focus on constructing a tight bottom liner and are taken as a 
common basis of the design of hazardous waste landfills in Iraq considering current and future 
climatic conditions. The principle favoured here is, however, to focus on designing and 
construction of the tightest possible top liner since it will control water percolation. The bottom 
liner is considered as the final line of defence. For more details, reference is given to paper # 1. 
 
 

    
 

Fig.2.2. Compaction of clay liner as a component of a bottom liner system. Left: Altdorf, 
Germany (Gartung and Burkhardt, 2009). Right: bottom liner compacted by use of a vibratory 
pad-foot roller at the Högbytorp landfill in Sweden, (Pusch et al., 2011). The clay was compacted 
to complete water saturation as illustrated by the wet surface.  
 
 
 

 
 
Fig.2.3. Minimum requirements for hazardous wastes landfills according to the German 
Geotechnical Society, A) Final cover system. B) Basal (bottom) liner system. (Modified from 
DGGT, 1993). 

No. Layer zone 
1 Restoration profile, subsoil, top soil. 
2 Drainage system. 
3 Geomembrane. 
4 Mineral (clay) 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 (clay) sealing layers. 
13 Subgrade (in the case of embankment or soil replacement). 
14 Subsoil. 

7

8

910
11

12

13

14

1

2
3

4

5

7

6

(A) (B)



12

 
 

Fig.2.4. 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). 
 
 
Table.2.1. German and USEPA regulations for top and bottom liner systems and leaching 
collection system. 
 
Component German regulations USEPA regulations 

Top liner 
system 

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. 

Leaching 
collection 
system 

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. 

§ Saturated hydraulic conductivity 
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1 Erosion layer (vegetative soil). 
2 Granular filter. 
3 Biotic barrier. 
4 Cover drainage layer. 
5 Flexible geomembrane. 
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7 Low permeability compacted soil liner. 
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Chapter 3 
LOCATING A NEAR-SURFACE REPOSITORY IN IRAQ 

 
The formulation of siting criteria is essential in the assessment of candidate locations remaining 
after evaluation of their suitability from other viewpoints like presence of precious raw material 
such as oil, gas and certain metal ore, and restrictions caused by infrastructural conditions. No 
criteria have been formulated by the Iraqi authorities but are proposed in the thesis as an attempt 
of providing rules for construction of repositories in Iraq for disposal of hazardous waste in general 
and low-level radioactive waste in particular. This chapter defines site selection criteria focusing 
on the environmental, geological and socio-economic factors and conditions. The 
application of these criteria are employed to select a preliminary candidate sites for disposing 
hazardous wastes.  
 

3.1 Proposed criteria for site selection of hazardous waste facilities  
The formulation of site selection criteria was based on three major issues: environmental, 
geological, and socio-economic factors and conditions.   
 
3.1.1 Environmental factors 
The selected site must fulfil basic requirements with respect to the impact on the groundwater. A 
deep groundwater level is preferred since the impact on it by shallow repositories is then very 
small. For high groundwater levels the chemical composition should be compatible with the 
performance of the waste disposal facilities, i.e. the engineered barriers and the waste itself. The 
flow direction of the groundwater downstream communities is preferable since it would naturally 
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 to rivers and lakes should be avoided and also 
well off wetlands and marshes (Oweis and Kheram, 1998; Qian et al., 2002). 
 
3.1.2 Geological factors 
Elevated terrain provides good hydrological conditions like deep groundwater and no risk of 
flooding. The sub-soil properties are also important because they determine the risk of infiltration, 
contamination and migration of surface water and groundwater. Thus, the properties of the sub-
soil respecting hydraulic conductivity, cation exchange capacity and pH will affect the extension 
of possible contamination of the environment. 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, the greatest risk being that of fracturing of concrete vaults and liquefaction of clay-
based top and bottom liners and other soil backfills. A fundamental principle is to avoid repository 
location in areas that are sensitive to mass movement such as sloping terrain that can cause large-
scale slides due to gravitational forces. Areas with 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 subject to sand dune movement 
that must be taken into consideration since they can affect the disposal facility by changing the 
topography (Allen et al., 1997; Oweis and Kheram, 1998; Qian et al., 2002). 
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3.1.3 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 on site. Electric power 
and fresh water are important facilities meaning that the distance to power transmission lines is a 
parameter to be considered, and this is also the conditions for to transporting water and soil 
materials to the construction site. The nominated site should be located at least 500 m away from 
the nearest village or populated area. 
 
A very important factor is the need for public acceptance, which has a strong impact on the final 
decision of location and acceptance of construction. Hydrological and agricultural investigations 
are essential at the stage when location and design of repositories are to be defined and 
determined. 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 a factor that can have a negative impact on the public opinion. Landscaping must 
probably be made for adapting the landfill to the existing topography and terrain and here is 
where wind-borne sand in desert areas needs special attention since it affects both the esthetics 
and the technical performance of the repositories. Location of the repository should preferably be 
in areas of low economic value with due respect also to protection of the national archaeological 
heritage and wildlife (Bagchi, 1994; Allen et al., 1997). The possibility of finding suitable places is 
very good in the vast desert areas west and southwest of Baghdad. 
 
 

3.2 Possible disposal sites in Iraq 
Iraq has a total area of 438,317 km2 of which 60% is desert like the Western, Southern and Al-
Jazira deserts. The Western desert is estimated to be the largest, Fig. 3.1. The main characteristics 
of the Western and Al-Jazira deserts are discussed in some detail in this study as possible areas for 
DU disposal.  
 
3.2.1 The Western Desert for DU  disposal  
The Western Desert is in general a flat region that is slightly rising westwards. It is characterized 
by isolated hills varying in elevation from a few meters up to 50 m. The depth of the 
groundwater table ranges between 5 m along the Euphrates River up to 250 m at the Iraq-Jordan 
borders. Most of the area has very low precipitation with a mean annual rainfall <100 mm 
representing a mean annual “dryness index” of 45. Most of the precipitation occurs in October 
and May as sporadic bursts of 40 mm in 24 hours and occasionally more (Al-Bassam, 2007). Most 
of the Western Desert is covered by “desert pavement”, which is a desert surface covered with a 
layer of rocks of rounded or angular nature with different size fragments (called as Serir). The 
desert soils holds valuable raw materials like clay minerals (montmorillonite, kaolinite and illite 
deposits), which can be exploited for isolating hazardous waste. From the point of seismicity, the 
Western Desert falls within a vast area with no active faults (Alsinawi, 2003). 
 
Recalling the site selection criteria discussed in section 3.1, the Western Desert can be 
considered as an excellent option for constructing a repository for radioactive waste. The suitable 
topography, climatic conditions, seismic stability, low population intensity and lack of precious 
raw materials combine to make the Western Desert a suitable area for locating DU-radioactive 
landfills. The Al-Jazira and Southern deserts can also be utilized for this purpose since they offer 
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similar good conditions for this purpose. The Al-Jazira Desert was discussed in details in paper 
#2. 
 
 

 
 

Fig.3.1. Geographical map of Iraq showing the locations of Western, Southern and Al-Jazira 
deserts, (Sissakian, 2009). 
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Chapter 4 
PERFORMANCE OF COMPACTED CLAY LINERS 

 
Many issues and conditions have to be considered by the geotechnical engineers in the design of 
compacted clay liners for making them perform acceptably over the years. If a certain clay has 
been selected as a candidate engineering barrier because of its chemical and mineralogical 
constitution, its physical properties have to be determined in the laboratory. Those of primary 
interest are the hydraulic/gas conductivities, swelling pressure, shear strength, stress/strain 
behaviour and creep potential, Fig.4.1. They are functions of the dry density and clay content. 
The chemical integrity of clay liner composition will control the performance of all the 
mentioned factors.  
 
 

 
 

Fig.4.1. Factors controlling the design of compacted clay liner. The “density and clay content” 
control the three design elements. The shear strength determines the degree of slope stability in 
short and long-term perspectives with special respect to the impact of creep strain.  
 
 

4.1 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 must provide 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 the 
aforementioned, it is of significance if the gas production rate leads to a pressure level 
corresponding roughly to the bulk swelling pressure. If so, gas makes its way through the clay by 
forming fingering gas paths, which  can serve as channels for quick downward water migration 
through the liner (”two-phase flow”) if the self-sealing capacity of the liner is low. 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.  
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4.2 Swelling pressure 
The stability of the capping is controlled by the dry density and mineral composition of the clay 
component. Clays that are rich in smectite minerals and have high density can expand and 
become softened if the swelling pressure exceeds the effective pressure caused by the overburden. 
Such pressure balance  can require unreasonably thick overburden layers and the clay should 
therefore either be a natural smectitic material with relatively low smectite content or be prepared 
by mixing a moderate amount of smectite and suitably graded aggregate (silt and sand). For the 
bottom liners the effective stress caused by the overburden and the waste mass is higher than of 
the top liners and allows for higher clay density or less aggregate, which, however, raises the 
hydraulic conductivity.  
 

4.3 Shear strength  
Sloping clay liners must have sufficient strength to resist shear stresses caused by their own weight 
and weight of the overburden. Slip and softening by liquefaction caused by seismic events are 
obvious risks. Too steep slopes may lead to failure if the shear strength is approached which 
would ruin the landfill and cause release of pollutants. The density and clay content affect the 
strength. The effect of creep strain is obvious when the calculated safety factor is low and time-
dependent strain can accumulate and lead to delayed slope failure.  
 
4.3.1 Short term shear strength and slope stability 
Stability can be provided by clay liners in the construction phase and a certain period thereafter. 
The shear strength parameters, the cohesion “c” and angle of internal friction “ ”, are both 
related to the density and clay content. Clay liners are commonly not thicker than 1 m. Slope 
failure can take place locally in such liners and the critical zone propagate and ultimately appear in 
all parts of the liner.  
 
4.3.2 Long term (Creep) 
Following classical soil mechanics, long-term stability problems are solved by performing c-  
analysis assuming drained conditions. Acceptable stability conditions commonly require that the 
safety factor is at least 1.5. Pure Na+ and Ca++- bentonites are known to have internal friction 
angles between 10-15° (Pusch and Yong, 2006), which limits the slope angle of liners 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 provide sufficient shear strength. Most landfills with 
clayey top liners have a slope angle of 18° based on determination of the shear resistance in 
laboratory tests. 
 
Smectite clays are classified as visco-elasto-plastic materials that undergo time dependent strain 
(creep) under constant shear stresses. Landfill 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 generally accepted, practically useful ways of taking the impact of creep into 
consideration are not at hand, except for the common rule that the factor of safety should be at 
least 1.5. It emanates from the experience that for clay subjected to shear stresses that are up to 
2/3 of the conventionally determined shear strength value (e.g. from direct shear test or triaxial 
tests), the creep strain rate and associated microstructural distortion diminishes with time 
following an exponential function representing primary creep (Pusch and Yong, 2006). Selection 
of clay with a sufficiently high content of frictional material (silt and sand) is a practical way of 
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reducing the risk of creep-related failure. It is well known that the creep strain rate of 
incompletely water saturated clay is lower than when it gets fully saturated, which speaks in 
favour of making the design such that complete saturation will not take place, i.e. by making  top 
liners thick and their inclination small. The conditions for this are very good in   desert climate.  
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Chapter 5 
MATERIALS AND METHODS 

EXPERIMENTAL PART 
 

5.1 Iraqi clays for waste isolation 
Iraq has considerable amounts of clay minerals. They are mainly distributed in the deserts and the 
northern parts of Iraq. For instance, the Western Desert holds more than 22 million tons of Ca++-
bentonite deposits formed in Late Cretaceous age and now found in the Al-Anbar governorate. 
Respecting it’s the composition, the dominant clay minerals are montmorillonite and 
palygorskite3, (Al-Bassam, 2007). The annual production of bentonite is reported by the Iraqi 
Geological Survey Company to be 75 kilotons. Recently, a Chinese company has been 
contracted to build a soda treatment plant for converting the common Ca++ bentonites in Iraq to 
Na+-activated bentonite, (IGS, 2012). Other raw bentonite material sources exist in the Al-Jezira 
and Southern deserts in the form of slightly silicified claystones making up beds 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. 
 
Some of the clay deposits mentioned are currently being exploited for many industrial purposes, 
like bore muds for oil drilling. These clays should also be valuable for environmental applications, 
like isolation of hazardous wastes. The suitability for this purpose must be evaluated by 
mineralogical and geotechnical investigations before starting large-scale exploitation. They shall be 
based on the factors and criteria discussed in chapter 4. 
 
Two smectitic clays for potential use in clay liners are termed Green and Red clays, and they 
were selected for closer examination in the present study. 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 and Red 
clays were extracted from a thick layer (at least 2 m) exposed near the ground surface in the Al-
Qadiya district. Both clays were characterized with respect to physical and engineering properties. 
Detailed discussions can be found in papers # 4 & 5.  
 

5.2 Ballast material 
Sandy soil from the Luleå area in northern Sweden (Kallax area) was selected as coarse component 
of the mixture with clay for reaching the required reduction of the swelling pressure. The size 
distribution of the sand was adjusted to make it comparable to the sandy silt soils that are available 
in Iraqi deserts, such as the Western Desert (Fig.6.1 in chapter 6). 
 

5.3 Mineralogy of Green and Red clays 
The clay and non-clay minerals were identified by X-ray diffraction of randomly oriented 
powder. The Empyrean-PANanalytical diffractometer at the division of Sustainable Process 
Engineering at Luleå University of Technology was utilized for identification of major clay 

3 In the USA the term is “attapulgite” but I use “palygorskite” since this name was first used by the mineralogical
society
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minerals and for semi-quantitative analysis. The back-loading technique was adopted in the 
preparation of air-dry powder mounts. Ethylene glycol treatment was included in this work for 
characterizing the smectite content following Moore and Reynolds, 1997. The procedure 
comprises storing of the 1-10 g clay powder in a desiccator containing about 200 ml of ethylene 
glycol at 60°C oven for 24 hours. The diffraction patterns for the air-dry and glycolated samples 
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 ) scanning rate was 0.026°/sec. Semi-quantitative analyses of the clay minerals were 
conducted following the procedure described in appendix A. 
 

5.4 Preparation, mineral identification and Indexation   
The Green and Red clays were disintegrated by use of a jaw crusher and screened on 1 mm sieve 
for laboratory testing. Grain size analyses were determined following two sieving procedures, dry 
and wet sieving. The gradation of the dry material was determined following ASTM D 6913. The 
wet sieving was conducted on dispersed samples following ASTM D 1140. Material finer than 
0.063 mm was analysed separately using the pipette method (BS 1377, 1975). 
 
The clay samples were disintegrated by ultrasonic treatment before conducting Atterberg limits 
(ASTM D 4318) and specific gravity (ASTM D 854) tests (Müller Vonmoos et al., 1990). The 
Green and Red clays in virgin form are concluded to be weakly cemented by precipitated calcite 
compounds. 
 

5.5 Compaction of mixtures  
The Harvard miniature compaction tool (Head, 2006) was utilized to determine the maximum 
dry density and optimum moisture content according to the modified Proctor compaction 
method. Clay-sand mixtures were prepared by hand-mixing of the dry components. Each sample 
contained 400 g of dry soil material. Distilled water was added to the mixture using hand 
spraying. The wet mixture was stored in tight plastic bags in the refrigerator for 48 hr to enhance 
moisture homogenization (ASTM D 1557). Afterword, the wet mixture was compacted into 5 
layers in the compaction mould. Each layer was subjected to 5 blows from a hammer (weight 
1814 g) falling freely by 20.8 cm in order to achieve the modified compaction effort of 2700 kN-
m/m3. After compaction, a representative soil sample was taken for determining the final moisture 
content. 
 

5.6 Swelling pressure and hydraulic conductivity 
The mixtures of Green clay-sand and Red clay-sand were tested with respect to swelling pressure 
and hydraulic conductivity for various dry densities. Stainless steel oedometer cells of 30 mm in 
diameter were utilized, Fig.5.1. The inner wall of the oedometer cell was smeared with a thin 
coating of pure smectite clay for preventing leakage along the sample and the oedometer ring. 
The air-dry materials were thoroughly mixed and then placed and compacted in four layers of 5 
mm thickness and confined between filters of sintered acid-proof stainless steel. The filters were 
rinsed at the end of each test in ultrasonic baths of distilled water. Distilled water was used for the 
saturation of all samples and for the determination of the hydraulic conductivity. Load transducers 
(3-5 kN loading capacity) were mounted on the piston of the oedometer cells for logging the 
swelling pressure, Fig.5.1. Saturation was reached after 2-6 weeks as indicated by the ultimately 
constant swelling pressure (Pusch, 1982). The hydraulic conductivity was determined for three 
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hydraulic gradients (i) ranging from 10 to 90 m/m (meter water head per meter flow length). The 
gradient 10 m/m was taken as reference since it is on the same order of magnitude as the actual 
hydraulic gradients across clay liners. It is also in line with recommendations given by the German 
specification that the water head on top liners should not exceed 0.3 m (DGGT, 1993). 
 
 

 
 

Fig.5.1. Experimental setup for determining the hydraulic conductivity and swelling pressure. 
Left, cell diameter = 30 mm. Right, cell diameter = 50 mm. 
 
 
5.6.1 Hydraulic conductivity and hydraulic gradient  
Accurate determination of the hydraulic conductivity in the laboratory is vital. Quick 
determination of this property by the use of high hydraulic gradients can give non-conservative 
data as concluded from lab tests using different hydraulic gradients and filter types as well as 
different permeates as described in paper # 3. The Iraqi smectitic soil, termed as Green clay, was 
in focus.  
 
Stainless steel oedometer cells of 30 and 50 mm in diameter were used for determination of the 
hydraulic conductivity, Fig.5.1. Air-dry samples were prepared by static compaction (rate=1.5 
mm/min) in four layers (5 mm thick) to reach the desired dry densities. The walls of the 
oedometers were coated with a thin layer of very smectite rich clay paste (commercially available 
as MX-80) for eliminating leakage along the sample-wall interface. Two types of filters were used: 
sintered stainless steel filter of 30 mm diameter, and 50 mm diameter sand/silt filters. The sintered 
filters were cut and trimmed to fit the cell diameter and placed in contact with the Green clay 
samples at the inflow and outflow ends. The filters were cleaned by ultrasonic treatment in 
distilled water after each run and de-aired by gentle boiling in distilled water for 10 minutes prior 
to further use. On the other hand, the sand/silt filters were statically compacted to 20 mm 
thickness with the dry density 1600-1630 kg/m3 by compressing them under 1 MPa pressure for 
few minutes. They were prepared from natural sandy soil known as Kallax sand using series of 
0.25-2.00 mm and 0.125-0.063 mm sieves following recommendations by Terzaghi and Peck 
(1996).  The porosity of the sand/silt filters was 0.38 and the void diameters4 10 to 800 m. Their 
high density made them resist compression during saturation and percolation of the compacted 
clay. The test arrangements are shown in Fig.5.1. 
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Two sets of about 20 mm high samples were prepared; one saturated and permeated with distilled 
water and the other by using 3.5% CaCl2 solution. The permeant was supplied from the lower 
end of the cells with only very low backpressure. Stiff pressure cells of 3-5 kN load capacity were 
mounted on the oedometers for logging the swelling pressure evolved in the saturation phase. 
The pressure was perfectly stable after 2-6 weeks for distilled water and 1-3 weeks for the salt 
solution indicating nearly complete water saturation (Pusch, 1982). 
 
The hydraulic conductivity tests were conducted under different hydraulic gradients, ranging 
from 5 to 10000 m/m. Low-range hydraulic gradients (5-100 m/m) were applied by using a 
water-filled vessel connected to the inflow end of the cells and placed so that the intended 
gradient was maintained (Pusch and Yong, 2006). Application of high gradients (>100 m/m) was 
made by the use of GDS digital controller with an accuracy of discharge flow of ±1 mm3 and a 
capacity to provide pressures up to 2500 kPa. 
 
After saturating the samples, permeation started under the respective selected gradients until stable 
flow was reached (Daniel, 1994). For low gradients, the discharged permeant was collected in 100 
ml glass containers with rubber caps. A thin needle was mounted in 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 was conducted at a lab temperature of 20oC 
±0.5oC, for 1-3 weeks depending on the density of the sample. One sample was prepared for 
hydraulic gradient higher than 100 m/m and had not previously been tested at any lower 
gradient, whilst the gradients were raised stepwise up to about 100 m/m for other samples. 
 

5.7 Shear strength  
The effective shear strength parameters, i.e. the effective cohesion (c’) and the effective angle of 
internal friction ( ’) were determined by conducting shear tests with the NGI (Norwegian 
Geotechnical Institute) direct shear machine known as Geonor. The upper and lower contact 
plates were modified for better interaction with the soil samples. This was achieved by replacing 
the needles of standard plates by steel blades cast in hard epoxy, Fig.5.2. The initial water content 
varied from 2-14%, corresponding to 8-60% saturation ratio. The wetting of the mixtures was 
made by using so-called dry water since this enabled the lab staff to obtain very exact degree of 
water saturation (Bomhard, 2011). The initial water contents of the Green and Red clays were 
about 2%. The mixture was placed inside the reinforced rubber membrane with the upper contact 
plate on top. The whole assembly was moved to a computerized hydraulic press for static 
compaction at specific dry densities. 
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Fig.5.2. The modified upper and lower grips of the NGI direct shear cell (Geonor). Blade 
thickness = 0.5 mm, blade height ~ 3.5 mm. Cell diameter 52 mm. 
 
 

5.8 Creep tests 
Long-term stability of sloping top liners depends on the impact of creep strain of the clay 
microstructure. Creep tests were made by measuring the rate of compression of unconfined 
samples of mixed Green clay (25 and 50% of mixtures with sand). The samples were prepared as 
described in section 5.6. They were saved in the oedometers for 2 weeks for getting water 
saturated and homogeneous. The samples were carefully extruded from the oedometer cell and 
placed inside zip-locked plastic bags. A few drops of distilled water were left inside the bags to 
ensure a humid environment, Fig.5.3. The saturation ratio was measured at the end of each test 
and was found to be about 99%. Uniaxial loading (application of dead weights) of the unconfined 
samples was made stepwise corresponding to 30, 50, 70 and 90% of the unconfined compressive 
strength. The total time of each series of creep tests was 48 hours under carefully controlled 
temperature conditions (20±0.5oC). The compression was recorded by strain meters with an 
accuracy of ±0.001 mm connected to a computer for automatic logging. 
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Fig.5.3. The preparation of creep experiment.  Sample extraction after compaction and 
saturation,  Storing the extracted sample in zip-locked plastic bag with few water drops.  
Installing the sample in compression device.  Calibrating and fine-tuning the strain meter 
before loading.  
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Chapter 6 
RESULTS AND DISCUSSION 

EXPERIMENTAL PART 
 

This chapter deals with the experimental results of testing different clay-sand mixtures with 
various water contents and dry densities. The results will be discussed in sections 6.1-6.6. Based 
upon them, suitable clay-sand mixtures were selected (section 6.7) for the top and bottom liners 
keeping in mind the impact of the factors and conditions discussed in chapter 4. 
 

6.1 Indexation and granulometry 
The index properties of the various mixtures are given in Table.6.1. The liquid limits of the 
Green and Red clays dropped by about 63% when 50% of sand was added. This reflects the 
efficiency of addition of sand for modifying the engineering properties of clays. The specific 
gravity of the Green and Red clays were rather high and can be attributed to the content of heavy 
metals (Reeves et al., 2006). The grain size distribution of finely dispersed samples showed that 
the Green and Red clays contain 65 and 48% finer than 2 m, respectively, Fig.6.1. 
 
 
Table.6.1. Index properties of various clay-sand mixtures of the Green and Red clays. 
 

Green clay 

Clay, % Specific gravity Liquid limit, % Plasticity index, % Soil classification a 
0 2.69 NP NP SP 
15 2.74 NP NP SP 
30 2.74 35.4 NP SW 
50 2.75 56.4 17.4 MH 
70 2.75 76.6 23.6 MH 
100 2.76 148 91 CH 

Red clay 
17 2.74 NP NP SP 
25 2.75 28.6 NP SP 
50 2.75 41.3 11.2 ML 
100 2.76 115 60 CH 
a According to the unified soil classification system (ASTM D 2487). NP=non-plastic, 
SP=poorly graded sand, ML= silt of low plasticity, CH=clay of high plasticity. 
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Fig.6.1. Granulometry of Green clay (GC) and Red clay (RC) by dry and wet sieving. The grain 
size distribution of the sand used to prepare mixtures is shown as well. 
 
 

6.2 X-ray spectra for mineral identification 
The X-ray patterns for the Green and Red clays shown in Fig.6.2 were analysed using HighScore 
Plus software. The non-clay minerals calcite and quartz were identified by their strong peaks at 
3.04 Å and 3.3 Å, in the respective clays. Feldspar, zeolite, anhydrite and ankerite were spotted in 
the Red clay only. The clay minerals were detected by their d(001) reflections. The smectite was 
characterized from d(001) reflection of about 15 Å for air-dry powder and about 17 Å for the 
glycolated powder, Fig.6.3, which  indicates that the smectite is montmorillonite (Mt) with Ca++ 
as a major adsorbed cation. This is also evident from the liquid limit value of 148 and 115% for 
the Green and Red clays respectively, Table.6.1. The liquid limit of pure Ca++-Mt usually range 
between 160-500%, whereas for pure Na+-Mt is much higher (500-700%), (Huang et al., 2012). 
Furthermore, Skempton’s clay activity value also indicates that the smectite is Ca++-Mt. The 
activity of pure Ca++-Mt and Na+-Mt 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. Illite and chlorite were also 
found in the Green and Red clays as concluded from the d(001) reflection at 10.1 Å and 14.2 Å 
respectively, Fig.6.2. The clay mineral kaolinite was detected in the Red clay by the reflection 7.2 
Å. It is believed that both clays also have some traces of palygorskite and sepiolite. Heavy minerals 
were not found in the clay fractions but maybe present in coarser fractions. The semi-quantitative 
analysis showed that the smectite content was about 64 and 49% of the Green and Red clays, 
respectively. See appendix A for more details. 
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Fig.6.2. X-ray diffraction patterns of randomly oriented air-dry powders of (a) Green clay, (b) 
Red clay. Legend; M: Montmorillonite, Ch: Chlorite, S: Sepiolite, P: Palygorskite, I: Illite, Q: 
Quartz and C: Calcite. (The numbers indicate the d-spacing and the subscript indicates the 
reflection order of the mineral). 
 
 

 
 
Fig.6.3. The identification of Montmorillonite of the air-dry and glycolated powders of (A) 
Green clay, (B) Red clay. 
 
 

6.3 Compaction characteristics  
It can be seen from Fig.6.4 that as the clay percentage increases, the optimum moisture content 
increases while the maximum dry density decreases. This behaviour is in agreement with classical 
investigations of clay-sand mixtures (Lambe and Whitman, 1979). The compaction curves are 
shown in Fig.6.4 (a & b), giving the optimum moisture content curve (OMC) and maximum dry 
density curve (MDD) as functions of the clay content, Fig.6.4 (c & d). The dry density of 
mixtures in air-dry form (about 3% water content), termed (ADD) here, is shown as well. In 
contrast to the case of wetted mixtures, the dry density was not affected by an increased clay 
percentage, which is in agreement with the general experience that the addition of certain 
amount of water makes it act as a lubrication agent and facilitates mutual slip of particles into very 
tight positions. Air-dry materials can also be compacted to densities of more than 2 g/cm3 at 
higher compaction efforts (Pusch, 2006; Pusch and Weston, 2012). 
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Fig.6.4. Compaction curves of the clay-sand mixtures: (a) Green clay, (b) Red clay. Maximum 
dry density curve (MDD), optimum moisture content curve (OMC) and dry density of mixtures 
at air-dry condition (ADD) of (c) Green clay, (d) Red clay. 
 
 

6.4 The impact of the hydraulic gradient on the hydraulic conductivity 
Use of sintered filters gave reduction of the evaluated hydraulic conductivity when the hydraulic 
gradients were raised beyond a certain “critical” value both for distilled water and the CaCl2 
solution. The reduction in hydraulic conductivity at permeation by the latter solution was less 
obvious. The reason for the reduction of the conductivity for higher gradients is concluded to be 
clogging of channels by clay particle aggregates torn-off from the clay surrounding the channels, 
and consolidation of the entire sample. The critical gradient (icritical) depends on the clay content, 
clay mineral type, pore size distribution and type of permeant, Fig.6.5. The presently performed 
analysis of these dependies imply that the icritical values recommended by the ASTM (i.e. 30 m/m) 
can be raised to 100 m/m in standardized characterization of artificially prepared and effectively 
compacted smectitic soil.  
 
The very low hydraulic gradients prevailing in many practical cases, like top liners of landfills of 
hazardous waste, will give very low conductivity values. Determination of the conductivity under 
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actual low gradients is therefore recommended for optimal design of the liners. Detailed 
discussions are found in paper # 3. 
 
 

 
 
Fig.6.5. The relationship between swelling pressure and critical gradient pressure from which a 
safe hydraulic gradient could be interpreted. 
 
 

6.5 Swelling pressure and hydraulic conductivity  
As expected, higher clay percentages and dry densities gave higher swelling pressure for both clays 
(Pusch and Yong, 2006; Cui et al., 2012), Fig.6.6-a. The impact of the dry density on the 
hydraulic conductivity diminished as the clay percentage decreased. A dry density of more than 
about 1.2 g/cm3 gave a noticeable swelling pressure also a low hydraulic conductivity for 100% 
Green and Red clays, respectively. This demonstrates that the rock-like raw material was 
effectively disintegrated by the preparation and wetting.  
 
 

     
 
Fig.6.6. Mixtures of Green and Red clays at various dry densities. (a) swelling pressure, (b) 
hydraulic conductivity at hydraulic gradient = 10 m/m. GC: Green clay, RC: Red clay. 
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6.6 Shear strength 
The initial dry density 1.682 g/cm3 of the Green clay and 1.642 g/cm3 of the Red clay samples 
increased to 1.705 and 1.674 g/cm3, respectively, indicating consolidation. The relationship 
between the degree of saturation and the effective shear strength parameters (c’ and ’) are given 
in Fig.6.7 for the different mixtures. Peak cohesion values were obtained for mixtures with 17 
and 34% Green clay at 30% saturation, whereas the peak cohesion for the mixture with 12% 
Green clay was reached at 60% saturation, Fig.6.7-a. Fully saturated samples gave approximately 
the same c’ values for the Green clay mixtures. For mixtures with 17 and 25% Red clay, the peak 
cohesion was reached at 20% degree of saturation, Fig.6.7-c. 
 
The friction angle ’ for the various Green clay mixtures dropped with increasing degree of 
saturation, which is explained by the lubricating action of the clay component and the reduction 
of capillary forces, Fig.6.7-b. The frictional resistance of the Red clay was different. The general 
trend was towards increased frictional resistance when the degree of saturation rose, especially for 
low clay contents, i.e. 17 and 25%, indicating that the mixtures behaved as sandy material, 
Fig.6.7-d. Mixtures with 50% Red clay showed similar trends as mixtures with Green clay, i.e. a 
decreasing frictional resistance as the degree of saturation increased.  
 
Liners must have sufficiently high shear strength for avoiding slope failure. For an overburden that 
causes a normal effective stress of about 50 kPa, which represents 3 m overburden material, the 
shear strength of the various mixtures is determined by the Mohr-Coulomb failure criterion, 
Fig.6.8. The shear strength of mixtures of Green clay (Fig.6.8-a) decreased as the degree of 
saturation increased, especially for samples with high clay contents. The lowest clay percentage of 
Green clay, i.e. 12%, had a maximum shear strength value for about 60% degree of saturation and 
a minimum for 100% saturation. The shear strength of the Red clay mixtures increased for 
samples with 17 and 25% clay as the degree of saturation increased. For samples with 50% clay the 
degree of saturation had no obvious impact on the shear strength. The shear strength of the Green 
clay mixtures ranged between 15 and 37 kPa when the degree of water saturation varied between 
10 and 100%. For the Red clay mixtures the corresponding range of the shear strength was 15 to 
30 kPa, Fig.6.8-b.   
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Fig.6.7. Effective shear strength parameters (c’ and ’) for various saturation ratios and 
percentages of Green clay (a & b), Red clay (c & d).  
 
 

          
 

Fig.6.8. Shear strength as function of the degree of water saturation of (a) Mixtures of Green 
clay, (b) Mixtures of Red clay. 
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6.7 Creep behaviour 
Fig.6.9 shows the time-dependent strain for successively increased uniaxial pressure of fully water 
saturated Green clay samples. The instantaneous strain for the first load steps was dominated by 
elastic deformation and improved fitting between the samples and the pistons. The strain for each 
additional load step was larger for the 50% clay mixture than for the one with 25% clay, which is 
explained by the higher shear resistance of the latter. The stress/strain/time curves indicate a 
stiffer behaviour of the clay-rich sample than of the one with less clay for the first load steps. The 
strain rate at the end of each loading step was about 1×10-7 1/s indicating primary creep, (Pusch 
and Yong, 2006). Comprehensive activation of inter-particle bonds was initiated at application of 
70% of the load at failure (Safety factor 1.42) and overstressing and initiation of failure occurred 
for 90% of the failure load (Safety factor 1.11). An interesting fact is that the strain rate was similar 
for both clay ratios, which suggests that the rheological behaviour in bulk was controlled solely by 
the clay component. 
 
 

 
 
Fig.6.9. Creep behaviour for mixtures with 25 and 50% Green clay (GC) at step-wise loading 
(ratios indicate load increments in percentage of the unconfined compressive strength). The 
numbers in boxes indicate the strain rates at the end of each loading step. 
 
 

6.8 Selection of suitable mixtures for top and bottom liners 
As indicated earlier (cf. Fig.4.1), the performance of the top liner is controlled by the density of 
the clay. The study showed that the dry densities used for the shear testing of the Green and Red 
clays candidates, i.e. 1.705 and 1.674 g/cm3, were relevant and suitable. Mixtures of sand and 30-
50% Green clay and 40-60% Red clay mixed with sand will have a hydraulic conductivity of 
1×10-9 and 1×10-10 m/s respectively, cf. Fig.6.6-b. They are hence in the interval of the 
maximum allowed conductivities according to the USEPA and DGGT requirements, Table.6.2. 
The experimental data was obtained for a hydraulic gradient of 10 m/m whilst in practice the 
gradient will not exceed unity, which therefore gives even lower hydraulic conductivity values.  
 
The high swelling pressure of mixtures with the investigated amounts of clay need to be balanced 
by a sufficiently thick and heavy overburden. The highest swelling pressure will be developed 
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upon complete saturation with water (Pusch, 1999) and would therefore require an effective 
overburden pressure of the same value, which corresponds to at least 10 m overfill. In practice, 
the required thickness of the overburden for avoiding practically important heave can be set at 3-
5 m partly because the top liners will not become fully saturated. For top liners in deserts one 
needs to consider the risk of formation of desiccation cracks  And the principle to be followed is 
to compose the clay liners so that the clay component is confined in voids between tightly fitting 
coarser particles and hydrates and dehydrates without exerting significant pressure on surrounding 
coarser particles. An empirically deduced value of the effective confining pressure for closing and 
healing desiccation cracks is about 50 kPa according to Boynton and Daniel (1985) but it refers to 
a specific smectitic soil and is not generally valid. The bottom liner can have higher clay content 
and higher dry density since the overburden pressure is commonly higher (>400 kPa), (will be 
discussed in chapter 9). A mixture of 70% of Green clay and sand or 80% Red clay mixed with 
sand will have a hydraulic conductivity of 1×10-11 m/s if the dry density of the bottom liner is 1.7 
g/cm3. 
 
The shear strength parameters of the selected clay-sand ratios that meet the hydraulic conductivity 
criteria are given in Table.6.2. As mentioned earlier landfills are usually constructed with 18  
inclined slopes, which, according to the present investigations, implies a factor of safety of at least 
1.5 for top liners of mixtures of sand and 34% Green clay and 50% Red clay even for the 
conservative case of complete water saturation. This matter will be further discussed in chapter 9. 
As concerns the impact of creep to be considered for predicting long-term stability, the factor of 
safety against slope failure is high enough to eliminate the risk of creep-induced failure.  
 
The selected engineering properties of the Green and Red clays intended for clay liners will be 
used to design a preliminary near-surface repository. The goal is to study some design alternatives 
with respect to water percolation through the top liner system and to the slope stability factor. 
Detailed discussions will be presented in chapter 9. 
 
 
Table.6.2. Summary of design parameters of the top liner of Green clay and Red clay mixed 
with sand based on Fig.6.7. 
 
Green clay % at dry density =1.705 g/cm3 30%  50% 
Hydraulic conductivity, m/s 8×10-9 6×10-10 
Swelling pressure, kPa 200 340 
c'=7 kPa, '=23  at 34% Green clay a 
Red clay % at dry density =1.674 g/cm3 40% 60% 
Hydraulic conductivity, m/s 7×10-9 5×10-10 
Swelling pressure, kPa 190 330 
c'=3 kPa, '=23  at 50% Red clay a 
a Samples at complete saturation with distilled water 
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Chapter 7 
WATER BALANCE MODELLING 

 

7.1 Background 
The hydrological evolution of a just completed top liner system starts as precipitation (rain/snow) 
of which the larger part drains off laterally via drainage layer(s), whilst some is lost by 
evapotranspiration, and some is stored within the cap and eventually percolates down to the 
waste. In soil hydrology, the evaluation of each of these processes is defined as water balance 
analysis. It is based on the assumption of conservation of water mass. The water balance can be 
expressed mathematically in terms of waters that are “in”, “out” and/or “stored” within a system 
over specific period of time, Fig.7.1: 
 
I = (P – R – Wsurface – Wplants – Wsoil – ET – L)       (7.1) 
 
Where: 
I: infiltration  
P: precipitation (rain or snow) 
R: runoff 

Wsurface: change in water storage on soil surface 
Wplants: change in water storage on plants leaves, stem and litter 
Wsoil: change in water storage in soil 

ET: evapotranspiration  
L: lateral drainage  
 
 
There are many computer programs available for this purpose, such as the Hydrological 
Evaluation of Landfills Performance (HELP). It was initially developed for USEPA in 1984 and 
has been improved and extended since then, the latest version being HELP 3.95D (Schroeder et 
al., 1984; Berger and Schroeder, 2013). The code is a two dimensional quasi-analysis program for 
calculating one-dimensional saturated water flow through hydraulic barriers, and two-dimensional 
saturated/unsaturated flow through drainage layers. It is the most commonly used code by 
designers for quick and easy comparisons of design alternatives (Peyton and Schroeder, 1990; 
Leoni et al., 2004). HELP is particularly applicable to landfills in humid areas. For modelling of 
hydrological processes in top clay liners and overlying drain layers in arid regions, implying 
unsaturated water flow, commercially available codes like UNSAT-H (Fayer, 2000), HYDRUS 
(Šim nek et al., 2005) and VADOSE/W (Krahn, 2004) are preferred. The latter is a 2D finite 
element takes into account both saturated and unsaturated water/vapour flow and simulates 
coupled physical processes of heat, mass and vapour flow in any porous medium. 
 
The HELP code and the FE program VADOSE/W were adopted in the present study for 
selecting a suitable top liner system. Many design alternatives were examined aiming for 
minimum water percolation and cost-effective construction. More details are found in paper #6. 
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Fig.7.1. I: infiltration, P: precipitation (rain or snow), R: runoff, Wsurface: change in water 
storage on soil surface, Wplants: change in water storage in plants leaves, stem and litter, Wsoil: 
change in water storage in soil, ET: evapotranspiration, L: lateral drainage. 
 
 

7.2 Hydration/dehydration of clay liners 
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 major roles, especially 
for 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 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 clay, (Yong et al., 2012). 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 source was about 14, 9.8 and 6 
cm respectively, (Yong et al., 2012). Moreover, the initial water content of the soil affects the 
WFA. El-Shafei, 1988 concluded that as the initial water content increases, the WFA increased. 
Accordingly, for maximum water tightness of clay liners, one should conclude that liners with 
high density, high clay content and sufficient confinement (no volume change) are important 
factors for successful waste isolation. Nonetheless, the discussions in chapter 4 about the factors 
controlling the design of clay liners have to be considered. 
 
The frequent dry periods in desert area cause dehydration of clayey top liners and proper design is 
required for minimizing the impact of desiccation, especially the formation of cracks. They can be 
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filled with fine frictional material emerging from the filter materials overlying the top liner, hence 
reducing the “effective” liner thickness that was intended according to the design. The installation 
of a sufficiently thick overburden over the top liner can eliminate or minimize temperature and 
moisture fluctuations. One should also consider the self-healing capacity of smectites upon 
wetting when subjected to a confinement that balances the swelling pressure, since this can close 
cracks emerging from shrink–swell cycles (Boynton and Daniel, 1985). The reader is referred to 
paper # 4 that contains detailed discussions. 
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Chapter 8 
MODEL SETUP AND MODELLING PARAMETERS 

 
Many design alternatives of a near-surface repository (NSR) were evaluated focusing on water 
balance modelling and slope stability analyses. The numerical simulations were conducted using 
Plaxis2D, HELP 3.95D and VADOSE/W. This chapter lists the adopted modelling setup and 
selection of parameters based on the conclusions drawn from chapter 6. The NSR alternatives 
concerned the hydrological impact of liner thicknesses and liner composition, and the impact of 
inclination on the stability of sloping top liners, the analyses being made by use of the codes 
HELP 3.95D and Plaxis2D. The selection of best layout was based on minimum water 
percolation, a slope stability safety factor of no less than 1.5 and the desire to minimal 
construction cost. The selected layout was then analysed, from water balance prospective, using 
the more advanced VADOSE/W code for investigating the importance of different moisture 
conditions. Detailed discussions are found in paper # 6. 
 

8.1 Description of the proposed near-surface repository 
The “on surface” disposal principle was followed (see chapter 2) implying “Hill-type” location 
of the repository for effective run-off of water and elimination of the risk of flooding, Fig.8.1. 
This structure would suitably be located in the Iraqi Western Desert. The local raw materials 
should be used for the construction, i.e. the Green clay, local sandy soil and rock. The repository 
consists of reinforced concrete vaults surrounded by clay and filters (0.5 m) and erosion protective 
layers consisting of sandy soil (1.5 m) and rock fill (0.5 m). The repository will be resting on 
foundation layers consisting of heavily compacted sub-base materials over compacted natural local 
sandy soil (deep silt). The design principle has been suggested to environmental authorities in 
several countries and been approved in principle by the International Atomic Energy Agency 
(IAEA, 2009)5.  
 
 

 

Fig.8.1. The proposed near-surface repository with specification of components. 
 
 
 
 

5 The principle of using compacted clay as lateral isolation of the vaults has also been proposed in Lithuania.
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8.2 Slope stability analysis using Plaxis 2D  
The slope stability factor was evaluated for various repository versions. Different slope angles were 
investigated for the top liner system (ST) and for the covering protection layers (SP). The 
inclination   for ST was 0.1, 2.9, 5.7, 8.5 and 11.3o, and  for SP 27.5, 30, 32.5, 35 and 37.5o taking 
the steep slope of the lateral clay liner as 70o in the analyses, Fig.8.26. The structure was assumed 
to be resting on heavily precompacted foundation layers. The Mohr-Coulomb failure criterion 
and model were assigned assuming drained condition of all materials except for the reinforced 
concrete vault, which was taken to be linear elastic and non-porous, Table.8.1. Referring to the 
discussion in section 6.8, the effective shear strength parameters c’=10 kPa and ’=20o for the 
liner material were utilized in the slope stability analyses.  
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Fig.8.2. Different design alternatives for the proposed NSR. 

 
 

8.3 Hydrological simulations using the HELP 3.95D code 
Several simulations were run at top liner system to find suitable slope angles (ST) and clay liner 
thickness for minimum water percolation. Material parameters are given in Table.8.2. The 
hydraulic conductivity of the clay liner was set at 1×10-10 m/s assuming the average content of 
Green clay to be 50%. The length of the drainage layer was fixed at 15 m and the maximum leaf 
area index=0, representing vegetation-free top surface. The runoff curve number was 
automatically generated by HELP assuming different ST values (0.1, 2.9, 5.7, 8.5 and 11.3 ), slope 
lengths and surface layer textures (set to gravel). The daily average weather data were obtained 

6 The design layouts were sketched using AutoCad, then exported to Plaxis2D as DFX files
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from the US military meteorological station known as Camp Korean Village located near Ar-
Rutba city within the Iraqi Western Desert (33.05oN, 40.32oE) for 8-year period 2005-2012. A 
text file was prepared with precipitation and mean air temperature readings. Equally important, 
the solar radiation data was synthetically produced using the HELP weather generator program, 
taking the precipitation and location latitude as input parameters. Further, the annual average 
wind speed at 2 m height was set at 10.6 km/hr and the average quarterly relative humidity of the 
first to fourth quarters was fixed at 50.8, 27.2, 22.1 and 44.1%. Since the surface layer of the top 
cover is rock fill, the depth of the evaporative zone was set at only 5 cm (Berger and Schroeder, 
2013). 
 
It should be noted that the initial water content in all simulations was taken to be at the 
welting point representing compaction under air-dry condition. This was applied to all 
materials in the top liner system except for the clay liner the initial water content of which cannot 
be controlled because HELP assumes that the liner is always fully water saturated (Berger and 
Schroeder, 2013). One case with representative ST and liner thickness values was investigated for a 
water content representing complete saturation (wet case). The values were applied to the local 
soil fill within the top liner system for comparison with the dry case. The error in the evaluated 
water balance data was less than 0.001% for all the simulations. 
 
 
Table.8.1. Input parameters for the stability analyses using Plaxis2D. 

 

Material Model Case 

Saturated 
density, 
kN/m3 

Young’s 
modulus, 

MPa 
Poisson’s 

ratio c', kPa ’, o 
Rock fill a 

M
oh

r-
C

ou
lo

m
b 

D
 r

 a
 i 

n 
e 

d 

18 40 0.15 1 43 
Local soil b 19 40 0.20 1 40 
Filter b 19 39 0.20 1 40 
Clay liner 17 38 0.20 10 20 
Sub-base b 19 40 0.20 1 40 
Deep silt b 19 40 0.20 1 33 
Rein. Conc. Linear elastic non-porous 24 65000 0.15 - - 
a Zadrari, 2011 
b Yahia, 1971 
Boundary conditions: 
Plain strain problem. Symmetric axis problem. Generation of automatic constrains. 
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Table.8.2. Simulation parameters utilized for HELP 3.95D, (Yahia, 1971; Berger and Schroeder, 
2013). 
 

Material 
Layer 
type  

Thickness 
(T), m 

Slope 
(ST), % 

Total 
porosity, 
% 

Field 
capacity, 
% 

Welting 
point, % 

Initial 
water 
content, 
% 

Sat. hydraulic 
conductivity, 
m/s @ i=5 
m/m 

Rock fill LDL a 0.5  40 1 0.5 0.5 1×10-5 
Local soil LDL 1.5  40 17 8 8 5.2×10-6 
Filter LDL 0.5  40 8 3 3 1×10-6 
Clay liner BSL 0.5-1.25 0.1-20 b 43 38 16 43 1×10-10 
a LDL: lateral drainage layer, BSL: based soil layer. 
b Layers overlaying the clay liner will have the same slope as the clay liner. 
Boundary conditions: 
Maximum leaf area index=0. No vegetation. Automatic runoff curve number generation. 

 
 

8.4 Hydrological simulation using VADOSE/W  
The finite element program VADOSE/W was utilized for more detailed simulation of landfills in 
arid climates basing the calculation on the outcome of the HELP 3.95D simulations respecting the 
ST angle and clay liner thickness. A monolithic model of the overburden layers (rock fill, local soil 
fill, filter and clay liner) was constructed using the “surface layer” option, Fig.8.3. The surface 
layers were constructed on the waste layer assuming it to have the same properties as the local soil 
fill. The lower edge of the system was set far enough from the liner (Krahn, 2004). A unit 
gradient or seepage face boundary condition was assigned to the lower edge following the 
recommendation given by several researchers (Benson et al., 2005; Bohnhoff et al., 2009). 
 
The inclusion of climatic changes required selection of a transient type of analysis. The weather 
data used in HELP was also implemented here. The material models required adaptation to the 
soil-water characteristics curve (SWCC), the hydraulic conductivity function and the thermal 
conductivity functions. The SWCC for the local soil fill, filter and clay liner were generated using 
the SoilVision program based on the grain size analysis, Fig.8.4. This program was also used for 
generating the hydraulic and thermal conductivity functions based on the SWCC and other 
thermal soil parameters, Table.8.3. Dry and wet scenarios were adopted here as described in the 
preceding section, except for the assumption of the initial water content of the clay liner. The 
initial temperature of the materials was set at 5oC, matching the mean air temperature at the 
beginning of the simulation. The ground freezing algorithm was activated in all simulations. As 
with the HELP analyses, no vegetation was assumed. 
 
As with all numerical simulations the mesh discretization was tested until stable results were 
reached. The cumulative water balance error was calculated taking the cumulative precipitation as 
reference. The unit gradient boundary condition showed a smaller error compared to the seepage 
face option. As a consequence, the unit gradient was adopted where the error was found to be 0.8 
and 2% for both the dry and wet cases, respectively. A separately analysed case with a simulation 
period of 300 years using available weather data indicated how the water balance would develop 
over a longer time perspective.  
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Table.8.3. Simulation parameters used for VADOSE/W. 
 
Material Mass specific 

heat capacity, 
kJ/kg.C 

Soil mineral thermal 
conductivity, 
kJ/day.m.C 

Coefficient of 
compressibility, 
1/kPa 

Soil-water characteristic curve 
parameters 

a, kPa m, kPa n, kPa 
Rock fill a 0.7 388 1e-6 0.14106 1.5816 1.6734 
Local soil b 0.732 253 1e-5 1000 0.5964 0.08241 
Filter a 0.88 380 1e-5 2 1.0909 0.68541 
Clay liner c 0.938  200 1e-5 90 0.18825 0.11697 
a Krahn 2004 
b Farouki, 1986 
c Song and Yanful, 2008 

   

Boundary conditions: 
The top liner system was constructed using the surface layer option. Weather boundary condition was applied at the 
upper edge of the problem (transient coupled analysis). Freezing algorithm was activated. Full thermal models were 
assigned to each layer. Unit gradient or seepage face was applied to the lower boundary of the problem. The ponding of 
the surface water was allowed. 

 
 
 

 
 

Fig.8.3. A monolithic soil model constructed using VADOSE/W representing the top liner 
system with the boundary conditions assigned. 
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Fig.8.4. Soil-water characteristic curves of the top liner system materials used for VASDOE/W 
simulations. 
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Chapter 9 
RESULTS AND DISCUSSION 

MODELLING 
 
In chapter 6 the focus was on the experimental results of various clay-sand mixtures. Based upon 
them, a suitable mixture for the top liner was selected. In this chapter, many design alternatives of 
near-surface repository are evaluated with special respect to water balance modelling and slope 
stability analysis. The numerical simulations were conducted using Plaxis2D, HELP 3.95D and 
VADOSE/W.  
 

9.1 Slope stability analysis using Plaxis2D 
The safety factors for different values of ST and SP are shown in Fig.9.1. The inclination angle for 
SP=30  gave a safety factor of about 1.5 without any significant impact of changes in ST. 
Construction of the repository under air-dry conditions with all components being air-dry, makes 
the stability much greater since the shear strength parameters significantly exceed those for 
complete saturation with water.  
 

9.2 Hydrological simulations using HELP 3.95D 
Fig.9.2 summarizes the results from the simulations showing the average annual values of the 
lateral drainage, average head on the top liner and percolation of the liner for the selected slope 
angles and clay thicknesses. The lateral drainage was not significantly affected by the thickness or 
by the slope inclination whilst the average head on the liner was naturally decreasing as the slope 
inclination increased. It was not affected by thickening the clay liner. Water percolation, called 
leakage, was decreasing by increasing the slope angle and increasing the clay thickness. The effect 
of the thickness on the leakage diminishes as the slope angle increases. The reduction in leakage 
was calculated taking the leakage values at slope=0.1° as reference, Fig.9.2-d. The reduction for a 
slope=11.3° changed from 2.2-3.7% for different thicknesses while it changed from 13.1-17.1% 
for a slope angle of 2.9°. For a slope angle of 5.7° and 0.5 m liner thickness the average annual 
leakage was found to be 2.6 mm/year (2.6 litres per square metre and year), which is within the 
limits of acceptance for hazardous waste landfills (Koerner and Daniel, 1997). The 5.7° inclination 
is at minimum for avoiding water pounding over the top liner system in the case of subsidence. 
The calculated leakage is in fact overestimated because HELP assumes saturation of the clay liner, 
which is unlikely for an arid climate.  
 

 

Fig.9.1. Safety factors of the slope stability analysis at different values of the slope of the top liner 
system (ST) and the slope of covering protection layer (SP). 
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Fig.9.2. Annual average values from HELP simulations of: a) lateral drainage, b) average head on 
clay liner, c) leakage through clay liner, d) percentage of reduction in leakage. 
 
 
9.2.1 Lateral stability check due to swelling pressure 
The impact of the lateral swelling pressure exerted by the clay liner contacting the side walls of 
the vaults on the lateral soil fill was also examined. The lateral swelling pressure was taken as 40% 
of the vertical swelling pressure because of the anisotropy caused by layerwise compaction (Avsar 
et al., 2009). Stability requires that it is lower than the passive earth pressure of the soil fill along 
the boundary B-B, in Fig.9.3. The passive pressure was calculated using the FEM code Plaxis2D. 
The calculations were based on the conservative assumption that the clay liner is fully water 
saturated, which will not be the case, as will be shown in a subsequent section. 
 
9.2.2 Tentative Remarks  
The discussions of percolation in section 9.2 gave the inclination of the top liner system of 5.7  
(10% slope) and the slope angle 30o of the protection layers over the top liner. Water leakage, 
slope stability, safety factor and stability against swelling pressure were all considered in the 
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selection. The liner thickness 0.5 m was selected taking into account water leakage. These design 
parameters were considered for more representative simulations with VADOSE/W as described 
in the subsequent section.  
 
 

 
 
Fig.9.3. The cartesian vertical stress within the repository (ST=5.7  and SP=30 ). The vertical 
stress along the boundary B-B ranged between 50-160 kPa. The lateral passive stress ranged 
between 140-450 kPa while the lateral swelling pressure does not exceed 100 kPa. The weight of 
waste containers was represented by a uniformly distributed load (A-A)=150 kPa. 
 
 

9.3 Hydrological simulations using VADOSE/W 
Water balance conditions including precipitation, runoff, evaporation, water storage and errors in 
water balance are shown in Fig.9.4-a for the wet and dry cases. The difference in water runoff 
was not considerable; the two cases differed by only 0.15 m3 for an 8 years period. The capacity 
of the local soil fill to store water was not fully utilized, implying that the saturation ratio for both 
cases did not exceed 50% saturation except for the lowest part, Fig.9.4-c. The same trend was also 
noticed for the clay liner for which the saturation ratio did not exceed 30% for both conditions 
throughout the entire period of simulation, Fig.9.4-d. Most of the downward water transport was 
hindered by the evaporation processes at high temperatures, Fig.9.4-b. 
 
For the wet case, the water saturation ratio of the lateral soil fill abruptly dropped with time and 
almost reached a stable value during the simulated first six months. The same process was found 
for the clay liner but it took about two years to reach a stable value because of the low hydraulic 
conductivity. The strong precipitation of 616.6 mm in day 187 (summer time), raised the 
saturation ratio to about 18% within the local soil fill, most of the water being evaporated in the 
hot air (mean temperature ~ 28oC). The clay liner was not affected by heavy rain. Another 
notable event occurred in the period days 719-787 day (winter time) representing an accumulated 
precipitation of 1330 mm at its end during which the mean air temperature was 2.1oC. This had a 
marked effect on the degree of saturation of the local soil fill, which increased to about 30, 43 and 
100% for the lower, mid and uppermost parts, respectively, Fig.9.4-c. In contrast, the saturation 
profile along the clay liner remained unaffected except for the uppermost part, Fig.9.4-d. 
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9.3.1 Water percolation through clay liner 
Values of the daily leakage according to VASODE/W simulations were around zero with a 
maximum leakage rate of 1.29×10-3 and 1.33×10-3 mm/day for the wet and dry cases. It should 
be noted that the values were evaluated at the base line of the clay liner, Fig.9.5-a. The negative 
sign indicates downward liquid flow, i.e. leakage, while the positive sign means upward flow from 
the base line toward the liner body due to high suction forces (Yong, 1999). In contrast the 
HELP simulations showed continued downward leakage starting on day 454 and 1382 for the wet 
and dry cases, Fig.9.5-b. The leakage rate stabilized at about 0.013 mm/day for both.  
 
The average accumulated annual leakage calculated by using both simulation programs is given in 
Fig.9.6 from which it is found that VASODE/W gave almost the same leakage for the wet and 
dry cases. The difference between them was due to the initial moisture conditions of the dry and 
wet cases which controlled the leakage behaviour. The same manner was also obtained for HELP 
simulations, Fig.9.6-b. The calculated accumulated leakage in the initial eight year period was 
about 0.5 mm for VADOSE/W.  
 
9.3.2 Performance during 300 years? 
The accumulated leakage of the clay liner at the end of a 300 year period was about 2.8 and 3.5 
mm for the dry and wet cases, Fig.9.7-a. The saturation ratio of the clay liner was, however, 
decreasing with time and ultimately reached about 9%, Fig.9.7-b. This shows that the selected 
design is capable of keeping the radioactive wastes dry as if it were stored in a mausoleum.  The 
top liner is the first line of defence with the reinforced concrete vaults as a second, but not a 
reliable hydraulic barrier because of its content of micro-cracks (Picandet et al., 2009). The 
bottom liner will be the final defence line if the vaults become water-filled, hence the bottom 
liner can be made tighter than the top liner by increasing the clay content and density. For a dry 
density of 1700 kg/m3 and a 70% clay content the hydraulic conductivity would be as low as 
4×10-11 m/s. The swelling pressure would not cause practically any important upheaval of the 
vault system since the effective vertical pressure would almost balance the swelling pressure of 480 
kPa (Fig.9.3).  
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Fig.9.4. VASODE/W simulations of  the wet and dry cases and conditions; a) water balance 
curves, b) maximum and minimum air temperatures encountered during the simulation period 
beside the temperature of the local soil fill and the clay liner. Variation in saturation ratio within 
the local soil fill (c), and in the liner (d). 
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Fig.9.5. Daily leakage through the clay liner in the initial eight year simulation period according 
to a) VADOSE/W, b) HELP 3.95D. 
 
 

 

 
 
Fig.9.6. Cumulative annual leakage for the simulation with; a) VADOSE/W, b) HELP 3.95D. 
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Fig.9.7. Long-term simulation results of 300 years by VADOSE/W; a) Cumulative leakage 
through the liner, b) Saturation ratio of the liner. 
 

   

4

3

2

1

0

Cu
m
ul
at
iv
e
le
ak
,m

m

Wet case

Dry case
a

0

20

40

60

80

100

1 10 100 1000 10000 100000

Sa
tu
ra
tio

n
ra
tio

,%

Log time, days

b
Wet case

Dry case



54

  



55

Chapter 10 
SUMMARY OF PAPERS 

 
Detailed comments to papers 1 to 6 are summarized here with special respect to questions raised 
in section 1.3.  
 

10.1 Paper # 1 
This paper describes in general the contamination problems and how they affect the public health 
in Iraq. The disposal of hazardous wastes is discussed considering fundamental environment 
protection issues taking also economic factors into account. The main requirements of the 
elements of near surface repositories were addressed referring to the American (US) and German 
regulations. Both of them focus on the construction of a tight bottom liner rather than a top tight 
liner. This paper also lists criteria for selecting a disposal site focussing on hydrogeological and 
topographical conditions.    
 

10.2 Paper # 2  
The first vital step towards the solution of the problem of safe disposal of hazardous waste is to 
select a proper landfill site keeping in mind international, national and local regulations and 
criteria. Siting is one of the factors that directly affect the performance of landfills. For Iraq the 
formulated site selection criteria take into account environmental, geological, geotechnical and 
socio-economic factors. Based upon them, a disposal site in Al-Jezira desert is suggested. This 
preliminary study shows the suitability of disposal of hazardous wastes in desertic regions which 
make up 60% of Iraq’s territory. The near-surface disposal concept can be similar to the Spanish 
and Lithuanian repository concepts with or without effectively sealing bottom liners.  
 

10.3 Paper # 3  
Accurate laboratory determination of hydraulic conductivity is vital for safe evaluation of the 
function of compacted clay liners. The common practice in geotechnical laboratories is to apply 
high hydraulic gradients for getting results in reasonable time but this can jeopardize the accuracy. 
This was demonstrated by determination of the hydraulic conductivity of a smectite-rich clay 
from Iraq using different hydraulic gradients and different densities, and also different discharge 
conditions. The results showed that the outflow filter can affect the evaluated conductivity 
especially when applying high hydraulic gradients. This was attributed to the clogging of outflow 
filter by the torn-off clay gels in microchannels due to rapid flow under high gradients. Gradients 
of less than a couple of hundred m/m gave bulk hydraulic conductivities that were roughly the 
same as for 30 m/m, which led to the practical rule that the hydraulic gradient in laboratory 
testing of smectitic clay materials can be allowed to be up to 100 m/m. This is hence a new 
recommendation to the geotechnical society, implying that the hydraulic gradient limit 30 m/m 
recommended by the American Society for Testing and Materials (ASTM D5084) does not have 
to be followed, at least not for smectitic clays. Eq. (10.1) was derived for determining the safe 
hydraulic gradient (icritical) taking in account sample dry density ( d), swelling pressure (Sp) and 
permeant type (F): 
 

    (10.1) 
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Where:  
F: dimensionless factor to be taken as 1 for distilled water and 2 for salt water with 3.5% CaCl2. 
 

10.4 Paper # 4 and 5 
The suitability of two Iraqi clays, termed as Green and Red clays, being material candidates in the 
construction of compacted clay liners in Iraq, is discussed in these papers on the basis of their 
physical and engineering properties. The smectite content was about 65 and 49% of the Green 
and Red clays, respectively. They can be utilized for constructing top and bottom liners after 
mixing with suitable amounts of aggregate taking in account the design parameters stated in 
Fig.4.1.  
 
It was found that the properties of mixtures of clay-sand prepared at very low water contents are 
in agreement with the requirements regarding hydraulic tightness and structural stability. A 
mixture of sand and 30-50% Green clay and a mixture of 40-60% Red clay mixed with sand are 
deemed suitable for constructing top liners since they can be compacted without difficulties to get 
a hydraulic conductivity of 1×10-9-1×10-10 m/s. For bottom liners, mixtures of 70% Green clay 
mixed with sand of desert type and 80% Red clay mixed with such sand were also found suitable 
since they have a hydraulic conductivity of  only 1×10-11 m/s. These values are on the same order 
as required by the USEPA’s and the German Geotechnical Society’s organizations for the top and 
bottom liners for which the dry density was taken as 1.7 g/cm3. The selected clay contents and 
dry density will generate high swelling pressures on saturation with water, which can be 
problematic. It was found from paper # 6 that the degree of saturation of the clay liner will not 
exceed 30% in the first 8 years and then tend to drop. The swelling pressure will therefore be 
much lower than at complete water saturation. 
 
Creep strain will not have any impact on the isolation ability of the leaning top liner since the 
shear stress will be only 50% of the available strength. An important fact is that the top liner will 
not be fully water saturated, and that the creep strain will pause at the frequent and dominant 
periods of dehydration. 
 

10.5 Paper # 6  
The percolation of water through the top liner system of a number of design alternatives were 
simulated using the code HELP 3.95D and subsequently by the FE program VADOSE/W. 
Determination of the slope stability factor for the top liner system was evaluated using Plaxis2D 
considering various slope angles. The engineering properties, primarily the hydraulic conductivity, 
swelling pressure and shear strength of 30-50% Green clay mixed with sand were introduced in 
the simulations. Two initial water contents of the top liner system were considered one 
representing   optimum water content (“wet case”), and the other  air dry conditions (“dry 
case”) 
 
Application of the HELP code gave a measure of the required thickness (0.5 m) and inclination 
(5.7 ) assuming appropriate safety factors. More detailed analyses made by use of with 
VADOSE/W showed that a dry clay/sand mixture would let 0.5 mm (0.5 litre of leaking water 
per square metre) through the liner in an eight year simulation period. Long-term simulations (up 
to 300 years) showed that the liner would undergo continuous desiccation without temporary 
saturation even in periods of very heavy rain (616 mm). Eight-year simulations showed that the 
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degree of saturation will not exceed 30% in the clay liner even when the initial water content was 
as assumed to be at full saturation. Finally, the slope stability factor for the rather steep angle 30  
was found to be 1.5 for the most critical case at complete water saturation. 
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Chapter 11 
CONCLUSIONS  

 
The following major conclusions were drawn in the study;  

 
 The contaminated soil and scrape containing depleted uranium can preferably be disposed 

in near-surface repositories located in Al-Jezira, Western or Southern deserts. 
 

 The investigated smectitic soils named Green and Red clays can be utilized for 
constructing top and bottom liners for isolating different types of wastes ranging from 
municipal to hazardous wastes like low-level radioactive waste.  
 

 Dense smectitic soils can be tested under hydraulic gradients of up to 100 m/m for safe 
evaluation of the hydraulic conductivity. This means that the recommended value 30 
m/m by the ASTM can be raised, at least for smectitic clays.  
 

 The proposed clay-ballast mixtures compacted under air-dry condition can be used for the 
preparation of effectively waste-isolating compacted clay liners in desertic climates.  
 

 Liners of Green and Red clays mixed with sand and compacted in air-dry form to 
sufficiently high density will not be percolated under present and foreseeable climatic 
conditions as predicted by numerical modelling. Hence, bottom liners in such climate can 
be excluded if the climatic and seismic conditions remain as they are now in the next 300 
years.  
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Chapter 12 
FUTURE WORK 

 
Since this study covered a limited number of aspect on the performance of compacted clay liners 
for isolating hazardous wastes in desertic climates, further research is needed for obtaining 
additional information on the following issues:  
 

 Survey of smectitic clays in Iraq for finding out what resources the country has concerning 
construction of compacted clay liners. This requires mineralogical and geotechnical 
characterization of the types described in this report and also determination of available 
quantities for exploitation,  
 

 Bench-scaled and field experiments of different layouts of top liner systems constructed in 
desertic climates for assessment, taking the corresponding programs for testing the 
Lithuanian, Japanese, French and Spanish clay candidates as a basis. Numerical simulations 
for predicting the long-term performance is required for which the codes used in the 
present study are suitable.  
 

 Analysis of the degradation of compacted clay liners with time by salt accumulation and 
repeated hydration/dehydration and their effects on the isolation potential regarding 
leakage and shear strength, 
 

 Modelling of the performance of the microstructure of clay/aggregate mixtures for 
optimal choice of the size distribution of both aggregate and clay, and comparison with 
laboratory studies using suitable optical microscopy techniques.  
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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°/sec. 
 
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. 
 
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. 
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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 

 
 

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

 
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. 
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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. 
 
 

                    

 
Figure 7:  Diffraction data of the green clay for air-dry and ethylene glycol mounts 
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Figure 8: Diffraction data of the red clay for air-dry and ethylene glycol for montmorillonite identification. 

 
 

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): 
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    (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,  = . 

 
 
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).  
 
 
 
 
 
 

h 
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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 

 
 
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. 
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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. 
 
 

 
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). 
 

 
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 
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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.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 

 
 
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 
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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 

 
 
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, %. 



79

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 
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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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 300-1000 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. 
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, depleted uranium, 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, corrosivity, reactivity and toxicity. Listed wastes are 
considered the out product of specific industrial wastestreams. They include F, K, P and 
U-list, [1]. 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 
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tailings” [2]. 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 [3,4]. The research of using DU 
as armor-penetrating ordnance began in early 1970s by US army because of its extreme 
density [5,6]. 
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 hazardous wastes was either radioactive or chemical. These 
wastes were generated from 1991 and 2003 wars which are found in the form of 
contaminated rubble with DU used by the American and allied forces in Iraq [5,7] or in 
the form of chemical wastes produced 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 [8,9]. 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, [10,11]. 
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 [8]. 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 [12]. 
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 [11]. Consequently, many health related problems 
were documented in different parts of Iraq like cancer and abnormally born infants [5, 12, 
14]. 
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Figure 1: Contaminated sites in Iraq with different levels of contamination with hazardous 

wastes, After [13]. 

 
 
2  Disposal of Low-Level Radioactive Waste 
The main objective of hazardous wastes disposal systems 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 [15]. 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 300 to 1000 years [16].  
Land disposal of hazardous waste is still the lowest cost of the available technologies, 
[17]. These landfills are mainly composed of resistive final cover (including top liner), a 
bottom liner and leaching removal and collection system (LRCS). Final covers 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 final cover is to 1) control water percolation to the wastes, 2) 
control the release of gases and 3) to function as a physical buffer isolating the wastes 
from biotic receptors [18, 19]. A properly designed covers will minimize or eliminate 
water percolation into waste body, hence minimizing or under some conditions eliminate 
the need for bottom liner [20]. 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 (K) which is controlled by the proper selection of raw materials and 
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compaction density. Clay liners constructed from native material, near to landfill site, 
could be compacted alone or mixed with fillers like sand, gravel or even synthetic filler 
for better performance [19, 21]. 

 
 
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. 

 
3.1 Cyclic Stressing Mechanisms 
Wetting/drying and freezing/thawing cycles can largely affect hydraulic conductivity of 
the clay 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 reported that 
clay liners subjected to 28-56 kPa can start self-heal the desiccation cracks resulted from 
cyclic wetting/drying (swell-shrink) [22]. 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 [23]. 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 [24]. Freezing degradation mechanism might be 
avoided by placing a protective layer having a depth greater than the maximum frost 
depth over the top liner [25]. 

 
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. However, many 
chemical compounds are considered toxic to many microorganisms depending on contact 
time and concentration [15]. 

 
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 
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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 clays [20, 21, 25]. 

 
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 [20]. 

 
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. However, compacted clay liners should be thick enough to resist such 
risks [25]. Risk of piping can also be reduced by well-designed filters surrounding clay 
liners [19]. 

 
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 change when not considering the settlement and might 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 [19, 21, 
25]. 

 
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 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 
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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 top cover was not considered, roots penetrated 
through the top soil to a depth of 1.6 m causing big problems [27]. Furthermore, when 
vegetation 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 pumping the water 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 [17, 25, 26]. 

 
 
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 300 to 1000 years. There are many international regulations concerning the 
requirements of hazardous waste landfills. German and USEPA regulations were taken 
here as an example, Table 1, Figures 2 & 3. German regulations mostly fit humid climate 
regions whereas USEPA regulations are more adapted to hot climates. Both of them focus 
on constructing a tight bottom liner. The authors suggest that both regulations might be 
considered in the design of a hazardous waste landfill in Iraq considering current and 
future climatic conditions.  
 

 
Figure 2: Minimum requirements for hazardous wastes landfills according to German 

Geotechnical Society, A) Final cover. B) Bottom liner. Modified from [28]. 
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1 Restoration profile, subsoil, top soil. 
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4 Mineral (clay) sealing layers. 
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6 Regulating layer. 
7 Waste body. 
8 Transitional layer (if necessary). 
9 Drainage blanket. 
10 Protective layer. 
11 Geomembrane. 
12 Mineral (clay) sealing layers. 
13 Subgrade (in the case of embankment or 
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Figure 3: Minimum requirements for hazardous waste and LLW landfills under RCRA 40 

CFR §258, A) Final cover. B) Bottom barrier. Modified from [29]. 
 

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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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. 

§ Hydraulic conductivity  
 
 

Table 2: Main aspects suggested for sitting a hazardous waste landfill in Iraq 
Criterion Description 

En
vi

ro
nm

en
ta

l 

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 2000 m for lakes. 
Wetlands: These areas must be avoided. 
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G
eo

lo
gi

ca
l 

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. 

Ec
on

om
ic

 a
nd

 S
oc

ia
l 

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 affect 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. 

 

 
6  Conclusions 
Considering the contamination fact with different types of hazardous wastes (e.g depleted 
uranium), 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 the 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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Proposed site selection criteria for hazardous 
waste disposal facilities 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]. 

Dry vally 

Qadisiya Lake 

Tharthar Lake 

RAMADI 

Qadisiya Lake 

Tharthar Lake 

Waste Management and the Environment VI  313

 
 www.witpress.com, ISSN 1743-3541 (on-line) 
WIT Transactions on Ecology and The Environment, Vol 163, © 201  WIT Press2



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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The common practice in geotechnical laboratories is to apply high hydraulic gradients for getting results in
reasonable time but this can jeopardize the accuracy. In this paper, the hydraulic conductivity of a smectite
rich clay from Iraqwas determined under different hydraulic gradients (5 to 10,000 m/m) using several densities
and two permeants. Also, two types of filters were used, ordinary stainless steel sintered filter and sand/silt filter,
in order to examine the possible effect of clogging by dragged clay gel particles. It was concluded that the outflow
filter can affect the evaluated conductivity especially when applying high hydraulic gradients. For sintered filters
the hydraulic conductivity was reduced as the gradient increased, while the conductivity increased as the
hydraulic gradient increased when using sand/silt filters. For salt water the impact of the gradient was less obvi-
ous than for distilledwater. A theoreticalmodelwas derived for selecting safe hydraulic gradients as a function of
dry density, swelling pressure and permeant type. Amajor conclusion was that the gradient in laboratory testing
should not exceed 100 m/m.

© 2013 Elsevier B.V. All rights reserved.

1. Background

Clays are known for their sealing potential in many environmental
and remedial contexts and the best ones belong to the group of
expanding clay minerals known as smectites. Various types of wastes
ranging from municipal to highly radioactive wastes are being isolated
from the biosphere in repositories relying on smectite-based barriers.
Iraq has considerable resources of such clay minerals especially in the
northern and desertic areas. For instance, the Western desert holds
more than 22 million tons of Ca++-montmorillonite (Ca++-Mt)
deposits (Al-Bassam, 2007). The Al-Jezira and Southern deserts contain
useful claystone deposits (1–10 m thickness)withmontmorillonite and
palygorskite as dominant clay minerals (Jassim, 2009). The vast source
of clays in Iraq can be exploited for many purposes. The most urgent
being the isolation of chemical and radioactive wastes produced during
and after the wars in 1991 and 2003 (Al-Taie et al., 2013a,b; Bertell,
2006). In general, clays aimed for isolating hazardous waste has to be
characterized with respect to important engineering properties, such
as shear strength and creep behavior, swelling pressure and hydraulic
conductivity. The latter is the most important since it will control the
rate of water percolating the waste body. The hydraulic conductivity
should have a certain maximum value to be accepted for isolating
hazardous wastes. Considering near-surface disposal of low and

intermediate level radioactive wastes in Iraq, the United States Envi-
ronmental Protection Agency (USEPA, 1990) and German regula-
tions take it as 1 × 10–8 and 1 × 10–9 m/s, respectively, for top liner
systems (DGGT, 1993).

The hydraulic conductivity is determined using various techniques,
commonly implying the use of Darcy's law (Eq. (1)), which defines
the permeation of a confined soil sample under a known hydraulic gra-
dient (Daniel, 1994).

q ¼ A:K:i:t ð1Þ

where:

q permeated fluid volume (m3)
A permeated cross section (m2)
K hydraulic conductivity (average, including the impact of

channeling and tortuosity), (m/s)
i hydraulic gradient, m/m, difference in fluid pressure in

meters divided by the flow length in meters
t time, seconds

K is considered as a material constant and should hence not depend
on the hydraulic gradient. If an increasing gradient gives an increasing
evaluated K-value at steady laminar flow it is becausemore water is ac-
tivated or because the number and size of the flow paths increase. If a
reduction in the evaluated K-value is recorded the reason can be
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internal erosion and clogging on the microstructural scale (Pusch et al.,
2011), or that reduction of the void space takes place by consolidation
under the compressive force exerted by percolating water.

The American Society for Testing and Materials (ASTM) advises the
use of hydraulic gradients up to 30 m/m (termedhere as icritical) for clay-
ey soils for the determination of the hydraulic conductivity, (ASTM D
5084-90, 1994). In geotechnical engineering the common practice is
to apply high hydraulic gradients for quick determination of the
conductivity, which can cause underestimation of this property. The
reason can be that the flowing porewater will follow a small number
of channels where the flow rate can be high enough to cause erosion
and particle migration leading to clogging and too low values of the
hydraulic conductivity (Pusch et al., 2011). The impact of high hydraulic
gradients has been evidenced using software computations such as the
3Dchan model and application of computational fluid dynamics and
Monte-Carlo simulations (Hellström, 2009; Pusch and Weston, 2003).
All these findings are in fair agreement with experimental test results.
The impact of consolidation is not well documented in the literature
but will be in focus of this paper. It concerns moderately smectite rich
clays from Iraqwith the aim of investigating the impact of the hydraulic
gradient on their conductivity under different hydraulic gradients
(5 to 10,000 m/m). Various dry densities were used in order to quantify
the impact of the hydraulic gradient on themicrostructural constitution
and permeability, and two permeating fluids were used for saturation
and permeation, i.e. distilled water and 3.5% CaCl2 solution. Two differ-
ent types of filters were installed at the outflow end in order to check
the impact of the filter constitution on migrating particles and
aggregates.

2. Materials

Smectite rich clay, termed as Green clay, was selected from Mosul
city, which is located in the northern part of Iraq. The clay belongs to
the Fatha formation,which is of LowerMiocene age and composed of al-
ternating beds of limestone, gypsum, green and red claystones and silt-
stones (Jassim et al., 1997). These beds are very thick in the direction
towards the upper part of the formation where it is a few hundred
meters thick (Jassim and Goff, 2006). The Green clay was sampled
from more than 2 m thick layer exposed near the ground surface in
the Qadia district appearing as hard light-green colored blocks. Its hard-
ness is explained by the cementation through precipitation of salts
(gypsum and carbonate) and siliceous matter (Pusch and Yong, 2006).
The Green clay was crushed and thoroughly mixed to ensure homoge-
neity. The crushing product was sorted on 1 mm sieves and further
disintegrated by ultrasonic treatment before characterization, which
comprised determination of the consistency limits, grain size distribu-
tion, and specific gravity (Müller Vonmoos et al., 1990). All laboratory
work was conducted according to the ASTMor British Standard. Sieving
of air-dry crushed and milled material for the characterization gave the
following size distribution: 100% b1 mm, 92% b0.8 mm, 76% b0.5 mm,
47% b0.2 mmand27% b0.1 mm,whilewet sieving showed that the clay
fraction was 65%.

2.1. X-ray diffraction analysis of the Green clay

Clay and coarserminerals were identified by X-ray diffraction (XRD)
of randomly oriented powder at the air-dry and ethylene glycolated
states (Al-Taie et al., 2013a,b). Also a simple procedure introduced by
Moore and Reynolds (1997) was applied to determine the approximate
contents of clay minerals from the XRD spectra. The XRD analysis
showed that the Green clay contains Mt about 64% as obtained by a
semi-quantitative analysis (Table 1). The basal spacing (d001) was
found to be about 15 Å and 17 Å for the air-dry and glycolated states
respectively. The Mt seems to be saturated with divalent-cation since
the d001 for monovalent-cation saturation at the air-dry state is about
12.5 Å (Nagy and Kónya, 2010). The divalent cation is more likely to

be calcium cation. Further, illite and chlorite were identified as minor
constituents while some traces of palygorskite and sepiolite were spot-
ted (Table 1). The liquid limit (LL) value for the Green claywas found to
be 148%. This value is closer to LL of pure Ca++-Mt that ranges between
160 and 170% while for pure Na+-Mt the LL ranges between 500 and
700% (Huang et al., 2011). The Skempton's clay activity (ac) value was
found to be 1.4 which is also closer to the ac of pure Ca++-Mt of 1.5
while for Na+-Mt is about 7.2 (Skempton, 1953).More to say, the cation
exchange capacity (CEC) was calculated using Çokca and Birand's (1993)
technique which depends on the methylene blue value (Table 1). The
CEC for the Green clay was found to be low (23.1 meq/100 g) compared
to those for other smectitic clays. This could be attributed to the cemen-
tation of clay particles by precipitated salts (gypsum and carbonate) and
siliceous materials (Pusch and Yong, 2006). By considering the afore-
mentioned discussion, the Mt content seems to be overestimated by
the semi-quantitative analysis and probably between 40 and 60%.

3. Methods

Stainless steel oedometer cells of 30 and 50 mmdiameterwere used
for the determination of the hydraulic conductivity (Fig. 1). Air-dry
samples were prepared by static compaction (rate = 1.5 mm/min) in
four layers (5 mm thick) to reach the desired dry densities. The walls
of the oedometers were coated with a thin layer of very smectite rich
clay paste (commercially available as MX-80) for eliminating leakage
along the sample-wall interface. Two types of filterswere used: sintered
stainless steel filter of 30 mm diameter, and 50 mm diameter sand/silt
filters. The sintered filters were cut and trimmed to fit the cell diameter
and placed in contact with the Green clay samples at the inflow and
outflow ends. The filters were cleaned by ultrasonic treatment in
distilled water after each run and de-aired by gentle boiling in distilled
water for 10 min prior to further use.

The sand/silt filters were statically compacted to 20 mm thickness
with the dry density 1600–1630 kg/m3 by compressing them under
1 MPa pressure for few minutes. They were prepared from natural
sandy soil known as Kallax sand using series of 0.25–2.00 mm and
0.125–0.063 mm sieves following recommendations by Terzaghi et al.
(1996). The porosity of the sand/silt filters was 0.38 and the void
diameters1 10 to 800 μm. Their high densitymade them resist compres-
sion during saturation and percolation of the compacted clay. The test
arrangements are shown in Fig. 1.

Two sets of about 20 mmhigh samples were prepared; one saturat-
ed and permeatedwith distilledwater and the other by using 3.5% CaCl2
solution. The permeant was supplied from the lower end of the cells
with only very low backpressure. Stiff pressure cells of 3–5 kN load
capacity were mounted on the oedometers for logging the swelling
pressure evolved in the saturation phase. The pressure was perfectly
stable after 2–6 weeks for distilled water and 1–3 weeks for the salt
solution indicating nearly complete water saturation (Pusch, 1982).

The hydraulic conductivity tests were conducted under different
hydraulic gradients ranging from 5 to 10,000 m/m. Low-range hydrau-
lic gradients (5–100 m/m) were applied by using a water-filled vessel

Table 1
Index properties of the Green clay.

Liquid limit (%) 148
Plasticity index (%) 91
Specific gravity 2.76
Clay activity 1.4
Methylene Blue value, (g/100 g) 10
aCation exchange capacity, meq/100 g 23.1
Major clay minerals Ca++-Mt (64%), chlorite (11%), illite (25%)
Non-clay minerals Feldspars, zeolites, anhydrite

a Calculated with respect to methylene blue value using Çokca and Birand's (1993)
equation.

1 Based on 2D close-packing of spheres.

74 L. Al-Taie et al. / Applied Clay Science 87 (2014) 73–80



Author's personal copy

connected to the inflow end of the cells and placed so that the intended
gradient was maintained (Pusch and Yong, 2006). Application of high
gradients (N100 m/m) was made by the use of a GDS digital controller
with an accuracy of dischargeflowof±1 mm3 and a capacity to provide
pressures up to 2500 kPa.

After saturating the samples, permeation started under the respec-
tive selected gradients until stable flow was reached (Daniel, 1994).
For low gradients, the discharged permeant was collected in 100 ml
glass containers with rubber caps. A thin needle was mounted in the
cap for equalizing air pressure in the container without allowing desic-
cation as verified by a separate test using a free-standing arrangement
of the same type. Permeation was conducted at lab temperature of
20 °C ± 0.5 °C, for 1–3 weeks depending on the density of the sample.
One sample was prepared for hydraulic gradient higher than 100 m/m
and had not previously been tested at any lower gradient, while the
gradients were raised stepwise up to about 100 m/m for other samples.

4. Results

The results are reported in two main parts dealing with distilled
water and CaCl2 solution, respectively.

4.1. i–K relations for percolation with distilled water

The i–K relation as functions of the dry density of the investigated
Green clay samples is shown in Fig. 2. The solid lines represent best
fitted models (Eqs. (A.1)–(A.8) in Appendix A) giving high correlation
coefficients (Table A.1).

The tests showed that the hydraulic conductivitywas not constant but
depended on the gradient. The relation was found to be linear in double-
logarithmic presentation giving successively higher K-values for i-values
up to about 100 m/m (critical gradient icritical). One reason for the rise is
that there are different amounts of water adsorbed on the basal surfaces
in microstructurally intact clay and in clay where pressure-induced wid-
ening of flow “channels” has taken place. For the first mentioned the vis-
cosity is higher while for the latter high gradients cause high shear forces
that breakdown the water lattices and reduce the viscosity (Hansbo,
1960; Yong et al., 2010). A second reason is that the increased flow rate
at high hydraulic gradients widened the void space by erosion.

High hydraulic gradients can also cause reduction of the permeation
rate if the shear forces are high enough to tear-off the aggregates of
colloidal size from the channels where flow takes place (Pusch and
Weston, 2003). The aggregates are moved by the water flow and can
accumulate at channel constrictions and eventually at the filter at the
discharge end of the Green clay samples if it is tight enough to prevent
the aggregates from passing through.

The accumulation of torn-off gel fragments at the sintered filters at
high gradients is believed by the authors to be the main reason for the
reduction in hydraulic conductivity. Consolidation of the clay under
high water pressure gradient can also have reduced the conductivity
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Fig. 1. Experimental setup for determining the hydraulic conductivity. Right: 50 mm cell with sand/silt filter at the outflow end. Left: 30 mm cell with stainless steel sintered filters at the
outflow end.
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(1000, 1250 kg/m3 etc.). Filter type at outflow end: a) Sintered filter (SIN), b) Sand/silt
(SS). DW: distilled water.
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by compressing the small number of local channels that are responsible
for the permeation. They represent less than 5% of the cross section
(Pusch et al., 2011) and would not undergo significant compression
even at high hydraulic gradients. Still, the reduction of the recorded
through-flow at such gradients can have contributed somewhat to the
reduction of the hydraulic conductivity as will be discussed below.

For the tests using sintered filters, K decreased with raised hydraulic
gradient. The reduction at high gradients is in agreement with the find-
ings of other investigators (Daniel, 1994; Dixon et al., 1992; Pusch and
Yong, 2006) and the reduction at very low gradients agrees with early
tests performed by Hansbo (1960). Dixon et al. (1992) found that the
i–K relation starts to deviate from linearity at icritical ≈ 800 m/m for
Na+-bentonite (Na+-Bent) commercially available as Geoseal while
the Green clay in the present study showed icritical ≈ 100 m/m for the
same dry density of 1200 kg/m3. The critical gradient seems to be
directly related to the resistance of the particle network to erosion,
being a function of the clay content, clay mineral type and pore size
distribution. Since the Geoseal Bent has higher smectite content (about
80%) and finer voids than the Green clay, the first mentioned offers
more resistance against erosion, hence giving a higher icritical value.

In contrast to the results for the tests with sintered filters, implying
successive reduction of the evaluated conductivity when exceeding the
“critical gradient” of approximately 100 m/m, the i–K relationship contin-
ued to be linear in double-logarithmic presentation for the sand/silt filters
(Fig. 2-b). The reason can be that these cohesionlessfilters let transported
clay aggregates through without causing clogging of filter voids. The
maximum gradient for avoiding erosion in the form of piping and
reorganization of grains in the filters was concluded to have been about
100 and 700 m/m for dry densities 1000 and 1250 kg/m3 respectively.

The applied pressures via the GDS controller for reaching the
gradients 5000 and 10,000 m/m were 750 and 1500 kPa, respectively.
They are much higher than the swelling pressure of the Green clay
samples with dry densities 1000 and 1250 kg/m3 (Fig. 3), suggesting
that some consolidation can have taken place. For samples prepared
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Fig. 3. Swelling pressure of the Green clay at different dry densities. Saturation with dis-
tilled water and 3.5% CaCl2 solution, respectively.
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with higher densities (i.e. 1375 and 1500 kg/m3) and higher swelling
pressures, the effect was less important.

4.1.1. Comparison of i–K relations for sintered and sand/silt filters with
distilled water

The change in i–K relation for sintered and sand/silt filters is shown
in Fig. 4 as a function of the dry density. The difference between them
gradually diminished as the density increased, implying compression
of some of the flow paths in the clay by the increased swelling pressure.
Thus, the evaluated hydraulic conductivity was reduced by 2100, 10, 5
and 1 times for i = 10 m/m when raising the clay dry density to
1000, 1250, 1375 and 1500 kg/m3, respectively. For the sand/silt filters
with relatively high porosity the porewater flowwas uniformly distrib-
uted and their high density is believed to have providedmicrostructural
stability. The void size in the filterswas estimated at 10 to 800 μm,while
the pore sizes in the stainless steel filter (by microscopic examination
using an Infinity 2.0 microscope) were 10–75 μm, i.e. smaller than the
voids in the sand/silt filters. This suggests that through-transport of
clay aggregates should be smaller through the sintered filter than
through the sand/silt filter. The continuous increase in evaluated

conductivity caused by increasing gradients shown by the diagram in
Fig. 4-d demonstrates that the two types of filters gave the same
through-flow for gradients up to about 100 m/m. This suggests that
no flow-related microstructural changes took place in either of the
materials and that the rise in evaluated conductivity is solely due to
the activation of more of the porewater.
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Fig. 5. Graphs of the i–K relation for the clay permeated with 3.5% CaCl2 solution.
a) sintered filter at the outflow end (SIN), b) sand/silt filters at the outflow (SS).
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4.2. i–K relations for percolation with salt water

The i–K relations for Green clay samples are given in Fig. 5 with the
samedry densities as in the testswith distilledwater and sintered filters
installed at the outflow end. The solid line represents the best fitting
models (Eqs. (A.9)–(A.14)) with high correlation coefficient as shown

in Table A.1. The observation that the conductivities were 5–7 times
higher than for distilled water is in principle agreement with earlier
investigations (Pusch and Yong, 2006). As to the impact of i on the
evaluated K we see the same trends as for distilled water when using
sintered filters although with less obvious reduction of the hydraulic
conductivity at high gradients for the salt permeant. For these tests
the inflection point represents i ≈ 600 m/m.

While the percolationwith salt water in the tests with sintered filters
caused some reduction of the evaluated Kwhen iwas raised, the conduc-
tivity continued to rise when sand/silt filters were used at the outflow
end of the samples as for the tests with distilled water. For the sample
with dry density of 1500 kg/m3, the permeation and evaluated K were
the same for both filter types at hydraulic gradients up to 100 m/m.

4.2.1. Comparison of i–K relations for sintered and sand/silt filters with salt
solution

The i–K relation for samples prepared with sintered filters and
sand/silt filters is demonstrated in Fig. 6. The low-density samples with
sintered and sand/silt filters behaved almost identically (Fig. 6-a), and
the impact of filter-clogging on the evaluated conductivity for sintered fil-
ters can be imagined in Fig. 6-b. The voids in the sand/silt filter were ob-
viously not clogged by clay aggregates and instead led water and
dispersed clay aggregates through, leading to successively increasing
values of the evaluated hydraulic conductivity at gradients up to and be-
yond 100 m/m. At higher gradients, the sand/silt filter continued to serve
as an effective conductor without undergoing piping or erosion. Fig. 6-c
indicates that the i–K relation of samples with high dry density
(1500 kg/m3) was almost identical up to i ≈ 100 m/m for the sintered
and sand/siltfilters. The sand/siltfilterwas exposed to a swelling pressure
≈250 kPa, while for i = 100 m/m the pressure was about 20 kPa. Since
the filter had a “preconsolidation pressure” of 1 MPa, it remained
unaffected.

4.3. Comparison of i–K relations for distilled water and salt solutions with
sintered filter

High electrolyte concentration in the water increased the hydraulic
conductivity (at i = 10 m/m) by 3 to 7 times compared to the conduc-
tivity of samples prepared and percolatedwith distilledwater values for
samples prepared at 1000, 1250 and 1500 kg/m3 respectively (Fig. 7).
This is in agreement with the findings of several investigators (Pusch
and Schomburg, 1999; Pusch and Yong, 2006). The reason is that the
salt water coagulated the clay gel aggregates and made them denser
by which the flow channels were widened. However, this led to fewer
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Fig. 7. Comparison of i–K relations for the Green clay samples permeated with distilled
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sintered filter.
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bonds between the mobile salt-coagulated aggregates and the denser
clay matrix surrounding the flow channels, which released these
aggregates that moved and clogged the flow paths causing reduction
of the evaluated conductivity (Pusch et al., 2011).

4.4. Safe hydraulic gradients

The impact of flow-induced consolidation on the evaluated hydrau-
lic conductivity is delighted here. As demonstrated by Figs. 2-a and 5-a,
the i–K relation starts to deviate from linearity in the log/log diagrams at
a certain gradient. Using Darcy's law, the hydraulic gradient can be con-
verted to an average pressure by considering that i = Δh/L, whereΔh is
the net fluid head and L the sample length. As to the pressure conditions
when the i–K relation starts to deviate from linearity in the log/log
diagrams one finds from Fig. 2-a that the critical gradient was 30, 70,
90 and 100 m/m for the densities 1000, 1250, 1375 and 1500 kg/m3,
respectively. Applying the same reasoning to the tests with salt water
and comparing the critical gradients with the clay swelling pressures
one gets the relationships in Fig. 8.

The critical gradient can be calculated using Eq. (2) with good
correlation coefficient (R2 = 0.96), giving:

icritical ¼ 0:2027ρd−0:023Sp−15:5 F−160:32 ð2Þ

where:

icritical critical hydraulic gradient (m/m),
ρd sample dry density (kg/m3),
Sp swelling pressure (kPa)
F dimensionless factor to be taken as 1 for distilled water and 2

for salt water.

The diagram in Fig. 8 gives the basis for selecting amaximumhydrau-
lic gradient in performing conductivity tests of smectitic clays for avoiding
significant impact of consolidation. The present study suggests that the

critical gradient for most dense smectite rich clays can be taken as
100 m/m. For designers of landfills, the very low gradients in top liners,
commonly less than 1 m/m, are of particular importance since they give

considerably lower conductivity values than those evaluated from
percolation tests conducted under gradients of the order of 100 m/m.

5. Conclusions

Hydraulic conductivity tests of smectite rich clay under hydraulic
gradients ranging from 5 to 10,000 m/m were conducted using two
different filter types, i.e. stainless steel sintered filters, and sand/silt
filters, and two permeants, distilled water and 3.5% CaCl2 solution. The
following major conclusions were derived from this study:

Use of sintered filters gave reduction of the evaluated hydraulic
conductivitywhen the hydraulic gradients were raised beyond a certain
“critical” value for both distilled water and the CaCl2 solution. The
reduction in hydraulic conductivity at permeation with the latter was
less obvious. The reason for the reduction of the conductivity for higher
gradients is concluded to be the clogging of channels by clay aggregates
torn-off from the clay surrounding the channels, and consolidation.

The critical gradient (icritical) depends on the clay content, clay min-
eral type, pore size distribution and type of permeant. Hence, the icritical
values recommended by the ASTM (i.e. 30 m/m) can be raised to
100 m/m in standardized characterization of artificially prepared and
effectively compacted smectitic soil.

Use of sand/silt filters gave successively higher conductivity values
when the hydraulic gradient was raised beyond the breakpoint, termed
“critical” value. The main reason is concluded to be that the flow paths
were widened and multiplied by the rising water pressure.

A most important finding was that the very low hydraulic gradients
prevailing in many practical cases, like top liners of landfills of hazard-
ous waste, will give very low conductivity values. Determination of
the conductivity under actual low gradients is therefore recommended
for optimal design of the liners.

The theoretical model derived for correlating the critical hydraulic
gradient with dry density, swelling pressure and permeant type as
parameters is recommended for practical use.

Appendix A

Table A.1
Modeling of i–K relations at different dry densities, filter type and percolation fluid.

Case Filter
type

Dry density,
kg/m3

Equations Eq. no. Equation
parameters

R2

Distilled water Sintered 1000 y = 1 / (a + b√x + (c/√x)) (A.1) a = 1923471.514
b = 231456.832
c = 39865745.89

0.88

1250 y = 1 / (a + b.x2.lnx + (c/√x)) (A.2) a = 821282219.5
b = 3.313923724
c = 7628390026

0.96

1375 y = (a + bx + (c/√x)) (A.3) a = 5629405750
b = 1602612.606
c = 76608589362

0.96

1500 y = 1 / (a + b.lnx + (c/√x)) (A.4) a = −49225798400
b = 10149031248
c = 6.274E + 11

0.97

Sand/silt 1000 y = log(a + b.lnx) (A.5) a = −11.053
b = 0.952

0.98

1250 y = a + bx + cx2 + dx3 + ex4 (A.6) a = 1.6901E-10
b = 2.312E-10
c = −4.820E-19
d = 9.066E-20
e = −1.029E-23

0.98

1375 y = a + b√x.lnx + c(lnx)2 + d.lnx (A.7) a = 4.807E-11
b = 3.916E-12
c = 9.841E-12
d = 1.592E-11

0.99

1500 y = a + bx.lnx + c(lnx)2 + d.lnx (A.8) a = −2.837E-13
b = −2.181E-16
c = −4.069E-14
d = 1.888E-12

0.97

(continued on next page)
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Table A.1 (continued)

Case Filter
type

Dry density,
kg/m3

Equations Eq. no. Equation
parameters

R2

CaCl2 solution Sintered 1000 y = a + bx.lnx + c√x.lnx (A.9) a = 3.038E-08
b = −2.437E-11
c = 9.574E-09

0.96

1250 y = a + bx.lnx + c√x.lnx + d√x (A.10) a = −1.477E-10
b = 3.491E-14
c = −7.479E-11
d = 6.834E-10

0.95

1500 y = 1 / (a + b.lnx + (c/√x)) (A.11) a = −25781184173
b = 5138064528
c = 2.0671E + 11

0.98

Sand/silt 1000 y = a + bx.lnx + c√x.lnx (A.12) a = 3.038E-08
b = −2.436E-11
c = 9.5747E-09

0.96

1250 y = log(a + b√x + c.lnx) (A.13) a = −21.296
b = 0.009
c = 0.448

0.99

1500 y = a + bx + c√x.lnx + d√x +
e.ln(x)/x

(A.14) a = −6.543E-12
b = 2.635E-14
c = −1.496E-12
d = 1.322E-11
e = −1.227E-12

0.98
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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. 
 
Keywords: smectite, depleted uranium, hydraulic conductivity, hazardous waste 

 
 
1  Introduction  
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 [1]. 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 
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commonly proposed of a low-permeability 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 [2,3]. 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 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 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 [1,4]. 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 [5]. 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. 

 
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 and 
that very significant exogenic impact, like earthquakes of very high magnitude, does not 
take place. 
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Figure 1: Cross sectional profile of a suggested landfill confining contaminated soil with 

Depleted Uranium. 
 
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 [6], 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: 
 No precipitation keeps the initial water content of the clay constantly at 5-10 percent 

by weight through days, weeks, months and years, 

Gravel 
Sand/silt 

Protective layer 
Geomembrane  
Clay liner 

Regulating layer 

Contaminated soil 
Permeable soil 

Rock/boulder  

Supporting dikes 
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 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. 

 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 1-50 m/m, with 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 [7]. 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 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) 

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

 
 
4  Iraqi Candidate Clay for Use in Top Liners 
4.1 Location and Identification 
Green and Red smectite rich clays were selected from Mosul City located in the northern 
part of Iraq. The clays belong to the Fatha formation, [8]. 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 [9]. 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.  

 
4.2 Characterization 
The two smectite clays were crushed by means of impact 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 [10]. All the laboratory work was conducted according to the American Society for 
Testing and Materials (ASTM) or British Standard (BS). 
 
4.2.1 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 [11]. 
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Table 1: Physical properties of the green and red clays from the Fatha formation 

Soil 

Liquid 
limit, 
wL 
(%) 

Plasticity 
index, PI 
(%) 

Fraction 
<0.002 
mm 
(%) 

Activity, 
ac 

Specific 
gravity 

CEC, 
meq/100 g 

Green clay 148 91 65 1.40 2.76 23.1 
Red clay 115 60 48 1.25 2.75 19.7 
 
 

 
Figure 2: Left, the locations of green and red clays near Qadia destrict. Right, the Fatha 

formation within Makhul Mountains. 
 
4.2.2 Methylene Blue test 

Methylene Blue testing for approximate evaluation of the smectite content was conducted 
following the European Standard (spot method) [12]. Both clays were sieved on the 63μm 
sieve then treated with 3% hydrogen peroxide for removing organic substances [13]. The 
clays were then crushed again after oven-drying and sieved. The Methylene Blue value 
(MBV) was calculated using Equation 2 [14] and found to be 10/100g and 9.3/100g 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 [15]. The Methylene 
Blue test could also be utilized to determine the cation exchange capacity (CEC) of the 
soil by using the formula suggested by Çokca and Birand [16]. The CEC values for the 
Green and Red clays are shown in Table 1. 
 

)().(1000
)(100).(10).(

)100/( ' gfmL
ggmLV

ggMBV cc                             (2) 

 
where, Vcc: Volume of methylene blue solution added, f’: dry weight of the soil used. 
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Figure 3: Grain size distribution of the green and red clays. 

 
4.2.3 X-ray diffraction analysis of the Green and Red clays 

The clay and non-clay minerals were identified by X-ray diffraction of randomly oriented 
powder. The Empyrean-PANanalytical diffractometer at the division of Sustainable 
Process Engineering, Luleå University of Technology was utilized for the identification of 
major 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. Another set was prepared for ethylene glycol solvation for better 
detection of expanding clay minerals like montmorillonite. The powder mounts were left 
inside a desiccator containing about 200 mL of ethylene glycol. The desiccator was stored 
into 60°C oven for 24 hours for better exposer to ethylene glycol vapor [17]. The 
diffraction patterns for the air-dry and glycolated samples were determined using CuKα 
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 (2θ) ranged 
between 5-90° running at a speed of 0.026°. 
 
4.2.3.1 Clay minerals identification 

The X-ray patterns for the Green and Red clays shown in Figure 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. The clay minerals were detected 
from their d(001) reflections. The smectite was characterized in both clays from the d(001) 
reflection having about 15 Å for air-dry powder and about 17 Å in the glycolated powder, 
Figure 5. This indicates that the smectite is montmorillonite with Ca+2 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%) [18]. 
Further, clay activity values (ac) also prove that the smectite is in Ca-form. The activity of 
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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. Illite and 
chlorite were also pinpointed in the Green and Red clays from the d(001) reflection at 10.1 
Å and 14.2 Å respectively, Figure 4. 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. 
 
4.2.3.2 Semi-quantitative analysis of clay minerals 

After qualifying the minerals existing in the Green and Red clays, a simple quantification 
procedure was conducted to determine the percentage of each clay mineral from the XRD 
patterns. The semi-quantification was based on the estimation of the area (intensity × 
width) under strong peaks of each mineral. The goal is to precisely calculate the mineral 
intensity factor (MIF) for each clay mineral with respect to a reference strong peak of a 
certain clay mineral. The procedure was described by Moore and Reynolds [17]. However, 
only the major clay minerals were quantified, i.e. smectite, illite, chlorite and kaolinite. 
The illite (I002) was selected as a reference peak to calculate the MIF for other minerals, 
Figure 4. Semi-quantification results are shown in Table 2 for the Green and Red clays.  

 
Table 2: Percent of the major quantified clay minerals in Green and Red clays 

Quantified clay minerals Green clay Red clay 
Montmorillonite (%) 64 49 
Illite (%) 25 48 
Chlorite (%) 11 1 
Kaolinite (%) -- 2 

 
The smectite content in the Green clay is higher than the Red clay which also evidenced 
from wL, ac and CEC values. 
 
4.2.1 Experimental determination of 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. All the tests were 
conducted at the GeoLab, Luleå University of Technology. Stainless steel oedometer cells 
of 30 mm diameter were utilized for hydraulic conductivity determination, Figure 6. 
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. 
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 
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was made according to the method proposed by [7,19]. 
After saturation of the 20 mm thick samples, permeation started under the three specified 
gradients and the tests continued until stable values were reached [19]. 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 20°C ±0.5°C lasted for 1–3 
weeks depending on the clay dry density. 
 

(a) 
 

(b) 
Figure 4: X-ray diffraction patterns of randomly oriented air-dry powders of (a) Green 

clay, (b) Red clay. Legend; M: Montmorillonite, Ch: Chlorite, S: Sepiolite, P: 
Palygorskite, I: Illite, Q: Quartz and C: Calcite. (The numbers indicate the d-spacing and 

the subscript indicates the reflection order of the mineral). 
 
 

 
(a) 

 
(b) 

Figure 5: The identification of Montmorillonite of the air-dry and glycolated powders of 
the (a) Green clay, (b) Red clay. 

 
4.2.2 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 7-a. If K35 (K under i=35 m/m) is taken as a reference value for each 
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density, the ratio K65/K35 = 30% and K95/K35= 212% for ρd=1000 kg/m3, Figure 7-b. The 
difference between the two ratios is 182%. If we apply this to the dry density 1250 and 
1500 kg/m3 we get much smaller change, i.e. 28% and 11% respectively. This 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 [11]. 
 

 
 

Figure 6: Schematic diagram of testing setup for hydraulic conductivity and swelling 
pressure. 

 
4.2.3 Evaluation of the hydraulic conductivity under low hydraulic gradients  

Table 3 shows the mathematical expressions for evaluating and predicting the hydraulic 
conductivity at very low gradients. The coefficient of determination (R2) ranged between 
0.91–0.99 which indicates good correlation. The right column shows the expected K 
values at i=1 m/m for different dry densities. This is a very important issue in the 
permeation of the top liners after fully saturated condition since the hydraulic gradients 
will be very low. 
 
4.2.4 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 6. 
Four dry 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 [20]. 
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Table 3: Models relating hydraulic conductivity with respect to hydraulic gradient and dry 

density 

ρd (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) -1.506 0.094 0.99 2.2×E-08 

1250 ibaK E lnexp)10(     (4) -0.073 0.432 0.99 1.0×E-10 

1500 5.0
)11( ibaK E          (5) -0.024 0.174 0.91 1.5×E-12 

1175§ )lnexp()09( ibaK E    (6) -22.478 0.522 0.99 1.7×E-10 
§ interpolated, see Figure 8. 
 
 

 
                   (a)             (b) 

Figure 7: Left: Relation between hydraulic conductivity and dry density under various 
hydraulic gradients. Right: 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). 

 
4.2.4.1 Swelling pressure limitations for maintaining top liner stability 

As the dry density increases the swelling pressure (Sp) increased as seen from Figure 9 
and Equation 3. 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 3. 
 

)ln000869.054142.2exp( ddpS                                  (3) 
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5  Discussion and Conclusions 
5.1 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 8, giving K 
1.5×E-10 m/s, (Equation 6 in Table 3). 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 [21,22]. 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. The 
bottom liner can hence have a dry density of 1375 kg/m3 for the first mentioned 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 
8, and this would also meet the regulations. However, there are other factors that can 
affect the performance of landfills as discussed below. 

 
5.2 Risks  

5.2.1 Physical stability of waste mass and liners  

5.2.1.1 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 10. 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 [23]. The proposed 
overburden thickness of 5 m (100 kPa) may in fact prevent formation of desiccation 
cracks. 
 
5.2.1.2 Internal erosion 

High hydraulic gradients may cause internal erosion and migration of small particles in 
and from the top liner. Extensive laboratory tests [24] indicated the hydraulic gradients 
between 20–30 m/m are capable of tearing and transporting clay soft gel. Such threats are 
not applicable for thick clay liners but should be considered when using thin geosynthetic 
clay liners. These thin synthetic clays have microstructural heterogeneities at which the 
percolated water under high gradients will easily tear off and transport the soft gel [25]. 
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Figure 8: 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. 

 
5.2.1.3 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 [24]. 
 
5.2.1.4 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 to the reduction of 
smectite expandability caused by welding of clay plates by the precipitated silica. The 
same process can take place in high temperature environments, more than 100°C, in deep 
geological repositories hosting highly radioactive waste but to a smaller extent in surface 
landfills [26,27]. 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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Figure 9: Swelling pressure of the Green Clay under different dry densities and saturation 

with distilled water. 
 

5.2.2 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 [7]. 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 [28]. 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 [5]. 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 
hence 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 clays [5, 29, 30]. 
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Figure 10: 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. 

 
5.2.3 Biological activities and clay liners 

Microorganisms present in the soil can adversely affect the hydraulic properties of the 
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 [26]. 
 
5.2.4 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 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 the selection of 
appropriate slope angles as well as by well-designed supporting dikes. Most modern 
landfills are designed with side slopes of 3:1 (H:V) ratio, [29,30,31]. 

 
5.3 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 
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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. 
 
5.4 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 18

Compacted clay liners (CCL) can be used to isolate hazardous wastes like the soil and military 19

scrap contaminated with depleted uranium that emanated from the Iraqi wars in 1991 and 2003. 20

Near-surface repositories for such dangerous waste can preferably be located in the Iraqi deserts, 21

which make up 60% of the territory of Iraq. CCLs are usually constructed using a mixture of 22

clayey soil and coarse material compacted in air-dry form or suitably wetted. In the present study, 23

two smectitic soils from Iraq, termed Green and Red clays, were investigated for potential use in 24

CCLs. The shear strength, swelling pressure, hydraulic conductivity and creep properties were 25

determined and used for preliminary design of top and bottom liners. The engineering properties 26

were determined for various dry densities and water contents ranging from air-dry to fully 27

saturated conditions. The results showed that mixtures of sand and 30-50% Green clay, and 28

mixtures of sand and 40-60% Red clay are suitable for constructing top liners with a hydraulic 29

conductivity between 1×10-10 - 1×10-9 m/s. For bottom liners, mixtures of sand and 70% Green 30

clay and mixtures of sand and 80% Red clay can be considered. They were found to have a 31

hydraulic conductivity of 1×10-11 m/s for a density at saturation of 2.1 g/cm3 (dry density 1.7 32

g/cm3). As to the slope stability of top liners, the shear strength for different clay percentages was 33

found to guarantee slope stability for 18o inclination under both air-dry and water saturated 34

conditions. 35

36

Keywords: compacted clay liner, smectite, design, shear strength, hydraulic conductivity, 37

swelling pressure 38

 39
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1. Introduction 40

Compacted clay liners (CCL) are used for constructing hydraulic/gas barriers in landfills and near 41

surface repositories (NSR), with wastes ranging from municipal to hazardous ones  (Koch, 2002; 42

Chien et al., 2006), Fig.1. In Iraq, this option, which represents cost-effective and sufficiently 43

safe disposal of dangerous waste, can also be adopted for disposing DU-contaminated soil and 44

military scrap emanating from the 1991 and 2003 wars (Bertell, 2006; IAEA, 2010). These 45

structures can preferably be located in Iraqi deserts, which make up 60% of the country and are 46

ideal for hosting NSRs of radioactive waste (Al-Taie et al., 2012; Al-Taie et al., 2013). The 47

design principle in Fig. 1 can be used also for low- and intermediate-level short-lived radioactive 48

waste in containers placed in concrete vaults as proposed for Spain and Lithuania. The encircled 49

parts of the top liner require particular care in design and construction with respect to 1) 50

percolation of rain, 2) slope stability, and 3) discharge of surface water. 51

 52

 53

Fig. 1. Principle of designing a landfill of hazardous waste like contaminated soil or incinerated 54

organic waste.  55

2
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CCLs are commonly composed of clay-rich soil mixed with coarser material (“ballast1”) 56

layerwise placed and compacted (0.25-0.50 m thick). Since there are presently no national 57

regulations respecting location and design we have followed, in principle, the United States 58

Environmental Protection Agency’s (USEPA) rules and the German Geotechnical Society 59

(DGGT) regulations (USEPA, 1990; DGGT, 1993). Considering here arid areas and knowing 60

that compaction of wetted clay liner material can cause difficulties, like liquefaction and 61

inhomogeneity of clayey soils (Benson and Daniel, 1990; Koerner and Daniel, 1997; Pusch and 62

Yong, 2006). The placement and compaction of air-dry materials was in focus, which can also be 63

more effective and cheaper. This option minimizes many technical problems regarding, i.a. the 64

availability of suitable water for the mixing process, generation of desiccation cracks and 65

difficulties in meeting quality measures concerning mixture homogeneity (Daniel and Wu, 1993; 66

Camp et al., 2010). 67

Many issues have to be considered by geotechnical engineers in the design of CCLs for making 68

them perform acceptably over the years. The required operational time of an NSR hosting low- 69

and intermediate (short-lived) radioactive waste has been specified by various regulatory 70

authorities to be 300 years (Chien et al., 2006), which is the time considered in the present study. 71

We are primarily concerned with design of the liners, which requires that candidate clay materials 72

must be characterized with respect to their basic physical properties: hydraulic/gas2 conductivity, 73

swelling pressure, and shear strength, Fig. 2. To this comes the criterion that the long-term 74

chemical stability must be ensured keeping in mind that chemical impact on the minerals also 75

controls the physical performance. Thus, liners placed below the waste -“bottom liners”- can be 76

1 Ballast: any soil material other than expanding clay minerals  
2 Permeability is the ability of fluids (water or gas) to pass through a porous medium like soil or rock. Hydraulic
conductivity and permeability are related by Darcy law. In principle, clay liners should be identified with respect to
water percolation (hydraulic conductivity) and gas leakage (gas conductivity) depending on the type of waste.
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percolated by solutions that have passed through wastes and become very acid or basic, leading 77

to rapid dissolution of the smectite components and to significant changes in mechanical strength 78

and permeability by ion exchange processes and dissolution (Mohamed and Antia, 1998; Pusch 79

and Yong, 2006). The risk of failure of bottom liners depends on how effectively the top liners 80

can hinder precipitated water from reaching and percolating the waste mass and the aim is 81

naturally to select water-tight (“geological”) top liners although bottom liners may have to be 82

installed for fulfilling the requirements set by authorities. The top liners will control water 83

penetration to the waste body and eventually to the bottom liner and they should ideally have a 84

high content of expandable clay (Pusch and Khil, 2004). The density should be high for 85

providing best possible tightness but the high swelling pressure that goes with it can displace and 86

degrade the overburden that is required for erosion protection. Both the content of expandable 87

minerals (commonly montmorillonite) and the density must therefore be balanced to give 88

optimum performance (Stewart et al., 2003). The water uptake of initially air-dry CCL can take 89

place as finger-like flow paths (loose structure) or by diffusive migration (dense structure). The 90

wetting front advance (WFA) is a function of dry density and clay percentage as well as of the 91

initial water content (El-Shafei, 1988). At sufficiently high dry density, high clay percentage and 92

low initial water content, the WFA will be slow leading to enhanced performance of waste 93

isolation. 94

The aim of this paper is to describe a study of two smectitic soils from Iraq for potential use as 95

CCL. An attempt is made to select suitable clay-sand mixture compacted at low water contents 96

for simulating common field conditions in deserts. The hydraulic conductivity, swelling pressure, 97

shear strength and creep behaviour were studied for the selection of suitable mixtures for top and 98

bottom liners. 99
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 100

Fig. 2. Factors affecting the design of CCL and their performance 101

 102

2. Materials and methods 103

2.1 Identification and Index properties 104

Two smectitic clays, termed Green and Red clays, were investigated. They belong to the Fatha 105

formation-Iraq which is of Lower Miocene age. Both clays are found within the Al-Jazira and 106

Western Deserts and appeared as hard greenish and reddish rocks (Jassim and Goff, 2006; Al-107

Bassam, 2007). They are also present in the Al-Qadiya district in Mosul city. The samples were 108

taken from about 2 m thick layers exposed at the ground surface. They were disintegrated by use 109

of a jaw crusher and passed through 1 mm sieve for laboratory testing. Grain size analyses were 110

determined following two sieving procedures, dry and wet sieving. The gradation of the dry 111

material was determined following ASTM D 6913. The wet sieving was conducted on dispersed 112

samples following the ASTM D 1140. Further, Material finer than 0.063 mm was analysed 113

separately using the pipette method  (BS 1377, 1975). 114

The clay samples were disintegrated by ultrasonic treatment before conducting Atterburg limits 115

(ASTM D 4318) and specific gravity (ASTM D 854) tests (Müller Vonmoos et al., 1990). The 116
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Green and Red clays are concluded to be weakly cemented by precipitated calcite compounds in 117

virgin form.  118

 119

2.2 Mineralogy 120

The clay and non-clay minerals were identified by X-ray diffraction of randomly oriented 121

powder. The Empyrean-PANanalytical diffractometer at the division of Sustainable Process 122

Engineering, Luleå University of Technology was utilized for  identification of major clay 123

minerals and for semi-quantitative analyses. The back-loading technique was adopted in the 124

preparation of air-dry powder mounts. Another set was prepared for ethylene glycol solvation for 125

better detection of expanding clay minerals like montmorillonite (Mt). The powder mounts were 126

left inside a desiccator containing about 200 ml of ethylene glycol. The desiccator was kept  at  127

60°C oven for 24 hours for enhancing exposure to ethylene glycol vapour (Moore and Reynolds, 128

1997). The diffraction patterns for the air-dry and glycolated samples were determined using 129

CuK  radiation with Ni-filter at 40 mA and 45 kV. The divergence slit was kept in automatic 130

mode (sample length 10 mm, radiation length 10 mm), the diffraction angle (2 ) ranged between 131

5-90° running at a speed of 0.026°. 132

 133

2.3 Compaction of mixtures  134

The Harvard miniature compaction tool (Head, 2006) was utilized to determine the maximum dry 135

density and optimum moisture content according to the modified Proctor compaction method. 136

Clay-sand mixtures were prepared by hand mixing of the dry components. Each sample 137
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contained 400 g of dry soil material. Distilled water was added to the mixture using hand sprayer. 138

The wet mixture was stored in tight plastic bags in the refrigerator for 48 hr to enhance moisture 139

homogenization (ASTM D 1557). Afterword, the wet mixture was compacted into 5 layers in the 140

compaction mould. Each layer was subjected to 5 blows from a hammer (weight 1814 g) falling 141

from 20.8 cm in order to achieve the modified compaction effort (2700 kN-m/m3). After the 142

compaction, a representative soil sample was extracted to determine the final moisture content.  143

 144

2.4 Swelling pressure and hydraulic conductivity 145

The mixtures of Green clay-sand and Red clay-sand were tested with respect to swelling pressure 146

and hydraulic conductivity for various dry densities. Stainless steel oedometer cells of 30 mm in 147

diameter were utilized. The inner wall of the oedometer cell was smeared with a thin coating of 148

pure smectitic clay in order to prevent any surficial leakage between the sample and the wall (Al-149

Taie et al., 2014). The air-dry materials were thoroughly mixed and then placed and compacted in 150

four layers of 5 mm thickness and tightly confined between filters of sintered stainless steel. The 151

filters were cleaned at the end of each test in ultrasonic baths of distilled water. Distilled water 152

was used for the saturation of all samples and for the determination of the hydraulic conductivity. 153

Load transducers (3-5 kN loading capacity) were mounted on the piston of the oedometer cells 154

for logging the swelling pressure. Saturation was reached after 2-6 weeks as indicated by the 155

approach of the swelling pressure to become constant (Pusch, 1982). The hydraulic conductivity 156

was determined for three hydraulic gradients (i) ranging from 10 to 90 m/m. The gradient 10 m/m 157

was taken as reference since it corresponds best to actual hydraulic gradients in CCL. It is also in 158
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line with recommendations given by the German requirements that the water head on top liners 159

should not exceed 0.3 m (DGGT, 1993). 160

 161

2.5 Shear strength  162

 The effective shear strength parameters, i.e. the effective cohesion (c’) and the effective angle of 163

internal friction ( ’) were determined by conducting shear tests with the NGI (Norwegian 164

Geotechnical Institute) direct shear machine known as Geonor. The upper and lower contact 165

plates were modified for better interaction with the soil samples. This was achieved by replacing 166

the needles of standard plates by steel blades cast in hard epoxy, Fig. 3. The initial water content 167

varied from 2-14%, corresponding to 8-60% degree of saturation. The wetting of the mixtures 168

was made by using so-called dry water, (Bomhard, 2011), since this enabled the lab staff to 169

obtain very exact degree of water saturation (Forsberg et al., 2014). The initial water contents of 170

the Green and Red clays were about 2%. The mixture was placed inside the reinforced rubber 171

membrane with the upper contact plate on top. The whole assembly was moved to computerized 172

hydraulic press  for static compaction at dry density 1.682 and 1.642 g/cm3 for the Green and Red 173

clay mixtures, respectively. These values represent the average dry density of air-dry mixtures of 174

12, 17 and 34% Green clay, and of 17, 25 and 50% Red clay, Fig. 7 c & d.  175

 176

2.6 Creep tests 177

Long-term stability of sloping top liners depends on the impact of creep strain of the clay 178

microstructure. Creep tests were made by measuring the rate of compression of unconfined 179
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samples of mixed Green clay (25 and 50%) and sand for comparison with data from similar 180

smectitic clays (Pusch and Yong, 2006). The samples were prepared as described in section 2.4 181

for obtaining a final dry density of 1.682 g/cm3. They were left to become water saturated and to 182

homogenize for 2 weeks under confined conditions. The sample was carefully extruded from the 183

oedometer cell  and placed inside zip-locked plastic bags. A few drops of distilled water were left 184

inside the bags to ensure humid environment. The saturation ratio was measured at the end of 185

each test and was found to be about 99%. Uniaxial loading (application of dead weights) of the 186

unconfined samples was made stepwise corresponding to 30, 50, 70 and 90% of the unconfined 187

compressive strength. The total time of each series of creep tests was 48 hours under carefully 188

controlled temperature conditions (20±0.5oC). The compression was recorded by strain meters 189

with an accuracy of ±0.001 mm connected to a computer for automatic logging.  190

 191

 192

 193
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  194

Fig. 3. The modified upper and lower grips of the NGI direct shear cell (Geonor). Blade thickness 195

= 0.5 mm, blade height ~ 3.5 mm. Cell diameter 52 mm. 196

 197

3. Results and discussions 198

The results are presented in subsections 3.1 to 3.6. The subsection 3.7 was dedicated to selection 199

of suitable clay-sand mixtures with respect to the shear strength, hydraulic conductivity, swelling 200

pressure and creep as design parameters.  201

 202

3.1 Index properties and granulometry 203

The index properties of the various mixtures are given in Table 1. The liquid limits of the Green 204

and Red clay were reduced by about 63% when 50% of sand was added. This reflects the 205

efficiency of addition of sand for modifying the engineering properties of clays. The specific      206

Upper grip 

Reinforced
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Soil mixture



12

gravity of the Green and Red clays were rather high and can be attributed to the content of heavy 207

metals (Reeves et al., 2006). The grain size distribution of finely dispersed samples showed that 208

the Green and Red clays contain 65 and 48% finer than 2 m, respectively, Fig. 4. 209

 210

Table 1. Index properties of various clay-sand mixtures of the Green and Red clays 211

Green clay 

Clay, % Specific gravity Liquid limit, % Plasticity index, % Soil classification a 
 

0 2.69 NP NP SP 
15 2.74 NP NP SP 
30 2.74 35.4 NP SW 
50 2.75 56.4 17.4 MH 
70 2.75 76.6 23.6 MH 
100 2.76 148 91 CH 

Red clay 
17 2.74 NP NP SP 
25 2.75 28.6 NP SP 
50 2.75 41.3 11.2 ML 
100 2.76 115 60 CH 
a According to the unified soil classification system (ASTM D 2487) 
 212

 213

 214
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215

Fig. 4. Granulometry of Green clay (GC) and Red clay (RC) according to dry and wet sieving. 216

The grain size distribution of the sand used to prepare mixtures is shown as well. 217

 218

3.2 X-ray spectra for mineral identification 219

The X-ray patterns for the Green and Red clays shown in Fig. 5 were analysed using HighScore 220

Plus software. The non-clay minerals calcite and quartz were detected from their strong peaks at 221

3.04 Å and 3.3 Å respectively in both clays. Feldspar, zeolite, anhydrite and ankerite were 222

spotted in the Red clay only. The clay minerals were detected from their d(001) reflections. The 223

smectite was characterized in both clays from d(001) reflection having about 15 Å for air-dry 224

powder and about 17 Å in the glycolated powder, Fig. 6. This indicates that the smectite is Mt 225

and most probably saturated with Ca++ as a major cation. This is also evident from the liquid limit 226

value of 148 and 115% for the Green and Red clays respectively, Table 1. The liquid limit of 227

pure Ca++-Mt usually range between 160-500%, whereas for pure Na+-Mt is much higher (500-228

700%), (Huang et al., 2012). Furthermore, Skempton’s clay activity value also indicates that the 229

smectite is Ca++-Mt. The activity of pure Ca++-Mt and Na+-Mt is about 1.5 and 7.2 respectively. 230

The activity values for the Green and Red clays were calculated to be 1.4 and 1.25 respectively. 231
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Illite and chlorite were also found  in the Green and Red clays as concluded from the d(001) 232

reflection at 10.1 Å and 14.2 Å respectively, Fig. 5. The clay mineral kaolinite was only detected 233

in the Red clay by the reflection 7.2 Å. It is believed that both clays also have some traces of 234

palygorskite and sepiolite. Heavy minerals were not found in the clay fraction but can be present 235

in coarser fractions. 236

 237

 238

 239

Fig. 5. X-ray diffraction patterns of randomly oriented air-dry powders of (a) Green clay, (b) Red 240

clay. Legend; M: Montmorillonite, Ch: Chlorite, S: Sepiolite, P: Palygorskite, I: Illite, Q: Quartz 241

and C: Calcite. (The numbers indicate the d-spacing and the subscript indicates the reflection 242

order of the mineral). 243

 244
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      245

Fig. 6. The identification of Montmorillonite of the air-dry and glycolated powders of (a) Green 246

clay, (b) Red clay. 247

 248

Semi-quantitative analyses of the clay minerals were conducted following the procedure 249

described by Moore and Reynolds (1997). The analyses  showed that the smectite content was 250

about 64 and 49% of the Green and Red clays, respectively. Sandy soil from the Luleå area in 251

northern Sweden (Kallax) was selected as coarse component to reach the required reduction of 252

the swelling pressure. The size distribution of the sand was adjusted to make it comparable to the 253

sandy silt soils that are available in Iraqi deserts, such as the Western Desert, Fig. 4 (Yahia, 254

1971).255

256

3.3 Compaction characteristics  257

It can be seen from Fig. 7 that as the clay percentage increases, the optimum moisture content 258

increases while the maximum dry density decreases. This behaviour is in agreement with 259

classical investigations of clay-sand mixtures (Lambe and Whitman, 1979). The compaction 260

curves are shown in Fig. 7 (a & b), giving the optimum moisture content curve (OMC) and 261
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maximum dry density curve (MDD) as functions of the clay content, Fig. 7 (c & d). The dry 262

density of mixtures in air-dry form (about 3% water content), abbreviated as (ADD), is shown as 263

well. In contrast to the case of wetted mixtures, the dry density was not affected by increased clay 264

percentage which is in agreement with the general experience that the addition of certain amount 265

of water makes it act as a lubrication agent and facilitates mutual slip of particles into very tight 266

positions. Air-dry materials can also be compacted to densities of more than 2 g/cm3 at higher 267

compaction efforts (Pusch, 2006; Pusch and Weston, 2012). 268

 269

 270
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271

272

Fig. 7. Compaction curves of the clay-sand mixtures: (a) Green clay, (b) Red clay. Maximum dry 273

density curve (MDD), optimum moisture content curve (OMC) and dry density of mixtures at 274

air-dry condition (ADD) of (c) Green clay, (d) Red clay. 275

 276

3.4 Swelling pressure and hydraulic conductivity  277

As expected, higher clay percentages and dry densities gave higher swelling pressure for both 278

clays (Pusch and Yong, 2006; Cui et al., 2012), Fig. 8-a. The impact of the dry density on the 279

hydraulic conductivity diminished as the clay percentage decreased. A dry density of slightly 280
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more than 1.2 g/cm3 gave a noticeable swelling pressure and also a low hydraulic conductivity 281

for 100% Green and Red clays, respectively. This demonstrates that the rock-like raw material 282

was effectively disintegrated by the preparation and wetting.  283

 284

285

Fig. 8. Mixtures of Green and Red clays at various dry densities. (a) swelling pressure, (b) 286

hydraulic conductivity at hydraulic gradient = 10 m/m. GC: Green clay, RC: Red clay. 287

 288

3.5 Shear strength 289

The initial dry density 1.682 g/cm3 of the Green clay and 1.642 g/cm3 of the Red clay samples 290

increased to 1.705 and 1.674 g/cm3, respectively, indicating consolidation. The relationship 291

between the degree of saturation and the effective shear strength parameters (c’ and ’) are given 292

in Fig. 9 for the different mixtures. Peak cohesion values were obtained for mixtures with 17 and 293

34% Green clay at 30% saturation, whereas the peak cohesion for the mixture with 12% Green 294

clay was reached at 60% saturation, Fig. 9-a. Fully saturated samples gave approximately the 295
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same c’ values for the Green clay mixtures. For mixtures with 17 and 25% Red clay, the peak 296

cohesion was reached at 20% degree of saturation, Fig. 9-c. 297

The friction angle ’ for the various Green clay mixtures dropped with increasing degree of 298

saturation, which is explained by the lubricating action of the porewater and the reduction of 299

capillary forces, Fig. 9-b. The frictional resistance of the Red clay was different. The general 300

trend was towards increased frictional resistance when the degree of saturation rose, especially 301

for low clay contents, i.e. 17 and 25%, indicating that the mixtures behaved as sandy material, 302

Fig. 9-d. Mixtures with 50% Red clay showed similar trends as mixtures with Green clay, i.e. a 303

decreasing frictional resistance as the degree of saturation increased.  304

Liners must have sufficiently high shear strength for avoiding slope failure. For an overburden 305

that causes a normal effective stress of about 50 kPa, which represents 3 m overburden material, 306

the shear strength of the various mixtures is determined by the Mohr-Coulomb failure criterion, 307

Fig. 10. The shear strength of mixtures of Green clay (Fig. 10-a) decreased as the degree of 308

saturation increased especially for samples with high clay contents. The lowest clay percentage of 309

Green clay, i.e. 12%, had a maximum shear strength value for about 60% degree of saturation 310

and a minimum for 100% saturation. The shear strength of the Red clay mixtures increased for 311

samples with 17 and 25% clay as the degree of saturation increased. For samples with 50% clay 312

the degree of saturation had no obvious impact on the shear strength. The shear strength of the 313

Green clay mixtures ranged between 15 and 37 kPa when the degree of water saturation varied 314

between 10 and 100%. For the Red clay mixtures the corresponding range of the shear strength 315

was 15 to 30 kPa, Fig. 10-b.   316

 317
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318

319

Fig. 9. Effective shear strength parameters (c’ and ’) for various saturation ratios and 320

percentages of Green clay (a & b), Red clay (c & d).  321
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322

Fig. 10. Effective shear strength of (a) Mixtures of Green clay, (b) Mixtures of Red clay. 323

 324

3.6 Creep behaviour 325

Fig. 11 shows the time-dependent strain for successively increased uniaxial pressure of fully 326

water saturated Green clay samples. The instantaneous strain for the first load steps was 327

dominated by elastic deformation and improved fitting between the samples and the pistons. The 328

strain for each additional load step was larger for the 50% clay mixture than for the one with 25% 329

clay, which is explained by the higher shear resistance of the latter. The stress/strain/time curves 330

indicate a stiffer behaviour of the clay-rich sample than of the one with less clay for the first load 331

steps, Fig. 11. The strain rate at the end of each loading step was about 1×10-7 1/s which 332

represents primary creep, (Pusch and Yong, 2006). Comprehensive activation of inter-particle 333

bonds was initiated at application of 70% of the load at failure (Safety factor 1.42) and 334

overstressing and initiation of failure occurred for 90% of the failure load (Safety factor 1.11). An 335

interesting fact is that the strain rate was similar for both clay ratios, which suggests that the 336

rheological behaviour in bulk was controlled solely by the clay component.  337
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338

Fig. 11. Creep behaviour for mixtures with 25 and 50% Green clay (GC) at step-wise loading 339

(ratios indicate load increments in percentage of the unconfined compressive strength). The 340

numbers in boxes indicate the strain rates at the end of each loading step. 341

 342

3.7 Selection of suitable mixtures for top and bottom liners 343

The performance of the top liner encircled in Fig.1 is controlled by the density of the clay and the 344

study showed that the dry densities adopted for the shear testing of the Green and Red clays 345

candidates, i.e. 1.705 and 1.674 g/cm3, were suitable. As concerns the No.1 circle (Fig. 1) 346

mixtures with sand of 30-50% Green clay and 40-60% Red clay will have a hydraulic 347

conductivity of 1×10-9 and 1×10-10 m/s respectively, Fig. 8-b. They are hence in the interval of 348

the highest allowed conductivities according to the USEPA and DGGT minimum requirements, 349

Table 2. The experimental data were obtained for a hydraulic gradient of 10 m/m while in 350

practice the gradient will not exceed unity, which hence gives even lower conductivity values. 351

The bottom liner can have higher clay content and higher dry density since the overburden 352

pressure is commonly higher (>400 kPa) , Al-Taie and Pusch, 2014. A mixture of 70% of Green 353
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clay and sand or 80% Red clay mixed with sand will have a hydraulic conductivity of 1×10-11 m/s 354

if the dry density of the bottom liner is 1.7 g/cm3. 355

 356

Table 2. Summary of design parameters of the top liner of Green clay and Red clay mixed with 357

sand based on Fig. 9. 358

Green clay % @ dry density =1.705 g/cm3 30%  50% 

Hydraulic conductivity, m/s 8×10-9 6×10-10 

Swelling pressure, kPa 200 340 

c'=7 kPa, '=23  @ 34% GC a 

Red clay % @ dry density =1.674 g/cm3 40% 60% 

Hydraulic conductivity, m/s 7×10-9 5×10-10 

Swelling pressure, kPa 190 330 

c'=3 kPa, '=23  @ 50% GC a 
a Samples at complete saturation with distilled water 

 359

Prediction of the rate of water saturation of top liners in arid climate by using the FE program 360

VADOSE/W has shown that a 0.5 m thick top liner of the type considered here will in fact dry 361

with time. The degree of saturation will not exceed 30% after 8 years and 10% after 300 years of 362

service in desertic climate (Al-Taie and Pusch, 2014), meaning that the swelling pressure will be 363

much lower than at water saturation (Shirazi et al., 2010). It is clear also that since the liner will 364

not be water saturated, percolation of water will be negligible or non-existent. 365

The No.2 circle in Fig.1 concerns the slope stability of the top liner and overburden. It was found 366

that even for the conservative case of full water saturation a slope inclination of 18o gives a factor 367

of safety of at least 1.5 (Al-Taie and Pusch, 2014) for top liners of mixtures of sand and 34% 368
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Green clay and 50% Red clay (Table 2). The factor of safety against slope failure is high enough 369

to eliminate the risk of creep-induced failure (Pusch and Yong 2006). 370

The No.3 circle in Fig.1 concerns the drainage conditions and risk of erosion of the lower end of 371

the slope. It implies that the design and construction of the dike including filters must be made so 372

that erosion protection is guaranteed and that the run-off conditions for infiltrated water in the top 373

cover must be preserved for the required period of waste isolation. This requires location of the 374

repository on elevated land, i.e. “hill-type” concepts with no risk of flooding, and ceramic 375

discharge tubes in ditches backfilled with properly composed sand/gravel of filtering type.  376

 377

4. Conclusions 378

Two smectitic Iraqi soils, termed Green and Red clays, were investigated for assessing them as 379

candidates for possible use as compacted clay liners in arid climate. Different mixtures of clay-380

sand with various dry densities and water contents ranging from air-dry to fully saturated 381

conditions, were studied. The hydraulic conductivity, swelling pressure, shear strength and creep 382

were in focus. The main conclusions are: 383

Air-dry mixtures of sand and 30-50% Green clay or mixtures of sand and 40-60% Red clay 384

compacted to a dry density of about 1.7 g/cm3 are suggested for construction of top and bottom 385

liners of landfills in Iraqi deserts. None of them will become water saturated or let water through 386

in a 300 year perspective under present climatic conditions. The hydraulic conductivity of the 387

mixtures in the theoretical case of water saturation would be 1×10-11 to 1×10-9 m/s, which is on 388

the order that is required by USEPA and the German Geotechnical Society.  389
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The suggested clay proportions and densities gave a factor of safety higher than 1.5 against slope 390

failure of top liners with a slope angle of up to 18o.  391

Creep will have no significant impact on the long-term stability and isolating ability of top liners 392

of the investigated clay-sand mixtures since the factor of safety against slope failure is 393

sufficiently low to eliminate this risk. 394

 395
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Abstract 11

Soil and metallic scrap contaminated by depleted uranium can be disposed in near-surface 12

repositories in Iraq. A number of processes determine their long-term performance like long 13

periods of extreme dryness and short periods of very heavy rain. The percolation of water 14

through the top liner system of a number of design alternatives were simulated by using the code 15

HELP 3.95D and subsequently by VADOSE/W. Determination of the slope stability factor for 16

the top liner system was evaluated by using FEM technique considering various slope angles. 17

Two clay material conditions were considered i.e. preparation and compaction at optimum water 18

content, and in natural air-dried form. The engineering properties, primarily the hydraulic 19

conductivity, swelling pressure and shear strength of mixtures of locally available smectitic clay 20

and sand were determined. Application of numerical codes showed that a water-saturated mixture 21

with a clay-sand ratio of 30-50% would bring 0.5 mm (0.5 litre of leaking water per square 22

meter) through the compacted clay liner in an eight year simulation period. Long-term 23

simulations (up to 300 years) showed that the clay liner would undergo continuous drying 24

without reaching saturation even in the case of periods of very heavy rain (616 mm). The slope 25

stability factor for the rather steep angle 30o was found to be 1.5 for the most critical case, which 26

represents complete water saturation.  27

  28

Keywords:  performance; radioactive waste; near surface repository; HELP; VADOSE/W; arid 29

climate  30

 31

 32
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1. Introduction 33

Near-surface repositories located in desertic areas are considered as an excellent option for 34

disposing different types of chemical and radioactive wastes. The latter comprise low-level 35

radioactive waste and intermediate-level short-lived radioactive waste with a required operational 36

time of up to 300 years (Chien et al., 2006). Such disposal can also be an option for contaminated 37

soil and military scrap with depleted uranium originating from the wars in Iraq in 1991 and 2003 38

(Al-Taie et al., 2013). The majority of these wastes were classified as low-level and intermediate 39

level radioactive wastes (MOEN, 2007; IAEA, 2010). Careful engineering design of suitably 40

located repositories can optimize the performance (Koerner and Daniel, 1997; Al-Taie et al., 41

2012). The main function of such repositories is to keep the water away from the wastes by 42

minimizing water percolation through the top liner system. This can be quantified by prediction 43

of the hydrological and slope stability performances. The top liner system should be constructed 44

following national and international regulations such as the United States Environmental 45

Protection Agency (USEPA) or the German Geotechnical Society regulations, Fig. 1 (USEPA, 46

1990; DGGT, 1993). For waste with very low radioactivity, ordinary landfill technology can be 47

applied implying the covering of waste by a top cover that includes clay. For more dangerous 48

scrap contaminated with depleted uranium the repository should comprise of concrete vaults 49

covered by a protective surface layer (with or without vegetation), over a coarse-grained drainage 50

layer and a tight hydraulic barrier. A tight foundation bed is desired as well (Koerner and Daniel, 51

1997). The present study refers to the lastmentioned type of repositories. 52

 53



4

54

Fig. 1. Minimum requirements of the top liner system of hazardous waste landfills according to 55

A) the USEPA, B) German geotechnical society, (modified from: DGGT, 1993; NRC 2007). 56

 57

A clay liner serving as hydraulic barrier is the main element of the top liner system and its 58

hydraulic conductivity should not exceed 1×10-9 m/s or 1×10-10 m/s according to the American 59

and German regulations (USEPA, 1990; DGGT, 1993). Specially designed system of 60

geomembranes and capillary barriers can give a percolation rate of 1-10 mm/year (1 litre per year 61

and square meter) or less (Koerner and Daniel, 1997), but the longevity of some of them is 62

questionable. 63

The hydrological evolution of a just completed clay-based top liner starts as precipitation 64

(rain/snow). The larger part of water drains off laterally via drainage layer(s) while some is lost 65

by evapotranspiration. Some of the water is stored within the top liner system and eventually 66
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percolates down to the waste. In soil hydrology, the evaluation of each of these processes is 67

defined as water balance analysis. There are many computer programs available for this purpose, 68

such as the Hydrological Evaluation of Landfills Performance (HELP). It was initially developed 69

for USEPA in 1984 and has been improved and extended since then, the latest version being 70

HELP 3.95D (Schroeder et al., 1984; Berger and Schroeder, 2013). The code is a two 71

dimensional quasi-analysis program for calculating one-dimensional saturated water flow through 72

hydraulic barriers, and two-dimensional saturated/unsaturated flow through drainage layers. It is 73

the most commonly used code by designers for quick and easy comparison of design alternatives 74

(Peyton and Schroeder, 1990; Leoni et al., 2004). HELP is particularly applicable to landfills in 75

humid areas. For modelling of hydrological processes in top clay liners and overlying drain 76

layers in arid regions, implying unsaturated water flow, commercially available codes like 77

UNSAT-H (Fayer, 2000), HYDRUS (Šim nek et al., 2005) and VADOSE/W (Krahn, 2004) are 78

preferred. The latter is a 2D finite element program that takes into account both saturated and 79

unsaturated water flow. It simulates coupled physical processes of heat, mass and vapour flow in 80

any porous medium. 81

Compacted clay liners, also known as clay liners, are commonly constructed in layers called lifts. 82

There are many international regulations regarding the minimum thickness of clay liners. For 83

instance in Japan, the minimum thickness is 0.5 m (JMHW, 2001) while it is 0.75 m in Germany. 84

The goal is to minimize the leakage which also depends on liner mineralogical composition. Clay 85

liners are composed of clay mixed with ballast1 material. The selection of suitable proportions is 86

based on many engineering criteria including shear strength, hydraulic conductivity, swelling 87

pressure, creep behaviour and constructability (Koerner and Daniel, 1997). The shear strength 88

1 Soil of non expandable material like the unlimited access to sand in Iraq.
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must be sufficient for providing stability of slopes considering the impact of creep and possible 89

development of cracks where tensile stresses prevail. Mixtures with high clay contents yield high 90

swelling pressures causing upheaval and softening of the top liner. Desiccation cracks can be 91

generated by the never-ending wetting-drying cycles. They have spacings and apertures that 92

depend on the microstructural constitution of the clay layer, especially on the amount and density 93

of clay in the voids between larger particles, and on the initial water content of the mixture 94

(Daniel and Wu, 1993; Yesiller et al., 2000). The swelling pressure should be balanced by a 95

sufficiently heavy overburden for avoiding upheaval and softening (Boynton and Daniel, 1985). 96

Optimal composition of clay-ballast mixtures requires that hydration/dehydration, and associated 97

expansion/contraction, as well as rheological behaviour are taken into account.  98

The present study concerns the hydrological performance of proposed repository. Many design 99

alternatives were considered with special respect to the water balance in the top liner system 100

using the code HELP 3.95D, and to the slope stability using the finite element program Plaxis2D.  101

It also provides a more detailed study of the water balance relations calculated by use of the finite 102

element program VADOSE/W based on design parameters worked out from the firstmentioned 103

investigations.  104

The basis of the numerical analyses, i.e. the engineering properties of certain clay-sand mixtures, 105

primarily the hydraulic conductivity, swelling pressure, shear strength and creep were determined 106

by laboratory testing. Two design cases were investigated representing 1) initial optimum water 107

content (“wet case”), and 2) air-dry state (“dry case”). 108

 109

 110
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2. Materials and methods 111

2.1 Description of the proposed disposal site and the repository  112

Deserts make up 60% of Iraq and represent three major parts; Al-Jezira, Western and Southern 113

Deserts (Jassim and Goff, 2006). The Western Desert (area 104000 km2) is in general a flat 114

region that is slightly rising westwards. It is characterized by isolated hills varying in elevation 115

from a few meters up to 50 m. The depth of the groundwater table ranges between 5 m along the 116

Euphrates River up to 250 m at the Iraq-Jordan borders. Most of the area has very low 117

precipitation with a mean annual rainfall <100 mm representing a mean annual “dryness index” 118

of 45. Most of the precipitation occur in October and May as sporadic bursts of 40 mm in 24 119

hours and occasionally more (Al-Bassam, 2007). Most of the Western Desert is covered by desert 120

pavement (Serir). The desert soils hold valuable raw materials like clay minerals 121

(montmorillonite, kaolinite and illite deposits) which can be exploited for isolating hazardous 122

waste. This makes the Western Desert an excellent option for constructing a repository 123

containing radioactive waste like the repository shown in Fig. 2, which represents a “hill-type” 124

repository situated on an elevated area for effective run-off of water. It consists of reinforced 125

concrete vaults surrounded by clay liner with suitable filter (0.5 m) and protection layers 126

including local sandy soil (1.5 m) and rock fill (0.5 m). The structure was resting on foundation 127

layers consisting of heavily compacted sub-base materials in addition to the compaction of the 128

natural local sandy soil (deep silt). The design principle has been suggested to environmental 129

authorities in several countries and been approved by the International Atomic Energy Agency 130

(IAEA, 2009). 131

 132
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133

Fig. 2. The proposed hill-type repository showing layering information. All dimensions in m. 134

 135

2.2 Engineering properties of clay-sand mixtures  136

Smectite-rich clay soil from Iraq, called Green clay, was selected for potential use as clay liner. It 137

belongs to the Fatha formation of Lower Miocene age. Currently, the clay is being extracted by 138

the Iraqi Geological Survey from a deposit located at the Western Desert, which holds about 22 139

million tons (Al-Bassam, 2007). The Green clay contains 40-60% smectite (Al-Taie et al., 2014). 140

The high percentage of smectite would give a high swelling pressure and hence requires mixing 141

with ballast. Four mixing proportions of clay-sand were selected for the experimental work: 15, 142

30, 50, 70 and 100% by weight, using Kallax sand from the Luleå area. For the experimental 143

study the grain size distribution of the sand was adjusted to approximately fit that of sandy/silty 144

soil available in the Iraqi Western Desert (Yahia, 1971). The physical properties of the mixtures 145

are given in Table 1. The liquid limit of the Green clay was reduced by 63% when 50% of sand 146

was added which reflects the efficiency of sand addition in reducing plasticity.  147

The physical properties depend strongly on the density, which shall be sufficiently high and 148

practically achievable. Effective compaction of clayey soils of the presently considered types can 149
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give dry densities of about 1400-1700 kg/m3 (1880-2080 kg/m3 at complete water saturation), 150

which is hence the most interesting density interval in the present context (cf. Pusch and Yong, 151

2006). 152

 153

Table 1. Physical properties of Green clay-sand mixtures. 154

Green 
clay, % 

Specific 
gravity  

Liquid 
limit, % 

Plasticity 
index, % 

Uniformity 
coefficient 

Curvature 
coefficient 

Soil 
classification a 
 

0 2.69 NP NP 2.1 1.0 SP 
15 2.74 NP NP - - SP 
30 2.74 35.4 NP 3.9 1.4 SW 
50 2.75 56.4 17.4 4.2 1.4 MH 
70 2.75 76.6 23.6 4.6 1.3 MH 
100 2.76 148 91 5.7 0.7 CH 
a According to the unified soil classification system 
 155

 156

2.2.1 Hydraulic conductivity and swelling pressure 157

The hydraulic conductivity and swelling pressure were determined according to the procedure 158

described by Al-Taie et al. (2014). The conductivity was determined for hydraulic gradients (i) 159

between 30-90 m/m (meter water head difference per meter flow length). The derived 160

relationship between i and conductivity was extrapolated to i= 5 m/m, which is the highest 161

expected gradient in practice. The swelling pressure and hydraulic conductivity data are given in 162

Table 2 for the clay contents 15, 30, 50, 70 and 100%. Since this clay has an average smectite 163

content of about 50% the corresponding proportions of expandable and non-expandable 164

constituents are 7.5, 15, 25, 35 and 50%.    165
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Table 2. Engineering properties of the Green clay-sand mixtures. 166

Clay, % Dry density, 
kg/m3 

Swelling 
pressure, kPa 

Saturated hydraulic 
conductivity @ i=5 m/m, m/s 

15 1700 74 2.1 × 10-7 
30 1700 175 6.3 × 10-9 
50 1700 320 1.2 × 10-10 
70 1700 480 4.1 × 10-11 
100 1500 1100 5.5 × 10-12 
 167

2.2.2 Shear strength  168

In arid climate two principles for construction of clay liners can be considered:, 1) compaction at 169

optimum water content corresponding to about 80% saturation ratio (“wet case”), and 2) 170

compaction of air-dry material with very low water content (“dry case”). The latter option would 171

naturally represent the real conditions when constructing a near-surface repository in deserts and 172

would also be the most practical and economic alternative since it eliminates or minimizes many 173

technical problems regarding i.a. availability of suitable water for the mixing process, generation 174

of desiccation cracks and difficulties in meeting quality measures concerning homogeneity.  175

The shear strength was determined by conducting consolidated drained tests of clay-sand 176

mixtures with 12, 17 and 34% of Green clay using 1) saturated samples with 23.1% water content 177

and 2) air-dry samples with 2.4% water content. The shear strength testing was conducted using 178

the direct shear machine of Geonor type developed by the Norwegian Geotechnical Institute. 179

The effective cohesion (c’) for various Green clay ratios of the saturated and air-dry samples 180

ranged between 7-12 kPa and 9-15 kPa, respectively. The effective angle of internal friction ( ’) 181

ranged between 11-23o and 22-29o for the saturated and dry cases, respectively. The shear 182

strength of the mixtures increased with the clay ratio. It should be noted that the samples were 183
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prepared at an initial dry density of 1680 kg/m3, but the compaction during shearing changed it to 184

1690-1715 kg/m3, i.e. an increase by 2%, which is common and acceptable according to the 185

recommendations given by the Norwegian Geotechnical Institute (SGF, 2004).  186

 187

2.3 Selecting suitable Green clay percentage  188

As expected, an increased clay content raised the swelling pressure for a given density and 189

reduced the hydraulic conductivity, cf. Dixon et al., 1985; Cui et al., 2012. Based on the selection 190

criteria defined by Daniel and Wu (1993), a clay percentage of 30-50% appears to meet the 191

hydraulic conductivity requirement according to the American and German regulations, cf. Table 192

2. The high swelling pressure of mixtures with these amounts of Green clay (175-320 kPa) needs 193

to be balanced by a sufficiently thick and heavy overburden. The highest swelling pressure will 194

be developed upon complete saturation with water (Pusch, 1999) and would hence require an 195

effective overburden pressure of the same value, which corresponds to at least 10 m overfill. In 196

practice, the required thickness of the overburden for avoiding practically important heave can be 197

set at 3-5 m. An empirically deduced value of the effective confining pressure for closing and 198

healing desiccation cracks is about 52 kPa according to Boynton and Daniel, (1985) but it refers 199

to a specific smectitic soil and is not generally valid. The principle to be followed is that a clay 200

liner should be so composed that the clay component is confined in voids between tightly fitting 201

coarser particles and hydrates and dehydrates without exerting significant pressure on 202

surrounding coarser particles. Optimal composition requires microstructural modelling based on 203

particle size determination (Pusch 1999; Pusch and Yong, 2006).  204

 205
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2.4 Slope stability analysis using Plaxis 2D 206

Safety factors respecting slope stability were evaluated for the various repository versions with 207

the slope angle of the top liner system, ST, and the slope angle of the covering protection layer, 208

SP, as variables (Fig. 2). Different inclinations were assigned to ST; 0.1, 2.9, 5.7, 8.5 and 11.3o. 209

The SP values varied from 27.5, 30, 32.5, 35 to 37.5o maintaining the steep slope of the lateral 210

clay liner at 70o in the analyses. The structure was assumed to be resting on heavily 211

precompacted foundation layers. The Mohr-Coulomb failure criterion and model were assigned 212

assuming drained condition of all materials except for the reinforced concrete vault, which was 213

taken to be linear elastic and non-porous, c.f. Table 3. Referring to the discussion in Sec. 2.3, the 214

effective shear strength parameters c’=10 kPa and ’=20o for the clay-sand ratio 34% were 215

utilized in the slope stability analysis. The safety factors for different values of ST and SP are 216

shown in Fig. 3. The inclination angle for SP=30  gave a safety factor of about 1.5 without any 217

significant impact of changes in ST. In comparison, construction of the repository under air-dry 218

condition with all components being air-dry, the stability will be much higher since the strength 219

parameters significantly exceed those for complete saturation with water.  220

The impact of the lateral swelling pressure exerted by the clay liner on contacting local soil fill 221

was also examined. The lateral swelling pressure was taken as 40% of the vertical swelling 222

pressure because of the anisotropy caused by layerwise compaction (Avsar et al., 2009). Stability 223

requires that it is lower than the passive earth pressure of the local soil fill along the boundary B-224

B which is the case as demonstrated by Fig. 4. The passive pressure was calculated by using the 225

FEM code Plaxis2D. The calculations were based on the conservative assumption that the clay 226

liner is fully water saturated, which will not be the case as shown in a subsequent section.  227
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Table 3. Input parameters for the stability analyses using Plaxis 2D. 228

Material Model Case 

Saturated 

density, 

kN/m3 

Young’s 

modulus, 

MPa 

Poisson’s 

ratio c', kPa ’, o 

Rock fill a 

Mohr-

Coulomb 
D r a i n e d 

18 40 0.15 1 43 

Local soil b 19 40 0.20 1 40 

Filter b 19 39 0.20 1 40 

clay liner 17 38 0.20 10 20 

Sub-base b 19 40 0.20 1 40 

Deep silt b 19 40 0.20 1 33 

Rein. Conc. Linear elastic non-porous 24 65000 0.15 - - 
a Zadrari, 2011 
b Yahia, 1971 

Boundary conditions: 

Plain strain problem. Symmetric axis problem. Generation of automatic constrains. 

 229

 230

 231

Fig. 3. Safety factors of the slope stability analysis at different values of ST (slope of the top liner 232

system) and SP (slope of covering protection layer). 233
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235

Fig. 4. The cartesian vertical stress within the NSR (ST=5.7  and SP=30 ). The vertical stress 236

along the boundary B-B ranged between 50-160 kPa. The lateral passive stress ranged between 237

140-450 kPa while the lateral swelling pressure does not exceed 100 kPa. The weight of waste 238

containers was presented as a uniformly distributed load (A-A)=150 kPa. 239

 240

2.5 Hydrologic simulations using  HELP 3.95D 241

Many simulations were run on the top liner system in order to find suitable slope angles (ST) and 242

clay thicknesses for minimum water percolation. Simulation parameters of the materials are given 243

in Table 4. The hydraulic conductivity of the clay liner was set at 1×10-10 m/s assuming the 244

average content of Green clay to be 50%. The length of the drainage layer was fixed at 15 m and 245

the maximum leaf area index = 0, assuming vegetation-free surface. The runoff curve number 246

was automatically generated by HELP assuming different ST values (0.1, 2.9, 5.7, 8.5 and 11.3 ), 247

slope length, and surface layer texture (set to gravel). The daily average weather data were 248

obtained from the US military meteorological station known as Camp Korean Village located 249

near Ar-Rutba city within the Western Desert (33.05oN, 40.32oE) for the 8-year period 2005-250
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2012. A text file was prepared with precipitation and mean air temperature readings. Equally 251

important, the solar radiation data was synthetically generated using the HELP weather generator 252

program taking the precipitation and location latitude as input parameters. Further, the annual 253

average wind speed at 2 m height was set at 10.6 km/hr and the average quarterly relative 254

humidity of the first to fourth quarters was fixed at 50.8, 27.2, 22.1 and 44.1%. Since the surface 255

layer of the top cover is rock fill, the depth of the evaporative zone was set at only 5 cm (Berger 256

and Schroeder, 2013). 257

It should be noted that the initial water content in all simulations was taken to be at the welting 258

point representing compaction under air-dry condition. This was applied to all materials in the 259

top liner system except for the liner. The initial water content of which cannot be controlled 260

because HELP always assumes the liner to be fully water saturated (Berger and Schroeder, 2013). 261

One case with representative ST and thickness values was investigated for a water content 262

representing complete saturation (wet case). The values were applied to the local soil fill within 263

the top liner system for comparison with the dry case. The error in the evaluated water balance 264

data was less than 0.001% for all the simulations. 265

 266

 267

 268

 269

 270
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Table 4. Simulation parameters utilized for HELP 3.95D, (Yahia, 1971; Berger and Schroeder, 271

2013). 272

Material Layer 
type  

Thickness 
(T), m 

Slope 
(ST), % 

Total 
porosity, 
% 

Field 
capacity, 
% 

Welting 
point, % 

Initial 
water 
content, 
% 

Sat. hydraulic 
conductivity, 
m/s @ i=5 
m/m 

Rock fill LDL a 0.5  40 1 0.5 0.5 1E-5 

Local soil LDL 1.5  40 17 8 8 5.2E-6 

Filter LDL 0.5  40 8 3 3 1E-6 

Clay liner BSL 0.5-1.25 0.1-20 b 43 38 16 43 1E-10 

a LDL: lateral drainage layer, BSL: based soil layer. 
b Layers overlaying the clay liner will have the same slope as the liner. 
Boundary conditions: 
Maximum leaf area index=0. No vegetation. Automatic runoff curve number generation. 
 273

2.6 Hydrologic simulation using VADOSE/W  274

The finite element program VADOSE/W was utilized for more detailed simulation in arid 275

climates basing the calculation on the outcome of the HELP 3.95D simulations respecting ST 276

angle and clay liner thickness. A monolithic model of the overburden layers (rock fill, local soil 277

fill, filter and clay liner) was constructed using the surface layer option. The surface layers were 278

constructed on the waste layer assuming it to have the same properties as the local soil fill. The 279

lower edge of the system was set far enough from the clay liner (Krahn, 2004). A unit gradient or 280

seepage face boundary condition was assigned to the lower edge following the recommendation 281

given by several researchers (Benson et al., 2005; Bohnhoff et al., 2009). 282

The inclusion of climatic changes required the selection of a transient analysis type. The weather 283

data used in HELP were also implemented here. The material models required adaption to the 284

soil-water characteristics curve (SWCC), the hydraulic conductivity function and the thermal 285
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conductivity functions. The SWCC for the local soil fill, filter and clay liner were generated using 286

the SoilVision program based on the grain size analysis, Fig. 5. This program was also used for 287

generating the hydraulic and thermal conductivity functions based on the SWCC and other 288

thermal soil parameters, cf. Table 5. Dry and wet scenarios were adopted here as described in the 289

preceding section expect for the assumption of the initial water content of the clay liner. The 290

initial temperature of the materials was set at 5oC, matching the mean air temperature at the 291

beginning of the simulation. The ground freezing algorithm was activated in all simulations. As 292

for the HELP analyses, no vegetation was assumed. 293

As for all numerical simulations the mesh discretization was tested until stable results were 294

reached. The cumulative water balance error was calculated taking the cumulative precipitation 295

as reference. The unit gradient boundary condition showed a lower error compared to the seepage 296

face option. Consequently, the unit gradient was adopted where the error was found to be 0.8% 297

and 2% for the dry and wet cases, respectively. A separately analysed case with a simulation 298

period of 300 years using available weather data indicated how the water balance will develop in 299

a longer time perspective.  300

 301

 302
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303

Fig. 5. Soil-water characteristics curves of the top liner system materials used for VASDOE/W 304

simulations. 305

 306

Table 5. Simulation parameters utilized for VADOSE/W. 307

Material Mass 
specific heat 
capacity, 
kJ/kg.C 

Soil mineral 
thermal 
conductivity, 
kJ/day.m.C 

Coefficient of 
compressibility, 
1/kPa   

Soil-water characteristic 
curve parameters 

a, kPa m, kPa n, kPa 

Rock fill a 0.7 388 1e-6 0.14106 1.5816 1.6734 

Local soil b 0.732 253 1e-5 1000 0.5964 0.08241 

Filter a 0.88 380 1e-5 2 1.0909 0.68541 

Clay liner c 0.938  200 1e-5 90 0.18825 0.11697 
a Krahn 2004 
b Farouki, 1986 
c Song and Yanful, 2008 

 

Boundary conditions: 
The top liner system was constructed using the surface layer option. Weather boundary condition 
was applied at the upper edge of the problem (transient coupled analysis). Freezing algorithm was 
activated. Full thermal models were assigned to each layer. Unit gradient or seepage face was 
applied to the lower boundary of the problem. The ponding of the surface water was allowed. 
 308
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3. Results and discussions 310

3.1 HELP 3.95D simulations 311

Fig. 6 summarizes the results from the simulations showing the average annual values of the 312

lateral drainage, average head on liner and leakage through liner for the selected slope angles and 313

clay thicknesses. The lateral drainage was not significantly affected by the thickness or by the 314

slope inclination while the average head on the clay liner was successively decreasing as the 315

slope increased. It was not affected by thickening the liner. Water leakage was continuously 316

decreasing by increasing the slope angle and increasing the clay thickness. The effect of the 317

thickness on the leakage diminishes as the slope angle increases. The reduction in leakage was 318

calculated taking the leakage values at slope=0.1° as a reference, Fig. 6-d. The reduction for a 319

slope =11.3° changed from 2.2-3.7% for different thicknesses while it changed from 13.1-17.1% 320

for a slope=2.9°. For the slope =5.7° with the liner thickness=0.5 m, the average annual leakage 321

was found to be 2.6 mm/year (2.6 litres per square meter and year), which is within the limits 322

recommended for hazardous waste landfills (Koerner and Daniel, 1997). The 5.7° inclination is 323

required for avoiding water pounding over the top liner system in the case of subsidence. The 324

calculated leakage is in fact overestimated because HELP assumes saturation of the clay liner, 325

which is unlikely for arid climate. The suggested inclination and liner thickness were considered 326

for more representative simulations as described in the subsequent section.  327

 328
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329

330

331

332

Fig. 6. Annual average values of HELP simulations of: a) lateral drainage, b) average head on 333

clay liner, c) leakage through the liner, d) percentage reduction in leakage. 334
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3.2 VADOSE/W simulations 338

Water balance relations including precipitation, runoff, actual evaporation, water storage and 339

water balance error are shown in Fig. 7-a for the wet and dry cases. The difference in water 340

runoff was not considerable; the two cases differed by only 0.15 m3 for an 8 years period. The 341

capacity of the local soil fill to store water was not fully utilized, implying that the saturation 342

ratio for both cases did not exceed 50% saturation except for the lowest part, Fig. 7-c. The same 343

trend was also noticed for the clay liner in which the saturation ratio did not exceed 30% for both 344

conditions throughout the entire period of simulation, Fig. 7-d. Most of the downward water 345

transport was hindered by the evaporation processes at high temperatures, Fig. 7-b. For the wet 346

case the water saturation ratio of the local soil fill sharply dropped with time and almost reached 347

a stable value in the entire soil mass during the simulated first six months. The same process was 348

found for the clay liner but it took about two years to reach a stable value because of the low 349

hydraulic conductivity. The strong precipitation of 616.6 mm in day 187 (summer time), raised 350

the saturation ratio to about 18% within the local soil fill, most of the water being evaporated in 351

the hot air (mean temperature ~ 28oC). The liner was not affected by the heavy rain. Another 352

event occurred in the period 719-787 day (winter time) giving an accumulated precipitation of 353

1330 mm at its end during which the mean air temperature was 2.1oC. This had a marked effect 354

on the saturation of the local soil fill, which increased to about 30, 43 and 100% for the lower, 355

mid and uppermost parts, respectively, Fig. 7-c. In contrast, the saturation profile along the clay 356

liner remained unaffected except for the uppermost part, Fig. 7-d. 357

 358
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359

360

361

362
 363

Fig. 7. VASODE/W simulations for the wet and dry conditions; a) water balance curves, b) 364

maximum and minimum air temperatures encountered during simulation period beside the 365

temperature of the local soil fill and clay liner. Variation in saturation ratio within the local soil 366

fill (c), and in the liner (d). 367
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3.3 Water percolation through the clay liner 368

Values of the daily leakage according to VASODE/W simulations were around zero with a 369

maximum leakage rate of 1.29×10-3 and 1.33×10-3 mm/day for the wet and dry cases. It should be 370

noted that the values were evaluated at the base line of the liner, Fig. 8-a. The negative sign 371

indicates downward liquid flow, i.e. leakage, while the positive sign means upward flow from the 372

base line toward the clay liner body due to high suction forces (Yong, 1999). In contrast the 373

HELP simulations showed continued leakage starting on day 454 and 1382 for the wet and dry 374

cases, Fig. 8-b. The leakage rate stabilized at about 0.013 mm/day for both.  375

The average accumulated annual leakage calculated by using both simulation programs is given 376

in Fig. 9 from which it is found that VASODE/W gave almost the same leakage for the wet and 377

dry cases. The difference between them was due to the initial moisture conditions of the dry and 378

wet cases which controlled the leakage behaviour. The same manner was also obtained for HELP 379

simulations, Fig. 9-b. The calculated accumulated leakage in the initial eight year period was 380

about 0.5 mm for VADOSE/W.  381

  382

 383

 384

 385
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386

387
Fig. 8. Daily leakage through the clay liner in the initial eight year simulation period according to 388

a) VADOSE/W, b) HELP 3.95D. 389

 390

391

392
Fig. 9. Cumulative annual leak for the simulation with; a) VADOSE/W, b) HELP 3.95D. 393
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3.4 Performance during 300 years? 396

The accumulated leakage of the clay liner at the end of a 300 year period was about 2.8 and 3.5 397

mm for the dry and wet cases, Fig. 10-a. The saturation ratio of the liner was, however, 398

decreasing with time and ultimately reached about 9%, Fig. 10-b. This shows that the selected 399

design is capable of keeping the radioactive wastes dry as were it stored in a mausoleum.  The top 400

liner is the first defence line with the reinforced concrete vaults as a second, but not reliable 401

hydraulic barrier because of its content of micro-cracks (Picandet et al., 2009). As a final defence 402

line if the vaults become water-filled is the bottom liner, which can be made tighter than the top 403

liner by increasing the clay content and density. For a dry density of 1700 kg/m3 and a 70% clay 404

content the hydraulic conductivity would be as low as 4×10-11 m/s. The swelling pressure would 405

not cause practically important upheaval of the vault system since the effective vertical pressure 406

would almost balance the swelling pressure 480 kPa, Fig. 4.  407

 408

409

410
Fig. 10. Long-term simulation results of 300 years by VADOSE/W; a) Cumulative leakage 411

through clay liner, b) Saturation ratio of the clay liner. 412
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4. Conclusions  413

The performance of  a near-surface repository designed as assumed in the present study has been 414

examined for evaluating the hydrological performance respecting the water balance using two 415

numerical codes ; HELP 3.95D and VADOSE/W. Slope stability analyses were performed using 416

the finite element program Plaxis 2D. These simulations were conducted using material data from 417

laboratory experiments with different clay-sand mixtures, providing data on the hydraulic 418

conductivity, swelling pressure and shear strength. The simulations were made by considering 419

two initial water contents of the compacted materials representing 1) optimum water content 420

(“wet case”), and 2) air-dry conditions (“dry case”). The major conclusions were: 421

1. The candidate “Green clay” mixed with suitably graded sand to a ratio of 30-50% clay is 422

suitable for constructing a functioning compacted clay liner with respect to the swelling 423

pressure, shear strength and water leakage,  424

2. In arid climate, the clay liner will tend to dry with time in the “wet case” as well as in the 425

“dry case”, which means that the initial water content of the clay liner is not important and 426

that the clay material will never be water saturated. The degree of saturation will not exceed 427

30%. 428

3. An overburden of 3 to 5 meters is sufficient to overcome significant expansion of the clay 429

liner and acceptable hydrological performance.  430

4. The investigated design versions represent different risks of slope failure. The most critical 431

case is represented by the wet case. The lowest friction angle 10o and cohesion 20 kPa 432

combine to give acceptable stability, i.e. a safety factor of 1.5 for slope angles up to 30o. For 433

this and higher values of the safety factor, the risk of critical conditions caused by creep is 434

believed to be negligible.  435
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