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Sammanfattning 

Projektet syftar till att undersöka hur effektivt som grundvattnet kan isoleras från olja som 

strömmat ut from läckande tankar genom att täcka markytan inom ett område av några 

hundratals eller tusentals kvadratmeter omgärdat av jordvallar. Det scenario som antas är ett 

snabbt utflöde av olja över markytan, följt av uppsamling av oljan efter en tidsperiod som här 

valts till 2 veckor. Oljans fyllningshöjd antas vara 0.5 m, vilket kommer att orsaka inträngning 

och migrering av olja in i det ”lermembran” som markytan täckts med. Problemet som skall 

lösas är att prediktera till vilket djup som membranet kommer att förorenas, dvs. hur mycket 

membranmaterial som måste tas bort och ersättas efter de två veckorna. Markytan antas vara 

helt horisontell.  

Projektet omfattade utförande av ödermetertester på den artificiellt tillverkade membranleran, 

som innehåller en liten andel smektitrik lera (11 viktprocent) och som är ett kandidatmaterial 

för isolering av marken från dieselolja som kan läcka ut från havererade cisterner eller 

rörventiler. Ödometertesterna gjordes för att bestämma genomsläppligheten och 

svällningstrycket hos lermembranet för vatten och för dieselolja och de kompletterades med 

kolonntester för simulering av funktionen då olja får tränga in i lufttorrt respektive 

vattenmättat lermembranmaterial. Syftet var att bestämma om och i så fall hur oljemolekyler 

rör sig in i membranet.   

Summary 

The project aims at investigating how effectively the groundwater can be isolated from diesel 

oil that has leaked from a failed tank by covering the ground surface in a few hundred square 

meters large area confined by soil dikes. The scenario to be considered is a sudden outflow of 

oil over the ground followed by removal of the oil after a period of time taken here to be 2 

weeks. The depth of the oil fill in this period is assumed to be 0.5 m, which will cause oil to 

penetrate and migrate into the membrane built on the ground surface. The problem to be 

solved is to predict to what depth the membrane will be contaminated by oil, i.e. how much of 

it that has to be removed and replaced after the two weeks. The ground surface is assumed to 

be perfectly horizontal.  

The project comprised oedometer testing of the artificially prepared membrane clay, which 

contains a small amount (11 % by weight) and which is a candidate material for isolation of 

the ground from oil that can leak out from failing tanks or valves. The oedometer tests were 

made for determining the (fluid) conductivity and swelling pressure of the membrane material 

for water and for diesel oil and they were complemented by column tests for simulating of the 

function when oil is let into air-dry membrane material, and into water saturated material, 

respectively. The aim was to find out if and how oil molecules move in the membrane.   

 

KEYWORDS: Smectite clay, Membrane clay, Microstructure modeling of clay, Hydraulic 

conductivity, Swelling pressure, Freezing and thawing, Column test, X-ray diffraction 

analysis. 
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1 Introduction 

In recent years European and national environmental legislation require that special attention 

has to be paid to the risk of contamination of soil and groundwater. One of the greatest risks is 

that oil spill from leaking tanks in harbours, industrial plants, and communities’ oil storage 

areas can pollute groundwater and there are several examples of events that have caused 

considerable problems (Figure 1). A recent mishap in Sundsvall harbour in Sweden 

demonstrated the difficulties in shielding the groundwater effectively from oil flowing out 

over the ground surface.  

 

Figure 1. Oil tank storage. The picture was taken by NCC Construction Company in Denmark and illustrates the 

difficulty in cleaning and restoration of the ground after tank leakage.  

Various ways of protecting the ground and groundwater from being contaminated by oil have 

been tried in practice, like construction of asphalt layers, plastic membranes, and by placing 

bentonite mats on the ground. The problem with asphalt layers is that they let oil trough in 

various joints and holes and that restoration is very expensive. Plastic membranes serve well 

but the welded joints may have defects causing oil that has flown out over them to be 

discharged downwards under a considerable fluid pressure. Bentonite mats are woven textiles 

containing compacted smectite clay that serves as an excellent isolating component but the 

problem is that the density of the clay is very low and that its capacity to withstand oil is 

reduced with time because the minute clay particles tend to migrate spontaneously out from 

the textile into the surrounding filters of silty sand. This lead to a successively reduced density 

of the clay in the mats.  

A third possibility has been suggested by the Danish mineral company Dantonit A/S, namely 

to construct a thicker layer – about 10 cm – of smectitic clay and to cover it with friction 

materials like sand and gravel. Such isolating layers have been tested in various contexts, like 
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construction of top and bottom liners of landfills of waste, and it is well known that they work 

well for minimizing percolation of water provided that the overburden of frictional material 

exerts a sufficiently high effective (“grain”) pressure to prevent the clay layer to expand when 

being wetted. The reason for the expansion is that all smectite clays (montmorillonite, 

beidellite, nontronite and saponite
1

) are extremely hydrophilic and sorb water under 

expansion that can be up to 300 times. Expansion causes a drop in density, which in turn 

increases the fluid conductivity and reduces the bearing capacity.  

The common measure of expandability is the swelling pressure that the fluid-saturated clay 

exerts on its boundaries under constant volume conditions. Typical examples of the swelling 

pressure and hydraulic conductivity of pure smectite clay are shown in Figure 2 and Figure 3.  

 
Figure 2. Hydraulic conductivity of smectitic clay of montmorillonite type (60-80%) as a function of the density 

at water saturation. The conductivity was evaluated from oedometer tests at hydraulic gradients of 30-50 m/m 

(meter water head difference per meter flow length)
2
, 

                                                 
1
 Montmorillonite is the most common species with aluminum as major cation, the other have other ions like iron 

and magnesium in their crystal lattices. The different ions give somewhat different properties. The lattices have a 

negative net charge, which makes them adsorb, rather weakly, cations from the porewater.   

2
 (Pusch R. , The Buffer and Backfill Handbook Part 1: Definitions, basic relationships, and laboratory methods, 

2002). 
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Figure 3. Hydraulic conductivity of smectitic clay of montmorillonite type (60-80%) as a function of the density 

at water saturation. The conductivity was evaluated from oedometer tests at hydraulic gradients of 30-50 m/m 

(meter water head difference per meter flow length)
3
,  

One finds as an example that for a clay of Na-type with a smectite content of 60-80 % and a 

density of 1500 kg/m
3
 (dry density 790 kg/m

3
) the swelling pressure is about 200 kPa and the 

shear strength a few tens of kPa. If the overburden of gravel and sand is 1.5 m thick, it exerts 

an effective pressure on the clay layer of about 30 kPa, which is hence much less than 

required for balancing the swelling pressure of the clay layer. The two effective pressures are 

equal for a clay density of about 1200 kg/m
3
 (dry density 300 kg/m

3
) for which the shear 

strength is 5.3 kPa. The corresponding bearing capacity is very low and does not allow for 

using tractors or heavy excavation tools. A smectite clay with this low density has a hydraulic 

conductivity of more than E-10 m/s, which is deemed to be too high for most practical 

applications. Present regulations in Denmark specify E-10 m/s as the desired highest 

conductivity (DS/inf.466). 

A way of solving the problem with high swelling pressure is to mix smectite-rich clay with 

silt/sand or nonexpanding clay as has been suggested by various consultants and construction 

companies (Pusch & N.Yong, Microstructure of Smectite Clays and Engineering Performance 

, 2006) including the Dantonit A/S company.  

Dantonit A/S termed the layer of mixed clay and sandy aggregate “clay membrane” and set 

the conductivity limit as E-10 m/s and the swelling pressure to be less than caused by the 

overburden. The composition is shown in Table 1. 

                                                 
3
 (Pusch R. , The Buffer and Backfill Handbook Part 1: Definitions, basic relationships, and laboratory methods, 

2002). 
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Table 1.Composition of overburden of 10 cm clay membrane.  

Material 

Density at 

placement 
Thickness 

Pressure on clay 

membrane 

Pressure on clay 

membrane 

(kg/m
3
)  (m) (kg/m

2
 )  (kPa) 

Blocks 2220 0.07 155 1.55 

Gravel for 

leveling 
1700 0.05 85 0.85 

Gravel, 

compacted  
2150 0.2 430 4.3 

Total     670 6.7 

 

Following the principle of accepting a swelling pressure of the clay membrane to be as high 

as the overburden pressure, it should not exceed 6.7 kPa at complete saturation with water. 

Pure smectite clay would have a maximum density of about 1300 kg/m
3
 (dry density about 

500 kg/m
3
) in order to fulfill this criterion, while a mixture of a small amount, i.e. 5-15 % 

smectite-rich clay, and suitably graded sand can have a maximum density at water saturation 

of around 2000 kg/m
3
. Such a mixture may have a hydraulic conductivity as low as E-10 m/s 

if the sand has a suitable grain size distribution and the preparation, placement and 

compaction are made properly. 
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2 Scope of study 

A primary objective of the present study was to determine the conductivity of the membrane 

at percolation with diesel oil and to identify the processes taking place at exposing the clay 

membrane in air-dry and water-saturated forms to diesel oil. The study comprised 

determination of basic physical properties of the clay membrane material, which was provided 

by the Danish company Dantonit A/S. It was assumed that it could be compacted on site to a 

dry density of about 1590 kg/m
3
 (2000 kg/m

3
 at saturation with low-electrolyte water) 

according to the experience of the investigators, which would give the membrane a hydraulic 

conductivity of about E-10 m/s and a swelling pressure of less than 50 kPa.   

2.1 Composition of the clay membrane 

2.1.1 The clay component 

The clay has the chemical composition in Table 2 indicating that the smectite content is in the 

range of 50-70%. Accessory minerals are primarily quartz, feldspars, heavy minerals and 

chlorite.   

Table 2. Chemical composition of the clay component of the membrane according to the manufacturer. LOI is 

loss of ignition including interlamellar water and lattice hydroxyls. 

Elements SiO2 Al2O3 Fe2O3 MgO  CaO  Na2O K2O TiO2 P2O5 LOI C S Sum 

Weight 

content 
45,4 18,5 9,6 2,4 5,6 0,4 2,8 0,9 0,1 13,5 1,3 0,0 99,8 

2.1.2 Granular composition of the clay membrane 

The grain size distribution is as indicated in Figure 4. 

 

Figure 4. Grain size distribution of membrane 
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2.1.3 Quality criteria 

The quality criteria of the installed membrane are the following:  

• The membrane must not expand significantly and its swelling pressure must therefore not 

exceed the effective downward effective pressure caused by the weight of the overburden. 

• Oil spill must not penetrate deeper than a few centimetres in a few days, which allows 

removal and replacement of the contaminated sand. 

• Frost penetration must not take place because ice-lens formation in moist clay/ballast 

mixture will permanently ruin the microstructural homogeneity. 

2.1.4 Preparation of the membrane material 

For reaching high densities of mixtures of small amounts of smectite clay and coarse soil 

components, one can chose between adding water to the “optimum” content or to apply the 

principle of “dry mixing and compaction”. The first mentioned method has the advantage of 

turning the clay component into a soft gel that can fill most of the voids between the larger 

grains but a fraction of the clay particles forms a coating of these grains that makes it difficult 

for them to move into close positions. The other procedure implies that the small air-dry clay 

granules are moved to fill the voids between the grains, a process that becomes effective by 

the crushing of the clay granules in the compaction phase. The crushed fragments change the 

size distribution of the granules to become flatter and more moraine-like. Another advantage 

is that while the little clay grains expand and form a coherent clay gel on wetting, the contact 

between the large grains is retained and provides a high bearing capacity (Figure 5). In the 

present study, the membrane samples were prepared by compacting the air-dry membrane soil 

mixture.  

 

Figure 5. Schematic picture of the microstructure of clay-poor soil mixtures. G=ballast (aggregate) grain. 

D=matured, homogeneous clay component. 
4
 

                                                 
4
 (Pusch R. , Waste Disposal in Rock. Developments in Geotechnical Engineering, 1994) 
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2.1.5 Construction of the membrane  

The clayey material is very sensitive to water and the membrane therefore has to be placed 

and compacted under dry conditions. It can consist of just one layer and be compacted by 10 

runs of a vibrating smooth roller with 5-7 t weight. Checking of the density can be made by 

isotope technique calibrated by common densimetry using water in rubber balloons.  

Membranes of the presently discussed type are constructed on the ground after removal of 

vegetation and soft surface soil followed by effective compaction of the natural soil. A typical 

schematic section of a membrane is shown in Figure 6. 

There shall be no draining layers placed on the smoothened natural soil since moisture 

migrating upwards into the membrane is required to keep it largely water saturated. This is a 

necessary condition for making the membrane serve as an effective seal against oil 

penetration.  

 

 

Figure 6. Section of a clay membrane on the ground. Heat insulation is for preventing microstructural alteration 

by freezing of the porewater.  

The case considered in this study is shown in Figure 7 assuming the underground to consist of 

moraine clay with a shallow groundwater level. The sand covering the clay membrane, 

assumed here to be 20 cm thick, is also taken to have a thickness of 20 cm. These measures 

can be varied depending on the access to suitable material and on topographic conditions. It is 

assumed that the upper sand layer and the membrane are removed for cleaning in the case of 

oil outflow. The sand can be used again after cleaning while new membrane material has to be 

installed. 
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Figure 7. Schematic profile representing the presently considered case of oil covering the area to be protected 

with respect to groundwater contamination by leaked-out oil.  

2.1.6 Function of the clay membrane 

The clay membrane will be exposed to cyclic climatic changes. The initial air-dry conditions 

will be followed by rainy seasons and periods of relatively high temperature, and cold 

periods. The low clay content has the advantage that desiccation, which is limited because of 

the plastic sheet below which makes condensation of vapour take place, will not cause 

fracturing but only some shrinkage of the small clay granules if there are long periods of 

draught and high temperature. The tight contact between the membrane and the underground, 

which is preferably moraine or moraine clay, offers a good possibility for the membrane to be 

supplied with moisture from below, both by high RH in the voids and by capillary suction.  

The primary objective of the membrane is to effectively prevent oil from penetration and to 

proceed downwards into the underground. One of the major issues in this context is to find 

out how diesel oil interacts with smectite clay, i.e. the sealing substance of the membrane. 

Once the mechanisms of interaction are known prediction of oil migration can be made. 
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3 Interaction of diesel oil and smectite clay  

3.1 Diesel oil
5
 

Petroleum-derived diesel is composed of about 75% saturated hydrocarbons (primarily 

paraffins including n-, iso-, and cyclo-paraffins), and 25% aromatic hydrocarbons 

(including naphtalenes and alkylbenzenes). The average chemical formula for common 

diesel fuel is C12H23, ranging approximately from C10H20 to C15H28. 

3.1.1 Accessories  

Diesel oil contains microbes that can feed on the diesel fuel. Water is present at low 

amounts in diesel oil and microbes form colonies that live at the interface of fuel and 

water.  

3.1.2 Synthetic diesel 

Synthetic diesel can be produced from any carbonaceous material, including biomass, 

biogas, natural gas, coal and many others (Figure 8). The raw material is gasified into 

synthesis gas, which, after purification, is converted to synthetic diesel. Paraffinic 

synthetic diesel generally has a near-zero content of sulfur and very low aromatics 

contents, minimizing emission of toxic hydrocarbons, nitrous oxides and PM.  

 

Figure 8. Biodiesel made from soybean oil.   

Fatty-acid methyl ester (FAME), known as biodiesel, is obtained from vegetable oil or 

animal fats (biolipids) that have been treated with methanol. It can be produced from 

many types of oils, the most common being rapeseed oil (rapeseed methyl ester, RME) in 

Europe and soybean oil (soy methyl ester, SME) in the USA. Methanol can also be 

replaced with ethanol for the transesterification process, which results in the production 

of ethyl esters. The transesterification processes use catalysts, such as sodium or 

                                                 
5
 Most of the text and references in this subchapter are citations from Google sources 

http://en.wikipedia.org/wiki/File:Bequer-B100-SOJA-SOYBEAM.jpg
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potassium hydroxide, for converting vegetable oil and methanol into FAME and the 

undesirable byproducts glycerin and water, which have to be removed from the fuel along 

with methanol traces. FAME can be used in pure form (B100) in engines if the 

manufacturer approves such use, but it is more often used mixed with diesel, i.e. BXX, 

where XX is the biodiesel content in weight percent.  

Manufacturers of fuel equipment, pumps etc., have concerns regarding FAME fuels: free 

methanol, dissolved and free water, free glycerin, mono-diglycerides, free fatty acids, 

total solid impurity levels, alkaline metal compounds in solution and oxidation and 

thermal stability. This makes it necessary to consider individual fuels with respect to their 

interaction with clay membranes. 

Unsaturated fatty acids are the source for the lower oxidation stability; they react with 

oxygen and form peroxides and result in degradation byproducts, which can cause sludge 

and lacquer in the fuel system. The importance of this may be important in the context of 

fuel/membrane interaction but it has not been considered in the present study.  

3.1.3 Summary of main components of oil that can interact with smectite clay  

The major components of diesel oil that are believed here to interact with smectite clay 

are:  

• Paraffins 

• Naphtalenes  

• Alkylbenzenes 

• Methyl esters 

• Glycerol
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3.2 Interaction of organic fluids and smectite clay (montmorillonite) 

3.2.1 Literature data  

The literature gives numerous examples of sorption and desorption of organic material on 

smectite minerals. Modern journals deal extensively with this matter but we will confine 

ourselves here to consider basic cases dealt with by highly ranked experts like Ralph E. 

Grim. A reference book of primary importance is his Clay Mineralogy printed and issued 

by McGraw-Hill, New York, London and Toronto (1953 and several later issues). 

The following texts refer to various sources like:  

• Gieseking, 1939, who stated that montmorillonite clays can lose their tendency to 

swell by water absorption when saturated with a variety of organic cations, are 

adsorbed on the basal planes of the stacks of lamellae (Figure 9).  

 

Figure 9. Commonly assumed constitution of a stack of two montmorillonite lamellae with 10 Å thickness 

in dehydrated form. Cations and water molecules, which can form up to 3 hydrates are located in the 

interlamellar space. Loss of interlamellar (“interlayer”) water reduces the basal spacing defined in the 

figure to 10 Å (1 nanometer)6 

• Hofmann et al, who showed in 1934 that organic molecules (alcohol, acetone and 

ether) can be taken up in the interlamellar space of monmorillonite, 

 

• Jordan (1949) stating that the adsorption of organic ions on the basal plane surfaces 

of is obvious from the shift in c-axis spacing as indicated in table 3. 

                                                 
6 (Pusch R. , The microstructure of MX-80 clay with respect to its bulk physical properties under different 
environmental conditions , 2001). 
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Table 3. Amine chain length versus basal spacing (Jordan). 4 Å is the approximate thickness of a methyl 

group, the figure 7.5 Å hence indicating 2 molecule layers.  

Amine atom 

numbers 
Basal spacing 

Separation 

of lamellae 

  Å Å 

0 10 0 

3 13.6 4 

4 13.6 4 

8 13.6 4 

12 17.6 7.5 

14 17.6 7.5 

16 17.6 7.5 

18 17.8 7.8 

 

• The water-adsorbing potential of montmorillonite is gradually reduced as the basal 

surfaces become coated with organic ions. This suggests that such ions are preferably 

sorbed, 

 

• Organic molecules can behave as being polar depending on the electron distribution 

over the surfaces of the uncharged molecules. They can therefore be adsorbed by 

positively charged ends being attracted on the basal surfaces by the negatively charges 

clay lattices. This likely relates to diesel oil, 

 

• Glycols and polyglycols are adsorbed on the basal surfaces of montmorillonite and in 

the interlamellar space, displacing adsorbed water molecules. Sorption causes 

expansion. Large organic molecules can be hosted in the interlamellar space like 

paraffine but primarily on basal surfaces (Figure 10), 
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Figure 10. Generalized picture of organic positively charged ions or molecules in the interlamellar space of 

smectites. a) Monomolecular, b) Bimolecular, c) Pseudomeolecular, d) Paraffin-type. The right picture 

shows possible sorption sites. 
7
 

• Each lamella of montmorillonite tends to collect a layer of dipoles on both its 

surfaces, meaning that interlamellar uptake of organic molecules can occur, 

 

• Hydrocarbons may not form complexes and some polar groups are then necessary for 

adsorption on montmorillonite. This makes sorption on basal surfaces easier, 

 

• Hydrocarbons can form large clusters in the interlamellar space and on basal surfaces 

between water molecule groups with or without metal cations, 

 

• The gel volume is a measure of the swelling capacity of smectite mixed with organic 

liquids. The volume of 2g samples in water has been reported to be 31 ml for 

untreated bentonite, 2.5 ml for petroleum oil SAE 10 and SAE 40, 3,5 ml for naphta 

(raw oil), 4.5 ml for glycerol, 9.0 ml for benzene, 10.5 ml for phenol, 13.5 ml for 

ethanol, and 14.0 ml for Castor oil. This indicates that smectite clay can sorb a small 

amount of oil molecules. Since different diesel oils contain different hydrocarbons 

one has to find out if there is selective or preferential uptake and exchange.  

                                                 
7
 (Pusch, Muurinen, Lehikoinen, Bors, & Eriksen, Microstructural and chemical parameters of bentonite as 

determinant of waste isolation efficiency, 1999) 
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3.2.2 XRD study of interaction between diesel oil and smectite clay 

XRD analysis is a powerful method for determining the mineral content of soils. X-Rays 

of known wavelength are passed through a sample to be investigated in order to identify 

the crystal structure. The wave nature of the X-Rays means that they are diffracted by the 

lattice of the crystal to give a unique pattern of peaks of 'reflections' at different angles 

and of different intensity, just as light can be diffracted by a grating of suitably spaced 

slots.  

In 1913 W.H. Bragg and W.L. Bragg described diffraction and interference of X-rays in a 

crystal as reflections at the atomic planes of the crystal lattice. The positions of the 

reflections are calculated using the optical path difference 2s, with s = d . sin θ, between 

two reflected rays at neighboring interplanar spacing. As for visible light, maxima are 

produced for integer multiples of λ.  

2� sin θ = nλ                                                                                                                Eq. 1 

d: interplanar spacing 

θ: Bragg-angle (2θ: angle between incident and reflected beam) 

n: ‘order’ of the interference n=1,2,3…, normally n=1. 

λ: wavelength 

 

Figure 11. Bragg's Law reflection. The diffracted X-rays exhibit constructive interference when the 

distance between paths ABC and A'B'C' differs by an integer number of wavelengths (λ) 
8
 

                                                 
8
 (Henry, Eby, Goodge, & Mogk, The Science Education Resource Center (SERC) Website, 2012)  
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The intensity of reflections 

The intensity of the reflections is mainly determined by the following parameters 

(Ermrich & Opper, 2011): 

• The structure factor, which is determined by 

o The symmetry of the crystal 

o The positions of the atoms in the unit cell
9
 

o The number of electrons of the atoms (the amplitude of the diffracted 

wave is quadratically dependent on this number). 

• The amount of material 

• The absorption within the material 

 

 

                                                 
9
 “Clay minerals consist of octahedral and tetrahedral sheets (lamellae). For example, a kaolinite unit cell 

has one tetrahedral sheet and one octahedral sheet (1:1 mineral), whereas smectite cells consist of a two 

tetrahedral sheets and one octahedral sheet (2:1 mineral). Within each particle, there is a repetition of the 

structure of the unit cell. The distance between each unit cell in the crystallographic c-direction is called the 

basal or d-spacing.” (Kaya, 2009) 
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3.2.3 Evaluation  

According to “Calgary Rock and Materials Services Inc.” website
 10

, the following 

conditions prevail: 

The spectra in Figure 12 show the peak shifting that occurs in a sample containing 

abundant smectite. The blue spectrum is the air-dried run while the green one is the 

glycolated run. Substitution of interlayer water molecules with larger radii than glycol 

molecules expands the interlayer distance (d-spacing) causing the shift of peaks in the 

species susceptible to expansion (note the shift of the main peak at about 7degrees 2θ to 

just over 5 degrees. The fact that the peak at about 7 degrees (air-dried) is strongly 

broadened indicates multiple species of clays or disordering of clay layers. Illite-smectite 

layers are indicated. A very sharp peak and placement toward 6degrees 2θ would indicate 

pure smectite. 

 

Figure 12. The spectra show the peak shifting that occurs in a sample containing abundant smectite. The 

blue spectrum is the air-dried run while the green one is the glycolated run. (Calgary Rock and Materials 

Services Inc., 2012) 

                                                 
10

 www.calgaryrock.ca (Calgary Rock and Materials Services Inc., 2012) 
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3.2.4 Analysis of swelling clays 

Detection and interpretation of XRD spectra of swelling clays have been discussed and 

debated in the literature, and the difficulties in determining the various expansion stages 

of the smectite component in clay-poor soils are well known. The procedure is tedious 

and experienced staff is required for running adequate analyses that only occasionally 

give the clean spectra shown in Figure 13, which indicates the various preparations that 

ar required for accurate evaluation of expansion stages. 

 

Figure 13. Pure end-member illite under varying conditions of air-drying, heating and glycolation showing 

little to no variation in peak characteristics. Note the near uniform symmetry of the 001 illite peak at 10Å 

(about 9 degrees 2θ).11  

 

                                                 
11 (Calgary Rock and Materials Services Inc., 2012) 
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3.3 XRD test performance  

The XRD measurements in the present study were performed using a PANalytical X-ray 

Diffractometer equipped with PIXcel3D detector and an Empyrean Cu LFF HR X-ray 

tube. The instrument is installed in the Department of Civil, Environmental and Natural 

Resources Engineering, Luleå University of Technology. 

The angle between incident and reflected beam (2θ) range is 2 to 20° for 0.026° steps 

with 190s duration of each step. 

3.3.1 XRD test on Danish clay 

The purpose of doing this test is for investigating if Danish clay, which was provided by 

Danish company Dantonit A/S, in three different forms, i.e. completely dry, fully water-

saturated, and diesel-saturated can serve as isolation of spilled diesel oil. The behavior to 

be investigated is the expandability of clay contacted with diesel oil.  

Sample preparation 

Three different samples were prepared: 1) Completely dry, pure clay by keeping it at 

60
o
C in an oven overnight night 2) Water-saturated clay by mixing clay with water, and 

3) Diesel-saturated clay by mixing clay with diesel oil. 

 

Figure 14. Prepared samples for X-Ray Diffraction analysis for investigating of the expandability of clay 

contacted with diesel oil. 
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 Results 

1) Completely dry pure clay: 

Figure 15 shows the XRED spectra of dry clay. By using PANalytical Software, V1.1, for 

analyzing the spectra the major peaks and d-spacings were found as indicated in Figure 

15. According to the literature an XRD spectrum of pure dry smectite clay has a major 

peak at around 8.8° 2θ, representing 10 Å d-spacing, in good agreement with the 

observations for the smectite component of the “membrane”.clay 

 

Figure 15. XRD spectra for the smectite component of the “membrane” clay in air-dry form, the graph 

shows the peaks’ positions (degree 2θ) and d-spacing (Å). 
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2) Water–saturated clay: 

By interacting with water, the clay swells and the d-spacing increases, which gives (001) 

peaks for lower angles than 8.8 degrees 2θ and hence wider d-spacing. The graph in 

Figure 16 shows two more peaks for comparison with those in the preceding figure, 

indicating that the tested sample had absorbed interlamellar water and swelled.  

 

Figure 16. XRD spectra for the water-saturated smectite component of the “membrane” clay. 
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3) Diesel-saturated clay 

Assuming that diesel oil is adsorbed in interlamellar positions, at least one peak with 

higher d-spacing than for dry clay would be expected. As can be seen in Figure 17, there 

are in fact two more peaks than for the dry sample.  However, compared to the spectra of 

water-saturated clay, they represent lower d-spacing. 

 

Figure 17. XRD spectra for the diesel-saturated smectite fraction of the “membrane” clay.  
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3.3.2 XRD test on the membrane material (11% Smectite content) 

1) Air-dry membrane 

 

 

Figure 18. XRD spectra of air-dry membrane clay. 

One recognizes the 10Å peak in the diagram for the smectite fraction of the “membrane” 

clay. The small amplitude is naturally explained by the low content of smectite. 
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2) Water-saturated membrane 

 

Figure 19. XRD spectra of water-saturated membrane clay. 

3) Diesel-saturated membrane 

 

Figure 20. XRD spectra of diesel-saturated membrane clay 

One concludes that several peaks appear in the 12-14.5 Å region, indicating interlamellar 

uptake of both water and diesel oil. 
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3.4 The interpretation of data 

Referring to the graphs in Figures 15, 16 and 17, the data of "pure Danish clay" indicate that 

the 14 Å peaks are the same (14.4 for water and 14.2 for diesel), meaning that both types of 

molecules are sorbed in the interlamellar space. The high 19.0 Å peak for water may indicate 

a possible (but improbable) 4th interlamellar hydrate, while the absence of peaks higher than 

15.5 Å for diesel clay suggests less ability of it to expand beyond what is caused by one 

hydrate layer. This suggests that oil-saturated clay expands to give a high swelling pressure 

because the clay density would not drop as much as by water uptake. Furthermore, the limited 

expansion of oil-saturated clay leaves more space open than in water-saturated clay, which 

would make the oil conductivity much higher than the hydraulic conductivity.  

It is suggested here that while water molecules are well organized in the interlamellar space of 

montmorillonite, the smectite species that we are dealing with here, organic molecules like 

oil, are differently arranged and do not give precise and accurate d-spacings. This means that 

we cannot directly compare the number of water and oil molecules in the interlamellar space 

(see Figure 10). 

3.4.1 Basis of hypothesis of interaction between diesel oil and smectite clay 

The very complex composition of diesel oil makes it reasonable to assume that polar 

molecules or assemblies of molecules of different types compete in being sorbed or excluded 

from inter- and extralamellar positions. Considering literature data, especially the last bullet in 

Subchapter 3.2.1, implying significantly smaller interaction of SAE oils and montmorillonite 

than of this mineral and water, organic molecules of diesel oil may not readily replace water 

molecules and that they only - or preferentially - form monolayer films on the basal surfaces 

of smectite stacks of lamellae rather than in the interlamellar space. This means that smectite 

clay minerals in general and montmorillonite in particular undergo only little expansion when 

saturated with diesel oil. The presently proposed hypothesis is that oil molecules are 

preferentially sorbed on the basal surfaces but also in the interlamellar space but that only a 

monolayer is established in the latter. 
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3.5 Microstructural evolution of membrane installed on the ground 

3.5.1 Theoretical treatment of the hydration of membranes 

The homogenization process of clay/ballast mixtures with 10 % clay, sorbing water, has 

earlier been modeled by FEM technique based on the assumption that the clay particles and 

ballast grains are rod-shaped and regularly arranged in densest fashion as shown in Figure 21.  

We will use this model here to see whether the hypothesis of the formation of only single oil 

molecule layers can be validated using the same approach. The sand grains were assumed to 

have a diameter of 2.5 mm while the clay grains were taken to be 1 mm in diameter, both 

roughly corresponding to the median size of experimentally investigated mixtures (Pusch & 

N.Yong, Microstructure of Smectite Clays and Engineering Performance , 2006). Figure 22 

shows the density distribution as a function of time after start of hydration. 

 

 

 

 

Figure 21. Geometrical model of mixture of about 10 % smectite clay (“bentonite”) and ballast particles 

according to a FEM analysis in 2D.
12

  

 

                                                 
12

 (Pusch & N.Yong, Microstructure of Smectite Clays and Engineering Performance , 2006) 
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Figure 22. The pictures show the expansion of the clay granules between the ballast grains. The narrow gel in the 

ultimate stage has a density at saturation of 1420 kg/m3, while it is 1930 kg/m3 for the densest part. (T is time in 

seconds)
13

. 

 

The initial “air-dry” microstructural model geometry represents the densest possible layering 

of two grain sizes. The dry density of the clay granules was set at 1980 kg/m3 whilst that of 

the ballast grains was taken to be 2650 kg/m3. The dry density of the mixture was 1560 

kg/m3, corresponding to 2000 kg/m3 at water saturation. The homogenization process, driven 

by the hydrophilic potential of the clay material, ultimately yields a very significant variation 

in clay dry density, i.e. from 620 to 1450 kg/m3, corresponding to a density at water 

saturation of 1400 to 1930 kg/m3. This variation is permanent because the particles maintain 

their positions due to the internal friction in the system. 

The FEM study indicates that the narrowest portion of the voids between the ballast grains 

will not be filled by expanded clay. The resulting open space, which forms isolated unfilled 

ring-shaped zones around the contact points of ballast grains, has some effect on the overall 

hydraulic conductivity. However, the heterogeneity of the clay is more important in this 

respect. Thus, the clay density will be low in the most expanded part of the clay grains, which 

part will hence have a high hydraulic conductivity. 

                                                 
13

 (Pusch & N.Yong, Microstructure of Smectite Clays and Engineering Performance , 2006) 
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The softer parts of the clay occupying the space between the ballast grains will undergo 

coagulation and become very permeable if the groundwater is saline. It is expected that using 

very fine-grained clay powder instead of the assumed clay granules will lead to a higher 

degree of void filling than coarser clay grains. Alternatively, mixing of air-dry, smectite clay 

powder and non expandable  (ballast) grains can probably be intense enough to cause abrasion 

of the clay grains and thereby create a high content of minute smectite particles. 

3.5.2  Expected evolution of the microstructure by uptake of diesel oil  

Assuming that molecular diesel components will only be sorbed on the basal planes of the 

smectite crystals, representing about 10 -15 % of the total interlamellar and extralamellar 

surface, and form interlamellar monolayers, swelling of the clay structure in Figures 21 and 

22 would lead to an expansion of the granules by only 10-15 %. It would also mean that the 

narrow wedge-shaped parts of the voids between the large grains in Figure 22 will remain 

unfilled. Sorption on basal planes would lead to a somewhat lower swelling pressure than of 

the water-saturated membrane soil, while interlamellar oil monolayers would give a higher 

swelling pressure. In both cases, the fluid conductivity for oil would be much higher than the 

hydraulic conductivity, neglecting the impact of viscosity. These expectations were to be 

tested in the experimental part of the present study. 
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4 Experimental study 

4.1 Laboratory program 

The tests performed are described here with respect to the purpose, selection of equipment, 

performance, and results. The issue of accuracy and risks are discussed as well. The major 

subheadings refer to:  

• Oedometer tests (Hydraulic and oil conductivity and swelling pressure) 

• Column tests (Diffusion of diesel into water-saturated and air-dry membrane sample – 

determination of the oil migration profile in the clay membrane) 

• Shear strength test (plane strain shear box tests) 

• Methods for determining the concentration profile of oil in the membrane, by 

analyzing thin sections cut from the samples, and determining the amount of 

percolated diesel through the soil membrane by recording and analyzing the percolate 

using: 

o Gas chromatography  

o Incineration. Heating for evaporation of the oil in the sample 
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Table 4. Summary table of performed experiments 

 

Density Density

(Dry) (Saturated)

kg/m³ kg/m³ m

Test 1A
Air-Dry 

Membrane

Distilled 

water
2100 1

Test 1B

Water-

Saturated 

membrane

2100 0.5

Test 2A 2100 0.5

Test 2B 1590 2040 0.5

Test C1

Test C2

Test C3
Air-dry 

Membrane

Test S1

Water 

Saturated 

Membrane

Distilled 

water

Test S2

Diesel 

Saturated 

Membrane

Diesel

Test    type

Air-Dry 

Membrane

Diesel

Water- 

Saturated 

Membrane

Test    No.

Hydraulic 

Conductivity

and Swelling 

Pressure 

Column Test

Shear Test

Sample Description
Percolation    

type

1750

The oedometer test with air-dry membrane soil 

sample with 11% smectite clay which is exposed to 

1 meter head water pressure.

The oedometer test with water saturated 

membrane soil sample with 11% smectite clay 

which is exposed to 0.5 meter head diesel pressure.

Difference    

head    

pressure

1750 2100

1750 -

-

The oedometer test with pre stressed membrane 

soil sample with 11% smectite clay which is exposed 

to 0.5 meter head diesel supply. During this test the 

upper part was moved up as tenth of millimeter

The oedometer test with expanded membrane soil 

sample as 2mm height with 11% smectite clay 

which is exposed to 0.5 meter head diesel supply. 

The total and dry densities have been changed.

Simulating the real condition which is the water 

saturated membrane is exposed to permanent 

leakage of the oil. The sample will be extracted for 

further experiments (Drawing contamination 

concentration profile by GC and incineration 

method)

Simulating the real condition which is the water 

saturated membrane is exposed to temorary 

leakage of the oil. The sample will be extracted for 

further experiments (Drawing contamination 

concentration profile by GC and incineration 

method)

Simulating the real condition which is the dry 

membrane is exposed to permanent leakage of the 

oil. The aim of test is observing the uptaking of the 

diesel by membrane and tightening behavior of the 

sample.

undrained shear strength for which a simple 

uniaxial (unconfined) compression test with 

stepwise increased pressure can be made for 

determining the creep potential and the failure 

pressure. 

2100

Diesel
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4.2 Hydraulic conductivity 

The hydraulic conductivity is a measure of the ability of water to flow through the soil 

under a specific hydraulic gradient. It depends on the soil grain size, the structure of the 

soil matrix, the porewater chemistry and the degree of water saturation. The 

microstructural features determining the rate and distribution of the percolation are the 

porosity, pore size distribution, pore shape, tortuosity, and specific surface. The hydraulic 

gradient, density, and viscosity of percolating water also affect the evaluated 

conductivity.  

In 1856, Darcy proposed the following formula expressing the average flow rate v of 

percolating a soil under a hydraulic gradient i: 

v=K.i                                                                                                                           (Eq. 2) 

It gives the hydraulic conductivity K in m/s and applies to all types of soil and porous 

rock. Another expression of the percolation rate is the permeability, which has the 

dimension m
2
/s, and includes the impact of density and viscosity of the fluid. 

k=K . (ρ.g/η)                                                                                                                (Eq. 3) 

where: 

ρ = Unit weight of liquid (kg/m
3
) 

η = Dynamic viscosity of liquid (Pa.s) 

K = Absolute permeability (m
2
) 

g = Acceleration due to gravity (m/s
2
) 

Since the hydraulic conductivity is a function of the viscosity of the fluid, temperature 

affects it. The hydraulic conductivity is commonly measured at a temperature of 20
o
C. 
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4.2.1 Microstructural effects 

The void size of the soil is a major factor, influencing percolation of soils. In soils with 

common grain size distributions, fine particles fill the voids between larger ones. In very 

well granulometrically composed soils, intended to be low permeable, the voids can be 

very small and poorly interconnected, leading to a very low hydraulic conductivity. 

Mixing in smectite clay means that clay particles occupy a majority of the voids, which 

further reduces the conductivity. Table 5 shows typical conductivity ranges for different 

grain size fractions. (Pusch R. , The Buffer and Backfill Handbook Part 1: Definitions, 

basic relationships, and laboratory methods, 2002). 

Table 5. Hydraulic conductivity for different type of soils
14

  

Soil Type (Poorly graded) 
Hydraulic Conductivity 

(m/s) 
Drainage 

Gravel 1 to 1E-1 

Good 

Coarse Sand 1 E-1 to 1 E-3 

Medium Sand 1 E-2 to 1 E-4 

Fine Sand 1 E-3 to 1 E-5 

Coarse Silt 1 E-4 to 1 E-6 

Medium to fine silt 1 E-6 to 1 E-8 Poor 

Homogeneous sedimentary clay 

Clayey till 
1 E-8 to 1 E-10 Very poor 

 

The microstructure of clay in general and the investigated membrane clay in particular 

controls the hydraulic conductivity. The variation in void size and interconnectivity 

makes percolation channel-like, meaning that there is a large variation in flow rate in a 

cross section. If clay particles are mixed in, as for the membrane clay, some 

heterogeneity results from uneven distribution of these particles. In summary, the 

variation in uniformity and flow through a soil depend on the following factors: 1) the 

microstructural pattern of the soil, 2) the frictional flow resistance by soil particles 

including viscosity effects, 3) the tortuosity of the flow path, and 4) the porewater 

chemistry. 

                                                 
14

 (Pusch R. , The Buffer and Backfill Handbook Part 1: Definitions, basic relationships, and laboratory 

methods, 2002) 
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In practice, the uniformity and rate of the percolation vary strongly according to the 

microstructural pattern and both frictional resistance and tortuosity combine to yield 

almost stagnant porewater in large parts of the clay matrix and local flow paths in which 

the flow rate is very high. This is particularly obvious in smectite-rich, artificially 

prepared soils, for which microstructural flow models have been proposed for illustrating 

the importance of density and porewater chemistry. They suggest a stochastic character 

of the microstructural constitution in the fashion illustrated by Figure 23 and 24, i.e. with 

impermeable granules and a permeability of the clay gels in the voids that is controlled 

by their density. 

The compacted clay material consists of powder grains in close contact with air-filled 

voids, and hydration of the clay takes place by capillary suction and adsorption of water 

molecules in the interlamellar space and on external surfaces of the stacks of lamellae. 

Penetration of water into the strongly hydrophilic powder grains causes exfoliation of 

their shallow parts, which disintegrate and reorganize to form soft gels in the open voids. 

The expanding dense grains consolidate the gels but complete homogeneity is not 

obtained. Hence, the voids between the expanded grains will be filled with clay gels with 

a density that is low in the largest voids and high in the smallest voids (Figure 23). The 

voids, which are filled by clay-gel, combine to form continuous permeable zones that 

serve as channels and are responsible for the bulk hydraulic conductivity (“GMM 

model”), cf (Pusch R. , The Buffer and Backfill Handbook Part 1: Definitions, basic 

relationships, and laboratory methods, 2002) 

 

 

Figure 23. Schematic picture of compacted sample of grains of smectite clay for preparing artificial 

prepared soil. The internal oriented structure of the grains, inherited from the natural clay beds where the 

clay was extracted, is at random except for very high uniaxial compression. After hydration, the voids 

become filled with clay gels emanating from the expanded and deformed grains. The gel density varies 

depending on the void size.
15

 

                                                 
15

 (Pusch R. , The Buffer and Backfill Handbook Part 1: Definitions, basic relationships, and laboratory 

methods, 2002) 
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The flow rates through a cross section of buffer clay can be derived from the GMM 

model and such calculations show that the flow is not uniformly distributed and that the 

flow rate varies much as demonstrated by Figure 25.  

 

 

Figure 24. Flow rates. Dots: In 1–5 µ gel-filled voids, Short bars: In 5–20 µ voids, Long bars: in 20–50 

µ voids, (250 x 250 µ element)
16

 

                                                 
16

 (Pusch, Karnland, & Hökmark, GMM – a general microstructural model for qualitative and quantitative 

studies of smectite clays. , 1990) 
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4.2.2 Thawing and freezing effects on the hydraulic conductivity and soil structure 

Soil as a hydraulic barrier can be subjected to a number of physical, chemical and 

biological processes. They all affect the geo-mechanical properties (Johnson & Haug, 

1992). 

 

Figure 25. Factors affecting long term integrity of a soil cover.
17

 

Repeated cycles of freezing and thawing cause changes of the microstructure of the soil, 

by particle movements and separation (Viklander P. , 1997). Such changes affect the 

hydraulic conductivity of the soil and various investigations of clayey soils, reported by 

Othman and Benson, 1993.The net effect is an increase in hydraulic conductivity and a 

decrease in void ratio.  

If clay is exposed to a freeze and thaw cycle, ice-filled cracks are formed during freezing. 

After thawing, parts of the soil separated by ice in the frozen state, will not return to the 

original state. Therefore, some of the cracks will not be completely closed after thawing 

and this gives the clay a fissured condition (Viklander P. , 1995). 

In Figure 26, sand and silt particles are in contact with each other and hence control the 

compactability and compressibility, while the clay in the pores controls the permeability. 

After freezing and thawing, little or no changes in overall void ratio occur unless 

critically high hydraulic gradients cause piping, erosion, and an increase in conductivity. 

The density of the clay component is relatively low which makes this component 

sensitive to changes in porewater chemistry. If salt is present, coagulation takes place 

giving wider voids and higher hydraulic conductivity.  

                                                 
17

 (Johnson & Haug, 1992) 
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Figure 26. Schematic diagrams for particle orientation for clayey silt.
18

 

In Figure 28, silt and sand particles are not in contact and the clay matrix therefore 

controls both the compressibility and the permeability. Freezing and thawing causes a 

reduction in void ratio because of rearrangement and collapse of the clay packets into a 

more dense structure. Permeability increase takes place, as shrinkage cracks are formed 

during freezing.  

 

Figure 27. Schematic diagram for particle orientation for silty clay.
19

 

4.2.3 Effect of the hydraulic gradient 

According to Darcy’s law, very low hydraulic gradients give insignificant flow. The clay 

matrix is at rest and smectite clay mixed with coarser soil undergoes thixotropic 

stiffening. The open voids on all scales become small and the hydraulic conductivity is at 

minimum. By increasing the hydraulic gradient, the flow rate becomes locally high and 

soft clay gels in the voids between larger grains will disperse causing an increased 

hydraulic conductivity. Wetting of an initially unsaturated smectitic clay like the 

membrane by applying a water pressure will cause “fingering” and local intrusion of 

water to a small depth. Further migration of water takes place by diffusion since the 

initial local penetration of water will be held up by swelling of the clay component 

causing reduction of the size and connectivity of the voids. If the hydraulic gradient is 

high, which can be the case in oedometer testing, the flow rate in the widest pore systems 

can be so high that fine soil particles are eroded and migrate downstream in the test 

specimen. They can clog flow channels causing a decrease in hydraulic conductivity in 

smectite-rich clay, while in soils poor in clay, like the membrane fine particles can be 

washed out, causing an increase in hydraulic conductivity. 

                                                 
18

 
20

(Viklander P. , Influence of cycles of freeze/thaw on soil permeability, a literature study-Technical 

report, 1995) 
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4.3 Laboratory testing to determine hydraulic/oil conductivity of membrane 

The hydraulic conductivity is determined by use of oedometers, which are cylindrical 

cells filled with soil in question. Darcy’s law is applied for evaluating the average 

conductivity. One distinguishes between constant-head tests with steady-state flow and 

falling-head tests with varying hydraulic gradient.  

4.3.1 Hydraulic/Oil conductivity cells - oedometers 

Two broad categories of cell types are used for determining the hydraulic conductivity; 

Rigid-wall and Flexible-wall cells (Figure 28). In this project, rigid wall permeameters 

(oedometer) have been used. They are common tools in geotechnical laboratories and 

will not be described here.  

 Rigid wall permeameters (Oedometer) 

Rigid-wall permeameters consist of a rigid tube or box that contains the specimen to be 

permeated. The tube is circular and made of metal, plastic or glass (only for testing with 

chemicals or waste liquids). The liquid (water) is permeated along the axis of the 

cylindrical test specimen and usually implies upward flow (bottom to top) since this 

reduces the risk of entrapped gas in the sample.  

Three types of rigid-wall permeameters are used: 

• Compaction-mold permeameter 

• Consolidation-cell permeameter 

• Sampling-tube permeameter 

 Compaction-mold permeameter 

This is the most commonly used type of rigid-wall permeameter. The soil is placed in the 

permeameter tube, compacted to the predetermined density and then permeated. Soils 

varying in grain-size from gravel to clay can be tested in a compaction-mold 

permeameter.  

The permeameter cell has porous disks in upper part and lower part of the sample. They 

serve as filters preventing fine particles from migrate in and out from the cell provided 

that the hydraulic gradient is limited. According to Daniel (1994), it is recommended to 

run parallel tests with no sample in the cell for making sure that there is no leakage.  

Another type of compaction-mold permeameter is shown in Figure 28, allows the test 

specimen to swell in the course of saturation and percolation. The difficulty with this 

equipment is that the hydraulic gradient varies and can cause piping and erosion, and that 

microstructural reorganization can be very large.  
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Figure 28. Two types of compaction-mold permeameters – Swelling of the material is allowed in right one 

since in the left one the volume of the material is kept constant.
20

 

 Hydraulic control systems  

For controlling the flow rate there are three methods: 

• Constant head tests with direct measurement of the flow rate. 

• Varying head test in which the head loss drops with time and the flow rate 

computed from the change in water level.  

• Constant rate of flow test in which the rate of flow is kept constant and 

corresponding head loss is measured. 

 Constant head test 

For keeping constant head of inflow, the common way is shown in Figure 29. The upper 

vessel is supplied with water by which the head on the inflow side is kept constant. In the 

case of high hydraulic conductivities, wide containers are recommended.  

The equation for determining hydraulic conductivity is Darcy’s law: 

 � � �. �. � � �.
∆�

	
. �                                                                                                 (Eq. 4) 

 

Figure 29. Constant head method for measuring hydraulic conductivity. 

                                                 
20

 (Daniel, Hydraulic Conductivity and Waste Contaminant Transport in Soil, 1994) 



 

38 

4.4 Description of conductivity experiments 

In the present project, two different types of permeameters have been used for evaluating 

the conductivity of the membrane. One of them was supplied with distilled water and 

another one with diesel oil. 

4.4.1 Rigid wall permeameter 

The rigid wall permeameter consists of a stainless steel cylinder with a diameter of 50 

mm (±0.5 mm). One of the disadvantages of using this kind of permeameter is the risk of 

leakage along the contact between the sample and the cylinder wall. The tightness of the 

test equipment was determined and the leakage found to be negligible.  

 

Figure 30. Rigid wall permeameter, i.e. oedometer with circular cross section and 50 mm diameter. (View 

from upside)  

4.4.2 Water content 

The membrane soil material, delivered by the Danish enterprise Dantonite AS, had about 

6 % water content. Samples with a volume of about 50 cm
3
 were put in to the oedometer 

in a slightly dried form for eliminating variations in water content. This procedure 

involved distribution of the soil in wide containers and letting it desiccate at 20
o
C in air 

with low RH. The water content was checked frequently until it reached to constant 

value, which was ω=0.8% (Figure 31). 

 

Figure 31. Water content measurement of membrane clay for having air-dry membrane. 
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4.5 Determination of the hydraulic conductivity, Test 1A using water 

4.5.1 Placing sample in the oedometer 

Air-dry membrane soil was placed in oedometer cells and compacted by a hydraulic 

pressure machine to 1750 kg/m
3
 dry density of a 20 mm thick sample. The sample was in 

contact with distilled water via fine filters under a hydraulic pressure of 1 m water head 

(10 kPa). The piston was loaded as in the compression machine and then fixed for 

measuring the swelling pressure. The measurement was made by use of a pressure sensor, 

starting one day after the compression for stress homogenization, and continuing then for 

more than 40 days during which the soil sample was left to take up distilled water under a 

pressure of 1 m pressure head (Figures 32 and 33). This caused a drop in compressive 

force from 11.1 to 1.04 kN.  

 

Figure 32. The hydraulic machine was used for compactingthe sample, which was then transferred to 

oedometers. This caused some pre-stressing of the sample. 

 

Figure 33. Oedometer with mounted sensor for recording the axial force. This force divided by the cross 

section area of the sample gives the total pressure from which the swelling pressure is derived. 
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4.5.2 Hydraulic gradient 

The water pressure head was kept constant at 1m (10 kPa) throughout the test. The 

hydraulic gradient was hence 100/2 cm/cm or 50 cm/cm.  

4.5.3 Direction of permeation 

The distilled water was permeated in the axial direction of the cylindrical test specimen. 

Bottom to-top flow was chosen for minimizing the risk of getting gas entrapped in the 

sample. 

4.5.4 Tail water collection 

It was expected that the hydraulic conductivity of the water would be very low; therefore, 

collection of tail water (discharge) without evaporation was made for which a syringe 

reaching into the glass container at the discharge end of the system was installed (Figure 

34). 

 

Figure 34. Collected tail water in the glass container with tight lid. 
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4.5.5 Results 

The through-flow of the membrane sample required considerable time to reach steady state 

conditions. Even after 30 days, there was a slight drop in flow rate (Figure 35), which can be 

explained by the slow evolution of the microstructural constitution and by delayed saturation.  

 

Figure 35. Hydraulic conductivity of first month of Test 1A  

After around 40 days from start air bubbles appeared in the outlet pipe where the tail water 

was discharged, hence indicating that the sample was not fully water-saturated. The need for 

bottom-to-top flow is obvious but additional steps should be taken to get rid of air bubbles 

like: 1) applying a water pressure of at least some 100 kPa at both ends without gradient for a 

week, or 2) applying an under-pressure at the upper end by connecting it to a "water suction 

pipe". This method requires that the suction pressure is moderately high for avoiding particles 

being sucked out from the sample. Here, the first method was applied and it was combined 

with heating the oedometer to 50-60 °C for speeding up the process.   

This procedure was successful as demonstrated by an obvious peak in hydraulic conductivity 

graph. The treatment caused changes in the microstructural constitution and a slow reduction 

of the evaluated hydraulic conductivity. The flow through the soil specimen ultimately 

reached steady state giving a hydraulic conductivity of the soil of 4.2E-10 m/s, which is on 

the same order of magnitude as many literature-reported data of soils of similar type. 

0,0E+00

1,0E-12

2,0E-12

3,0E-12

4,0E-12

5,0E-12

6,0E-12

7,0E-12

0 5 10 15 20 25 30 35

H
y

d
r

a
u

li
c

 C
o

n
d

u
c

ti
v

it
y

 (
m

/
s

)

Time (Day)

Hydraulic Conductivity for Test 1A (m/s)



 

42 

4.5.6 Termination of the test  

Checking of the condition of all parts of the equipment and considering the appearance of the 

test sample after removing it from the oedometer for examination with respect to density, 

water content etc. indicate that the experiment was relevant and successful. 

 

 

Figure 36. Hydraulic conductivity for completed Test 1A. The peak appeared after exposing the sample to 

uniform pressure at a temperature of 50-60
o
C. 
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4.6 Determination of the conductivity for diesel oil, Test 1B using water and 

subsequently diesel oil 

The sample preparation and testing procedure were the same as for Test 1A. The dry density 

was also the same, i.e. 1750 kg/m
3
. The sample was initially saturated with distilled water and 

left to mature for 3 weeks days, giving a very low conductivity value as in Test 1A, i.e. 2.2E-

12 m/s. As for Test 1A this low value is not representative, while the value 4.2E-10 m/s from 

1A shall be taken as a correct, reference value. Diesel oil was then filled in the system hitherto 

filled with water, followed by continued recording of the flow (Figure 37) 

4.6.1 Results 

Water saturation and permeation phase 

The hydraulic conductivity d rapidly rose from a very low value and reached the value 1.25E-

09 m/s after 32 days, which is taken as the conductivity of the fully water-saturated membrane 

clay sample. 

Oil percolation phase   

Oil started replacing water after 32 days and this led to an increase in evaluated conductivity, 

i.e. from 1.25E-09 to 1.61E-9 m/s (after 39 days) despite the significant increase in viscosity 

of the diesel percolate. The reason is believed to be partial collapse of the stacks of smectite 

lamellae taking place by exchange of interlamellar water by oil molecules giving wider voids 

and higher flow rate. The difference in true conductivity when water and oil were used as 

percolates is even more obvious if one considers the difference in permeability instead of 

hydraulic conductivity. This demonstrates that the viscosity alone cannot explain the 

difference in permeability but that microstructural changes must have played a major role. It 

is not clear if oil and water follow partly different paths, such that large parts of the clay 

matrix remained impermeable while the number and size of flow paths increased when the 

percolate was changed from water to oil (cf. Figure 38). It should be mentioned that diesel oil 

could not to be mixed with water-saturated membrane clay. 
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Figure 37. Hydraulic/oil conductivity evaluated from Test 1B. Oil started replacing water and making voids 

between soil particles after 32 days and this led to an increase in evaluated conductivity, i.e. from 1.25E-09 to 

7.89E-9 m/s and after 39 days reached to 1.61E-08 despite the significant increase in viscosity of the diesel 

percolate.  

 

 

Figure 38. Water-saturated sample, percolated by diesel oil. Small voids can be seen indicating that diesel oil 

penetrated the sample. 

1,25E-09
1.10E-09

7.36E-09 7,89E-09

1,61E-08

0

2E-09

4E-09

6E-09

8E-09

1E-08

1,2E-08

1,4E-08

1,6E-08

1,8E-08

3
0

3
2

3
4

3
6

3
8

4
0

O
il

 C
o

n
d

u
c

ti
v

it
y

 (
m

/
s

)

Time (Day)

Oil conductivity for Test 2B (m/s)



 

45 

4.7 Determination of the oil conductivity of Test 2A 

The procedure of preparing the dry membrane clay sample for percolation with diesel oil was 

the same as in Tests 1A and 1B and the dry density was hence 1750 kg/m
3
. Its initial water 

content was 1%. The percolation direction was from bottom to top. The hydraulic gradient 

across the 2 cm thick sample was 25 cm/cm. 

4.7.1 Results 

Diesel oil was discharged from the beginning of the test and appeared very clean and 

transparent at the outflow end. For finding out how membrane clay and diesel oil interact, dry 

membrane clay was mixed with diesel oil and left to rest for one week with intermittent 

shaking. As can be seen from Figure 39 the membrane soil particles were submerged and 

sedimented in the vessel leaving free oil over the sediment. This suggests that sorption of clay 

was very small, and that the hypothesis that only monolayers of oil molecules were sorbed. 

 

 

Figure 39. Mixture of diesel and membrane. The membrane soil sedimented without forming colloids or other 

interaction. 

The lack of significant physic/chemical interaction between the clay component of the 

membrane soil and diesel oil gave very quick penetration and percolation of the dense, dry 

clay (Figure 40). The fact that the evaluated conductivity was nearly one hundred times higher 

than for Test 1B shows that many more flow paths were formed in the initially air-dry soil. 
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Figure 40. Oil conductivity evaluated from Test 2A 

As can be seen in graph above, the oil conductivity of the membrane did not change 

significantly during the test, indicating microstructural stability and no tendency for diffusive 

transport of oil into stacks of lamellae or big aggregates. 

4.8 Determination of the oil conductivity of Test 2B 

The procedure of placing samples in oedometers by compacting the material causes pre-

stressed conditions that is of no concern for evaluating water and oil conductivities but is of 

significance when determining the swelling pressure. For investigating this the upper part of 

the oedometer, which is mounted above the piston in order to effectively confine the sample 

and preserve its density during the tests, was moved up about 2mm after installing the sample 

in the oedometer for testing. The movement means that the soil expands a little by which the 

dry density drops and, in the test referred to, became 1590 kg/m
3
.  

The experiment was made in the same way as Test 2A, i.e. with air-dry membrane soil, but 

the compaction was followed by allowing slight upward expansion of the sample before 

saturation and percolation started. 
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4.8.1 Results 

The diagram in Figure 41 shows the outcome of the percolation experiment. The oil 

conductivity of Test 2B was 3.75 E -7 m/s, which is slightly higher than that evaluated from 

Test 2A, the difference being explained by the lower density. 

 

Figure 41. Oil conductivity evaluated from Test 2B 

4.9 Absolute permeability 

As mentioned, several factors affect the hydraulic conductivity, one being the viscosity of the 

fluid percolating through the soil. Table 6 gives the absolute permeability values of diesel in 

Test 2a and Test 2B. The mathematical expression for permeability was explained in 

subchapter 4.2 (Eq. 3)
21

:  

Table 6. Absolute permeability for Test 2A and Test 2B 

  η ρ k K 

 

Pa.s kg/m
3
 m/s m

2
 

Test 1A 1.002E-03 1000 4.19E-10 4.28E-17 

Test 1B 1.736E-03 827 7.89E-09 1.69E-15 

Test 2A 1.736E-03 827 3.50E-07 7.49E-14 

Test 2B 1.736E-03 827 3.75E-07 8.03E-14 

                                                 
21

 According to the mechanical properties of the diesel oil, which has been using for this project, the kinematic 

viscosity of diesel is 2.1 cSt (See Appendix 12) In addition, by the relation between kinematic and dynamic 

viscosity, the dynamic viscosity can be derived, which is 1.7367E-3 Pa.s. (Kinematic viscosity=(Dynamic 

viscosity/Density)). 
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4.10 Swelling pressure 

The potential of smectite clay to expand creates a swelling pressure that must not exceed 

the effective pressure exerted by the overburden.  

4.10.1 Influence of smectite content 

Figure 42, shows the approximate relationship between the smectite content and swelling 

pressure of clays with different amounts of smectite, representing mechanically 

undisturbed clay with a high percentage of clay-sized particles, low-electrolyte porewater 

and a bulk density at saturation of about 2000 kg/m3. The graph indicates that the 

swelling pressure for 70–80% smectite is about 2–2.5 MPa. It indicates that a suitable 

smectite content is 10 to 15 % for carrying an overburden of one meter thickness without 

expanding. This is the case for the presently investigated membrane soil. 

 

 

Figure 42. Approximate relationship between the content in weight percent of smectite minerals and the 

swelling pressure for natural, mechanically undisturbed clay with a high percentage of clay- sized particles, 

mostly illite and chlorite, and saturated and permeated by distilled water. The bulk density at saturation is 

about 2000 kg/m3
22

  

                                                 
22

 (Pusch, Börgesson, & Erlström, Alteration of isolating properties of dense smectite clay in repository 

environment as examplified by seven pre-Quaternary clays., 1987) 
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4.11 Swelling pressure test 

4.11.1 Test 1A 

The membrane clay sample had a dry density of 1750 kg/m
3 

and gave a swelling pressure 

that evolved as shown in Figure 43. The recorded force divided by the cross section area 

of the sample with 50 mm diameter gave the pressure.  

 

Figure 43. The force required for preventing swelling of the sample in Test 1A 

The initial swelling pressure was 520 kPa and grew to the maximum value 565 kPa after 

which it dropped slightly 560 KPa. Relaxation by allowing the 20 mm high sample to 

expand by a tenth of a millimeter caused a drop in swelling pressure to about 60 kPa, 

followed by a slow increase to the maximum value 245 kPa dropping then to 185 kPa. 

This latter value agrees with literature data. 
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4.11.2 Test 1B 

With diesel oil under 5 kPa pressure after saturation and maturation in water-saturated 

state the swelling pressure increased slightly from 185 kPa to 210 kPa but then decreased 

to a value between 195 and 190 kPa, cf. Figure 44. 

 

 

Figure 44. Swelling pressure recorded in Test 1B 
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4.11.3 Test 2A 

The dry density of the dried sample was 1750 kg/m
3
 and the permeating liquid was diesel oil 

exerting a pressure of 5 kPa on the sample. In this test, the hydraulic press gave a force of 

12.65 kN force for compressing the sample to the desired thickness of 20 mm. After mounting 

the sensor, the confinement of the sample was adjusted to give the same force on the piston as 

in the hydraulic press.   

Percolation with diesel gave a slow reduction in swelling pressure from 4.20 to 2.26 MPa 

(Figure 45). For eliminating pre-stressing effects, the sample was expanded by a tenth of a 

millimeter and this gave a rise from initially zero, at unloading, to 0.95 MPa. 

 

Figure 45. Swelling pressure recorded in Test 2A. 
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4.11.4 Test 2B 

The higher swelling pressure of the diesel-saturated sample than of the water-saturated one 

suggested that pre stressing had been the cause and it was decided to let the sample relax by 

slight expansion. The piston was hence lifted by 2 mm and locked in this position. This gave a 

drop in dry density to 1590 kg/m
3
. The graph in Figure 46 shows the evolution of the swelling 

pressure in the test called Test 2B. 

  

 

Figure 46. Swelling pressure for Test 2B 

309.6 kPa

0

50

100

150

200

250

300

350

0 50 100 150 200 250 300

S
w

e
ll

in
g

 P
re

ss
u

re
 (

k
P

a
)

Time (Hour)

Swelling Pressure-Test 2B



 

53 

4.12 Preliminary models of saturation of membrane soil  

4.12.1 Water 

The homogenization process of clay/ballast mixtures with 10 % clay, sorbing water, has 

been modeled by FEM technique based on the assumption that the clay particles and 

ballast grains are rod-shaped and regularly arranged in densest fashion as shown in 

Figure 47. The sand grains were assumed to have a diameter of 2.5 mm while the clay 

grains were taken to be 1 mm in diameter, both roughly corresponding to the median size 

of experimentally investigated mixtures (Pusch & N.Yong, Microstructure of Smectite 

Clays and Engineering Performance , 2006). Figure 48 shows the density distribution as a 

function of time after start of hydration. 

 

 

 

 

Figure 47. Geometrical model of mixture of about 10 % smectite clay (“bentonite”) and ballast particles 

according to a FEM analysis in 2D according to Börgesson.
23

 

                                                 
23

 (Pusch & N.Yong, Microstructure of Smectite Clays and Engineering Performance , 2006)  
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Figure 48. The pictures show the expansion of the clay granules between the ballast grains. The narrow gel 

in the ultimate stage has a density at saturation of 1420 kg/m3, while it is 1930 kg/m3 for the densest part.  

T is time in seconds
24

. 

 

The initial microstructural model geometry represents the densest possible layering of 

particles representing two grain sizes. The dry density of the clay granules was set at 

1980 kg/m
3
 while that of the ballast grains was taken to be 2650 kg/m

3
. The dry density 

of the mixture was 1560 kg/m
3
, corresponding to 2000 kg/m

3
 at water saturation. The 

homogenization process, driven by the hydrophilic potential of the clay material, 

ultimately yields a very significant variation in clay dry density, i.e. from 620 to 1450 

kg/m
3
, corresponding to a density at water saturation of 1400 to 1930 kg/m

3
. This 

variation, which is permanent, is due to the internal friction in the system. 

The FEM study indicates that the narrowest portion of the voids between the ballast 

grains will not be filled by expanded clay. The resulting open space, which forms isolated 

unfilled ring-shaped zones around the contact points of ballast grains has some effect on 

the overall hydraulic conductivity. However, the heterogeneity of the clay is more 

                                                 
24

 (Pusch & N.Yong, Microstructure of Smectite Clays and Engineering Performance , 2006) 
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important in this respect. Thus, the clay density will be low in the most expanded part of 

the clay grains, which part will hence have a relatively high hydraulic conductivity.  

The results suggest that the softer parts of the clay occupying the space between the 

ballast grains will undergo coagulation and become very permeable if the groundwater is 

saline. It is evident that the prudent course of action is to use very fine-grained clay when 

the amount of clay added to the ballast is small.  

4.12.2 Diesel oil  

Basing the reasoning on the estimate that molecular diesel components will only be 

sorbed on the basal planes of the smectite crystals, representing about 10 -15 % of the 

total interlamellar and extralamellar surface, swelling of the clay structure in Figure 50 

and 51 will lead to an expansion of the granules by only 10-15 %. It would also mean that 

the narrow wedge-shaped parts of the voids between the large grains will remain unfilled. 

This would lead to a somewhat lower swelling pressure than of the hydrated membrane 

soil while the oil conductivity would be much higher than the hydraulic conductivity.  

4.12.3 Conclusive remarks 

The hypothesis that saturation with diesel oil will cause a limited expansion of the clay 

component in the membrane soil would imply less softening and hence a higher swelling 

pressure than for water saturation. It is in complete agreement with the conclusions from 

the XRD tests and with the finding that oil conductivity is much higher than the hydraulic 

conductivity. 
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4.13 Column Tests 

4.13.1 General 

For observing the penetration and migration depth of the diesel oil through the sample a 

method called column test was used. The idea was to simulate the real conditions when 

oil flows out over a layer of membrane soil. Table 7 summarizes the test data. 

Table 7. Column tests, summarized description 

Test Type 
Test 

No. 
Sample 

Density Density 

Filter Description (Dry) (Saturated) 

kg/m³ kg/m³ 

Column Test  

1 Water-Saturated 1750 2100 

Sand filters at 

the lower and 

upper ends of 

the sample 

Simulating the real 

condition, which is the 

membrane, is under 

ground water level and 

exposed to permanent 

leakage of the oil tank. 

2 Water-Saturated 1750 2100 

Sand filters at 

the lower and 

upper ends of 

the sample 

Simulating the real 

condition, which is the 

membrane, is under 

ground water level and 

exposed to temporary 

leakage of the oil tank.  

3 
Air-Dry 

Membrane 
1750 - 

Without sand 

filters 

Simulating the real 

condition, which is the 

dry membrane, is 

exposed to permanent 

leakage of the oil. The 

aim of test is observing 

the up taking of the 

diesel by membrane 

and tightening behavior 

of the sample. 
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4.13.2 Column test for water-saturated sample-Permanent supply- Test C1: 

The column test was made by using 5 pieces of 20 mm thick clay samples presaturated in 

oedometers to yield a density of 2100 kg/m
3
 (dry density 1750 kg/m

3
). For this purpose, 5 

oedometers were used, the set-up being the same as for determining the hydraulic 

conductivity and swelling pressure (Figures 49 and 50).   

 

Figure 49. Samples to be placed in plexiglass column, which was extracted from oedometer.  

Figure 50. The plexigless column, which was filled with lower sand filter and inside wall, was rubbed with 

mixture of MX-80 and water.  

After extracting the clay samples from the oedometers they were pressed down in 

plexiglass cylinders to come in contact with a 100 mm thick fine-sand filter at the bottom 

over which the clay was inserted. A corresponding filter of sandy gravel was filled and 

slightly compacted on top of the clay. For creating tight contact between the clay samples 

and the plexiglass the walls of the cylinders were coated by a thin layer of very smectite-

rich clay paste (MX-80). The cylinders were equipped with lids and diesel oil was filled 
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through a pipe connection for maintaining constant fluid pressure. The lids were 

anchored for preventing the clay from expanding. Thin porous plastic filters were placed 

at the clay/sand contacts for preventing fine particles from being eroded and washed out. 

Direct observation of the oil flow at the in- and flow ends of the tubings with cross 

section area (0.125 cm2), connected to the cylinders was made (Figures 51). 

 

Figure 51. (Left)Filled plexiglass column and anchored for preventing expasion of the clay (Test C1). 

(Right) First column test with board to keep track of diesel movement in the pipe (Test C1). 

 

The experiments were performed in the following way: 

• The lower filter was placed by sedimentation in water followed by light compaction, 

• The clay column was placed, 

• The upper filter was placed by sedimentation in diesel oil followed by light 

compaction for establishing contact between the components, 

• The tubing connecting the cylinders with the oil source and outflow vessel, 

respectively, were scale-marked for determining the position of the meniscus so that 

the volume of migrated oil could be calculate
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4.13.3 Inflow diesel profile – Test C1 

Figure 52 shows the amount of oil that penetrated into the clay. The curve has two parts 

that are believed to represent different phases, The first, representing the period up to 

500-1000 hours, is related to the initial slow establishment of constant pressures, the 

second showing the performance from 1000 hours and on, representing steady flow of 

oil.  The test also indicated that water was sorbed, a possible reason being that the lower 

filter had not been fully water-saturated from start. 

 

Figure 52. Blue line showing the amount of diesel penetrating into the membrane. Red line showing the 

amount of sorbed water. (Test C1) 
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4.13.4 Analysis of oil contamination  

For finding out to which depth oil had penetrated, the clay column was sliced in very thin 

layers for analysis with respect to the oil content.  

Three methods were suggested for measuring the contamination; Gas Chromatography, 

Incineration (heating), and High-performance Liquid Chromatography. 

For analysis by “High-performance Liquid Chromatography (HPLC)”, the sample must 

be kept in a certain liquid solvent for subsequent analysis. The required time for this was 

judged to be too long and the method was therefore not selected. Incineration was judged 

to be rather insensitive but was still applied as back up. 

Gas chromatography (GC) analysis is a common test of volatile organic contaminants and 

was selected for the present study. The sample is inserted in the injection port of a GC 

device in which the sample vaporizes. The spectra obtained show the various components 

of the material.  

The advantages of analyzing samples by using GC, are: 

• High resolution. Its major limitation is that the samples to be analyzed must be 

sufficiently volatile to make the instrument function properly. 

• Only very small samples are required, implying little preparation effort and time 

• Results are rapidly obtained (1 to 100 minutes) 

• Very high precision 

• Sufficient sensitivity to detect volatile organic mixtures of low concentrations 

• Equipment is not very complex (except for the sophisticated oven) 
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The analysis of the clay discs was made 3 months after terminating the column tests; the 

discs were about 3.5mm thick and were divided into two parts, one for incineration 

testing and the other for GC analysis. The very small amounts of contaminating oil 

required precision measurement of mass and volume of material and glass ampullas. The 

procedures are illustrated in Figures 53, 54 and 55. 

 

Figure 53. Extraction of samples from columns and slicing in layers. (Test C1 and C2) 

 

Figure 54. Sliced samples were kept in glass containers. (Test C1 and C2) 

 

Figure 55. Analyzing and automatic sampling of inside air of glass container by gas chromatography. (Test 

C1 and C2) 
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4.13.5 Depth of diesel oil penetration  

 GC analysis 

The most important aim of the study was to find out how and to what extent the ground 

can be isolated from outflowing oil and the analysis of the membrane soil was therefore 

of primary interest. The GC tests
25

 gave the profile in Figure 56 representing the 

distribution of the oil content after 100 days. The penetration depth of oil was about 10 

mm, the shape of the curve suggesting that the migration was of diffusion type with a 

diffusion coefficient being in the range of E-10 to E-9 m
2
/s although migration by flow 

cannot be excluded. It may well be that both processes occurred simultaneously being 

complexed by oil/water exchange in the voids including the interlamellar space of the 

smectite particles.  The accuracy is estimated to be good although the actual variation in 

disc thickness gives some minor uncertainty. 

 

Figure 56. The concentration of contamination of the membrane depth profile. (Test C1)
26

 

                                                 
25

 The equipment has a very high accuracy. As reference, one can take the content of volatile components 

in laboratory room atmosphere, virtually free of such substances, the value being less than 10 ppm. 
26

 Parts per million - ppm - is commonly used as a measure of small levels of pollutants in air, water, etc. 

Parts per million is the mass ratio between the pollutant component and the solution. ppm is dimensionless 

quantity, a ratio of 2 quantities of the same unit. For example: mg/kg. 
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Incineration analysis  

Pretests were made to estimate the accuracy of the technique, the results being 

summarized in Table 8. The containers with clay were put in the oven at 110°C overnight 

and weighed for determining the weight loss. They were then kept at 800°C in an oven 

for one hour and again weighed.  

Table 8. Incineration pre-tests table 

  Sample 1 Sample 2 Sample 3 Sample 4 

Dry sample (gr) 16.0446 17.2632 9.6086 9.3491 

Diesel (gr) 0.2227 0.3134 0.0586 0.0592 

Total 

(Contaminated Sample) 
(gr) 16.2673 17.5766 9.6672 9.4083 

Percentage of 

contamination 
% 1.3690% 1.7831% 0.6062% 0.6292% 

Weight Loss (110°C oven, 

over a night) 
(gr) 0.2506 0.3341 0.076 0.0753 

Percentage of weight loss % 1.5405% 1.9008% 0.7862% 0.8004% 

Weight of the sample after 

heating in 110°C oven 
(gr) 16.0167 17.2425 9.5912 9.3330 

Weight Loss (800°C oven 

for 1 hour) 
(gr) 0.9264 0.9507 0.6255 0.5105 

Percentage of weight loss % 5.7840% 5.5137% 6.5216% 5.4698% 

 

The conclusion from the pretesting was that the accuracy is reasonably good and the 

method applicable for rough estimation of oil contamination. 

The results from the subsequent ordinary test series are summarized in Figure 57. 
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Figure 57. The concentration of migrated contamination profile according to the tests using the incineration 

method. (Test C1) 

The outcome of the analysis using incineration is different from that of the GC method 

and would indicate that oil may have penetrated to at least 40 mm depth. Since the 

accuracy is not as good as for the GC method, the actual migration of oil is therefore 

believed to have reached a depth of 10 mm at the most.  

The testing time was too short to draw definite conclusions concerning the true migration 

processes of oil into the clay and the penetration depth in a long time perspective.
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4.13.6  Column test for water-saturated sample-Temporary supply-Test C2: 

The purpose of setting up a column test with temporary exposure of membrane clay to oil 

is that, in practice, leaked-out oil on the ground surface and contaminated soil 

immediately below the surface will be removed, For investigating this case the same 

column experiments with initially water-saturated clay were prepared except that the 

upper filter of sandy gravel was saturated with diesel while the lower filter was kept 

saturated with water (Figure 58). The testing time was 100 days. 

Figure 58. The column tests for temporary exposure of the clay to diesel oil. (Test C2)  

GC technique was used in this test the outcome of which is illustrated in Figure 59. One 

finds a similar pattern as for the test with longer exposure but a smaller penetration depth, 

hence indicating that migration of oil into the clay is of diffusion type. 
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Figure 59. The concentration of contamination through the membrane depth profile (Test C2) 
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4.13.7  Column test with air-dry membrane-Permanent supply 

This case simulates the condition of exposure of initially dry membrane clay to diesel oil. The 

clay column had a water content of slightly less than 1%, and a dry density of 1750 kg/m
3. 

This experiment has been conducted twice, the first test taking place with upper and lower 

sandy filters on site, and the second with only the membrane clay and no sand filters. The 

earlier used upper and lower sand filters were not present in a separate test (Figures 60 and 

61).  

The membrane directly contacting diesel oil immediately let oil through and appeared at the 

discharge end already after 20 min.   

 

 

Figure 60. Column test with air-dry membrane with upper (diesel-saturated) and lower (dry) sand filter. 
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Figure 61. Column test with air-dry membrane without sand filter. (Test C3) 

The significant difference in penetration of diesel oil in initially water-saturated and dry 

membrane soil is obvious by comparing Figures 62 with Figure 52. A major conclusion from 

this is that “membrane” clay must be kept largely water-saturated since its capacity in air-dry 

form to retard oil infiltration is not sufficient.  

 

Figure 62. Left Figure: Initial migration depth of diesel through the air-dry membrane. (Test C3) 

Right Figure: Initial migration of diesel oil into air-dry membrane soil surrounded by sand filters (Test C3) 
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4.14 Shear test 

The aim of doing this test is for comparing the bearing capacity of oil-saturated “membrane” 

clay with water-saturated clay. For this purpose, the undrained shear strength was determined 

by simple uniaxial (unconfined) compression test with stepwise increased pressure. Since the 

failure pressure is expected to be a few kPa for diesel-saturated clay and significantly more 

than that for water-saturated clay the pressure steps were small and taken to be 10, 20, 30 etc. 

kPa. Each step had a duration of 10 minutes. The samples were protected from desiccation by 

coating them with fat. The cylindrical shape samples had a dry density of 1750 kg/m
3
. The 

height and diameter were 20mm and 50mm diameter, respectively. Figure 66 shows the 

prepared diesel-saturated sample. 

 

Figure 63. Extracted diesel-saturated sample for running shear test. 

4.14.1 Result 

Figures 64 and 65 show that the diesel-saturated sample had a considerably lower bearing 

capacity than the water-saturated one. The weakness of the diesel-saturated sample caused 

failure and axial compression already when the first pressure step was applied. One concludes 

that vehicles driven on oil-saturated “membrane” clay will sink at get stuck unless the sand 

cover is thick enough to effectively distribute the wheel load. 
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Figure 64.  Vertical displacement measurements by applying pressure on the samples. 

 

 

Figure 65. Vertical strain versus time by applying stepwise vertical pressure. 
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5 Discussion and conclusions 

The major conclusions from the study were: 

• Penetration of diesel oil through water-saturated “membrane” clay took place to a depth 

of about 1 cm in 100 days. This means that the contaminated part of the clay layer is very 

small and can be removed and replaced quickly and at a low cost. The sand cover needs to 

be removed and replaced as well. 

• Penetration of diesel oil through dry “membrane” clay was rapid and reached to a depth 

of about 20 cm in 20 min. No retardation was noticed, implying that the clay must be kept 

largely water-saturated for serving as effective isolation against oil leakage into the 

ground. Installation of plastic sheets with welded joints above the “membrane” clay is 

believed to cause and preserve such a condition.  

• The migration of oil into water-saturated “membrane” clay with a dry density of about 

1750 kg/m
3
 is believed to be associated with exchange of interlamellar water by oil and 

have the character of diffusion. However, oil penetration may in fact also have the form of 

flow, which may be dominant if the entire “membrane” is initially air-dry. 

• XRD test shows that “membrane” clay can absorb diesel and thereby expand. This 

capacity is estimated to be about 50% of that of water. Still, the swelling pressure is 

slightly higher than of water-saturated clay, which can be explained on microstructural 

grounds.  

• A diesel-saturated membrane has much lower bearing capacity than when being saturated 

with water, which has practical consequences. Thus, vehicles will sink down in the clay 

unless the covering sand layer is thick and dense enough.  

• Freezing and thawing may cause permanent microstructural damage and loss of its 

potential to resist oil penetration. This can be investigated in a laboratory test campaign of 

limited extension. 

• The performance of “membrane” clay should be investigated by conducting a full-scale 

field experiment under realistic climatic conditions, preferably in an area with substantial 

variations in temperature, like in the Luleå region.  

• Alternative membrane clay could be natural clay, like moraine clay, with 15-25 % 

smectite, being cheaper and available in large parts of Scandinavia 

• SEM (scanning electron microscopy) should be made for illustrating the processes on the 

microstructural level.  

 



 

72 

6 References 

(2012). Retrieved from Calgary Rock and Materials Services Inc.: www.calgaryrock.ca 

Daniel, D. E. (1994). State-of-the-Art: Laboratory Hydraulic Conductivity Tests for Saturated 

Soils. In D. Daniel, & S. Trautwein (Eds.), Hydraulic Conductivity and Waste Contaminant 

Transport in Soil. Philadelphia: AMERICAN SOCIETY FOR TESTING AND 

MATERIALS. 

Ermrich, M., & Opper, D. (2011). X-Ray Powder Diffraction. PANalytical GmbH. 

Gieseking, J. E. (1939). The mechanism of cation exchange in the montmorillonite-beidellite-

nontronite type of clay minerals.  

Grim, R. E. (1953). Clay Mineralogy. McGraw-Hill. 

Henry, D., Eby, N., Goodge, J., & Mogk, D. (2012). Retrieved April 2012, from The Science 

Education Resource Center (SERC): 

http://serc.carleton.edu/research_education/geochemsheets/BraggsLaw.html 

Johnson, K., & Haug, M. (1992). Impact of wet-dry freeze-thaw cycles on the hydraulic 

conductivity of glacial till. 45th Canadian Geotechnical Conference, (pp. 70/1-70/10). 

Toronto. 

Jordan, J. W. (1949). Organophilic bentonites.  

Kaya, A. (2009). Relating equal smectite content and basal spacing to the residual friction 

angle of soils. 

Othman, M., & Benson, C. (1993). Effect of freeze-thaw on the hydraulic conductivity and 

morphology of compacted clay. Canadian Geotechnical Journal , 30, 236-246. 

Pusch, R. (2012). Impact of clay sample height on the strength properties. Lund/Luleå. 

Pusch, R. (2002). The Buffer and Backfill Handbook Part 1: Definitions, basic relationships, 

and laboratory methods. Sweden: Svensk Kärnbränslehantering AB. 

Pusch, R. (2001). The Buffer and Backfill Handbook Part 2: Materials and techniques . 

Sweden: Svensk Kärnbränslehantering AB. 

Pusch, R. (2003). The Buffer and Backfill Handbook Part 3: Models for calculation of 

processes and behaviour . Sweden: Svensk Kärnbränslehantering AB. 

Pusch, R. (2001). The microstructure of MX-80 clay with respect to its bulk physical 

properties under different environmental conditions . Sweden: Svensk Kärnbränslehantering 

AB. 

Pusch, R. (1994). Waste Disposal in Rock. Developments in Geotechnical Engineering. 

Elsevier Science. 



 

73 

Pusch, R., & N.Yong, R. (2006). Microstructure of Smectite Clays and Engineering 

Performance . Taylor & Francis. 

Pusch, R., Börgesson, L., & Erlström, M. (1987). Alteration of isolating properties of dense 

smectite clay in repository environment as examplified by seven pre-Quaternary clays. 

Svensk Kärnbränslehantering AB. 

Pusch, R., Karnland, O., & Hökmark, H. (1990). GMM – a general microstructural model for 

qualitative and quantitative studies of smectite clays. . Svensk Kärnbränslehantering AB. 

Pusch, R., Muurinen, A., Lehikoinen, J., Bors, J., & Eriksen. (1999). Microstructural and 

chemical parameters of bentonite as determinant of waste isolation efficiency. European 

Commission Contract. 

Viklander, P. (1997). Compaction and Thaw Deformation of Frozen Soil-Doctoral Thesis. 

Luleå: Luleå University of Technology. 

Viklander, P. (1995). Influence of cycles of freeze/thaw on soil permeability, a literature 

study. Luleå: Luleå University of Technology. 

 

 

 



 

74 

7 Appendices 

7.1 Appendix 1 - Water and Diesel Content in Samples 

More investigation has been done on water and diesel-saturated samples, which were 

prepared in oedometer. The tables show water content of each water-saturated samples 

and diesel content in diesel-saturated sample. Densities represent “dry density”. 

Table 9. Water content in samples, which were prepared for column test. 

  

Air-dry membrane 

w=1% 

Saturated 

Sample 

Water 

content 

gr gr % 

First Column Test Samples (Saturated with water) 

ρ=1750 kg/m3 

68.72 0.00 - 

69.13 87.19 27.4 

68.86 85.66 25.6 

69.13 87.68 28.1 

68.72 85.36 25.5 

Second Column Test Samples (Saturated with water) 

ρ=1750 kg/m3 

68.45 84.38 24.5 

67.63 81.77 22.1 

67.90 83.01 23.5 

68.17 83.15 23.2 

65.58 0.00 - 

Table 10. Diesel content in sample, which were extracted from oedometer test 

  

Air-dry membrane 

w=1% 

Saturated 

Sample 

Diesel 

content 

gr gr % 

Test 1b (Saturated with diesel) 

ρ=1590 kg/m3 69.48 88.24 28.3 
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7.2 Appendix 2 - Summary Of Conductivity and Swelling Pressure Tests In 

Block Diagram Form 

 

Figure 66. Block diagram shows evaluated hydraulic and oil conductivity for each oedometer test. 

 

Figure 67. Block diagram shows evaluated swelling pressure for each oedometer test. 
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7.3 Appendix 3 - Hydraulic Conductivity-Test 1A 

Note: The density of the distilled water at 20ᵒ C = 998 Kg/m³ 

Date, Time 
Duration 

(Hour) 

Duration 

(sec) 

Weight 

(gr) 

* Tail Water 

Volume (mᶾ) 

q 

(mᶾ/s) 

A 

(m2) 

(P1-P2) 

(m) 

L  

(m) 

K  

(m/s) 

11-10-29 8 698580 0.1592 1.59519E-07 2.28348E-13 0.002 1.02 0.02 2.2387E-12 

11-10-30 9 791880 0.1777 1.78056E-07 2.24852E-13 0.002 1.02 0.02 2.20444E-12 

11-10-31 10 875880 0.186 1.86373E-07 2.12783E-13 0.002 1.02 0.02 2.08611E-12 

11-11-02 12 1054080 0.2138 2.14228E-07 2.03237E-13 0.002 1.02 0.02 1.99252E-12 

11-11-03 13 1135080 0.2254 2.25852E-07 1.98974E-13 0.002 1.02 0.02 1.95073E-12 

11-11-04 14 1226280 0.2355 2.35972E-07 1.92429E-13 0.002 1.02 0.02 1.88656E-12 

11-11-05 15 1306980 0.245 2.45491E-07 1.87831E-13 0.002 1.02 0.02 1.84148E-12 

11-11-06 16 1392600 0.2498 2.50301E-07 1.79736E-13 0.002 1.02 0.02 1.76212E-12 

11-11-07 17 1495080 0.2615 2.62024E-07 1.75258E-13 0.002 1.02 0.02 1.71821E-12 

11-11-08 18 1581000 0.2686 2.69138E-07 1.70233E-13 0.002 1.02 0.02 1.66895E-12 

11-11-09 19 1666620 0.2772 2.77756E-07 1.66658E-13 0.002 1.02 0.02 1.6339E-12 

11-11-10 20 1760100 0.2861 2.86673E-07 1.62873E-13 0.002 1.02 0.02 1.5968E-12 
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11-11-11 21 1830900 0.293 2.93587E-07 1.60351E-13 0.002 1.02 0.02 1.57207E-12 

11-11-13 23 2016480 0.3113 3.11924E-07 1.54687E-13 0.002 1.02 0.02 1.51654E-12 

11-11-14 24 2100780 0.3188 3.19439E-07 1.52057E-13 0.002 1.02 0.02 1.49076E-12 

11-11-15 25 2186280 0.3265 3.27154E-07 1.4964E-13 0.002 1.02 0.02 1.46706E-12 

11-11-16 26 2270880 0.3361 3.36774E-07 1.48301E-13 0.002 1.02 0.02 1.45393E-12 

11-11-17 27 2363580 0.3444 3.4509E-07 1.46003E-13 0.002 1.02 0.02 1.4314E-12 

11-11-18 28 2442780 0.3519 3.52605E-07 1.44346E-13 0.002 1.02 0.02 1.41516E-12 

11-11-20 30 2617080 0.3677 3.68437E-07 1.40782E-13 0.002 1.02 0.02 1.38021E-12 

11-11-21 31 2703550 0.3745 3.75251E-07 1.38799E-13 0.002 1.02 0.02 1.36078E-12 

11-11-22 32 2785150 0.3812 3.81964E-07 1.37143E-13 0.002 1.02 0.02 1.34454E-12 

11-11-23 33 2871550 1.9826 1.98657E-06 6.91812E-13 0.002 1.02 0.02 6.78247E-12 

11-11-24 34 2950750 2.0976 2.1018E-06 7.12295E-13 0.002 1.02 0.02 6.98328E-12 

11-11-26 36 3116350 2.1811 2.18547E-06 7.01292E-13 0.002 1.02 0.02 6.87541E-12 

11-11-27 37 3195550 2.1973 2.2017E-06 6.8899E-13 0.002 1.02 0.02 6.75481E-12 

11-11-28 38 3290350 3.2349 3.24138E-06 9.85118E-13 0.002 1.02 0.02 9.65802E-12 
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11-11-29 39 3387550 3.9307 3.93858E-06 1.16266E-12 0.002 1.02 0.02 1.13987E-11 

11-11-30 40 3455650 4.8779 4.88768E-06 1.4144E-12 0.002 1.02 0.02 1.38667E-11 

11-12-01 41 3542950 6.11 6.12224E-06 1.72801E-12 0.002 1.02 0.02 1.69413E-11 

11-12-02 42 3627550 7.0586 7.07275E-06 1.94973E-12 0.002 1.02 0.02 1.9115E-11 

11-12-04 44 3712150 8.8072 8.82485E-06 2.37729E-12 0.002 1.02 0.02 2.33067E-11 

11-12-06 46 3888550 12.0751 1.20993E-05 3.11152E-12 0.002 1.02 0.02 3.05051E-11 

11-12-07 47 3965050 13.5143 1.35414E-05 3.41519E-12 0.002 1.02 0.02 3.34822E-11 

11-12-07 47 3980350 13.8072 1.38349E-05 3.47579E-12 0.002 1.02 0.02 3.40764E-11 

11-12-09 49 4063150 29.4745 2.95336E-05 3.56686E-10 0.002 1.02 0.02 3.49692E-09 

11-12-10 50 4149550 19.2831 1.93217E-05 2.23631E-10 0.002 1.02 0.02 2.19246E-09 

11-12-11 51 4239550 18.0203 1.80564E-05 2.00627E-10 0.002 1.02 0.02 1.96693E-09 

11-12-12 52 4333150 18.0376 1.80737E-05 1.93096E-10 0.002 1.02 0.02 1.89309E-09 

11-12-13 53 4322350 14.1383 1.41666E-05 1.71095E-10 0.002 1.02 0.02 1.6774E-09 

11-12-14 54 4348210 16.0878 1.612E-05 1.48353E-10 0.002 1.02 0.02 1.45444E-09 

11-12-16 56 4390090 19.0292 1.90673E-05 1.2666E-10 0.002 1.02 0.02 1.24176E-09 
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11-12-18 58 4412350 18.8551 1.88929E-05 1.09334E-10 0.002 1.02 0.02 1.0719E-09 

11-12-19 59 4316650 7.6994 7.71483E-06 1.00063E-10 0.002 1.02 0.02 9.81006E-10 

11-12-20 60 4336750 9.4276 9.44649E-06 9.71861E-11 0.002 1.02 0.02 9.52805E-10 

11-12-21 61 4333750 7.7229 7.73838E-06 8.21484E-11 0.002 1.02 0.02 8.05376E-10 

11-12-22 62 4316650 5.601 5.61222E-06 7.27915E-11 0.002 1.02 0.02 7.13642E-10 

11-12-23 63 4332250 6.5753 6.58848E-06 7.10731E-11 0.002 1.02 0.02 6.96795E-10 

11-12-24 64 4411450 6.5144 6.52745E-06 8.33647E-11 0.002 1.02 0.02 8.17301E-10 

11-12-26 66 4486450 8.8052 8.82285E-06 5.37651E-11 0.002 1.02 0.02 5.27108E-10 

11-12-27 67 4446010 4.8251 4.83477E-06 4.94353E-11 0.002 1.02 0.02 4.8466E-10 

11-12-29 69 4570990 8.587 8.60421E-06 4.75633E-11 0.002 1.02 0.02 4.66307E-10 

11-12-30 70 4496650 3.8562 3.86393E-06 4.58354E-11 0.002 1.02 0.02 4.49367E-10 

12-01-01 72 4490050 7.6376 7.65291E-06 4.41344E-11 0.002 1.02 0.02 4.3269E-10 

12-01-02 73 4415350 3.4452 3.4521E-06 4.39199E-11 0.002 1.02 0.02 4.30587E-10 

12-01-04 75 4496650 6.9354 6.9493E-06 4.26599E-11 0.002 1.02 0.02 4.18234E-10 

12-01-06 77 4517650 8.3451 8.36182E-06 4.16011E-11 0.002 1.02 0.02 4.07854E-10 
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12-01-08 79 4482550 6.1954 6.20782E-06 4.13028E-11 0.002 1.02 0.02 4.0493E-10 

12-01-10 81 4531450 5.0031 5.01313E-06 4.17761E-11 0.002 1.02 0.02 4.09569E-10 

12-01-11 82 4649950 7.282 7.29659E-06 4.46275E-11 0.002 1.02 0.02 4.37524E-10 

12-01-12 83 4533910 3.7816 3.78918E-06 4.31078E-11 0.002 1.02 0.02 4.22626E-10 

12-01-13 84 4645690 3.1312 3.13747E-06 4.2001E-11 0.002 1.02 0.02 4.11775E-10 

12-01-14 85 4579750 3.439 3.44589E-06 4.14668E-11 0.002 1.02 0.02 4.06537E-10 

12-01-16 87 4653550 6.5258 6.53888E-06 4.16754E-11 0.002 1.02 0.02 4.08583E-10 

12-01-18 89 4695910 8.2023 8.21874E-06 4.12463E-11 0.002 1.02 0.02 4.04375E-10 

12-01-20 91 4658290 6.6376 6.6509E-06 4.11464E-11 0.002 1.02 0.02 4.03396E-10 

12-01-23 94 4759810 11.2244 1.12469E-05 4.16922E-11 0.002 1.02 0.02 4.08747E-10 

12-01-25 96 4670890 6.7212 6.73467E-06 4.39485E-11 0.002 1.02 0.02 4.30868E-10 

12-01-27 98 4699450 8.0361 8.0522E-06 4.42916E-11 0.002 1.02 0.02 4.34231E-10 

12-01-29 100 4700650 7.807 7.82265E-06 4.27467E-11 0.002 1.02 0.02 4.19085E-10 

12-02-01 103 4735750 10.8022 1.08238E-05 4.27482E-11 0.002 1.02 0.02 4.191E-10 

12-02-05 107 4850850 13.6282 1.36555E-05 4.27536E-11 0.002 1.02 0.02 4.19153E-10 
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7.4 Appendix 4 - Oil Conductivity-Test 1B 

 

Oil Conductivity - Test 1B 

Date Date , Time 
Duration 

(Hour) 
  

Duration 

(sec) 

Weight 

(gr) 

Tail Diesel 

Volume (mᶾ) 

q 

(mᶾ/s) 

A 

(m2) 

(P1-P2) 

(m) 

L 

(m) 

K 

(m/s) 

02-08-12 

2-5-12 15:00 

73:00:00 73:00:00 262800 3.1612 3.82249E-06 1.45452E-11 0.002 0.51 0.02 2.85201E-10 

2-8-12 16:00 

02-10-12 

2-9-12 19:15 

22:20:00 95:20:00 80400 0.4287 5.1838E-07 6.44751E-12 0.002 0.51 0.02 1.26422E-10 

2-10-12 17:35 

02-12-12 

2-10-12 17:35 

51:55:00 147:15:00 186900 0.4265 5.15719E-07 2.75933E-12 0.002 0.51 0.02 5.41046E-11 

2-12-12 21:30 

02-13-12 

2-12-12 15:00 

30:10:00 177:25:00 108600 0.0949 1.14752E-07 1.05665E-12 0.002 0.51 0.02 2.07186E-11 

2-13-12 21:10 

02-15-12 

2-13-12 21:10 

39:25:00 216:50:00 141900 0.0571 6.90447E-08 4.86573E-13 0.002 0.51 0.02 9.54065E-12 

2-15-12 12:35 
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02-18-12 

2-15-12 12:35 

72:55:00 289:45:00 262500 0.0676 8.17412E-08 3.11395E-13 0.002 0.51 0.02 6.10579E-12 

2-18-12 13:30 

02-20-12 

2-18-12 13:30 

53:12:00 342:57:00 191520 0.0095 1.14873E-08 5.99797E-14 0.002 0.51 0.02 1.17607E-12 

2-20-12 18:42 

02-26-12 

2-20-12 18:42 

148:38:00 491:35:00 535080 0.0489 5.91294E-08 1.10506E-13 0.002 0.51 0.02 2.16678E-12 

2-26-12 23:20 

03-07-12 

2-26-12 23:20 

231:40:00 723:15:00 834000 0.0001 1.20919E-10 1.44987E-16 0.002 0.51 0.02 2.84288E-15 

3-7-12 15:00 

03-24-12 

3-23-12 14:41 

25:36:00 748:51:00 92160 28.3195 3.42437E-05 3.71567E-10 0.002 0.51 0.02 7.28564E-09 

3-24-12 16:17 

03-25-12 

3-24-12 16:17 

23:03:00 771:54:00 82980 24.9316 3.0147E-05 3.63305E-10 0.002 0.51 0.02 7.12362E-09 

3-25-12 15:20 

03-27-12 

3-25-12 15:20 

47:20:00 819:14:00 170400 52.8829 6.39455E-05 3.75267E-10 0.002 0.51 0.02 7.35817E-09 

3-27-12 14:40 

03-29-12 3-27-12 14:40 49:35:00 868:49:00 178500 59.4001 7.1826E-05 4.02387E-10 0.002 0.51 0.02 7.88993E-09 
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3-29-12 16:15 

04-03-12 

4-2-12 15:46 

24:20:00 893:09:00 87560 59.4001 7.1826E-05 4.02387E-10 0.002 0.51 0.02 1.60844E-08 

4-3-12 16:06 
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7.5 Appendix 5 - Oil Conductivity-Test 2A 

 

Oil Conductivity for Test 2A 

Date   Date, Time 
Duration 

(sec) 

Weight 

(gr) 

Tail Diesel 

Volume (mᶾ) 

q 

(mᶾ/s) 

A 

(m2) 

(P1-P2) 

(m) 

L 

(m) 

K 

(m/s) 

K (m/s) 

mean value 

10-27-11 1 

10-27-11 15:00 

3900 57.3992 6.94065E-05 1.77965E-08 0.002 0.53 0.02 3.35784E-07 

3.32044E-07 

10-27-11 16:05 

10-27-11 16:32 

3960 56.2232 6.79845E-05 1.71678E-08 0.002 0.53 0.02 3.23921E-07 

10-27-11 17:38 

10-27-11 17:53 

4200 61.9327 7.48884E-05 1.78306E-08 0.002 0.53 0.02 3.36426E-07 

10-27-11 19:03 

10-28-11 2 

10-28-11 11:25 

3900 56.5402 6.83678E-05 1.75302E-08 0.002 0.53 0.02 3.30759E-07 

3.33726E-07 

10-28-11 12:30 

10-28-11 14:45 

3960 62.2373 7.52567E-05 1.90042E-08 0.002 0.53 0.02 3.5857E-07 

10-28-11 15:55 

10-28-11 16:07 4200 57.4084 6.94177E-05 1.6528E-08 0.002 0.53 0.02 3.11849E-07 
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10-29-11 3 

10-29-11 14:21 

3600 53.6229 6.48403E-05 1.80112E-08 0.002 0.53 0.02 3.39834E-07 

3.45134E-07 

10-29-11 15:21 

10-29-11 15:31 

3600 53.0202 6.41115E-05 1.78087E-08 0.002 0.53 0.02 3.36014E-07 

10-29-11 16:31 

10-29-11 16:38 

3600 56.7347 6.8603E-05 1.90564E-08 0.002 0.53 0.02 3.59555E-07 

10-29-11 17:38 

10-30-11 4 

10-30-11 11:30 

3600 56.6436 6.84929E-05 1.90258E-08 0.002 0.53 0.02 3.58977E-07 

3.61069E-07 

10-30-11 12:30 

10-30-11 14:38 

3600 56.9391 6.88502E-05 1.91251E-08 0.002 0.53 0.02 3.6085E-07 

10-30-11 15:38 

         

10-30-11 15:51 

3600 57.3384 6.9333E-05 1.92592E-08 0.002 0.53 0.02 3.63381E-07 

10-30-11 16:51 

10-31-11 5 

10-31-11 11:15 

3600 55.8617 6.75474E-05 1.87632E-08 0.002 0.53 0.02 3.54022E-07 3.52254E-07 

10-31-11 12:15 
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10-31-11 13:00 

3600 55.6900 6.73398E-05 1.87055E-08 0.002 0.53 0.02 3.52934E-07 

10-31-11 14:00 

10-31-11 15:51 

3600 55.1966 6.67432E-05 1.85398E-08 0.002 0.53 0.02 3.49807E-07 

10-31-11 16:51 

11-01-11 6 

11-1-11 13:35 

3600 56.2245 6.79861E-05 1.8885E-08 0.002 0.53 0.02 3.56321E-07 

3.55614E-07 

11-1-11 14:35 

11-1-11 15:00 

3600 56.0013 6.77162E-05 1.88101E-08 0.002 0.53 0.02 3.54907E-07 

11-1-11 16:00 

11-02-11 7 

11-2-11 14:15 

3600 55.6622 6.73062E-05 1.86962E-08 0.002 0.53 0.02 3.52758E-07 

3.50778E-07 

11-2-11 15:15 

11-2-11 15:20 

3600 55.0376 6.65509E-05 1.84864E-08 0.002 0.53 0.02 3.48799E-07 

11-2-11 16:20 

11-03-11 8 

11-3-11 9:30 

3600 55.1065 6.66342E-05 1.85095E-08 0.002 0.53 0.02 3.49236E-07 

3.49303E-07 11-3-11 10:30 

11-3-11 15:00 3600 55.1276 6.66597E-05 1.85166E-08 0.002 0.53 0.02 3.4937E-07 
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11-3-11 16:00 

11-04-11 9 

11-4-11 13:15 

3600 55.2782 6.68418E-05 1.85672E-08 0.002 0.53 0.02 3.50324E-07 

3.54697E-07 

11-4-11 14:15 

11-4-11 19:00 

3600 56.6582 6.85105E-05 1.90307E-08 0.002 0.53 0.02 3.5907E-07 

11-4-11 20:00 

11-05-11 10 

11-5-11 15:46 

4080 62.7782 7.59108E-05 1.86056E-08 0.002 0.53 0.02 3.51049E-07 

3.52081E-07 

11-5-11 16:54 

11-5-11 21:42 

3600 55.7182 6.73739E-05 1.8715E-08 0.002 0.53 0.02 3.53113E-07 

11-5-11 22:42 

11-06-11 11 

11-6-11 15:32 

3600 56.2782 6.8051E-05 1.89031E-08 0.002 0.53 0.02 3.56662E-07 

3.58436E-07 

11-6-11 16:32 

11-6-11 21:18 

3600 56.8382 6.87282E-05 1.90912E-08 0.002 0.53 0.02 3.60211E-07 

11-6-11 22:18 

11-07-11 12 

11-7-11 12:32 

3600 55.6782 6.73255E-05 1.87015E-08 0.002 0.53 0.02 3.52859E-07 3.52162E-07 

11-7-11 13:32 
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11-7-11 17:12 

3600 55.4582 6.70595E-05 1.86276E-08 0.002 0.53 0.02 3.51465E-07 

11-7-11 18:12 

11-08-11 13 

11-8-11 15:32 

4320 63.6282 7.69386E-05 1.78099E-08 0.002 0.53 0.02 3.36035E-07 

3.36035E-07 

11-8-11 16:12 

  

                

  

11-14-11 19 

11-14-11 11:00 

3600 52.4716 6.34481E-05 1.76245E-08 0.002 0.53 0.02 3.32537E-07 

3.31487E-07 

11-14-11 12:00 

11-14-11 19:15 

3600 52.1400 6.30472E-05 1.75131E-08 0.002 0.53 0.02 3.30436E-07 

11-14-11 20:15 

11-15-11 20 

11-15-11 17:15 

3600 52.0571 6.29469E-05 1.74853E-08 0.002 0.53 0.02 3.2991E-07 

3.31801E-07 

11-15-11 18:15 

11-15-11 18:40 

3600 52.6537 6.36683E-05 1.76856E-08 0.002 0.53 0.02 3.33691E-07 

11-15-11 19:40 
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11-16-11 21 

11-16-11  15:00 

3607 52.7147 6.37421E-05 1.76718E-08 0.002 0.53 0.02 3.3343E-07 

3.32577E-07 

11-16-11  16:00:07 

11-16-11  17:20 

3600 52.3434 6.32931E-05 1.75814E-08 0.002 0.53 0.02 3.31725E-07 

11-16-11  18:20 

11-17-11 22 

11-17-11 20:15 

3600 53.4946 6.46851E-05 1.79681E-08 0.002 0.53 0.02 3.39021E-07 

3.39021E-07 

11-17-11 21:15 

  

                

  

11-18-11 23 

11-18-11  15:15 

3607 53.5649 6.47701E-05 1.79568E-08 0.002 0.53 0.02 3.38807E-07 

3.42411E-07 

11-18-11  16:15 

11-18-11  17:50 

3600 54.5982 6.60196E-05 1.83388E-08 0.002 0.53 0.02 3.46015E-07 

11-18-11  18:50 

11-19-11 24 

11-19-11  15:15 

3600 54.7650 6.62213E-05 1.83948E-08 0.002 0.53 0.02 3.47072E-07 

3.45883E-07 11-19-11  16:15 

11-19-11  16:15 3600 54.3900 6.57678E-05 1.82688E-08 0.002 0.53 0.02 3.44695E-07 
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11-19-11  17:15 

11-20-11 25 

11-20-11  18:15 

3600 53.9079 6.51849E-05 1.81069E-08 0.002 0.53 0.02 3.4164E-07 

3.41395E-07 

11-20-11  19:15 

11-20-11  20:00 

3600 53.8305 6.50913E-05 1.80809E-08 0.002 0.53 0.02 3.41149E-07 

11-20-11  21:00 

11-21-11 26 

11-21-11 17:50 

3600 53.5249 6.47218E-05 1.79783E-08 0.002 0.53 0.02 3.39213E-07 

3.39213E-07 

11-21-11 18:50 

  

                

  

11-22-11 27 

11-22-11 18:00 

3600 53.2054 6.43354E-05 1.7871E-08 0.002 0.53 0.02 3.37188E-07 3.37188E-07 

11-22-11 19:00 
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7.6 Appendix 6 - Oil Conductivity-Test 2B 

Oil Conductivity for Test 2B 

Date Date, Time 
Duration 

(sec) 

Weight 

(gr) 

Tail Diesel 

Volume (mᶾ) 

q 

(mᶾ/s) 

A 

(m2) 

(P1-P2) 

(m) 

L 

(m) 

K 

(m/s) 

K (m/s) 

mean value 

11-24-11 

11-24-11 17:20 

3600 57.6889 6.97568E-05 1.93769E-08 0.002 0.53 0.02 3.65602E-07 3.65602E-07 

11-24-11 18:20 

11-25-11 

11-25-11 14:00 

3600 58.1941 7.03677E-05 1.95466E-08 0.002 0.53 0.02 3.68804E-07 3.68804E-07 

11-25-11 15:00 

11-26-11 

11-26-11 16:30 

3600 58.9105 7.1234E-05 1.97872E-08 0.002 0.53 0.02 3.73344E-07 

3.74255E-07 

11-26-11 17:30 

11-26-11 18:00 

3600 59.1982 7.15819E-05 1.98839E-08 0.002 0.53 0.02 3.75167E-07 

11-26-11 19:00 

11-27-11 

11-27-11 16:30 

3600 58.5971 7.0855E-05 1.96819E-08 0.002 0.53 0.02 3.71358E-07 3.71358E-07 

11-27-11 17:30 

11-28-11 

11-28-11 13:45 

3600 58.4111 7.06301E-05 1.96195E-08 0.002 0.53 0.02 3.70179E-07 3.70179E-07 

11-28-11 14:45 

11-29-11 11-29-11 13:45 3600 59.0934 7.14551E-05 1.98486E-08 0.002 0.53 0.02 3.74503E-07 3.74503E-07 
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11-29-11 14:45 

12-01-11 

12-1-11 13:45 

3600 58.5573 7.08069E-05 1.96686E-08 0.002 0.53 0.02 3.71105E-07 3.71105E-07 

12-1-11 14:45 

12-02-11 

12-2-11 13:45 

3600 58.9811 7.13193E-05 1.98109E-08 0.002 0.53 0.02 3.73791E-07 3.73791E-07 

12-2-11 14:45 

12-04-11 

12-4-11 13:45 

3600 60.6457 7.33322E-05 2.037E-08 0.002 0.53 0.02 3.8434E-07 3.8434E-07 

12-4-11 14:45 

12-06-11 

12-6-11 13:45 

3600 57.6786 6.97444E-05 1.93734E-08 0.002 0.53 0.02 3.65537E-07 3.65537E-07 

12-6-11 14:45 

12-07-11 

12-7-11 13:45 

3600 58.5909 7.08475E-05 1.96799E-08 0.002 0.53 0.02 3.71318E-07 3.71318E-07 

12-7-11 14:45 
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7.7 Appendix 7 - Swelling Pressure-Test 1A 

 

Water Supply 1A 

Date and Time 
Time 

(Hour) 

Force 

(KN) 

Swelling Pressure 

(kPa) 

11-10-11 14:56 0.0 1.04 519.5 

11-10-11 16:05 1.2 1.05 524.5 

11-10-11 17:31 2.6 1.07 534.5 

11-10-11 19:20 4.4 1.09 544.5 

11-10-11 20:00 5.1 1.09 544.5 

11-10-12 11:00 20.1 1.11 554.5 

11-10-12 13:55 23.0 1.13 564.5 

11-10-12 17:50 26.9 1.12 559.5 

11-10-13 11:00 44.1 1.12 559.5 

11-10-13 17:30 50.6 1.13 564.5 

11-10-14 13:00 70.1 1.12 559.5 

11-10-14 15:45 72.8 1.13 564.5 

11-10-14 17:15 74.3 1.12 559.5 

11-10-15 15:30 96.6 1.13 564.5 

11-10-15 19:15 100.3 1.12 559.5 

11-10-16 12:30 117.6 1.12 559.5 

11-10-16 19:45 124.8 1.12 559.5 

11-10-17 9:10 138.2 1.12 559.5 
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11-10-17 12:00 141.1 1.12 559.5 

11-10-17 21:00 150.1 1.12 559.5 

11-10-18 10:45 163.8 1.13 564.5 

11-10-18 13:45 166.8 1.11 554.5 

11-10-18 16:00 169.1 1.12 559.5 

11-10-19 12:00 189.1 1.12 559.5 

11-10-19 14:30 191.6 1.12 559.5 

11-10-19 17:30 194.6 1.13 564.5 

11-10-19 19:30 196.6 1.13 564.5 

11-10-20 12:30 213.6 1.13 564.5 

11-10-20 15:45 216.8 1.11 554.5 

11-10-21 11:30 236.6 1.12 559.5 

11-10-21 15:00 240.1 1.13 564.5 

11-10-21 18:30 243.6 1.12 559.5 

11-10-22 11:05 260.2 1.11 554.5 

11-10-22 15:05 264.1 1.11 554.5 

11-10-22 19:50 268.9 1.11 554.5 

11-10-23 12:15 285.3 1.12 559.5 

11-10-23 16:30 289.6 1.11 554.5 

11-10-24 14:10 311.2 1.12 559.5 

11-10-24 19:20 316.4 1.13 564.5 

11-10-25 13:10 334.2 1.12 559.5 

11-10-26 12:55 358.0 1.12 559.5 
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11-10-26 17:10 362.2 1.12 559.5 

11-10-27 10:30 379.6 1.12 559.5 

11-10-27 16:19 385.4 1.12 559.5 

11-10-27 16:20 385.4 0.12 59.9 

11-10-27 16:35 385.6 0.26 129.9 

11-10-27 17:00 386.1 0.3 149.9 

11-10-27 17:20 386.4 0.31 154.8 

11-10-27 17:55 387.0 0.33 164.8 

11-10-27 19:10 388.2 0.35 174.8 

11-10-28 10:50 403.9 0.41 204.8 

11-10-28 11:30 404.6 0.42 209.8 

11-10-28 13:40 406.7 0.42 209.8 

11-10-28 15:00 408.1 0.42 209.8 

11-10-28 18:50 411.9 0.43 214.8 

11-10-29 14:25 431.5 0.44 219.8 

11-10-29 16:00 433.1 0.45 224.8 

11-10-30 12:30 453.6 0.46 229.8 

11-10-30 14:30 455.6 0.45 224.8 

11-10-30 19:00 460.1 0.45 224.8 

11-10-31 12:00 477.1 0.46 229.8 

11-10-31 19:00 484.1 0.47 234.8 

11-11-01 14:30 503.6 0.47 234.8 

11-11-01 17:00 506.1 0.48 239.8 
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11-11-02 15:00 528.1 0.48 239.8 

11-11-02 19:00 532.1 0.48 239.8 

11-11-03 10:00 547.1 0.48 239.8 

11-11-03 17:00 554.1 0.49 244.8 

11-11-04 14:10 575.2 0.48 239.8 

11-11-04 18:20 579.4 0.49 244.8 

11-11-05 16:45 601.8 0.48 239.8 

11-11-05 22:45 607.8 0.48 239.8 

11-11-06 16:30 625.6 0.49 244.8 

11-11-06 22:35 631.6 0.48 239.8 

11-11-07 11:00 644.1 0.49 244.8 

11-11-07 20:00 653.1 0.5 249.8 

11-11-08 12:10 669.2 0.49 244.8 

11-11-08 19:50 676.9 0.48 239.8 

11-11-09 16:10 697.2 0.49 244.8 

11-11-13 13:00 790.1 0.44 219.8 

11-11-13 19:30 796.6 0.45 224.8 

11-11-13 21:00 798.1 0.45 224.8 

11-11-14 11:30 812.6 0.45 224.8 

11-11-14 20:15 821.3 0.46 229.8 

11-11-15 19:15 844.3 0.45 224.8 

11-11-16 16:15 865.3 0.45 224.8 

11-11-16 19:15 868.3 0.45 224.8 
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11-11-17 11:30 884.6 0.45 224.8 

11-11-18 16:15 913.3 0.45 224.8 

11-11-19 14:30 935.6 0.45 224.8 

11-11-20 18:15 963.3 0.44 219.8 

11-11-21 16:30 985.6 0.45 224.8 

11-11-22 16:15 1,009.3 0.45 224.8 

11-11-23 16:30 1,033.6 0.44 219.8 

11-11-24 16:15 1,057.3 0.44 219.8 

11-11-25 13:30 1,078.6 0.44 219.8 

11-11-26 18:15 1,107.3 0.44 219.8 

11-11-27 14:30 1,127.6 0.44 219.8 

11-12-04 18:15 1,299.3 0.44 219.8 

11-12-06 16:30 1,345.6 0.43 214.8 

11-12-08 16:35 1,393.6 0.43 214.8 

11-12-09 15:30 1,416.6 0.43 214.8 

11-12-10 15:15 1,440.3 0.43 214.8 

11-12-11 16:30 1,465.6 0.43 214.8 

11-12-12 18:30 1,491.6 0.44 219.8 

11-12-13 17:30 1,514.6 0.44 219.8 

11-12-14 23:15 1,544.3 0.43 214.8 

11-12-16 17:30 1,586.6 0.44 219.8 

11-12-18 17:30 1,634.6 0.42 209.8 

11-12-19 14:55 1,656.0 0.43 214.8 
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11-12-20 17:55 1,683.0 0.43 214.8 

11-12-21 20:00 1,709.1 0.43 214.8 

11-12-23 19:15 1,756.3 0.42 209.8 

11-12-24 17:00 1,778.1 0.43 214.8 

11-12-26 14:35 1,823.7 0.42 209.8 

11-12-27 17:45 1,850.8 0.43 214.8 

11-12-29 20:00 1,901.1 0.43 214.8 

11-12-30 19:20 1,924.4 0.43 214.8 

12-01-01 19:35 1,972.6 0.42 209.8 

12-01-02 17:15 1,994.3 0.41 204.8 

12-01-04 14:30 2,039.6 0.42 209.8 

12-01-06 22:30 2,095.6 0.43 214.8 

12-01-08 16:15 2,137.3 0.43 214.8 

12-01-10 1:35 2,170.6 0.42 209.8 

12-01-11 23:15 2,216.3 0.41 204.8 

12-01-12 23:15 2,240.3 0.4 199.8 

12-01-13 20:15 2,261.3 0.4 199.8 

12-01-14 19:25 2,284.5 0.4 199.8 

12-01-16 14:55 2,328.0 0.41 204.8 

12-01-18 22:20 2,383.4 0.39 194.8 

12-01-20 19:00 2,428.1 0.4 199.8 

12-01-23 22:10 2,503.2 0.39 194.8 

12-01-25 16:35 2,545.6 0.39 194.8 



 

99 

12-01-27 19:05 2,596.2 0.38 189.8 

12-01-29 21:55 2,647.0 0.38 189.8 

12-01-30 19:15 2,668.3 0.38 189.8 

12-01-31 8:55 2,682.0 0.38 189.8 

12-02-01 18:00 2,715.1 0.37 184.8 

12-02-03 19:20 2,764.4 0.37 184.8 

12-02-05 14:45 2,807.8 0.37 184.8 
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7.8 Appendix 8 - Swelling Pressure-Test 1B 

 

Water Supply 1B 

Date and Time 
Time 

(Hour) 

Force 

(KN) 

Swelling Pressure 

(kPa) 

12-02-05 15:00 0.0 0.37 184.8201 

12-02-06 10:00 19.0 0.38 189.8153 

12-02-06 20:00 29.0 0.39 194.8104 

12-02-07 13:00 46.0 0.4 199.8056 

12-02-07 21:30 54.5 0.41 204.8007 

12-02-08 16:00 73.0 0.42 209.7958 

12-02-09 15:00 96.0 0.42 209.7958 

12-02-10 16:00 121.0 0.41 204.8007 

12-02-11 16:00 145.0 0.41 204.8007 

12-02-12 15:30 168.5 0.41 204.8007 

12-02-13 15:00 192.0 0.41 204.8007 

12-02-14 15:00 216.0 0.4 199.8056 

12-02-15 15:00 240.0 0.4 199.8056 

12-02-16 15:00 264.0 0.4 199.8056 

12-02-17 15:00 288.0 0.4 199.8056 

12-02-18 15:00 312.0 0.4 199.8056 

12-02-19 15:00 336.0 0.39 194.8104 

12-02-20 15:00 360.0 0.4 199.8056 
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12-02-25 15:00 480.0 0.4 199.8056 

12-02-29 15:00 576.0 0.4 199.8056 

12-03-01 15:00 600.0 0.39 194.8104 

12-03-03 15:00 648.0 0.4 199.8056 

12-03-05 15:00 696.0 0.39 194.8104 

12-03-07 15:00 744.0 0.39 194.8104 

12-03-11 15:00 840.0 0.38 189.8153 

12-03-12 15:00 864.0 0.39 194.8104 

12-03-13 15:00 888.0 0.39 194.8104 

12-03-14 15:00 912.0 0.39 194.8104 

12-03-15 15:00 936.0 0.38 189.8153 

12-03-16 15:00 960.0 0.38 189.8153 

12-03-17 15:00 984.0 0.39 194.8104 

12-03-18 15:00 1,008.0 0.38 189.8153 

12-03-19 15:00 1,032.0 0.39 194.8104 

12-03-20 15:00 1,056.0 0.39 194.8104 

12-03-21 15:00 1,080.0 0.38 189.8153 

12-03-22 15:00 1,104.0 0.38 189.8153 

12-03-23 15:00 1,128.0 0.46 229.7764 

12-03-24 15:00 1,152.0 0.45 224.7813 

12-03-25 15:00 1,176.0 0.46 229.7764 

12-03-26 15:00 1,200.0 0.46 229.7764 

12-03-27 15:00 1,224.0 0.46 229.7764 
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12-03-28 15:00 1,248.0 0.46 229.7764 

12-03-29 15:00 1,272.0 0.46 229.7764 

12-03-30 15:00 1,296.0 0.45 224.7813 
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7.9 Appendix 9 - Swelling Pressure-Test 2A 

Diesel Supply 2A 

Date and Time 
Time 

(Hour) 

Force 

(KN) 

Swelling Pressure 

(MPa) 

11-10-11 15:24 0.0 8.29 4.207 

11-10-11 16:05 0.7 7.86 3.989 

11-10-11 16:06 0.7 7.86 3.989 

11-10-11 17:31 2.1 7.61 3.862 

11-10-11 19:20 3.9 7.38 3.746 

11-10-11 20:00 4.6 7.31 3.710 

11-10-12 11:00 19.6 6.56 3.329 

11-10-12 13:55 22.5 6.48 3.289 

11-10-12 17:50 26.4 6.38 3.238 

11-10-13 11:00 43.6 6.06 3.076 

11-10-13 17:30 50.1 5.98 3.035 

11-10-14 13:00 69.6 5.78 2.933 

11-10-14 15:45 72.3 5.75 2.918 

11-10-14 17:15 73.8 5.74 2.913 

11-10-15 15:30 96.1 5.59 2.837 

11-10-15 19:15 99.8 5.57 2.827 

11-10-16 12:30 117.1 5.49 2.786 

11-10-16 19:45 124.3 5.47 2.776 

11-10-17 15:30 144.1 5.42 2.751 
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11-10-17 21:00 149.6 5.4 2.741 

11-10-18 10:45 163.3 5.34 2.710 

11-10-18 13:45 166.3 5.32 2.700 

11-10-18 16:00 168.6 5.33 2.705 

11-10-19 12:00 188.6 5.28 2.680 

11-10-19 14:30 191.1 5.28 2.680 

11-10-19 17:30 194.1 5.29 2.685 

11-10-19 19:30 196.1 5.28 2.680 

11-10-20 12:30 213.1 5.25 2.664 

11-10-20 15:45 216.3 5.25 2.664 

11-10-21 11:30 236.1 5.2 2.639 

11-10-21 15:00 239.6 5.21 2.644 

11-10-21 18:30 243.1 5.19 2.634 

11-10-22 11:05 259.7 5.17 2.624 

11-10-22 15:05 263.7 5.2 2.639 

11-10-22 19:50 268.4 5.18 2.629 

11-10-23 12:15 284.8 5.14 2.609 

11-10-23 16:30 289.1 5.14 2.609 

11-10-24 14:10 310.8 5.1 2.588 

11-10-24 19:20 315.9 5.09 2.583 

11-10-25 13:10 333.8 5.07 2.573 

11-10-26 12:55 357.5 5.05 2.563 

11-10-26 17:10 361.8 5.04 2.558 
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11-10-27 10:30 379.1 5.01 2.543 

11-10-27 19:10 387.8 5.03 2.553 

11-10-28 10:50 403.4 5.01 2.543 

11-10-28 15:00 407.6 5 2.538 

11-10-28 18:50 411.4 4.99 2.533 

11-10-29 14:25 431.0 4.99 2.533 

11-10-29 16:00 432.6 4.99 2.533 

11-10-30 12:30 453.1 4.97 2.522 

11-10-30 15:30 456.1 4.98 2.527 

11-10-30 19:00 459.6 4.98 2.527 

11-10-31 12:00 476.6 4.94 2.507 

11-10-31 16:00 480.6 4.93 2.502 

11-11-01 14:30 503.1 4.93 2.502 

11-11-01 17:00 505.6 4.93 2.502 

11-11-02 15:00 527.6 4.91 2.492 

11-11-02 19:00 531.6 4.91 2.492 

11-11-03 10:00 546.6 4.9 2.487 

11-11-03 17:00 553.6 4.91 2.492 

11-11-04 14:10 574.8 4.89 2.482 

11-11-04 18:20 578.9 4.89 2.482 

11-11-05 15:45 600.3 4.89 2.482 

11-11-05 22:45 607.3 4.91 2.492 

11-11-06 16:30 625.1 4.89 2.482 
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11-11-06 22:30 631.1 4.86 2.467 

11-11-07 11:00 643.6 4.86 2.467 

11-11-07 20:00 652.6 4.86 2.467 

11-11-08 12:10 668.8 4.85 2.461 

11-11-08 19:50 676.4 4.84 2.456 

11-11-09 16:10 696.8 4.84 2.456 

11-11-13 13:00 789.6 4.6 2.335 

11-11-13 19:30 796.1 4.61 2.340 

11-11-13 21:00 797.6 4.61 2.340 

11-11-14 11:30 812.1 4.53 2.299 

11-11-14 20:15 820.8 4.51 2.289 

11-11-15 19:15 843.8 4.5 2.284 

11-11-16 16:15 864.8 4.5 2.284 

11-11-16 19:15 867.8 4.47 2.269 

11-11-17 11:30 884.1 4.47 2.269 

11-11-18 14:14 910.8 4.47 2.269 

11-11-18 14:14 910.8 1.5 0.761 

11-11-18 14:15 910.8 1.55 0.787 

11-11-18 14:16 910.9 1.58 0.802 

11-11-18 14:18 910.9 1.62 0.822 

11-11-18 14:30 911.1 1.68 0.853 

11-11-18 14:50 911.4 1.71 0.868 

11-11-18 15:00 911.6 1.72 0.873 
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11-11-18 15:20 911.9 1.73 0.878 

11-11-18 16:00 912.6 1.75 0.888 

11-11-18 16:15 912.8 1.76 0.893 

11-11-18 17:00 913.6 1.77 0.898 

11-11-18 17:45 914.3 1.78 0.903 

11-11-18 18:15 914.8 1.78 0.903 

11-11-18 18:45 915.3 1.79 0.908 

11-11-19 14:00 934.6 1.84 0.934 

11-11-19 15:45 936.3 1.85 0.939 

11-11-19 17:00 937.6 1.86 0.944 

11-11-19 21:00 941.6 1.87 0.949 

11-11-20 16:15 960.8 1.87 0.949 

11-11-21 17:00 985.6 1.87 0.949 

11-11-22 16:15 1,008.8 1.88 0.954 

11-11-23 16:00 1,032.6 1.89 0.959 

11-11-24 13:20 1,053.9 1.89 0.959 

11-11-24 13:30 1,054.1 1.89 0.959 
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7.10 Appendix 10 - Swelling Pressure-Test 2B 

Diesel Supply 2B 

Date and Time 
Time 

(Hour) 

Force 

(KN) 

Swelling 

Pressure (kPa) 

11-11-24 13:30 0.00 0 0.0 

11-11-24 14:30 1.00 0.36 182.7 

11-11-24 14:45 1.25 0.38 192.9 

11-11-24 15:15 1.75 0.4 203.0 

11-11-24 16:20 2.83 0.42 213.2 

11-11-24 17:10 3.67 0.43 218.2 

11-11-25 9:30 20.00 0.5 253.8 

11-11-25 13:30 24.00 0.51 258.8 

11-11-26 16:30 51.00 0.54 274.1 

11-11-26 18:00 52.50 0.55 279.1 

11-11-27 15:30 74.00 0.56 284.2 

11-11-29 16:00 122.50 0.57 289.3 

11-11-30 15:30 146.00 0.57 289.3 

11-12-01 16:00 170.50 0.58 294.4 

11-12-02 15:30 194.00 0.59 299.4 

11-12-04 16:00 242.50 0.61 309.6 
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7.11 Appendix 11 - Smectite Clay Data 

 

Table 11. Smectite clay data. 

Smectite Clay Data 

w ρsat ρd e d 

% kg/mᶾ kg/mᶾ     

15 2210 1920 0.45 3.7 

18.5 2130 1790 0.55 4.6 

22 2060 1680 0.65 5.5 

26 2000 1590 0.75 6.5 

30 1950 1510 0.85 7.4 

33 1900 1430 0.95 8.3 

37 1850 1350 1.06 9.3 

56 1680 1080 1.57 13.9 

89 1500 790 2.5 22.3 

216 1250 400 6 54.00 

593 1100 160 16.5 148.00 
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Figure 68. Water-saturated density versus water content. 

 

 

Figure 69. Dry density versus water content. 
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7.12 Appendix 12 - Mechanical Properties of Diesel Oil 

 


