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metasedimentary soils, over Casagrande Chart. Taken from Rahman et al. (2010 b). 
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Srivastava and Pandey (1998). 

Fig. 3.5. Modified Proctor test of contaminated sand (SP). Water content (left) and maximum dry 
density (right), in function of the LNAPL concentration. Obtained from Al Sanad et al. (1995) values. 
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Fig. 3.6. Dry unit weight for different SP sand pore fluids: water and crude oil. Taken from Puri (2000). 
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Water content (left) and maximum dry density (right), in function of the LNAPL concentration, 
Obtained from the values given by Khamehchicyan et al. (2007). 
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Fig. 3.17. TUU deduced undrained strength. Obtained from Rahman et al. (2010). 

Fig. 3.18. Triaxial test stress-strain curves for soil grade for soil grade of V at different applied 
confining stress, σ3 of (A) 140 kPa; (B) 280 kPa; (C) 420 kPa and for soil gradeof VI at confining 
stress, σ3 of (D) 140kPa; (E) 280 kPa; (F) 420 kPa. Taken from Rahman et al. (2010). 

Fig. 3.19. Uniaxial compressive strength for a SM sand compared with a CL clay (in red). Values 
taken from Khamehchicyan et al. (2006 and 2007). 

Fig. 3.20. e-Iog σ curves for natural and contaminated samples. Taken from Al-Sanad (1995). 

Fig. 3.21. Effect of diesel fuel on oedometer test, according to the representation given by 
Korzeniowska-Rejmer (2007). 

Fig. 3.22. Permeability decrease in function of the LNAPL contain, in SP sand. Values taken from Al-
Sanad et al. (1995). 
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Fig. 3.23. Permeability test results by using different LNAPLs in different remolded soil relative 
densities samples. Values taken and adapted from Puri (2000) after Puri et al. (1994) 

Fig. 3.24. Permeability test using different type of soil samples and crude oil. Values taken and 
adapted from Kahmehchicyan et al. (2007) after Kahmehchicyan et al. (2006) 

Fig. 3.25. Permeability test using different type of basaltic soil motor oil. Values taken and adapted from 
Rahman et al. (2010 a). 

Figure 4.1. Sample preparation after adding water and LNAPL in order to fill a Proctor mold. 

Fig. 4.2. “Miga” sand size averaged distribution in red. Best adjusted curve in blue. 

Fig. 4.3. Variation of Atterberg limits with percentage of added contaminant. 

Fig 4.4. Atterberg limits variation of “Miga” sand for different LNAPL contamination content. 

Fig. 4.5. Atterberg limit trajectories of contaminated “Miga” sand, in function of LNAPL added 
percentage, by dry weight. Detailed path of each experiment are plotted at the sides. 

Fig. 4.6. Decreasing tendency of plasticity trajectories, according to different authors. 

Fig. 4.7. Increasing tendency of plasticity trajectories according to different authors, including 
“Miga” sand results. 

Fig. 4.8. Experimental study of residual LNAPL variation period in oven (107C). 

Fig. 4.9. Standard Proctor curves variation, function of LNAPL content. Red line arrow shows the 
path of the maximum dry density-optimum moisture content for different contamination degrees. 

Fig 4.10. Modified Proctor test curves for a degree of contamination 0%, 0.5% and 2% series. 
Red line arrow shows the path of the maximum dry density-optimum moisture content of different 
contamination degrees. 

Fig. 4.11. Compared evolution of optimum water moisture content by adding LNAPL. 

Fig. 4.12. Compared evolution of dry maximum density by adding LNAPL. 

Fig. 4.13. Maximum dry density obtained with Standard Proctor and diesel fuel, for “Miga” sand. 

Fig. 4.14. Maximum dry density obtained from Standard Proctor vs Modified Proctor, by addition 
of diesel fuel for “Miga” sand. 

Fig. 4.15. CBR results for soaked series of contaminated “Miga” sand, by energy applied. 

Fig. 4.16. CBR results for non-soaked series of contaminated “Miga” sand, by energy applied. 

Fig. 4.17. Water absorption of submerged CBR of contaminated “Miga” sand. 96 h non-soaked. 
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Fig. 4.18. Swelling of submerged contaminated “Miga” sand (CBR) in 96 h soaked conditions. 

Fig. 4.19. Analysis of non-soaked CBR results for different degrees of contamination and energy 
for “Miga” sand. In black color has been plotted the results obtained by Al-sanad et al. (1995). 

Figure 4.20. “Miga” sand friction angle evolution for different contamination degrees. 

Figure 4.21. Miga” sand cohesion evolution for different contamination degrees. 

Fig. 4.22. Left: Heavy crude oil content vs Time for test shear strength of contaminated sand. 
Rigth: Angle of internal friction vs Aging time for test shear strength of contaminated sand. 

Fig. 4.23. Capillary pressure observed in contrast of water (right), red dyed motor oil (left) and a 
mixture of kerosene+mineral oil. 

Fig 4.24. Evolution of oedometric modulus of contaminated “Miga” sand. Eoed vs: a) loading; b) 
contamination degree 

Fig 4.25. Evolution of oedometric modulus Eoed, for different contamination degree of “Miga” 
sand. 

Fig. 4.26. Evolution of oedometric modulus Eoed of contaminated “Miga” sand, in function of 
loading level. 

Fig. 4.27. Compressibility Index evolution for different contamination degrees of “Miga” sand. 

Fig. 4.28. Variation of hydraulic conductivity in function of diesel fuel added to “Miga” sand by 
weight. 

Fig. 4.29. Variation of hydraulic conductivity in function of contaminant added to “Miga” sand by 
weight. 

Fig. 4.30. Hydraulic conductivity values in function of contaminant, various authors. 

Fig. 4.31. Variation of hydraulic conductivity in function of contaminant, various authors. 

Fig. 4.32. Exponential trend lines of hydraulic conductivity variation, from figures 4.30 and 4.31. 

Fig. 5.1. Hydraulic conductivity evolution for different soils by addition of different LNAPLs. k 
range of 10-2 to 10-4 cm/s, indicated by ROM-05, has been yellow highlighted. 

Fig. 5.2. Vertical consolidation coefficient obtained from oedometer and constant head 
permeability tests results for LNAPL contaminated “Miga” sand. 

Fig. 5.3. “Miga” sand friction angle evolution for different contamination degrees, obtaining linear 
aproximation from figure 4.20. 
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RESUMEN 

En los primeros años de la década de los años 90, del siglo pasado, coincidiendo 

con la Guerra del Golfo en 1991, se investigó intensamente sobre la reutilización de 

suelos afectados por grandes volúmenes de vertidos de crudo, fomentándose la 

evaluación geotécnica de los suelos contaminados. Se describen, en el estado del 

arte de esta tésis, una serie de trabajos aislados en relación con la caracterización 

geotécnica de suelos contaminados con hidrocarburos, descripción ampliada 

mediante referencias relacionadas con otros tipos de contaminación de suelos. 

Existen estudios previos de patología de cimentaciones que analizan la reducción de 

la capacidad portante de suelos contaminados por hidrocarburos líquidos ligeros en 

fase no acuosa (acrónimo en inglés: LNAPL de “Liquid Non-Aquous Phase Liquid”). 

A fecha de redacción de la tesis, todas las publicaciones anteriores estaban basadas 

en la consideración de una saturación del contaminante constante en toda la 

extensión del terreno de cimentación. La distribución real de las plumas de 

contaminante muestra, por el contrario, complejas trayectorias de flujo que están 

sujetas a cambios físico-químicos en función del tiempo y la distancia recorrida 

desde su origen de vertido. Éste aspecto ha sido considerado y tratado en el 

presente texto. 

La arena de Miga es una formación geológica típica de Madrid. En el ámbito de esta 

tesis se han desarrollado ensayos geotécnicos con series de muestras de arena de 

Miga contaminadas con distintas concentraciones de LNAPL con el objeto de 

estimar la variación de sus propiedades geotécnicas debido a un incremento de 

contaminación. Se ha realizado una evaluación de resultados de los ensayos en 

comparación con otros estudios previamente analizados, resultando que las 

propiedades mecánicas del suelo, efectivamente, varían en función del contenido de 

LNAPL y de la densidad relativa con la que se prepare la muestra, densa o floja. Se 

analizan y comentan las implicaciones de carácter práctico que supone la 

mencionada variación de propiedades geotécnicas. 

El autor ha desarrollado un modelo físico basado en la tecnología de suelos 

transparentes, considerando que las variaciones de propiedades geotécnicas 

únicamente deben producirse en el ámbito interior del contorno de la pluma 

contaminante. El objeto del modelo es el de reproducir la distribución de un LNAPL 

en un terreno dado, causada por el vertido accidental de una instalación de 



almecenamiento de combustible. Los resultados preliminares indican que el modelo 

podría emplearse como una herramienta complementaria para el estudio de eventos 

contaminantes, permitiendo el desarrollo de aplicaciones de carácter hidrogeológico, 

caracterización de suelos contaminados y experimentación de tratamientos de 

remediación. Como aportación de carácter innovadora, se presenta y describe un 

modelo físico tridimensional de flujo de dos o más fases a través de un medio poroso 

transparente, analizándose sus ventajas e inconvenientes así como sus limitaciones 

y futuras aplicaciones. 

 

 



 

ABSTRACT 

Contaminated soil reuse was investigated, with higher profusion, throughout the early 

90’s, coinciding with the 1991 Gulf War, when efforts to amend large crude oil 

releases began in geotechnical assessment of contaminated soils. Isolated works 

referring to geotechnical testing with hydrocarbon ground contaminants are 

described in the state-of-the-art, which have been extended to other type of 

contaminated soil references. 

Contaminated soils by light non-aquous phase liquids (LNAPL) bearing capacity 

reduction has been previously investigated from a forensic point of view. To date, all 

the research works have been published based on the assumption of constant 

contaminant saturation for the entire soil mass. In contrast, the actual LNAPLs 

distribution plumes exhibit complex flow patterns which are subject to physical and 

chemical changes with time and distance travelled from the release source. This 

aspect has been considered along the present text. 

A typical Madrid arkosic soil formation is commonly known as Miga sand. 

Geotechnical tests have been carried out, with Miga sand specimens, in incremental 

series of LNAPL concentrations in order to observe the soil engineering properties 

variation due to a contamination increase. Results are discussed in relation with 

previous studies and as a matter of fact, soil mechanics parameters change in the 

presence of LNAPL, showing different tendencies according to each test and 

depending on the LNAPL content, as well as to the specimen’s initially planned 

relative density, dense or loose. Geotechnical practical implications are also 

commented on and analyzed. 

Variation on geotechnical properties may occur only within the external contour of 

contamination distribution plume. This scope has motivated the author to develop a 

physical model based on transparent soil technology. The model aims to reproduce 

the distribution of LNAPL into the ground due to an accidental release from a storage 

facility. Preliminary results indicate that the model is a potentially complementary tool 

for hydrogeological applications, site-characterization and remediation treatment 

testing within the framework of soil pollution events. A description of the test setup of 

an innovative three dimensional physical model for the flow of two or more phases, in 

porous media, is presented herein, along with a summary of the advantages, 

limitations and future applications for modeling with transparent material. 
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1. INTRODUCTION AND OBJECTIVES 

1.1. BACKGROUND 

Soil degradation is a problem of concern worldwide. Historically, it has been thought 

that the ground was a kind of sink with no limit to the release of waste products from 

our human activity. Inadequate agricultural and forestry practices, industrial activities, 

urban sprawl and public works are potential pollutant activities. These activities had 

caused negative environmental impact, sometimes involving serious risk like 

groundwater contamination, irreversible ecosystems modifications or even total 

destruction. 

Although broadcast media often only reports the worst cases of spills in relation with 

sea transport accidents or crude oil extraction overseas (e.g. offshore platforms 

accidents), it has been estimated that in the currently European Union group (EU-

25), the number of potentially contaminated sites sums to approximately 3.5 million. 

Other official sources like the U.S. Environmental Protection Agency (U.S.EPA) 

estimated that by 1996 there had been 318.000 releases from underground storage 

tanks reported at the federal, state, and local levels in the U.S. (U.S.EPA 1996).  

Inland ground contaminated sites are being considered first by developed countries 

society. After that governments are creating regulations due to the social request, 

which has been considered like a serious concern through several decades with mild 

actions from the politicians. In Spain, the basic regulation referring to contaminated 

soils is R.D. 9/2005, based on the European extended basic principle: “the polluter 

pays”, when states that the responsibility of subsequent remediation activities fall on 

the polluter, alternative to the polluter is the land owner and alternative to them the 

land users. 

While all the administrative and regulatory processes are carried out, accidental 

events or unknown contamination spills are causing petroleum products to be 

released, seep down and transported into the ground. In other cases old leakages at 

abandoned facilities are detected when a site wants to be urbanely redeveloped, 

these sites are often called brownfields. Changes in soil properties due to 

hydrocarbons contamination not only involve an environmental impact but 

mechanical properties of soils are modified. Civil engineers cannot afford to ignore 
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the problem of characterizing contaminated soils encountered at a work site and how 

that the physical properties changed in soil properties could affect the nearest 

structures or even the works execution (Armijo 2005). 

Nearly 40% of studied contaminated sites are in urban or close to urban areas, at 

least in Spain, which makes sense if it is assumed that contamination is, in part, 

directly caused by an industrial activity or in relation to transport, stock and trade 

activities. On the other hand, the problem of waste management in metropolitan 

areas, has conducted in the past to think about reuse of contaminated soils. The idea 

of reusing is always present in the engineering practice, when follows to two separate 

paths. One is when reused material is cheaper than new material cost and 

contractors and society profit from it together, but sometimes reuse is expensive and 

then a cost-quality balance is made by contractors. Here public administrations hold 

the key to deciding to regulate. 

Some attempts to reuse contaminated or partial remediated soils have been tried, 

mainly in very large pollution events like 1991’s Gulf War. Nowadays, referring to soil 

contamination, it is preferable to perform remediation treatments, but it should be 

noted that remediation activities are affected by an efficiency degree. Regulation 

limits and cost analysis assessment arrange the acceptable final residual 

contamination degree. 

Hydrocarbon contaminants can change geotechnical properties of foundation soils 

and produce structural pathologies. In general, most common hydrocarbon pollution 

sources are fuel storage tanks at filling gas-stations, fuel and solvent storage tanks at 

industrial facilities or transportation pipes. Leakage from these facilities are organic 

contaminants, in general Non-Aquous Phase Liquids (NAPLs), such as crude oil and 

its distillation derivates. Most tanks installed before the 1970s were bare steel tanks 

that tended to corrode. Many of these tanks and their associated piping eventually 

sprang leaks when corrosion went too far. Newer tank systems are most commonly 

made of fiberglass-reinforced plastic, coated and cathodically protected steel, or 

composites of these two materials. They sometimes have double wall layers with 

leak and overfill detection devices between the walls. 
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1.2. OBJECTIVES OF THE RESEARCH 

1.2.1. ACADEMIC AMBIT OF THE RESEARCH 

The idea of studying contaminated properties of contaminated soils appears after the 

presentation of previous works made as pre-doctoral courses works attended at the 

Civil Engineering: Territory, Town Planning and Environment Department of 

Polytechnic University of Madrid (UPM). Soil remediation, characterization and 

treatments, is currently one of the most productive researching fields from a geo-

environmental point of view, but there is a certain knowledge gap in relation with a 

geotechnical assessment. 

Although environmental regulations, in developed countries, are focused on 

remediation as a solution for contaminated sites, the present doctoral thesis aims to 

review and to discuss soil mechanics implications, which can be useful in cases 

dealing with fuel storage or transportation facilities foundation forensic studies, in 

hypothetical cases of accidental releases or similar geotechnical pathologies. On the 

other hand, in Spain the potential reuse of contaminated or partial remediated soils is 

a less explored option, in relation to excavated material from polluted sites. In 

developing countries almost all the regulations, characterization and works in 

contaminated sites concerning this topic is probably to be established in future 

decades. 

Construction of transport and fuel processing facilities, gas-stations, chemical 

manufacturing and other facilities storing hazardous materials has led to the 

installation of aerial and underground storage tanks all over the world. Many of these 

tanks have exceeded or are currently close to the end of their useful life and are now 

or will soon be leaking, posing a serious threat to soil and groundwater quality, 

including old facilities now operative if the control is scarce. The example of an 

underground storage tank (containing gasoline, diesel fuel, kerosene, oils…) is 

examined in this text as one of the cases in which leaking and contamination of soil 

can decrease the strength properties of the soil below the structure foundation 

producing pathologies like settlement, structure rotation caused by differential 

settlement or shear strength yielding. It can also be considered synergic 
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environmental effects by increasing the cause of the leaking or producing new 

contaminant spills, affecting more seriously to the same facility. 

Within an academic ambit, it results of consequent interest to study the geotechnical 

behavior of contaminated sands. Results and conclusions obtained from the research 

can be useful for architects, geologist and engineers, who have to deal with 

geotechnical parameters variation due to contamination, in order to perform back 

analysis or foundation pathologies studies and reports. Besides, the design of 

contaminated materials waste fills or others applications involving residual NAPL 

contents in existing or abandoned civil works (p.e. port facilities or energy production 

centrals) and auxiliary works requiring the design of foundations, walls, tiebacks, soil 

improving treatments in contaminated soils with hydrocarbons, are implicit on the 

framework of the study. 

1.2.2. OBJECTIVES 

The objectives defined for this dissertation has been summarized in two previous 

academic reports required by the Civil Engineering: Territory, Town Planning and 

Environment Department of Polytechnic University of Madrid (UPM), in November 

2009 and amplified in November 2010, below enumerated: 

1. State-of-the-art review of geotechnical test results performed with hydrocarbon 

contaminated soils, in particular sands, with most common petroleum light 

derivate liquids. 

2. Basic description of soil contamination behavior into the soil mass, according to 

general transport and fate equations and associate phenomena, necessary to 

understanding the actual migration and distribution processes in accidental 

release cases. The description is focused on Light Non-Aquous Phase Liquids 

(LNAPLs) release. 

3. Performance of new additional geotechnical tests in order to contrast the 

previously referenced results. Soil mechanics laboratory common tests should be 

prepared with a known soil mixed with a controlled addition of common LNAPL 

volume. 
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4. Comparison and discussion of results obtained from new geotechnical tests, in 

contrast to the existing references. General conclusions should be obtained if 

possible. 

5. Geotechnical implications of hydrocarbon contamination study under the scope of 

an actual contamination distribution plume, into the soil mass, giving up the 

common model concept of homogeneous soil pollution content. Suggest an 

appropriate model to perform LNAPL soil contamination distribution and 

consequent geotechnical properties variation. The November 2010 academic 

report extended the present objective into one additional below defined as sub-

objective herein: 

5.1. Development of an innovative physical model of light hydrocarbon soil 

transport, suitable to obtain conclusions from the direct observation, 

image capture and processing, under real gravity (1g). 

6. The work can be completed with tentative examples or results application if it is 

considered as illustrative aim to focus the research conclusions. 

7. Edit the work in English, translating the parts already done in Spanish in order to 

allow a coherent reading and evaluation of the work. This effort is in order to 

make results of the dissertation available to the highest number of future 

researchers or application of its content to a wider range of ambits. 

8. Proposal of future research lines. 

1.3. SCOPE 

A relatively new common field between the Geotechnical Engineering and 

Environmental Engineering is called Geoenvironmental Engineering or 

Environmental Geotechnology. The evolution of environment protection social 

concern is addressed by the environmental technical specialization of engineers and 

even the creation of new university degrees dealing with more comprehensive 

environmental issues. Characterization and remediation of contaminated soils and 

ground water, makes it necessary to have chemical, geotechnical and hydrogeology 

deep knowledge in relation with planning and execution of assessment and remedial 

procedures. This is not a pure geotechnical doctoral thesis neither a pure 

environmental one. The dissertation scope can be considered as geoenvironmental 
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engineering, since it presents results from geotechnical tests from contaminated 

sand to discuss the mechanical behavior of the actually contaminated soil mass. To 

determine the contamination distribution plume a hydrogeology physical model has 

been developed to perform two almost immiscible liquid phases into the ground. 

The dissertation is divided in four parts, covering the different chapter introduced 

below: 

• Part I. State-of-the-art: Chapters 2 and 3. 

• Part II. Geotechnical discussion: Chapters 4 and 5. 

• Part III. Ground contamination physical model: Chapters 6 and 7. 

• Part IV. Summary, conclusions and future research lines: Chapters 8 and 9. 

The first part describes the state-of-the-art review dealing with ground contamination 

transport and fate. LNAPL mixed with soil specimen mechanical properties variation, 

in relation with contamination degree, was reported from laboratory tests and a 

summary of references is re-analyzed. This part is covered respectively by chapters 

2 and 3. 

The second part compiles and sustains the discussion of geotechnical testing results, 

obtained from laboratory specimens made by mixing a pre-determined quantity of 

LNAPL with a representative granular soil. The part is covered by chapters 4 and 5. 

The third part describes an innovative laboratory physical model created by the 

author in collaboration with Professor Dr. Magued Iskander at NYU – Polytechnic 

Institute. As a result of being awarded by 2010/11 Ministerio de Fomento-Fulbright 

Scholarship, the author has been involved in a PhD research work group at the Civil 

Engineering Department – Polytechnic Institute of NYU, during the nine months 

between August 20th 2010 and May 20th 2011, developing a new model based on 

transparent soils technology. This part aims to cover a constant gap observed in 

previous works, where hydrocarbon contamination is considered homogeneously 

distributed into the ground, far from the actual complex distribution of this type of 

liquid, in relation with groundwater. Chapter 6 and 7 cover this scope. 

The fourth and final part covers the summary and conclusions, completed by future 

research lines proposal. 
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The title of the dissertation has been changed two times. The first time in order to 

translate the original into English as “Geotechnical behavior analysis of contaminated 

soil by light non-aquous phase liquids”. Second and definitely it has been changed in 

order to represent what it contains in a more precise title. “Geotechnical analysis of 

contaminated sand by light non-aquous phase liquids” 

The author has tried on several occasions to obtain field data and information from 

real events without any success, interested for geotechnical “in situ” test results to 

contrast the first part of the research work. Finally it has not been possible to 

introduce any consistent data and that fact could be taken as a realistic future 

research line. 

The text would not be complete without a brief introduction of current regulations and 

legal aspects around contaminated soils. To accomplish this target a paragraph has 

been included within the present chapter 1. 

As a matter of conclusion, occasional opposite appreciations have been reported by 

previous researchers, aspects of which do not permit to obtain general conclusion or 

contrasted correlations. Even though the dissertation explores several possibilities 

which can be useful to justify technical decisions it should always be consider that 

specific sand (“Miga” sand) has been tested mixed with two particular LNAPLs (Motor 

oil and diesel fuel). Chapter 8 presents the doctoral thesis conclusions obtained 

under the mentioned framework. 

This text presents the first scientific experiment in relation with the use of a 

transparent porous media called Aquabeads published in Europe, though the 

experimental phase has been entirely developed in USA (NYU-Poly). The doctoral 

thesis is also the first scientific text referring to the transparent soils physical model 

technique published in Spain. A brief description of the physical model described 

herein has been submitted for publication to Géotechnique Letters, with date of first 

submission: May 10th, 2011. 

Finally, for sure the reader is going to find debatable conclusions and maybe 

conceptual gaps, since the research has had to be limited to the material available, 

geotechnical tests and physic model results. The author encourages the reader to 

make any comment or even contributions to any weak points. 
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1.4. BASIC LEGAL REGULATION BACKGROUND 

The present work studies geotechnical properties variation of an environmental 

problem, such as ground contamination. Environmental regulatory limitations should 

affect several topics studied throughout the text. Existing rules, regulations and legal 

references which affect to contaminated soils has not been considered in the scope 

of the research, although it is necessary to describe briefly the current legal ambit. 

As it is introduced in R.D. 9/2005, since 1992-UN Rio Conference, it is recognized 

the importance of the protection of soils and their potential uses in the context of 

sustainable development, including pollution from anthropogenic activities. In the 

framework of the European Union, the European Commission was in charge to 

develop a thematic strategy for soil protection whose work began during the 

semester of the Spanish presidency in 2002 with the objective of prevention, 

limitation and reducing impact on the ground due to human activities. The European 

Environment Agency (EEA) estimated in 1999 between 300,000 and 1,500,000 the 

number of contaminated areas in Western Europe, as an example of the problem 

extension. 

Thematic Strategy for Soil Protection, COM(2006)231 final, explains that, in the 

European ambit this human activity, results in loss of soil fertility, carbon and 

biodiversity, lower water-retention capacity, disruption of gas and nutrient cycles and 

reduced degradation of contaminants. Soil degradation has a direct impact on water 

and air quality, biodiversity and climate change. It can also impact the health of 

European citizens and threaten food and feed safety. The study gives an estimated 

number of potentially contaminated sites in EU-25 at approximately 3.5 million. 

In Spain, the basic regulation regarding the contaminated soil sites is R.D. 9/2005, of 

January 14th, establishing the Relationship of Potentially Soil Polluting Activities and 

the Criteria and Standards for the Declaration of Contaminated Soils. The normative 

text determines that soil receiving pollution is environmentally sensitive and 

vulnerable and articles the site characterization and remediation necessity, as well as 

the limits of civil responsibility. It established a list of potential soil pollutant activities 

and criteria and standards to declare a soil as contaminated, complying with the 

10/98 Law, of April 21st, of Waste Materials. 
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R.D. 9/2005 gives a soil definition as the top layer of the earth’s crust, formed by 

mineral particles, organic matter, water, air and living organisms. It is the interface 

between earth, air and water and hosts most of the biosphere. The regulation gives a 

list (Appendix I) of potentially pollutant activities, whose managers are required to 

report to the Autonomic Communities Administrations with a preliminary dossier 

containing the description and points required in the Appendix II, for each soil type 

over which the activity is performed. At this point the storage of fuel for own use 

considered by the R.D.1523/99, of October 1st, which modifies the R.D. 2085/1994, 

of October 20th, Regulations for petroleum-oil facilities has to be taken into account. 

An administrative process allows to a current pollutant activity to avoid the obligation 

to carry out soil remediation, according to the specifications of the R.D. 9/2005 

always in the case that a quality control standard application guarantees the use of 

the best available techniques, within the specific (pollutant) activity process. 

Until the publication of R.D. 9/2005, in Spain, the official reference was the Law 

10/1998 Waste Materials (Ley de Residuos), of April 21st. Articles 27 and 28, regulate 

environmental aspects of contaminated soils, and provides that the Government, in 

consultation with the regions (Autonomous Communities), should establish the 

criteria and standards for assessing the risks that may affect human health and the 

environment based on the nature and uses of soils. Applying these criteria and 

standards, autonomous communities have to define and make an inventory of 

contaminated sites within their territories, and establish a list of priorities for action on 

the basis of greater or lesser risk to human health and the environment for each 

case. 

The law mandate includes also the objective of the Central Government to adopt and 

publish a list of potentially soil polluting activities, and establishes certain 

requirements that affect the activities holders and owners of the properties in which 

has taken place any of the pollutant activities described. From the publication of the 

law several National Plans have been approved summarizing specific actions for site 

remediation. 4532 sites potentially contaminated, were detected within the 1995-

2005 National Plan, in Spain. To illustrate this topic, table 1.1 has been deduced from 

these plans. 
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A final regulation revision before closing this text last version has been here 

introduced in relation with a new Waste Materials Law Project, number 621/000105, 

submited from the Spanish State Congress to the Spanish State Senate (ref. Cong. 

Diputados, Serie A, núm. 114 Núm. exp. 121/000114, published at the Boletín Oficial 

de las Cortes Generales, in June 6th, 2011). Some days before the submission of the 

present dissertation 22/2011 has been finally published in Spain.  

Some of the modifications according to the draft text submitted to the Senate were in 

relation with the waste status of uncontaminated excavated soils and other naturally 

occurring material which are used on sites other than the one from which they were 

excavated should be considered in accordance with the definition of waste and the 

provisions on by-products or on the end of waste status under the 22/2011 Law. 

Title V (Law Text) has been called “Contaminated soils”, introducing new articles in 

contrast with the 10/98 Law. The new scope of the Law introduces land (in situ) 

including unexcavated contaminated soil and buildings permanently connected with 

land and excludes uncontaminated soil and other naturally occurring material 

excavated in the course of construction activities where it is certain that the material 

will be used for the purposes of construction in its natural state on the site from which 

it was excavated. 

The text also is a mandatory regulation according to the Directive 2008/98/EC of the 

European Parliament and of the Council of November 19th, 2008 on waste (and 

repealing certain Directives). 

This Directive should help move the EU closer to a "recycling society", seeking to 

avoid waste generation and to use waste as a resource. In particular, the Sixth 

Community Environment Action Programme calls for measures aimed at ensuring 

the source separation, collection and recycling of priority waste streams. In line with 

that objective and as a means to facilitating or improving its recovery potential, waste 

should be separately collected if technically, environmentally and economically 

practicable, before undergoing recovery operations that deliver the best overall 

environmental outcome. Member States should encourage the separation of 

hazardous compounds from waste streams if necessary to achieve environmentally 

sound management. 
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Table 1.1. Spanish national contaminated soil sites summary. Adapted from PNRSC (1995-2005) 

Autonomous Community 
Industrial 
activities 

Inventoried 
Sites 

Characterized 
Sites 

Andalucía 1.396 618 31 

Aragón 717 321 - 

Asturias 394 153 12 

Baleares 303 12 2 

Canarias 396 222 9 

Cantabria 238 77 5 

Castilla y León 811 399 21 

Castilla-La Mancha 287 397 11 

Cataluña 4.913 577 40 

Valencia 2.330 307 32 

Extremadura 183 29 4 

Galicia 860 524 1 

Madrid 2.277 222 16 

Murcia 469 73 8 

Navarra 334 23 6 

País Vasco 2.059 539 30 

La Rioja 153 34 3 

Ceuta-Melilla 22 5 1 

Total 18.142 4.532 250 

 

Data obtained from the mentioned plan about the 250 sites characterized indicated 

that almost all the sites do not meet legal requirements. Free site access was 

allowed in the 59% of the cases. 27% of sites were located in urban areas, 11.6% in 

urban planned areas close to urban areas, 26% in undeveloped areas, 21% in 

protected undeveloped areas, and 14.5% in soil without planning. Within this data it 
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was deduced that the risk of contamination of groundwater was high in 60% of sites, 

because they were located over medium or high permeability soils. According to the 

results of analyzed soils, pollutants found in sites were heavy metals, mineral oils, 

hydrocarbons, particularly aromatics solutes Benzene, Toluene, Ethilene and 

Xylenes (called BTEX) and phenols. As found in less quantity were very toxic 

products such as HCH, DDT, PCBs, arsenic and mercury. According to the above 

mentioned data, 38.6% of contaminated soils in Spain are located in urban areas or 

closed to urban areas.  

The General Direction of Quality and Assessment, of the 2007 Spanish Environment 

Ministry, in collaboration with the Education and Science Ministry (Geological Survey 

and National Research Institute for Agriculture and Food Technology), published a 

Guide for Technical implementation of R.D. 9/2005, in order to help the competent 

public authorities in relation to the regulation application, as well as landowners and 

holders of potential polluting activities. Also published recently was the National 

Integrated Waste Plan PNIR 2007-2015, which in its Annex 13 accommodates the 

National Recovery Plan II Contaminated Soil (operative from November 6th, 2006). 

The Plan provides a mechanism for inter-administrative coordination, through a 

National Working Group on Contaminated Soil, which would form part of all 

authorities involved. 

Another regulation that is necessary to mention in the frame of this research is R.D. 

105/2008 of February 1st, which regulates the production and management of 

construction and demolition waste; R.D. 1481/2001 of December 27th, which 

regulates waste disposal by landfill. 

R.D. 1302/1986, of June 28th, of Environmental Impact Assessment, partially 

interpreted and declared unconstitutional by the Constitutional Court Judgement 

13/1998 and amended by 9/2006 Law, dated April 28th on the evaluation of the 

effects of certain plans and programs on the environment and by 27/2006 Law of July 

18th, regulating the rights of access to information, public participation and access to 

justice in environmental matters. 9/2006 Law, of April 28th, of Evaluation of the 

Effects of Certain Plans and Programs on the Environment, has recently changed in 

part the administrative environmental impact assessment. 
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2. LIGHT NON-AQUOUS PHASE LIQUIDS GROUND 
CONTAMINATION 

2.1. INTRODUCTION 

Geotechnical properties of soil contaminated with hydrocarbons have been tested by 

a number of authors, as referenced in chapter 3. In general, they assume soil as a 

homogeneous material, where geotechnical behavior depends only on the variation, 

in a test series, of concentration of contamination constant value. 

The above assumption is necessary to work in the soil mechanics laboratory, like the 

present author has made, testing geotechnical properties of contaminated of a typical 

Madrid (Spain) formation known as Miga Sand. However, the presence of 

hydrocarbon contaminants into the ground is clearly not homogeneous, so that 

geotechnical properties variation depending on the concentration which would mainly 

vary according to their relative density and to the local geological structure, have to 

be referred to a spatial model. 

Groundwater flow is studied in geotechnical engineering, not enough to understand 

transport and fate of contaminants through the soil and groundwater. The dissertation 

deals with the migration processes of a specific hydrocarbon contaminants group. 

Hydrocarbons can be classified according to their density in light or dense Non 

Aqueous Phase Liquids (NAPLs), called respectively LNAPL or DNAPL when they 

form an immiscible body overlying or underlying the groundwater table. The present 

study stick to LNAPLs, less dense than water and formed by organic substances that 

are relatively insoluble in water. 

This chapter aims to resume the state-of-the-art of LANPL release and ground 

transport phenomena, making a first brief description of theoretical concepts which 

have to be accepted to test within the physical model proposed in this thesis. 

Summary of definitions and key concepts involved in several liquid phase flow 

modeling are presented herein. 
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2.2. LIGHT NON-AQUOUS PHASE LIQUIDS 

2.2.1. HYDROCARBONS RELEASE AND ACCIDENTAL SPILLS 

Potential ground contaminant facilities like storage tanks, refineries or pipelines for 

bulk fuel transfers are in direct relation with the industrial development degree of a 

region or a country. 

Accidental spills from sea transport by tanker ships and offshore drilling platforms are 

one of the more concerning contaminant source, which use to spark off public 

opinion controversy and political discuss, like the Prestige vessel crisis in Spain or 

the recent offshore platforms spill in Mexican Gulf. Pollution produced by this kind of 

disasters can affect the ground, once it gets to the shoreline, but in almost all the 

cases it gets stuck into the coastal shore ground surface. Even in extreme cases like 

the first Gulf War (1991), when huge quantities of crude and petroleum derivates 

were spilled, the soil depth impact was limited to the first couple meters of 

contamination depth (Al Sanad et al. 1995). 

For the purposes of the doctoral thesis, hydrocarbon contaminant general sources 

can be defined, in a simple list, as the pointed below: 

• Large storage tanks, terminal storage tanks, civil and military fuel supply 

tanks. 

• Underground storage tanks in gas stations and motor service industry. 

• Refinery facilities. 

• Energy production facilities. 

• Pipelines. 

• Mining industry waste products. 

• Manufacturing industrial activities. 

• Transport activities. Road and railway incidents. Sea derived pollution. 

• Residential and services sector. 

• Others. 
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Common causes of pollution incidents, involving the related sources, are: 

• Corrosion by faulty or absent corrosion protection. 

• Mechanical failures (pumps, valves…), fatigue of materials and construction 

defects. 

• Operational failures. 

• Natural hazards. Subsidence and vibration causes mainly. 

• Third party activity, accidental or malicious actions. 

• Accidental events, specifically in transport activity. 

• Others. 

Buried storage tanks, pipelines and other storage facilities have caused the most 

contamination, because they can leak slowly for a long time without being 

discovered, problem mainly addressed in past decades. Nowadays newer monitoring 

and control systems have been developed in order to provide powerful control and 

prevention tools.  

For instance, tanks are most commonly made of fiberglass-reinforced plastic, coated 

and cathodically protected steel, or composites of these two materials, even double 

wall layers with leak-detection devices between the walls. Concrete traps constructed 

beneath above-ground tanks protect against groundwater contamination and 

facilitate the speedy identification of a spill in the unlikely event of structural failure. A 

gravel-filled chamber collects any spilled product under the storage main volume. 

Old facilities may exist all over the world presenting non-detected failures, even 

leaking low quantities, which can release enough volume to infiltrate into the ground. 

When released hydrocarbons percolate steadily into subsurface environments they 

contaminate the soil and groundwater system, not only affecting product quality but 

also altering the physic-mechanical properties of oil-contaminated soil. 

Hydrocarbon itself can separate into solid, liquid and gaseous phases which either 

remain close to the leaking places or suffer migration within the groundwater flow 

system or are even absorbed on soil pores as an immobile residual fluid blob. 
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2.2.2. DEFINITION OF LNAPL 

The acronym LNAPL stands for Light Non-aqueous Phase Liquid. “Light” highlights 

the fact that petroleum liquids are, with a few minor exceptions, less dense than 

water. “Non-aqueous” highlights the fact that petroleum liquids do not mix with 

groundwater, in the framework of the present dissertation. 

Water and LNAPL coexist within the soil voids under different pressures. The greater 

the pressure in the non-wetting fluid the more fully the pore space is filled (saturated) 

by the non-wetting phase. When LNAPL breaks into isolated blobs and ganglia in 

discontinuous phase, they stay immobile as a separate liquid phase. The saturation 

at which LNAPL is immobile is referred to as residual saturation (Sale 2003). These 

and other differences in the physical and chemical properties of groundwater and 

NAPL result in the formation of a physical interface between the liquids which 

prevents the two fluids from mixing, as it can be observed in figure 2.1. 

 

Fig. 2.1. Multiple fluids in the pore space of a granular porous media. (Adapted from Sale 2003, after 

Wilson et al.1990) 

LNAPLs are composed of organic molecules mixtures that are slightly soluble in 

water. The soluble fraction is often referred to another acronym: BTEX which stands 

for Benzene, Toluene, Ethylbenzene or Xylenes. Where LNAPL comes in contact 
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with groundwater, trace to low percent concentrations of the mentioned organic 

compounds, in general, dissolve into it. This often results in exceedance of water 

quality standards close to releases. Some solubility properties are included in the 

table 2.1, below. 

Table 2.1. Solubility properties of BTEX. (Adapted from Newell et al. 1995) 

BTEX 
Density Dynamic 

viscosity 
Water 

solubility 
Vapor 

pressure 
Henry's Law 

Constant 
(g/cm3) (cp=mPa sec) (mg/l) (mm Hg) (atm-m3/mol) 

Benzene 0.8765 0.647 1.78E+03 76 5.43E-03 

Ethyl Benzene 0.8670 0.678 1.52E+02 7 7.90E-03 

Styrene 0.9060 0.751 3.00E+02 5 2.28E-03 

Toluene 0.8669 0.580 5.15E+02 22 6.61E-03 

m-Xylene 0.8642 0.608 2.00E+02 9 6.91E-03 

o-Xylene 0.8800 0.802 1.70E+02 7 4.94E-03 

p-Xylene 0.8610 0.635 1.98E+02 9 7.01E-03 

 

A benefit from NAPL general low solubility is that the loading to the environment is a 

relatively slow process, factor which often attenuates contaminants of concern over 

small distances. A drawback of low solubility is that LNAPL can persist for extended 

periods, as a source of groundwater contamination. 

In the last two decades, a number of reliable remediation treatments have been 

developed, allowing to recover part of LNAPL from contaminated sites (Rogel and 

Moreno 1999, Rogel 2007), but even under ideal conditions a significant proportion of 

the free product will remain in the subsurface as immobile residue (ITRC 2009). 

LNAPL removal to the maximum extent practicable will in most cases (except for 

complete removal by excavation) leave some LNAPL behind, in the subsurface. 

The research does not analyze environmental issues as remediation treatments, but 

could be useful in geo-environmental engineering design, including mentioned 

remediation system of soils and groundwater future research and development. 
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2.3. BASIC ASPECTS OF HYDROGEOLOGY AND GROUNDWATER 
CONTAMINATION WITH NAPLs 

This paragraph contains the basic parameters used in hydrogeology, necessary to 

define LNAPL ground contaminant transport and fate processes. 

2.3.1. GROUNDWATER FLOW CONCEPTS 

Water in the subsurface can exist in two zones, the unsaturated zone (also called 

“vadose zone” in agronomic engineering and hydrogeology treats) and the saturated 

zone, depending on the soil’s Degree of Saturation (Sr), which is the water volume 

(Vw) fraction of the voids volume (Vv) of a given soil sample: 

v

w
r V

VS =  [2.1] 

The saturated zone, under phreatic surface, shows a pressure equal to or greater 

than atmospheric pressure. A zone of soil may be saturated just above the 

groundwater table due to capillary rise, this zone is called capillary fringe. It is 

understood that pressure in the capillary fringe is less than atmospheric pressure due 

to surface tension of water. 

Water in the saturated zone can present movement or stay static, depending on the 

geological conditions. When a hydraulic gradient exists within the saturated zone, 

groundwater flow occurs. The hydraulic gradient can be defined as a change in head 

per unit distance, as follows: 

l
hi
∂
∂

=   [2.2] 

Hydraulic head at any location within the subsurface is defined by Bernoulli’s 

equation as: 
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where, h is the hydraulic head, z the elevation above datum, p the fluid pressure with 

constant fluid density ρ, g the acceleration due to gravity, and v the fluid velocity. The 
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above equation’s second term is called pressure head or fluid pressure u, so as 

below the groundwater table pressure head is greater than atmospheric (u>0). 

Because groundwater velocities are usually very low, the velocity component of head 

can be neglected, for the case studied here. 

A variety of geologic formations can make groundwater flow or stay static. Here, 

aquifer is briefly defined, as the geologic unit that can store and transmit water 

(Sharma and Reddy 2004). Aquifer cycle can be explained by the Témez Distributed 

Hydrological Model (Témez 1977) and depending of boundary conditions it would be 

unconfined or confined. Apart from that, other geological units with low or negligible 

yield of water can be defined respectively as aquitard and aquiclude. 

The ratio of void space volume to the total volume of a given sample is called 

porosity n, it can be used as an index of how much total groundwater, in one phase 

flow case, can be stored in the saturated zone, however, it does not indicate how 

much water the porous material would yield. Effective porosity, ne, is actually 

required parameter for seepage calculations, since part of the total porosity, n, is 

occupied by static fluid being held to the mineral surface by surface tension: 

erety
T

v nnSS
V
V

>=+=   [2.4] 

where, Sy is the specific yield of an aquifer, defined like the ratio of the volume of 

water that drains from saturated material due to the attraction of gravity to the total 

volume of material (equivalent to ne) and Sret is the ratio of volume of water that is 

retained against the force of gravity to the total volume. Here, Terzaghi’s (1923) soil 

mechanics principle is assumed as valid. 

Hydraulic conductivity is defined as the property of a porous media that permits the 

transmission of fluid through it, described, in 1856, by Darcy’s law as: 

l
hKiKv
∂
∂
⋅−=⋅−=  [2.5] 

K is the hydraulic conductivity, function of the properties of the medium and the 

properties of the fluid. Hydraulic conductivity is groundwater flow, through a medium, 

specific parameter. Flow of other liquids can be of interest, particularly in petroleum 
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reservoirs and contaminant problems analysis, looked at from the point of view of the 

dissertation. Intrinsic permeability k, unlike hydraulic conductivity K, is independent of 

fluid properties and only depends on the medium. For a subsurface system saturated 

with the soil fluid, the hydraulic conductivity, K, can be expressed as follows (Hubbert 

1940 and Bear 1972):  

µ
ρ gkK ⋅⋅

=   [2.6] 

where, k is the intrinsic permeability of the soil, depends only on properties of the 

solid matrix, ρ the fluid density and µ the dynamic viscosity of fluid. The saturated 

hydraulic conductivity of water in soil (or the intrinsic permeability of the soil) can be 

measured by both field and laboratory experiments. Either way, the experimental 

measurement of K (or k) consists in determining the numerical value for the 

coefficient in [2.5] Darcy's equation. 

Transmissivity is a measure of how much water can be transmitted horizontally, the 

unit width (unit hydraulic head) of a fully saturated thickness of aquifer. 

bkT ⋅=  [2.7] 

The horizontal discharge through a layer is proportional to its transmissivity. Using 

Darcy’s law and the definition of transmissivity, it can be shown that the discharge in 

the l=x direction [2.5], through a length of aquifer that extends a distance Δy in the y 

direction is: 

y
x
hTQ ∆
∂
∂

−=  [2.8] 

VARIATION OF HYDRAULIC CONDUCTIVITY 

According to the geological formation characteristics, hydraulic conductivity may vary 

within the spatial distribution of the permeable soil layers and the scale considered. If 

soil is given as a porous material, it can be classified homogeneous (kx= ky= kz) or 

heterogeneous and isotropic or anisotropic, depending on the flow direction 

considered. For a large 2D scale, the ratio of horizontal to vertical conductivity 

(kx=ky)/kz can range from less than 10 to more than 100 magnitude multipliers in 

layered soils. 
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At heterogeneous soil interface between two materials presenting differing hydraulic 

conductivities, the flow paths are bent in a manner similar to optical refraction. At the 

groundwater interface, two conditions must be met, according to Freeze and Cherry 

(1979): 

• The specific discharge normal to the interface is the same on both sides of 

the interface to preserve continuity of flow. 

• Pressure must be continuous in a fluid. Therefore, head must also be 

continuous across the interface. 

 

 

 

Fig. 2.2. Specific discharge vectors at an interface, with positive hydraulic gradient in the 

indicated direction. (Adapted from Freeze and Cherry 1979) 

 

Specific discharge vectors at the interface (Fig 2.2), show how flow path lines refract. 

The n direction is normal to the interface, and t direction is tangent to the interface. In 

this case: Kt-soil2 > Kt-soil1. 

The first condition requires that, at the interface: 

21 nn qq =  [2.9] 

Soil 1 

Soil 2 

i (+) 

i (+) 
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The second condition requires that, at interface: 
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Angles α1 and α2 are related to the specific discharge components as follows: 

1
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Using the previous [2.9], [2.10] and [2.11] equations and Darcy’s law [2.5] for qt1 and 

qt2 results in a similar expression to the refraction relationship given by Snell’s Law: 
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It can be deduced that, when there is a large difference between Kt1 and Kt2, the flow 

direction becomes almost normal to the interface in the lower-K layer and almost 

parallel to the interface in the high-K layer. Since large K contrasts are common in 

stratified geologic settings, flow in a high-K layer tends to be almost parallel to the 

layer and flow in a low-K layer tends to be almost normal to the layer. 

Moreover, it is often necessary to estimate average values of hydraulic conductivity 

based on a set of measured values, when the ground fabric shows different layers. 

Other expressions are given by Freeze and Cherry (1979) or Custodio and Llamas 

(1983). 

SPECIFIC STORAGE AND STORATIVITY 

Specific Storage is the amount of water expelled or released from a unit volume of 

saturated soil when the pore water is subject to a unit decline in head. 

)(1 βαρ ng
dhV

dVS W
T

w
S +⋅⋅=⋅−=  [2.13] 
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where, dVw is the volume of water expelled from aquifer volume VT when the head 

changes by dh. The negative sign is there because SS is a positive constant and 

when head declines, dh is negative and dVw is positive. For a unit volume (VT =1) 

and a unit decline in head (dh= −1), SS = dVW. The same [2.13] expression can be 

understood in terms of pore water expansion represented as nβ (porosity and 

compressibility of water) and primary compressibility of the soil represented in the 

term α. 

For two-dimensional aquifer analyses, a more useful storage parameter is one that 

integrates storage over the height of the aquifer. This integrated property is called the 

Storativity S, which for confined aquifers consisting of a single material is defined as: 

SSbS ⋅=  [2.14] 

The Storativity in an unconfined aquifer is called the specific yield Sy and is 

conceptually equivalent to storativity S in a confined aquifer: 

yyS SSShS ≈+⋅=  [2.15] 

where, SS value may be negligible. In coarse-grained materials like clean sands, 

gravels, or sandstones, Sy is typically more than half of the porosity, n. Specific yield 

will always be less than porosity, since not all water can drain from pore spaces; 

some is held by capillary forces to the mineral surfaces. The coarser the material is 

the closer Sy approaches n. In permeable granular aquifers, Sy is typically in the 

range 0.10–0.30. In fine-grained materials, Sy is a small fraction of n, because strong 

capillary forces limit the amount of drainage (Fitts 2002). 

GROUNDWATER FLOW EQUATION 

In hydrogeology general textbooks, as Freeze and Cherry (1979), Custodio and 

Llamas (1983) or Fetter (1994), it can be found the complete deduction of 

groundwater flow equation to estimate the distribution of hydraulic heads, or the 

direction and rate of groundwater flow. For three-dimensional flow, the deduced 

general equation is: 
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The above equation allows flow in all three directions, transient flow, heterogeneous 

soil hydraulic conductivities and anisotropic hydraulic conductivity. Other, less 

general, forms of the flow equation can be derived from [2.16]. When kx = ky = kz = k, 

assuming the soil is homogeneous and isotropic, then: 
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The Laplacian operator is introduced in [2.17]. Assuming the flow in steady state, 

there is deduced the partial differential equation known as the Laplace equation 

[2.18]. It is well studied, having numerous applications in general physics. 

02 =∇ h  [2.18] 

To solve the groundwater flow equation [2.16], it is needed both initial conditions; 

heads at time (t=0) and boundary conditions, representing either the physical 

boundaries of the domain, or an approximation of the domain beyond that point. 

Often the initial conditions are supplied to a transient simulation. There are two broad 

categories of how [2.16] would be solved; either analytical methods, numerical 

methods. Analytic methods solve the groundwater flow equation under a simplified 

set of conditions exactly, while numerical methods solve it under more general 

conditions to an approximation. 

2.3.2. GROUNDWATER CONTAMINATION 

Contaminant migration is controlled by three general processes: Diffusion, advection 

and mechanical dispersion. 

To briefly understand the soluble chemicals of LNAPL diffusion (molecular diffusion) 

process into the groundwater, a simple experiment can be performed. In figure 2.3(a) 

a drop of ink is introduced in a tank of static water, in point A. Observations made in 

subsequent periods of time shows that the ink occupies an increasing volume over 

the total, plotted in figures 2.3(b), 2.3(c) and 2.3(d). It is supposed that steady state 

conditions are reached in figure 2.3(d). 
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(a) t=0   (b) t=t1>0  (c) t=t2> t1  (d) t=tn> tn-1 

Fig. 2.3. Illustration of molecular diffusion of ink in water. 

The analysis of figure 2.3, considering a conservative mass state, means that a 

variation of the concentration must happens. 

.Const
Volume

ionConcentratMass ==  

Diffusion will cease only if there is no concentration gradient (Sharma and Reddy, 

2004). The finite concentration gradient can be defined in a spatial one dimension (x) 

as follows: 

dx
dC
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x
=

∆
∆

≠
∆
∆

→∆ 0
lim0  [2.19] 

Soil presents a diffusive pathway, highly non-linear, depending on the grain size. A 

tortuosity factor has to be considered. The governing equation is characterized using 

Fick’s second law. For one-dimensional conditions, this law can be expressed as: 

2

2
*

dx
CdD

dt
dC

=  [2.20] 

where, D* is the apparent diffusion coefficient function of tortuosity and grain size. 

Values of D* do not vary significantly for different soils and contaminant combinations 

and they range from 1.10-9 to 2.10-9 m2/s (Sharma and Reddy 2004). 

Diffusion is considered as an active transport mechanism. Advection and dispersion 

are considered passive transport mechanisms. 

A A A A 
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Advection, advective transport or convenction, is the component of the transport that 

is due to the motion of the fluid the particle is suspended in. A hydraulic gradient is 

necessary but this process not only translates mass from one location to another, it 

tends to spread or disperse the mass in the process. This occurs because the 

distribution of water velocity is not uniform. This complex mechanism is depicted in 

the figure 2.4, below: 

 

 

 

 

 

 

t=t1    t=t2  …  …  t=tn 

 

Fig. 2.4. Advective transport in the groundwater flow direction. LNAPL leaking in continuous 

source. 

 

Mechanical dispersion or hydrodynamic dispersion, illustrated in figure 2.5, is the 

component of transport that describes local mixing, which results in locally varying 

fluid flow velocity. When a particle moves through a porous medium, differences in 

pore sizes, friction effects, and differences in transport lengths can cause local 

fluctuations (Bruderer and Bernabe 2001, Adler and Thovert 1999). 
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t=t1    t=t2  …  …  t=tn 

 

Fig. 2.5. Hydrodynamic dispersion. Storage tank leakage illustration. 

 

Dispersion and diffusion result in the same mathematical description, called 

advection-dispersion equation. 

 [2.21] 

where, C(x,y,z,t) is the solute concentration. The same equation for one dimension 

can simplified to: 

  [2.22] 

     I    II 

where, I is known as the dispersive term and II advective term, according to the 

above definitions. 

In this case, if there is not hydraulic gradient [2.5], the flow velocity ūx is zero, [2.22] 

turns into Fick’s second law [2.20]. Dx in [2.22] is the coefficient of longitudinal 

LNAPL 
source 

x 
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hydrodynamic dispersion, depending on apparent diffusion coefficient and soil 

dispersivity, expressed as follows: 

xLx uDD ⋅+= α*  [2.23] 

where, αL is the longitudinal soil dispersivity, which is a empirical concept. Dx is a 

high scale dependent coefficient. 

Diffusion is an expression of the cumulative effect of random motions of particles. 

The spreading of solutes from areas of high concentration to areas of low 

concentration can be described as though the concentration gradient causes 

diffusion. Dispersion is due to spreading within pores due to velocity variations within 

pores, larger scale spreading due to velocity variations among pores, and due to the 

effects of tortuosity. These mechanisms are commonly described as “diffusion like” to 

allow for ready solution of dispersive transport phenomena. 

Advection-dispersion phenomena occur in many physical situations including the 

transfer of heat in fluids, flow through porous media, and the spread of contaminants 

in fluids and in chemical separation processes. Advection-dispersion equation has 

been solved using a wide analytical and numerical range of methods, obtained by 

either finite difference methods, finite element methods or finite volume methods. 

Because LNAPL lens tend to form over the capillary fringe, low permeability layers 

and underlying aquitards will not cause important mechanical dispersion. Vertical 

transverse dispersion, which typically has been found to be a weak process in 

groundwater systems, controls dissolution from the lens surface based on the limited 

contact between the plume and the groundwater (Johnson and Pankow 1992, 

Seagren et al. 1999). 

Studying [2.21] expression again, there can be distinguished a transport behavior 

based on a pure diffusion or pure dispersion and an intermediate transient state. The 

dimensionless parameter that indicates the relative importance of advection and 

diffusion to the transport of scalars in a given system, is defined by Péclet number 

Pe. The Péclet number is defined as follows (Perkins and Johnson 1963): 

*D
du

ehaviorDiffusiveB
veBehaviorDispersitiPe x ⋅==  [2.24] 
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where, d is the main grain diameter of the soil, obtained from the size analysis. 

Péclet number, Pe, characterizes the relationship between the convective and 

molecular processes of heat exchange in the flowing fluid. In physics the process of 

molecular conduction predominates at low Pe values, and the process of heat 

exchange by convection of the fluid predominates at high Pe values. Here, it can be 

considered that as the Péclet number increases when advective-dispersive 

processes (term I in equation [2.22]) become increasingly more important than 

diffusion. Figure 2.6. 

 

 

Fig. 2.6. Effective longitudinal dispersion coefficient as a function of the Péclet number: 

Comparison of closure simulations and experimental data. (Adapted from Whitaker 1999) 

 

Péclet number Pe, is directly proportional to Reynolds number Re and Prandtl 

number Pr. If advection and diffusion are described in terms of characteristic time 

scales, the Péclet number is the ratio of these time scales. 
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2.3.3. SPECIAL CONDITIONS OF UNSATURATED SOILS 

The unsaturated zone is the soil above the ground water table and capillary fringe, 

where the soil can be considered as non-completely saturated (Sr<100%, [2.1]). 

Unsaturated soils are simply soils which the pore space is occupied by more than a 

fluid, normally liquid and gas (Gens 2010). In natural, non-contaminated, conditions 

the liquid is water and the gas is atmospheric air mixed with other gases, usually in 

minor concentration on the surface layers (p.e. CH4, CO2, H2S). 

Nowadays, unsaturated soil mechanics is one of the most productive geotechnical 

scientific researching fields. According to Asanza (2009), unsaturated soil state-of-

knowledge has definitely developed in the last two decades, in particular in UPC, 

Spain, and in Saskatchewan University, Canada, which are examples of international 

scope references in that field, mentioning the MUSE Project (Mechanics of 

Unsaturated Soils for Engineering) under the shadow of “Marie Curie - UE Program”. 

LNAPL contamination used to be caused within unsaturated soils, migrating down to 

the saturated zone, therefore, taking into consideration the interaction of two liquid 

phases, groundwater and LNAPLs. The main objective of unsaturated soil mechanics 

is different to the objectives of the present text. The first puts the accent on the soil 

strength improvement, based on suction phenomenon; this text researches the 

problem where environmental hazardous products, NAPLs, decrease some soil 

properties. The main difference is that when NAPLs are not desired agents within the 

soil; water is a natural ground phase. Generally, in developed countries, once that 

LNAPL is detected regulations give criteria to their characterization, concentration 

reduction or removal. 

Permeability of the unsaturated zone depends on the pore-size distribution and water 

degree of saturation which can be predicted from the soil-water characteristic curve. 

Under the previous assumptions, flow of water in unsaturated soils depends on 

several factors which make the determination of flow a complex study object of many 

thesis and scientific publications. In the case of unsaturated soils, it is possible for a 

single soil to have a coefficient of permeability that ranges over 10 orders of 

magnitude (Fig. 2.6). Initial considerations of problems involving unsaturated soils 

might lead an engineer to conclude that no useful analysis is possible in that case 

(Fredlund et al. 1994). Currently, D.G. Fredlund (University of Saskatchewan, 
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Canada) is one of the most important researchers in soil mechanics and flow in 

unsaturated soils, for more references. 

The permeability coefficient kuns, of an unsaturated soil, cannot be assumed constant. 

It depends on the volumetric water content, which, in turn, depends upon the soil 

suction ψ. The soil suction may be either the matric suction of the soil [2.25], or the 

total suction (matric plus osmotic suction) 

La uus −=  [2.25] 

where, s is the matric suction of unsaturated soil and ua – uL is the difference 

between pore-air pressure and pore-water pressure. 

 

 

Fig. 2.7. Variation of kuns with volumetric water content of “Guelph” loam. (Taken from Fredlund et 

al. 1994) 

Based on currently knowledge Darcy’s Law, expression [2.5] is not applicable 

directly, supposing a constant coefficient of permeability kuns, for unsaturated soils. 

Figure 2.7. kuns is not a material relative constant like it use to be considered in the 
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saturated zone (consideration obviating confinement pressure level). kuns is variable, 

depending on the volumetric water content θwc also called the volume wetness or 

volume fraction of soil water, which represents the fraction of the total volume of soil 

that is occupied by the water contained in the soil, different from the moisture content 

w [2.26], as the weight ratio between water and solid in a given sample. 

w
wc

S T

W Vww
W V

θ= ≠ =  [2.26] 

The pore water pressure also varies with w. These differences make analysis of 

unsaturated flow more complex than the analysis of saturated flow. The pore water 

pressure u in the unsaturated zone is less than atmospheric pressure due to the 

tension in the water as it is adsorbed to the mineral surfaces.  

As the water content w decreases, the forces of attraction between water and the 

matrix play a larger role compared to other forces. First studied for agricultural 

applications, the relationship between w and u can be plotted as the called 

characteristic curve. Coefficient of permeability functions obtained from the matric 

suction versus degree of saturation curve, figure 2.8, have been proposed by Burdine 

(1952) and Brooks and Corey (1964). 

 

Fig. 2.8. Matric suction versus degree of saturation curve. (Taken from Fredlund 2004, after Burdine 

1952 and Brooks and Corey 1964). 
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As it can be observed, in figure 2.8, at very low water pressures values (matric 

suction), the water content, in terms of volume ratio [2.1], becomes almost constant 

despite further reductions in pressure. This is because the water forms a thin film that 

is tightly bound by forces of attraction between water molecules and the mineral 

surfaces [2.29], called adsorption (expressions [2.29] and [2.30]). This lower bound 

value of w is known as the field capacity. 

Field capacity can be defined as the maximum moisture that a soil or rock can hold, 

as by capillary action, before the water is drawn away by gravity (Israelson and West 

1922). It is the water content retained in soil at −33 J/kg (or −0.33 bar) of hydraulic 

head or suction pressure, according to a physical definition given by Veihmeyer and 

Hendrickson (1931). 

When the coefficient of permeability at any soil suction is referenced to the saturated 

coefficient, there can be found authors giving empirical equations for the unsaturated 

coefficient of permeability kuns, as tables given by Fredlund et al. (1994). 

CAPILLARITY 

Capillarity refers to a rise in water level, due to surface tension (soil suction), that 

occurs between a soil and the pore water. Sophocleus (2009) explains that the 

energy necessary for capillary rise, being derived from the diminution of surface 

energy that accompanies the movement of liquid in the capillary, emphasizes the 

important role of wetting in characterizing surface phenomena.  

Capillary forces are derived from the attraction of the surface of a liquid to the surface 

of a solid, which either elevates or depresses the liquid depending upon molecular 

surface forces. For most silicate granular soils, water rises in pore spaces in 

proportion to the interfacial tension of the water and inversely with the pore throat 

diameter. 

Other authors like Pellicer et al. (1995) propose more accurate expressions to 

calculate the capillary rise, than the next, given by Freeze and Cherry (1978), 

adapted here as follows: 

θ
γ

σ
cos

2

Wp

surf
C d

h =  [2.27] 
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where, σsurf is the surface tension, hc capillary rise, dp is pore diameter of the capillary 

fringe and θ is the contact angle. 

In order to explain the meaning of the contact angle, Sophocleus (2009) proposes 

figure 2.9, where a schematic liquid drop, in case a, shows a wetting situation with 

contact angle (different to volumetric water content, θwc< θ < 90°, and case b, a non-

wetting situation with θ > 90° on a planar solid surface. g is the interfacial tension 

between the phases indicated by the subscripts. Thus, subscripts SV, SL, and LV 

stand for solid–vapor, solid–liquid, and liquid–vapor, respectively. 

 

Fig. 2.9. Contact angle of two different wetting situations. (Taken from Sophocleus 2009) 

 

The capillary rise is inversely proportional to the pore size of the soil. In fine-grained 

soils, capillary rise is high, whereas it is negligible in gravelly soils. Empirically, the 

capillary rise is given, other way, as (Holtz and Kovacs 1981) 

102.0
03.0
d

hC ⋅
−

=   [2.28] 

where, hc is reported in meters and the effective diameter d10 in millimeters. 

When two or more liquid phases are occupying the capillary fringe the problem is 

complex, as Huntley and Beckett (2001) showed. 
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2.4. LNAPLs SOIL TRANSPORT AND FATE CONCEPTS 

Depending on their relative density with respect to water, NAPLs will accumulate on 

the water table or migrate under it, after a leaking process and transport through the 

unsaturated zone. During their migration through the so-called vadose zone, NAPLs 

will leave behind their infiltration front a residual phase that will occupy discontinuous 

regions of the pore network. This residual mass of NAPL represents a long-term 

source of contamination by slowly diffusing in the gas phase and dissolving in the 

infiltrating water (Fetter 1993; Dubé et al. 2002). 

Once the contaminants reach the groundwater table at the saturated capillary water 

fringe, in the case of LNAPLs they spread over the saturated soil in a multiple phase 

pore contain and move laterally as a continuous free-phase layer along the upper 

boundary of the water-saturated zone due to (1) gravity, (2) capillary forces and (3) 

groundwater flow. Differences in the physical and chemical properties of water and 

LNAPLs result in the formation of a physical interface between the liquids which 

prevents the two fluids from mixing. An illustration of the process has been outlined, 

on the below figure 2.10. 

 

 

 

 

 

 

 

 

Fig. 2.10. Schematic aspect of a LNAPL spill contamination process. 
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According to [2.21] and [2.22] equations, considering composition and concentration 

of volatile compounds like benzene, toluene, ethylbenzene or xylenes (so called 

BTEX) and the permanence time in contact with groundwater table, this products 

may incorporate to the natural water flow (aquifer) as a solved plume, which is not 

object of this dissertation. On the other hand, 2D flow in saturated transparent 

synthetic soils has been performed successfully (Iskander et al. 2010), the model test 

in the present dissertation continue the line opened by Prof. Iskander and his 

collaborators since 1997, currently developing different researching lines with 

transparent soils modeling at Polytechnic Institute of New York University (Civil 

Engineering Department). 

Characteristics of the LNAPLs and subsurface materials govern transport at both the 

pore scale and field scale (Cohen and Mercer 1993). At the pore scale, the transport 

and fate parameters defined below, in this chapter, control LNAPL migration and 

distribution. At the field scale, LNAPL migration is much more difficult to predict due 

to such factors as complex release history and, most importantly, subsurface 

heterogeneity. 

The transport and fate of LNAPL, in subsurface, with respect to advection, 

dispersion, partition and biodegradation are extremely complicated (Song et al. 

2005). Transport of LNAPLs is well studied in several comprehensive monographs, 

Cohen and Mercer (1993), Charbeneau et al. (1999) or Huntley and Becket (1999). 

Analyzing the common issues, it can be defined as a list of key parameters 

necessary to perform a transport model. 

2.4.1. LNAPL TRANSPORT KEY PARAMETERS 

In the case of LNAPLs existing phase, predicting the transport of such contaminants 

in soil and ground water has proven to be  a difficult exercise. Mathematical and 

physical models have been developed to quantify such movements  (Esposito et al. 

1999).  The governing equations for multiple-fluid and multi-component flow are 

coupled nonlinear partial differential equations, which have been developed for 

specific scenarios of subsurface contamination (Weaver et al. 1994, Knight and 

Mitchell 1996). 

The key parameters within the LNAPL transport equations (Newell et al. 1995) are: 
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• Density, defined as the mass of a substance per unit volume. One way to 

express density of a fluid is the specific gravity (Gs) which is the ratio of the 

mass of a given volume of substance at a specified temperature to the mass 

of the same volume of water at the same temperature. LNAPLs usually have 

specific gravity values less than water. 

• Viscosity, defined as the resistance of a fluid to flow. Dynamic, or absolute 

viscosity is expressed in units of mass per unit length per unit time. This 

resistance is also temperature dependent. The viscosity of most fluids will 

decrease as the temperature increases. The lower the viscosity, the less 

energy required for a fluid to flow in a porous medium. The hydraulic 

conductivity increases as the fluid viscosity decreases. 

• Interfacial tension, defined as the surface energy at the interface that results 

from differences in the forces of molecular attraction within the fluids and at 

the interface. When two liquids, which are immiscible, are in contact, an 

interfacial energy exists between the fluids, resulting in a physical interface. It 

is expressed in units of energy per unit area. In general, the greater the 

interfacial tension, the greater the stability of the interface between the liquids. 

Interfacial tension is affected by temperature, changes in pH and the 

presence of surfactants and dissolved gases.  

• Wettability, is generally defined as the overall tendency of one fluid to spread 

on or adhere to a solid surface in the presence of another fluid with which it is 

immiscible. This concept has been used to describe fluid distribution at the 

pore scale. In a multiphase system, the wetting fluid will preferentially coat 

(wet) the solid surfaces and tend to occupy smaller pore spaces. The non-

wetting fluid will generally be restricted to the largest interconnected pore 

spaces. In the vadose zone, where air, water, and LNAPL are present, 

liquids, usually water, preferentially wet solid surfaces (Cohen and Mercer 

1993). However, under conditions where only LNAPL and air are present, 

LNAPL will preferentially coat the mineral surfaces and displace air from pore 

spaces. In the saturated zone, with only water and LNAPL present, water will 

generally be the wetting fluid and will displace LNAPL from pore spaces. 

Wettability is affected by such factors as NAPL and aqueous phase 

composition, presence of organic matter, surfactants, mineralogy, and 
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saturation history of the porous medium (Anderson 1986). Refined petroleum 

products like kerosene, gasoline, diesel fuel, motor oil, in general lubricants 

and fuel liquids can generally be considered non-wetting fluids in water. 

• Capillary pressure, as the pressure difference across the interface between 

the wetting and non-wetting phases and is often expressed as the height of 

an equivalent water column. Capillary pressure is represented by the 

tendency of the porous medium to attract the wetting fluid and repel the non-

wetting fluid (Bear 1972). The capillary pressure of the largest pore spaces 

must be exceeded before the non-wetting fluid (generally NAPL) can enter 

the porous medium. The minimum pressure required for the NAPL to enter 

the medium is termed the entry pressure. Analytical expressions describing 

relationships between capillary pressure and NAPL movement under 

hydrostatic and hydrodynamic conditions are compiled by Cohen and Mercer 

(1993). 

• Unsaturated soil hydraulic permeability or relative permeability, defined like 

the ratio of the effective permeability of the medium to a fluid at a specified 

saturation and the permeability of the medium to the fluid at 100% saturation. 

The propagation of LNAPL through a porous medium constitutes multiphase flow. 

NAPL and soil properties such as defined above are important in understanding 

NAPL transport and in predicting subsurface contamination, but not enough to 

describe the behavior of the organic contaminant throughout the transport process. 

There must be considered chemical mass transfer and biological (biodegradation) 

processes. 

2.4.2. FATE OF LNAPLs IN SOILS 

When an organic liquid is released in the surface, it tends to migrate downward in the 

unsaturated zone, primarily because of gravity, usually following some irregular path 

of least resistance, defined by tortuosity parameter, introduced in [2.20] expression. If 

enough LNAPL is spilled so that it penetrates down to the top of the saturated zone, 

its fate then hinges on its density, it tends to float and pool at the top of the saturated 

zone as shown on the figure 2.8. 

Water that percolates through NAPL containing pores may dissolve constituents from 

the NAPL. Petroleum-based fuels constituents like BTEX mainly and other chemicals 
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products like benzopyrene, methyl-tert butyl ether will continue to dissolve into the 

passing water until the NAPL disappears entirely in a natural process which can take 

years (Fitts 2002). Moreover, infiltration of water through the residual LNAPL due to 

recharge or increased water table elevations slowly dissolves soluble constituents, 

nearest to saturated zone, resulting in an aqueous-phase contaminant plume. 

Smaller NAPL particles, called colloids (on the order of 10−10 to 10−8 m) tend to attach 

themselves to surfaces that have an electrical charge opposite the charge of the 

colloid surface (McCarthy and Zachara 1989). Immobile colloids are found at mineral 

surfaces, at air–water interfaces in the unsaturated zone, and probably at NAPL–

water interfaces. 

As the water table rises or falls, LNAPL will be retained in the soil pores, leaving 

behind a residual LNAPL “smear zone” (Newell et al.-USEPA 1995). If smearing 

occurs during a decline in groundwater elevations, residual LNAPL may be trapped 

below the water table when ground-water elevations rise. Huntley and Beckett (2001) 

discuss about the use of “smear zone” term, commonly applied to the portion of the 

vertical profile above the water table where variations in the water table elevation has 

“smeared out” LNAPL in the vadose zone due to seasonal or climatic groundwater 

fluctuation. 

In this context there must be defined chemical mass transfer processes, sorption, 

degradation and volatilization, in next paragraphs. 

SORPTION 

Sorption refers to contaminants attached to mineral particles and organic matter in 

the soil. Sorption encompasses various processes, such as adsorption/desorption 

(Sharma and Reddy 2004). Adsorption is the process by which a solute adheres onto 

the exterior surface of a solid particle and refers to the process by which the solute 

diffuses into the internal pore space of the solid particle and attaches onto the interior 

surface. The opposite process is called desorption. 

A similar term to adsorption is partitioning, a process by which a chemical species, 

which is originally in solution, becomes distributed between the solution and the solid 

phase. 
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The equilibrium of solute concentration versus the amount sorbed onto the solid 

phase is called isotherm. The more general non-linear equilibrium isotherm is the 

Freundlich sorption isotherm, which describes the nonlinear relationship between the 

sorbed and the equilibrium concentrations. Another relationship between the mass of 

contaminant sorbed per unit dry mass of solid (S) and the concentration of 

contaminant at equilibrium (C), is defined by Langmuir isotherm. The given below is 

Freundlich isotherm expression: 

b
dCKS =  [2.29] 

where, Kd is the adsorption coefficient, obtained from empirical, laboratory or field 

methods, described by Sharma and Reddy (2004). The “b” constant defines the 

tendency of the isotherm (linear if b=1, exponential b>1 or asymptotic when b<1), it is 

defined by the normalized partition coefficient (Koc) if the organic carbon content or 

fraction (fα): 

αfKK ocd =  [2.30] 

DEGRADATION 

Degradation of contaminant is a complex process of attenuation (contaminant 

concentration decreasing) involving chemical and biological reactions. According to 

Huntley and Beckett (2001), probably the most important and fundamental 

attenuation mechanism in the dissolved-phase transport of most petroleum products 

is mass loss by biodegradation. 

Biodegradation is largely responsible for the observed stabilization of the dissolved-

phase plume with respect to distance from the source. The biodegradation of the 

petroleum hydrocarbons works very much like a septic system, with naturally 

occurring microbes digesting hydrocarbons for energy under various states of 

oxidation and reduction potential. While aerobic degradation generally proceeds at 

the highest rate, anaerobic reactions are important and the net system undergoes 

with different biochemical processes versus distance from the source (Wiedemeier et 

al. 1995). There is good evidence that natural degradation of oxygenated 

hydrocarbons occurs under certain conditions, but these conditions are not present in 

all natural environments. The attenuation principle of LNAPL by biodegradation is the 
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base of in situ contaminated soil and groundwater bioremediation (Maroto and Rogel 

2002). 

The process of concentration decay in relation with biodegradation is explained by 

the Monod kinetics. 

VOLATILIZATION 

Volatilization of organic compounds, occurs by two primary pathways: volatilization 

from water and NAPL. Henry’s Law describes the partitioning of an organic 

compound between the aqueous and gaseous phases. For a dilute solution, 

concentrations less than approximately 10-3 moles/l, the ideal gas vapor pressure of a 

volatile solute is proportional to its mole fraction in solution. More simply stated is the 

escaping tendency of the solute molecules from the water phase to the air phase as 

proportional to the concentration in the water. 

This relationship assumes local equilibrium between water and air and is useful for 

estimating the potential for organic chemical transport from water to air, and from 

hydrocarbon vapors to water. For more concentrated solutions or pure phase 

compounds, volatilization is best described by Raoult’s Law, which states that the 

vapor pressure over a solution is equal to the mole fraction of the solute times the 

vapor pressure of the pure phase liquid.  

2.4.3. GOVERNING EQUATIONS 

In the case of LNAPLs existing phase, a general governing equation can be written in 

function of a retardation factor depending on an adsorption coefficient obtained 

empirically and represented on the above mentioned general isotherms. 

The retardation factor can be defined (Talimcioglu 2010) as the relationship between 

seepage velocity and LNAPL plume velocity, in function of the adsorption coefficient: 

n
KR dd

d
ρ⋅

+= 1  [2.31] 

where, ρd is the bulk density of the soil and n the total porosity. The case when Rd is 

the unit, corresponds with the absence of adsorption and by observing [2.31] is 

obvious that: 
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1≥dR  

Considering [2.22] in sorption behavior function above defined, the equation can be 

written: 
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 [2.32] 

 

taken into consideration Monod kinetics for the variation of concentration due to 

degradation processes. 

2.4.4. RESIDUAL SATURATION 

Water and LNAPL coexist in the pores under different pressures. The greater the 

pressure in the non-wetting fluid is the more fully the pore space is filled (saturated) 

by the non-wetting phase. When a LNAPL breaks into isolated blobs and ganglia 

then becomes discontinuous and immobile as a separate liquid phase. The 

saturation at which LNAPL is immobile is referred to as residual saturation (Sale 

2003). 

There is a liquid pressure range in between LNAPL degree of saturation is greater 

than zero and LNAPL maximum saturation, at which LNAPL capillary pressure 

equals pore water pressure. The maximum LNAPL saturation, below which LNAPL is 

discontinuous and immobile under the existing gradient is defined by Parker et al. 

(1991). 

)10( 6n
TPHS

n

b
napl ρ

ρ ⋅
=   [2.33] 

 

where, Snapl is NAPL saturation (unitless) ρb is bulk density (g/cm³), TPH the total 

petroleum hydrocarbons (mg/kg), ρn is NAPL density (g/cm³) and n the total porosity. 
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2.5. TRANSPORT MODELING 

Fate and transport models are used to predict the migration of chemical constituents 

through soil, groundwater and air or a combination thereof, over time, with most 

models focusing on specific fate (chemical evolution), transport (physical evolution), 

or both coupled processes, along the migration pathway. 

Multiphase flow is a complex problem, particularly in a heterogeneous environment 

(Newell et al. 1995). Numerical models incorporate simplifying assumptions to 

facilitate utility. Recognition of the underlying assumptions and evaluation of the site-

specific applicability of the model is required. Data requirements may also be 

extensive. Certain parameters may not be readily measured in the field due to site 

characterization technology limitations. Many of the models are sensitive to 

parameters such as permeability, porosity, and LNAPL spill history that are often 

unknown or poorly defined. Thus, significant uncertainty in the accuracy of the results 

may exist, even at relatively well characterized sites. 

The model is more complex when existing a first part defined by spilling and vadose 

zone pathway (Šimůnek and Bradford 2008). Fate and transport models are most 

often used to simulate or predict the distribution of constituent concentrations in 

environmental media. In some situations, the collection and interpretation of good 

quality data on constituent concentrations in soil and groundwater can defer the need 

for modeling. Also, situations may arise where fate and transport models cannot be 

adequately calibrated or validated, in which case it may be best to use field data 

rather than modeling results. 

Transport and fete models can be classified in two general groups, mathematical 

(analytical or numerical) and physical. 

NAPL migration can be simulated by three particular classification groups of models: 

sharp-interface models, immiscible-phase flow models with capillarity, and 

compositional models (Corapcioglu et al. 1994). A number of multiphase flow 

mathematical models have been developed which are capable of simulating LNAPL 

transport (Corapcioglu et al. 1994, Newell et al. 1995, Kim and Corapcioglu 2003). 

Such models have been used in site characterization to simulate potential 

contaminant distribution and LNAPL recovery system design. However, the 

applicability of these models at many sites is limited. 
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The processes incorporated into fate and transport models should consider, 

according to ASTM (1998), advection as the movement of dissolved constituents 

caused by the bulk movement of fluid (liquids and gasses); dispersion, the three-

dimensional spreading of dissolved constituents as fluid migrates through 

environmental media; diffusion, the spreading of a mass of constituents as a result of 

concentration gradients; equilibrium partitioning of constituent mass between solid 

and fluid (i.e., liquid and gas) portions of the environmental medium as a result of 

sorption, solubility, and equilibrium chemical reactions; biodegradation of constituents 

by indigenous microorganisms along the migration pathway; and phase separation of 

immiscible liquids. 

Numerical models as HYDRUS, MODFLOW, STOMP, SWAP, THOUGH2, VS2DI, 

CXFIT, STANMODHYDRUS and others (Šimůnek and Bradford 2008) allow 

reproducing LNAPL transport modeling. Numerical codes for geotechnical treatment 

are developing two phases flow in more recent versions, allowing LNAPL migration 

treatment. 

Fluid motion and any constituent (temperature, concentration) transported by fluid 

motion can be described from two frames of reference, one which is stationary or one 

which is moving along with the flow. There are two different perspectives for 

analyzing the flow, in this case, flow through a soil, Eulerian and Lagrangian. 

In the Eulerian perspective, the flow and its scalar constituents are described with 

respect to fixed spatial position with respect to time. 

In the Lagrangian perspective, reference moves with the flow, and traces the history 

of individual fluid particles. Unlike the Eulerian description, in which spatial position is 

a fixed reference, in the Lagrangian perspective, the spatial position is another 

variable of the particle. The Eulerian perspective is generally easier to represent, and 

therefore is more common in analysis and flow description. However, the physics and 

transport of flow are more fundamentally related to the Lagrangian perspective 

This doctoral thesis has been focused on physical modeling, adequate to directly 

observation of spatial distribution of LNAPL in the soil. Scale modeling based on 

transparent facilities permits to observe the behavior of LNAPL movement in contact 

with groundwater, within a simulated time period, from the initial spill or contaminant 

release to a steady state. 
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There are two ways to observe a distribution of concentration. First, one can 

measure the concentration everywhere in the flow at the same time. From this type of 

observation one can recreate the full spatial concentration field. While this is feasible 

in a laboratory where spatial scales are small, it is nearly impossible in the field. In 

the field it is more common to sample at a single or limited number of fixed positions 

and record the concentration at each position over time. 

Recently, in December 2009, a US coalition called Interstate Technology & 

Regulatory Council (ITRC), formed by an experts panel in the field of LNAPL soil 

contamination, defined some general concepts to introduce in the knowledge of 

remediation engineering, but can be taken into account to create a physical model. 

LNAPL does not float on the water table in a uniform, high-saturation, “pancake-like 

layer” (sic), is distributed above, at, and below the water table at saturations that vary 

vertically. 

Even when LNAPL is observed in monitoring wells, the soil pores are never 100% 

filled with LNAPL. LNAPL saturation depends on the geology, proper LNAPL fluid 

properties, and release dynamics. 

The lowest saturation, theoretically attainable by hydraulic recovery, is residual 

saturation. Residual LNAPL saturations are different for saturated and unsaturated 

zones. Other things being the same, unsaturated zone saturations are generally 

lower. Residual LNAPL saturation is not a single number, but a range of saturations. 

Seasonal water table fluctuations can continually change the extent of the 

unsaturated and saturated zones, causing the LNAPL to redistribute vertically. 

Consequently the amount of mobile LNAPL changes, but the total LNAPL volume is 

unchanged. LNAPL is mobile when LNAPL saturation is greater than the residual 

saturation. 
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2.5.1. MODELING WATER FLOW AND SOLUTE TRANSPORT IN THE VADOSE ZONE 

Water flow and solute transport in the unsaturated zone has been the topic of many 

investigations using physical modeling. 

Dye as a tracer is a useful tool for revealing spatial flow patterns, and has been used 

by soil scientists for years (Öhrström et al. 2004). The adsorption of the dye differs 

between soil types; soils with a high clay content and low in content of organic 

carbon tend to adsorb more dye than others (Öhrström et al. 2004 after Ketelen and 

Meyer-Windel 1999). Tracers like Bromide, salt concentration and natural isotopes 

like deuterium, tritium (T) and Oxygen-18 have been used to study water flow.  

Conservative tracers are necessary to obtain groundwater transport properties 

accurately, so that combined tracing experiment performed using both deuterated 

water and uranine are common. Compared with other groundwater tracers, 

deuterium shows the highest degree of conservativeness (Öhrström et al. 2004). 

Deuterated water is known as an effective tracer for this purpose due to its chemical 

stability, non-reactivity, ease of handling and sampling and reasonable price. 

Deuterated water has been used as a reference tracer in karst and porous aquifers 

aquifer studies, but only few studies have focused on the unsaturated zone. CEDEX 

(Ministerio de Fomento of Spain) has experience with environmental stable non-

radioactive isotopic tracers based on D (deuterium) and heavy-oxygen water H2
18O, 

available commercially.  

Fluorescent dyes react readily with subsurface materials, particularly in groundwaters 

of neutral and lower pH values, so their transport is often retarded with respect to 

water movement (Öhrström et al. 2004). 

In that line different fluorescent tracers were tested, in laboratory, by Aeby (1998). 

Fluorescent dyes can be detected and discriminated in a mixture of different dyes, 

provided that their spectra barely overlap. 

At this point, it should be mentioned that is possible to establish a relationship 

between intensity in the image given by a Charged-Coupled Device (CCD) and 

concentration of a dyed fluid (Iskander 2010). 
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A CCD camera is designed to convert optical brightness into electrical amplitude 

signals, so the image can be treated in numerical models. It has been demonstrated 

that the fluorescence intensity F can be obtained from: 

)1( 303.2
0

Cd
f eIF εφ −−=  [2.34] 

where: 

Φf: Fluorescence efficiency, is the fraction of absorbed light which is re-

emitted as fluorescence; 

I0: Intensity of the incident light; 

ε: Extinction coefficient, express dye’s efficiency of absorption according to 

the Beer-Lambert law. 

C: Concentration of dyed fluid; 

d: Thickness of the absorbing layer. 

At low concentrations of dyed fluid the relationship [2.34] can be approximated (Aeby 

1998, Iskander 2010) as: 

CdIF f εφ 0303.2=   [2.35] 

In soil d is unknown and the incident light vanes spatially according to the roughness 

of the soil surface. Because of absorption and scattening, the excitation light does 

not equal the incident light, and just a small portion of the emission light is collected 

by the detector. Nevertheless, I (Intensity of the incident light), is proportional to the 

intensity of the excitation light and in case of a linear detector like a CCD camera the 

measured fluorescence signal F is proportional to. If thus: 

FI ∝   [2.36] 
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2.5.2. PHYSICAL MODELING OF LNAPL TRANSPORT 

Physical modeling in engineering tries to cover uncertainties of mathematical 

prediction methods and allows obtaining empirical relationships of a given problem 

(Culligan et al. 1997). The case of geo-environmental engineering is not beyond this 

assumption, furthermore, as a contemporary branch of study into geotechnical 

engineering, the development of knowledge in this field involves performing adequate 

physical models. 

In this framework, centrifuge modeling, which is well known in other geotechnical 

issues, is used to predict transport in porous media, with Péclet number greater than 

one [2.24]. According to the centrifuge acceleration, the flow is simulated 

(Arulanandan et al. 1988, Nimmo 1990, Illangasekare et al. 1991, Cooke and Mitchell 

1991, Mitchell and Stratton 1994, Chang et al. 1995, Culligan et al. 1997, Nakajima 

et al. 1998, Esposito et al. 1999, Kechavarzi and Soga 2000, Hu et al. 2004 and 

2006). 

In fact, a wide range of original multidimensional intermediate-scale experiments 

involving NAPLs flow behavior, imaging, and detection and quantification with solute 

tracers are available in the literature. Oostrom et al. (2007) show a comprehensive 

literature review work, which is basic in this researching line. Here there has been 

adapted the table given by Oostrom et al., in table 2.2., where overview of non-

aqueous phase liquid (NAPL) intermediate-scale flow behavior is called F, imaging I, 

and tracer test detection and quantification experiments Q. 

 

Table 2.2. State-of-the-art of physical scale modeling with NAPLs (Note that the table considers 

DNAPL, like trichloroethan). (Adapted from Oostrom et al. 2007). 

Reference Dimensions [cm]    
(L × H × W) 

Wall 
material 

NAPL 
denomination 

Saturation 
state Soil sample 

Allan et al. 1998 140 × 60 × 8 F: glass trichloroethene saturated Heterog. 

Barth et al. 2003 1000 × 120 × 6 Plexiglas Soltrol 220 saturated Heterog. 

Brusseau et al. 2000 220 × 110 × 5.4 F: glass B: 
kynar trichloroethene saturated Heterog. 

Catalan and Dullien 
1995 69 × 120 × 1.27 glass Soltrol 110 unsaturated both 

Chevalier 1998 100 × 100 × 5 glass gasoline unsaturated Homog. 

Conrad et al. 2002 60.5 × 60 × 1 glass trichloroethene saturated Heterog. 
Corapcioglu et al. 
1996 244 × 122 × 14.6 glass Soltrol 130 unsaturated Homog. 
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Reference Dimensions [cm]   
(L × H × W) 

Wall 
material 

NAPL 
denomination 

Saturation 
state Soil sample 

Coumoulos et al. 
2000 

90 × 60 × 5 (1 g)     
not given (20 g) glass 

trichloroethane(1 
g), HFE7100 (20 
g) 

saturated Heterog. 

Darnault et al. 1998 26 × 32.5 × 1 polycarbo
nate Soltrol 220 saturated Homog. 

Darnault et al. 2001 45 × 55 × 1 polycarbo
nate Soltrol 220 unsaturated Homog. 

Davis et al. 2002 Wedge polypropyl
ene trichloroethene saturated Homog. 

DiCarlo et al. 1997 30 × 55 × 0.94 polycarbo
nate Soltrol 220 unsaturated Homog. 

DiCarlo et al. 2000 30 × 55 × 0.94 (1)    
51 × 55 × 0.94 (2) 

polycarbo
nate Soltrol 220 saturated Homog. 

Fishman et al. 1998 54 × 73 × 2.2 glass tetrachloroethene unsaturated Homog. 

Fure et al. 2006 40 × 31 × 1.5 (1)     
61 × 41 × 1.5 (2) glass 

trichloroethene; 
1,2-
dichloroethane 

saturated Heterog. 

Glass et al. 2000 26 × 60 × 1 glass trichloroethene saturated Heterog. 

Held and 
Illangasekare 1995a 120 × 45 × 45 aluminum 

trichloroethene; 
trichloroethane; 
dibutyl phthalate 

saturated Homog. 

Hochmuth and 
Sunada 1985 90 × 40 × 5 Plexiglas Soltrol C, 

transmission oil unsaturated Homog. 

Hofstee et al. 1998a 170 × 100 × 5 glass tetrachloroethene saturated Heterog. 

Hofstee et al. 1998b 170 × 100 × 5 glass tetrachloroethene unsaturated Heterog. 
Host-Madsen and 
Jensen 1992 100 × 100 × 8 Plexiglas Bayoil 82 unsaturated Homog. 

Illangasekare et al. 
1995a 

975 × 122–183 × 
5.08 

F: 
Plexiglas 
B: 
stainless 
steel 

Soltrol 220 unsaturated both 

Illangasakere et al. 
1995b 122 × 183 × 5 Plexiglas 

dibutyl phthalate; 
1,1,1-
trichloroethane 

unsaturated both 

Imhoff et al. 1996 
20.2 × 14.7 × 

0.095, 20.2 × 14.7 
× 0.334 

glass 
trichloroethene, 
trichloroethene–
toluene mixture 

saturated Homog. 

Imhoff et al. 2003 228.6 × 55.9 × 5.9 

glass (on 
inside of 
Plexiglas 
front and 
aluminum 
back) 

toluene–
trichloroethene–
2-chlorotoluene–
1-bromohexane–
1-bromoheptane 
mixture 

saturated Heterog. 

Istok et al. 2002 wedge polypropyl
ene trichloroethene saturated Homog. 

Jalbert et al. 2003 167 × 100 × 5 
F: glass B: 
treated 
kynar 

tetrachloroethene saturated Heterog. 

Jawitz et al. 2003 62 × 39 × 1.4 glass n-decane saturated Homog. 

Johnson et al. 1992 1000 × 900 × 340 steel trichloroethene unsaturated Homog. 
Johnson and 
Kraemer 1994 180 × 150 × 15 F: glass B: 

aluminum diesel oil unsaturated Homog. 

Johnson and Poeter 
2005 not rectangular plastic hydrofluoroether saturated Homog. 

Kamon et al. 2004 150 × 82.5 × 15 F: glass B: 
aluminum hydrofluoroether saturated Homog. 
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Reference Dimensions [cm]    
(L × H × W) 

Wall 
material 

NAPL 
denomination 

Saturation 
state Soil sample 

Kechavarzi et al. 
2000 180 × 120 × 8 F: glass B: 

Perspex Soltrol 220 unsaturated both 

Kechavarzi et al. 
2005 180 × 120 × 8 F: glass B: 

Perspex Soltrol 220 unsaturated Homog. 

Kueper et al. 1989 70 × 60 × 0.6 Plexiglas tetrachloroethene saturated Heterog. 

McDowell and 
Powers 2003 112 × 68 × 3 

F: glass B: 
stainless 
steel 

gasoline unsaturated Homog. 

McKenna et al. 2001 15 × 8 × 8 not 
reported kerosene saturated Homog. 

Miller et al. 2004 105 × 63 × 1,90 × 
110 × 1 glass 

perfluorocarbon, 
PF-5070, and 
Soltrol 220 

unsaturated Homog. 

Moreno-Barbero and 
Illangasekare 2006 23 × 17 × 2.54 F: glass B: 

aluminum tetrachloroethene saturated Heterog. 

Nelson et al. 1999 220 × 110 × 5.3 F: glass B: 
kynar trichloroethene saturated Heterog. 

O'Carroll et al. 2004 30.6 × 38.4 × 1.7 F: glass B: 
aluminum tetrachloroethene saturated Heterog. 

Oostrom et al. 1997 167 × 100 × 5 F: glass B: 
kynar Soltrol 220 unsaturated Homog. 

Oostrom et al. 1999a 167 × 100 × 5 F: glass B: 
kynar trichloroethene saturated Heterog. 

Oostrom and 
Lenhard 2003 170 × 85 × 5.8 F: glass B: 

kynar 
carbon 
tetrachloride unsaturated Heterog. 

Oostrom et al. 2003 160 × 80 × 5.8 
F: glass B: 
treated 
kynar 

carbon 
tetrachloride unsaturated Heterog. 

Oostrom et al. 2005 102 × 75 × 5.5 glass 

carbon 
tetrachloride–lard 
oil–di-butyl 
phosphonate–
tributyl 
phosphate 
mixture 

unsaturated Heterog. 

Oostrom et al. 2006b 102 × 75 × 5.5 glass lard oil unsaturated Homog. 

Pantazidou and Sitar 
1993 71 × 61 × 5 

F: glass, 
luciteB: 
stainless 
steel 

kerosene unsaturated both 

Rathfelder et al. 
2003 61 × 37 × 3 glass tetrachloroethene saturated Heterog. 

Rimmer et al. 1998 23 × 54 × 0.95 polycarbo
nate Soltrol 220 saturated Homog. 

Schaerlaekens and 
Feyen 2004 70 × 60 × 4 not 

reported trichloroethene saturated Homog. 

Schroth et al. 1995 50 × 60 × 1 glass Soltrol 220, 
Duoprime unsaturated Heterog. 

Schroth et al. 1998a 50 × 60 × 1 glass Soltrol 220 unsaturated Homog. 

Schroth et al. 1998b 50 × 60 × 1 glass Soltrol 220 unsaturated Heterog. 

Schwille 1967 260 × 80 × 20,105 
× 105 × 15 glass heating oil, 

kerosene unsaturated Heterog. 

Schwille 1988 various various various 
saturated 

and 
unsaturated 

both 

Simmons et al. 1992 24 × 24 × 24 acrylic Soltrol 220, 
mineral oil unsaturated Homog. 

Smith and Zhang 
2001 60 × 50 × 1 glass tetrachloroethene saturated Homog. 
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Reference Dimensions [cm]   
(L × H × W) 

Wall 
material 

NAPL 
denomination 

Saturation 
state Soil sample 

Stephens et al. 1998 

29.2 × 114.3 × 1.1 
(upper part),        

29.2 × 58.4 × 1.1 
(lower part) 

glass trichloroethane unsaturated Heterog. 

Van Geel and Sykes 
1994 150 × 120 × 6 F: glass B: 

aluminum n-heptane unsaturated Homog. 

Van Geel and Sykes 
1997 150 × 120 × 6 F: glass B: 

aluminum n-heptane unsaturated Homog. 

Waddill and Parker 
1997 141 × 104 × 8.2 Ultem 

plastic Soltrol 130 unsaturated Homog. 

Wipfler et al. 2004 40 × 40 × 2.5 Plexiglas jet fuel A-1 unsaturated Heterog. 
Zhang and Smith 
2001 60 × 50 × 1 glass       

 

Scaling laws already developed by other authors (Arulanadan et al. 1988; Cooke and 

Mitchell 1991; Mitchell and Stratton 1994; Knight and Mitchell 1996) were used to 

establish the model dimensions.  

Indirect measurements using electrical geophysical methods such Baedecker (1993), 

Sauck (2000), Atekwana et al. (2000, 2004) or Adepelumi (2006). 

Observation methods involving scanning electron microscope (SEM), X-Ray 

computerized tomography (CT), and nuclear magnetic resonance (NMR) have been 

proposed to help understand unseen underground conditions (Lo et al. 2008). 

Professor M. Iskander, of Polytechnic Institute of NYU (New York), has been 

developing, since 1993, several experiments and researching lines with transparent 

synthetic soils. There can be found studies with glass beads (Corapcioglu et al. 1997; 

Huang et al. 2002; Lunati et al. 2003; Theodoropoulou et al. 2003 and Gaganis et al. 

2005) or amorphous silica gels and powders (Iskander 2010 after Mannheimer and 

Oswald 1993, Welker et al. 2000, Iskander et al. 2003, Liu 2003). Although 

transparent synthetic soils possesses potential abilities in modeling many flow 

problems, some limitations with their applications still exist.  

Large scaled models using glass beads are also limited by their poor transparency. 

The pore sizes, porosities, and permeability of glass beads are not representative of 

natural porous media, and engender difficulties in simulating flow transport process 

(Iskander 2010). 

In addition, considering the reflective index between pore fluid and silica powder and 

silica gels, matching synthetic pore fluid such as mineral oil mixed with normal-



Chapter 2: Light Non-Aquous Phase Liquids ground contamination 
 

 52 

paraffinic solvent should be substituted for water, which may cause deviations of the 

simulations. It has been also demonstrated that the degradation of transparency can 

be a problem of large amorphous silica powder samples (Lo, 2007 and Iskander, 

2010). 

 

  

Fig. 2.11. 3-D view of miscible solute transport in contaminated groundwater flow modeling (left) 

and corresponding original images of the miscible solute transport (right). (Taken from Lo 2007). 

Image analysis has been successfully applied for the transformation of dye intensity 

distribution to the solute concentration profile, which enables the exploration of 

hydrodynamic dispersion phenomena of pollutants transport (Iskander 2010). A new 

polymeric material, so-called Aquabeads, has been recently explored for the first time 

by Kazunori Tabe for simulating transparent soils and developing his dissertation at 

Polytechnic Institute of NYU. Hung-Chieh (Jay) Lo (2007) presented in his thesis an 

example of image analysis, figure 2.11. 

Continuing this researching line, being a member of the Ph.D. student workgroup 

supervised by Professor M. Iskander, for nine month, between August 2010 and May 

2011, the author of the doctoral thesis has develop an innovative 3D physical model 

with a transparent material surrogate of soil using a specific polymer (Aquabeads), 

with the initial collaboration of Kazunori Tabe and supervision of Prof. Magued 
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Iskander, author of Modeling with Transparent Soils (2010). The results are 

described in the present text as part of it. 

Currently, it is possible to reproduce transparent soil with different surrogate beads 

and different liquids matching their refractive index, as it has been introduced in this 

chapter. The challenge of this innovative geotechnical application is not only getting 

highly transparent soils, but to obtain and process the directly taken images from the 

tests. 

Preparation of transparent soils involves a tedious pre-process, which is in 

continuous development at NYU – Polytechnic Institute Ph.D. researching group, 

lead by Dr. Iskander. Apart from that fact, which has been described in the present 

dissertation (Chapter 6), data post-process is based, basically, on direct observation 

of images, like one of the advantages of the method. 

Nowadays, the use of digital cameras is spread, for the present ambit too. A digital 

image is composed of a number of pixels and instructions of how to color each pixel, 

in easy understanding definition. Fourier analysis and Wavelet analysis help to 

compress those digital images.  

The light-intensity gives a value corresponding to how bright/dark the pixel at the 

corresponding position should be colored. In a binary (computer) language, the value 

0 corresponds to black and the value 1 corresponds to white. There are other 

numeric scales to measure intensity. At least, an image can be reproduced like a 

mathematical matrix, and there is a wide range of image processors available, or on 

the other hand is possible to develop a particular routine with matrix treatment 

programs like MATLAB™, which includes a powerful specific image processor. 

One possible relationship between intensity in the image and concentration of a dyed 

fluid has been introduced in the expression [2.34], given by Aeby (1998). This 

expression can be introduced in a matrix and numerically treated to obtain the 

relation, depicted in figure 2.11, between image intensity and concentration, which 

allows defining contaminant transport within a transparent soil multiphase flow model. 

From the results obtained on the model it is possible to calibrate analytical 

expressions, numerical models and obtain several empirical parameters. Hydraulic 

conductivity, intrinsic permeability, transmissivity, dispersion coefficient or 

longitudinal dispersivity parameters, which were obtained by Lo et al. (2007) indeed. 
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2.5.3. LNAPL TRANSPORT CHARACTERIZATION BACKGROUND 

A real methodological difficulty to field characterization has been reported, although a 

certain number of tools for groundwater and contamination characterization are 

available (Blake and Hall 1984, Hall et al. 1984, Abdul 1989, Kemblowsky and 

Chiang 1990, Baedecker 1993, USEPA 1993, Ballestero et al. 1994, Atekwana et al. 

2000 and 2004, Mali et al. 2007 or Hoosein 2010).  

Physical modeling could help engineers to perform more precise remediation 

treatments by accurately soil characterization, p.e. in order to get a tentative idea to 

plan field sampling. In the framework of state-of-the-art review some authors have 

been found dealing with special methods which can be useful to the aim of this thesis 

or in more advanced future research. Sauk (2000) or Adepelumi et al. (2006) studied 

the application of geophysical methods to asses LNAPL contamination. 

2.6. UNDERSTANDING OF LNAPL BEHAVIOR WITHIN THE SOIL MASS 

The understanding of LNAPL behavior within the soil mass involves certain 

knowledge of hydrogeology Roggemans (2000) and Martínez et al. (2006), but a 

chemistry background (Doménico and Schwartz 1990). Civil engineering has been 

approaching the evaluation and recovery of LNAPL with a conceptual model in which 

LNAPL floated on the water table like a “pancake” displacing nearly all of the water 

and the air in the pore space of the aquifer. In this model, the result was a uniformly 

high saturation of LNAPL on the water table. It has been also assumed that LNAPL 

moved up and down with a fluctuating water table, always riding on its top. 

From the first studies developed in 1930 at Princetown University in relation with oil 

reservoirs to the studies developed by Farr et al. (1990) or Lenhard and Parker 

(1990) the “pancake” model was extended. Actually has been demonstrated that 

LNAPL is not continuous in the subsurface media matrix. The degree of LNAPL 

saturation depends on the volume released, ground lithology, capillary parameters, 

and fluid properties of the site. LNAPL only partially fills the aquifer pore space, and 

saturation decreases with depth until groundwater fills all the pores in a complex 

process. Huntley and Beckett (2001) reports a comprehensive technical text which 

gives a good idea of the state of the art in site characterization summarizing the 

basics LNAPL behavior factors introduced in the present doctoral thesis and 

conceptual models. 
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3. STATE-OF-THE-ART OF GEOTECHNICAL TESTING 
WITH LNAPL CONTAMINATED SOILS 

3.1. INTRODUCTION 

Variation of LNAPL contaminated soil mechanical properties has been studied by a 

few dispersed researches. Some researchers performed geotechnical tests in soil 

mechanics laboratory, by adding LNAPLs to a specific soil, in order to accomplish 

different purposes. Hydrocarbon contamination will not only affect the quality of the 

soil, under environmental and chemical points of view, but will also alter their physical 

and engineering properties. Mackenzie (1970), analyzing emulsion flotation process 

between oil drops and mineral particles which are suspended in an aqueous 

environment is one of the first published references dealing strictly with geotechnical 

properties examination of contaminated soils. 

Geotechnical implications in environmental engineering issues like waste materials 

landfills design is a relative new field relative to soil mechanics, involving 

contaminated soils. Landfill and waste disposal storages are in constant 

development, at the shadow of groundwater and soil remediation treatments. Studies 

dealing with contaminated soils geotechnical problems were considered by Sowers 

(1968) for landfill design, Lukas and Gnaedinger (1972) studied the specific 

settlement due to chemical products, Sridharan et al. (1981), Fernandez and Quigley 

(1985) working with clays or Kumapley and Ishola (1985), focusing in the shear 

strength variation due to chemical contamination. 

Interests around a potential reuse of petroleum-contaminated, reflected in a draft 

document published by USEPA in 1992 and mainly focus with restoration activities 

after 1991 Gulf War, triggered that some researchers started several research in the 

ambit (Evgin et al. 1989, Evgin and Das 1992, Puri et al. 1994, Meegoda and 

Ratnaweera 1994 or Al Sanad et al. 1995). 

Nowadays, technical interest deals closer to environment protection and forensic 

engineering of transport and storage facilities, in order to prevent older storage 

structures from reaching any structural ultimate state or to cause increasing 

uncontrolled spills, incremented by a non-predicted foundation behave. These 
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aspects are involved in the framework of the present dissertation and some of the 

papers described in the chapter herein. 

3.2. GEOTECHNICAL BACKGROUND 

Nature of soils analyzed in this doctoral thesis corresponds to granular material, 

sands. Soil mechanics involves two main groups of soils, cohesive and non-

cohesive, as classified in every geotechnical textbook. The mechanical behavior of 

non-cohesive is different to clays, which is a generic denomination for cohesive soils 

(Jimenez Salas 1981). 

LNAPL contamination effect on clays has not been considered because LNAPLs 

cannot penetrate through low permeability soils like clays, in similar conditions than 

through highly conductivity granular soils. Moreover, if clays are saturated or partially 

saturated LNAPL will get clogged, depending on the groundwater conditions. Studies 

focused on clay layer acting as contaminant barrier are available in the literature, as 

a remediation technology or waste landfill impermeable layer research. 

3.2.1. PHYSICAL PROPERTIES OF CONTAMINATED CLAYS 

Studies are available dealing with water solute contaminants (Mercer and Cohen 

1990, Miller et al. 1990, Geller and Hunt 1993, Wiedemeier et al. 1996, Fine et al. 

1997, Izdebska-Mucha and Trzciński 2008, Nerantzis and Dyer 2010). Apart from the 

specific study of the behavior of solute contaminants, physical properties of 

contaminated clays have been studied responding to a large number of civil 

engineering applications (Al-Taabba and Walsh 1994). Clays such as kaolinite and 

bentonite are widely used in various industries as sorbents. 

The sorptive characteristics of clays are exploited when they are used as 

contaminant barrier systems. In most of the cases in relation with controlled leachate 

deposition and sealing of landfills and waste materials deposits (Rogel et al. 2008), 

even radioactive waste disposal facilities (Villar at al. 2006) where always a correct 

geotechnical characterization of materials is required (Martínez 2000). Soil liners are 

major components of containment barriers of waste landfill. They determine an 

effectiveness of the barriers against the transport of liquid contaminants into 

groundwater and, consequently, the safety of the landfill operation. 
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Ground contamination produced by organic pollution has a direct implication with 

biological and agricultural uses of the soils. Sridharan et al. (1981) reported the 

heaving of a non-swelling soil in a fertilizer plant due to phosphoric acid leakage into 

the foundation soil from the damaged open drains with joints. This was mainly due to 

phosphate retention in the soil altering the soil fabric. Preventive measures such as 

closed conduits and drains with properly designed filter material were suggested. 

Some authors studied the fate of organic soils and clays contaminated with 

hydrocarbons, from a biological point of view (Wyszkowski et al. 2004 or Serrano et 

al. 2006). It is interesting in this case to observe the sampling and testing methods, 

which take into account the time-evolution of the contaminant properties with the 

time. The evolutionary character of organic contaminant fate makes the problem 

more complex, under a geotechnical study of contaminated soils. 

Hydraulic conductivity of low-permeability compacted layers is probably the most 

studied property in landfills design, according to obtain a leachate liquids control. 

Fernandez and Quigley (1985) studied double layer contraction of contaminated 

clays presenting organic hydrocarbon compounds with a low dielectric constant. 

Bowders and Daniel (1987) showed that compacted clay liner material permeated 

with organic chemicals changed the hydraulic conductivity values, depending on 

pollutant concentration. Uppot and Stephenson (1989) reported that some types of 

contaminants change the properties of clays and their behavior, in relation with the 

contaminant solution saturation degree. Kumapley and Ishola (1985) observed a 

decrease in shear strength of clayey soil as result of chemical contamination from 

industrial wastes. 

3.2.2. REUSE OF CONTAMINATED SOILS IN FILLS 

Reuse is not a current destiny of LNAPL contaminated granular soils, but it seems to 

be possible to use this kind of material in road construction or similar civil engineering 

issues, as it is further addressed along the chapter 5.  

There are official research studies as the document “Potential Reuse of Petroleum-

Contaminated Soils” (USEPA, 1992) which are drafts for regulation attempts in the 

field of reusing contaminated soils. 

It must be noted as an important issue that engineered systems are designed for use 

within discrete operating ranges, and no one recovery system will be optimally suited 
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for all hydrocarbon release sites, according to USEPA (1996). It is also important to 

realize that only a portion of the total volume of the LNAPL release will be 

recoverable. Even under ideal conditions a significant proportion of the free product 

will remain in the subsurface as immobile residue. This means that even a 

remediated soil is going to be contaminated in a certain degree, so every use after 

remediation can be considered, in the ambit of this work, as reuse. 

Lukas and Gnaedinger (1972) performed an investigation to determine the manner 

and extent to which stabilized materials can be utilized in airport pavement 

components which include the subgrade, subbase, and base courses. They 

introduce a bearing strength test (unconfined compression test) in soils containing 

chemical contamination. 

Ola (1990) described a geotechnical testing campaign of “Tar” sand, which is a 

natural bitumen containing sand of Nigeria (Africa) region. The aim of this study was 

to assess the geotechnical properties of these sands and to evaluate their 

engineering characteristics to ascertain their suitability for local construction 

materials. There can be found similar texts dealing with other natural bitumen 

containing sands, like Alberta oil sands deposits in Canada or “Orinoco Oil Belt” in 

Venezuela. 

Several proposals were made by companies for the remediation of heavily polluted 

soils after the oil lakes are drained of liquid crude at the end of the First Gulf War in 

1991. These included conversion of oily sand to road base material or a topping layer 

for car parks and roads after mixing with aggregate or a consolidation agent (Al 

Sanad et al., 1995, Aiban, 1998 and Khamechiyan et al. 2006). 

In Spain, CONAMA (2010) bets for future research in possible reuse of treated soils, 

in the ambit of improvement measures in relation with contaminated sites. 

Furthermore, as it has been introduced in chaper 1, one of the objectives of the EU 

Directive 2008/98/EC, according to the introduction, deals with helping to move the 

EU closer to a "recycling society", seeking to avoid waste generation and to use 

waste as a resource (sic). 
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3.3. GEOTECHNICAL TESTING STATE-OF-THE-ART  

Technical literature dealing with the study of geotechnical properties of soils 

contaminated with light hydrocarbons is disperse and only a few authors make 

comprehensive studies, based in laboratory test results. Further tests of the effects of 

LNAPL on geotechnical properties have been carried out at the soil and rock 

mechanics laboratory of EUITOP-UPM, using contaminated typical soils of Madrid 

(“Miga” Sand), described with more precision in chapter 4. A technical review of the 

related state-of-the-art has been summarized in the present chapter. 

3.3.1. REFERENCES PRESENTATION CRITERIA 

This chapter addresses the discussion of LNAPL contaminated soils mechanical 

properties. Geotechnical tests results published have been selected and general 

conclusions extracted, in order to contrast with new tests developed in the ambit of 

this research. 

Here, some results from experimental studies of previous authors have been adapted 

from the original, in a common format, and ordered by geotechnical test type. Other 

results have been taken directly from the original document to show fidelity to the 

original paper. This kind of presentation and classification would be helpful to later 

discuss conclusions and could help other researchers to better understand the matter 

in future works. The format of the chapter 3 text is maintained along the next 

chapters. An analysis of scientific referenced studies is detailed herein, including a 

brief introduction of the terminology. 

3.3.2. ATTERBERG LIMITS 

Atterberg Limits are the moisture contents which define the Liquid Limit (LL), 

Plasticity Limit (PL) and Shrinkage Limit (SL), used to classify soils, testing the finer 

fraction of the soil passing in #200 sieve (0,072 mm), UNE 0,08 (mm) or other similar 

size, depending on the standard or code of application. These limits control the 

consistency state of the soil and several useful relationships are often applied in 

geotechnical engineering based on their results. Here, has been used a soil 

classification Casagrande Chart to express the variation of plasticity in function of the 

concentration of LNAPL. 
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The range of water content between LL and PL is called Plasticity Index (PI). It is 

defined by the expression: 

PLLLPI −=  [3.1] 

Plasticity index indicates the degree of plasticity of a soil. The greater the difference 

between liquid and plastic limits is the greater will be the plasticity of the soil. A 

perfect theoretical cohesionless soil has zero plasticity index, p.e. clean gravels. 

There are several tests that can be used to determine Plasticity Index, which is one 

of the mostly used parameters in soil mechanics. 

Another interesting parameter deduced from Atterberg Limits tests is Liquidity Index 

(IL), for nearly undisturbed soils characterization. 

PI
PLwIL nat −=  [3.2] 

The liquidity index indicates the state of the soil in the field. The same concept in an 

undisturbed state may be described by Consistency Index (IC), defined as: 

PI
wLLIC nat−

=  [3.3] 

Murthy (2002) gives simple criteria to understand both parameters, useful in the case 

of field sampling and testing, adapted in table 3.1. 

 

Table 3.1. Soil Phase Relationships, values of IL and IC according to the consistency of the soil. 
(Adapted from Murthy 2002) 

Consistency IL IC 

Semisolid or solid state Negative > 1 

Very stiff state (wnat ≈ PL) 0 1 

Very soft state (wnat ≈ LL) 1 0 

Liquid State > 1 Negative 
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Plasticity evolution of coastal sediments has been reported by Jia et al. (2011), 

showing an increment in LL and PI and giving typical trend line curves equations, 

obtained from a commercial spread sheet software, in order to explain this behavior. 

Observing some tables given by the authors, the called heavily-polluted samples 

show more plasticity than those medium or lightly-polluted. The material is a silty soil, 

in which the range of LL varies mainly from 25% to a maximum of 38% in the case of 

highly-polluted. The workers justify this behavior based on the viscous nature of the 

oil, which acts as a lubricant giving particles a closer packing. The type of oil is not 

analyzed nor characterized. 

Srivastava and Pandey (1998) tested two soil types with different fines content. First, 

alluvial soil with a fine contain of 87.9% (8.9% of clays) and second, sand with 9.8% 

of silts were tested, mixed in laboratory with motor oil in varying dry weight 

percentages series of 0-3-6-9-12%. It is observed that liquid limit and plasticity index 

increases by oil addition to the mix and plastic limit and shrinkage limit decrease. See 

figure 3.4. 

The study of clays in presence of petroleum hydrocarbon is not an objective of the 

research but a brief literature review can serve as sensitive indicator. Singh et al. 

(2008) took two clay samples, defined as CL and CH according to Unified 

Classification System (USCS) and feed several empirical relationships between 

compression index (Cc) and liquid limit (LL), giving the here reproduced table 3.2. 

Table 3.2. Liquid limits variation for two different clayey soils, in presence of Used Engine Oil, 

diesel fuel, gasoline and kerosene. (Taken from Singh et al. 2008) 
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The observation of table 3.2 clearly conducts to deduce that liquid limit increases in 

relation with contamination increase, when testing three different LNAPLs: used 

engine oil (UEO table 3.3), diesel fuel and gasoline. According to these same results, 

the higher the viscosity value of the contaminant is (table 3.3) the higher increase 

observed for the same concentration. Motor oil gives the largest liquid limit variation. 

 

Table 3.3. Used Engine Oil, diesel fuel, gasoline and kerosene physical properties. (Taken from 

Singh et al. 2008) 

 

 

Kerosene produces liquid limit decrease when increasing of its content. Singh et al. 

(2008) explained that the related behavior could be explained due to non-polar 

characteristics of kerosene oil. Note that the three other liquids are non-polar as well. 

Similar results were obtained for kaolin and a mixture of commercially available 

bentonite (15% by weight) and kaolin (85% by weight) contaminated in laboratory 

with propanol and glycerol respectively (Meegoda and Ratnaweera, 1994). For the 

kaolin and propanol mixture it was observed an increasing tendency of liquid limit 

values when more propanol was added. In contrast, for bentonite soil mixed with 

glycerol, liquid limit decreases from 73 to 70, in 22% mixture by soil weight. In this 

case, initial sample plasticity was high. Moreover, montmorillonite-sepiolite clay 

tested by Olgun and Yildiz (2010), showed, in all the case-study, drastic decrease of 

the liquid limit (initial LL without adding contaminant was nearly 110) when adding 

acetic acid, isopropyl alcohol, ethanol and methanol in diverse proportions. 

Clay behavior is influenced by physicochemical interactions and water content, in 

contrast with granular soil.  
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For the purpose of this work only a few articles have been found in relation with low 

plasticity soils and silts. Khamehchiyan et al. (2007) concluded that Atterberg limits 

decrease with increasing oil contamination in soil when soil samples tested were 

clayey and sandy soils, see figure 3.1. 
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Fig. 3.1. Evolution of plasticity in function of LNAPL concentration in CL soil, over Casagrande 

Chart. Top-left: zoom of sample 1 (low plasticity clay). Bottom-right: zoom of sample 2 (low 

plasticity clay). (Obtained from the values given by Kamehchiyan et al. 2007) 

Figure 3.1 is proposed to describe the trajectory of two clayey samples (CL1 and 

CL2) contaminated in variable degree (2-4-8-12-16%, by dry weight) with crude oil, 

plotted over a Casagrande Chart, considering testing values from Khamehchiyan et 

al. (2007). The cited study concludes that observed plasticity decrease is due to the 

nature of water in the clay minerals structure and performance of existing non-polar 

and viscous fluid on the soil. Experiments performed by Singh et al. (2008), with 

similar intermediate plasticity clays show completely different behavior, in contrast 

with Khamehchiyan et al. 
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Only the case kerosene contamination case (Singh et al. 2008) can be relatively 

compared showing acceptable fit. Rehman et al. (2007) confirmed the same 

tendency.  

Rahman et al. (2010 a, b) presented two papers analyzing the influence of motor oil 

contamination in geotechnical properties of (1) basaltic residual soil, in one hand and 

geotechnical characteristics of (2) motor-oil-contaminated granitic and 

metasedimentary soils on the other. 

Results obtained by Rahman et al. (2010 a), for basaltic soils, have been adapted in 

the same way plotted before, using a Casagrande Chart and introducing the values 

given by the researchers. Samples were two different soil: (1) SM sand (according to 

USCS) and (2) MH silt (according to USCS), as it is depicted in figure 3.2. 
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Fig. 3.2. Evolution of plasticity in function of LNAPL concentration for basaltic soils, SM and MH 

(according to USCS), over Casagrande Chart. (Obtained from the values given by Rahman et al. 2010 a) 

 

Figure 3.2 indicates that in both cases (SM and MH), respectively 16% and 38% 

decreases of LL happened, for the maximum motor-oil content (16%, by dry weight). 

PI 

LL 



Chapter 3: State-of-the-art of geotechnical testing with LNAPL contaminated soils 

 

65 

But in the case of SM sand, the plasticity index increases regardless to MH silt. The 

explanation given for this phenomenon is the presence of water around the charged 

clay particles lessen as non-polarised liquid of oil occupies the soil. Oil would make 

earlier contact with clay particles, causing a removal of interaction between water 

and clay particles. Water is supposed to act as a binding agent between clay 

particles that contributes to the plasticity characteristic, according to the authors. This 

explanation is not totally according to their results because the clay content is almost 

the same in both samples (2 and 3% content for SM and MH respectively). There is 

more clay for a #200 sieve passing sample of SM (47% of silt, over the total weight) 

than MH (58% of silt, over the total weight). 

Rahman et al. (2010 b) performed similar experiment with granitic and 

metasedimentary soils, obtaining in this particular case their own Casagrande Chart, 

plotting the soil trajectory for contamination series of 0-4-8-16-16%, using motor oil 

as LNAPL, by dry weight. Result has been reproduced directly for more accuracy in 

figure 3.3. 

 

Fig. 3.3. Evolution of plasticity in function of the LNAPL concentration, for granitic and 

metasedimentary soils, over Casagrande Chart. (Taken from Rahman et al. 2010 b). 

Again, it is seen that the increase in LNAPL content has moved the soil plasticity 

trajectory to the left of the chart, reducing the water content at liquid limits for the 

granitic and metasedimentary soils and increasing the plasticity index for 0 to 8% of 

contaminant contain and decreasing for the range of 8 to 16%. 
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Srivastava and Pandey (1998) already mentioned results, corresponding with a silty 

soil (70% of silt and 8.9% of clay) contaminated with motor oil, have been plotted in 

figure 3.4 over a Casagrande Chart, in order to show the results high discrepancy 

found along the literature review, for the same tests but different soil and/or LNAPL. 

 

Fig. 3.4. Evolution of plasticity in function of the LNAPL concentration for an alluvial soil (silt 

70% over 78,9 % of fines by total dry weight), over Casagrande Chart. (Obtained from the values 

reported by Srivastava and Pandey 1998) 

Shah et al. (2003) gave different ranges of LL between 37 and 39 for uncontaminated 

soil (CL) and range between 41 and 46 for an oil-contaminated sample, when 

studying stabilization of fuel-oil-contaminated soil. 

There is matter of conclusion in the literature-review. A wide range of results are 

above summarized, obtained from different materials. Even for the most common 

test, with silty soils and motor oil performed by Srivastava and Pandey (1998) and 

recently by Rahman et al. (2010 a, b), there is no results coincidence and more tests 

should be performed to match with the here summarized published results, as it has 

been reported in chapter 4. 
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3.3.3. COMPACTION TESTS 

Compaction can be defined as the densification of a soil fill by mechanical 

compression process. Soil compaction occurs when soil particles are pressed 

together, reducing the pore space between them by decreasing the air occupying the 

voids. This action increases the weight of solids per unit volume of soil.  

The significance of solids per unit volume depends on water content, dry unit weight, 

compactive effort, type of compaction, size gradation, and soil type. Physical process 

consisting of raising the soil to a denser state contributes to the increase soil 

stiffness, and thereby increases the bearing capacity of soils, when the wetting fluid 

is water. It also decreases the permeability and compressibility of soils. Compaction 

tests used to determine the maximum practically achievable density of soils are 

frequently performed with Proctor tests, at soil mechanic laboratories. 

Several studies have been found analyzing the compaction properties variation, 

maximum dry density and optimum moisture content, in function of LNAPL degree of 

contamination within the sample mixture. There are authors who have chosen 

Standard Proctor and those who preferred Modified Proctor Test. Nevertheless, it 

can be easily defined a relationship between both tests according to the potential 

energy applied. Potential energy is defined per unit volume, by the hammer mass, 

number of blows, gravity, drop distance and number of layers in the mold over the 

mold volume. 

 

Table 3.4. Energy per unit volume calculation for Standard Proctor and Modified Proctor test. 

PROCTOR 
ENERGY 

STANDARD PROCTOR MODIFIED PROCTOR 
USA Spain USA Spain 

ASTM D-698 UNE 103-501-94 ASTM D-1557 UNE 103-501-94 
AASHTO T-99   AASHTO T-180   

Hammer weight 5,5 lbf 2,50 kp 10 lbf 4,54 kp 
Blow 
number/layer 25 26 60 60 

Drop distance 12 inches 0.305 m 18 inches 0.457 m 
Number of layers 3 3 5 5 
Mold volume 1/30 ft3 1000 cm3 1/30 ft3 2320 cm3 
  Allowed 1/13333 ft3   Allowed 1/13333 ft3   
Energy 12375 ft-lbf/ft3 583 kN-m/m3 56250 ft-lbf/ft3 2632 kN-m/m3 
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From the analysis of table 3.4 it is possible to deduce a relationship between both 

compaction test, by the energy applied in Standard and Modified Proctor tests. The 

relationship can be expressed in terms of energy per unit volume as: 

STANDARDMODIFIED EE 5,4≈  [3.4] 

Al Sanad et al. (1995) carried out Modified Proctor tests on “Jahra” Sand, soil 

classified as SP according to USCS, mixed with LNAPL series of 2-4-6% by weight, 

of “Al-Ritga” heavy crude oil. Published results have been re-plotted herein to 

compare with additional studies (see figure 3.5). 
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Fig. 3.5. Modified Proctor test of contaminated sand (SP). Water content (left) and maximum dry 

density (right), in function of the LNAPL concentration. (Obtained from Al Sanad et al. (1995) values) 

The case plotted in figure 3.5, shows a maximum dry density increasing for higher 

contain of LNAPL, in a very similar way to the conventional compaction curve 

performed, as regularly, with water as a unique liquid. Furthermore, maximum dry 

density is improved in presence of LNAPL, between the range of 0 and 4% by 

LNAPL weight. 

According to Al Sanad et al. (1995), maximum dry density for this kind of sand (SP) is 

1,900 g/cm3 at optimum (water) moisture content of 12%. The authors concluded that 

in presence of oil up to 4% better compaction characteristics were achieved. For 
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instance, corresponding to 2% of oil additive, the maximum dry density reached 

1,950 g/cm3 at a moisture content of 7.5%. With 4% of oil addition, the maximum dry 

density and optimum moisture content were 1,940 g/cm3 and 6.9%, respectively. This 

fact reflects the lubricating effect caused by the presence of oil, which facilitates 

compaction and reduces the amount of water needed to reach maximum density. 

However, with further increase of the oil content to 6%, compaction curve presented 

an odd shape with lower compaction characteristics. Results were discussed also by 

D’Andrea et al. (1996). 

Further explanation is given by Puri (2000) by testing similar sand classified as SP, 

with water and crude oil as different pore fluids. In this case, the maximum dry unit 

weight achieved using water as the pore fluid is about 16.45 kN/m3 when the degree 

of saturation is about 60% (water content is 13.45%). The maximum dry unit weight 

obtained with the same compactive effort is about 6% higher when crude oil is used 

as the pore fluid when compared with water, as it is shown in the figure taken from 

the publication, here figure 3.6. 

 

Fig. 3.6. Dry unit weight for different SP sand pore fluids: water and crude oil. (Taken from Puri 

2000) 

Note that better sand compaction behavior, for a crude oil addition determinate 

range, is probably due to more effective friction reduction between sand grains, 

resulting in a closer spacing of sand grains and a higher dry unit weight for a given 

compaction effort. 
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Khamehchiyan et al. (2006 and 2007) studied the compaction characteristics of three 

different soils (SP, SM and CL, according to USCS), apart from the previously 

mentioned Atterberg Limits. Results have been adapted as it is shown in figure 3.7. 

Compaction test used was Standar Proctor (ASTM-D698, method A), with crude oil 

contaminant addition by weight, in percentages series of 0-4-8-12-16%. 
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Fig. 3.7. Standard Proctor test results of three different contaminated soils (SP, SM and CL). 

Water content (left) and maximum dry density (right), in function of the LNAPL concentration. 
(Obtained from the values given by Khamehchicyan et al. 2007) 

 

Observing critically figure 3.7 (right), it is clear that reduction in maximum dry density 

with increasing oil content is faster in SM and CL samples. This reflects, according to 

the authors, the lubricating effect caused by the presence of oil, which facilitates 

compaction and reduces the amount of water needed to reach maximum density. 

The reduction of dry density in SP samples is very low, because the pore spaces are 

larger and oil can move through the soil the same as water and has similar 

lubricating effect. 

Khamehchiyan et al. (2006 and 2007) observed that the initial decrease of dry unit 

weight with increase of water content can be attributed to the capillary tension effect. 

At lower water content, the capillary tension in the water inhibits the tendency of the 

soil particles to move around and be densely compacted. Capillary tension is 

extremely dependant on the surface tension of electrolytes and angle of contact, as 
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reported by the authors. As oil has a hydrophobic property, it prevents the contact of 

water with soil particles. As the result, the capillary tension force decreases with 

increasing oil content of soil samples. 

These results are different from Al Sanad et al. (1995), but they are according to 

Rahman et al. (2010 a) for basaltic soils. Data adapted herein to a homogeneous 

format. 
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Fig. 3.8. Standard Proctor test of contaminated three different soils (SM and MH). Water content 

(left) and maximum dry density (right), in function of the LNAPL concentration. (Obtained from the 

values given by Rahman et al. 2010 a) 

Rahman et al. (2010 a) performed analog test with other soil type and contaminant 

contain of 0-4-8-12-16% by weight. The tendencies plotted in figure 3.8 are sharp 

defined, the maximum dry density and optimum moisture content also dropped due 

to increase in oil content in contaminated soils, for basaltic SM and MH. The authors 

suggest that the moisture content required to achieve maximum dry density 

decreased when oil content is increased in contaminated soil. This is probably 

explained by the fact that oil has partially occupied the inter-particles spaces and the 

occurrence of oil has changed the soil to a state of looser material than an 

uncontaminated soil. 
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Curiously, same authors Rahman et al. (2010 b) performed the identical tests 

changing the soil origin from basaltic to granitic and sedimentary, considering equal 

concentration series to 0-3-6-9-12%, obtaining the curves adapted below, in figure 

3.9. 
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Fig. 3.9. Standard Proctor test of contaminated three different soils (SM and MH). Water content 

(left) and maximum dry density (right), in function of the LNAPL concentration. (Obtained from the 

values given by Rahman et al. 2010 b) 

 

In this case, the Standard Proctor test results depicted in figure 3.9 show a dry 

density behavior similar to the obtained from Al Sanad et al. (1995) experiments, in 

present case for an alluvial silty soil. Results are consistent with values presented for 

basaltic soils, by the same authors. The differences between the two maximum dry 

density curves, is the soil type and the initial (non-contaminated sample) values of 

density. 

None of the reviewed authors considered the effect of the applied energy on the 

tests, considering in every case that the LNAPL used as contaminant produces the 

same effect as only water. It could be useful to discuss if the range of energy per unit 

volume is in the order of the constant deduced in [3.4] when LNAPL is added to the 

mixture. 
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3.3.4. CBR TESTS 

This test method is generally used to evaluate the potential strength of subgrade, 

subbase, and base course material, including recycled materials for use in road and 

airfield pavements. In Spain, is being substituted for the plate load test in almost all 

the civil engineering codes, remaining in others or in the cases lacking of an 

applicable code or standard. It presents a series of limitations, which do not affect 

this research work in the objective of compare tests and obtaining some general 

useful conclusions. 

The California Bearing Ratio (CBR) test is a simple strength test that compares the 

bearing capacity of a material with that of a well-graded crushed stone, which in fact 

is a particular type of high quality crushed stone material which subjectively 

standarized have to present CBR 100%. It is primarily intended for, but not limited to, 

evaluating the strength of materials having maximum particle sizes less than 19 mm 

(0.75 in. according to AASHTO, 2000). 

For applications where the effect of compaction water content on CBR is small, such 

as cohesionless, coarse-grained materials, or where an allowance is made for the 

effect of differing compaction water contents in the design procedure, the CBR may 

be determined at the optimum water content of a specified compaction effort. The dry 

unit weight specified is normally the minimum percent compaction allowed by the 

using public administration’s field compaction specification. 

When the effect of compaction water content on CBR is unknown or where it is 

desired to account for its effect, the CBR is determined for a range of water contents, 

usually the range of water content permitted for field compaction by using 

compaction specification. 

Al-Sanad et al. (1995) performed CBR tests to clean sand specimens and sand 

mixed with heavy crude oil in the amount of 2-4-6% by weight. All specimens were 

prepared at the maximum Modified Proctor density and optimum moisture content 

corresponding to each mixture. The results have been summarized in figure 3.10, 

obtained from the original values given by the authors in their article. 
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Fig. 3.10. CBR test of contaminated sand (SP). (Obtained from the values given by Al Sanad et al. 1995) 

Figure 3.10 shows that the CBR values increased up to 4% additional “strength”, by 

about 25% with oil content. With further increase of oil content to 6%, a dramatic drop 

of the CBR value occurs (Al Sanad et al. 1995). The plotted behavior may be 

explained due to the excess oil present, and the low maximum density associated 

with this mix, according to the authors. Results are in conceptual agreement with the 

compaction test results just outlined. 

Ola (1991), observed that when the bitumen content, in “Tar” (natural bitumen) sand, 

exceeds the optimum for that set of conditions the bitumen acts as a lubricant, 

separating the particles. The mentioned author gives a table of properties of this 

Nigerian sand where the difference between unsoaked and soaked CBR is given. 

See table 3.5. 

 

Table 3.5. Difference between unsoaked and soaked CBR tested with “Tar” Nigerian sand. 
(Adapted from Ola 1991) 

CBR BITUMEN SAND STANDARD 
PROCTOR 

WEST AFRICAN 
COMPACTION 

MODIFIED 
PROCTOR 

UNSOAKED CBR (%) 3.2 5.1 10 

SOAKED CBR (%) 3.4 5.7 10.5 
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3.3.5. DIRECT SHEAR TESTS 

Direct shear is one of the possible tests available to determine the shear strength of 

a soil, which is the capacity of the soil to resist shearing stresses. In the case of 

contaminated soil it has been used to obtain soil resistance general parameters 

variation, according to the extended Mohr-Coulomb criterion, angle of internal friction 

and cohesion, when LNAPL is added in different concentration to the soil. 

Shear strength parameters are usually given by sites geotechnical studies or reports 

in order to calculate a large number of different engineering problems, from slope 

stability to foundations capacity or retaining structures design. Direct shear test is a 

simple procedure completely extended in geotechnical engineering practice.  

In the contaminated soils with hydrocarbons ambit, Puri et al. (1994) gave shear 

strength parameters for dry sand (SP), and also prepared specimens of sand at 

various degrees of oil saturation with crude oil. The degree of oil saturation is defined 

in [2.1] expression. 

To understand the state-of-the-art from a same point of view in all the revised 

publications, a simple transformation from the original values has been made here for 

this specific paper, with the below expression, deduced from [2.1]: 

weS
wsample

S

r =⋅⋅ γ
γ   [3.5] 

where, the void index (e) corresponding with three different values of relative density 

(Dr) 40, 65 and 85 %, have been deduced from the given by Puri et al. (1994), 

through the equation: 

( )
100

[%] mineeDee MAXr
MAXsample

−⋅
−=  [3.6] 

where, eMAX = 0,786 and emin=0,530 for the case studied and the transformation in 

weight content from the volume content (saturation degree), according to [3.5] and 

[3.6] above, has been summarized in the table 3.6: 
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Table 3.6. Transformation from crude oil volume-based concentration values of Sr to weight 

based values of contamination contain used in this dissertation. Values have been deduced from 

[3.5] and [3.6] expressions. (From data reported by Puri et al. 1994) 

Dr eMAX emin esample Sr γs γw w % LNAPL 
40 0.786 0.53 0.6836 0 2.67 1 0.000000 0.00 
40 0.786 0.53 0.6836 9.5 2.67 1 2.432285 2.43 
40 0.786 0.53 0.6836 19 2.67 1 4.864569 4.86 
40 0.786 0.53 0.6836 28.5 2.67 1 7.296854 7.30 
65 0.786 0.53 0.6196 0 2.67 1 0.000000 0.00 
65 0.786 0.53 0.6196 9.5 2.67 1 2.204569 2.20 
65 0.786 0.53 0.6196 19 2.67 1 4.409139 4.41 
65 0.786 0.53 0.6196 28.5 2.67 1 6.613708 6.61 
85 0.786 0.53 0.5684 0 2.67 1 0.000000 0.00 
85 0.786 0.53 0.5684 9.5 2.67 1 2.022397 2.02 
85 0.786 0.53 0.5684 19 2.67 1 4.044794 4.04 
85 0.786 0.53 0.5684 28.5 2.67 1 6.067191 6.07 

 

Figure 3.11 shows the internal friction angle variation. The adverse effects of the 

presence of crude oil in the pore spaces on the strength-deformation behavior were 

observed in dry sand and undrained condition at a constant rate of horizontal 

displacement of 0,25 mm/minute. Puri et al. (1994) conclude that the peak shear 

stress for dry sand was about 92 kN/m2 and 74 kN/m2 by the material addition of 2.20 

% of crude oil by weight, according to table 3.6 (for oil saturation of 9,5 %). It can be 

deduced that the peak shear stress decreases as the degree of oil saturation 

increases. In the same line, for an oil saturation of 28,5%, corresponding with 6.61 % 

of crude oil added by dry weight at relative density of 65 %. 

Another interesting fact observed on the mentioned tests is that the magnitude of 

horizontal displacement required to mobilize peak shear stress increased with the 

increase of crude oil saturation. In other words, the necessary strain to reach the 

peak values were larger in function of increasing crude oil content. Puri et al. 

explained that the order of magnitude of horizontal displacement for mobilizing peak 

shear stress in oil contaminated sand is thus 3 to 5 times greater than the value 

obtained for the case of dry non contaminated sand. 
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Fig. 3.11. Direct shear test results of contaminated sand (SP) with crude oil. (Obtained from the 

values given by Puri et al. 1994) 

The angle of internal friction, based on total stress (figure 3.11), adapted from the 

values given by the authors, also decrease due to the presence of crude oil in the 

pore spaces. Figure 3.11 has been plotted by joining the results from different oil 

saturation degree after transforming the values as shown in table 3.6. Within the 

range of values depicted in figure 3.11, the percentage of decrease in the value of 

angle friction ranged from 17,6% to 25%, as compared to its value, at the same 

relative density, in the dry and non-contaminated state. 

The decrease in angle of friction is greater for sand having a higher initial relative 

density, for different previously fixed LNAPL contents, deduced by observation of the 

described values in figure 3.11. 

Direct shear tests were carried out by Al Sanad et al. (1995) to examine the effect of 

LNAPL contaminated the same methodology than Puri et al. (1994) for determining 

effective strength parameters. 
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Tests were conducted using “Jahra” sand, classified as SP, according to the USCS. 

The test were more comprehensive than described by Puri et al. Contaminants used 

were Benzene, “Al Ritga” heavy crude oil, “Rawdatain” light crude oil and “Al-Zoor” 

diesel fuel, with properties given in figure 3.12. Soil samples were prepared with 

three different relative densities of 30%, 60%, and 90%. 

 

 

Fig. 3.12. Summary of LNAPL contaminants used by Al Sanad et al. (1995) to perform different 

direct shear test with SP sand. (Taken from Al Sanad et al. 1995) 

 

The amount of LNAPL contaminant employed, in this specific case, was 2%, 4%, and 

6% by dry weight. Tests were performed in 100 mm x 100 mm x 20 mm shear box 

with a rate of shear equal to 0,75 mm/min. 

The results obtained in this research have been re-plotted, in figure 3.13, to give a 

standard format to the state-of-the-art. There have been put together, in a unique 

graphic, all the results obtained showing the relationship between the angle of 

internal friction and relative density for SP sand. 
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Fig. 3.13. Direct shear test results of contaminated sand (SP) with a range of LNAPL contaminants 

(Benzene, heavy crude oil, light crude oil and diesel fuel). (Obtained from the values given by Al Sanad et 

al. 1995) 
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Values given in the above figure 3.13 has been examined, concluding that the maximum 

reduction of the friction angle occurs with heavy crude oil, for the entire relative densities 

spectrum, which according to the figure 3.12, is the most viscous contaminant. In 

contrast with the results given by Puri et al., it is not so clear that for determined values 

of relative density the decrease in angle of friction is greater for sand having a higher 

initial relative density, as it can be observed for the curves families of relative density 60 

and 90 %. 

According to the principles of contamination fate, earlier introduced in chapter 2, the 

results presented by Al Sanad et al. (1995) should be considered in short-term effect of 

oil contamination on the properties of sand. The authors consider that as time passes 

many volatile compounds will evaporate from the laboratory soil samples, leaving oil 

residues of higher viscosity. The impact of this aging phenomenon on the soil properties 

can affect to the described values, but they do not manifest if the phenomenon may be 

considered the same at a real scale. A brief discussion, in that line, is made by Al Sanad 

et al. (1997), referenced in paragraph 3.3.1, herein. 
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Fig. 3.14. Strength parameters of LNAPL contaminated alluvial and sandy soils. (Values from 

Srivastava and Pandey 1998) 
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Srivastava and Pandey (1998) obtained interesting results to understand the behavior of 

silty soils in front of sandy soils, by mixing alluvial and sandy soils with motor oil in 

varying percentages of 3, 6, 9 and 12 %, both contaminated in the same proportion. The 

paper shows values of internal friction angle and cohesion. Those values have been 

depicted in the figure 3.14. The observed increase of friction angle for sand when the 

LNAPL (motor oil) contain is 3% is not justified by the authors, but is according with the 

corresponding cohesion tendency. There is no explanation available about what is the 

relative density value reached to test the contaminated soil mixtures. 

The experiments using crude oil developed for three different soils by Khamehchiyan et 

al. (2007) show clays behaving completely different when LNAPL is introduced. The 

series of contamination cover 2, 4, 8, 12 and 16% and the 0% non-contaminated 

sample. Results have been processed in the figure 3.15. 
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Fig 3.15. Strength parameters of SP, SM and CL soils. (Values adapted from Khamehchiyan et al. 2007) 

Values plotted in figure 3.15 were obtained from tests were performed in a circular shear 

box (60 mm × 2 mm), with a shear rate equal to 0.5 mm/min at normal loads of 20, 40, 

and 60 kg. The tests were done in dry condition. The advantage of this test is that it is 

possible to compare the behavior of clays in contrast with sands, which can be useful in 

future researching works. 
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Figure 3.15 shows a direct correlation between oil content and internal friction angle in 

CL soils and inverse correlation between oil content and internal friction angle in SP and 

SM soils. There is extreme reduction in cohesion with increasing of oil content in CL, 

while this correlation does not have any distinct path in SM. SP samples plot show a low 

cohesion due to oil contamination that could be explained by viscosity and inherent 

cohesion of oil, according to the authors. It must be noted that wet sands were reported 

to have low apparent cohesion due to surface tension force of existing water in soil. 

However, shear strength of all soil samples reduces with increase of oil contamination. 

Tests description (Khamehchiyan et al. 2007) indicated that vertical displacement before 

applying shear force increases with increasing normal forces on all the soil samples. In 

the case of clays vertical displacement decreases due to increase of oil content. The 

case of sand is different, vertical displacement has an inverse correlation with oil content 

in SM samples, but the rate of decease in vertical displacement is slower than in the 

case of clays. 

3.3.6. TRIAXIAL TESTS 

The advantage of triaxial test over direct shear test, in order to obtain shear strength 

parameters, is focused on the recreation of real confinement conditions. The failure 

plane is no longer conditioned by the apparatus itself but develops along the plane of 

lesser resistance within the sample. There can be performed with control of drainage to 

study the effect fluids have on the mechanical properties of the solids in the sample and 

may be useful in identifying deformations where elastic modulus or non-elastic behavior 

of the soil need to be determined (Jimenez Sálas et al. 1981). 
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Fig 3.16. Triaxial test deduced friction angle of contaminated SP. (Obtained from Al Sanad et al. 1995) 
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Al-Sanad (1995) carried out two single triaxial in order to match with the results reviewed 

above, obtaining the values depicted here in figure 3.16. Rahman et al. (2010) give 

better interpretation of TUU (Unconsolidated Undrained Triaxial Test). Values of 

undrained strength (cu) in function of a series of 4, 8, 12 and 16 % of LNAPL contain has 

been represented in figure 3.17, for two kinds of soil MH (Grade VI weathered basaltic 

soil) and SM (Grade V weathered basaltic soil), according to USCS, both of them 

contaminated with motor oil. 
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Fig. 3.17. TUU deduced undrained strength. (Obtained from Rahman et al. 2010) 

TUU tests results showed in figure 3.17 the variation of cu. The undrained strength for 

both soil grades significantly dropped from 0-4% of oil contents. Further increases in oil 

content to the contaminated soils indicated that a smaller change in shear strength, cu. 

This effect was described by Rahman et al. as the presence of oil with higher viscosity 

than water may had blanket the soil particles. The stress-strain curves for the tests have 

been directly taken to maintain fidelity with the paper, in figure 3.18. Based on the 

stress-strain plots, all samples showed a linear increase in deviatoric (q=σ1-σ3) stress, q 

up to axial strain between 1-2% (Fig. 3.18). Then q increases at lower increment up to 

peak value before the samples collapsed. According to the authors the soil samples from 

both grades showed stress-dependant behavior with brittle type of failure. It indicated 

that the maximum deviatoric stress, qmax of oil-contaminated soils was lower than that of 

uncontaminated soils. 
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        A             B        C 

 
    D    E        F 

Fig. 3.18. Triaxial test stress-strain curves for soil grade for soil grade of V at different applied 
confining stress, σ3 of (A) 140 kPa; (B) 280 kPa; (C) 420 kPa and for soil gradeof VI at confining 

stress, σ3 of (D) 140kPa; (E) 280 kPa; (F) 420 kPa. (Taken from Rahman et al. 2010) 

The examination of this experiment shows that a significant drop in cu from 0-4% of oil 

content must be expected. cu values decreased slightly with a further addition of oil 

content beyond 4% of oil content in contaminated soils. The authors considered that the 

role of oil is quite similar to water, it increases a chance to inter-particle slippage, thus 

reducing the shear strength of the contaminated soils. 

Similar results are given by Rahman et al. (2010 b) for oil-contaminated of granitic and 

meta-sedimentary soils. 
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3.3.7. UNIAXIAL COMPRESSION TESTS 

The primary purpose of the unconfined compression test is to obtain a quick measure of 

compressive strength for those soils that possess sufficient cohesion to permit testing in 

the unconfined state, as it is defined by ASTM-D2166-85 standard indications. This test 

method is applicable only to cohesive materials which will not expel water during the 

loading portion of the test and which will retain intrinsic strength after removal of 

confining pressures, such as clays or cemented soils. Regardless of geotechnical 

common practice, dry and crumbly soils, fissured or varved materials, silts, peats, and 

sands are not ideal soils to be tested with this method to obtain valid unconfined 

compression strength values. 

If tests on the same sample in both its intact and remolded states are performed, the 

sensitivity of the material can be determined. This method of determining sensitivity is 

suitable only for soils that can retain a stable specimen shape in the remolded state. 

Uniaxial compressive strength qu was obtained by Khamehchiyan et al. (2006) with the 

same SM soil before described in this chapter. Here have been collected the mentioned 

values and additional results obtained by Khamehchiyan at al. (2007) comparing with a 

CL clay, in red color drawn in figure 3.19. 
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Fig. 3.19. Uniaxial compressive strength for a SM sand compared with a CL clay (in red). (Values taken 

from Khamehchiyan et al. 2006 and 2007) 
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3.3.8. OEDOMETER TESTS 

Theoretically, in coarse grained soils, like gravel or clean sand, any volume change 

resulting from a change in loading occurs immediately; increases in pore pressures (u) 

are dissipated rapidly due to high hydraulic conductivity. In fine soils, like silts and clays, 

with low hydraulic conductivity, the soil is temporary undrained as the load is applied (σ). 

Slow seepage occurs and the excess pore pressures dissipate slowly, consolidation 

settlement occurs. 

The general theory for consolidation, incorporating three dimensional fully coupled 

formulation (Biot 1941) is applicable to a very limited range of problems in practical 

geotechnical engineering, when a limited number of parameters are available. For the 

majority of practical consolidation settlement problems, it is considered that both 

seepage and strains take place in one direction only (Terzaghi and Fröhlich 1936). The 

load direction considered is vertical with no lateral strain, under wide foundations such 

as embankments or large storage tanks. 

In the case studied, null lateral strains can be assumed so that oedometer test is justified 

to reproduce one-dimensional compression properties of the fine fraction of granular 

soils, even silty cohesive soils. 

From thickness changes at the end of each load stage the compressibility of the soil may 

be calculated from the oedometer test, obtaining parameters such as Compression 

Index (Cc) and Coefficient of Volume Compressibility (mv). The basic equation for one-

dimensional consolidation is: 

2
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 [3.7] 

By defining the coefficient of consolidation as: 
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⋅

 [3.8] 

[3.7] can be expressed: 
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One of the possible solutions for [3.9] equation, maybe the most used, is the one given 

by Terzaghi and Fröhlich (1936). 

During consolidation water escapes from the soil to the surface or to a permeable sub-

surface layer situated above or below. The rate of consolidation depends on the longest 

path taken by a drop of water.  

One-dimensional consolidation time depends on the vertical hydraulic conductivity of the 

soil (kv), but if it is considered the horizontal conductivity component it could be different 

to the vertical value (kv ≠ kh even for 1, 2 or 3 magnitude orders), in relation to 

heterogeneous layered soils. Reliability is compromised by factors such anisotropy, 

presence of organic matter and voids, and also the effects of secondary compression. 

Loads are not often applied instantaneously, and so due allowance should be for the 

gradual application of loading. 

It is possible to obtain cV, from oedometer results. There are often applied two different 

methods: root-time (Taylor) or log-time (Casagrande). After the coefficient of 

consolidation (cV) has been determined from laboratory data calculations are possible for 

site settlements. It is important to note that cV is not a constant, but varies with both the 

level of stress and degree of consolidation.  

Laboratory measurements of stress-strain parameters (Cc, Cs, mv) are generally 

acceptable, provided sampling quality is good enough. 

Meegoda and Ratnaweera (1994) studied the compressibility of contaminated fine-

grained and cohesive soils based on correlations between liquid limit and electrical 

properties (electrical conductivity and dielectric constant). According to the mentioned 

authors, the addition of chemicals to a soil changes its pore-fluid properties, and causes 

a change in mechanical and physicochemical factors and hence its settlement 

characteristics. 
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Consolidation tests were carried out on clean sand, by Al Sanad et al. (1995), sand 

mixed with 6% of heavy crude oil, and sand mixed with 6% of light crude oil. All 

specimens were 75 mm diameter x 20 mm thick and were prepared at a relative density 

of 60% and saturated with water prior to the tests. The results plotted by the authors 

have been depicted in figure 3.20, in the form of e-Iog σ curves. As can be seen, the 

compressibility increased in the presence of oil. 

 

Fig. 3.20. e-Iog σ curves for natural and contaminated samples. (Taken from Al Sanad et al. 1995) 

The compression index Cc, increased from 0.03 for clean sand to 0.06 with light crude 

and to 0.07 with heavy crude. This compressibility, although not significant or large, 

more than doubled due to crude oil contamination, according to Al-Sanad et al. This is in 

agreement with the findings of Meegoda and Ratnaweera (1994) from tests on cohesive 

soils. As noted by these mentioned workers, mechanical factors such as viscosity 

facilitate the sliding of particles due to lubrication of soil particles, which will cause an 

increase in the compression index with an increase in viscosity. It is also of interest to 

note herein that lubricants have been used in powder technology to increase the packing 

density of particles. (Al Sanad et al. 1995 after Hausner et al. 1957). 

Korzeniowska-Rejmer (2007) performed oedometer test with silts and silty loams, giving 

results in function of the sample height reduction, figure 3.21, instead of the more usual 

e-logσ curve, where compression index Cc variation can be deduced. Although the 



Chapter 3: State-of-the-art of geotechnical testing with LNAPL contaminated soils 

  89 

results not considered “e-logσ” representation, the author revealed significant increase 

of soil settlement, as well as textually predicted changes in the settlement process of 

industries erected in highly industrialized areas (sic), meaning already contaminated 

sites. 

 

____ 0% Diesel Fuel (DF) ……. 4% DF _ _ _ _ 8% DF 

Fig. 3.21. Effect of diesel fuel on oedometer test, according to the representation given by 

Korzeniowska-Rejmer (2007). 

Diesel fuel was used as LNAPL by Korzeniowska-Rejmer, with a previously consolidated 

sample, obtaining a additional settlement of 10%, for a concentration of 8% of diesel 

fuel. An additional settlement of approximately 5%, for a concentration of 8% of diesel 

fuel can be observed in the figure 3.21. 

In other fields, in relation with lateritic soils some authors perform similar tests to obtain 

the variation of compressibility in function of leachate-contaminated sites, p.e. Nayak et 

al. (2007). Olgun and Yildiz (2010) using Methanol, Ethanol, Isopropyl alcohol and acetic 

acid with plastic clays give results of the same order that to Meegoda and Ratnaweera 

(1994) and Korzeniowska-Rejmer (2007), although the materials are completely 

different. Ola (1991) studied the compressibility of the mentioned, in this chapter, “Tar” 

sand, obtaining values of Cc in two different oedometer test with the same material 0,139 

and 0,133, nearly one order of magnitude higher than the obtained by Al Sanad et al.  

(1995). 
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One-dimensional compression tests were conducted to determine the effect of oil 

contamination on the load-deformation characteristics and constrained modulus of sand 

by Puri et al. (1994) and Puri (2000). The apparatus used, in this case, had a sample 

internal diameter of 135 mm and a height of 290 mm, with a steel plate at the base. The 

test samples were prepared in the mold at desired relative densities and degrees of 

crude oil saturation. A loading plate 133.0 mm in diameter was placed at the top, so it 

can be deduced that he tests were conducted under undrained conditions only. The 

mold assembly was placed in a triaxial device and was loaded from the top using a 

constant rate of axial strain of 0.25 mm/min. The applied load and the corresponding 

vertical deformation of the sand specimen were measured.  

Puri (2000) explains that the vertical settlement for any applied load was observed to be 

greater for sand with oil in the pores compared with the case of dry natural sand. 

In a more advanced testing apparatus De Gennaro et al. (2004) studied a chalk soil, 

which is a kind of lime soil in surface (even the authors reported remains of coccolithes 

skeletal debris of unicellular algae - sic). The experiment was prepared with a non-polar 

and non-toxic immiscible organic liquid, to simulate oil, called liquid called Soltrol 1701. 

Soltrol 1701, liquid with low solubility in water and low volatility in air. Control of suction 

was accomplished using the osmotic technique, which consists in putting the sample in 

contact with a regenerated cellulose semi-permeable membrane behind which a solution 

of large molecules of polyethylene glycol (PEG) is circulated (Dineen and Burland 1995). 

The samples, prepared under vacuum process, were tested in the osmotic oedometer 

cell. According to the authors, as in unsaturated soils, the elastic behaviour of chalk is 

not affected by suction. Conversely, increasing suction induces an increase of the 

vertical stress at yielding. Suction decrease has been recognised to play a major role in 

interpreting the collapse due to wetting under constant load. As, later is discuss by Gens 

(2010), the larger the proportion of oil, the larger is the suction. 

In general, not many authors performed tests to determine compressibility 

characteristics of contaminated soil, it is often found that authors prefer to obtain 

settlement parameters via relationships with Atterberg limits (Srivastava and Pandey 

1998 and Singh et al. 2010). 
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3.3.9. PERMEABILTY TESTS 

There can be defined two families of laboratory permeability tests: Constant-head 

method and Variable-head methods. These test methods apply to one-dimensional, 

laminar flow of water within porous materials such as soil, rock and in this case to 

contaminated soils. 

Darcy's law [2.5] is assumed to be valid and the hydraulic conductivity is essentially 

unaffected by hydraulic gradient. These test methods provide a means for determining 

hydraulic conductivity at a controlled level of effective stress. Hydraulic conductivity 

varies with varying void ratio, which changes when the effective stress and temperature 

of testing mainly.  

According to Darcy’s Law hydraulic conductivity, k, can be easily deduced for both tests, 

resulting the expressions: 

• Constant-head method: Sht
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where, V is the soil sample volume; L the soil sample length (between measure 

piezometers); S sample constant cross-section; t is the testing duration; ∆h=hi-hf head 

variation and a is the constant meniscus diameter used in variable-head method. 

Al Sanad et al. (1995) observed, performing constant head permeability tests, that the 

hydraulic conductivity decreased with a 6% contain of crude oil when the sample was 

prepared with relative density 60%. Results indicate that a coefficient of permeability 

range between 1.72E10-5 cm/sec and 1.38E10-5 cm/sec for clean and contaminated 

sands, respectively. The reduction of 20% in value is attributed to the reduction of pore 

volume of 20% due to trapped oil, according to the authors. These results agree with 

Shin et al. (2002). 
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Fig. 3.22. Permeability decrease in function of the LNAPL contain, in SP sand. (Values taken 

from Al Sanad et al. 1995) 

Aged diesel-contaminated and bioremediated soils hydraulic properties comparison 

reported by Hyun et al. (2008) agrees with figure 3.22, about the distribution of residual 

diesel components and their effect on water retention/flow characteristics of soil. 

Moreover, the impact of diesel on the water retention characteristics varied with pressure 

head. These experiments showed that in the pressure head range between 7 and 100 

cm the bioremediated soil held more water, suggesting increased affinity of water 

molecules for the soil matrices following bioremediation, as noted by the authors. The 

difference in the water retention properties with pressure heads >100 cm was not 

discernible. 

The literature review does not mention any soil swelling process due to LNAPL sorption, 

which would involve a subsequent conductivity reduction. Same thing about LNAPL 

partitioning which would change LNAPL properties by the incorporation of more solute 

fractions to the water. In this line, it was found out that diesel fuel has negligible solubility 

in water, low vapor pressure (27.6 Pa), gravity density of 0.84 g/cm3 and viscosity of 

0.0036 Pa·s, which makes this specific LNAPL being a perfect candidate to perform new 

tests. 
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Hydraulic conductivity for different initial relative densities and degree of initial oil 

saturation were studied by Puri et al. (1994) and Puri (2000). Results have been plotted 

herein, following a common format, in figure 3.23.  
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Fig. 3.23. Permeability test results by using different LNAPLs in different remolded soil relative 

densities samples. (Values taken and adapted from Puri 2000, after Puri et al. 1994) 
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From figure 3.23v analysis, it is concluded that, in general, for a given relative density of 

compaction and oil contaminant, k decreased as the initial degree of oil saturation 

increased, using crude oil and three different types of motor oil to perform the constant-

head method tests. Moreover, for a given degree of oil saturation and type of oil 

contaminant, k decreased with the increase in the relative density of the sand and for a 

given relative density of compaction of sand and the degree of initial oil saturation, k 

decreases with the increase in viscosity of the oil contaminant. The author concludes 

that it can be interpreted that the value of hydraulic conductivity depends on the viscosity 

of the contaminant oil when other factors such as temperature, initial density of sand, 

method of sample preparation, and permeant remain the same. 

Looked from other point of view, Kahmehchiyan et al. (2006) experimented with crude oil 

only, as LNAPL contaminant and three soils (SP, SM and CL according to USCS). 

Constant head permeability tests were carried out on the three different soil samples. 

Results show direct correlation between permeability and soil particles size and inverse 

correlation between permeability and oil content, but the reduction of coefficient of 

permeability with increase of oil content is not so much even at 16% oil content, as it 

was deduced by the authors.  

As it was noted by precedent authors it seems that the effect of oil content on 

permeability decreases with increase of soil porosity. However, the reduction of 

permeability is attributed to the reduction of pore volume contributing to hydraulic 

conductivity due to trapped oil. Since oil occupies some pore space, it is expected that 

the permeability will decrease with increasing the oil content. Otherwise, the difference 

between k values for different soils is of the same order for each soil type, which 

indicates that the behavior is similar to experiments performed with different degrees of 

saturation by Fredlund et al. (2004). 

Kahmehchiyan et al. (2006) results are confirmed again by Kahmehchiyan et al. (2007). 

The hydraulic conductivity variation for different type of soils is illustrated in the figure 

3.24. 
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Fig. 3.24. Permeability test using different type of soil samples and crude oil. (Values taken and adapted 

from Kahmehchicyan et al. 2007, after Kahmehchicyan et al. 2006) 

These results reflect the same conclusions than permeability tests carried out by 

Rahman et al. (2010 a) with basaltic soils, figure 3.25. 
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Fig. 3.25. Permeability test using different type of basaltic soil motor oil. (Values taken and adapted from 

Rahman et al. 2010 a) 
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3.3.10. OTHER GEOTECHNICAL RELATIONED TESTS 

Shin et al. (1999) studied the bearing capacity of a model scale footing on crude oil-

contaminated sand, with oil content varied from 0 to 4.2%. They showed that an 

observed friction angle decrease corresponded with an increase in the oil percent thus 

reducing the bearing capacity of a model scale footing with oil contamination. Also, Shin 

and Das (2001) studied the bearing capacity of unsaturated oil-contaminated sand. The 

oil content in their test samples varied from 0 to 6%. Based on their test results, oil 

contamination drastically reduces the bearing capacity of sand. 

Results of a series of plain-strain model tests carried out on both clean sand and oil-

contaminated sand loaded with a rigid strip footing were reported by Nasr (2009). 

Contaminated sand layers were prepared by mixing the sand with an oil content of 0–5% 

with respect to dry soil to match the field conditions. The agreement between observed 

and computed results was found to be reasonably good in terms of load-settlement 

behavior and effect of oil contamination on the bearing capacity ratio. The results of the 

experimental model tests and theoretical analyses showed that the presence of an oil-

contaminated sand layer under the footing resulted in a significant decrease in the 

bearing capacity and an increase in the settlement of footings. Matching conclusions 

with the bearing capacity factor Nγ variation a decrease on it was observed, 

corresponding to a percentage of oil contaminating the sand increase. 

3.4. MECHANICAL PROPERTIES CONSIDERATIONS DUE TO REGIONAL 
GEOLOGY OF THE CONTAMINATED SITE 

All the papers mentioned here consider a homogeneous distribution of the soil in the 

ground. Furthermore, a homogeneous distribution of contaminant concentration is 

assumed. These two assumptions, which should be considered to perform tests in the 

soil mechanics laboratory, remain far from the usual site ground conditions. 

Geology of contaminated soils should be considered in second instance to perform a 

numerical model in which it can be introduced the actual contamination plume 

distribution assigning geotechnical properties deduced from laboratory or “in situ” tests. 



Chapter 3: State-of-the-art of geotechnical testing with LNAPL contaminated soils 

  97 

3.5. ENVIRONMENTAL CONSIDERATIONS ON MECHANICAL PROPERTIES 

Fate theory of ground hydrocarbon contaminants is introduced in paragraph 2.4, which 

extremely depends on the site field characteristics. The effect of volatilization and 

biodegradation are difficult to reproduce in laboratory conditions, according to Huntley 

and Beckett (2001). Biodegradation requires the presence of microorganisms in the 

ground in one hand and nutrients for its development (Sharma and Reddy 2004). Taking 

into consideration this fact, sand samples contaminated in a soil mechanics laboratory 

conditions must be supposed not to present organic mater as it is indicated by almost all 

the authors here mentioned. It must be marked that a difference between field conditions 

and laboratory samples exists and should be taken into consideration if field tests are 

performed in the scope of this research, in future works. 

Sorption and volatilization can change the physicochemical properties of the 

geotechnical sample. In particular volatilization has to be considered when lighter 

LNAPLs are used in the experiments, as BTEX, kerosene, gasoline or similar liquids. 

Other hydrocarbons as crude oil, motor oil or diesel fuel can be considered more stable. 

Some physicochemical interaction between the hydrocarbon fluids and sand mineralogy 

and/or angularity could be acting (Mirza 1996). There must not be dismissed that some 

of the more powerful soil and groundwater remediation systems are based on 

degradation, volatilization and natural attenuation processes (Maroto and Rogel 2002). 

Within the described framework, very few authors had loosely considered the 

evolutionary nature of LNAPLs into the ground and in laboratory conditions. Here have 

been commented some of the fate effects in soil samples. 

3.5.1. EFFECT OF AGING 

The effect of pure, short-term aging on the geotechnical properties of oil-contaminated 

sand has been reviewed in this chapter. A program of laboratory tests was carried out to 

examine the effect of aging on the geotechnical properties of oil-contaminated SP sand, 

by Al Sanad et al. (1997). 

The mentioned testing program included direct shear tests, isotropically consolidated 

undrained (lCU) triaxial tests with pore-pressure measurements, and consolidation tests 
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on clean and contaminated “Jahra” Sand. Tests on contaminated sand were carried out 

immediately after mixing with oil (zero time) and after aging periods of one, three, and 

six months, respectively. 

A change due to “evaporation” (sic) of light and volatile compounds caused by aging, 

especially over the summer months were observed, by the mentioned authors. 

Some recuperation of shear strength properties of contaminated soil is observed in 

function of the pass of time. The aging fate shows a logarithmic tendency in time 

corresponding to the volatilization of the more volatile fraction. The result of the aging 

test developed by Al Sanad can be re-interpreted in two different lines: 

• Volatilization of more volatile compound of LNAPL, generally the called BTEX, 

decrease the contamination contain by dry weight. This fact can explain that with 

less degree of contamination the decrease of soil strength properties is less 

according to the results showed in this chapter. 

• Volatilization changes the physicochemical properties of the contaminant. One of 

the most important properties observed, in relation with geotechnical properties 

variation is the viscosity. When BTEX or other volatile compounds of a LNAPL is 

reduced by effect of aging the fluid changes its properties to a more viscous 

liquid in a decreased concentration. 

According to the authors original conclusions, the strength after six months of aging was 

smaller than that for clean sand at the same relative density as determined by the angle 

of internal friction measured in triaxial and direct shear tests. They do not discuss the 

relation between aging and the above introduced two points. 

Other tests were performed by Al Sanad et al. (1997) concluding that the stiffness 

increased with aging; however, the aged specimens of contaminated sand were more 

compressible compared with the clean sand. The compression index Cc was 0.04 and 

0.03 for the contaminated sand after six months of aging, and for the clean sand, 

respectively. 
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3.5.2. EFFECT OF TEMPERATURE 

Aiban (1998) studied the effect of temperature on the geotechnical properties of crude-

oil contaminated sands. The author reported that the compressibility of the mixed 

material was affected by the temperature. However, the shear strength parameters were 

not significantly affected by temperature. 
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4. TESTS AND RESULTS DISCUSSION 

4.1. INTRODUCTION AND TEST PLANNING 

Geotechnical tests have been performed with laboratory-made specimens of 

contaminated soil, during 2009 and 2010, at the Soil Mechanics Laboratory of the 

EUITOP-UPM (Madrid-Spain). 

The experimental plan consisted, firstly, on the selection of a single and 

representative soil allowing the wider range of tests. A typical soil of Madrid (Spain), 

commonly known as “Miga” sand, was selected to carry out the tests. The finer 

fraction, of this specific sand, was considered enough to determine Atterberg limits 

and one-dimensional consolidation properties through Oedometer test. 

LNAPL contaminants available were first diesel fuel and second motor oil to contrast 

diesel fuel mixture results in case of doubt or double-checking. Many working hours 

with LNAPL contaminants was expected and the idea of testing with higher volatile 

petroleum products, like gasoline or kerosene reported in previously papers, was 

finally given up. Two main reasons to work with diesel fuel and motor oil were: 

• These contaminants do not need any special indoor security measure. Just 

the appropriate use of masks and latex gloves and good laboratory airing 

conditions. 

• Physical-chemical properties of both contaminants remain almost the same in 

laboratory conditions. More volatile products could change in large ambient 

exposures, as it is referred on chapter 2. 

After previous trials it was observed that, for the selected materials, segregation and 

exudation was observed for contaminant concentrations, by dry weight, higher than 

9-10%, in contrast with a number of authors who performed tests with concentrations 

up to 16% (see chapter 3). For the present study, the initial planned amounts of 

hydrocarbon added to soil were varied at 0%, for non-contaminated (natural) 

specimen and 0.5%, 2%, 5%, 7% or 10% by dry weight of soil, in different relative 

density series if it is possible, for diesel fuel contaminants, checked with motor oil 

addition if necessary.  
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4.1.1. TEST PLANING 

According to partial conclusions deduced from the state-of-the-art partial reviewing, 

table 4.1 was initially accorded, in order to schedule the geotechnical testing series 

and the laboratory works for different concentrations, as well as to display material 

quantities. 

 

Table 4.1. Geotechnical testing initial plan, with remolded contaminated mixtures of “Miga” sand. 

TESTING INITIAL PLAN Non 
contam. Diesel fuel* contaminated sand 

Percentage by weight content of LNAPL 0.0% 0,5% 2.0% 5.0% 7.0% 10.0%

TEST Standard / 
Code             

Particle Size Analysis          
Sieve analysis UNE 103-101  - - - - - 

Hydrometer method analysis UNE 103-102  - - - - - 
Relative Density          

Minimun dry density of sand UNE 103-105  - - - - - 

Maximun dry density of sand UNE 103-106  - - - - - 
Atterberg Limits          

Liquid limit UNE 103-103       

Plastic limit UNE 103-104       

Laboratory Compaction Test          
Standard effort (Normal Proctor) UNE 103-500       

Modified effort (Modified Proctor) UNE 103-501       

CBR Test          
California Bearing Ratio UNE 103-502       

Shear Strength Tests          
Direct Shear test UNE 103-401       

Oedemeter Tests          
One dimensional consolidation UNE 103-405       

One dimensional swell UNE 103-602  - - - - - 

One dimensional free swell UNE 103-601  - - - - - 
Permeability Tests          

Constant head test UNE 103-403       

Variable head test -  -  -  - 
*Diesel fuel was the initially selected LNAPL . Motor-oil was planned as a different material to contrast not expected 
results. 
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The initial testing plan showed above (table 4.1) was modified during the performing 

of the tests series. These modifications were introduced to consider the next points: 

• Different relative densities applied to specimens during test preparation. 

• Double-check of observed odd behaviors for diesel-fuel soil mixtures. In this 

case motor-oil was added in the same concentrations within identically 

prepared test specimens, in order to match results of critical points. 

• In some cases it was difficult to reach the complete series experiment. 

Sample exudation and segregation observed for high degrees of 

contamination in a number of tests. In the context of the present doctoral 

thesis, more than 5% of addition by dry weight of the natural soil sample has 

been considered high contamination degree. This justifies why in some tests 

it is not registered the 10% value of contamination degree, since if 

represented is in order to call for attention about any expected result 

deviation. 

• There are tests, as for example CBR, which were carried out after compaction 

tests. This case was based on the observation of previous Proctor tests 

results, so it was decide to modify the initial series reducing higher 

contamination degree concentrations trying to avoid specimen exudation and 

segregation. 

Geotechnical testing apparatus at EUITOP Soil Mechanics Laboratory were 

calibrated. Testing materials were stocked inside the laboratory and all waste 

products were retired to an authorized waste disposal. There must be noted that 

some laboratory equipments were brand new and in some cases, like vertical 

displacements reading at shear direct tests was lost due to inexperience. This 

particular issue, the same as other less important, were found out in the analysis 

phase, when it was difficult to repeat tests due to laboratory availability or short stock 

of materials. All the detected testing mistakes or data lacks have been reflected in 

the text. 

The philosophy of this dissertation initial plan was to observe contaminated sand 

behavior, but more important was to reflect the experimental factors to consider in 

this specific field, as well as the failures in order to avoid them in future researching 

lines. 
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4.1.2. PREVIOUS CONSIDERATIONS 

This chapter provides the discussion of new tests results in contrast with previous 

studies conclusions, selected from chapter 3. The aim of the discussion is to extract 

general conclusions or, at least, to describe the observed phenomena by contrasting 

both state-of-the-art and new tests carried out for the scope of the thesis. 

All test results analyzed are supposed to be obtained from homogeneous mixed 

specimens, in laboratory conditions. Different previous research references have 

been compared assuming the below conditions: 

• Each reference summarized in chapter 3 is the result of testing with different 

types of soil, even when a soil is similar in relation to a soil classification, i.e. a 

SP sand according to USCS classifications is characterized by a few 

“characterization tests” which do not take into consideration aspects like 

chemical properties. The organic contaminants addition may cause chemical 

reactions which introduce uncertainties in tests results, moreover when 

values obtained from different soil types are contrasted in a common plane. 

• In the same line, laboratory ambient conditions (temperature, humidity, 

natural light, etc.) may vary from one to other study. In rare occasion ambient 

data is described in papers reviewed, even as in the case of this research 

ambit in which special measures, like covering or curing periods, has been 

subjectively decided. Phenomena in relation with sorption, degradation or 

volatilization would happen in certain degree to the soil-LNAPL-mixture. 

BTEX are the most common products to be involved in these mentioned 

processes. 

• Clay content could dramatically change the results. Physical-chemical 

properties of natural soils clayey fraction sometimes induce the origin of 

geotechnical properties changes. If the addition of a non-polarize liquid is 

considered, in general in presence of water (polar liquid), variation of 

properties could be expected due to clay fraction imposed behavior. 
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4.2. MATERIALS 

4.2.1. BASE SOIL SELECTION – “MIGA” SAND 

Madrid urban development is a good source of geotechnical data. Madrid soils have 

been studied, for many years, by numerous reports developed in order to cover a 

wide range of works (Escario 1985, Dapena et al. 2002, Oteo 2006), particularly the 

continuing extensions of the Metro underground railway network (Melis et al. 1997, 

Rodriguez Ortiz 2000 or Melis 2003) and more recently M-30 tunneling works. One of 

the most representative soils of the urban area of Madrid (Spain) is commonly known 

as “Miga” sand. 

Madrid is, geologically, included in the called Central Plateam unit which occupies 

the middle of the Iberian Peninsula. This Hercinic geologic unit affected by alpinic 

movements originated the Central Mountain Chain and Toledo Mounts, where the 

city of Madrid is located. North geography of Madrid region is characterized by 

granitic and gneistic emergences, erosion has originated sediments that have 

partially filled the Tagus Depression. At the north and central zones of Madrid region 

these sediments are Pliocenic classified as detritic type from granites and gneiss. 

South zone is constituted by Miocenic sediments (Oteo 2006). From a geotechnical 

point of view, the following typical formations can be considered, as defined by the 

same author:  

Anthropic fills, with variable thickness (1-20 m). These concern heterogenous 

materials, very soft, collapsible, and coming from natural materials mixed up with the 

remains of rubble, organic matter, etc.  

Quaternary sediments of alluvial origin, generally consisting of loose sands and soft 

silts, associated with the basins of rivers and streams. In the Manzanares River 

valley they can reach a depth of 5-10 m.  

Detritic sediments from the Pliocene, derived from the erosion of granite and gneiss 

from the nearby northern mountain system. Hard and cemented materials with fine 

content varying between 5 % and 80 % and which are normally referred to as 

immature arkoses. 

Base formations from the Miocene, which start with stiff clayey material around 85-95 

% of fine content, very hard (called “Peñuelas”) fissured, plastic, very often having an 
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expansive nature, and which can include a considerable percentage of gypsum or 

they can alternate with layers that are clearly gypsum-bearing. Towards the south-

east of Madrid gypsum content usually rises to the point where the other base 

formation is displayed, gypsum-bearing rocks, in which the variety known as 

“glauberite” (sodium sulphatc) abounds, presenting a marked swelling. In occasional 

zones the soil upper part is constituted by “Soft Peñuela”, i.e., the weathered hard 

clay and the antropic fills made by excavated cracked clay (non-compacted).  

The pliocenic materials are commonly known from different names, as a function of 

the contents: From the “Miga” sand (<25 % fines) to the clayey “Tosco” presenting 

60-85 % of fine fraction, behaving as stiff clay. The intermediate materials are the 

“Tosquiza sand” (25-40 % of fines) and the sandy clay (40-60 % of fines). They are 

usually cemented by some feldespar matrix. Table 4.2, presents the main 

geotechnical properties of “Miga” sand. 

In particular, this mentioned “Miga” sand contains less than 25% fine material and 

has low plasticity, even there can be found some works description papers where the 

fines content of “Miga” sand is fixed to 15%. Casagrande classification system 

(USCS) situates this material within the silty sands (SM) and clayey sands (SC) 

groups. It has an usual internal friction angle of about 35°. 

“Miga” sand, “Tosquiza” sand (SC) and “Tosco” sandy soil (CL) present high 

stiffness, with unconfined compressive strength increasing with the fines content up 

to 1.5-2.0 MPa. The deformation modules determined using pressuremeter are 

usually very high, up to 1300 Mpa. More detailed study of these materials were 

carried out by Rodriguez Ortiz (2000) who reported that “Miga” sand occupies a great 

extension in the urban area of the city of Madrid, representing near a 30% of the 

village extension. The author concludes that maybe the classification of “Miga” sand 

based on the size distribution is not appropriate according to shear strength results 

and it would be useful, in the future, to divide its classification in two separate 

materials 0-15% and 15-25% of fines contain, as early noted by Escario (1985), 

calling the last clayey sands even, according to the same text there is no active clays 

levels between this geological classifications. Table 4.2, shows some of the more 

interesting values given by Rodriguez Ortiz. 
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Table 4.2. Basic geotechnical “Miga” sand properties. (Adapted from Rodriguez Ortiz 2000) 

PROPERTIES OF 
“MIGA” SAND 

Sample 
number Max. Min. Typical 

deviation Average

Moisture content % 145 43.40 4.33 5.24 12.80 

Density (field) g/cm3 54 2.30 1.67 0.13 2.10 

Dry density g/cm3 80 2.12 1.15 0.14 1.90 

#200 sieve passing 
(Fines content) % 569 50.40 2.60 6.77 17.90 

Liquid limit (LL) % 182 65.50 18.51 5.48 31.60 

Plastic limit (PL) % 177 35.20 11.80 2.76 17.70 

Plasticity Index % 177 30.00 1.83 5.28 13.80 

Internal friction angle   6 38.30 35.40 1.13 36.70 

Effective cohesion  kPa 6 17.00 0.00 7.70 3.40 

 

In the same ambit Escario (1985) reported that it is possible to find effective cohesion 

values between 20 to 120 kPa with friction angle of 31° for sands with more than 

20% fines. Effective cohesion of the tested material herein presented values of 30-40 

kPa for more than 22% fine content. 

Two reasons justified the selection of “Miga” sand as base soil to perform the 

geotechnical tests: 

• “Miga” sand is a geotechnical well known soil. Experiences like Madrid Metro 

(subway) extension, recently underground M-30 works or foundation works 

from 70’s decade provide a great number of geotechnical references, which 

can be useful in future applications or researching lines of the present 

dissertation. 

• Good soil samples were nearly available to perform the tests at EUITOP-UPM 

location. All the soil samples were prepared and handled according to the 

Spanish standard UNE-103-100. 
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Permeability of “Miga” sand is variable, according to Oteo et al. (2003), who defined 

values for the range of 10-2 to 10-4 cm/s. Several geotechnical reports, in the regional 

ambit of Madrid, has been consulted by the present author showing hydraulic 

conductivity values in the order of magnitude 10-2 to 10-5 cm/s, corresponding to a 

general lower permeability material, which actually fit the “Miga” sand tests practiced 

herein, presenting an averaged 1.5•10-4 cm/s value for a compacted specimen, for 

constant head and variable head testing methods. Moreover, Rodriguez Ortiz (2000) 

reported averaged field permeability values, obtained from 29 Lefranc field 

permeability tests, showing a maximum value of 4.5 10-1 cm/s and a minimum value 

of 6.8 10-7 cm/s. 

Hydraulic conductivity is an important parameter in the ambit of the research since 

transport of contaminants should be studied from a hydrogeology point of view. 

Permeability values range is dependent on soil confinement pressure that depends 

on the depth and over-consolidation ratio (OCR) in which the sample is found. 

This research considers a physic model reproducing “Miga” sand soil mass by the 

use of a transparent material surrogate (chapters 6 and 7). Consequently, it is 

important to define an appropriate range of permeability of the transparent soil in 

order to match with the soil to model. On the other hand, a field soil characterization 

has to be established as well. There can be defined a “Miga” sand first range of 

permeability by taking 10-2 to 10-4 cm/s for low confinement pressures and 10-3 to 10-5 

cm/s for higher confinement pressures. These two tentative orders of magnitude 

ranges are justified in base to the mentioned “Miga” sand variable physical 

properties. According to the material definition, it includes sandy soils with less than 

25% fines, sometimes dominated by the presence of clays in spite of silt, aspect that 

may affect to the sand hydraulic behavior. 

Note that hydraulic conductivity is obtained under total saturation condition (Sr = 1), 

but conductivity through unsaturated soils is generally deduced from a saturated soil 

value which represent a certain uncertainty, according to Fredlund et al. (1994). 

Percolation and infiltration terms are often related to unsaturated condition, a fact that 

is even more complex when the liquid is not water but LNAPL or two phase 

(groundwater + LNAPL) 
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4.2.2. LNAPL CONTAMINANTS SELECTION 

Selected LNAPL contaminants were diesel fuel and motor oil. The idea of testing with 

higher volatile petroleum products, like gasoline or kerosene, was given up. Two 

main reasons to work with diesel fuel or motor oil were: 

• Those contaminants do not need any extraordinary indoor security measure, 

just the appropriate use of gloves, masks and assure a good laboratory 

airing. 

• Physical-chemical properties of chosen contaminants remains almost the 

same in laboratory conditions, apart from the measures taken to add and mix 

liquid and soil, below described. More volatile products could change in large 

ambient exposures, as it is referred on chapter 2. 

Selection of light hydrocarbon contaminants were based on their fate and stability 

under laboratory conditions, previous research of the behavior of a range of LNAPL 

used by several authors (e.g. Al Sanad et al. 1995, Fine et al. 1996, Aiban 1998 or 

Hyun et al 2008). Products previously used to perform soil laboratory experiments 

are light and heavy crude oil, gasoline, diesel-fuel, motor-oil, benzene, xylene and 

others. Diesel fuel and motor oil were found to be the most stable. Diesel fuel is 

suitable to obtain homogeneous mixtures with “Miga” sand. Motor oil properties are 

included in table 4.3. 

Table 4.3. Motor-oil generic technical properties for SAE grade 15w/40. 
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Society of Automotive Engineers (SAE) has established a numerical code system for 

grading motor-oils according to their viscosity characteristics, SAE viscosity grades. 

In the case of the here selected, multi-grade 15w/40, is suffixed with the letter W, 

designating their “winter” or cold-start viscosity, at lower temperature. Kinematic 

viscosity is graded by measuring the time it takes for a standard amount of oil to flow 

through a standard orifice, at standard temperatures (Corsico et al. 1999) so the 

longer time it takes the higher the viscosity and thus higher SAE code provides. 

Diesel fuel characteristics are shown in table 4.4. This table is a generic standard of 

diesel fuel properties which have been supposed to match with the commercial brand 

Repsol® Diesel e+® used in the experiment. 

Table 4.4. Diesel fuel generic technical properties. 

 

 

One of the objectives of the dissertation is to contrast and to discuss experiments 

performed with a common urban contaminant for the characterization proposal. 

Diesel fuel as main contaminant and motor oil as second option was finally 

determined. Furthermore, it represents a high interest to contrast the state-of-the-art 

focused in crude-oil tests with one of its more common industrial distillation fraction, 

diesel fuel. 
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4.2.3. SAMPLE PREPARATION 

Based on the prescription given by the UNE 103-100 standard related to ASTM D-

421, some steps were modified or adapted to the current experiment and carried out 

to obtain representative mixtures between dry sand and LNAPL and to the addition of 

water either, when required by a specific test. 

All the samples were remolded, obtained by first adding the desired percentage, by 

weight of dry sand, of LNAPL to the mixture. The sand was dried by oven (107oC) 

and then referenced and stocked in trays during more than 7 days before mixing, in 

laboratory conditions (22-25oC and relative humidity of 40-60%). An example of the 

aspects of the mixture trays is shown in figure 4.1. 

 

Fig. 4.1. Sample preparation after adding water and LNAPL in order to fill a Proctor mold. 

The initial planned mixture percentages (table 4.1), were 0%, 0.5%, 2%, 5% and 7 or 

10% by dry weight, depending on the specific test. Relative density was obtained 

under pre-determinate compaction energy in the cases in which different relative 

densities were programmed to test, by using dynamic compactors (Proctor tests 

hammers). In some cases 10% content was obviated for practical reasons or its 

result was considered as negligible due to exudation and segregation of the 

specimen. 
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Contents of more than 7% produced failures in previous trial and error test, as main 

reason to limit the series to 10%. The case observed in some previous tests in which 

compaction required to reach a high relative density because the compaction get to 

wet side of compaction curve and LNAPL exudation and soil segregation was 

observed. Out-of-the-initial program tests (table 4.1) were also carried out by adding 

only LNAPL instead of water.  

LNAPL let residual solid remain when the mixture is dried at 107oC in oven, which 

only may disappear by calcinations of the sample. This aspect was considered and 

studied in each specific test that required “a posteriori” moisture content 

determination, like for example CBR. 

Because fate changes into the contaminated soil mixture properties was reported by 

aging effect (Al Sanad et al. 1996) or temperature effect (Aiban 1998), the obtained 

mixture was covered with plastic after handling. No curing period was adopted, even 

it was decided to carry out the tests in the shorter period of time allowed by the 

applicable standard. This decision is in contrast with Singh et al. (2008) when they 

appreciate that dry clays required 1-2 days of water contact and 3-7 days of 

contaminating fluids contact to become to equilibrium. According to Al Sanad et al. 

(1996) the fate evolution implies a low degree of recuperation of the original (clean) 

properties of the soil, concluding that it does not implies great difference in the 

magnitude order of the parameters, in that case is justified to avoid the curing period 

in order to carry out repeatable tests. 

Ground contamination fate mechanisms are such complex issues, Sale (2003). For 

the presented case herein, any physical-chemical interaction or degradation of the 

LNAPL has been intentionally avoids at maximum possible, responding to a short-

term scenario. The short-term behavior could be easier compared with different 

materials in future studies.  

In the next pages a factor is discussed, which finally has been considered as 

determining for several tests results and has been included in the conclusions of this 

doctoral thesis. It has to be with required previous compaction operation necessary 

to set and carry out some tests, or reach different relative densities. Maybe this 

preparation fact affects all the below presented results or at least induces an 

uncertainty degree. 
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4.3. CHARACTERIZATION TESTS 

4.3.1. PARTICLE SIZE ANALYSIS 

Sieve analysis and hydrometer analysis were performed in laboratory with oven dried 

sand at 107oC, during 24 hours, according to UNE-103300. Sieve analysis was 

performed according to the Spanish standard UNE-103101 and hydrometer 

according to UNE-103102, corresponding with the 22.4 %, value of fine size soil 

sample retained in 0.08-UNE sieve. The averaged distribution curve has been plotted 

in figure 4.2. 

0

20

40

60

80

100

0.010.101.0010.00100.00

%
 F

in
er

mm (Sieve and hydrometer analysis)

"Miga" sand size distribution

 

Fig. 4.2. “Miga” sand size averaged distribution in red. Best adjusted curve in blue. 

Grain size distribution curves were studied and uniformity coefficient (CU) and 

coefficient of curvature (CC) are below summarized, for a specific diameter d10=0.04 

mm: 

30
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d
dCU  [4.1]  

( ) 30,1
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⋅

=
dd

dCC   [4.2] 

The  material is a well graded sand, based on the rules of CU>6 and CC between 1 

and 3 for sands. 
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4.3.2. RELATIVE DENSITY TESTS 

Relative density is commonly used for evaluating the compaction state of a given soil 

mass. Engineering properties, such as shear strength, compressibility, and 

permeability, of a given soil depends on the relative density. Relative density is 

obtained by [4.3]. 

minee
eeD

MAX

MAX
R −

−
=   [4.3] 

Maximum and minimum void ratio were obtained by UNE-103105 and UNE-103106. 

Both parameters are substituted in [4.3] to obtain the Relative Index or Relative 

Density (DR) for a given void ratio (e) of a specific sample. The “Miga” sand case has 

been summarized in the table 4.5. 

Table 4.5. Maximum and minimum void ratio to calculate relative density of “Miga” sand. 

Dry Weight Unit (γd) 

Maximum (g/cm3) 1.89 

Minimum (g/cm3) 1.18 

Void index (e) UNE 103-105/106 

eMAX 1.25 
emin 0.41 

Density of solids (γs) UNE 103-302 

Sample I (g/cm3) 2.66 

Sample II (g/cm3) 2.67 

Average (g/cm3) 2.665 

 

Relative density of granular soils can be obtained from “in situ” tests. Case of “Miga” 

sand presents a fine content, which has been studied, in relation with NSPT validity. 

Parra and Ramos (2007) researched with “Miga” sands from different Madrid region 

sites, obtaining a certain dispersion of NSPT values and strength parameters obtained 

from empiric correlations. This fact demonstrates whether the specimen relative 

density influence is important in the ambit of contaminated soils as well. 
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4.4. ATTERBERG LIMITS 

Atterberg limits were carried out according to UNE-103104, related either to ASTM-

D-4318 and AASHTO T89, with variable percentages of diesel-fuel and motor-oil 

content. Planned test (table 4.1) considered the addition of diesel-fuel only. Besides, 

the obtained results for diesel-fuel, discussed along this paragraph, put in contrast 

with different authors showed a particular behavior, which was contrasted by adding 

a second option planned LNAPL, motor oil. 

4.4.1. RESULTS 

Series tested for both diesel fuel and motor oil additions are 0%, 0.5%, 2%, 5% and 

10%, by dry soil weight. Liquid limit (LL) and plasticity limit (PL) variations, as well as 

deduced plasticity index (PI) [3.1], have been plotted in figure 4.3 showing variation 

of plasticity in function of the contaminant added percentage. More specific details 

about the presented Atterberg Limits determination can be found in Appendix I. 
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Fig. 4.3. Variation of Atterberg limits with percentage of added contaminant. 
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It has been directly observed how the uniform consistency was lost and it was difficult 

to form a ball, necessary to accomplish the test, by mixing soil fine fraction and 

LNAPL when tests were made for higher concentration values. Previous trial tests 

series showed up how some Liquid Limit (LL) tests attempts carried out adding more 

than 10% of contamination were almost impossible to work out. Grain segregation 

and LNAPL exudation were observed to 10% limit content. 

Figure 4.4 compares figure 4.3 results, now depicted in separate curves, showing 

how the plasticity limits for both additions remains in similar values. A difference of 

5% of water moisture content stays constant for liquid limits of concentrations higher 

than 2%. The general tendency, for both contaminants, can be assumed as 

equivalent. 
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Fig 4.4. Atterberg limits variation of “Miga” sand for different LNAPL contamination content. 
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4.4.2. DISCUSSION 

The addition of both LNAPLs caused an increase in Atterberg limits and plasticity 

index, up to the 2% of contamination by dry weight. Analyzing these values, it is 

firstly observed how the plasticity increases with low percentages to stabilize linearly, 

finally developing a descendant tendency of the plasticity index. It is deduced that 

diesel-fuel makes the fine fraction of sand (silt and clay) more plastic, for the same 

percentages, by evolution of the different contaminants curves comparison. 
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Fig. 4.5. Atterberg limit trajectories of contaminated “Miga” sand, in function of LNAPL added 

percentage, by dry weight. Detailed path of each experiment are plotted at the sides. 

 

Trajectories of both soils plasticity have been depicted in a Casagrande Chart plot 

(figure 4.5), the same way done to feed the state-of-the-art discussion given in 

chapter 3. This plot brings the possibility of compare results with different author 

conclusions. Casagrande Chart plot (figure 4.5) shows a plasticity variation produced 

in parallel path to Line A [PI=0.72(LL-20)], which in theory separates clayey soils 

from silty soils. The case analysis of “Miga” sand fine fraction, obtained by sieving 

through 0.5 mm (ASTM #40), can be classified as CL material, which evolution reach 
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CM and remains losing plasticity range for higher degree of contamination and turns 

back and down, for motor oil addition trajectory case. CM soil definition is taken from 

the Casagrande Chart interpretation given by Peck et al. (1974), considering 

inorganic clays of “medium” plasticity, between LL=30 and LL=50 lines. 

The behavior of both presented series is similar and agrees with Singh et al. (2008) 

results where “UEO” (sic. Used Engine Oil) and diesel fuel showed equivalent 

evolution by LNAPL content, for low plasticity clays similar to the “Miga” sand fine 

fraction. 

Figure 4.4 reflects the evolution traced with regular scale curves better, in which the 

maximum plasticity is reached around 2%-5% of contaminant concentration and 

maintain a constant plane tendency up to 10%. There must be noted that the case of 

10% tests were performed with some difficulties based on exudation and segregation 

of the specimen, mostly silty in origin, obtained by sieving “Miga” sand. 

Putting these results in front of similar studies show that Atterberg Limits obtained for 

low plasticity clays by Khamehchiyan et al. (2007) draw a general decrease in 

designed contamination series by adding up to a 16% of crude oil. The observed 

decreasing tendency describes a quasi-continuous path through the incremental 

addition of crude oil. Similar behavior were reported by Rahman et al. (2010 a, b) for 

basaltic, granitic and metasedimentary soils, for identical testing series to those 

mentioned by Khamehchiyan et al. (2007). These workers used series of 0-4-8-12-

16% by weight, not reporting any segregation or exudation problems, in contrast to 

the own results. 

Both authors groups described linear decrease of plasticity, with the exception of one 

basaltic soil type (classified as SM according to USCS) studied by Rahman et al. 

(2010 a), which shows an increase in plasticity index obtained from a decrease in 

liquid limit and high increase of plasticity limit, according to [3.1.]. Those two plasticity 

decreasing cases have been depicted in figure 4.6. Figure 3.3 (chapter 3) reflects the 

mentioned plasticity evolution, for granitic and metasedimentary soils, approaching to 

the observed in figure 4.6.tendency. 
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Fig. 4.6. Decreasing tendency of plasticity trajectories, according to different authors. 

Decreasing soil plasticity paths, depicted in figure 4.6, contrast with the results firstly 

obtained for diesel fuel addition, later confirmed for motor-oil addition, in order to 

double-check, in the ambit of the present doctoral thesis. Attending to the state-of-

the-art review, there are more authors who obtained a general increase of the 

plasticity tendency by adding LNAPLs, as Meegoda and Ratnaweera (1994), 

Srivastava and Pandey (1998), Shah et al. (2003), Singh et. al. (2008), Choura et al. 

(2009) and Jia et al. (2011). 

Atterberg Limits performed with contaminated “Miga” sand have been depicted in a 

Casagrande Chart (figure 4.5), repeated in figure 4.7 in addition to the results 

obtained by Srivastava and Pandey (1998) from testing similar materials (classified 

SP according to USCS). The mentioned authors added 0-3-6-9-12% LNAPL series, 

showing a similar increasing tendency damped for higher concentrations. No authors 

have been found manifesting a turning in the tendency for higher values, as the 

proper presented results. 
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Fig. 4.7. Increasing tendency of plasticity trajectories according to different authors, including 

“Miga” sand results. 

In any case, is always difficult to obtain any general conclusion based on specific 

values. For similar virgin plasticity of sandy materials, very different results have 

been obtained as it has been above commented. Explanations for one or other 

different behavior are based on the affection to the clayey fraction imposed by 

LNAPL, in relation with water. It is possible to summarize the discussion divided in 

the next two opposite groups: 

• Decreasing tendency of plasticity group (Fig. 4.6): Khamehchiyan et al. 

(2007) and Rahman et al. (2010 a, b) results discussion is based on the 

presence of water around the charged clay particles (double layer theory) 

affected by a non-polarised liquid (LNAPL) partially occupying the soil voids. 

As a result of its characteristic polarity, a water molecule has a positive 

charge at one side and a negative charge at the other side, known as dipole. 

Dipolar water is attracted both by the negatively charged surface of the clay 

particles and by the cations in the double layer. The force of attraction 

between water and clay decreases with distance from surface of the particles. 

Therefore, when LNAPL is mixed with soil, it surrounds the soil particles 
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displacing water, and then the water reaction with soil particle reduces. As 

result, the thickness of double-layer water reduces and it justifies a decrease 

in Atterberg limits as oil is added to a soil. Furthermore physicochemical 

factors due to low dielectric constant values would cause the clay to behave 

more like a granular material, in the presence of oil contamination, thus 

lowering the liquid limit. 

• Increasing tendency of plasticity group (Fig. 4.7): The Atterberg limits 

increment has been explained, summarizing opinions of already mentioned 

authors, in relation with the viscous nature of the pore fluid added. In fine 

grained soils, pore fluid fills (total or partially) the pores of the fabric and a thin 

layer of fluid exists between mineral contacts. LNAPL acts as a lubricant 

giving particles a closer packing. An increase in pore fluid viscosity changes 

the properties of mineral to pore fluid contacts, seen as an increase in the 

Atterberg limits. Moreover the effect of the LNAPL contamination and 

increase in Atterberg limits can be attributed to increase of double layer 

thickness within clay minerals such as kaolin, chlorite and illite, at the clayey 

fraction. 

By reading the above related two options it is possible to interpret that both 

arguments are based in the same concept, of clays double layer, which actually 

involves several complex physic-chemical concepts for the specific case of 

contaminated soils, according to Sharma and Reddy (2004). Even though, both 

explanations could be valid for contrary cases, because a premature segregation, 

caused by lubrication or double layer interruption of particles, induces a decrease of 

plasticity limit and rises liquid limit. 

Trying to clarify these confusing opposite arguments, it is possible to turn to some 

relationship with other test. There can be found a number of relationships between 

Liquid Limit and Compressibility Index, the most spread were given by Skempton 

(1944), Terzaghi and Peck (1948), Nishida (1956), Hough (1957), Azzouz et al. 

(1976) or Nagraj and Murthy (1985). Almost all of these expressions are proposed for 

clayey soils and must be applied with attention because each of them is based on the 

study of very specific soils, generally clays. In every case, the expression indicates a 

direct proportionality between CC and LL, the way that looked for this point of view 

the decreasing of plasticity seems to be more justified than an increasing, according 

to the results below given in this chapter for oedometer tests. 
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Skempton (1944) relationship is widely accepted and relates CC to LL as shown 

below, for remolded clays (“London” clays are completely different soils than “Miga” 

sand). This expression can be adapted for this case, in a not very scientific check, 

just to observe the tendency. 

)10(007.0 −= LLCC  

LLCC =+⋅ 1086.142   [4.4] 

Liquid Limit values have been deduced, according to expression [4.4], from the 

results given in this doctoral thesis, of the Compressibility Index (CC) based on the 

oedometer tests performed with the fine fraction of “Miga” sand diesel fuel. 

 

Table 4.6. LL deduced from oedometer tests results of “Miga” sand fine fraction mixed with 

diesel fuel, applying Skempton (1944) relationship. 

COMPACTED “Miga” sand CC LL [4.4] Skempton (1944) 
Standar Proctor 

D0 0.00% 0.04 15.7 
D1 0.50% 0.035 15.0 
D2 2.00% 0.04 15.7 
D3 5.00% 0.05 17.1 
D4 10.00% 0.08 21.4 

LOOSE “Miga” sand CC LL [4.4] Skempton (1944) 
Remolded 

D0 0.00% 0.10 24.3 
D1 0.50% - - 
D2 2.00% 0.07 20.4 
D3 5.00% 0.09 22.9 
D4 10.00% 0.16 32.9 

COMPACTED “Miga” sand CC LL [4.4] Skempton (1944) 
Modified Proctor 

D0 0.00% 0.02 12.9 

 

Comparing the values reflected in the table 4.6 by the Skempton relationship and 

comparing them to the actual Atterberg Limits, it is first observed how the magnitude 

order of both sources are curiously similar, considering that Atterberg Limits values 



Chapter 4: Tests and results discussion 

  123 

must be included between compacted and loose relative densities performed at 

oedometer tests. Furthermore, tendency corresponding to an increasing addition of 

diesel fuel gives a LL increase, which shows a certain agreement of testing results, in 

both ways (similar behavior for compressibility tests) and bring more doubts about 

the decreasing tendency. Nevertheless, by definition of liquid limit, if a more viscous 

and non-wetting liquid is added to a mixture of solid aggregates, this liquid should be 

acting as a lubricant between particles and the soil will be acting as a liquid during a 

larger range. This behavior is particularly notorious in the order of 2% of addition. 

As partial conclusion, the increasing or decreasing tendency of the plasticity must 

depend on the physical-chemical characteristics of each soil, because it can be 

deduced that different LNAPLs mixed with the same soil present a similar evolution. 

There is an exception for this rule discussed by Singh (2008) who observed a 

general increasing tendency for UEO (sic), adding diesel fuel and gasoline, but a 

decreasing tendency with kerosene. This case was performed with clays. 

Clayey fraction behavior could explain such different results. Currently 

comprehensive studies of electrical properties of LNAPL contaminated soils are 

getting deeper into the complex behavior of double layer minerals, in presence of 

LNAPLs. According to the Gouy-Chapman-Stern model, the electrochemical 

polarization consist of an inherent (in soils usually negative charged) charge at the 

solid surface surrounded by a contrastingly charged ions atmosphere which can be 

divided into two regions: (1) a mono layer of weakly sorbed charged ions which 

called the stern layer, and (2) a broader layer that balance the charge from the solid 

surface and the stern layer by charge located in what is called the diffuse layer 

(Adamson et al. 1997). In this context various authors studied double layer and as an 

example Martinho et al. (2006) investigate the effect of different NAPLs on the 

chargeability of clayey soils and found that a decrease in chargeability for low NAPL 

content (up to 10%) is followed by an increase in chargeability at high NAPL content, 

which is certainly a different behavior observed within the same soil and NAPL. 

Nowadays, while deeper researcher is developed in this field, is very difficult to 

extract conclusions and whatever obtained result can be attributed to double layer of 

clays. 
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4.5. COMPACTION TESTS 

Standard Proctor tests were carried out in series of 0%, 0.5%, 2%, 5%, 7% and 10% 

of diesel fuel addition. Tests were performed according to the Spanish standard UNE 

103500, equivalent to the determination of laboratory compaction characteristics of 

soil using Standard Effort (12,400 ft-lbf/ft3 or 600kN-m/m3), ASTM-D 698. In order to 

contrast the obtained results a Modified Proctor (UNE 103501, equivalent to a 

Modified of Effort of 56,000 ft-lbf/ft3 or 2,700 kN-m/m3) was performed matching 

some of the points of the original series. Results of each test has been collected in 

Appendix I, for further information. 

4.5.1. SPECIMEN PREPARATION COMMENTARY 

According to Khamehchiyan et al. (2007), moisture content should not be determined 

with the common expression [4.5], in oven, because “oil” (LNAPL used in the 

mentioned experiments) has a complex composition and it may evaporate even 

under room temperature while some parts remain solid. 

100 (%)w

S

W w
W

⋅ =  [4.5] 

The mentioned “oil” evaporation (Khamehchiyan et al., 2007) is dependent on 

physical and chemical properties of the liquid itself, environment temperature or 

humidity. In the case of oil-contaminated soils, the evaporation of oil from soils and 

the percent of remained oil solid materials are extremely dependent on size and 

composition of soil particles and thermal properties of soil and oil. The evaporation 

increases with decreasing soil particle size and it decreases with increasing the oil 

content under the same other environmental conditions such as similar temperature 

and time. It seems, according to the authors, that this phenomenon is related to 

thermal conductivity, adhesion and cohesion properties of soil samples. The 

researchers developed the below equation [4.6] to their experiments: 

(1 ) (1 )T

d

Ww m n n
W

= + ⋅ − +  [4.6] 
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where Wt is wet weight of contaminated soil, Wd is dry weight of contaminated soil, m 

is the “oil” (referred to LNAPL in the present ambit) residual content after drying and 

n the “oil” content before drying. 

In the case of the here presented tests, all the “Miga” sand samples were mixed in 

the same conditions related in paragraph 4.2 and consequent [4.6] expression is 

analyzed as mentioned below. 

The flash point of diesel fuel can be considered in the range between 52ºC and 96ºC 

and the boiling point is below than 350ºC. Over 1000C (24 h) the residual varies from 

99% at 100ºC to 1% at 350ºC by total weight of the original diesel fuel sample. For 

the case that n introduced in [4.6] is negligible, as it has been considered within the 

ambit of this dissertation, the expression can be transformed to: 

(1 0.01) (1 0.01) (1) (1)T T

d d

W Ww m
W W

= + ⋅ − + ≈ −  

when n is negligible (Considered here for the case of diesel fuel), 

1w T

S S

W Ww
W W

= = −  

w T S

S S

W W W
W W

−
=  

which is the same expression, [4.5] = [4.6]. 

Some experimental tests were performed (Fig 4.8). 3 different samples of 

contaminated soils were mixture with 7% of diesel fuel (A), 5% of diesel fuel and 10% 

of water (B) and 10% of diesel fuel and 5% of water (C), in order to determine the 

“moisture” content. The results were agree with Khamehchiyan et al. (2007), in which 

actually the residual diesel fuel after 24 hours were significantly, more than 1% in the 

range of 30%. 

Evaporation of fuel droplets has been a subject of interest for decades due to its 

importance in mechanical engineering applications. In the scientific literature, the 
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prediction of  the evaporation rate of droplets has been  traditionally carried out 

according to the square diameter of the droplet in a hot ambient, like an engine. For 

this case this rules were not applicable. 

Mechanism of transient diesel fuel heating, temperature gradient effects, convection 

and thermal radiation are involved along with chemical reactions due to aging and 

soil particles properties and also with biodegradation. Contrary to the proliferation of 

multiple studies on evaporation of pure-fuel components, studies on the evaporation 

of diesel fuels within soils were not found in the literature. 
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Fig. 4.8. Experimental study of residual LNAPL variation period in oven (107ºC). 

In the ambit of this doctoral thesis, for LNAPL type-diesel-fuel contains less than 10% 

in every case, it can be assumed that [4.6] does not involves to assume a 

considerable error when the sample is dried in oven for at least 72 hours, so that the 

moisture content can be determined according to the standard. That way is 

preferable in order to avoid false n estimations. 
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4.5.2. RESULTS 

Proctor curves are presented in Appendix I. In some attempts, tests have been 

double-checked discarding failure result. It must be noted that preparation of these 

test implies handling with large soil quantities that has to be firstly mixed before 

tested and maintain a homogeneous mixture. 

Based on table 3.4, energy per unit volume calculation for Standard Proctor can be 

deduced from Modified Proctor tests. Besides, a series of 0%, 0.5% and 2% by 

weight of diesel fuel were Modified Proctor tested matching the results and correct 

any possible mistakes from Standard test. Modified Proctor series dots were chosen 

according to the increasing tendency observed in Standard Proctor, in order to 

contrast this behavior. The results of compaction test have been summarized here to 

understand the evolution of the compaction parameters.  

A non-planned Standard Proctor test was performed by adding only LNAPL to the 

soil instead of water, but exudation and segregation was observed on the wet-side of 

the compaction curve. Though it may be considered as a failure attempt, in fact it is 

indicative that the maximum density reached is close to the natural soil test. 

Figure 4.9 shows Standard Proctor curves obtained for different LNAPL 

contamination degrees. The last curve, corresponding to a D5 sample (10% diesel 

fuel), was obtained from a test in which severe exudation and segregation was 

detected. This behavior was confirmed by running an experiment made only with 

wetting diesel fuel instead of water, in which it was impossible to determine maximum 

dry density or an appropriate wet-side curve, neither optimum moisture content. 

According to the mentioned phenomenon, the higher contaminated fraction can be 

considered as negligible to feed the results discussion. 

The path of maximum dry density dots of each curves has been represented in figure 

4.9 in order to compare and discuss. Moisture content axis of the curve is reflecting 

the water contain pre-determined to obtain curves. Each of the curves is representing 

a determinate percentage of LNAPL added, called D0 to D5, according to the 0-0.5-

2-5-7-10% series. 
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Fig. 4.9. Standard Proctor curves variation, function of LNAPL content. Red line arrow shows the 

path of the maximum dry density-optimum moisture content for different contamination degrees. 

 

1.
5

1.
6

1.
7

1.
8

1.
9

5
6

7
8

9
10

11
12

13
14

15
16

17
18

19
20

21
22

Dry Density γd

M
oi
st
ur
e 
co
nt
en

t (
%
)

St
an

da
rd
 P
ro
ct
or
 cu

rv
es

D0 D1 D2 D3 D4 D5



Chapter 4: Tests and results discussion 

  129 

Modified Proctor test for 0%, 0.5% and 2% dots, were carried out in order to compare 

the tendency of the soil by adding LNAPL, observed in figure 4.9. The 2% degree 

test was repeated because a dry branch of the curve was not obtained, so it can be 

negligible even it has been added to the graphic. Moisture content axis of the curve is 

reflecting the water contain pre-determined to obtain curves. Each of the curves is 

representing a determinate percentage of LNAPL added, called D0 to D2, according 

to the 0-0.5-2% series. Results have been depicted in figure 4.10. 
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Fig 4.10. Modified Proctor test curves for a degree of contamination 0%, 0.5% and 2% series. Red 

line arrow shows the path of the maximum dry density-optimum moisture content of different 
contamination degrees. 

The maximum dry density dots, of each curve, path has been represented in both 

figures 4.9 and 4.10 in order to compare and discuss. 
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4.5.3. DISCUSSION 

The importance of compaction tests transcends the mere observation of the 

tendency of implied parameters (γd, wopt). Specimen preparation for geotechnical 

tests often involves the compaction of the specimen into different molds, in order to 

obtain an appropriate relative density comparable with other test for the same soil. 

This fact is included in the final conclusion of the dissertation as it has been “a 

posteriori” deduced. 

Compaction test is maybe the preferred test for researchers in the field of 

contaminated soils, because is in direct relation with a potential reuse of excavated 

material. Two parameters are deduced, optimum water moisture content and 

maximum dry density. A summary of water moisture content values, obtained from 

some papers, has been depicted in figure 4.11, including those taken from own tests. 
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Fig. 4.11. Compared evolution of optimum water moisture content by adding LNAPL. 
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As it is deduced from figure 4.11, LNAPL is not a perfect substitute of water, 

concerning to their lubrication effect. Although the resulting maximum dry density 

would vary based on water content, because basically this is the aim of Proctor tests, 

the introduction of LNAPL is going to change the total saturation degree of the 

optimum curve, based on different physic-chemical properties of two liquids. 

Considering LNAPL density the same as water, as hypothesis, the sum of water 

content percentage by dry soil weight plus LNAPL content percentage by dry soil 

weight do not give the same results than separate. There is no complementarity 

between liquids in the final optimum results. This affirmation means that for a given 

contamination degree, the optimum curve sum of liquids content is different from a 

curve obtained only with water (original dots). 
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Fig. 4.12. Compared evolution of dry maximum density by adding LNAPL. 
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The same concept depicted in figure 4.11 for moisture content evolution, has been 

plotted for maximum dry density parameter, which reflect the actual effect of 

compaction, in figure 4.12. 

Analyzing, firstly, the compared evolution of water moisture content (figure 4.9) it 

seems to be clear that the general tendency is a decreasing between 0 and 3-4% of 

LNAPL content for either different types of soil or LNAPL added. In the case of tests 

developed in the ambit of this dissertation it can be observed a different behavior for 

higher values than 5%. 
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Fig. 4.13. Maximum dry density obtained with Standard Proctor and diesel fuel, for “Miga” sand. 

Referring now to the maximum dry density (figure 4.12) the general tendency is a 

rapid increase for minimum LNAPL content to reach a peak of density and then 

decrease in a similar way that a regular Proctor curve obtained with water. Here can 

be observed some curves which show a complete decreasing path, all of them 

presenting initial two values of 0% and 4%. A partial conclusion can be obtained from 

the last commentary, because the mentioned peak of dry density is observed within 

the mentioned range of 0-4%. Rahman et al. (2010a) do not studied the initial 0-4% 

≈ 2.5% 

≈ 1.5% 
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range indeed, but curiously changed into 0-3% for the paper published by Rahman et 

al. (2010b). In that last case increasing tendency is observed within the two initial 

points. Comparing two works published by Rahman et al., it can be said that the 

behavior of basaltic in front of granitic and metasedimentary soils is different, for the 

same contaminant. 

According to the results obtained for “Miga” sand mixed with diesel fuel, a 

improvement of near 1.5% in maximum dry density is obtained for the addition of 

LNAPL in a range of 2-5%. This affirmation is in agreement with the works of Al 

Sanad et al. (1995), Puri et al. (1994), Srivastava and Pandey (1998), Puri (2000) 

and Rahman et al. (2010b). In a closer look to these works, the improvement rate 

and range may vary according to the difference between soil types, LNAPLs 

characteristics and operational methods. 

 

 

Fig. 4.14. Maximum dry density obtained from Standard Proctor vs Modified Proctor, by addition 

of diesel fuel for “Miga” sand. 

 

For higher values of concentration, more than 5-7%, according to the direct 

observation of specimens, showing segregation and exudation, it can be predicted a 
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worse behavior under compaction. The discussed tendency, depicted in figure 4.13, 

has been contrasted with Modified Proctor tests performed under the same 

conditions, plotted in figure 4.14. The range of compaction improvement for the case 

of stronger energy applied is considerably reduced as well as the improvement rate. 

Modified Proctor was performed in order to double-check the behavior of “Miga” sand 

for low concentration of LNAPL mixtures and that is the reason why no more points 

were obtained. The results of both series agree. 

After considering the compared evolution plotted in figure 4.14, it seems as if the 

compaction energy shades the improvement effect observed in figure 4.13. This 

effect is in direct relation with relative density. It can be deduced that the higher 

relative density the less range of dry density improvement. Curiously, if 10% 

contamination dot is not considered for Standard Proctor the aspect of the two 

figures reminds in a quite similar manner the evolution of a compaction curve for 

different energies. LNAPL, within the performed test evidences, maybe acts as a 

lubricant of particles as water does in regular compaction. Although the suction effect 

of water under partial saturation degree, discussed by Fredlund and Rahardjo (1993), 

can be reduced in presence of LNAPL, a fact which has been considered as an 

uncertainty within the scope of this study. 

The reason for this coincident behavior, reported in papers in which this phenomenon 

has been observed, is based on the fact that LNAPL is more effective in reducing the 

friction between particles, obtaining a better packing. Khamehchiyan et al. (2007) 

explained that capillary tension is extremely depended on surface tension of 

electrolytes and angle of contact and LNAPL prevents contact of water with soil 

particles, resulting in capillary tension force decreases with increasing oil content of 

soil samples (sic). 

There is not total agreement between all the consulted works, neither in its examining 

at the carried out tests for “Miga” sand. Consequently no general conclusions can be 

examined. Suction variation effect which represent an uncertainty, by adding 

LNAPLs, is not explained in the literature, but a more complex topic is found out 

when tests are evaluated as a rapid dynamic loading input, in which the addition of a 

third pore phase may vary the wave propagation and the respond of the mixture for 

different materials to a repeated rapid loading, Whitman and Healy (1962).  
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As mentioned earlier, a variable compaction improvement has been observed for low 

contamination degrees, in granular soils, following similar tendency to other works. 

Phenomena that involving wettability of two different liquid fluids within the pores, 

friction reduction between particles due to lubrication, suction behavior and a remote 

effect of the dynamic process involving the compaction test itself, provides a high 

degree of uncertainty, amplified if fate of different LNAPLs mixed with different soils 

in different conditions. 

On partial conclusion is the compaction changing behavior, in relation with different 

contamination degree, observed in all the research works may affect a wide range of 

geotechnical tests, with hydrocarbons, as an initial error. Almost all geotechnical 

tests are performed with initial known relative densities, moreover if results are 

feeding critical states assumptions. The preparation of specimens could be planned 

on the base of some previous established compaction energy of remolded samples. 

In conclusion, if LNAPLs are tested in different concentration degrees, the initial void 

index would vary for the same applied energy. Furthermore, all the results discussed 

in this dissertation are probably affected by this initial error, which has not been 

reported by any author to date, dealing with hydrocarbons contaminated soils. 

This fact must be taken into consideration in the field of transparent soils modeling 

introduced in chapter 5. Particularly in transparent materials based on silica products, 

like silica gel (Iskander, 2010) or similar, p.e. fussed quartz. These modeling soils 

are, in general, prepared with a liquid matching closely the refractive index of the 

silica particles. These liquids are generally petroleum products (NAPLs). If the 

preparation of models involves compaction, or in other case, a specific relative 

density wants to be reached as initial condition precautions have to be taken into 

account based on the nature of the liquids mixture. 

The historic aim of experimental compaction test using contaminated soils was a 

possible reuse of large volumes of contaminated soils. As a first tentative partial 

conclusion, taken into account shear strength results, reported in paragraph 4.7, 

contamination degrees lower than 2% by dry sand weight are suitable to a possible 

reuse, based on their good compaction behavior and strength negligible variation in a 

dense to very dense configuration. 
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4.6. CBR TEST 

California Bearing Ratio (CBR) tests were carried out in series of 0%, 0.5%, 2%, 4% 

and 7%, for diesel fuel addition and specimens were prepared at the maximum 

Modified Proctor density. Tests were performed according to the UNE 103502, 

related to ASTM-D-1883 and AASHTO T193. The moisture discussion commented in 

paragraph 4.3.4, for Proctor tests, is here applicable in order to consider as negligible 

the residual weight of diesel fuel after dry during a minimum period of 72 hours. 

4.6.1. RESULTS 

Percentage of LNAPL content was varied from the original planned series (table 4.1), 

in order to presents precise results. Samples with more than 7% presented 

exudation, observed in Modified Proctor failure attempts. Testing series was carried 

out in two different modes by non-soaking and by soaking the molds for 96 hours. In 

the 7% case, it was observed, for test T-CBR5 (Appendix I), that diesel fuel, floated 

on the water so it was considered as a failure attempt. More details can be consulted 

in appendix I, where complete results have been reported. 
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Fig. 4.15. CBR results for soaked series of contaminated “Miga” sand, by energy applied. 
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Fig. 4.16. CBR results for non-soaked series of contaminated “Miga” sand, by energy applied. 

 

CBR values were obtained for non-soaked and soaked tests. Results are 

respectively depicted in below figures 4.15 and 4.16. 
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Fig. 4.17. Water absorption of submerged CBR of contaminated “Miga” sand. 96 h non-soaked. 
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For soaked tests, water absorption and sample swelling during 96 hours submersion, 

giving the results showed in figure 4.17 for absorbed water and figure 4.18 for 

swelling. 
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Fig. 4.18. Swelling of submerged contaminated “Miga” sand (CBR) in 96 h soaked conditions. 

Soaked samples T-CBR8-S (2%) and T-CBR9-S (4%) water containers show a thick 

diesel film observed over the water surface between 24 and 48 hours of submersion. 

This phenomenon could be explained due to the external mold surface residual 

diesel fuel drops not completely cleaned before submersion. 

4.6.2. DISCUSSION 

CBR test have been based for Modified Proctor compaction parameters and it must 

be assumed that the preparation is affected by the different degree of contamination, 

aspect discussed in paragraph 4.5. This fact implies higher densities for lower 

LNAPL (0-4%) content and decreasing of density for higher concentrations (>5%), 

according to the tests carried out with “Miga” sand and diesel fuel. In any case, a 

variation of the initial density of the specimen is expected, based on the literature 

review. Results for “Miga” sand plotted in figure 4.15 match with the mentioned 

ranges, in which the soil and diesel fuel mixture shows a more packed compaction 

than the obtained only with water in a regular Modified Proctor test. 
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Fig. 4.19. Analysis of non-soaked CBR results for different degrees of contamination and energy 

for “Miga” sand. In black color has been plotted the results obtained by Al Sanad et al. (1995). 

 

Examining the results, in figure 4.19, it can be observed that there is an inflection 

point for a 3% of LNAPL by dry soil weight, in the mixture. The behavior of the 

selected sand when a slow penetration is carried out on a “high” energy compacted 

specimen agrees with the results obtained for Proctor tests. In contrast with the 

results obtained by Al Sanad et al. (1995), for a contaminated (heavy crude oil) sand 

classified as SP (according to USCS), the behavior is similar and has been included 

in figure 4.16. Al Sanad et al. (1995) performed non-soaked CBR tests for 2-4-6% 

series, and according to their results it can be deduced a similar inflection point for a 

4.5% of LNAPL, for a weak material and crude-oil as LNAPL.  

Other CBR results reported by Ola (1991) and Choura et al. (2009) do not offer any 

relevance to the objective of the present dissertation, because the authors do not 

compare but presented some single results for an already contaminated material 

(case study). 
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The case studied by Sharifabadi and Joseph (2010) goes further than CBR test, 

analyzing the strain softening of oil sand under dynamic plate load tests. A pseudo-

elastic model is proposed based on the results of the dynamic plate load testing to 

predict the deformation of oil sand under cyclic loading. Both field and laboratory 

cyclic plate load tests were performed on oil sand materials. This study responds to a 

progressively CBR test substitution for Plate Load Test. 

Subgrade materials are typically characterized by their resistance to deformation 

under load, which can be either a measure of their strength, as the stress needed to 

break or rupture a material or stiffness, as the relationship between stress and strain 

in the elastic range. In general, the more resistant to deformation a subgrade is, the 

more load it can support before reaching a critical deformation value. In that line 

Spanish road codes are substituting CBR values for Load Plate Test (Second loading 

modulus). But in the particular case of showing the evolution of the same material 

contaminated in different degrees CBR is one of the usual test available, so validity 

of results in the present ambit can be assumed. 

As partial conclusion, CBR results agree with Proctor compaction tests previously 

discussed. Contamination degrees lower than 2% by dry sand weight are suitable to 

a possible reuse, based on their good compaction and here observed CBR behavior 

and strength negligible variation in a dense to very dense configuration. This 

affirmation does not take into account that sometimes the addition of conglomerating 

products such as cement, ashes or lime may produce reaction between soil stabilizer 

additions, water and contaminant, out of the scope of the present work.  

The term reuse mentioned here responds only to the contrast between natural 

compacted and contaminated compacted sands, in which contaminated material 

shows better package. No correlations between strength and compaction has been 

considered in the discussion ambit of the dissertation. CBR test was thought of as a 

bearing capacity test by a number of authors in the 60’s and 70’s decade (Black 

1961; Heukelom and Klomp 1962; or Thompson and Robnett 1979), generally 

correlating CBR with the undrained shear strength, Su. Empirical expressions 

between CBR and other geotechnical parameters has not been considered as well. 
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4.7. SHEAR STRENGTH CHARACTERIZATION 

4.7.1. PREVIOUS ASSUMPTIONS AND INITIAL SPECIMEN CONDITIONS 

The intention of the shear strength testing is to compare and contrast results 

obtained from different contamination degree specimens, using a common shear 

direct apparatus available at almost all soil mechanics laboratories. Water moisture 

content has been constantly fixed in every test, in order to maintain nearly constant 

initial conditions apart from the variable LNAPL content. At that point, the concept 

introduced in 2.3.3 must be taken into account dealing with the importance of water 

surface tension and suction effect as considerable fact that has not been controlled. 

Fredlund et al. (1994) and suggested several shear strength prediction models of 

unsaturated soils, by using the soil–water characteristic curve and the saturated 

shear strength parameters. According to Fredlund and Vanapalli (2002), the 

strength behavior of an unsaturated soil can be interpreted using direct shear test 

results. The shear of an unsaturated soil must be determined using identical 

specimens. Furthermore, soil specimens need to be prepared at the same initial 

water content and dry density conditions to qualify as identical specimen as it 

was enunciated by Fredlund and Rahardjo (1993). 

Shear strength versus matric suction envelope was studied by Escario and Saez 

(1986) and Gan and Fredlund (1988), resulting to be non-linear. According to 

Fredlund et al. (1994) the independent contribution of matric suction towards the 

undrained shear strength is generally not consciously considered in most 

analyses. However, it is the matric suction which holds the soil specimen together 

during an unconfined compression test. The matric suction in the specimen 

tested in the laboratory is a function of the in situ pore-water pressure and the 

change in pore-water pressure resulting from unloading the soil during sampling. 

Hence, the measured undrained shear strength should be interpreted, taking into 

account the influence of matric suction.  

Vanapalli et al. (1996) showed that for drained direct shear tests in unsaturated 

conditions to soil suction has no influence on the angle of shearing resistance, φ'. 

Thus, the difference between the shear strength at failure conditions and the 

strength contribution due to net normal stress from the undrained triaxial tests 
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can be assumed to be equivalent to the shear strength contribution due to matric 

suction and effective cohesion, c'. In this ambit, the mentioned authors used 

multistage direct shear direct tests and a modified direct shear equipment 

previously designed by Gan and Fredlund (1988) to work in unsaturated 

conditions. These factors are considered on the below equation proposed by 

Fredlund et al. (1978). 

' ( ) ' ( ) b
f n a a wc u tg u u tgτ σ ϕ ϕ= + − + −   [4.7] 

where τf is shear strength of an unsaturated soil, c′ effective cohesion of the soil, φ′ 

effective angle of shearing resistance for a saturated soil, (σ−ua) is the net normal 

stress, (ua−uw) is soil suction and φb the angle of shearing resistance relative to an 

increase in suction. 

Focusing on the first commentary of this paragraph, the complexity of testing with 

a contaminant which density is less than water and presents different physical-

chemical properties, makes the strength testing more complicated, looked from 

the unsaturated soils mechanics point of view, as it was reported by De Gennaro 

et al. (2004). Although the study of non-saturated soil properties is technically 

possible, the actual objective of the dissertation is giving a first basic explanation 

of some geotechnical properties variation, by adding contamination and show 

conclusions based on the short and disperse bibliography about the topic, 

defined in chapter 3. That is why in this first step it seems to be more convenient 

to carry out simple tests, trying to compare results by varying only LNAPL 

concentration. There is no doubt that a future line could be explored with 

contaminated soils in order to understand the specific influence of contamination 

in suction effect, with appropriate testing apparatus and conventional LNAPLs 

again, under a more concrete research objective. 

In the case studied here, it has been decided to maintain constant the water 

moisture content as initial condition, just to observe the difference of adding 

different quantities of a second fluid. In order to obtain the shear strength of a soil 

material it has been considered as a more reliable option the direct shear test. This 

test is performed by deforming a specimen at a controlled strain rate on or near a 

single shear plane. Three specimens are tested, each under a different normal load, 
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to determine the effects upon shear resistance and displacement and strength 

properties such as Mohr-Coulomb criterion strength envelopes. The tests were 

prepared according to the reference standard in Spain, UNE-103401, with cylindrical, 

50 mm diameter box, also two different compaction energies were applied previously 

testing to the specimens, prepared under non-saturated initial condition, with an initial 

water moisture content of 7% necessary to obtain moldable homogeneous samples. 

Tests using triaxial cell were definitely abandoned for the complexity of the specimen 

preparation. Furthermore there was a real possibility of upward migration of LNAPL, 

within the specimen, during the saturation and consolidation process, particularly in 

loose sand samples. That reason was considered as one more factor in order to 

finally decide for direct shear performing unsaturated specimens instead of saturated 

ones. The saturated option brought further uncertainties and risk of losing the control 

of what is actually happening during the test running, using a regular direct shear 

box. 

4.7.2. RESULTS 

Direct shear test has been performed in order to determine the variation of shear 

strength parameters obtained from “Miga” sand contaminated with different diesel-

fuel concentrations and two relative densities per sample, by deforming a specimen 

at a controlled strain rate in non-saturated conditions, at constant moisture content of 

7% by soil weight and variable LNAPL contain. The programmed horizontal strain 

rate was 1mm/min, within the range 0,5mm/min to 2mm/min. 

Contaminated specimens series of 0%, 0.5%, 2%, 5% and 7% by dry weight were 

prepared by manual compaction. Each LNAPL concentration of the mentioned series 

consisted in two different test for denominated loose specimen and dense specimen. 

Compacted specimens were prepared using a 50mm (aprox. 2”) internal diameter 

ring mold. The compaction was carried out using the 2500g and 305 + 2mm blow 

height hammer from standard proctor by the determined energy. The ring mold has 

to be removed with care once the compaction is finished. The circular specimen 

dimensions are Φ50x25mm between porous stones. 

Loose specimen was prepared by compacting 3 layers by 3 blows each, with the 

described hammer. Dense specimen was prepared by compacting 3 layers by 20 

blows each, with the same hammer. The intention of the experiment is to observe 
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behavior of equal contaminant concentration samples under different relative 

densities. Results have been reported in Appendix I and summarized in table 4.7 and 

figures plotted in the present paragraph. 

 

Table 4.7. Direct shear test results of contaminated “Miga” sand. Peak stress level evolution. 

“MIGA” SAND  τ PEAK (kg/cm2) 

     I II III   I II III 

σN kg/cm2 0.75 1.50 3.00 kPa 73.55 147.11 294.21 

D0-Dense τ PEAK kg/cm2 1.12 2.33 3.21 kPa 109.94 228.31 315.20 

D1-Dense τ PEAK kg/cm2 1.10 2.27 3.27 kPa 107.39 222.32 320.20 

D2-Dense τ PEAK kg/cm2 1.02 1.98 3.17 kPa 99.93 193.88 310.78 

D3-Dense τ PEAK kg/cm2 0.66 1.49 2.57 kPa 64.92 146.42 251.75 

D4-Dense τ PEAK kg/cm2 0.61 1.12 2.09 kPa 59.92 109.94 204.87 
 

D0-Loose τ PEAK kg/cm2 0.77 1.33 2.05 kPa 75.42 130.43 200.85 

D1-Loose τ PEAK kg/cm2 0.84 1.34 2.03 kPa 82.48 131.41 199.38 

D2-Loose τ PEAK kg/cm2 0.92 1.58 2.03 kPa 90.42 154.85 198.89 

D3-Loose τ PEAK kg/cm2 1.12 1.50 1.98 kPa 109.94 146.91 194.37 

D4-Loose τ PEAK kg/cm2 0.71 1.12 1.59 kPa 69.92 109.94 155.83 

 

As it has been observed in compaction tests (paragraph 4.5), there is an evolution of 

densities in relation with concentration, reaching a maximum compaction for the 

range of 2-5% of LNAPL. Direct shear specimens are equal energy compacted. If 

previous compaction of direct shear specimens is taken into account it can be 

deduced that, according to compaction tests, the relative density is not going to be 

exactly the same, even discussions of the results should be developed without 

forgetting this important fact. The mentioned aspect has been deduced in the last 

instance of the present research, with all the tests already made. This issue has to be 

necessarily considered in future research lines dealing with specimen preparation. 

Maybe this same cause explains the different evolution for loose and dense 

specimens for low values of normal loading, in contrast with the maximum normal 

loading, observed in the summary of table 4.7. 
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From the plot of shear stress versus horizontal displacement, the maximum shear 

stress is obtained for a specific vertical confining stress. After the experiment was run 

several times for various vertical-confining stresses, a plot of the maximum shear 

stresses versus the vertical confining stresses for each of the tests is produced (table 

4.7).  

From the vertical-confining stresses plot a straight-line approximation of the Mohr-

Coulomb failure envelope curve can be deduced and drawn, though the actual curve 

is non-linear. A linear approximation has been deduced case by case. Details of the 

tests and interpretation are included in Appendix 1. Here, in below figures 4.20 and 

4.21, resulting geotechnical strength parameters have been depicted, function of 

contamination degree. 
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Fig. 4.20. “Miga” sand friction angle evolution for different contamination degrees. 
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Both figures 4.20 and 4.21, shows the evolution of two different testing series for 

dense compacted specimens and for called loose specimens. It is observed that 

relative density variation definitely changes the final results. Tendencies from one or 

the other relative density series tests offer substantially different behaviors of 

strength Mohr-Coulomb parameters. 
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Fig. 4.21. “Miga” sand cohesion evolution for different contamination degrees. 

 

4.7.3. DISCUSSION 

In both cases, for dense and loose preparation of the specimen, the results show a 

general decrease of friction angle, approximately total computed 30% decrease for 

loose sand and 20% for dense sand. Analyzing friction angle results more in detail, it 

can be observed how the decreasing evolution in loose sand is more important for 

low contamination degree (0-5%) in contrast to the dense behavior which becomes 

less frictional for concentration values higher than 2-5%, as it can be observed in 

figure 4.20.  
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Cohesion parameter examination shows completely different evolution, for loose and 

dense sand. Both relative densities specimens describe a general increase function 

increasing diesel fuel addition. 

Unfortunately, it was not possible to obtain vertical deformation readings of the test 

due to a technical problem detected “a posteriori”, during the data analysis previously 

to plot and discuss the results. Vertical displacement was measured by a brand new 

linear variable differential transformer (LVDT), connected to a recording software 

which for any reason repeated the values obtained by the horizontal LVDT, aspect 

discovered during the dissertation redaction phase. There must be noted that for 

dense sands and higher concentration values of LNAPL (>2%) vertical displacement 

was expected to be measured and contrasted with non-contaminated sample. 

Another fact which is being considered for any other tests as well as for the present 

discussion, is that, in the case of “Miga” sand unsaturated specimen preparation, 

equal compaction were performed to all the specimens of a series and, obviously, as 

it has been earlier discussed, it should hypothetically cause more packed relative 

densities, for lower contamination degrees. Different initial relative densities for each 

specimen of variable concentration degrees is implicit. 

Peck et al. (1968) reported the analysis of an experiment performed by Casagrande 

and Hirshfeld (1960), in which all the samples were compacted to the same dry 

density, observing that the rupture line for samples having a relative low initial degree 

of saturation is markedly curved and for increasingly greater initial degrees of 

saturation, the strength decrease, as it is identically observed in direct shear 

performed to contaminated “Miga” sand for unsaturated initial condition of 7% 

constant moisture content, but increased by the addition of LNAPL series. Fredlund 

et al. (1987) provided further research in the same line. 

Vanapalli et al. (1996) observed that the friction angle φ′ in Eq. [4.7] is approximately 

the same as the effective stress friction angle for saturated soil, whereas φb typically 

varies as a function of matric suction. At low suction, typically below the air entry 

value, φb is approximately the same as φ′, but then decreases at larger suction, 

giving a further explanation for this phenomenon, which probably could be better 

understood in terms of a different constitutive model to Mohr-Coulomb, aspect not 

considered to the aim of the present work. 
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Moreover, for unsaturated soils, Peck et al. (1968) mentioned that for a given initial 

degree of saturation, increases in pressure cause compression of the air in the voids 

and, in addition, increase the solubility of air in water. This same mechanism may 

cause solubility of BTEX compounds (see Chapter 2) in water, which change the 

properties of the LNAPL as well as chemistry of water. 

Aiban (1998) analyzed that angle of internal friction for oil-contaminated uniform sand 

(100% 1mm-0,1mm), with a high void ratio, is not sensitive to the temperature, by 

performing direct shear tests with contaminated specimens (6% of oil by weight) in a 

temperature range from 10 to 50oC, under outdoor conditions (Kuwait). Additionally, 

Al-Sanad et al. (1997) reported that for a given clean sand, friction angle of 33 and 

35 was obtained, in contrast to 28 and 28 obtained after adding 6% of heavy crude 

oil, obtaining the results illustrated in figure 4.19. 

 

 

Fig. 4.22. Left: Heavy crude oil content vs Time for test shear strength of contaminated sand. 

Rigth: Angle of internal friction vs aging time for test shear strength of contaminated sand. 

The experiment depicted in figure 4.22 shows an evaporation of more than 1% in 6 

month of aging a mixture composed by crude oil in 6% by sand weight (classified as 

SP). Although, an average decrease from 33º to 28º is reported for 0 months aging, 

this parameter is recovered to 29,5º in the first month, up to 31º, gradually during 5 

more months. This recover is reported by the authors, explaining that this period 

resulted in a loss of the volatile oil compounds from the soil matrix. It also increased 

the strength and stiffness of the contaminated sand specimens. However, the 



Chapter 4: Tests and results discussion 

  149 

strength after six months of aging was smaller than that for clean sand at the same 

relative density. 

The state-of-the-art, reported in paragraph 3.2.5, does not reflect any other test 

performed with unsaturated specimens, neither the above considerations about 

relative density in sample preparation. As commented for other test, different 

behaviors has been reported for the present case. Results obtained for ‘Miga” sand 

partially agree with the results obtained by Puri et al. (1994), Al Sanad et al. (1995), 

Srivastava and Pandey (1998), Shin et al. (1999), Shin et al. (2002), Khamehchiyan 

et al. (2007) or Rahman et al. (2010). In this cases a significant reduction in angle of 

internal friction with different LNAPL contamination, the more accused the more 

viscous LNAPL. Ola (1991) reported very low values of friction angle for “Tar” sand. 

Ratnaweera and Meegoda (2006) reflected that shear strength of granular soil 

decreases with an increase in pore fluid viscosity. Although those researchers 

considered that some of the mentioned friction angle decreasing evolution may have 

been due to a rapid loading where sufficient time is not given for excess pore fluid 

pressures to dissipate, according to a hydraulic conductivity reduction. This 

affirmation is in agreement with the results obtained for “Miga” sand below discussed.  

Rahman et al. (2010 a, b) performed Unconfined Undrained Triaxial tests for 

contaminated basaltic clayey sands. This work concludes that the undrained 

strength, Cu for five different soils significantly dropped from 0-4% of oil contents. 

Further increases in oil content to the contaminated soils indicated that a smaller 

change in shear strength, Cu. Results in concordance with all mentioned works. Al-

Sanad et al. (1995) gave two points of friction angle, for 0% and 16% after triaxial, 

reporting a change from the initial 32º to 30º. 

On the other hand, few researches have observed soils resistance increase when 

LNAPL is added or simply no change. Choura et al. (2009), reflected different 

behavior for soil polluted with crude oil, reaching more than 50º of friction angle for 

5% of LNAPL by weight, compared with initial 32º Jia et al. (2011) discussed results 

of the direct shear strength testing using loads of 50, 100, 150, and 200 kPa 

performed with fine sand contaminated obtained from a contaminated beach (Yellow 

River Delta – China) indicating no correlation between oil content and internal friction 

angle and cohesion, concluding that for the oil contaminated samples shear 

resistance do not show a clear change associated with oil pollution. These two 
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papers do not offer data enough to contrast specific values, so may be neglected in 

the ambit of the present discussion. 

In general, reductions of angle of internal friction are observed in almost all the 

reviewed works, in agreement with the results obtained for contaminated “Miga” 

sand. Therefore, the observed decrease rate in angle of internal friction is not linear 

and is dependent on the LNAPL viscosity, as it has been deduced from the contrast 

of mentioned papers. Although is difficult to give further conclusions, it can be 

assumed that initial relative density of specimens plays an important role, which 

moreover, has not being adequately studied by the accidental lack of vertical 

deformations and its consequently dilatancy angle response. 

In order to show the difference between LNAPL and water by a simple observational 

experiment is illustrated at figure 4.23. Pipettes were introduced into three different 

volumes of red-dyed motor oil (15w40 degree), a mixture of 50% kerosene and 50% 

mineral oil and water as third fluid, as result there can be observed water column 

raise in pipette due to capillary pressure, which are not observed for red-dyed oil 

case or LNAPL mixture (kerosene+mineral oil). 

 

 

Fig. 4.23. Capillary pressure observed in contrast of water (right), red dyed motor oil (left) and a 

mixture of kerosene+mineral oil. 

 

Finally, explanations for angle of internal friction reduction are coincident in several 

aspects below summarized: 
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• In saturated fine-grained soils, pore fluid fills the pores of the fabric and a thin 

layer of fluid exists between mineral contacts, according to Khamehchiyan et 

al. (2007). Conclusion acceptable in relation with non-wettable characteristic 

of LNAPL and possible inhibition of water surface tension between soil 

particles. 

• Lubrication at particle contact is caused by the viscous nature of the pore 

fluid, according to Ratnaweera and Meegoda (2006). Increase in pore fluid 

viscosity changes the properties of mineral-to-pore fluid contacts, thereby 

displaying soil softening. This conclusion is more in relation with clayey soils, 

in which double layer properties may be modified by the addition of a non-

wettable liquid. 

• The presence of a higher viscosity LNAPL in soil coexisting with water might 

blanket the soil particles, according to Rahman et al. (2010). By increasing 

the amount of oil content in particular soil, the chance of inter-particle 

slippage will also increase, subsequently decrease the shear strength of the 

soil. 

• Differences in surface tension between water and LNAPL are involved at the 

contact of such immiscible liquids, a curved surface with characteristic 

curvature radius will develop on the interface. Difference in pore pressures of 

each phase near the curved interface is defined as the capillary pressure 

(Fetter 1994). 

Further work must be developed in future lines studying the actual matric suction of 

the soil in presence of two such different liquids, maybe adapting apparatus to this 

aim and preparing specimens based on the application of vacuum, as operated by 

De Gennaro et al. (2004). Shear strength of unsaturated soils using triaxial and direct 

shear test modified equipments have been investigated by several researchers, since 

Bishop and Gibson (1963) or Escario and Sáez (1980) developed the first 

unsaturated soil tests. Asanza (2009) has developed a modified direct shear test to 

provide the measurement of the mobilized friction at the interface between a soil and 

a geotextile in unsaturated condition, at CEDEX. 
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4.8.  ONE-DIMENSIONAL CONSOLIDATION TEST 

Oedometer test was chosen to perform one-consolidation test under lateral 

confinement conditions, according to the Spanish standard UNE 103405, equivalent 

to ASTM D2434. Three initial tests were planned in order to determine differences 

between the same natural specimen compacted with different energies and one more 

specimen simply remolded within the oedometer ring: Standard Proctor (OED1), 

Modified Proctor (OED2) and simply remolded loose specimen (OED3), detailed in 

Appendix I, with the references attached in brackets. 

Standard Proctor compaction energy was selected to be compared in different 

degrees of contamination. Although short or even negligible values of settlement can 

be expected in dense sands at long-term situation, in the general ambit of civil 

engineering projects, “Miga” sand samples contained between 3 and 5% of clays 

within a total fine fraction of nearly 22%. The “Miga” sand fine fraction was more silty 

than clayey, for the studied samples. A called “loose” material series was carried out 

to compare the evolution in both cases. Series of 0%, 0.5%, 2%, 5% and 10% by dry 

weight of diesel fuel were selected for each of the both described preparation modes. 

4.8.1. RESULTS 

Results have been summarized in detail at Appendix 1. Averaged parameters have 

depicted in table 4.8, for oedometer test results obtained from compacted specimens. 

 

Table 4.8. Averaged results from oedometer test carried out to “Miga” sand compacted 

specimens. 

COMPACTED CC CS CS/CC mV 
Standar Proctor cm2/kp 

D0 0.00% 0.04 0.005 0.125 0.011 
D1 0.50% 0.035 0.007 0.200 0.009 
D2 2.00% 0.04 0.009 0.225 0.015 
D3 5.00% 0.05 0.004 0.080 0.013 
D4 10.00% 0.08 0.005 0.063 0.025 

The aim for expressing values by taken averaged values is in order to have a first 

consideration of evolution and behavior under the mentioned conditions. 
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Table 4.9. Averaged results from oedometer test carried out to “Miga” sand loose specimens. 

LOOSE CC CS CS/CC mV 
Remolded cm2/kp 

D0 0.00% 0.10 0.005 0.050 0.029 
D1 0.50% - - - - 
D2 2.00% 0.07 0.005 0.068 0.021 
D3 5.00% 0.09 0.004 0.044 0.028 
D4 10.00% 0.16 0.005 0.031 0.032 

 

Analog table 4.9 has been above included. As it is observed, values for D1 

specimen, meaning diesel fuel 0.5% by weight, has not been included. Results were 

a failure attempt, maybe due to accidental handling of the apparatus. The results are 

completed by the presentation of values obtained in a trial with modified proctor 

sample, figure 4.10. 

Table 4.10. Averaged results from oedometer test carried out to “Miga” sand modified proctor 

specimen. 

COMPACTED CC CS CS/CC mV 
Modified Proctor cm2/kp 

D0 0.00% 0.02 0.004 0.200 0.007 

 
4.8.2. DISCUSSION 

One-dimensional compression of a natural soil using the oedometer test, originally 

designed to test fine grain soils, involves a previous sieve work to separate an 

adequate fine fraction. Although it is a spread test in civil engineering, the method 

drawbacks have been discussed for long time; it is known that the test gives good 

correspondence only for clays with absolutely no fabric; Bjerrum (1973) 

demonstrated certain disadvantages of the oedometer as consolidation test, but up to 

nowadays almost all consolidation parameters are obtained from oedometer tests. 

Results have been presented in Appendix I and some curves based on these results 

are below presented. Figure 4.24 shows the evolution of averaged oedometric 

modulus (MPa), function of loading degree and function of contamination percentage. 
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Fig 4.24. Evolution of oedometric modulus of contaminated “Miga” sand. Eoed vs: a) loading; b) 

contamination degree. 
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Observing the values depicted in figure 4.24.b, is deduced that the more loading 

applied to the confined sample the more stiffness obtained and resulting of that a 

increasing in confined modulus or oedometric modulus, Eoed. For loads 

corresponding with 0.1Mpa, 0.2Mpa and 0.4Mpa, a peak of stiffness is detected for 

0.5% of contamination. This phenomenon is in contrast with 4.24.a, corresponding to 

the 0.5%-of-contamination-curve (D1-SP), which shows an odd behavior, in contrast 

with non-contaminated soils (D0-SP) and other contamination degrees. There has 

not been found any satisfactory explanation for this behavior and this curve should 

be considered null to discuss the results.  

In order to contrast both preparation methods, compacted and loose soil packages, 

likewise high relative density and low relative density, figure 4.25 shows similar 

aspect as figure 4.24 b. Higher modulus are obtained for a more compacted 

specimen, once more for a higher relative density. Up to here the discussion do not 

offer any unexpected behavior, but for a more rigid state reached at 0.1Mpa loading 

level, compared with the next loading level of 0.2MPa, between 2% and 5% of 

contamination and for both independent relative densities. 
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Fig. 4.25. Evolution of oedometric modulus Eoed, for different contamination degree of “Miga” 

sand. 
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Reached 2% of contamination point, stiffness decrease is revealed for almost every 

test, in both mentioned cases, when the oedometric modulus is compared with 

contamination degree. Nevertheless, a general increase for lower* (*in the ambit of the 

dissertation) contamination values (0% to 2%) must be noted, in the vast majority of 

the cases. 

As it has been made for compacted specimen curves, showing the evolution of 

confined modulus in function of loading level depicted in figure 4.26, the loose 

specimen shows a similar initial peak as observed in figure 4.24 a for compacted 

packing. 
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Fig. 4.26. Evolution of oedometric modulus Eoed of contaminated “Miga” sand, in function of 
loading level. 

Oedometer test provides the advantage of producing a wide range of information, 

which can be put in contrast with other tests and may help to understand the 

deduced parameters. In that line, the plot of the evolution of compressibility index, 

obtained from the analysis of “e-logσ” curves reported in Appendix I, has been 

depicted in figure 4.27. As it can be observed, for both different relative densities 

series, an initial decrease in CC could be explained due to the specimen preparation. 

Hypothetically, this operation is affected by a “lubrication” inter-particle effect noted in 
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compaction test discussion and which probably affects all the tests. In this case no 

other explanation has been found, with available data, when the expected behavior 

reported by previous researchers was a generalized decrease of this parameter, 

Meegoda and Ratnaweera (1994), Puri et al. (1994), Al Sanad (1995), Puri (2000) 

and Korzeniowska-Rejmer (2007). It seems to be logical that the more “lubricated” a 

soil is the more compressibility must be shown, as it can be deduced if the general 

tendency is extracted from both curves drawn in figure 4.27. 

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.00% 2.00% 4.00% 6.00% 8.00% 10.00%

Co
m
pr
es
si
bi
lit
y 
In
de

x 
Cc

% Diesel fuel added

Compressibility Index CC

COMPACTED LOOSE

 

Fig. 4.27. Compressibility Index evolution for different contamination degrees of “Miga” sand. 

It can be deduced that Coefficient of Vertical Consolidation, Cv, must decrease in 

relation with a described increase of mv, function of contamination degree. 

Furthermore, analyzing hydraulic conductivity results (paragraph 4.9), k, which is 

directly proportional to Cv, due to [3.8], decrease so as should happens to Cv. 
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The compaction effect introduced during the specimen preparation explained in 

previous tests has to be considered here as well. 

Hydraulic conductivity and consolidation parameters are directly correlated. 

Comparing the values reflected in the table 4.6 (paragraph 4.4) for the Skempton 

relationship (expression [4.4]) and comparing them to the actual Atterberg Limits, it is 

first observed how the magnitude order of both sources are curiously similar, 

considering that Atterberg Limits values must be included between compacted and 

loose relative densities performed with oedometer tests. It is necessary to read 

paragraph 4.4 where the tentative correlation is explained justified to understand this 

assumption. 

Consolidation process is a coupled process occurring in saturated soils, consisting 

on the drainage of pore water by applying a load. According to LNAPL transport 

processes introduced in chapter 2, the currently idea of LNAPL plume is a saturated 

pool containing both liquids, water and LNAPL, represented by their partial saturation 

degree. On the other hand permeability tests implies the movement of water through 

a sample, which in the case of contaminated soil, may present some LNAPL 

dragging caused by water flow. 

The question here is to set out the difficult problem of identifying what proportion of 

LNAPL flow is due to consolidation in saturated conditions, involving water presence 

in more or less partial saturation degree. Drainage of LNAPL must exist for the same 

reason that water drainage is produced under loading, in a coupled process, but the 

same water flow may produce LNAPL dragging because of viscosities difference. 

LNAPL drains slower than water. Oedometer porous stones presented LNAPL 

migration for higher concentrations and it was not possible to determine the quantity. 

Reached this point, a solution to this problem could pass through reproduction in 

physical or numerical models. Even this dissertation contains the presentation of a 

two or more phase contamination model and it has been impossible to reproduce 

coupled problems. Consolidation is affected by LNAPL content, increasing 

consolidation time but under a physical mechanism of difficult definition. Further 

research must be carried out in the future. 
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4.9. HYDRAULIC CONDUCTIVITY TEST 

Hydraulic conductivity was obtained with constant-head method in laboratory, 

according to the Spanish standard UNE 103403. The permeability has been obtained 

in relation with Standard Proctor compaction package. Standard Proctor mold was 

used to contain the sample which was firstly compacted with 100% of Standard 

Proctor energy (UNE 103-500) in order to maintain a relative density according to the 

compaction proctor. 

Two different LNAPLs were used to perform 0.5%, 2%, 5%, 7% and 10% series of 

contamination degree by diesel fuel and 0.5%, 2% and 5% contaminated by motor oil 

to double check certain initial points. A natural soil (0% contamination) was carried 

out for complete both series. The results of each test have been summarized in 

Appendix I. Diesel fuel tests carried out for higher degrees 7% and 10% showed 

exudation and the results corresponding with the mentioned contamination degrees 

got out of the general tendency, so certain doubts of the validity have been 

discussed. 

4.9.1. RESULTS 

Formulation used for deducing the hydraulic conductivity from the test is [3.10]. 

Averaged values, for diesel fuel, according to the linearity of the tests have been 

obtained and depicted in figure 4.28, by logarithmic interpretation of the vertical axis 

(k [cm/s]). 

Hydraulic conductivity of “Miga” sand can be generally considered as low due to high 

percentage of finer particles (<25%). The specific sample used in the experiments 

contains a high fraction of silt. As expected after addition of diesel fuel, permeability 

of sand became reduced as LNAPL content increased (Fig. 4.28) as a general 

tendency up to 5% by dry weight. Higher concentrations mixtures show a non-

predicted behavior based on the decrease of hydraulic conductivity. 

For this reason it was necessary to contrast the results with the second contaminant 

available, motor-oil. Figure 4.29, responds to this aim, where it has been preferred 

real scale, instead of logarithmic, in order to detect possible deviations. Furthermore, 

it is necessary to remark that 10% contamination point determination, for diesel-fuel, 
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involved difficulties in the specimen preparation by segregation and exudation and 

the test water output was characterized by an important loose of contaminant. 
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Fig. 4.28. Variation of hydraulic conductivity in function of diesel fuel added to “Miga” 
sand by weight. 

Results indicate that the coefficient of permeability value, 1.526 10-04 cm/s for clean 

sand, decrease progressively to reach one order of magnitude less in the case of 5% 

of diesel-fuel content, obtained k = 1.129 10-05 cm/s. These results match the values 

obtained for motor-oil, figure 4.29, up to 7%. Both experiment series seem to fit well 

in a common tendency. It is justified to consider negligible the value for 10% of 

contamination and discuss the range between 0% and 7%, in order to obtain precise 

conclusions. 

Results show an important reduction for lower contamination value of 0.5% of LNAPL 

addition. Some possible reduction of permeability factor could be attributed to the 

reduction of pore volume due to clogged contaminant, which does not seem to be a 

unique reduction factor because of its marked non-linearity for initial values, while for 

central values, 0.5% to 7%, a linear correlation may be established. 
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As in previous tests this results need to be compared with previous studies in order 

to correct or to explain some of the direct observations. 
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Fig. 4.29. Variation of hydraulic conductivity in function of contaminant added to “Miga” sand by 

weight. 

4.9.2. DISCUSSION 

A general decrease of hydraulic conductivity has been reported by a number of 

authors (Puri et al. 1994, Al Sanad et al. 1995, Puri 2000, Kahmehchiyan et al. 2006 

and 2007, Rahman et al. 2010 a, b). 

The most spread conclusions is that permeability reduction is attributed to the 

reduction of pore volume due to trapped LNAPL. This tendency has been confirmed 
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for different types of LNAPL, deducing that for higher viscosity values of the 

contaminant less permeability must be expected. 

Discussion of other test, within this chapter, considers effects such as temperature, 

initial density of sand and compaction at specimen preparation previous operation 

causing deviation in final results. This test is not an exception, moreover when the 

molds were prepared in Standard or Modified Proctor conditions. 

Khamehchiyan et al. (2007) mention that some researchers , before them, 

considered the effect of permeating fluid properties on the permeability and use of 

special equations where the permeating fluid is not water, citing textually: Gillott, 

1987; Mitchell, 1993; Mitchell and Madsen, 1987; Meegoda and Ratnaweera, 1994; 

Sarsby, 2000 and Yong, 2001, get to the conclusion that hydrocarbon compounds 

have very low solubility in water and they do not change the properties of water at 

short time of doing permeability tests. This appraisal explains the noted here linear 

tendency of central points (0.5%-7%), situated on a semi-logarithmic graphic, but not 

the initial behavior. 

There is coincidence, for the mentioned central points (0.5%-7%), with the behavior 

reported by Rahman et al. (2010, a), depicted in figures 4.30 and 4.31. The 

observation of these figures justifies the decision of discarding the 10% result and 

consider a deviation for the initial values 0%-0.5%-2% obtained in the here presented 

tests, based on the quasi-linear tendencies reflected by other authors as general 

rule, which must be examined admitting some exceptions. 

Observation of figures 4.30 and 4.31 shows four groups of experiments developed by 

different authors, mentioned on the chart legend. Groups are formed with more than 

four referenced experiments performed with different materials and conditions. 

Although, for this specific geotechnical parameter (k), it can be supposed that, in 

general, there is a correlation between the hydraulic conductivity decrease and 

LNAPL content increase. These tendencies appear near “linearly” on a semi-

logarithmic graphic. Actually the tendency is exponential and some trend lines of the, 

subjective established, four groups of tests have been depicted in figure 4.32. The 

intention is to illustrate a similar behavior. 
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Fig. 4.30. Hydraulic conductivity values in function of contaminant, various authors. 
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Fig. 4.31. Variation of hydraulic conductivity in function of contaminant, various authors.
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Fig. 4.32. Exponential trend lines of hydraulic conductivity variation, from figures 4.30 and 4.31. 

See detailed authors caption at figure 4.31 

Exponential trend-lines were obtained from figure 4.32 analysis, as characteristic of 

each group, subjectively selected. The nature of the experiment and the differences 

between results do not allow to obtain any general equation, for this case. Although it 

has been demonstrated that hydraulic conductivity decrease is a function of LNAPL 

increase. 
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5. GEOTECHNICAL IMPLICATIONS 

5.1. INTRODUCTION 

This chapter is a summary of geotechnical practical implications where a brief 

overview of chapters 3 and 4 is given, with the aim to extract implications of the 

phenomena there described. The object of this chapter is to point partial conclusions 

obtained through previous studies and new tests performed herein applied to 

practical civil engineering. It has been deduced that basic geotechnical parameters 

change in presence of LNAPLs. A good approach can be obtained by turning to a 

general geotechnical code, which compiles theory and practical engineering, instead 

of get lost in the huge geotechnical literature. Because this doctoral thesis has been 

written within a Spanish university, a Spanish code of practice has been selected. 

ROM 0.5‐05 (Recomendación Geotécnica para las Obras Marítimas y/o Portuarias) 

is an excellent guide to perform this approach, because it is the only official code 

originally published in English, adequate to any other further researcher who may 

have access to related references. 

The state-of-the-art of geotechnical testing with contaminated soils is meager and it 

becomes a complicated work trying to match results with such diverse materials 

involving different sample preparation. Moreover, there is a certain number of 

reviewed papers in which it is not clear enough the specimen characteristics, even is 

difficult to understand the results. For this reason the idea of repeating or adapting 

reported methodology in order to contrast published tests was definitely abandoned. 

On the other hand, several uncertainties have been encountered in proper results, 

mainly in relation with contaminated sample preparation by compaction. If any future 

researching line is derived from this dissertation, the author has tried to shine some 

light on points that are not clear or issues that should be improved, as implicit 

objective. Therefore, between the next points there have been shortly related a list of 

drawbacks or points to improve, with the hope of helping future research if continuing 

one of the proposed future lines. 
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5.2. PERMEABILITY AND CONSOLIDATION IN CONTAMINATED SANDS 

When hydraulic conductivity values are higher than 10-2 cm/s, according to ROM-05, 

soils can be considered infinitely permeable to all other effects. It is therefore not 

necessary to take into consideration the undrained situation in such circumstances, 

except for cyclic loading phenomena. On the other side, clayey soils with a 

permeability less than 10-4 cm/s are always advisable to consider that an undrained 

situation could occur, i.e., zero water movement in respect of the soil. ROM-05 

considers also the intermediate case of ground with an hydraulic conductivities 

between 10-2 and 10-4 cm/s, in which engineers must decide on the need (sic). 

The indicated hydraulic conductivity range of 10-2 to 10-4 cm/s has been depicted in 

figure 5.1, corresponding with permeability range of “Miga” sand reported by Oteo et 

al.(2003). This criterion has been considered to analyze the available LNAPL 

contaminated soil tests data, including tests with “Miga” sand. The first issue 

observed is that “Miga” sand natural permeability values within this range, evolutes to 

minor values in the range of 10-4 to 10-5 cm/s. “Miga” sand is not a clayey soil, 

although LNAPL contamination effect is important so as to decrease one order of 

magnitude. 

The same tendency is observed in previous experiments reflected in figure 5.1, 

where soils than can be initially considered infinitely permeable to all other effects 

follow a decreasing path and get into the 10-2 to 10-4 cm/s range, by addition of 

increasing pollutant concentration. 

The presented indication works in two directions. Firstly, if permeability of a soil is 

supposed to have an initial k value and after a site characterization it is found LNAPL 

presence, there must be noted that hydraulic conductivity would have changed within 

the contour of the contaminant plume. Moreover it can be assumed that the change 

on the value will be a decrease of permeability. Second derivate must be assumed 

when remediation processes modify pollutant concentration of soil and consequently 

a range of parameters, including hydraulic conductivity, which is an important 

parameter to design remediation treatments indeed. Activities consisting on injecting 

or pumping liquids in/out of the ground would be affected. 
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Fig. 5.1. Hydraulic conductivity evolution for different soils by addition of different LNAPLs. k 

range of 10-2 to 10-4 cm/s, indicated by ROM-05, has been yellowish highlighted. See detailed 

authors caption at figure 4.31 (chapter 4). 

All this considerations are formulated without taken into consideration environmental 

implications like LNAPL partitioning and BTEX incorporation to groundwater, aspects 

not treated on the ambit of this work. 

“Miga” sand 
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Apart from the implications above mentioned, pore water pressure would take more 

time to dissipate according to the classic one-dimensional consolidation theory. This 

delay, according to ROM-05, can give rise to geotechnical problems since the 

increase in shear strength that could be required for other purposes is also delayed, 

and will produce long-term deferred settlement. This affirmation is justified by 

application of the expression: 

w

m
V

EkC
γ
⋅

=   [5.1] 

Discussion of the aspects observed on one-dimensional consolidation tests 

performed to “Miga” sand have been put in contrast with previous works conclusions, 

in chapter 4. Taken k values from permeability tests and Em values from oedometer 

test, both of them performed to diesel fuel contaminated “Miga” sand, figure 5.2 is 

plotted for the case of compacted specimens. 
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Fig. 5.2. Vertical consolidation coefficient obtained from oedometer and constant head 

permeability tests results for LNAPL contaminated “Miga” sand. 
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Atterberg limits discussion contained in chapter 4 introduces that there can be found 

a number of relationships between Liquid Limit and Compressibility Index, in order to 

contrast both result. There is a risk of concordance lack when these kind of 

expressions are applied to natural clays, increased in the case applied to 

contaminated granular soils. No correlation must be considered at this point. 

Looked at from another point of view, a Light Non-aqueous Phase Liquid (LNAPL) 

parameters database available at: http://www.api.org/ehs/groundwater/lnapl/lnapl-

params-db.cfm, collects information about samples that have had their capillary 

parameters determined, as well as other physical parameters measured. Atterberg 

Limits introduced in this database will provide capillary pressure parameters for 

typical soil types, as a tool for researchers. 

According to the mentioned discussions, consolidation would be presumably more 

slowly in the case of LNAPL contaminated soils than in a natural expected according 

to Terzaghi-Fröhlich (1936) or Biot (1941) equations which consider that flow of water 

through the “soil skeleton” is governed by Darcy's law. Compressibility parameters 

indicates that higher primary settlement would occur in the case of soils with a 

permeability less than 10-4 cm/s, as more plausible deduction which agrees to 

chapter 4 discussion. 

Finally, in relation with the actual transport and fate of LNAPL it appears as difficult to 

find highly contaminated and saturated soil, since pollution migration tends to float 

over groundwater table when reached by gravity since residual content has to be 

considered within the groundwater table depth variation fringe. This appreciation is 

made by obviating the effect of LNAPL solute fraction (BTEX) on the water viscosity 

or other mechanical implication that for the precision range of the doctoral thesis can 

be considered as negligible. Secondary consolidation, proper from clayey soils or 

creep effects has not been detected. 

Consolidation improvement treatments has not been considered herein, but LNAPL 

contamination may affect their field application, i.e. weak drains smearing, dynamic 

compaction efficiency, and other which can be studied in the future if necessary. 
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5.3. BEARING CAPACITY AND SETTLEMENT OF CONTAMINATED 
SANDS 

Bearing capacity of contaminated soils is not an easy matter to study (Nasr 2009). 

Polynomial expressions like the one proposed by ROM-05 are not applicable if the 

actual distribution of LNAPL after accidental release is examined. Approximations 

has been found considering homogeneous concentration of LNAPL in the soil, as 

reported by Shin et al. (1999), where results of direct shear tests on crude-oil 

contaminated sand at two relative densities of compaction were presented and 

contrasted to a laboratory model test results where different LNAPL concentrations 

were added to a model soil which supported a strip foundation. 

Nowadays, the above related assumption should be revised according to a 

contaminant transport model capable to display the actual configuration of LNAPL 

into the ground, which is far from a homogeneous distribution, according to the 

complex transport and fate background introduced in chapter 2. 

Shin et al. (1999) concluded that when the crude oil content, used as contaminant, 

increases from zero to about 1.3%, the peak friction angle decreases about 25% and 

the ultimate bearing capacity is reduced by about 75%. Similar experiments were 

performed by Shin and Das (2001). 

Apart from the lack of representativeness of a polynomial formula for the case of 

contaminated sands, these researchers did not considered the important influence of 

relative density reported in chapter 4, in which total friction angle decreases about 

21% for compacted sand and 32% for loose sand were observed for contaminated 

“Miga” sand samples by diesel fuel 10% addition. Moreover, when diesel fuel 

increases from zero to about 1.3% the range is contrasted with proper results, 

showing a negligible 0-1% friction angle decrease for compacted sand and an 

important friction angle 16% decrease, observed for loose sand. 

More accurate studies developed by Ratnaweera and Meegoda (2006) reported that 

reduction in shear strength and stress-strain behavior for the low-plastic and high-

plastic clays is due to a decrease in frictional properties at particle contacts 

contrasted with a clayey silt in which no significant change in physicochemical or 

mechanical interactions with contamination was observed. This work demonstrates 

that LNAPL fate affects bearing capacity and settlement as result of stress-strain 
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behavior of the soils, as it was studied by Al Sanad (1996) as well when reporting 

hydrocarbon aging effect on geotechnical properties. Aging of ground LNAPL 

contamination (Al Sanad 1996 and Aiban 1998) has been reported to affect 

geotechnical parameters from the conservative side, but affecting environment in the 

opposite direction. 

The effect of compaction during the preparation of specimens described in chapter 4 

should be updated in future research works. Soil compaction final physical resulting 

compacted material is affected by LNAPL contamination in the same way that water 

affect to regular compaction and in addition to it, which may affect to sample 

preparation since it can be prepared by different LNAPL concentration and so that 

initial relative density should not remain the same for a pollution increasing test 

series. This uncertainty should affect the results and it has not been considered by 

any other studied reference. Strength parameters have been contrasted with 

previous studies and are agreed in a decreasing tendency of internal friction angle, 

which would affect the bearing capacity and settlement of foundations on LNAPL 

contaminated sands. 

Because one of the objectives of the dissertation was to define the possible variation 

of geotechnical properties of soils due to LNAPL contamination more work has 

developed in the ambit of the present dissertation. In order to locate the actual 

affected region within the soil mass, which would be affected by strength parameters 

decrease, it is necessary to previously define what is the shape of contaminant 

distribution to introduce concentration values inside of the plume. That approach has 

involved the development of a physical model valid for a range of soils and 

contaminants which is described in chapters 6 and 7.  

The behavior of shallow foundation on LNAPL polluted sands should be studied in 

future line by considering the actual distribution of the contaminant plume is 

introduced, in contrast with previous mentioned works which considered 

homogeneous contamination. 

Tentative equations can be obtained from the chapter 4 discussion in relation with 

internal friction angle and cohesion decreasing general tendency, which have been 

deduced from figures 5.3 and 5.4. 
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Figure 5.3 shows a linear approximation to the friction angle values series obtained 

by different contamination degrees, generated by Microsoft EXCEL. 

Friction angle φ'
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Fig. 5.3. “Miga” sand friction angle evolution for different contamination degrees, obtaining 

linear aproximation from figure 4.20. 

Figure 5.3 “Y” axis represents the strength parameter (φ) value and “X” axis shows 

contaminant percentage ([LNAPL]·100). In order to give a simplified rule it can be 

assumed that a natural relative density would be representative of a wide range of 

sands when its value is within the range of 30% - 75%. The equations obtained in 

figure 5.3 can be expressed like [5.2]: 

( ) ( ) [ ]
⎟
⎠
⎞

⎜
⎝
⎛±−±=

100
%10130º7º35 LNAPLφ  [5.2] 

[5.2] is based in a initial internal friction angle, 35º, which maybe is higher than the 

regular 33º taken as rule of thumb for sands. The expression above can be 

generalized, by: 

[ ]LNAPLFRDi ⋅⋅−= 130φφ   [LNAPL] < 10%   [5.3] 
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where: 

 φ: Internal friction angle value after a contamination episode. 

φi: Internal friction angle value before the contamination episode. Natural sand 

value. 

FRD: Relative density factor. For a linear interpretation. 

FRD = 0,92 for packed sand. (DR > 60) 

FRD = 1,08 for loose sand. (DR < 40) 

FRD = 1,00 for 40< DR < 60 

 [LNAPL]: Contaminant concentration by weight expressed in 0/1. 

The proposed expression [5.3] is valid within the range below 10% of LNAPL 

contaminant by weight and only for sands or silty sands. It must be noted that Al 

Sanad et al. (1995) demonstrated that the proposed equation terms would vary 

according to the LNAPL density, as it has been explained in paragraph 3.3.5. [5.3] is 

a tentative approximation and further research should be accomplished in order to 

add another correction factor depending on the LNAPL type, maybe in relation with 

the viscosity. Moreover, according to Aiban (1998) a secondary aging factor would be 

recommended if contamination fate is considered (evaporation, chemical reactions 

within the soil mass, soluble fractions…). 

Although it was not possible to obtain vertical deformation from the direct shear tests, 

it was observed that a contamination increase affected the maximum shear stress 

development from a clear peak value showed in dense relative density tests to a 

maximum shear stress coinciding with the residual value. 

It must be noticed that the peak shear strength is a function of the soil origin and its 

initial density. For a given normal stress, the greater the density of the soil, the 

greater the value of peak shear strength. It follows that the angle of internal friction 

under peak (or dense) conditions is a function of the initial density. The residual 

shear strength is a function of the soil itself and not the density. For a given normal 

stress, the residual shear strength will be the same regardless of the initial density. It 

follows that the angle of internal friction under residual (or loose) conditions is a 
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property of the soil and is always available under large shear deformations. 

Illustration of this related behaviour has been attached in figure 5.4. 
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Fig. 5.4. “Miga” sand maximum shear stress variation, from 0% LNAPL(Rigth) to 7% LNAPL (Left) 

concentrations. Note that stress scale (Y axis) is different from left (4,000 kg/cm2) to the right 

(2,500 kg/cm2) 

 

Acording to figure 5.4 it can be deduced that a reduction in shear resistance acording 

to an extra-lubrication of the particles by the LNAPL liquid is expected, as a 

behaviour advanced previously by so many authors. Furthermore the critical state is 

reached on maximum shear stress in the second case (D4 – dense) for the 

contaminated (7% LNAPL by weight) case. This behaviour could be explained by the 

same extra-lubrication of the particles contours. 

Effective cohesion shows a variation, in this case a decresing tendency, function of 

LNAPL content. Tentative equations can be obtained from the chapter 4 discussion 

in relation with cohesion decreasing general tendency. For the case-study, the same 

procedure than the used for internal friction angle can be developed. 

Figure 5.5 “Y” axis represents the strength parameter (c in Kpa) value and “X” axis 

shows contaminant percentage ([LNAPL]·100). In order to give a simplified rule it can 

be assumed that a natural relative density would be representative of a wide range of 

sands when its value is within the range of 30% - 75%.  
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Cohesion c' (kPa)
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Fig. 5.5. “Miga” sand effective cohesion evolution for different contamination degrees, obtaining 

linear aproximation from figure 4.21. 

The equations obtained in figure 5.5 can be expressed like [5.4]: 

[ ] ( ) [ ]
⎟
⎠
⎞

⎜
⎝
⎛±+±=

100
%100210)7(7 LNAPLkPac  [5.4] 

[5.4] is based in a initial cohesion value, 7 kPa, which maybe is higher than the 

regular 0 kPa theoretically supposed as rule of thumb for sands. The expression 

above can be generalized, by: 

[ ]LNAPLcc i ⋅+= 210   [LNAPL] < 10%   [5.5] 

where: 

 c: Cohesion after a contamination episode. 

ci: Cohesion before the contamination episode. Natural sand value. 

 [LNAPL]: Contaminant concentration by weight expressed in 0/1. 
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The proposed expression [5.5] is valid within the range below 10% of LNAPL 

contaminant by weight and only for sands or silty sands.  

The observed increase in the value of effective cohesion of contaminated sand 

samples can be explained regarding to the dynamic viscosity of the LNAPL and its 

distribution in the soil pore spaces of soil samples, according to the study recently 

developed by Mohammadi et al. (2011). As it is indicated in this paper, based on 

other work published by Rehman et al. (2007) the contaminant fluid occupies 

remained volume of pore voids, particularly in fully saturated soils.  

Typically, LNAPLs are more viscose fluids than water. The term viscosity is generally 

referred to the capacity of fluids to bear shear stress, as it is introduced by the 

referred authors, which can explain this particular behaviour. Moreover Mohammadi 

et al. (2011) conclude that the reduction of the dielectric constant of the pore fluids 

also increased the value of effective and apparent cohesion in contaminated soil 

samples, because dielectric constant of the pore fluid reduces and consequently 

causes a decrease in the chemical interactions in the soil pore fluid electrolyte 

system. Maybe this statement can be applied within clayey samples but does not 

explain the related tendency in sand, although it has a certain clay content. 

Finally, it should be noted that cohesion is a parameter generally dependent on the 

clayey fraction of the sample, this factor must be taken into consideration and there is 

a high risk of error by applying [5.5]. Cohesion values, for this case, correspond to a 

linear Mohr-Coulomb approximation and the curvature (nonlinearity) of the failure 

envelope observed within the test carried out herein. 

Based on the comments above, a high degree of uncertainty is assumed when 

equation [5.5] is studied. Moreover, the author is not confident with the validity of the 

expression far from the simple interpretation of the specific results of the present 

dissertation. The unique appreciation that can be taken as valid at this point is that a 

light increase of cohesion has been observed function of LNAPL content. 

As partial conclusion the present text does not recommend the application of [5.5] 

since cohesion always involves uncertainty in appreciation. Expression [5.5] and Fig. 

5.5 should be considered part of the scientific process although they do not have 

validity and are neglected along the final conclusions. 
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5.4. RETAINING WALLS AND ARCHING EFFECT ON CONTAMINATED 
SAND 

The same assumptions formulated for bearing capacity and settlement, in the above 

paragraph 5.3, are considered in the framework of vertical structures, with the 

difference that no previous author has studied this case, from an experimental point 

of view. 

One reference has been considered herein, considering retaining walls containing 

contaminated sand, Armijo (2005) reported a case study of pile sheets and tie-back 

anchors (tiebacks) execution in contaminated soils. The specific case was a project 

in Bridgeport, Connecticut (USA), where characterization boreholes presented 

hydrocarbons in variable quantity function of depth and area. In relation with 

contamination the paper describes detritus extraction into special containers in order 

to remove the material to a waste disposal, commenting that special measures taken 

to reduce environmental impact affect to efficiency rate of the work. Conclusions are 

more interesting from this doctoral theses point of view, according to mechanical test 

performed to tiebacks it was deduced that the contamination was the cause of soil 

resistance diminution and a non expected strain in the tendon bond length surface. 

Bonded length was initially calculated without considering contamination, resulting “in 

situ” that 10% of tiebacks were unaccepted under geotechnical (mechanical load 

capacity) quality requirements and 20% had to be re-grouted. 

Creep tests were performed to determine long term deformation behavior, in the 

above related case, where 35% of tiebacks presented values closed to the maximum 

quality acceptable value. In that direction the paper cites a personal communication 

from Sánchez Villapadierna (2005. This communication has not been found in scientific databases), 

who, according to Armijo, reported that hydrocarbon products contents within the 

range of 35-50% would make soil to flow as a dense fluid. 15-20% concentration 

would decrease internal friction angle, of granular soils 10-20% of initial value, 

producing the appearance of a small cohesion (10 kPa) in initially considered non-

cohesive soils, due to higher viscosity of hydrocarbons. This cohesion small would 

appear enclosed to a plasticity increase. According to this paper, interface friction 

between soil and structural elements can be considered as decreased in presence of 

hydrocarbon contamination. This affirmation matches with the historically accepted 
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rule (Heyman 1972) to evaluate frictional angle value in the interface of soil and 

structural elements δ, function of soil internal frictional angle φ, below expressed as: 

2
3

δ φ=  [5.6] 

The first implication deduced from [5.6] is that resultant force of wedge pushing the 

wall according to Coulomb’s and Rankine’s theories, becomes “more horizontal” by 

increasing of LNAPL content. This means that arching effect is reduced by structure 

“skin” lubrication and lateral pressures are consequently expected to increase in 

relation with the contamination degree. 

According to the ROM 0.5, the inclination of the effective earth pressure is defined by 

the angle δ formed between the earth pressure and the normal to the wall internal 

face. The δ value use to be matter of fact between different designs or authors. 

Based on the study of the arching effect in retaining walls, proposed by Paik and 

Salgado (2003), whom conclusion has been depicted in figure 5.6, the soil friction 

angle variation implies variation of δ along the vertical surface, in non-contaminated 

soils. The same assumption can be made for contaminated soils. 

 

 

Fig. 5.6. Comparison between predicted and measured distributions of active earth pressure, 

affected by arching effect. (Taken from Paik and Salgado 2003) 
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Civil engineers have traditionally calculated the static active earth pressure against 

rigid walls using either Coulomb’s or Rankine’s formulation. Both, Coulomb’s or 

Rankine’s, assume that the distribution of active earth pressure exerted against the 

wall is triangular, however experimental results show that the distribution of active 

pressure on the face of a rough wall depends on the mode of wall movement 

(rotation about the top, rotation about the base or horizontal translation) and is non-

linear, different from the assumption made by both Coulomb and Rankine. The non-

linearity of the active earth pressure distribution results from arching effects 

(Spangler and Handy 2007), which actually are more extended in narrow cells 

design, developing a so-called silo effect phenomenon. The actual geotechnical 

behavior of the interface between a wall and the retained contaminated sand could 

be discussed in an entire doctoral thesis if non-linearity is considered, which seems 

to be a more accurate approximation. Figure 5.7 has been plotted showing the 

variation of lateral pressure, as an example of geotechnical implication, on a 10 m 

wall using a non-linear expression [5.6] (Spangler and Handy 2007), related below in 

contrast with Rankine active pressure for non-cohesive soils: 
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Fig. 5.7. Variation direction of lateral pressure law (Jaky, Rankine and Spangler and Handy), 

according to contaminated sand tests and discussion. 
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5.5. SLOPE SATABILITY 

For the same reason argued for bearing capacity and settlement, slopes should be 

studied in more advanced and specific research if contamination affects their 

stability, considering the actual configuration of LNAPL into the ground, which is far 

from a homogeneous distribution. The problem would depend on the released 

volume and regional factors. The complexity of the topic owes to further and more 

specific study, since, at least, soil internal frictional angle decrease and permeability 

decrease may be predicted within the pollution distribution plume. 

5.6.  DYNAMIC EFFECTS RELATED TO CONTAMINATED SANDS 

Dynamic effects due to earthquakes, accidental blasts, climatic dynamic loads like 

sea waves and wind, can affect the mechanical behavior of every kind of soil, 

including those which have received an accidental release of LNAPL contamination, 

in the case study, sand. Apart from that, controlled blasts, machine vibrations or in a 

more specific field, dynamic compaction or pile driving should be considered under 

the dynamic loading range. 

LNAPL pollution geotechnical dynamic implications can be largely studied in a more 

specific scope. Brief description of dynamic effects has been summarized herein, in 

order to reflect a comprehensive enumeration of possible geotechnical general 

implications. For the present case seismic response of contaminated sand has been 

considered as more representative issue, although a brief listed commentary is 

introduced below, in relation with other dynamic implications. 

First, machines generates vibrations into their foundation ground, as matter of fact 

machines can be found in industries which could have accidentally released 

contaminants into the ground, as possible scenario. Next, sea waves produces some 

dynamic input into harbors facilities, including fills constructed in order to obtain port 

extensions which could have been contaminated by accidental spills due to fuel 

transport and storage facilities. Third, controlled and accidental blasts occurring near 

contaminated sites. Finally, a wide range of geotechnical treatments or methods, e.g. 

pile driving or dynamic compaction which can be performed in contaminated areas is 

one more possible scenario. 
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Mentioned implications are important and should be specifically studied case by 

case. However, when sands and seismic events appear together in a civil 

engineering study, the most predictable aspect which is reviewed is liquefaction, 

involved in the dynamic events above introduced as machine vibrations, sea wave 

inputs, blasts or dynamic compaction as well. The scope of the present dissertation is 

limited and that is the reason to focus next lines on sand liquefaction. 

5.6.1. CONTAMINATED SAND LIQUEFACTION BACKGROUND 

When loosely deposited sandy soils layers are subject to shaking from earthquake 

loading, soil grains tend to reorganize into a denser packing thereby exhibiting a 

volumetric contraction. According to Madabushi et al. (2009), if the soil layers are 

fully saturated then the contractive tendency of the soil layers will be manifested as a 

rise in the pore water in order to drain out from the soil layers. When the excess pore 

water pressure increase sufficiently to match the effective stress in the soil, then it is 

said that soil layers have suffered full liquefaction, phenomenon which has been 

reproduced in centrifugal models, moreover it have been only checked in models 

attending to authors who mention that total liquefaction is only a theoretical concept 

and a shear strength reduction due to pore water pressure is more than enough to 

explain the effect of seismic events into sand (Branderberg et al. 2005), even in 

phenomena such as lateral spreading, when a top non-liquefiable ground almost 

impermeable crust weights over an intermediate liquefiable saturated loose sand 

layer and creep of the crust is reported over a semi-viscous liquefied soil by some 

dynamic input (Madabushi et al. 2009). This case is particularly damaging due to 

lateral induced pressures in pile foundation, while upper crust avoid rapid pore water 

excess pressure dissipation. 

Pore water pressure excess generated into the soil due to the earthquake induced 

soil mass acceleration can be understood as softening in different degree, 

sometimes defined as partial liquefaction. Even though high degrees of partial 

liquefaction, close to ∆ru=1 (∆ru, [5.9]) defined in has been reported after blasting 

induced experiments in loose sands, apart from the cases-study of seismic events 

consequences. 
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The above definition considers liquefaction corresponding with a cyclic event. At that 

point, is necessary to mention that Jeffereis and Been (2006), when describing the 

differences between static and cyclic liquefaction, comment that the zone of 

maximum excess pore pressure generation may not be the loosest soil but rather the 

soil that was in the most stressed location, according to a critical state study. 

Depending on the initial void ratio, the soil material can respond to loading either 

strain-softening or strain-hardening. Strain-softened soils, like loose sands, can be 

triggered to collapse, either monotonically or cyclically, if the static shear stress is 

greater than the ultimate or steady-state shear strength of the soil. In this case flow 

liquefaction occurs, where the soil deforms at a low constant residual shear stress. If 

the soil strain-hardens, typically dense to dense sands, flow liquefaction will generally 

not occur. However, cyclic softening can occur due to cyclic undrained loading. 

Currently there is a huge scientific production (researching studies, papers, etc.) in 

the field of liquefaction and post-liquefaction phenomena assessment, such as 

residual shear strength, soil deformation or soil flow. 

Seed and Idriss (1971) developed the most spread procedure to evaluate liquefaction 

resistance of soils. Since 1971, several authors had improved the procedure using 

new tools and better known tests. In 1996 a workshop sponsored by the National 

Center for Earthquake Engineering Research (NCEER), an important panel of 

experts reached a consensus in the application of simplified procedures to estimate 

liquefaction potential. The document can be considered basic in a practical scope of 

this brief description. 

Simplified procedure for liquefaction potential assessment requires the determination 

of two values, in the case of earthquake induced ground motions: 

• The seismic strength “demand” demand on a liquefiable soil layer, expressed 

in terms of Cyclic Stress Ratio (CSR). Defined as the averaged shear 

strength ratio, in relation with the initial (before the earthquake) effective 

vertical pressure. 

vo

avCSR
'σ

τ
=  [5.9] 
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• The “capacity” resistance of the soil to liquefaction, expressed in terms of 

Cyclic Resistance Ratio CRR. Defined as the cyclic stress ratio required to 

generate liquefaction for a MW=7.5 magnitude earthquake as obtained from 

the case-history-based semi-empirical correlations, called CSRL which 

sometimes results confusing, according to. CRR can be determined from 

different, more or less accurate soil testing. 

The relation between CRR (CSR required to cause liquefaction) and number of 

uniform stress cycles, such as shown in figure 5.8, provides the means to convert the 

irregular stress time series into an equivalent number of uniform stress cycles, 

according to Idriss and Boulanger (2006). 

In addition, if these values (CRR vs CSR) are compared, a resulting Factor Safety 

allows to identify the potentially liquefiable areas and assessing the degree of 

liquefaction: 

CSR
CRRFL =  [5.10] 

 

 

Fig. 5.8. Equivalent stress cycles versus earthquake magnitude. (Taken from Idriss and Boulanger 
2006) 
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The CRR for a MW=7.5 magnitude earthquake, is the CSR for 15 observed 

equivalent stress cycles at failure. It is commonly used the following equation for 

calculation of the cyclic stress ratio: 

d
V

VMAX

vo

av r
g

aCSR ⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅==

0

0

'
65.0

' σ
σ

σ
τ

 [5.11] 

where: 

amax: Peak horizontal acceleration at the ground surface generated by the 

earthquake. A increase suppose less liquefaction factor safety (Directly proportional 

to CSR and inverse proportional to FL [5.10]); 

g: acceleration of gravity;  

σvo and σ’vo: are initial Total and Effective vertical overburden stresses, respectively. 

Examining the ratio [σV0/σ’V0], the relation between total and effective depends on the 

∆ru (pore water pressure variation), but these expression is verified only in a range of 

maximum depth of 15-20 m (Figure 5.9) and it suffers a stress reduction. ∆ru can be 

expressed as: 

      [5.12] 

 

where, rd is stress reduction coefficient. This coefficient accounts for flexibility of the 

soil profile. For routine practice and noncritical projects, the following equations may 

be used to estimate average values of rd, according to Youd et al. (2001), after Liao 

and Whitman. 

 

The effect of soil confinement with depth is reflected in this coefficient, which is 

depicted in figure 5.9. 
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Fig 5.9. rd assessment. (Taken from Youd et al 2001, after Liao and Whitman) 

Is important to consider that the testing evaluation of CRR presents the difficulty of 

retrieve and test undisturbed soil, which require ground freezing and or other 

specialized sampling techniques to bring specimens to the laboratory (cyclic strength 

tests). Soil freezing supposes the expansion and change of the actual ground stress 

state and the currently available sampling techniques, for loose soils, are yet not very 

good, depending of a number of human and technical induced errors. The alternative 

is testing with remolded samples, which obviously is different from ground conditions, 

but in geotechnical common practice is considered acceptable. In the described 

framework seems to be necessary to turn to field “in situ” tests, in fact, to the most 

common field tests, contrasted with a large experience, but not exempt from different 

kind of errors and uncertainties, which must be considered as far as possible. The 

most spread methods are based on: 

• Standard Penetration Test (SPT) and Cone Penetration Test (CPT-CPTS) 

• Geophysics tests (cross/down-hole, CPTS, DMTS, etc.) to measure Shear 

Wave Velocity (VS) 

• Others: Becker penetration test (BPT) or Marchetti Dilatometer Test (DMT-

DMTS). 
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5.6.2. SHOULD BE CONSIDERED LIQUEFACTION IN LNAPL CONTAMINATED SOILS? 

First, it must be considered that a LNAPL is expected to float over the ground water 

table, so apart from the possible BTEX dissolution, which can chemically 

contaminate groundwater, there is no expectations of find large volumes of saturated 

sands with both liquids (water and LNAPL) except for the case of groundwater 

fluctuations which generate the inclusion of residual quantities of LNAPL which are 

trapped in pores for the impossibility of migration. The problem should be addressed 

in the proximity to the phreatic surface and capillary fringe, where actually pore water 

pressure is small. In addition the problem depends on the contamination volume 

released, which in part can saturate a limited percolation path within the unsaturated 

zone. 

If the problem is considered, based on the assumptions made on the last paragraph, 

expression [5.9] is studied. CSR term [5.10], do not consider any more geotechnical 

parameter than densities to obtain vertical stress. Densities enter in both fraction 

factors of [5.10] so it can be considered that CSR is not changed by contamination. 

Direct proportional term to calculate FL, according to ROM 05, is CRR which can be 

obtained from a wide range of field tests or even through for instance dynamic triaxial 

tests at soil mechanics laboratory and compare the number of equivalent stress 

cycles of sand for different stages of contamination. As it has been commented in 

chapter 4, there are several reasons which makes difficult to carry out this tests for 

contaminated sands. 

A weak conclusion can be deduced if field tests concept is taken into account. Some 

related field test, SPT and CPT, recommended to obtain CRR are based on the soil 

penetration, which actually is based on a drive resistance exerted by the soil on the 

tip and sides (friction) of the tool, so it can be forecasted CRR diminution for a 

contamination increase, but this appreciation should be studied more deeply, in case 

that liquefaction needs to be studied, in presence of LNAPL. 

Another assumption can be formulated for the case that LNAPL completely saturates 

a soil mass zone. It is not possible to address this case because field tests would be 

needed. 
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5.7. REUSE OF CONTAMINATED SANDS 

It must be noted as an important issue that engineered systems are designed for use 

within discrete operating ranges, and no one recovery system will be optimally suited 

for all hydrocarbon release sites, according to EPA (1996). It is also important to 

realize that only a portion of the total volume of the LNAPL release will be 

recoverable. Table 5.1 summarizing remediation treatments has been included 

below, adapted from the ITRC document of December 2009, Evaluating LNAPL 

Remedial Technologies for Achieving Project Goals. 

 

Table 5.1. Overview of LNAPL remedial technologies. (Adapted from ITRC 2009) 

LNAPL technology  Description of technology 

1. Excavation  LNAPL body is physically removed and properly treated or disposed 
(LNAPL mass recovery) 

2. Physical or hydraulic 
containment (barrier 
wall, French 
drain,trenches) 

Subsurface barrier is constructed to prevent or impede LNAPL 
migration (LNAPL mass control). 

3. In situ soil mixing 
(stabilization) 

LNAPL body is physically/chemically bound within a stabilized mass to 
reduce mobility (LNAPL mass control). 

4. Natural source zone 
LNAPL constituents are naturally depleted from the LNAPL body over 
time by volatilization, dissolution, absorption remediation).and, 
degradation (LNAPL phase-change 

5. Air sparging/soil 
vapor extraction 
(AS/SVE) 

AS injects air into LNAPL body to volatilize LNAPL constituents, and 
vapors are vacuum extracted. AS or SVE can also be are appropriate 
(LNAPL phase-change remediation). used individually if conditions 

6. LNAPL skimming  LNAPL is hydraulically recovered from the top of the groundwater 
column within a well (LNAPL mass recovery). 

7.Bioslurping/enhanced 
fluid recovery (EFR) 

LNAPL is remediated via a combination of vacuum-enhanced recovery 
and bioventing processes (LNAPL phase-change remediation). 

8. Dual-pump liquid 
extraction (DPLE) 

LNAPL is hydraulically recovered by using two pumps simultaneously 
to remove LNAPL and groundwater (LNAPL mass recovery). 

9. Multiphase 
extraction (MPE)(dual 
pump) 

LNAPL and groundwater are removed through the use of two 
dedicated pumps. Vacuum enhancement is typically recovery rates 
(LNAPL mass recovery).added to increase LNAPL hydraulic 

10. Multiphase 
extraction (MPE) 
(single pump) 

LNAPL is recovered by applying a vacuum to simultaneously remove 
LNAPL, vapors, and groundwater (LNAPL mass recovery). 

11. Water flooding 
(incl. hot water 
flooding) 

Water is injected to enhance the hydraulic LNAPL gradient toward 
recovery wells. Hot water may be injected to reduce the LNAPL and 
further enhance LNAPL removal by hydraulic recovery interfacial 
tension and viscosity of (LNAPL mass recovery). 

12. In situ chemical 
oxidation (ISCO) 

LNAPL is depleted by accelerating LNAPL solubilization by the 
addition of a chemical oxidant into the LNAPL zone (LNAPL phase-
change remediation). 

13. Surfactant-
enhanced subsurface 
remediation (SESR) 

A surfactant is injected that increases LNAPL solubilization and 
mobility. Dissolved phase and LNAPL are hydraulic recovered (LNAPL 
phase-change remediation and LNAPL mass recovery). 
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LNAPL technology  Description of technology 

14. Cosolvent flushing  

A solvent is injected that increases LNAPL solubilization and LNAPL 
mobility. The dissolved phase and LNAPL are then recovered via 
hydraulic recovery (LNAPL phase-change remediation and LNAPL 
mass recovery). 

15. Steam/hot-air 
injection 

LNAPL is removed by forcing steam into the aquifer to vaporize, 
solubilize, and induce LNAPL flow. Vapors, dissolved phase, and 
LNAPL are recovered via vapor extraction and hydraulic recovery 
(LNAPL phase-change remediation, and LNAPL mass recovery). 

16. Radio-frequency 
heating (RFH) 

Electromagnetic energy is used to heat soil and groundwater to reduce 
the viscosity and interfacial tension of LNAPL for enhanced hydraulic 
recovery. Vapors and dissolved phase may also be recovered via 
vapor extraction and hydraulic recovery (LNAPL phase-change 
remediation and LNAPL mass recovery). 

17. Three- and six-
phase electrical 
resistance heating 

Electrical energy is used to heat soil and groundwater to vaporize 
volatile LNAPLs constituents and reduce the viscosity and interfacial 
tension of LNAPL for enhanced hydraulic recovery. Vapors and 
dissolved phase may also be recovered via vapor extraction and 
hydraulic recovery (LNAPL phasechange remediation and LNAPL 
mass recovery). 

 

Successful remediation of the contaminated sites can prove to be a costly and time 

consuming task. To this end, researchers have directed their efforts on developing 

tools that can improve the time-efficiency and cost-effectiveness of groundwater 

remediation strategies, according to Papadopoulo et al. (2007). Even under ideal 

conditions a significant proportion of the free product will remain in the subsurface as 

immobile residue. This means that even a remediated soil is going to be 

contaminated in a certain degree, so every use after remediation can be considered, 

in the ambit of this work, as reuse. 

Environmental barriers (point 2, table 5.1) imply a high degree of geotechnical 

design, preventing the contamination diffusion within the soil mass, which can be 

considered as depth trenches and their geotechnical implication dealing with the 

execution, where an appropriate sustain of the excavation should be considered, as 

biopolymers or jet-grouting method as reported by Kueper et al. (2006). Their 

contamination increase can be analyzed from the point of view of the present 

dissertation if necessary but turning the idea, they can be studied to be made by a 

reused previously contaminated and/or remediated material as one possible 

application. 

EPA (1992) discussed four potential recycling technologies that manufacture 

marketable products from recycled petroleum-contaminated soil; the hot mix asphalt 
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process, the cold mix asphalt system, cement production, and brick manufacturing. 

The report also presented the results of a project survey designed to identify 

recycling facilities. It listed recycling facilities alphabetically by location within USA. 

As it has been introduced in chapter 2, there are available previous research 

developed with reuse as the main objective (Lukas and Gnaedinger 1972, Evgin et 

al. 1989; Ola 1990, Evgin and Das 1992; Puri et al. 1994; Meegoda and Ratnaweera 

1994 or Al Sanad et al. 1995) Several proposals were made by companies for the 

remediation of heavily polluted soils after the oil lakes are drained of liquid crude at 

the end of the First Gulf War in 1991. These included conversion of oily sand to road 

base material or a topping layer for car parks and roads after mixing with aggregate 

or a consolidation agent (Al Sanad et al. 1995, Aiban 1998 and Khamechiyan et al. 

2006). 

There are examples of reuse regulation as Policy # COMM-97-001 (Massachusetts-

USA), which provides guidance to the regulated requirements, standards, and 

approvals for testing, tracking, transport, and reuse or disposal of contaminated soil 

at Massachusetts permitted waste landfills. 

If excavated contaminated sand is considered as waste and no remediation 

treatment is applied, maybe its destiny will be a controlled waste fill regardless of 

mandatory treatment ordered by regulations. CONAMA (2010) bets for future 

research in possible reuse of treated soils, in the ambit of improvement measures in 

relation with contaminated sites, in Spain. In order to develop reuse of contaminated 

soil regulations, a controlled fill can be a plausible candidate work unit to receive 

polluted soils. Ministry Order FOM/1382/02 (Ministerio de Fomento – Spain), 

describes article 330 of the Road Works and Bridges Technical Contract Bases – 

PG3, which defines the materials suitable for the construction of embankments 

prescriptions. At least, a fill is a possible regular reuse of contaminated in public 

works using adequate confinement, which has to maintain contamination controlled, 

as it could be used geosynthetic materials as those described by Martínez 

Santamaría (2001). 
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A possible reuse fill should be compacted taking into consideration adequate 

operational process (Meegoda et al. 1998), but more important in matter of fills, in the 

Spanish ambit, is to maintain the project in concordance with the mentioned art. 330 

(PG3), which is one of the most used references in civil engineering since it includes 

a extended soil classification.  

Classification is the first requirement to the soil, in order to achieve a possible 

contaminated soil reuse. This discussion does not consider the environmental 

regulations introduced in chapter 1, which may legally affect whatever reuse activity 

in relation with soils and is more limitative than the technical aspects below 

summarized. This specific case would need the development of confinement of 

contaminated soil and drainage exhaustive control, which can be studied in future 

research. Some preliminary basic ideas can focus this issue, for future research: 

• Geotechnical classification of the contaminated soil discussion. The present 

doctoral thesis can serve as guidance to this aim. 

• Contamination (LNAPL) limits to perform a fill. The present doctoral thesis 

can serve as guidance to this aim. 

• Parts of a fill suitable to be constructed with contaminated material: In general 

it can be taken in consideration embankment cores and so-called general 

fills. 

• Control measures: This point can be divided in two parts, (1) technical control: 

Confinement and drainage leachate chemical control. Groundwater 

contamination control. (2) An administrative control should be assumed to 

establish the conservancy and maintenance responsibilities. 

5.8. NECESSITY OF A CONTAMINATION TRANSPORT MODEL 

Some commercial geotechnical numerical models (PLAXIS, FLAC) have been 

preliminary researched in order to reproduce a pollutant distribution within the soil 

mass, in order to apply resistance parameters variation, but they present the lack of a 

powerful contaminant-hydrogeology model. 
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Reduction of the bearing capacity of soils contaminated by LNAPL have not been 

investigated by many authors and conclusions from laboratory tests and physical 

models (Shin et al. 1999; Shin and Das 2001 and Nasr 2009) are based on the 

assumption of a constant contaminant saturation for the entire supporting soil mass.  

In contrast, the actual migration of LNAPL plumes exhibits complex flow patterns 

which are subject to physical and chemical changes with time and distance travelled 

(Fetter 1993; Newell et al. 1995; Fitts 2002 and ITRC 2009). The presence of 

unsaturated soils above the groundwater table further complicates the flow patterns 

because flow in unsaturated soils is difficult to predict; LNAPL plumes tend to float on 

the groundwater table but also mix and get retained into voids; groundwater 

fluctuation causes mechanical dispersion of LNAPLS (Bear and Bachmat 1990 and 

Kim and Corapcioglu 2003).  

The centrifugal model is one of the available geotechnical methods suitable to 

reproduce LNAPL migration (Arulanandan et al. 1988, Hensley and Schofield 1991; 

Mckinley et al. 1998; Lo at al. 2005 or Kumar 2006).  However the centrifuge only 

permits visualizing contamination at the boundaries. 

When a LNAPL leaks above an unconfined aquifer, the liquid migrates through the 

unsaturated zone as a separate phase under the dominant influence of gravity, 

leaving residual droplets in the unsaturated zone. Once it reaches the water table, 

the LNAPL forms a free-product mound floating on the water table. Then the LNAPL 

spreads laterally and moves in the direction of decreasing hydraulic gradient, leaving 

residual LNAPL droplets, Kim and Corapcioglu (2003). The LNAPL mound is always 

in contact with both soil gas and groundwater. Thus, a pollutanmt migrating on the 

groundwater table is subject to both volatilization and dissolution. Volatilization is the 

primary direct mechanism by which contaminants partition from the NAPL phase to 

the soil gas phase. Once contaminants have partitioned into the soil gas phase, the 

volatilized contaminants move though the vadose zone by diffusion and advection. 

By dissolution, contaminants partition from the NAPL phase to the water phase in the 

unsaturated zone, then to the groundwater. The extent to which contaminants 

volatilize and dissolve is limited, in part, by vapor pressure and solubility, 

respectively. The vapors and solutes emanating from LNAPLs can cause long-term 

groundwater contamination. 

The propagation of LNAPL through a porous medium constitutes multiphase flow. 

Hydrocarbons properties such as density, viscosity, interfacial tensions, solubility and 
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vapor pressure (chapter 2) are important in understanding and predicting subsurface 

contamination due to eventual tank leakage or accidental events causing LNAPL 

infiltration and subsequent structures affection such as tanks or industrial facilities, 

which can present unpredicted foundation settlements or another wide range of 

“pathologies”, within a forensic point of view. 

Up to the moment there has not been possible to reproduce these related 

phenomena using a geotechnical code. Hydrogeology codes do not allow introducing 

geotechnical parameters so it is justified the use of a proper physical model which 

give more precise idea of transport mechanisms. Once that LNAPL transport is 

analyzed in a scale model it could be possible to reproduce some of the observed 

mechanisms within a geotechnical commercial code. 

Previous studies reviewed (table 2.2 – paragraph 2.5.2 of the present text) 

considered stationary LNAPL pools in two-dimensional domains in which the vertical 

direction is one axis and the horizontal direction is the other. However, the LNAPL 

plume formed on top of groundwater migrates in the direction of decreasing hydraulic 

gradient. Therefore, the mobility of LNAPL needs to be considered to assess 

geotechnical properties variation of foundations affected by a contamination event. 

The objectives of this study are to investigate the effects of subsurface contamination 

by migrating LNAPL. The selected tool for this investigation is a physical model 

describing LNAPL movement within a transparent porous medium, which constitutes 

the second block of the dissertation and is presented in chapters 6 and 7. 

The extent and rate of petroleum hydrocarbon migration depends in part on the 

properties of the subsurface medium in which it is released. The subsurface medium 

may be naturally occurring geologic materials (sedimentary, metamorphic, or igneous 

rock or sediments) or artificial fill that has been imported to the site by human activity 

(e.g. ports or interchange transport facilities). In order to design an effective and 

efficient free product recovery systems, a engineer need to characterize both the 

type and the distribution of geologic media (or fill material) so that it is possible to 

determine the likely migration routes and travel times. 

In the context of fluid flow in the subsurface, geologic media can be classified on the 

basis of the dominant characteristics of pore space, fractures, or channels through 

which fluids move. In porous media, fluids move through the interconnected voids 
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between solid grains of soil. According to US-EPA fractured media are those in which 

fluids migrate readily through fractures rather than the adjacent soil or rock matrix.  

Fracturing is usually associated with consolidated materials, but it can also occur in 

unconsolidated clays due to desiccation. Karst media are those in which fluids flow 

through solution features and channels (caves associated with carbonate rocks such 

as limestone). Porosity and permeability are the two most important media-specific 

properties of a natural geologic material. Porosity characterizes the ability of media to 

store fluids, and permeability characterizes the ability of the media to transport fluids.  

According to the last paragraph which has been adapted from the USEPA document 

it can be very useful to develop a model in which the main parameters are 

permeability and porosity, so as the strength parameters such as internal friction 

angle or cohesion (in a Mohr-Coulomb model) are not important in order to reproduce 

a leakage and transport phenomena, before modeling within a geotechnical code. 

That was the reason which conducted the author, with dissertation directors advice, 

to look for a available physical model based on permeability and porosity. 

Transparent Soil technology mainly developed in New York by Prof. Magued 

Iskander (Polytechnic Institute of NYU) was investigated by the author, resulting in 

several contacts and final development of a novel 3D model at NYU soil mechanics 

laboratory.  

The result of the model research has become the main objective of the present 

dissertation since it gives to the Spanish scientific community a first contact with a 

transparent porous media application in civil engineering. The success of the very 

intense 9 month research period has been published in Géotechnique, which is one 

of the most spread journals within the geotechnical and geoenvironmental ambit. The 

paper has been attached to the present doctoral thesis as Appendix 4. 
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6. TRANSPARENT SOIL MODEL FOR LNAPL 
TRANSPORT. RESEARCH, DEVELOPMENT AND 
INNOVATION 

6.1. INTRODUCTION 

The idea of using transparent soil, to make a scale model of LNAPLs soil transport, 

appears while the author reviewed some complex numerical models in order to 

reproduce a similar pollutant distribution to general real cases, as it has been 

indicated in the above paragraph 5.8. LNAPL transport governing basic equations 

are defined in chapter 2, which can be solved using either analytical or numerical 

methods (Freeze and Cherry 1979, Rowe and Booker 1985;, Shackelford 1995). 

However, input parameters for these models can be obtained by conducting either 

controlled field experiments (Crooks and Quigley 1984) or laboratory column tests 

(Crooks and Quigley 1984, Shackelford and Daniel 1991, Badv and Rowe 1996).  

Kumar (2005) adds that field experiments are found to be more reliable, as they 

facilitate inclusion of various complexities of the real life situation, these tests are 

quite expensive, tedious and offer little control over the boundary conditions. On the 

other hand, laboratory column tests are cost effective and relatively easy to perform. 

However, both these tests are not viable alternatives due to their limitations in 

modeling and simulating realistic prototype conditions, since the time of interest may 

span decades of the real time. 

Several researchers have demonstrated usefulness and effectiveness of a 

geotechnical centrifuge for modeling various geoenvironmental engineering problems 

and the same as a viable alternative to field scale studies (Arulanandan et al. 1988, 

Celorie et al., 1989, Cooke and Mitchell 1991, Hensley and Schofield 1991, Hensley 

and Savvidou 1993, Mitchell 1994; Zimmie et al. 1994, Hellawell and Savvidou 1994; 

Sills and Mitchell 1995, McKinley et al. 1998, Lo and Hu 2004). 

It has also been noted that most of these studies employ destructive procedures, 

usually by sampling out soil from the soil sample, for detecting contaminants in the 

soil mass. However, these procedures cannot be employed for the soil samples 

placed in a spinning centrifuge. To overcome this, researchers have employed cost 
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intensive instrumentation such as resistivity probes (Hensley and Schofield 1991, 

Hensley and Savvidou 1993, Hellawell and Savvidou 1994, McKinley et al. 1998) and 

Geiger-Muller counters (Zimmie et al. 1994) which are not easily affordable. 

Reviewing some of these mentioned available physical models appeared some 

papers, dealing with ground contamination modeling using innovative materials, 

published by Prof. M. Iskander, who, at least, kindly hosted the author in order to 

perform the work here described, at Soil Mechanics Laboratory of the Polytechnic 

Institute of New York University, through a Fulbright scholarship conceded partially to 

develop this research.  

Up to the moment of starting the researching works here described, transparent soil 

modeling at Soil Mechanics Laboratory of the Polytechnic Institute of New York 

University had reached different tests, during more than a decade, with successful 

results (Iskander 2010).The here proposed test continues with one of the researching 

lines directed by Prof. Iskander in the field of transparent soils, whom technical 

advice has resulted fundamental to obtain this promising powerful model prototype, 

which should be developed and improved in the future. 

The technology and materials available at the Civil Engineering Department of NYU-

Poly helped to start with the first steps and set the model in a currently operational 

level, which allows to obtain results and their discussion. The Fulbright Scholarship 

period limited in time some previous testing trials with different densities of 

transparent liquids and other transparent soil materials, proposed as a future line as 

well. 

In summary, attending to the objectives of the doctoral thesis a model is presented 

herein. As result of nine months (August 2010 - May2011) of research work, a 

physical model is presented here, which currently is operational with the possibility of 

performing different scenarios. On the other hand, it has been found that the model is 

a potential powerful tool for hydrogeology applications, site-characterization and 

remediation treatment testing within the framework of soil pollution events. 

Development which could be performed in future lines. 
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6.2. PREVIOUS TESTS AND MODEL RESEARCH AND DEVELOPMENT 
PROCESS 

In order to develop an innovative transparent soil model it is necessary to carry out 

previous tests and trials. High number of operational mistakes and errors have been 

committed and detected in first instance, in order to avoid them in more advanced 

phases of research and to get enough confidence with the behavior of new materials. 

There are not many precedents referenced of image visualizing techniques to “see 

through a transparent” soil. Previous image techniques, such as scanning electron 

microscope, X-Ray computerized tomography, and nuclear magnetic resonance, 

have been used in studying flow and deformation characteristics (Mandava et al. 

1990, Desrues et al. 1991, Orsi et al. 1992, Mannheimer and Oswald 1993, Kantzas 

and Trigg 1996, Posada et al. 1996, Wong 1999). Although these technologies have 

become more comprehensive, they are usually accompanied with high cost of the 

experimental setup and limitation of technical utilization (Corapcioglu and Fedirchuk 

1999, Iskander et al. 2003). 

6.2.1. TRANSPARENT SOILS TECHNOLOGY RESEARCH 

Transparent soil surrogates suitable for simulating the geotechnical properties of a 

wide range of soils have been developed (Iskander 2010, Sadek et al. 2002). 

Transparent clays made of precipitated silica (Iskander et al. 1994, 2002) have been 

used to model a number of geotechnical problems including flow (Mannheimer and 

Oswald 1993, Welker et al. 1999), pile penetration (Gill and Lehane 2001, Ni et al. 

2010), ground improvement using sand columns (McKelvey et al. 2004), and offshore 

foundations (Song et al. 2009). Transparent sands made of silica gel have been used 

previously to study pile penetration (Liu and Iskander 2010) and shallow foundations 

(Iskander and Liu 2010). Transparent fused quartz has also been used to study 

model to study flow in unsaturated soils (Peters et al 2009). Cryolite, a transparent 

Fluoride salt, has been used for study of contaminants and bacterial growth in porous 

media (Rashidi et al. 1997). The transparent soil surrogate used in this study is a 

water absorbing polymer so-called Aquabeads gel that is described by Lo et al. 

(2008). 

Translucent glass beads have also been widely used in research of 2D flow problems 

(Chen and Wada 1986, Corapcioglu et al. 1997, Mathsubayashi et al 1997, Jia et al. 
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1999, Liu et al 1999, Huang et al. 2002, Lunati et al. 2003, Theodoropoulou et al. 

2003, Gaganis et al. 2005). It is possible to improve the capability of glass beads by 

performing transparent media instead of translucent. Aquabeads used in this study 

consists of isobutylene and maleic anhydride copolymer, which can absorb water up 

to 200 times its own weight (Lo et al. 2008a). 

6.2.2. TRANSPARENT SOIL MATERIAL SELECTION 

There are three families of transparent beads, according to Iskander, 2010, which 

has been adapted to the aim of this work into two categories: 

• Silica based materials, which have the similar refractive index to a mixture of 

non-polar liquids as pore fluids. These materials are being studied adding 

refractive index modifiers to the water, in order to perform water saturated 

soils, instead of mixture NAPLs saturated soils, which are the pore fluid 

liquids currently used. This materials can be sub-divided into two: 

o Amorphous silica powder to model the geotechnical properties of 

natural clays. 

o Transparent silica gels, fused silica and fused quartz. 

• Aquabeads, which are water based polymers with a different refractive index 

from silica gels and powders, and thus cannot be combined with silica in the 

same transparent model. The advantage of this materials, in order to perform 

hydrogeology or ground pollution models, is that pore fluid is water without 

any kind of refractive index modifier. A refractive index modifier use to change 

viscosity properties as well. 

It must be here mentioned that at the time of finishing the edition of the present 

doctoral thesis, the Ph.D. researching group at the NYU-Polytechnic Institute, formed 

by Ivan Guzman and Mehdi Omidvar, leaded by Prof. Iskander, was developing the 

potential use of water based liquids with silica products, performing a tedious hard 

and smart work trying to fit the best refractive index for each kind of transparent soil, 

to soil dynamics application. 
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6.2.3.  MODELLING SOIL WITH AQUABEADS 

So-called Aquabeads gel is a product originally designed and used for ground 

improvement purposes such as ground improvement of soft or mud soil and shield 

driving wall construction by mixing them with in-situ treating soils that contain higher 

water contents in civil engineering field. In addition, Aquabeads are utilized for 

chemical pocket heater, carrier of perfume, water retention materials underground 

and water resistant tape for optical-fiber cable and other applications (Tabe 2009). 

Aquabeads is a strong water adsorption polymer sold under the commercial name 

KI-GEL 201K by Kuraray Chemical Company, Osaka, Japan. This polymer is 

composed of isobutylene and Maleic Anhydride copolymer, and is delivered as light 

yellow spherical particles, having a density of 980 g/l, water content of 7% or less, 

and a pH of 9-10. Although the dry appearance of Aquabeads is yellowish they 

become very clear (transparent) after absorbing water showing the same refractive 

index like water (Iskander 2010). Base Aquabeads used here for modeling present 

the characteristics shown in the table 6.1. 

 

Table 6.1. Characteristic of Aquabeads used as base material for modeling. (Adapted from Tabe 

2009, after Kuraray 1998) 

AQUABEADS #200 8/32 
AQCOARSE 

KI-GEL Powder 
AQFINE 

Before swelling.  
Size and aspect 

2 mm 
Light yellow Spheroidal  

4-5 μm 
White fine powder 

After swelling. 
Hydrated Grain size (#) 

Transparent ellipsoid 
2-6mm MAX 8,5mm 

Transparent mass 
< 0,1 mm 

Moisture content (%) 7 or less 7 or less 

Apparent Density 
(g/l) About 980 About 980 

Water absorption ratio 
(distilled water) About 100-200 About 300-400 

pH (Absorved water) 9-10 9-10 
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Aquabeads polymers can absorb water up to 200 times their own weight (Tabe 2009 

and Iskander 2010), even to 400 times absorption according to the producer web 

page catalog of products (http://www.kuraraychemical.com/Products/AquaBeads/Abeads.htm). 

They have good durability and stable water absorption under different temperature 

conditions. Once Aquabeads has absorbed water, it releases minimal water even 

under a pressurized condition, as long as the ambient stress remains constant. 

Kuraray (1998) reports that adsorption increased by only 2.5% after immersion in 

water for 899 days. 

Coarser hydrated Aquabeads (Denominated in the ambit of this dissertation as 

AQCOARSE) present a uniform grain size depicted in the sieve analysis made in three 

different periods of hydration, for 30 minutes, 1 hour and 6 hours submerged in tap 

water. Figure 6.1. 
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Fig. 6.1. Sieve analysis of coarser Aquabeads-AQCOARSE for two hydration periods. 

 

The observed difference in size of submerged Aquabeads from more than an hour in 

tap water is negligible, in agreement with Kuraray (1998), figure 6.2. According to this 

fact the model need to be performed with Aquabeads continuosly submerged for 
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more than 1 hour, in concrete 2 hours was adopted as lower limit for the model 

presented herein. 

 

Fig. 6.2. Water absorption of Aquabeads. (Taken from Tabe 2009, after Kuraray 1998) 

 

AQCOARSE are ellipsoid particles with size in the range of averaged 6 mm main 

diameter. The maximum size of an already swelled single particle have been 

measured showing a major diameter 8.5-9.0 mm (x=y) and minor diameter 4.0 mm 

(z), which can be observed in figure 6.3. 

 

 

Fig. 6.3. Maximum single coarse particle size of Aquabeads AQCOARSE. 
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The objective of the model is to reproduce transparent soils with different 

characteristics, including the size variation. As it has been reported in chapter 4, 

geotechnical properties of contaminated soils were performed with “Miga” sand. At 

this point is necessary to define a method to artificially reproduce a soil with a 

complex size distribution, otherwise to reproduce non-uniform soils. 

The Coefficient of Uniformity (CU) obtained from the sieve analysis of AQCOARSE gives 

very low values, between 1.05 and 1.25 for Coefficient of Curvature (CC) of 1.00 to 

1.06 in a almost completely uniform curve. 

Between the facilities and equipment of the NYU-Polytechnic Institute (NY-USA) Soil 

Mechanics Laboratory, there is a laboratory crusher machine with three energy 

degrees. With the medium energy selected AQCOARSE particles has been crushed, for 

different periods of crushing duration. Therefore the resulting material has been 

tested with a wet sieve analysis in order to determine the effect of this specific 

crusher into the original size coarse Aquabeads sample. 

Different samples were tested for two series of 2, 5, 10, 20, 30, 45 and 60 seconds 

periods of mechanical crushing assuming the method below described (figure 6.4): 

1. After the corresponding crushing period a sieve analysis was performed in 

particular for long periods (30, 45 and 60 seconds) the particles were stuck 

together over the first sieve of the chosen series. 

2. The wet sieve analysis were performed with tap water cleaning the crusher 

vase to minimize material loose. 

3. Sometimes was necessary to disperse the wet mass with a plastic tool, 

before continuing watering, in particular for smaller sizes. 

4. Continue with watering and wait for 10-15 minutes draining in smaller sizes. 

5. The final retained material was expected to as clean as possible. 

6. Weigh the final retained material minus the sieve weight. 
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Fig. 6.4. Mechanical crushed material sieve analysis to obtain an artificial complex sized 

transparent soil from AQCOARSE 
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Swelled AQCOARSE tentative ratio of 5 particles/ml was deduced in unsaturated 

conditions. Figure 6.5 shows the variation of characteristics diameters of several 

AQCOARSE sample after subject Aquabeads to a period of crushing in laboratory 

machine. The idea for performing this tedious experiment with the crushing machine 

was to obtain exact periods of crushing to obtain a required size, or at least a curve 

like the depicted in figure 6.5 to deduce the time.  

Then, if a model requires a specific soil size distribution it would be obtained by 

mixing different sizes previously made by crushing, even adding powder AQFINE in 

case the model needs to perform a silty material. That way IT was possible to obtain 

an artificial transparent granular soil by mixing several sizes and matching the real 

soil size distribution curve as accurately as desired. 
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Fig. 6.5. Variation of D50 and D10 diameters of crushed AQCOARSE by crushing period. 
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While developing the above described methodology it was discovered that the 

crushing machine produced more open distribution samples with higher Uniformity 

Coefficients. During this experiment it was observed that for the crushing period of 20 

seconds it was obtained the highest value of CU=4,0 for a CC=0,42, as it can be 

observed in the grain size distribution showed in figure 6.6. 

The mentioned resulting material from crushed AQCOARSE particles can be easily 

matched with “Miga” sand by removing of the 15-20 % higher size and the addition of 

finer Aquabeads (hydrated powder) in the quantity of 20-25% to simulate the fine 

fraction. 

 

Fig. 6.6. Grain size distribution of 20 seconds crushed AQCOARSE. 

 

Obtaining the transparent sand model from the size distribution of figure 6.6, the 

model may be prepared without detailed sieve size mixing, only developing two 

actions, the first to remove the coarse grains and the second to add the fine grain 

proportion required, with an acceptable size distribution result. 
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Finally, the compared size distributions of “Miga” sand and the already made, as 

above detailed, “ad-hoc” transparent soil, figure 6.7, adding a 20% fine hydrated 

aquabeads was approximately and valid for the model pretension, which is to 

simulate an eventual spilling and transport of LNAPL contaminant through a sand of 

similar characteristics. 
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Fig. 6.7. Compared grain size distributions of adjusted "Miga" sand vs crushed Aquabeads sieve 

analysis dots.  

Finally, the quantity of dry Aquabeads necessary to obtain a model volume definition 

was obtained by the introduction of a known (200 ml) volume and weight of 

completely swelled particles of Aquabeads in oven (48 hours at 103-110 Celsius). 

Operation necessary to guaranty lower air bubbles quantity after dry crushed material 

swelling. Air cause transparency loose. To obtain 1 liter of swelled AQCOARSE there 

must be submerged 5g of dry material approximately. 
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6.2.4. GEOTECHCNIAL PROPERTIES OF AQUABEADS AND MODELLING 
EXPERIENCE 

The measured swelled “dry” unit weight was γd = 0,965 g/cm3 which is almost the 

same commercial given value of 980 g/l.  

Aquabeads are suitable for representing soils with hydraulic conductivities in the 10-2 

to 10-5 cm/sec range, which fits to “Miga” sand characteristics. The hydraulic 

parameters of various types of Aquabeads were investigated (Tabe 2009). Fixed wall 

permeability tests indicate that the hydraulic conductivity of different types of 

Aquabeads ranges from 7×10-2 to 2x10-5 cm/sec. Flexible wall hydraulic conductivity 

tests were also performed to study the variation of hydraulic conductivity of 

Aquabeads after being consolidated at different confining pressures (Iskander, 2010). 

The strength and compressibility are suitable for representing very weak sediments 

(Iskander, 2010). 

Aquabeads show very low strength parameters. They exhibit solid-like behavior at 

low stresses and liquid-like behavior at high stresses. It was not possible to form 

specimens for conventional triaxial measurement of shear strength, according to 

Tabe (2009). Yield Stress tests with Aquabeads have been reported (Tabe, 2009 and 

Iskander, 2010) using a laboratory vane. The yield stress ranged from 4 to 9 Pa 

which is similar to values reported for super soft natural clays. More geotechnical 

basic properties have been included in table 6.2, below: 

Table 6.2. Basic properties of Aquabeads. 

AQUABEADS 
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IL

IT
Y

  C
ha

ng
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of
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bs
or

be
nc

y 
(m

l/g
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Controlled parameters 
Period Value 

Test Temperature Humidity 
Stability at room temperature 10-30 °C  75-85% 2 years 198→201 
Stability at room temperature 10-30 °C  75-85% 13 month 190→197 
Inmersion in water cool water - 889 days 194→199 
Inmersion in water 70 °C  - 30 days 193→207 
Inmersion in water 100 °C  - 3 days 200→218 
Inmersion in water 30% 
NaOH   - 10 days 14→14 

Heating 140 °C  - 24 h 200→190 
Heating 180 °C  - 24 h 200→180 
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 Continuation of table 6.2 
above     

      

 AQUABEADS 

H
Y

D
R

A
U

L
IC

   
 

C
O

N
D

U
C
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IV

IT
Y

 (c
m

/s
) 

Confining pressure Size Max Average min 
5 kPa 5-7 mm - 1.00E-03 - 

10 kPa 5-7 mm - 1.00E-03 - 
15 kPa 5-7 mm - 3.00E-04 - 
20 kPa 5-7 mm - 1.00E-04 - 
5 kPa Fine 1.00E-03 5.10E-04 2.00E-05 

10 kPa Fine 3.00E-05 1.60E-05 2.00E-06 
15 kPa Fine 1.00E-06 6.00E-07 2.00E-07 
20 kPa Fine 3.00E-08 6.50E-08 1.00E-07 

COMPRESSIBILITY Max Average min 
Cc 0.15 0.13 0.10 

Cr/Cc 0.03 0.03 0.02 

 

Yield stress tests performed with a laboratory rotary viscometer, defined by Fakher et 

al. (1999), indicated for measuring the yield stress of super soft clays. Compression 

index Cc obtained from one dimensional consolidation tests were in the range of 0.1-

0.15. Results of consolidation test were reported by Iskander (2010). Since 

Aquabeads are made of a water based soft polymer, they undergo volume change 

due to small variations in confining pressure. For example, when a 20 kPa (2.9 psi) 

confining pressure was applied, specimens of Aquabeads experienced a volume 

reduction range between 7 and 10% was observed in different Aquabeads types. 

Once the volume is decreased, the hydraulic conductivity is reduced (Iskander, 

2010). 

In the civil engineering field, Aquabeads is used for in-situ ground improvement, 

especially applied to high water content soft soils. For example, in a shield tunneling 

construction, Aquabeads can be added as a mud stabilizer to stabilize the excavated 

soils. Because of their strong water adsorption, Aquabeads can remove free water 

rapidly which helps to reduce soil’s porosity and permeability. Furthermore, 

Aquabeads can improve the grain size distribution and liquidity of the excavated 

soils. In other applications, Aquabeads is also used as chemical pocket heater, a 
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carrier of perfume, ground water retention material and water resistant tape for 

optical-fiber cable, etc (Kuraray America, Inc. 1998 and Tabe 2009) 

Although the dry appearance of Aquabeads resembles a yellowish sugar, they 

become transparent after absorbing water. Aquabeads can absorb water up to 200 

times their own weight. They have stable water absorption under different 

temperature conditions (Table 6.2). The aspect of dry material in contrast to swelled 

material can be observed in figure 6.8. 

 

Fig. 6.8. Dry Aquabeads AQCOARSE (right) in contrast to swelled Aquabeads AQCOARSE (left) 

The hydrated pH is 8.50-9.50, dry Aquabeads does not absorb organic liquids such 

as mineral oil, motor oil, and parfinnic solvents, even when exposed to them for 7 

days (Tabe 2009). Lo et al (2008b) confirmed the compatibility of Aquabeads with the 

used contaminant herein (Motor-oil). 

6.2.5. TRIAL AND ERROR METHOD WITH TRANSPARENT AND NON-SATURATED 
SOILS 

Trial and error method main objective was to start handling modeling materials in the 

scope of this dissertation, getting confidence with the possibilities of transparent soils 
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and trying different test procedures in order to learn from mistakes. Also, weigh up 

advantages and disadvantages and rule out some alternatives. 

First attempt (September 2010) consisted on a sand layer over the saturated 

Aquabeads modeled in a laboratory crystal dish, to reproduce the soil hydro-

geological system. The aspects below were deduced in that case: 

1. Sand must be laid carefully over the full saturated transparent soil. The 

process to obtain a homogeneous interface, affordable to be observed from 

the bottom and lateral borders of a tank, is quite slowly. 

2. The capillary effect in the non-saturated soil fringe causes that LNAPL does 

not pass through this fringe. Without taken any other measure LNAPLs may 

need a certain weight column to displace water through the capillary fringe 

and reach the atmospheric pressure water table (modeled phreatic water 

level). 

First dish-test, laying a sand surface over the transparent soil failed, because the 

sand particles strained between Aquabeads and the interface appears blur. The first 

solution tried was introducing a paper filter over the transparent soils to establish a 

plane interface. The first part of the problem was solved but capillary effect appeared 

and seemed to be strong 30 minutes after lay sand, as it is reflected in figure 6.9. 

 

 

Fig. 6.9. Sand layer with filter over Aquabeads transparent soil. Capillary effect in 30 minutes. 

Saturated sand by capillary effect 

Paper filter 

Aquabeads non-saturated 
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In the same line, two different samples of transparent soils were tested to compare 

the effect of transparent beads size. In this case, the test was completed with the 

addition of motor-oil with red mineral oil dye, in order to work with LNAPL 

contaminant liquids. Two different beads size tried were: (1) Coarse regular 

Aquabeads AQCOARSE and (2) crushed Aquabeads (in crusher during 20-30 seconds). 

The result can be observed in the figure 6.10 below, where the coarse beads tests 

shows a strong capillary effect in contrast with the crushed beads, in which there the 

capillary effect is weaker. 

 

 

Fig. 6.10. Two different size of transparent beads trials. On the left coarse regular Aquabeads 

AQCOARSE and on the right crushed (smaller) Aquabeads. 

Filters 

In the case studied, paper filters were applied between sand and transparent soil in 

order to carry out easier deposition of the sand. Oil with red dye seemed to get 

retained over this filter, so it was necessary to test the filter and seek for alternatives, 

in case the filter permeability was too low or oil wetabbilty over the paper does not 

allow the red fluid passing through and reaching the transparent soil. 



Chapter 6: Transparent physic soil model for LNAPL transport. R&D and innovation 
 
 

 214 

Several paper filters were tested. A subjective planned trial consisted on saturating 

each filter with water and observe oil passing through the sample. Only one of them 

seems to present permeability enough allowing the oil to penetrate when the filter 

was non-saturated. Other cases presented lower wetability and no permeability (see 

the below cases depicted in figure 6.11). 

 

 

Fig. 6.11. Different paper filter testing trials images. 

 

A metallic net filter, with higher permeability than the sand, was tested. In this case, 

in order to minimize the effect of the consolidation of the transparent soil, a frame 

was installed under the metallic filter to support the sand weight. The test was 

connected to a water supply, allowing the possibility of introduce water when capillary 

effect took place and assure a permanent saturation of transparent soil. It was 

possible to reproduce lateral, one dimensional, flow of water. Figure 6.12. 
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Fig. 6.12. Trial mini-model with metallic filter and frame to minimize a possible effect of the 

transparent soil consolidation under the sand load. With lateral flow arranged by blue arrows. 

The metallic filter tested was similar to a No. 40 ASTM sieve (0.425 mm – 0.0165 in). 

The problem observed in this test was, again, that the capillary effect did not allow 

the oil with red dye to reach the filter. The red oil path in the sand once reached the 

capillary fringe showed the aspect illustrated in the next figure 6.13. 

 

 

 

 

 

 

Fig. 6.13. Test with metallic filter. Results obtained after modeled red dyed-oil leakage. 
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Some conclusions were obtained from this filter test: 

1. The capillary effect of the sand is strong. The sand was dry or with a low 

moisture content in laboratory conditions. The necessary period the oil 

needs to reach the interface between transparent soil and sand is enough 

for the capillary effect to form a saturated capillary fringe, impermeable to 

the oil. 

2. There was observed that capillary effect with flowing water seemed to be 

different to a static situation, as to being reduced. 

Capillary effect 

Two trial tests were performed, simultaneously, with the intention of reducing 

capillary effect and allowing oil to get to the interface between saturated-transparent 

soil and non-saturated soil, which could be considered as the phreatic surface in the 

model. 

One of the tests consisted on freezing transparent soil. The idea was to freeze 

saturated-transparent soil before adding the sand layer and once the non-saturated 

soil was layered over the frozen soil, starting the test simulating an oil spill. The oil in 

that case could have reach the interface between the two soils, before the capillary 

fringe was formed, waiting during defrost period. Once transparent soils have 

defrosted it would have been possible to observe the transport and fate. See figure 

6.14. 

 
 

 

 

 

 

 

Fig. 6.14. Frozen AQCOARSE Aquabeads samples. 
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Aquabeads frost conditions were -150C (5 F), during a period of 24 hours. The 

behavior of the frozen transparent material is briefly commented here: 

• Volumetric expansion of the saturated transparent soil, with a value of about 

10% was observed. Value in the same order as regular water. See figure 

6.15. 

• Aquabeads broke by the effect of the expansion. 

• Shrinkage, when the transparent soil return to the liquid water conditions, is 

not in the same proportion that the expansion induced by freezing. The 

shrinkage presented higher volumetric change than expansion. The  

considered reason of the mentioned difference, supposing the same water 

volumetric change (~10%), can be in relation with the fact that beads are 

broken after the freezing process. This process offers the advantage that the 

proportion of loose water by capillary effect can be supplied by the excess of 

the pore water. 

• In a test made with sand over transparent soil, the “settlement” of the sand 

during the defrosting process was not homogeneous in all the interface, the 

beads get contaminated with finer sand particles and the capillary effect was 

observed before the transparent soil get completely defrost. 

 

Fig. 6.15. Volumetric change between frozen and defrost AQCOARSE samples. 
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The second, of these trial series test was performed in order to increase water 

viscosity by reducing the capillary effect. There was used a product called Xanthan 

gum (Xanthomonas campestris), which is a natural polysaccharide, discovered in the 

late fifties in the research laboratories of the US Department of Agriculture, during 

research work into the industrial applications of microbial biopolymers 

(Junzbunzlauer AG – Switzerland, 2006). The Xhantan gum qualities as a rheology 

control agent in aqueous systems and as a stabilizer for emulsions and suspensions 

makes it frequently used in industrial and food commercialization processes. 

Figure 6.16, shows water viscosity variation in function of the weight concentration in 

contrast with other rheology control agents, where it is observed that Xantham gum 

(red line) may be used in low concentration, which are supposed to affect the less to 

the optical properties (transparency) of the water containing Aquabeads . 

 

 

Fig. 6.16. Viscosity in standardized water in function of concentration. (Taken from Jungbunzlauer 

AF® 2006) 

 

Because the lack of experience using this product, there were observed air bubbles 

occluded onto the water, but the capillary effect was not substantially reduced. Fig 

6.17. 
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Fig. 6.17. Xhantan Gum viscosity modification. Evolution in a week (Right: 1 week after) 

 

After observing, in different attempts, that capillary effect was a problem to solve 

previously the performance of the final model, one more test was developed to 

observe the capillary effect of dry sand over a single Aquabead particle. The 

shrinkage evolution in contact with dry sand can be considered in the same order as 

compared without contact in the same laboratory conditions. This experiment 

denoted the high hydrophilic properties of the Aquabeads, observed in figure 6.18. 

5 minutes out        

        20 minutes out 

 

Fig. 6.18. Aquabeads shrinkage over a dry sand bed and over a laboratory table. 
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Free transport of LNAPL in sand was tested to have a reference of the behavior red-

dyed oil in dry sand, without capillary fringe. A transparent cylinder over a transparent 

surface was filled up with sand and a sample of 6 ml of red dyed oil was injected on 

the surface, taken into account a path length of 2 cm, and a measured velocity of (10 

minutes) with variable head. Figure 6.19 shows the red dyed oil on dry sand. 

 

 

Fig. 6.19. Behavior of red-dyed oil released in sand. Top right view from transparent bottom. 

 

Capillary effect is difficult to avoid. In chemistry manuals there can be found different 

surfactant liquids which are used to reduce the water surface tension, even it is 

possible to use coarse grained particles in the capillary fringe, such as fine gravel, 

which would reduce this effect, but all were partial solutions to the problem. 

Finally it was decided to reproduce the unsaturated soil with transparent beads, after 

testing with sand and Aquabeads and observing the red-dyed oil transport in the 

capillary fringe, in several attempts, figure 6.20. 
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Fig. 6.20. Non-saturated soil capillary fringe, with red-dyed oil. Note that saturated Aquabeads 

was not transparent in this stage due to high content of air bubbles finally corrected by vacuum. 

 

The upper limit of the saturated soil which is the same upper limit of capillary fringe is 

depicted with blue line, In figure 6.20 above. With a red discontinuous line, it can be 

observed the 2D shape of red dyed oil body (LNAPL lens), floating and mixing over 

the saturated zone. The experiment presented several failures, the first and most 

important was that the transparent soil was not “transparent”, because the beads 

were reused and vacuum had not been carried out, in order to eliminate occluded air 

from water. Reused beads become yellow and translucent, after 1-2 months daily 

working. 
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Vacuum of the water process  

Tabe (2009) and Iskander (2010) noted that to perform an adequate transparent 

model with Aquabeads it is necessary to perform a previous vacuum of the water 

before submerging particles. A test with tap water was carried out using new 

Aquabeads. 

At the end of the first submersion hour and almost completely swelling of the 

particles, it was observed how air bubbles get adhered to the Aquabeads particle 

surface. Adhered air induced the experiment failure (Figure 6.21), considering a 

thickness of transparent soil layer between 40 and 60 mm in 3D mold, depicted in 

figures 6.24 and 6.25.  

 

 

Fig. 6.21. Air bubbles adhered to the model tank transparent side and to the particles 

To obtain the most transparent soil with Aquabeads, vacuum of water have to be 

made for no less than 1 hour for a volume between 5 and 10 liters or no less than ½ 

Zoom 
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hour for volume of 1 to 4 liters, with a laboratory standard vacuum apparatus (Fig. 

6.22). The described vacuum process avoided air bubbles formation inside the tank. 

 

Fig. 6.22. Vacuum apparatus connected to a vacuum bomb, to de-air water. 

There exists the possibility of testing with distilled water. This alternative has not 

been necessary in this experiment because the transparency obtained with the 

vacuum process of filtered water has resulted enough. 

Limits of transparency with Aquabeads 

Tests with different thickness of Aquabeads particles inside tank were carried out to 

observe transparency of the soils in a subjective way. After following the vacuum 

process of the water, bolded Microsoft Word® - Times New Roman® 10, 11, 12, 14, 

16, 18, 20, 22, 24, 28 and 36 point size fonts were used to assess the limit of 

legibility. It could be proved that a range of 6 cm to 8 cm thickness of saturated 

AQCOARSE was detectable according to Figure 6.23, when a printed page is put below 

the 3D tank. 

This is a subjective aspect that should be considered depending on the objectives of 

the experiment. In the case study, the development of a LNAPL lens will be modeled 

with red-dyed oil and it was necessary to set the experiment with the cameras and 

lights to appreciate the specific value of the transparency limit of this material. 
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Low water saturation degree, crushed transparent material, 1 cm layer 

 

Fig. 6.23. Low water saturation degree of crushed transparent material vs completely saturated 

material, 6 cm layer (Bottom). 

 

Conclusions from trial and error method to evaluate a LNAPL transport model 

One of the, a priori, limitations of modeling with potential transparent soils (Silica Gel 

or Aquabeads) is that they have to be saturated to being transparent, after general 

previous water vacuum process, in order to eliminate possible air inclusions. Working 

with vadose zone implies that it is not possible, nowadays, to reproduce transparent 

non-saturated soil, so the unsaturated zone is opaque in the model described herein. 
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Aquabeads can be crushed and they still maintain transparency, but saturation water 

vacuum have to be made carefully. At that point, it is possible to reproduce 

transparent sand with a similar graduation as the real field sand, following a 

fabrication procedure or using already existing (commercial) material mixed with 

crushed by the use of a laboratory standard crusher-machine during a deduced 

period. 

Capillary effect was considered at first as a problem, because it was supposed that 

oil would not infiltrate in the transparent soil. The capillary effect question can be 

looked at from other point of view, capillary effect may help to reproduce the 

unsaturated zone with transparent, non-saturated, beads, if sand is always laid the 

same way (with constant relative density). Finally unsaturated zone was not 

performed with sand in spite of unsaturated crushed Aquabeads. 

One of the objectives of the model is to maintain always the same vadose zone 

conditions. This is necessary to calibrate the camera and the image post-treatment, 

assuming constant conditions. If the sand always presents a constant relative 

density, the capillary effect would be always the same, with the same transparent soil 

size. This would allow the modification of other conditions required by the test. 

The study of the effect of an induced water flow, dealing with LNAPL contaminant 

transport, requires constant boundary conditions, so the sand could works as 

catalytic model material, always in the ambit of the proposed experiment herein. 

According to the above comments it can be deduced that: 

• It is not necessary to use filters to perform LNAPL transport and fate models, 

taking care during the sand deposition to reproduce an adequate interface; 

• in more precise case requirement, in which plane surface turn out convenient 

laying sand over the transparent soil, it could be useful to make an ice sheet, 

with enough width to support the first sand layer and get a smooth interface; 

• a sheet of ice is preferable than to completely frozen transparent soil, 

because the defrosting process shows certain, described above, problems of 

stability of the model; 
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• the unsaturated zone can be performed with Aquabeads due to their 

translucent condition where they present Sr<1. This aspect simplifies the 

procedure avoiding the use of sand. 

2D,water flow model was tested in order to observe the behavior of the LNAPL in 

presence of groundwater table relative level variation. The good transparency limits 

are around 9 cm for AQCOARSE. 

6.3. 3D MODEL OF LNAPL TRANSPORT THROUGH TRANSPARENT 
SANDS 

The model aims for the reproduction of light non-aquous phase liquid (LNAPL) 

distribution into the ground due to an accidental release from storage or transport 

facilities. The work is in development process and partial results are presented herein 

(chapter 7). It has been found that the model is a potential powerful tool for 

hydrogeology applications, site-characterization and remediation treatment testing 

within the framework of soil pollution events. Description of the setup is presented 

through the below lines, along with a summary of the limitations. 

6.3.1. 3D MODEL BACKGROUND 

The state-of-development of transparent soil models commented above, which has 

been reached in the last two decades, allows the carrying out of a wide range of 

scale tests (Iskander, 2010). Lehane and Gill (2004) and Ni et al. (2010) carried out 

pile modelling using silica transparent materials. Peters et al. (2009) reported results 

from the variation of non-polar liquids mixture saturation degree, using a transparent 

silica soil physical model to study conductivity in unsaturated media. Obtained results 

do not meet the actual concept of hydraulic conductivity in non-saturated soils 

(Fredlund et al. 1994 or Gens, 2010), based on water as fluid, although suppose an 

interesting procedure in transparent soil technology. 

Aquabeads, already defined as a water-based transparent material, is suitable for 

modeling soils with hydraulic conductivity in the range between 10-5 to 10-2 cm/sec, 

for different confining stress levels (figure 6.24). Described by Tabe (2009) and 

Iskander (2010), this transparent material has been previously tested to be 

appropriate to simulate the development and final distribution of the contamination 

plume through “Miga” sand. 
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Fig. 6.24. Hydraulic conductivity range of crushed Aquabeads valid for hydraulic conductivity 

(cm/s) range of “Miga” sand. 

 

6.3.2. SOIL AND CONTAMINANT MODEL DESCRIPTION 

The model has been finally set to capture images through the bottom and both sides 

of a square plan transparent tank filled with transparent material. Mechanical 

diffusion of red-dyed LNAPL is observed in the case of an underground storage tank 

leakage, once that capillary fringe is reached by the contamination. Images are 

digitally modified and converted into a numerically operable matrix. Constant void 

ratio is fixed under a constant overburden stress pre-established condition. 
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Geotechnical behaviour of Aquabeads was studied by Tabe (2009) and Iskander 

(2010), corresponding with a weak, very soft material. Previously mentioned yield 

stress tests performed with laboratory vane apparatus, defined by Fakher et al. 

(1999) gave values in the range of 4 to 9 Pa. This order of magnitude does not allow 

to model a valid range of strength tests or coupled flowing-strength. Nevertheless 

once reached a constant void ratio by total swelling, the material shows good 

durability reliable to perform two or more phases flow tests under constant saturation 

and moisture content. Red dyed motor oil (Castrol 10w/40) was used as contaminant. 

Red dye was commercial CAS#1320-06-5. 

Coarse Aquabeads AQCOARSE previously defined like transparent ellipsoidal particles 

of 4 to 9 mm main diameter, were obtained after submersion in de-aired water and 

swelling period of 2 hours. Particles were crushed in laboratory to obtain the desired 

adjusted grain size distribution. The reproduced soil, in the case studied, is defined in 

chapter 4 as typical formation of Madrid (Spain) called “Miga” sand, defined as a silty 

sand with less than 25% fines (Escario 1985, Melis et al. 1997, Rodriguez Ortiz 2000, 

Dapena et al. 2002, Melis 2003 and Oteo 2006). The Unified Classification System 

situates this material within silty sands (SM) and clayey sands (SC) groups. Once 

that saturation and swelling pre-process is accomplished, the model-soil should be 

reproduced following two methods, summarized below: 

• separating retained fractions and mixing them in adequate proportion, 

matching as many points as possible to the field material size distribution 

curve or;  

• analyzing time and crushing energy ratio, which produces the most similar 

material to the required, allowing the addition of a more specific fraction, in 

order to fit the desired size distribution curve. This method has been selected 

in the present case, depicted in figure 6.7. Furthermore, an experimental 

curve of crushing times was above shown in figure 6.5, in order to calibrate 

the laboratory equipment. 

Both cases must comply the soil hydraulic conductivity range, as it is shown in the 

example, figure 6.24. 
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6.3.3. TRANSPARENT TANK 

A transparent tank of plexiglass, designed “ad-hoc” is situated over a dark coloured 

frame, in order to avoid image post-processing mistakes. The process of developing 

the tank dimension and select and adequate transparent material is herein described.  

The first acrylic mold was designed without cap, but it was decided to finally support 

a maximum of 1 ft column of water pressure over the bottom, figure 6.24 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.24. First acrylic mold scheme with internal dimensions. Out of scale. 

 

Screws were be used to adjust the cap to the walls and an appropriate joint sealing in 

order to ensure a constant water moisture content and possible vacuum. The internal 

dimensions of the tank, figure. 6.25 were a 1ft x 1ft square floor plan and ½ ft 

elevation. 
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Fig. 6.25. Acrylic transparent material tank with cap. Design based on figure 6.24. 

 

At last, after several trials it was noted that the acrylic material took a blue color 

which actually was not transparent, as it can be observed in figure 6.25. Another 

drawback of the tank was that lateral dimensions were too wide in order to reproduce 

soil transparency distance from a lateral side to de middle of the tank in plan, taking 

into consideration that the transparency was limited in a maximum range of 60 – 80 

mm. 

A minimum constant pre-consolidation pressure of 0.2 kPa at model-phreatic level 

was proved as necessary to reach the static equilibrium of the soil and avoid effective 

stress loss. Aquabeads are extremely compressible from their preparation state to 

their final performance as a real soil, or much better defined, as a real void ratio 

simulation of a sand. For that reason it was necessary to provide enough distance 

run to fill the tank with material and proceed to a consolidation process. This two 

aims, consolidation process and settlement run lack were the object of the 

construction of a new tank presenting affordable transparency distance from the 

sides to the middle. The design of the new tank has been below attached, figure 

6.26. 
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Fig. 6.26. Second plexiglass mold scheme with internal dimensions. Out of scale. Marked in red 

color the internal consolidation plate. 

 

Final transparent tank of plexiglass, with dimensions indicate in figure 6.26, were 

designed with an internal consolidation plate and cap prepared to install valves, in 

order to carry out vacuum and possible bypass to introduce contaminants or to pump 

liquids as first idea. Figure 6.27 shows the final aspect of the transparent tank. 
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Fig. 6.27. Plexiglass final tank with auxiliary elements. Consolidation plate and transparent and 

regular consolidation weights. Design based on figure 6.26. 

 

As it can be observed in figure 6.27, the final design of the tank was transparent 

instead of blue, more narrow in order to perform test with adequate transparency 

limits from all the model sides and with winged bottom in order to maintain adequate 

boundary conditions of the images and to serve as possible camera support. 

Consolidation plate was developed with adequate drainage with interchangeable 

sieve net, in order to use the same plate with different grain size distributions. The 

consolidation plate is accompanied by three transparent weights, made of 

methacrylate, which can be complemented by oedometer standard weights. There 

were tore design in order to permit the bypass of contaminants or other products 

inside of the soil and through one of the holes of the consolidation plate. 
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6.3.4. MODEL SETUP FOR A PRESENTATION CASE 

Constant void ratio of the transparent material was assured by the application of an 

overburden stress of 0.5 kPa over the model-capillary fringe as initial condition with 

the described porous horizontal plate placed internally over the unsaturated particles 

to apply constant overburden stress and confinement. The same plate served as 

frame to install the desired wire and injection system. Dimensions of the model are 

defined in table 6.3 and a schematic arrangement of the system setup is shown in 

figure 6.28. 

 

 
 

 

Fig. 6.28. Model schematic arrangement for its presentation case. 
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Table 6.3. Model dimensions and tool definition. 

MODEL DIMENSIONS 

Tank (12.5 Liters) 

Materials Plexiglass  

Internal dimensions 

x (mm) 203.2 

y (mm) 203.2 

z (mm) 304.8 

Consolidation system 

Materials Plexiglass  

Internal plate dimensions 

x (mm) 202.5 

y (mm) 202.5 

z (mm) 12.7 

kz  (cm/s) >1.0 

Plate weight (gr) 700.0 

Weights 

a (gr) 170.0 

b (gr) 240.0 

c (gr) 390.0 

d (gr) 550.0 

Image capture system 

Image output resolution pixel 640x480 

Distance focus-tank 

x (mm) 63.5 

y (mm) 63.5 

z (mm) 127.0 

 

The contaminant is introduced in the model at constant or variable head, controlling 

leaking rate. In this case, red-dyed motor-oil at constant pressure has been injected 

close to the groundwater table, simulating storage tank spilling. 

The tank can be completely aisled by a cap pressure gasket in order to apply 

vacuum through a valve sited in the cap. A second cap bypass allows introducing 

contaminants, as it can be observed in the image of figure 6.29. 
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Fig. 6.29. Image of model setup for presentation case. 

 

Three cameras are situated in normal x,y,z axis positions, connected to a PC 

programmed to capture pictures in variable periods (Fig. 6.28). The end of each test 

has been defined as the contaminant movement less than 1 pixel/hour, as an 

acceptable quasi-equilibrium. Digital JPEG compressed images with a resolution of 

640×480 pixels were obtained and saved in three different data bases (one per 

camera). The system can be re-programmed and remotely modified by an online 

application. 

Fluorescent and LED lamps strategically placed around the tank generate a uniform 

light background. The illumination set is complemented by a laser dispositive, which 

is under study to add fluorescent tracers, as described by Aeby (1998) or Burkhardt 

et al. (2008). The model is set over a laser table and is possible to excite fluorescent 

dyes with an available laser light, which has been recently used for a dissertation 

Bypass to introduce contaminant. 
Red-dyed motor oil 

Vacuum 

Transparent plexiglass cap with 
rubber gasket and screws. 

Consolidation plate loaded with 
transparent weights 

Transparent bottom over anti-
scratch surface frame. 
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dealing with a tunnel deformation model into silica based transparent soil, as it can 

be observed in figure 6.30. 

 

 

Fig. 6.30. Complete setup of the model, with availlable laser light and computer equipment for 

recording and image processing. 

 

Image post-process is enabled by two different treatments. First, the images must be 

checked and filtered with a commercial image processor to ensure high quality, 

transform them into pure gray scale and apply a background correction required to 

reduce image noises such as non-uniform lighting or camera noise response. The 

second phase consists of a numerical matrix analysis based on the relationship 

between fluorescence intensity of the image F and concentration of dyed fluid C, 

described in expression [2.34] (chapter2). The expression has been reported by a 

number of researchers (i.e. Slavik 1994, Aeby 1998, Huang et al. 2002 or Iskander et 

al. 2003). 
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The model general aspect is shown in figure 6.31, once an experimental attempt has 

been finished. Two different types of material can be observed inside of the tank, a 

saturated non-transparent material over a saturated transparent one. In the picture, 

the transparent material is actually translucent because the transparency limit is 

reached. 

 

 

Fig. 6.31. Final model general appearance. 
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7. ANALYSIS AND DISCUSSION OF MODEL RESULTS 
Basic model results are images, which allow the observation of transport evolution of 

any pollutant through the ground, keeping initial conditions already defined in chapter 

6. 

The present chapter introduces the research results, obtained after nine month of 

model development work, summarized in chapter 6. It is sure that further researchers 

will be able to improve the methods here described and also to improve the image 

quality. The model has no precedent, is based on the line started by Kakunori Tabe 

(2009) and described by Iskander (2010). These authors have been the first 

researchers to use Aquabeads as a transparent soil material, their works have been 

the unique guidance and reference though the resulting model is a little step forward 

using this material. 

The aim of this chapter, closure of this part of the doctoral thesis, is to describe an 

innovative physical model, as one more tool to explain processes involving soil 

contaminants transport. The model presents a wide range of potential applications 

which could be an object of new research which is introduced in the last chapter of 

this work. Within the mentioned framework, the reader may excuse possible gaps 

and understand since the model is a prototype which should be improved in future 

applications. 

After an optical background summary necessary to introduce the results, an 

interpretation process is here defined based on a regular example. An image has 

been selected to explain the method which intentionally contains some imperfections, 

in order to compile the more comprehensive list of factors which must be taken into 

account to obtain a final analysis and show the potential of post-process tools. 

Finally, a complete battery of results are presented in order to apply to the case of an 

underground tank LNAPL accidental release, through modeled “Miga” sand soil. The 

case is a reproduction of LNAPL plume which later can be useful to perform a 

geotechnical numerical model applying the concepts studied in the first part of this 

work. 
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7.1 OPTICAL BACKGROUND OF THE MODEL 

The model is based on the capture of an images serial, which shows the evolution of 

the contamination transport for the case study. The images can be obtained through 

the transparency of the medium as it is explained in chapter 6. 

7.1.1 DATA ADQUISITION SETUP 

Image acquisition system has been designed to take images regularly, controlled by 

specific software which allows an automatically operation and “in situ” or remote net-

control. Three standard digital cameras with 10Mp maximum resolution, equipped 

with variable intensity LED lamps were connected to a computer, in a range of 

resolution of 640×480 pixels. The images were captured during the test and 

simultaneously saved into the computer as a JPEG compressed format. 

Software used was Yawcam v.0.0.3 (2010), free-software created by Humatic (Java) 

and Magnus Lundvall downloaded from www.yawcam.com. Background correction is 

required in order to reduce the image noises such as non-uniform lighting or camera 

response. In this test, the background correction was applied using Adobe 

Photoshop CS2. Selected software presented a drawback not allowing three 

cameras simultaneously working with the same PC. This trouble was solved by 

installing a second PC as it can be observed in the figure 7.1. 

 

 

Fig. 7.1. Computer installation to carry out the model with three cameras acting simultaneously. 

Three cameras connected to a PC are circled in red. 
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7.1.2 REFRACTIVE INDEX OF THE SYSTEM 

From an optical physics point of view, the light can penetrate through the soil due to 

a highly similar refractive index. According to Lo et al. (2008), when a light beam 

crosses two different media, part of the light will reflect due to their different refractive 

indices. The change of light direction depends on the ratio of the reflective indices 

between the different materials. Since this research is focused on the applications of 

the transparent materials, the refractive indices of the transparent soils and pore fluid 

should be considered.  

In this study, refractive indices of Aquabeads and water were measured using a 

Hand-held Refractometer R-5000 (Atago Company, Japan). In laboratory conditions, 

the refractometer showed that the refractive indices of all types of Aquabeads are 

1.333, which matches with water. There must be noted that to various degrees, all 

transparent media are dispersive, which means that the amount by which they bend 

light varies with its wave length. Specifically, in the visible portion of the spectrum 

(approximately 4300-6900 Angstroms) the index of refraction is generally a 

decreasing function of wave length. Furthermore, the rate of change of the index of 

refraction also increases as the wave length decreases. And, the index of refraction 

usually increases with either the density or temperature of the medium, according to 

the IAPWS (1997). Figure 7.2. 

 

 

Fig. 7.2. Water refractive index variation in function of the wavelength (nm) and temperature 

(Celsius). (Adapted from IAPWS 1997) 
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As it has been introduced in chapter 2, there is a relation between fluorescence F 

and concentration C, of a dyed fluid, see [2.34]. Here intensity of the incident light 

has been considered that the is proportional to the intensity of the excitation light and 

in case of the set of cameras it can be assumed, with an assumable error, that the 

measured fluorescence signal F is proportional to I [2.36]. 

7.1.3 RED-DYED-MOTOR-OIL CALIBRATION CURVES 

The material used in this experiment is the same motor-oil grade as that used to 

carry out geotechnical test campaign defined in chapter 4. Furthermore, the red-

dyed-motor-oil used is the same as reported by Iskander et al. (2010). The addition 

of red-dyed oil to coarse Aquabeads in unsaturated conditions has been depicted in 

figure 7.3. 

 

Fig. 7.3. Red-dyed motor oil addition to AQCOARSE in non-saturated conditions. 

 

Red dye Oil Red O (CAS#1320-06-5) has been mixed within motor oil (Castrol 

10w40). The calibration procedure developed by Iskander is based on a surrogate 

made of mineral mineral oil and 2.5 g/l Red O dye, which was approximately as dark 

as the motor oil mixture, so the same linear range of calibration curve obtained has 

been used for this experiment. See figure 7.4. 
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Fig. 7.4. Linear range of calibration curve of red-dyed-motor-oil (10w40). 

 

There must be noted that the relation depicted in figure C, is linear in the specified 

range of 0 to 0,0625 g/l, measured by a Spectronic 20 Genesys fluorometer, 

according to  the ASTM D5613.  

In the case study LNAPL concentration inside of the plume can be only determined, 

as LNAPL degree of saturation, by sampling, since it would be a depth variable. Light 

-intensity (I) will be function of LNAPL saturation (Sr-LN), plume thickness (t) and 

degradation factor (d) due to distance between the plume and viewing surface. 

( , , , )r LNI f S t d ε−=   [7.1] 

where ε is a constant molar extinction coefficient of the dyed-oil.  

Therefore, contours of concentration profiles cannot be directly obtained from the 

captured images in case of non-miscible liquids. Although intensity contours can help 

the researchers to obtain further data. For instance, a calibration curve has been 

obtained, assuming constant degree of saturation inside of the plume Sr-LN=80%, by 

placing the plume in different distance from the tank bottom to deduce a degradation 

factor. Images series necessary to plot the distance degradation curve has been 

included in figure 7.5. 
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Fig. 7.5. Image series necessary to plot a distance degradation curve.  
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Fig. 7.6. Intensity values for distance degradation calibration curve. 



Chapter 7: Analysis and discussion of model results 
 
 

 246 

 

Figure 7.6, shows the light-intensity values obtained for different plume distance 

inside of a transparent media. It must be noted that this step should be made 

previously to deduce some model results and that is the reason to introduce this 

calibration analysis in this position within the dissertation present chapter, using 

concepts that are explained below. As result of the mentioned analysis, which is the 

actual objective of this paragraph, a curve is deduced and plotted (Fig. 7.7). 
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Fig. 7.7. Example of calibration curve, showing the distance degradation of transparency. 
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7.1.4 IMAGE DISTORSION 

An image has been taken in the same conditions described above. The image 

contains two perpendicular rulers that have been measured with Adobe Photo Shop 

CS2®. The image distortion of the cameras was analyzed for objective different 

distances, 100, 200 and 300 mm, by repeating the same operation depicted in figure 

7.8. 

 

 

Fig. 7.8. Image distortion analysis for 100 mm distance between the camera objective and rulers. 

 

According to the pictures editor, the number of pixels between two equal measures 

were counted, showing a difference of + 2 pixels for 60 mm of measure. An error in 

the contours of the captured plume must be taken in this order of magnitude.  

The related error implies that the observed shape of a plume could vary in a 

maximum of 2 pixels of distance, the same as the contour lines plotted within the 

plume shape after processing the image as a matrix. In this specific test the error is 

assumable, moreover this error can be reduced by using cameras with a developed 

optical system to reduce the curvature effect, such as a CCD camera or similar. 
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7.2 IMAGE PROCESSING 

The image processing has been developed with MATLAB®-Image Processing 

Toolbox™. MATLAB® stores most images as two-dimensional arrays (matrices), in 

which each element of the matrix corresponds to a single pixel in the displayed 

image. 

The initial idea was to assign a value of contaminant concentration to each image 

intensity value obtained from the processing. According to linear range of calibration 

curve of red-dyed-motor-oil, it could be assumed that there is a lineal correlation 

between pure black pixel and pure white, assigning a concentration value. A 

grayscale image A*B pixels size can be represented as a matrix of double data type 

of size A×B. Element values denote the pixel grayscale intensities in [0,1] with 0 for 

black and 1 for white. 

In the MATLAB® logic there are two ways to represent the number that represents 

the intensity of the pixel: The “double” class by assigning a floating decimal number 0 

and 1 to each pixel as it has been introduced in the above paragraph or the class 

called “uint8” which assigns an integer between 0 and 255 to represent the intensity 

of a pixel. The value 0 corresponds to black and 255 to white. The “double” class 

offers more mathematical functions possibilities but “uint8” uses less pc capacity and 

for this specific problem the code is very simple so is “uint8” preferable. Based in the 

tools detailed on MathWorks® User’s Guide, the several codes were defined to 

transform a previously filtered single image into the desired analysis. These codes 

are attached in appendix II. 

7.2.1 LIMITATIONS OF THE IMAGE PROCESSING 

The problem found with LNAPL plume is that it is not possible to discriminate 3D 

surfaces with equal concentration, even with a 3D image, because is not possible to 

filter adequately homothetic surfaces. On the other hand it is possible to be obtained 

by extracting column samples from the test and divide it in equal depths in order to 

obtain equal concentrations contours in the same horizontal plane, but this presents 

the difficulty of affecting the equilibrium of the soil particles when extracting sample 

by sample. 



Chapter 7: Analysis and discussion of model results 

  249 

At this point the intensity variation of the plume image can be used in the future to 

determine height of the contamination plume and the concentration of the contours. 

In the framework of this research it has been found that once that the contaminant 

plume reaches the capillary fringe there is a maximum LNAPL saturation. This 

assumption has been deduced from direct observation of 2D models and is agree 

with the general assumption Schwille (1984, 1988), Domenico and Schwartz (1990), 

Kueper and Frind (1991), Kueper at al. (1993) and Fitts (2002) that the NAPL 

saturation decreases along the wetting curve, there is a transition from a thoroughly 

interconnected network of NAPL ganglia in the pore spaces to more isolated ganglia, 

and eventually to separate, unconnected blobs. The wetting curve stops at the point 

where the remaining NAPL blobs become immobile. The NAPL saturation at this 

point is called the residual NAPL saturation, as it was introduced on chapter 2. 

In the saturated zone, with only water and LNAPL present, water will generally be the 

wetting fluid and will displace LNAPL from pore spaces. Wettability is affected by 

such factors as NAPL and aqueousphase composition, presence of organic matter, 

surfactants, mineralogy, and saturation history of the porous medium (Mercer and 

Cohen, 1990 and Newell at al., 1995). Also Fitts (2002) mentions that like the 

characteristic curves for water and air in the unsaturated zone, the capillary 

pressure–saturation relationship is hysteretic, or history-dependent which was minor 

than the total saturation. 

In other words water and LNAPL coexists in different saturation degrees in a same 

capillary fringe horizontal plane. Looking from a singular pore, it is possible to find 

pores completely saturated of water or contaminant, furthermore in a major scale it 

can be deduced that there is no completely saturation (SrLNAPL=1, according to [2.1]) 

but connected fluid through soil particles and water, decreasing in depth to the limit of 

flotation were water is at atmospheric pressure. Without taken into account the water 

table depression due to LNAPL lens weight and solubility of BTEX or other products. 

Consequently if the maximum contaminant saturation SrLNAPL is measured for a 

model, the external concentration of the plume can be estimated by using a linear or 

non-linear relationship. This is particularly useful in the actual case of groundwater 

flow gradient or groundwater table variation, when residual concentration get trapped 

without continuity. 
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7.3 INTERPRETATION PROCESS 

Process of interpretation of results is defined in the below flow diagram, figure 7.9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.9. Interpretation of results process. 
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According to the flow diagram depicted in figure 7.9, when a color picture is available 

this is transformed into pure grey scale. At that point is possible to detect errors 

caused by light noise. It is possible to apply several filters available in commercial 

picture editors like Photoshop®, or just try to repair working directly through the matrix 

editor. 

Commercial picture editors have the advantage that it is possible to mechanize the 

process, creating customized filters and applying it to a whole picture series, granting 

the same treatment to all the samples. Drawback of these editors is that sometimes 

they present certain deviations, not working as accurately as the matrix editor does 

expending much more time in each picture. The selection of one or other ways 

depends on the quality required to the model. 

Matrix editor displays a single picture as a matrix, generally giving light-intensity 

values of each pixels (p.e. a compressed 640x480 jpeg. picture will have 640 

columns and 480 rows, one element by one pixel). The best quality is the image 

transformed into a matrix the best result or the easier analysis will result. That fact 

justify the importance of a good filtering. The matrix editor allows the performing of a 

wide range of operations and transformations, like automatic edge detection of an 

object, computing the area of a determinate object or more detailed below. 

The model here is used to define the boundary of a contaminant plume. There are 

several ways to work this out and there is no preferred method. Always this will 

depends on the skills of the researcher to obtain the final result. Here an iterative 

method has been described, first identifying image defects and then defining an 

external contour of the plume. Once that the boundary is identified it is possible to 

obtain results by analyzing the information inside of the plume. 

Finally existing correlations between light-intensity and other parameters like 

concentration are able to be used or in a more accurate case an “ad hoc” correlation 

can be obtained from physically sampling the model and testing the specimens. 

Typical calibration curves can be obtained. 

This whole process are described through the lines below: 
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7.3.1 IMAGE CAPTURE AND DATABASE ORGANIZATION 

Images are automatically captured and they are saved in three different database, 

one per camera. All the pictures may be referenced, with the capturing date and 

exactly time, in order to produce analysis of sequences, in general when the detailed 

transport of the contaminant through the soil is desired to be examined. 

An example of a sequence has been layout in figure 7.10, where an underground 

storage tank leaking red-dyed motor oil has been modeled. These images are a 

sample of a sequence of a 48 hours model, performing a year fuel leaking event, in 

which 127 images per camera were captured. 

 

1 2 3 

4 5 6 

7 8 9 

Fig. 7.10. 48 hours model sample sequence of a leaking from an underground storage tank. 
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7.3.2 IMAGE SELECTION 

Once a picture is located it must be filtered with any commercial picture manager, in 

order to maintain all the details but to reduce light scattering. In many cases, light 

scattering is difficult to avoid, the image contains text or there is observed some not 

clean areas, for those cases is possible to crop the images. This operation has to be 

made by taken some precautions if a sequence is going to be analyzed, as for 

example define fixed points in all the images series. The same matrix factor can be 

used in more advanced process or it can be defined with a picture manager. 

An image from the sequence depicted in figure 7.10, has been selected and depicted 

in figure 7.11. It can be observed how the image has been taken in color, from the 

bottom of the model tank. The soil layer between the bottom of the tank and the 

modeled underground storage tank was 55 mm. This image was not treated with any 

picture manager. 

 

Fig. 7.11. Image selected to analysis from a LNAPL accidental release, from a storage tank. 
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7.3.3 PURE GRAY SCALE TRANSFORMATION 

To perform a light intensity scale pictures are transformed to pure black and white, to 

assign, in a below process, a scale from 0 to 1 or from 1 to 256 of intensities. Here, 

picture showed in figure 7.11, has been first transformed into black and white and 

after that it has been transformed into the inverse intensity scale, like the negative of 

a photograph. Sometimes this operation reduces the image noise to get better 

results. It has been depicted in figure 7.12. 

 

 

Fig. 7.12. Analysis image selected of a LNAPL accidental release from a storage tank test. 

 

It is not always necessary to perform the inverse of the light-intensities matrix, 

attempts has been proved as good made without inverting intensity matrix. In the 

case of figure 7.12, it has been marked an area where light scattering is detected, at 

the right side of the image. 

Area with light 
scattering effect 
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7.3.4 CONTOURS FILTERING AND PLUME BOUNDARY DEFINITION 

It could be helpful to find out what are the actual contours of the contamination 

plume, distinguishing from other contours, as for instance the storage tank initial 

contours or other forms modeled or even not foreseen. The case study has been 

plotted, figure 7.13, by 20 contours lines representing linear variation of light-

intensity. 

 

Fig. 7.13. Contours plot representing linear distribution of light-intensity.  

 

As it can be observed, there is noise in this image because there is no constant 

intensity outside of the physical contour of the contamination plume, but this image 

helps the researcher to study the case. MatLab®, presents options like image contour 

detection or other functions which allow to automatically detect contours and assign 

different values of intensity inside or outside of the plume, but they are not at all 

advisable, because it can hide some aspects in relation with the actual shape of the 

contamination plume 
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The most accurate way of working for this case is to make an iterative process in 

which the researcher may decide the level of intensity to delete or to maintain. To 

continue with the example from figure 7.13, the picture has been filtered with a 

minimum light-intensity of 0.35 in a 0:1 scale. The result has been illustrated in figure 

7.14. 

 

Fig. 7.14. Contours plot representing linear distribution of light-intensity, from 0.35 to 1.00 in a 

0:1 scale, in order to filter and assess the image.  

 

Figure 7.14 shows a plot which intentionally has been plotted to show the actual 

effect of light-scattering in the model introduced in figure 7.12, which is one of the 

problems to avoid for this specific case, because if the analysis is excessively 

mechanized, the results could presents different kind of errors. 

One of the functions allowed by the matrix editor is to assign intensity values directly 

over the plot depicted in figure 7.14, this tool is useful specially in order to search the 

actual contour of the plume or other desired contour. The case study has been 

assessed and finally a contour has been selected as the closer to the modeled plume 

shape. The intensity displayed by the matrix editor was 0.40336. 

Area with light 
scattering effect 
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Figure 7.15 shows the indication of the selected contour as closer to the actual shape 

of the plume and illustrate the value displayed by the editor. 

 

 

Fig. 7.15. Display of the selected contour as more plausible as plume shape. Zoom of figure 7.14. 

In this case 0.40336 is the green line intensity contour plot. 

 

Based on the mentioned information, several decisions can be taken in relation with 

the planned model. From that point is possible to: 

• Perform the external contour of plume shape. 

• Study the variation of intensity inside of the plume. This information is 

interesting when a previous calibration curve of concentrations has been 

obtained from the physical model sampling to assign concentrations to each 

intensity value. The calibration curve can be linear or non-linear and it could 

serve in different attempts performed in the same light and material 

conditions. Figure 7.7 shows a example of calibration curve. 

0.40336 
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• Discriminate the contamination from the storage tank, in this case, but from 

structures, pipes or other facilities in order to study the evolution of the plume. 

• Match with other images taken from other side of the model and perform a 

spatial model. 

• Obtain pollution spreading velocities taking as initial known parameters, the 

volume released into the model and periods. 

More options can be performed using MatLab® Image Processing Toolbox™ 

provides a comprehensive set of reference-standard algorithms and graphical tools 

for image processing, analysis, visualization, and algorithm development. 

It is possible to display a plot of the intensity values along the line segment or create 

called image histogram which is a chart that shows the distribution of intensities in an 

indexed or grayscale image. This information can be used to choose an appropriate 

enhancement operation. For example, if an image histogram shows that the range of 

intensity values is small, an intensity adjustment function can be used to spread the 

values across a wider range. 

Distance between points can be measured, statistics of an image can be computed, 

image sequences and image stacks can be analyzed as well or edge detection can 

be activated in order to plot a curve that follows a path of rapid change in image 

intensity. Edges are often associated with the boundaries of objects in a scene. Edge 

detection is used to identify the edges in an image. 

It is possible to create cross sectional profiles of the plume image to obtain 3 axis 

representations, which can be useful to understand the complexity of a whole 

external contour. 2D profiles have been used previously, in figure 7.6 to deduce 

maximum values of light intensity. Moreover they can be used to make probabilistic 

analysis, taking the area formed by the maximum light intensity contour. 

The next paragraph shows an example taken from a contamination event performed 

in the model. It reproduces an accidental release from an underground storage tank 

due to corrosion, and shows several easy tools available. 
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7.4 UNDERGROUND STORAGE TANK CORROSION 

A model has been carried out as an example to show the capacity of the model, by 

performing an underground storage tank (UST) accidental release. According to the 

several statistics, this is one of the most common cases of soil contamination. Table 

7.1, taken from NY state data (http://www.dec.ny.gov), indicates that the most 

general known case of ground pollution is UST corrosion, for the 5.26% of the total 

reported contaminated sites. 

Table 7.1. Most general known case of ground pollution is UST corrosion. Adapted from the 

official database of the State of New York (http://www.dec.ny.gov) 

Summary Information for Release Sources and Causes (NY State 07/Feb/2011. http://www.dec.ny.gov) 

Source 

Cause 

Spill Overfill 
Phys/Mech 

Corrosion 
Installation Loose Vehicle 

Other Unknown
Damage Problem Component Accident 

  N % 
N % % % % % % % % % 

Tank 122 21 0.3 0.85 1.36 5.26 0 0.51 0 2.21 10.19 

Piping - Fill 
Pipe 7 1.2 0 0.51 0 0 0.17 0.17 0 0 0.34 

Piping - 
Vent Line 4 0.7 0 0 0 0 0 0 0 0.34 0.34 

Piping - 
Fittings 5 0.8 0 0 0 0 0 0.34 0 0.17 0.34 

Piping - Flex 
Connector 3 0.5 0 0 0.17 0 0 0 0 0 0.34 

Dispenser 16 2.7 0 0 0.34 0 0 1.19 0 0.17 1.02 
Submersible 

Turbine 
Pump 

1 0.2 0.2 0 0 0 0 0 0 0 0 

Delivery 
Problem 1 0.2 0 0.17 0 0 0 0 0 0 0 

Other 23 3.9 0.2 0 0.17 0 0 0.34 0 2.72 0.51 

Unknown 407 69 0.5 0.68 0 0.17 0 0.17 0.17 0.51 66.89 

Totals 589 100 1.2 2.21 2.04 5.43 0.17 2.72 0.17 6.11 79.97 

 

USEPA 1988 discovered that over 75% of existing USTs were made of unprotected 

steel. When unprotected steel is buried in the ground, it can be eaten away by 

corrosion, a process that results when bare metal, soil, and moisture conditions 

combine to produce an underground electric current that destroys steel, returning it to 

its original iron ore state. This transformation causes holes to develop, and leaks to 
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begin, eventually leading to contamination of the surrounding soil and groundwater, 

according to the RCRA (subtitle I).  

Release of red-dyed oil has been performed by a gradually increase on the released 

volume, simulating the evolution of corrosion in an underground tank. Flow rates has 

been defined in table 7.2. 

 

Table 7.2. Contaminant flow rates injected into the model. 

CORROSION OF UNDERGROUND STORAGE TANK MODEL  

Period ml/h Period ml/h Period ml/h  
Hour 1 0.1 Hour 13 0.2 Hour 25 0  
Hour 2 0.1 Hour 14 0.2 Hour 26 0  
Hour 3 0.1 Hour 15 0.2 Hour 27 0  
Hour 4 0.1 Hour 16 0.2 Hour 28 0  
Hour 5 0.1 Hour 17 0.2 Hour 29 0  
Hour 6 0.1 Hour 18 0.2 Hour 30 0  
Hour 7 0.1 Hour 19 0.4 Hour 31 0  
Hour 8 0.1 Hour 20 0.4 Hour 32 0  
Hour 9 0.1 Hour 21 0.4 Hour 33 0  

Hour 10 0.1 Hour 22 0.8 Hour 34 0  
Hour 11 0.1 Hour 23 1.6 Hour 35 0  

Hour 12 0.1 Hour 24 3 Hour 36 0 VTOTAL 

Partial 1.2 Partial 7.8 Partial 0 8 ml 

 

The contamination event described here has been theoretically planned. It does not 

correspond with any real case-study, although it will be necessary to calibrate the 

model in the future with a real case and one additional numerical model. The 

definition of hydraulic and soil size scale relationships has been intentionally omitted 

from this work, because it is affected by the real event to model. The author has tried 

in repeated occasions to get field data and information from real events without any 

success, even asking for geotechnical “in situ” test results to contrast with the first 

part of the research. 
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Total volume released for the model corresponds with the total volume of the scale 

UST reproduced, 8 ml. The UST dimensions can be deduced from a commercial 

abacus like the shown in figure 7.16.  

 

Fig. 7.16. Underground Storage Tank dimensions. (Taken from Cylindrical Tank - Geopotential USA)  

The modeled tank has been designed cylindrical, 8 ml volume capacity, double 

length than diameter. It is possible to scale the tank making geometric calculations or 

just considering an abacus like presented in figure 7.16. 

More work has to be made in relation with time scale and grain size 

distribution/mechanical dispersion scale. The contaminant added to the model should 

be the same or similar to the real. 

Once the scales are adjusted the model is set and pictures are automatically taken 

by the system. In the present case a sample of pictures series has been collected in 

Appendix III. Matlab® can be programmed to match a series of pictures and study the 

evolution of intensity thorough a whole history in one hand. On the other it is possible 

to perform 3D volumes appropriate images. In the case-study the images are not 

suitable to perform 3D volumes because they are not centered and a tedious 

previous work should be made by cropping and calibrating the whole three series. 

The model was planned to obtain the final plume contour and it has been found out 

that the potential of the model deals with the mentioned evolution analysis, which is 

more than expected. 
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To understand the potential of the model, several image analysis have been 

performed in the framework of the example. Although these dissertation objectives 

are accomplished the model has a long improving path to cover, which could be 

object of more accurate research. Figure 7.17, shows the image of the final aspect of 

an accidental fuel release from the mentioned UST, taken from three different axis. 

 

Fig. 7.17. Final aspect of an accidental release from an underground storage tank. 

 

Some possible analysis has been depicted in figure 7.18, showing the contour of the 

plume and two different profiles (AB and FG) obtained from two cross sectional 

sections of the horizontal plume plane. 
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Fig. 7.18. Cross sectional intensity profiles of the plume 
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7.5 RESULTS DISCUSSION. ADVANTGAGES AND LIMITATIONS 

A novel model designed to simulate LNAPL plume distribution in soils has been 

described, which is also directly reliable for other sources of pollution. The potential 

development of the model for soil hydrogeology applications or remediation 

treatments could be used to improve existing methods or to innovate. It is possible to 

add transparent elements simulating impermeable contours in flow nets. 

Transparent elements with adequate geotechnical interface conditions can be used 

to place cameras inside, but it has been established that silica based material are 

more appropriate as compared to Aquabeads for this proposal. 

Within an academic scope, consolidation treatments or soil grouting can be easily 

modelled. Future research lines applying laser dye exciting or thermal imaging 

technologies can be developed to study different problems in both saturated and 

non-saturated zones. 

Transparency of the model depends on the similarity of the refractive index of three 

mediums: Aquabeads, water and Plexiglas. Vacuum and filtering pre-process of 

water are important in order to avoid air and solid particles inside of the saturated 

soil. Acceptable transparency of saturated Aquabeads has been achieved up to 8 cm 

of saturated layer thickness. 

Currently, the model is set to record and analyze the processes involving mechanical 

dispersion and final distribution of a NAPL plume. It has not become possible to 

reproduce transparent non-saturated soils. Tentative attempts for obtaining more 

information related to non-saturated behaviour had been tested by using different 

density liquids as water and glycerine, water viscosity modifiers. 

A road map of the experimental procedure has been described in figure 7.19. The 

aim of the research is to establish a basic physical model reproduction methodology 

available to future researchers. Figure 7.19 has been defined according to the 

procedures depicted in chapter 6 and chapter 7. More specific details have been 

summarized in the scientific paper published by the author in the ambit ot the 

doctoral thesis, referenced herein like Fernández Serrano et al. (2011). 
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Fig. 7.19. Model setup road map. 

Transparent soil models have been used for some time as the literature review in the 

dissertation confirms, although this is the first work developed for a contaminant 3D 

transparent soil model. This experimental setup will allow researchers to verify many 

of the model concepts for multiphase flow in a three phase porous medium under a 

wide range of well controlled experimental conditions. 
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7.5.1 MODEL ADVANTAGES 

Modelling LNAPL contamination with transparent soil presents the advantage that the 

contamination plume shape can be easily determined in a porous media, in presence 

of water, in real gravity conditions. The properties of the plume may be studied 

through the relation of measured intensity, which is directly obtained from the model. 

Other light or dense (more dense than water, p.e. DNAPL) pollutants can be directly 

evaluated. 

One of the advantages of the model is that the two valves system allows to perform 

vacuum as well as to extract vapours directly, to carry out their analysis, or inject 

oxygen, nitrogen, etc., while the second valve allows the introduction of water, 

contaminants, biological or chemical products and pumping in reverse flow, to 

perform a wide range of remediation treatments. More valves can be installed if 

necessary. 

 

Fig. 7.20. Dimetric perspective of plume light-intensity contours, obtained by three post-

processed images. 

One dimensional flow experiments with Aquabeads has been reported by Iskander 

(2010), by creating a hydraulic gradient through a tank. 3D plotting is available by 

using an adequate image treatment like the propose example, figure 7.20. 
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3D cross-section profiling of a single can be useful to plot the spatial variation of 

contamination plume or to help to plot more complex figures as holograms, which 

has not been considered in the scope of the doctoral thesis. A 3D cross-section 

profiling plotting has been deduced and depicted in figure 7.21, based on a pure grey 

color scale image of the plume. 

 

 

Fig. 7.21. Cross-sectional light intensity profiles of a single image, obtaining process 

description. 

X 
Y 

Z: Light Intensity 
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Hydrogeology models such as one or several phase flow nets, infiltration models, 

aquifer exploitation or recharge can be performed. Water or other fluid dyes may be 

employed reliably. 

The model is novel, it uses a transparent porous media instead of sand or glass-

beads which constitutes a strong point of the research. One of the applications which 

results of interest is the numerical modeling validation, which certainly can be 

performed in small tanks like the one presented herein (p.e. Fernandez-Merodo et al. 

2007). The setup has been developed as a posible tool for numerical models 

researchers, with the main advantage of Aquabeads, in front of glass beads, is the 

transparency of particles and their easier grain size customization. 

Transparent soils have been used in the past, although this specific polymer 

(Aquabeads) is used in the present context, for second time, in order to perform a 

geotechnical model, but for first time according to the next points: 

- It is crushed (customized) to reach a similar grain size distribution to a 

example selected sand. 

- It is 3-D represented, which is innovative for LNAPL contaminants 

physical models. 

- Plume external contour can be depicted in several contamination stages. 

7.5.2 MODEL LIMITATIONS 

A contaminated site is more than the contamination in the porous medium, the 

presence of groundwater flow is important, heterogeneity may lead to specific 

anisotropy. Soils are the result of weathering processes, often induced by the 

presence of an ecosystem which therefore lead to a very layered and structured 

system. It is not currently possible to obtain transparent soil materials to reproduce a 

non-saturated model, which represent an important limitation. 

The actual aim of the present experiment is to present a tool which can be used for a 

wide range of purpose, including the original objective of the researcher which is a 

study of geotechnical properties of contaminated sands. The objective of the thesis is 

actually far from simulate site contamination which is not the aim of the research, that 

is the reason why the scale study has not been incorporated and that fact can be 
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currently considered as a model limitation. Moreover, the scale size discussion is a 

complex topic, the model should be explored in the future within real cases.  

Transparency loss for large scale model performance can be improved by a so-called 

“inside observation mode”, which may be explored, based on the creation of a 

transparent element to be situated strategically inside of the tank, after calibration of 

the boundary conditions created by this agent. A camera can take images from within 

the model. 

Obtaining measures from bottom images is possible by placing a simple ruler in the 

bottom of the plexiglass tank after the test. There is a problem at the side images 

interpretation because cameras are placed close to the tank, instead of a specific 

distance from the bottom camera to the tank. See figure 7.22. 

 

Fig. 7.22. Image capture lateral focus uncertainty. 
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Furthermore, it has not been possible to determine accurately the model water level 

for the moment, due to: 

1. Capillary effect has not been experimentally determined because the porous 

media is transparent while Aquabeads is 100% saturated. Water degrees of 

saturation between 80 and 100% give good enough transparency when 

cameras are placed close to the plexiglass tank side. This fact makes difficult 

to put a ground water level measure number for this case. 

2. Cameras are tentatively placed to capture images from this capillary fringe 

focused to capture images from inside the tank, which makes also difficult to 

interpret the meaning of a pixel in relation with an actual measure. 

Cameras used in this experiment do not have a focus precision leveling. They should 

be adjusted by hand, which present an important drawback, which has been 

illustrated below, figure 7.23. 

 

 

 

 

 

 

 

 

 

Fig. 7.23. Lateral camera horizontal nivelation uncertainty illustration. 

The author cannot assure that α’=α’’ when camera is horizontally nivelated by hand, 

as it is shown in fig. 7.23. The perspective of the object is also a problem. It is not 

sure to be exactly measuring a vertical plane, because for the moment it has been 

difficult to predict exactly where the plume is geometrically finally distributed, as it 

illustrated in fig 7.24. 

α’ 

α’’ 
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Fig. 7.24. Plume development vertical plane image uncertainty illustration. 

This uncertainty (Fig. 7.24) has been simplified for the case of bottom images, where 

a ruler was directly introduced into the saturated media, at the end of the test, near to 

the plume contour in X and Y directions. This technique was impossible to use in 

vertical position without affecting the entire results. Further work must be 

accomplished in this field by using precision cameras, sited far enough from the tank 

in order to reduce α’ and α’’ angles (Fig. 7.23) amplitude and consequently the 

measured error and the introduced uncertainty. 

For sure more limitations will appear along with further research since the model set 

technique is novel. 
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8. SUMMARY AND CONCLUSIONS 
Thesis summary and conclusions are included within this chapter. Also the 

compliance of the doctoral thesis objectives are analyzed by considering the 

academic annual reports proposed objectives, approved by the Civil Engineering: 

Territory, Town Planning and Environment Department of Polytechnic University of 

Madrid (UPM). 

8.1. SUMMARY 

A state-of-the-art of LNAPL ground hydrocarbon contamination defines the key 

factors affecting to release, transport and fate, within chapter 2. This bibliography 

review deals with the definition of the actual light non-aquous phase liquids (LNAPL) 

distribution plumes. 

Geotechnical properties of LNAPL contaminated “Miga” sand, studied in the present 

dissertation, are based on soil mechanics tests performed with laboratory made 

LNAPL and sand mixtures. The testing campaign was developed for two different 

specimen relative densities, loose and dense package, in addition to contamination 

degree variation when it has been possible. This issue has been investigated 

previously by performing geotechnical tests of soils contaminated by LNAPL and a 

state-of-the-art is included in chapter 3 though. Chapter 4 covers the contaminated 

“Miga” sand tests definition and performance as well as their results discussion 

contrasted by previous research works. 

Chapter 4 contains a comprehensive data analysis, which is interpreted like practical 

geotechnical implications. Chapter 5 is the result of the application discussion of the 

previously analyzed matter in a more practical framework, based on the current 

analytical soil mechanics knowledge. 

A physical model required to attach the variation of geotechnical parameters to the 

internal contour of the plume shape has been created. The innovative scientific 

contribution of the doctoral thesis is the application of a recently developed 

application of a transparent material as a saturated soil surrogate suitable for 

simulating the contamination distribution plume of a ground pollution event. The 

model has been developed by the author in collaboration with the Geotechnical Ph.D. 
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group lead by M. Iskander at the Civil Engineering Departament – Polytechnic 

Institute of NYU (NY-USA). 

The model represents an underground leaking storage tank buried in unsaturated soil 

with contamination reaching the ground water table. The model is set to capture 

images through the bottom and two sides of a square transparent tank filled with a 

transparent soil surrogate. Mechanical diffusion of red-dyed LNAPL is observed and 

recorded. Images are digitized into concentration contours by a matrix analysis 

obtained with MATLAB®. Moreover, the modeling material is presented in the ambit 

of civil engineering in Europe, under the scope of a modeling technology almost 

totally developed in the USA, with exception of a few loosely related papers 

published in the UK ambit.  

A brief description of the model development milestones and test setup is presented 

in chapter 6 chapter 7, along with a results analysis presentation example ended by a 

summary of the limitations and advantages for modeling with transparent material. 

General conclusions are included in the present chapter. The conclusions block 

synthesizes more detailed partial comments gathered from analysis and discussion 

of topics which can be found along the text. 

8.2. CONCLUSIONS 

The presence of LNAPL within the ground by accidental release changes the 

geotechnical properties of the soil, according to tests performed on contaminated 

“Miga” sand by different concentration addition and different relative density, loose or 

dense package. An unsaturated soil layer above the ground water table further 

complicates the LNAPL flow patterns because (1) flow in unsaturated soils is difficult 

to predict; (2) LNAPL plumes tend to float on the groundwater table but also mixes 

and gets retained into voids; (3) groundwater fluctuation causes mechanical 

dispersion of hydrocarbons.  

Up to date research works dealing with bearing capacity of contaminated soils have 

been published based on the assumption of constant contaminant saturation for the 

entire soil mass. In contrast, the actual light non-aquous phase liquids (LNAPL) 

distribution plumes exhibit complex flow patterns which are subject to physical and 

chemical changes with time and distance travelled. 
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The study of ground contamination can be assessed by analytical calculation, 

numerical models or physical models. Although centrifugal model is one of the scaled 

methods available to reproduce LNAPL migration, the centrifuge only permits 

visualizing contamination at the boundaries. An alternative 1g physical model that 

permits visualizing three dimensional contamination migration plume has been 

developed using transparent soils. The model aims to reproduce the interaction 

between a LNAPL heterogeneous distribution plume and ground water, in order to 

match the geotechnical properties variation only within the external contour of the 

plume, in contrast to previous works considering a homogeneous contaminated soil 

mass. 

It must be noted as an important issue that soil remediation systems are designed for 

use within discrete operating ranges, and no one recovery system will be optimally 

suited for all hydrocarbon release sites. It is also important to realize that only a 

portion of the total volume of the LNAPL release will be recoverable. Even under 

ideal conditions a significant proportion of the free product will remain in the 

subsurface as immobile residue, except for a total contaminated soil mass removal. 

This means that even a remediated soil is going to be contaminated to a certain 

degree, so every use after remediation can be considered, in the ambit of this work, 

as reuse. 

Hydraulic conductivity tests and previously reported data indicates that the increase 

of LNAPL imply a reduction of permeability of sands within the external boundary of 

the pollution plume. As a tentative prediction, based on laboratory tests results, one 

order of magnitude of k (cm/s) decrease can be assumed for a total 10%, by dry 

weight, concentration if compared with the same natural soil. 

Next implication is related to consolidation process, which is directly dependant on 

hydraulic conductivity according to classical one-dimensional theory. Furthermore, 

either Terzaghi-Fröhlich or Biot known equations consider that flow of water through 

the “soil skeleton” is governed by Darcy's law. Even though one-dimension 

consolidation tests have been performed and discussed, in relation with the actual 

transport and fate of LNAPL, it appears as difficult to find highly contaminated and 

saturated soil, since pollution migration tends to float over groundwater table when 

reached by gravity since residual content has to be considered within the 

groundwater table depth variation fringe. In any case pore water pressure excess will 

take longer dissipation time, delaying the increase in shear strength according to the 



Chapter 8: Summary and conclusions 
 

 276 

hydro-mechanical coupled concept and affecting to the stability factor of structure 

causing an overburden loading. A long-term deferred settlement can be considered 

as well, due to pore water over-pressure dissipation delay. 

“Miga” sand fine fraction shows a general plasticity increase for low LNAPL 

concentrations and a Plasticity Index decrease for close to 10% concentrations, 

moving from low plasticity clay to intermediate plasticity clay classification in parallel 

to A line over a Casagrande Chart (USCS), at low contamination content, turning 

lightly back and down to an intermediate plasticity silty or organic classification, at 

high pollution degree (≈10%, by dry weight). 

Atterberg limits variation is probably affected by the physical-chemical interaction of 

clayey fraction and LNAPL since two different tendencies has been previously 

reported. Decrease and increase of Liquid Limit are indiscriminately considered for 

similar classified soils by different researchers. The case study of “Miga” sand 

belongs to the increase group, considering fine fraction content initially classified as 

low plasticity clay (USCS). Classical relationships between compressibility and 

plasticity have been analyzed showing concordance between “Miga” sand plasticity 

and consolidation tests, although the relationships have not been taken into 

consideration since the material studied is a sand and these expressions are 

obtained from massive clays.  

Many authors justify their results in base to double-layer thickness modification. 

According to the plasticity variation due to LNAPL concentration increase discussion, 

At this time it is not possible to estimate a soil general tendency herein. Further 

studies should be made in order to observe the actual physical interaction of LNAPL 

through clays double-layer and also chemical reaction of LNAPL addition to silty and 

clayey fractions from different soil origin natures. 

Compaction parameters variation by LNAPL content increase might play an 

important role on the test results performed with “Miga” sand as well as previous 

research. Besides, it is considered as an important conclusion of the present work. 

There has been observed an evolution of maximum dry densities in relation with 

concentration, reaching an improved maximum compaction for the range of 2-5% of 

LNAPL, instead of only water addition.  
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Taking into account the compaction behavior of contaminated sand, according to 

compaction tests discussion, the relative density is not going to be exactly the same 

for a variable contamination degree of the same initial soil sample. A known concept 

about water addition in different degrees of saturation is deduced from compaction 

tests, regardless water content variation may modify shear strength according to 

unsaturated soil mechanics. Compacted soil samples are affected by LNAPL 

contamination in a similar way ast water affects to regular compaction practice. 

Different LNAPL concentration compacted specimens, prepared under an “a priori” 

identical relative density and laboratory conditions, will be affected by compaction 

parameters evolution for LNAPL content increase. It can be assumed that initial dry 

density and void ratio will be different for each LNAPL content compacted sample. 

The mentioned aspect has been deduced in the last instance of the present 

research, with all the tests already finished. This issue has to be necessarily 

considered in future research lines dealing with specimen preparation since a 

different evolution for loose and dense specimens has been deduced.  

CBR results agree with Proctor compaction tests previously discussed. 

Contamination degrees lower than 2% by dry sand weight are suitable to a possible 

reuse, based on their good compaction and CBR behavior observation. Strength 

negligible variation in a dense to very dense configuration obtained from direct shear 

test has been observed for “Miga” sand corresponding to less than 2% contamination 

degree. This conclusion does not take into account that sometimes the addition of 

conglomerating products such as cement, ashes or lime may produce reaction 

between soil stabilizer additions, water and contaminant, out of the scope of the 

present work. 

Internal friction angle variation shows a general decreasing tendency, also reported 

by previous authors. Direct shear tests of different contamination degrees and 

relative densities of “Miga” sand has been assessed with the results that the denser 

material behaves different than loose sand under shear loading. Denser prepared 

sand shows a total computed decrease tendency of 20% in the range 0-7% 

contamination, by dry weight, describing a non-linear tendency in which a negligible 

decrease is related to the range 0-2% contamination and a drastic drop has been 

obtained for values higher than 5% contamination. 
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On the other hand, loose prepared sand shows a total computed decrease tendency 

of 30% in the range 0-7% contamination. More than the half computed decrease in 

the mentioned contamination range is obtained below 2% of LNAPL content, by dry 

weight. 15% effective friction angle decrease can be assumed for low concentrations 

(<2%, by dry weight). The non-linear tendency decreases milder from 2% up to 7% 

concentration. 

Cohesion of both samples, dense and loose, increase their value. For dense and 

loose package a general a general increase has been obtained in agreement with 

other researchers as well, but it should be neglected in the ambit of the present text. 

The reason is because cohesion in a Mohr-Coulomb model involves uncertainty and 

for this case, non-contaminated sand, does not show cohesive behaviour, so talking 

in terms of cohesion increase is not correct. 

In conclusion, a shear strength diminution can be predicted, in general but regardless 

this tendency has been proved as negligible for contamination values lower than 2%, 

by dry weight, in the specific case of dense compacted “Miga” sand. A tentative 

correlation between internal friction angle and LNAPL content has been obtained, 

expressed by: 

[ ]LNAPLFRDi ⋅⋅−= 130φφ   [LNAPL] < 10%   [8.1] 

where: 

 φ: Internal friction angle value after a contamination episode. 

φi: Internal friction angle value before the contamination episode. Natural sand 

value. 

FRD: Relative density factor. For a linear interpretation. 

FRD = 0,92 for packed sand. (DR > 60) 

FRD = 1,08 for loose sand. (DR < 40) 

FRD = 1,00 for 40< DR < 60 

 [LNAPL]: Contaminant concentration by weight expressed in 0/1. 

The proposed expression [8.1] is valid within the range below 10% of LNAPL 

contaminant by weight and only for sands or silty sands. It must be noted that Al 
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Sanad et al. (1995) demonstrated that the proposed equation terms would vary 

according to the LNAPL density. [8.1] equation is a tentative approximation and 

further research should be accomplished in order to add another correction factor 

depending on the LNAPL type, maybe in relation with the viscosity. Moreover, 

according to Aiban (1998) a secondary aging factor would be recommended if 

contamination fate is considered (evaporation, chemical reactions within the soil 

mass, soluble fractions…). 

Apart from the problem dealing with the preparation of test specimens in relation with 

compaction, the aging of the sample has been previously reported to act from the 

conservative side. Strength properties are briefly recovered with time curing, from the 

initial values obtained with fresh specimens. Viscosity of the LNAPL is the other 

factor affecting to the results, as it has been reported for different hydrocarbon 

products, such as kerosene, gasoline, diesel fuel, motor-oil or crude oil. 

In relation to the physical model development, preliminary results indicate that the 

model is a potentially powerful tool for hydrogeology applications, site-

characterization and remediation treatment testing within the framework of soil 

pollution events. 

A number of visual methods have been used in the past, e.g. pictures of bearing 

capacity failure in plane strain models of different colors layered sand. More recently 

X-ray or nuclear magnetic resonance technology tried to “observe” soil behavior. 

Translucent glass beads have also been widely used in research of 2D flow 

problems. This document presents an innovative technology to improve the capability 

of glass beads by performing transparent media instead of translucent. The 

transparent soil surrogate used in this study is a water absorbing polymer called 

Aquabeads. 

Aquabeads used in this study have good durability under different temperature 

conditions, after saturation and swelling pre-processes it maintains stable volume. 

Particles can be crushed, allowing the formation of custom grain size distributions.  

Transparency of the model depends on the exact matching of the refractive indexes 

of Aquabeads, water and Plexiglas. The tank includes a cap fitted with a rubber 

gasket in order to apply vacuum, if necessary, to increase the clarity of the model by 

applying a vacuum to de-air the saturated soil. Acceptable transparency of saturated 
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Aquabeads has been achieved up to a thickness of 8-10 cm, with the use of vacuum. 

Transparency can also be effectively improved using miniature cameras that can be 

placed inside the model to capture contaminant transport near them. 

It is not possible to reproduce transparent non-saturated soils, due to the difference 

between the refractive indices of water and air. Nevertheless, it is possible to get an 

idea about flow of contaminants through the unsaturated zone by observing where 

the contaminant reaches the surface of the zone of saturation which can be observed 

looking upwards in the direction of the Z (depth) axis. The model is currently in 

developmental process and improvements should be accomplished in order to adapt 

the small scale to a field reality, although tests which do not need scale 

transformation are suitable to be carried out. 

The final conclusion is that an innovative model material has been tested due to a 

necessity of the doctoral thesis and presented herein. There has not been found any 

other precedent published in Europe by using Aquabeads for geotechnical modeling. 

Moreover, other transparent soil surrogates suitable for simulating the geotechnical 

properties of a wide range of soils has been proved as valid to perform geotechnical 

problems including flow, pile penetration, ground improvement using sand columns 

and others in developmental process. 

8.3. ACADEMIC OBJECTIVES COMPLIANCE 

The philosophy of the thesis initial plan was to observe contaminated sand behavior, 

but the more important object has become to reflect the experimental factors 

intervening in this specific field, as well as the failures in order to avoid them in future 

researching lines. 

Objectives of the doctoral thesis are defined in paragraph 1.2.2 (Chapter 1). There 

are some objectives that have been totally accomplished and others which has 

partially achieved. 

Objectives number 1 and number 2 can be considered as accomplished, since 

references have been found in reviewed papers which have not been possible to 

obtain due to their poor or null diffusion, in indexed papers or even available 

technical publications and proceedings. Objectives number 3 and number 4 have 

been totally achieved. 
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When the objective number 5 was defined for the doctoral thesis proposal, the 

implicit aim was to apply existing commercially numerical models selecting one of 

them, although final compliance is based on a physical model. A new sub-objective 

was introduced in the November 2010 academic report in order to justify the change. 

To perform this objective the author applied for and was awarded by a Fulbright 

Fellowship, economically supported by Ministerio de Fomento (Spain) and Fulbright 

Commission (U.S. Departament of State), which resulted in the development, during 

9 month, of an innovative model using transparent soil technology, unprecedented 

(unpublished) in Europe. 

The mentioned research was developed in the Department of Civil Engineering - 

Polytechnic Institute of NYU, at New York (U.S.A). The setup of the physical model 

has been published on a scientific indexed journal, showing partial results of the 

entire doctoral thesis as it is required by UPM. 

The above mentioned Objective 5 achievement degree is difficult to evaluate 

because, even when the model has been successfully tested, it is not possible to 

reproduce an accurate distribution through non saturated soil, which is actually the 

matter of discussion and research in several scientific ambits. This point has been 

introduced as a future research line for its modeling high complexity and the objective 

can be considered totally achieved. 

Tentative examples have been carried out in order to focus the research conclusions, 

as objective number 7, which has been considered. 

The work has been edited in English to accomplish objective number 8. Proposal of 

future researching lines is the objective of the final chapter 9. 

It has not been possible to apply for “International doctorate” mention because the 

present thesis goes under an extinction plan (RD 56/2005). The author has been 

told, through UPM rectorship channels, that the “Reglamento de elaboración y 

evaluación de la tesis doctoral – 21-Dic-2011” does not include extinction plans and 

students can only apply for “European doctorate” mention, which has to be with 

research within the European Union ambit. This fact is a legislation gap and it has 

been reflected herein as a constructive comment. 

Finally, it can be considered that the objectives of the doctoral thesis have been 

accomplished. Moreover the doctoral thesis introduces a novel tool in order to 
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research a wide range of applications which can be adapted for innovation in future 

studies. 

The dissertation can contribute to the more profuse knowledge of the mentioned 

soils, in this case, under a geo-environmental point of view, but in a wide range of 

engineering applications as well. 
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9. FUTURE RESEARCH LINES PROPOSAL 
Seven future researching works has been proposed in the ambit of this thesis, in 

relation with geotechnical properties of contaminated soils: 

9.1. CONTAMINATED SOIL TEST SAMPLE PREPARATION 

A wide range of geotechnical tests implies previous compaction of testing specimens 

though if variable contamination concentration series of mixed specimens are tested 

in the future, this fact must be taken into high consideration. The effect of compaction 

during the preparation of specimens described in chapter 4 should be updated in 

future research works. 

The effect of sample preparation can be a deciding factor in the case of 

contaminated soils geotechnical testing. A study which permits the establishment of 

contaminated soil sample preparation rules could be useful to standardize test 

procedures with contaminated soils. 

9.2. UNSATURATED SOIL CONTROLLED PARAMETERS IN 
CONTAMINATED TEST SAMPLES  

Further work must be developed in future lines studying the actual matric suction of 

the soil in the presence of two such different liquids as water and LNAPL, maybe 

adapting existing apparatus to this aim and preparing specimens based on the 

application of vacuum. 

Direct shear test showed a marked non-linear failure envelope when sand was 

contaminated. Although Mohr-Coulomb constitutive law has been supposed not only 

in the scope of this dissertation but in the entire state-of-the-art findings, a more 

realistic approach should be made in the future, studying phenomena under different 

constitutive models. Furthermore an appropriate constitutive model for contaminated 

soils should be developed, considering LNAPL physical properties, as viscosity and 

chemical aspects related to its fate, like the ageing of the contaminants. 
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9.3. CONSOLIDATION OF CONTAMINATED SOILS 

Consolidation process is a coupled process occurring in saturated soils. According to 

the current LNAPL transport theories a LNAPL plume is a saturated pool containing 

both liquids, water and LNAPL, represented by their partial saturation degree.  

This line could be based on the problem of identifying what proportion of LNAPL flow 

is due to a hypothetical consolidation process in saturated conditions, involving water 

presence in more or less partial saturation degree. Drainage of LNAPL must exist for 

the same reason that water drainage is produced under loading, in a coupled 

process, but the same water flow may produce LNAPL dragging because of 

viscosities difference. LNAPL drains slower than water.  

The consolidation of large specimens can be carried out in the hydraulic oedometer, 

commonly known as Rowe Cell. This apparatus prevents lateral strain by confining 

the specimen and provides vertical stress through a rubber membrane and is 

restrained at the top and bottom by thick metal plates. The hydraulic oedometer test 

has most of the advantages of the triaxial consolidation test in that pore water 

pressure can be controlled by a constant pressure source through the top drain, and 

pore water pressure measurements can be obtained.  

The hydraulic oedometer cell can be used with vertical and horizontal types of 

specimen drainage. In this case, BTEX contamination of clays could be a plausible 

candidate for future researching lines. 

9.4. INTERACTION BETWEEN LNAPLS AND CLAY STRUCTURE 

More work with double layer behavior in presence of LNAPL. Further studies should 

be made in order to observe the actual physical interaction of LNAPL through clay 

double-layers and also the chemical reaction of LNAPL additions to silty and clayey 

fractions from different soil origin natures. This stage should be previously 

accomplished before studying the variation of contaminated clays geotechnical 

properties. 
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9.5. CONTAMINATED SOIL REUSE 

This specific case would need the development of the confinement of contaminated 

soil and drainage exhaustive control, which can be studied in future research. Some 

preliminary basic ideas can focus this issue, for future research: 

• Geotechnical classification of the contaminated soil discussion. 

• Contamination (LNAPL) limits to perform a fill. 

• Parts of a fill suitable to be constructed with contaminated material: In general it 

can be taken into consideration the embankment cores and so-called general 

fills. 

• Control measures: This point can be divided in two parts, (1) technical control: 

Confinement and drainage leachate chemical control. Groundwater 

contamination control. (2) An administrative control should be assumed to 

establish the conservancy and maintenance responsibilities. 

Reuse of contaminated materials in brick fabrication, road pavements or other 

treatment implying a vitrification or controlled stabilization under an industrial 

process, has been reported too. 

9.6. TRANSPARENT SOIL MODEL OF ONE OR SEVERAL PHASES FLOW 

Transparent Aquabeads can be used to study multiphase flow. This permits the study 

of flow nets, infiltration models, and soil remediation. Of particular interest are pump 

and treat regimes, soil vapor extraction, and bioremediation. The contamination 

event modeled herein must be calibrated with field or numerical contrasted 

assessment. 

The potential development of the model for soil hydrogeology applications or 

remediation treatments could be used to improve existing methods or innovation. It is 

possible to add transparent elements simulating impermeable contours in flow nets. 

Transparent elements with adequate geotechnical interface conditions can be used 

to place cameras inside, but it has been established that silica based material are 

more appropriate as compared to Aquabeads for this purpose. 
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9.7. TRANSPARENT SOIL MODELLING 

Transparent soil modeling can be developed to be used in a wide range of 

applications, currently by using the available technology described in the few 

previous research, almost all of them developed by M. Iskander (NYU- Polytechnic 

Institute. USA), as principal reference. 

Moreover other sources of transparent soils should be investigated, searching for 

less viscous matching refractive indexes liquids or water based, for the case of silica 

based soil particle surrogates. Other types of silica are fused silica, fused quartz, 

fluoride salts, such as Cryolite. Nowadays the Geotechnical Ph.D. Group at 

Polytechnic Institute of NYU (USA) is reaching another milestone dealing with the 

development of better soil surrogates, after tedious work testing of a large amount of 

new materials. 

A bigger model size is desirable to minimize scale and boundary effects. Also a more 

integrated system is needed for better efficiency. Image processing technique 

improvements in order to capture the out-of plane deformation, to eliminate the 

influence of ambient light, to capture larger areas without loss of resolution or to 

obtain adequate calibration curves which can be used in a “universal” field, not only 

in a specific test. 

Within a scientific scope, dynamic effects such as liquefaction and liquefaction 

associate phenomena like lateral spreading lateral loading of pile groups are able to 

be reproduced, using shaking tables, but also centrifugal equipment. Dynamic 

modeling in relation with dynamic compaction effect could be another future study 

recommendation. 

Of particular interest in the ambit of coastal structures and dams, the development of 

granular filter assessment by determining migration of particles, which is currently 

under research and development. 

Within an academic scope, consolidation treatments or soil grouting can be easily 

modeled. Applying laser dye exciting, magnetic or thermal imaging technologies can 

be developed to study different problems in both saturated and non-saturated zones. 
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9.8. OTHER FURTHER LINES 

Study of the response of contaminated sands to dynamic input and liquefaction 

assessment. Dynamic compaction, pile driving, machines vibration can be also 

studied; Development of innovative soil remediation treatments; Numerical analysis 

by using numerical commercial codes or new concepts. 



References 

 288 

REFERENCES 
ABDUL, A.S., KIA, S.F. and GIBSON, T.L. (1989). Limitations of monitoring wells for the 

detection and quantification of petroleum products in soils and aquifers, Ground Water 
Monitoring Review, 9(2), pp. 90-99. [Ch-2] 

ADAMSON, A., GAST, A. and NETLIBRARY, I. (1997). Physical chemistry of surfaces. Wiley 
NewYork. [Ch-4] 

ADEPELUMI, A.A., SOLANKE, A.A., SANUSI, O.B. and SHALLANGWA, A.M. (2006). Model tank 
electrical resistivity characterization of LNAPL migration in a clayey-sand formation. 
Environ Geol 50, pp. 1221-1233. [Ch-2] 

ADLER, P.M. and THOVERT J.F. (1999). Fractures and Fracture Networks, Kluwer Academic 
Publishers, Dordrecht, The Netherlands. [Ch-2] 

AEBY, P.G. (1998). Quantitative Fluorescence Imaging of Tracer Distributions in Soil Profiles. 
Swiss Federal Institute of Technology Zurich. For the degree of Dr of Nat. Sci. [Ch-2,6] 

AIBAN, S.A. (1998). The effect of temperature on the engineering properties of oil-
contaminated sands. The Long-term Environmental Effects of the Gulf War. 
Environment International Volume 24, Issues 1-2, pp. 153-161. [Ch-3,4,5] 

AL-SANAD, H.A., EID, W.K. and ISMAEL, F. (1995). Geotechnical Properties of Oil-
Contaminated Kuwaiti Sand. J. Geotech. Eng. Volume 121, Issue 5, pp. 407-412. [Ch-
2,3] 

AL-SANAD, H.A., EID, W.K. and ISMAEL, F. (1996). Closure to Geotechnical Properties of Oil-
Contaminated Kuwaiti Sand. J. Geotech. Eng. Volume 122, Issue 9: pp. 787-788. [Ch-
3,4,5] 

AL-TABBAA, A. and WALSH, S. (1994). Geotechnical properties of a clay contaminated with an 
organic chemical. First International Congress on Environmental Geotechniques, July, 
Edmonton, Alberta, Canada, pp. 599–604. [Ch-3] 

ANDERSON, W.G. (1986). Wettability literature survey - part 1: Rock/oil/brine interactions and 
the effects of core handling on wettability. J. Petroleum Technology, pp. 1125-1144. [Ch-
2] 

ARMIJO PALACIO, G. (2005). Anclajes en terrenos contaminados y en obras marítimas. 
Jornadas Técnicas SEMSIG-AETESS: 5ª Sesión: Anclajes Madrid, 26 de febrero. [Ch-
1,5] 

ARULANANDAN, K., THOMPSON, P.Y., KUTTER, B.L., MEEGODA, N.J., MURALEETHARAN, K.K, 
and YOGACHANDRAN, C. (1988). Centrifuge modeling of transport processes for 
pollutants in soils. Journal of Geotechnical Engineering, Vol. 114, No. 2, pp. 185-205. 
[Ch-2,6] 

ASANZA IZQUIERDO, E. (2009). Determinación de las características de fricción en el contacto 
suelo-geotextil a diferentes succiones, mediante equipos de laboratorio singulares. 
Tesis Doctoral ETSICCP – Universidad Politécnica de Madrid. [Ch-2,4] 



References 

  289 

ASTM D1998–06. Standard Specification for Polyethylene Upright Storage Tanks Developed 
by Kelly Kemp. [Ch-2] 

ATEKWANA, E.A., SAUCK, W.A. and WERKEMA, D.D. (2000). Investigations of geoelectrical 
signatures at a hydrocarbon contaminated site. J Appl Geophys 44, pp. 167-180. [Ch-2] 

ATEKWANA, E.A., WERKEMA, D.D., DURIS, J.W., ROSSBACH, S., ATEKWANA, E.A., SAUCK, W.A., 
CASSIDY, D.P., MEANS, J. and LEGALL, F.D. (2004). In-situ apparent conductivity 
measurements and microbial population distribution at a hydrocarbon-contaminated 
site. Geophysics 69, pp. 56-63. [Ch-2] 

AZZOUZ, A.S., KRIZEK, R.J. and COROTIS, R.B. (1976). Regression analysis of soil 
compressibility. Soil and Foundation, Japanese Society of Soil Mechanics and 
Foundation Engineering 6, pp. 19-29. [Ch-4] 

BADV, K. and ROWE, R.K. (1996). Contaminant transport through a soil liner underlain by an 
unsaturated stone collection layer. Canadian Geotechnical Journal. 33, pp. 416–430. 
[Ch-6] 

BAEDECKER, M.J., COZZARELLI, I.M., EGANHOUSE, R.P., SIEGEL, D.I. and BENETT, P.C. (1993) 
Crude oil in a shallow sand in gravel aquifer –III. Applied Geochemistry, 3, pp. 569-586. 
[Ch-2] 

BALLESTERO, T.P., FIEDLER, F.R. and KINNER, N.E. (1994). An investigation of the relationship 
between actual and apparent gasoline thickness in a uniform sand aquifer, Ground 
Water, 32(5), pp. 708-718. [Ch-2] 

BEAR, J. (1972). Dynamics of Fluids in Porous Media. American Elsevier Pub. Co. [Ch-2] 

BEAR, J. and BACHMAT, Y. (1990). Introduction to modeling of transport phenomena in porous 
media (Theory and applications of transport in porous media). Dordrecht: Kluwer. 

BIOT, M.A. (1941). General theory of three dimensional consolidation. Journal of Applied 
Physics 12, pp. 155–165. [Ch-3,5,9] 

BISHOP, A.W. and GIBSON, R.E. (1963). The Influence of the Provisions for Boundary 
Drainage on Strength and Consolidation Characteristics of Soils Measured in the 
Triaxial Apparatus, Laboratory Shear Testing of Soils, ASTM STP 361, ASTM 
International,West Conshohocken, PA, pp. 435–458. [Ch-4] 

BJERRUM, L. (1973). Problems of soil mechanics and construction on solf clays and 
structurally unstable soils (collapsible, expansive and others), State of the Art. Rep. 
Proc. VIII ICSMFE, 3, pp. 111–159. [Ch-4] 

BLACK, W.P.M. (1961), The calculation of laboratory and in-situ values of California Bearing 
Ratio from bearing capacity data. Geotechnique, Vol. 11, pp. 14-21. [Ch-4] 

BLAKE, S.B. and HALL, R.A. (1984). Monitoring petroleum spills with wells: some problems and 
solutions, Proceedings, Fourth National Symposium on Aquifer Restoration and 
Groundwater Monitoring, National Water Well Association, Columbus, OH, pp. 305-310. 
[Ch-2] 

BOWDERS, J.J. and DANIEL ,D.E. (1987). Hydraulic Conductivity of Compacted Clay to Dilute 
Organic Chemicals. Journal of Geotechnical Engineering, Vol. 113, No. 12, pp. 1432-
1448. 



References 

 290 

BRANDERBERG, S.J., BOULANGER, R.W., KUTTER, B.L., WILSON, D.W. and CHANG, D. (2004). 
Load transfer between pile groups and laterally spreading ground during earthquakes. 
13th World Conference on Earthquake Engineering. Vancouver, B.C., Canada. August 
1-6. Paper No. 1516. [Ch-5] 

BROOKS, R.H. and COREY, A.T. (1964). Hydraulic properties of porous media. Colorado State 
University hydrology paper, Fort Collins, n. 3 vol 27. [Ch-2] 

BRUDERER, C. and BERNABE, Y. (2001). Network modeling of dispersion: Transition from 
Taylor dispersion in homogeneous networks to mechanical dispersion in very 
heterogeneous ones. Water Resour. Res.37, pp. 897–908. [Ch-2] 

BURDINE, N.T. (1953). Relative Permeability calculation size distribution data. T.A. Institute of 
Mining. Metallurgical and Petroleum engineers 198, pp 71-78. [Ch-2] 

CELORIE, J.A., VINSON, T.S., WOODS, S.L. and ISTOK, J.D. (1989). Modelling solute transport 
by centrifugation. Journal of Geotechnical Eng. ASCE 115 (3), pp. 513–526. [Ch-6] 

CHANG, K.G., MEEGODA, J.N., and KHERA R.P. (1995). Centrifugal modeling of leaking 
underground storage tanks. Transportation Research Record 1504, Transportation 
Research Board, Washington, D.C, pp. 47–56. [Ch-2] 

CHARBENEAU, R.J., JOHNS, R.T., LAKE, L.W. and MCADAMS II, M. (1999). Free-Product 
Recovery of Petroleum Hydrocarbon Liquids. Ground Water Monitoring & Remediation, 
Volume 20, Issue 3, pp. 147–158. [Ch-2] 

CHEN, J.D. and WADA, N. (1986). Visualization of immiscible displacement in a three-
dimensional transparent porous medium.”Experiments in Fluids, 4 (6), pp. 336-338. [Ch-
6] 

CHOURA, M., SALHI, S. and CHERIF, F. (2009). Mechanical behavior study of soil polluted by 
crude oil: case of Sidi El Itayem oilfield, Sfax, Tunisia. Environ Earth Sci. 49, pp. 573-
580. [Ch-4] 

COHEN, R.M. and MERCER, J.W. (1993). DNAPL Site Evaluation, CRC Press, Boca Raton, FL. 
[Ch-2] 

COM(2006)231 final. Communication from the Commission to the Council, the European 
Parliament, the European Economic and Social Committee and the Committee of the 
Regions. Thematic Strategy for Soil Protection. Brussels, 22.9.2006. [Ch-1] 

CONAMA (2010). Documento del Grupo de Trabajo de Suelos Contaminados: Estado de la 
gestión de los suelos contaminados en España y necesidad de mejoras. X Congreso 
Nacional de Medio Ambiente. 22 Noviembre. http://www.conama10.es. [Ch-3] 

COOKE, B., and MITHCHELL, R.J. (1991). Physical modeling of a dissolved contaminant in an 
unsaturated sand. Can. Geotech. J., 28, pp. 829–833. [Ch-2,6] 

CORAPCIOGLU, M.Y., TUNCAY, K., LINGAM, R. and KAMBHAM, K.K.R. (1994). Analytical 
expressions to estimate the free product recovery in oil-contaminated aquifers. Water 
Resour. Res. 30 (12), pp. 3301– 3311. [Ch-2] 

CORAPCIOGLU, M., CHOWDHURY, S. and ROOSEVELT, S. (1997). Micromodel visualization 
and quantification of solute transport in porous media. Water Resource Research 
33(11), pp. 2547–2558. [Ch-6] 



References 

  291 

CORSICO, G., MATTEI, L., ROSELLI, A. and GOMMELLINI, C. (1999). Poly-synthetic lubricants 
and high-performance functional fluids. Marcel Dekker, Chapter 2, pp. 53-62. [Ch-4] 

CROOKS, V.E. and QUIGLEY, R.M. (1984). Saline leachate migration through clay: A 
comparative laboratory and field investigation. Canadian Geotechnical Journal 21, pp. 
349–362. [Ch-6] 

CULLIGAN P.J., BARRY, D.A. and PARLANGE, J.Y. (1997). Scaling unstable infiltration in the 
vadose zone. Can. Geotech. J.34(3), pp. 466–470. [Ch-2] 

CUSTODIO, E., and LLAMAS, M.R. (1983). Hidrología Subterránea, Barcelona: Editorial 
Omega. Corrected 2nd ed. [Ch-2] 

D'ANDREA, R., O'SHAUGHNESSY, J.C. and PINHEIRO, D.C. (1996). Discussion of Geotechnical 
Properties of Oil-Contaminated Kuwaiti Sand” J. Geotech. Engrg. Volume 122, Issue 9, 
pp. 786-787. [Ch-3] 

DAPENA, E., MATEOS, T. and SANTAMARIA, J. (2002). Erodability factor of local Madrid soils. 
PIARC Procedings. Appropriate use of natural materials in road. Ulann Baator 
(Mongolia), 18-21 June. Paper 4.1. [Ch-4,6] 

DE GENARO, V., DELAGE, P., PRIOL, G., COLLIN, F. and CUI, Y.J. (2004). On the collapse 
behavior of oil reservoir chalk. Geotechnique. 54, No.6, pp. 415-420. [Ch-3,4] 

DESRUES, J., MOKNI, M. and MAZEROLLE, F. (1991). Tomodensitometrie et la localization sur 
les sables. Proceedings, 10th International Conference on Soil Mechanics and 
Foundation Engineering. 1, pp. 61-64. [Ch-6] 

DINEEN, K. and BURLAND, J.B. (1995). A new approach to osmotically controlled oedometer 
testing. Proc. 1st Conf. on Unsaturated Soils—UNSAT ’95, Paris 2, pp. 459–465. [Ch-3] 

DOMÉNICO, P.A. and SCHWARTZ, F.W. (1990). Physical and Chemical Hydrogeology, John 
Wiley and Sons, New York. [Ch-2,7] 

DUBÉ, J-S., GALVEZ-CLOUTIER, R. and WINIARSKI, T. (2002). Heavy metal transport in soil 
contaminated by residual light non-aqueous phase liquids (LNAPLs). NRC Can. 
Geotech. J. 39, pp. 279–292. [Ch-2] 

ESCARIO, V. and SÁEZ, J. (1980). Suction-Controlled Penetration and Shear Tests, 
Proceedings of the Fourth International Conference on Expansive Soils, Denver, pp. 
781–787. 

ESCARIO, V. (1985). Sintesis geotecnica de los suelos de Madrid y su alfoz. Centro de 
Publicaciones M. Fomento. Madrid. [Ch-4,6] 

ESCARIO, V. and SÁEZ, J. (1986). The Shear Strength of Partly Saturated Soils, Geotechnique, 
Vol. 36(3), pp. 453–456. [Ch-4] 

ESPOSITO, G., ALLERSMA, H.G.B. and SELVADURAI, A.P. (1999). Centrifuge modeling of 
LNAPL transport in partially saturated sand. Journal of Geotechnical and 
Geoenvironmental Engineering. December, pp. 1066-1071. [Ch-2] 

EVGIN, E., AMOR, F.B., ALTAEE, A., LORD, S. and KONUK, I. (1989). Effect of an oil spill on soil 
properties, Eighth international conference of Offshore Mechanics and Arctic 
Engineering (OMAE). The Hague. Vol. 1, pp. 715–720. [Ch-3] 



References 

 292 

EVGIN, E. and DAS, B.M. (1992). Mechanical behavior of an oil-contaminated sand. 
Proceeding of the Mediterranian Conference on Environment Geotechnology, Balkema 
Publishers, Rotterdam, The Netherlands, pp. 101-108. [Ch-3] 

FAKHER, A., JONES, C.J. and CLARKE B.G. (1999). Yield stress of super soft clays. J. Geotech. 
Geoenvironment. Eng. 125, No. 6, pp. 499-509. [Ch-6] 

FARR, A.M., HOUGHTALEN, R.J., and MCWHORTER, D.B. (1990). Volume estimation of light 
nonaquous phase liquids in porous media, Ground Water, 28(1), pp.48-56. [Ch-2] 

FERNANDEZ, F. and QUIGLEY, R.M. (1985). Hydraulic conductivity of natural clays permeated 
with simple liquid hydrocarbons. Canadian Geotechnical Journal. 22, pp. 205–214. [Ch-
3] 

FERNANDEZ-MERODO, J.A.; CASTELLANZA, R.; MABSSOUT, M.; PASTOR, M.; NOVA, R. and 
PARMA, M. Coupling transport of chemical species and damage of bonded 
geomaterials. Computers and Geotechnics. Volume 34, Issue 4, July 2007, pp. 200-
215. [Ch-7] 

FERNANDEZ SERRANO, R., ISKANDER, M. and TABE, K. (2011). 3D contaminant flow imaging in 
transparent granular porous media. Géotechnique Letters. [Ch-7,8] 

FETTER, C.W. (1993). Contaminant Hydrogeology. New York: Macmillan Pub. Co.; Toronto. 
Maxwell Macmillan Canada; New York: Maxwell Macmillan International. [Ch-2] 

FETTER, C.W. (1994). Applied Hydrogeology. Prentice Hall. [Ch-2,4] 

FINE, P., GRABER, E.R. and YARON, B. (1997). Soil interactions with petroleum hydrocarbons: 
Abiotic processes. Soil Technology, 10, pp. 133– 153. [Ch-3,4] 

FITTS, C.R. (2002).Groundwater Science. Elsevier Science Ltd. [Ch-2,7] 

FREDLUND, D.G., MORGENSTERN, N.R. and WIDGER, R.A. (1978). The shear strength of 
unsaturated soil. Can. Geotech. J. 15, pp. 313–321. [Ch-4] 

FREDLUN, D.G., RAHARDJO, H. and GAN, J.K.-M. (1987). Non-liearity of strength envelope for 
unsaturated soils. Proc, 6th International Conf. on Expansive Soils, New Delhi, India, 
Dec 1-4, pp. 49-54. [Ch-4] 

FREDLUND, D.G. and RAHARDJO, H. (1993). Soil mechanics for unsaturated soils.” John-Wiley 
& Sons Inc., New York. [Ch-4] 

FREDLUND, D.G., XING, A., and HUANG, S. (1994). Predicting the permeability function for 
unsaturated soils using the soil-water characteristic curve. Canadian Geotechnical 
Journal, Vol. 31, pp. 533-546. [Ch-2,3,4,6,9] 

FREDLUND, D.G. and VANAPALLI, S.K. (2002). Shear strength of unsaturated soils. Handbook 
of Agronomy published by the Soil Science Society of America. [Ch-4] 

FREEZE, R.A. and CHERRY, J.A. (1979). Groundwater. Prentice-Hall, Inc., Englewood Cliffs, 
NJ. [Ch-2,6] 

GAGANIS, P., SKOURAS, E., THEODOROPOULOU, M., TSAKIROGLOU, C. and BURGANOS, V. 
(2005). On the evaluation of dispersion coefficients from visualization experiments in 
artificial porous media. J. of Hydrology 307(1-4), pp. 79–91. [Ch-6] 



References 

  293 

GAN, J.K. and FREDLUND, D.G. (1988). Multistage Direct Shear Testing of Unsaturated Soils, 
Geotech. Test. J., Vol. 11(2), pp. 132–138. [Ch-4] 

GELLER, J.T. and HUNT, J.R. (1993). Mass transfer from nonaqueous phase organic liquids in 
water-saturated porous media, Water Resour. Res., 29(4), pp. 833-845. [Ch-3] 

GENS, A. (2010). Soil-environment interaction in geotechnical engineering. Géotechnique 60. 
No. 1, pp. 3-74. [Ch-2,3,6] 

GILL, D. and LEHANE, B. (2001). An optical technique for investigating soil displacement 
patterns. ASTM Geotechnical Testing Journal, GTJODJ 24(3), pp. 324–329. [Ch-6] 

Guía Técnica de Aplicación del Real Decreto 9/2005, por el que se establece la relación de 
actividades potencialmente contaminantes y los criterios y estándares para la 
declaración de suelos contaminados. Dirección General de Calidad y Evaluación 
Ambiental, Ministerio de Medio Ambiente. Centro de Publicaciones del Ministerio de 
Fomento. [Ch-1] 

HALL, R.A., BLAKE, S.B., and CHAMPLIN, S.C. (1984). Determination of hydrocarbon thickness 
in sediments using borehole data, Proceedings, Fourth National Symposium on Aquifer 
Restoration and Groundwater Monitoring, National Water Well Association, Columbus, 
OH, pp.300-304. [Ch-2] 

HELLAWELL, E.E. and SAVVIDOU, C. (1994). A study of contaminant transport involving density 
driven flow and hydrodynamic clean up. Centrifuge 94, Edit.: Leung, Lee and Tan, 
Balkema, Rotterdam, pp. 357–362. [Ch-6] 

HENSLEY, P.J. and SCHOFIELD, A.N. (1991). Accelerated physical modelling of hazardous-
waste transport. Géotechnique 41, No.3, pp. 447–465. [Ch-6] 

HENSLEY, P.J. and SAVVIDOU, C. (1993). Modelling coupled heat and contaminant transport in 
groundwater. Int. J. Numerical Anal. Meth. Geomech. 17, pp. 493–527. [Ch-6] 

HEYMAN, J. (1972), Coulomb’s memoir on statics – An essay in the history of civil 
engineering. Cambridge University Press. Reprinted by Imperial College Press-1997. 
London. [Ch-5] 

HEUKELOM, W. and KLOMP, A.J.G. (1962). Dynamic testing as a means of controlling 
pavement during and after construction. Proceedings of the 1st international 
conference on the structural design of asphalt pavement, University of Michigan. [Ch-4] 

HOLTZ, R.D. and KOVACS, W.D. (1981). An Introduction to Geotechnical Engineering. Prentice-
Hall, Englewood Cliffs, NJ. [Ch-2] 

HOSSEIN M. (2010). Notes from Environmental Geotechnology Course (CE-8493) – Fall 
Term. Polytechnic Institute – NYU. [Ch-2] 

HOUGH, B.K. (1957). Basic Soils Engineering. The Ronald Press Company, New York, pp. 
114–115. [Ch-4] 

HU, L.M., LO, I.M.C. and MEEGODA, J.N. (2004). Centrifuge Modeling of Light Nonaqueous 
Phase Liquids Transport in Unsaturated Soils. J. Geotech. and Geoenvir. Engrg. 
Volume 130, Issue 5, pp. 535-539. [Ch-2] 



References 

 294 

HU, L.M., LO, I.M.C. and MEEGODA, J.N. (2006). Centrifuge Testing of LNAPL Migration and 
Soil Vapor Extraction for Soil Remediation. Practice Periodical of Hazardous, Toxic, 
and Radioactive Waste Management, Vol. 10, No. 1, pp. 33-40. [Ch-2] 

HUANG, W.E., SMITH, C., LERNER, D., THORNTON, S. and ORAM, A. (2002) Physical modelling 
of solute transport in porous media: evaluation of an imaging technique using UV 
excited fluorescent dye. Water Research, 36 (7), pp. 1843-1953. [Ch-6] 

HUBBERT, M.K. (1940). The theory of groundwater motion. Journal of Geology 48: pp. 785-
944. [Ch-2] 

HUNTLEY, D. and BECKETT, G.D. (2001). Evaluating hydrocarbon removal from source zones: 
Tools to assess concentration reduction. Report Submitted to: The American Petroleum 
Institute (API). [Ch-2,3] 

HYUN, S., AHN, M.Y., ZIMMERMAN, A.R., KIM, M. and KIM, J.G. (2008). Implication of hydraulic 
properties of bioremediated diesel-contaminated soil. Chemosphere; 71(9), pp. 1646-
1653. [Ch-3,4] 

IAPWS - The International Association for the Properties of Water and Steam, (1997). Release 
on the refractive index of ordinary water substance as a function of wavelength, 
temperature and pressure. Electric Power Research Institute 3412 Hillview Avenue 
Palo Alto, California, 94304-1395, USA. [Ch-7] 

IDRISS, I.M. and BOULANGER, R.W. (2006). Semi-empirical procedures for evaluating 
liquefaction potential during earthquakes. Journal of Soil Dynamics and Earthquake 
Engineering, Elsevier, 26, pp. 115-130. [Ch-5] 

ILLANGASEKARE, T.H., ZNIDARCIC, M., AL-SHERIDDA, M., and REIBLE, D.D. (1991). Multiphase 
flow in porous media. Proc., Centrifuge 91, Balkema, Rotterdam, The Netherlands, pp. 
517–523. [Ch-2] 

ISKANDER, M., LAI, J., OSWALD, C. and MANNHEIMER, R. (1994): Development of a 
transparent material to model the geotechnical properties of soils. ASTM Geotechnical 
Testing J., GTJODJ 17(4), pp. 425–433. [Ch-6] 

ISKANDER, M., LIU, J. and SADEK, S. (2002). Transparent amorphous silica to model clay. 
ASCE J. Geotech. & Geoenv. Eng. 128(3), pp. 262–273. [Ch-6] 

ISKANDER, M., SADEK, S. and LIU, J. (2003). Optical measurement of deformation using 
transparent silica gel to model sand. Int. J. of Physical Modeling in Geotechnics 2(4), 
pp. 13–26. [Ch-6] 

ISKANDER, M. (2010). Modelling with Transparent Soils: Visualizing Soil Structure Interaction 
and Multi Phase Flow, Non-Intrusively. Springer Berlin Heidelberg. Series in 
Geomechanics and Geoengineering. [Ch-2,4,6] 

ISRAELSON, O.W. and WEST, F.L. (1922). Water holding capacity of irrigated soils". Utah State 
Agricultural Experiment Station Bull 183, pp. 1–24. [Ch-2] 

ITRC - Interstate Technology & Regulatory Council. (2009). Evaluating LNAPL Remedial 
Technologies for Achieving Project Goals. LNAPL-2. Washington, D.C.: Interstate 
Technology & Regulatory Council, LNAPLs Team. www.itrcweb.org. [Ch-2] 



References 

  295 

IZDEBSKA-MUCHA, D. and TRZCIŃSKI, J. (2008). Effects of petroleum pollution on clay soil 
microstructure. Geologija. Vilnius. Vol. 50. Supplement, pp. s68–s74. [Ch-3] 

JEFFEREIS, M.G. and BEEN, K. (2006). Soil liquefaction – A critical approach. Taylor & Francis. 
[Ch-5] 

JIA, C., SHING, K. and YORTSOS, Y.C. (1999). Visualization and simulation of non-aqueous 
phase liquids solubilization in pore networks. Journal of Contaminant Hydrology, 35 (4), 
pp. 363-387. [Ch-6] 

JIA, Y.G., WU, Q., YANG, Z.N. and SHAN, H.X. (2011). The influence of oil contamination on the 
geotechnical properties of coastal sediments in the Yellow River Delta, China. Bull. 
Eng. Geol. Environ, pp. 349-357. [Ch-3,4] 

JIMENEZ SALAS, J.A., DE JUSTO ALPANES, J.L. and SERRANO GONZALEZ, A.A. (1981). 
Geotecnia y cimientos. 2 Ed. Rueda. [Ch-3] 

JOHNSON, R.L., and PANKOW J.F. (1992). Dissolution of dense chlorinated solvents into 
groundwater, 2, Source functions for pools of solvent, Environ. Sci. Technol., 26(5), pp. 
896–901. [Ch-2] 

JUNZBUNZLAUER AG – SWITZERLAND (2006). Xanthan Gum specifications. 
http://www.jungbunzlauer.com/media/uploads/pdf/Xanthan_Gum/Xanthan_Gum_2006.
pdf. [Ch-6] 

KANTZAS, A. and TRIGG, A. (1996). Laboratory investigation of pipeline/soil interaction using 
x-ray computer assisted tomography. Proceedings of the international pipeline 
conference. IPC. 2, pp. 1237-1247. [Ch-6] 

KECHAVARZI, C., and SOGA, K. (2002). Determination of water saturation using miniature 
resistivity probes during intermediate scale and centrifuge multiphase flow laboratory 
experiments. Geotech. Test. J., 25 (1), pp. 95–103. [Ch-2] 

KEMBLOWSKI, M.W. and CHIANG, C.Y. (1990). Hydrocarbon thickness fluctuations in 
monitoring wells, Ground Water, 28(2), pp. 244-252. [Ch-2] 

KHAMEHCHIYAN, M., CHARKHABI, A.H. and TAJIK, M. (2007). Effects of crude oil contamination 
on geotechnical properties of clayey and sandy soils. Engineering Geology, Volume 89, 
Issues 3-4, pp. 220-229. [Ch-3,4] 

KHAMEHCHIYAN, M., CHARKHABI, A.H. and TAJIK, M. (2006). The effects of crude 
contamination on geotechnical properties of Bushehr coastal soils in Iran. IAEG2006, 
paper 214. The Geological Society of London. [Ch-3,4] 

KIM, J. and CORAPCIOGLU, M.Y. (2003). Modeling dissolution and volatilization of LNAPL 
sources migrating on the groundwater table. Journal of Contaminant Hydrology 65, pp. 
137– 158. [Ch-2] 

KNIGHT, M.A. and MITCHELL, R.J. (1996). Modelling of light nonaquous phase liquid (LNAPL) 
releases into unsaturated sand. Canadian Geotech. J.33, pp. 913-925. [Ch-2] 

KORZENIOWSKA-REJMER, E. (2007). The effects of persistent anthropogenic contamination 
on the geotechnical properties of soil. Geotechnical and Environmental aspects of 
Waste disposal sites. Sarsby and Felton ed. Taylor and Francis group, pp.157-162. [Ch-
3,4] 



References 

 296 

KUEPER, B.H. and FRIND, E.O. (1991). Two-phase flow in heterogeneous porous media, 2. 
Model application. Water Resources Research, 27(6), pp. 1059–1070. [Ch-7] 

KUEPER, B.H., REDMOND, D., STARR, R.C. and REITSMA, S. (1993). A field experiment to study 
the behavior of tetrachloroethylene below the water table: spatial distribution of residual 
and pooled DNAPL. Ground Water, 31(5), pp. 756–766. [Ch-7] 

KUEPER, B.H., WHITE, K.A., GEFELL, M.J. and BLAZICEK, T.L. (2006). Design of a Passive 
NAPL Collection Barrier. Proc. 5th International Conference on Remediation of 
Chlorinated and Recalcitrant Compounds, 24-27 May, Monterey, CA. [Ch-5] 

KUMAR, P.R. (2006). An experimental methodology for monitoring contaminant transport 
through geotechnical centrifuge models. Environ. Monitor. Assess. 11 (1–3), pp. 215–
233. [Ch-5] 

KUMAPLEY, N. and ISHOLA, N.K. (1985). The effect of chemical contamination on soil strength. 
Proc. of XI International Conference on Soil Mechanics Foundation Engineering, San 
Francisco, vol. 3, pp. 1199–1201. [Ch-3] 

KURARAY AMERICA INC. (1998). Water absorbent resin KI-GEL 201K-F2, Technical 
document, Kuraray America, Inc., 200 Park Avenue, New York, NY10166. 
http://www.kuraraychemical.com. [Ch-6] 

LENHARD, R.J. and PARKER J.C. (1990). Estimation of free hydrocarbon volume from fluid 
levels in monitoring wells, Ground Water, 28(1), pp. 57-67. [Ch-2] 

Ley 9/2006, de 28 de abril, sobre evaluación de los efectos de determinados planes y 
programas en el medio ambiente. BOE número 102 de 29/4/2006, pp. 16820-16830. 
[Ch-1] 

Ley 27/2006, de 18 de julio, por la que se regulan los derechos de acceso a la información, 
de participación pública y de acceso a la justicia en materia de medio ambiente. BOE 
171, de 19/7/2006, pp. 27109- 27123. [Ch-1] 

Ley 10/1998, de 21 de abril, de Residuos. BOE número 96 de 22/4/1998, pp. 13372-13384. 
[Ch-1] 

LIU, J., ISKANDER, M. and SADEK, S. (2002). Optical measurement of deformation under 
foundations using a transparent soil model. Physical Modelling in Geotechnics: ICPMG, 
pp. 155-159. [Ch-6] 

LIU, P.L-F., LIN, P., CHANG, K-A. and SAKAKIYAMA, T. (1999). Numerical Modeling of Wave 
Interaction with Porous Structures. Journal of Waterway, Port, Coastal and Ocean 
Engineering, Vol. 125, No. 6, pp. 322-330. [Ch-6] 

LO H.C. (J) (2007). Modeling of 2-d flow and surfactant flushing using transparent Aquabeads. 
Thesis for the Degree of Master of Science (Civil Engineering). Polytechnic Institute of 
NYU. [Ch-2] 

LO H.C. (J), TABE, K., ISKANDER, M., and YOON, S,H. (2008). Modeling of Multi-Phase Flow and 
Surfactant Flushing Using Transparent Aquabeads. Conference Proceeding Paper. 
Geo-Congress 2008: Characterization, Monitoring, and Modeling of GeoSystems (GSP 
179), pp. 846-853. [Ch-2,6,7] 



References 

  297 

LO, I.M.C. and HU, L.M. (2004). Long-Term Migration of Light Nonaqueous-Phase Liquids in 
two Unsaturated Soils: Clayey Silt and Fine Sand. Practice Periodical of Hazardous, 
Toxic and Radioactive Waste Management, ASCE, pp. 228–237. [Ch-6] 

LUKAS, R.G. and GNAEDINGER, R.J. (1972). Settlement due to chemical attack of soils. 
section: Session III (Vol. I - Part 2), pp. 1087-1104. [Ch-3] 

LUNATI, I., KINZELBACH, W. and SORENSEN, I. (2003). Effect of pore volume-transmissivity 
correlation on transport phenomena. Contaminant Hydrology 67(1-4), pp. 195–217. [Ch-
6] 

MCKELVEY, D., SIVAKUMAR, V., BELL, A. and GRAHAM, J. (2004). Modelling vibrated stone 
columns in soft clay. Proc. Institution of Civil Engineers: Geotechnical Engineering 3, 
pp. 137-149. [Ch-6] 

MACKENZIE, J.M.W (1970). Interaction between oil drops and mineral surfaces. Soc. Min. 
Eng., AIME., Trans., 247, pp. 202-208. [Ch-3] 

MADABUSHI, G. KNAPPET, J. and HAIGH, S. (2009). Design of Pile foundations in Liquefiable 
Soils. 2009. ISBN 978-1-84816-362-1. [Ch-5] 

MALI N., URBANC J. and LEIS A. (2007). Tracing of water movement through the unsaturated 
zone of a coarse gravel aquifer by means of dye and deuterated water. Environmental 
Geology 51, pp. 1401–1412. [Ch-2] 

MANDAVA, S.S., WATSON, A.T. and EDWARD, C.M. (1990). NMR imaging of saturation during 
immiscible displacement. AICHE Journal. 36 (11), pp. 1680-1686. [Ch-6] 

MANNHEIMER, R.J. and OSWALD, C.J. (1993). Development of transparent porous media with 
permeabilities and porosities comparable to soils aquifers and petroleum reservoirs. 
Ground Water, 31 (5), pp. 781-788. [Ch-6] 

MAROTO ARROYO, E. and ROGEL QUESADA, J.M. (2002). Aplicación de sistemas de 
biorremediación de suelos y Aguas Contaminadas por Hidrocarburos. Hidrologia y 
Aguas Subterraneas – IGME, 15-028, pp 297-305. [Ch-2,3] 

MARTÍNEZ ALFARO, P., MARTÍNEZ, P. and CASTAÑO, S. (2006). Fundamentos de 
Hidrogeología, Mundi Prensa. [Ch-2] 

MARTÍNEZ SANTAMARÍA, J.M. (2000). Caracterización geotécnica a medio plazo de estériles 
depositados por relleno hidráulico: Aplicación de la clausura de un almacenamiento de 
estériles de uranio. Tesis Doctoral depositada en la ETSICCP-UPM. [Ch-3] 

MARTÍNEZ SANTAMARÍA, J.M. (2001). Directiva 1999/31/CE del Consejo de 26 de baril de 
1999 relativa a vertederos de residuos; Jornada sobre los geosintéticos en el sellado 
de vertederos, CEDEX e IGS España. [Ch-5] 

MARTINHO, E., ALMEIDA, F. and MATIAS, M.J.S. (2006). An experimental study of organic 
pollutant effects on time domain induced polarization measurements. Journal of Applied 
Geophysics 60 (1), pp. 27–40. [Ch-4] 

MCCARTHY, J.F. and ZACHARA, J.M. (1989). Subsurface transport of contaminants. Environ. 
Sci. Technol. 23, pp. 496–502. [Ch-2] 



References 

 298 

MCKINLEY, J.D., PRICE, B.A., LYNCH, R.J. and SCHOFIELD, A.N. (1998). Centrifuge modelling of 
the transport of a pulse of two contaminants through a clay layer, Géotechnique 48, No. 
3, pp. 421–425. [Ch-6] 

MATSUBAYASHI, U., DEVKOTA, L. and TAKAGI, F. (1997). Characteristics of the dispersion 
coefficient in miscible displacement through a glass beads medium. Journal of 
Hydrology, 192, pp. 51-54. [Ch-6] 

MEEGODA, N.J. and RATNAWEERA, P. (1994). Compressibility of contaminated fine grained 
soils. Geotech. Test. J., 17, pp. 101-112. [Ch-3,4] 

MEEGODA, N.J., CHEN, B., GUNASEKERA, S.D. and PEDERSON, P. (1998). Compaction 
characteristics of contaminated soils-reuse as a road base material. Proceeding of the 
Geocongress: Geotechnical Special Publication, Recycled Materials in Geotechnical 
Applications, Boston, MA., pp. 195-209. [Ch-5] 

MELIS MAYNAR, M. (2003). Ampliación del metro de madrid. experiencias de la excavación 
con escudos en las formaciones mixtas de rocas y suelos. R.O.P. N 3429, pp. 35-47. 
[Ch-4,6] 

MELIS, M.M., ÁGUEDA, F., MENDAÑA, F., RUIZ, J., OTEO, C. and RODRIGUEZ, J.M (1997). Las 
obras de ampliación del Metro de Madrid. Revista de Obras Públicas. 3369, pp. 3–185. 
[Ch-4,6] 

MERCER, J.W. and COHEN, R.M. (1990). A review of immiscible fluids in the subsurface: 
Properties, models, characterization, and remediation, J. Contam. Hydrol., 6, pp. 107-
163. [Ch-3,7] 

MILLER, C.T., POIRIER-MCNEILL, M.M. and MAYER, A.S. (1990). Dissolution of trapped 
nonaqueous phase liquids: Mass transfer characteristics, Water Resour. Res., 26 (11), 
pp. 2783-2796. [Ch-3] 

MIRZA, C. (1996). Discussion: Geotechnical Properties of Oil-Contaminated Kuwaiti Sand. J. 
Geotech. Engrg. Volume 122, Issue 9, pp. 786-788. [Ch-3] 

MITCHELL, R.J. (1994). Matrix suction and diffusive transport in centrifuge models.  Canadian 
Geotechnical Journal 31, pp. 357–363. [Ch-6] 

MITCHELL, R.J. and STRATTON, B.C. (1994). LNAPL penetration into porous media. Proc., 
Centrifuge 94, Balkema, Rotterdam, pp 345–349. [Ch-2] 

MOHAMMADI, M., YASREBI, S.S. and MIRZAII, A. (2011). Effects of crude oil pollution on the 
shear strength behaviour of an unsaturated porous soil medium. Unsaturated Soils – 
Alonso & Gens (eds), Taylor & Francis Group. [Ch-5] 

MURTHY, V.N.S. (2002). Geotechnical Engineering: Principles and Practices of Soil Mechanics 
and Foundation Engineering. CRC Press. [Ch-3] 

NAGRAJ, T.S. and MURTHY, B.R. (1985). Prediction of the preconsolidation pressure and 
recompression index of soils. Geotech Testing Journal ASTM, 8 (4), pp. 199. [Ch-4] 

NAKAJIMA, H., HIROOKA, A., TAKEMURA, J. and MARINO, M.A. (1998). Centrifuge modeling of 
one dimensional subsurface contamination. J. Am. Water Resour. Assoc., 34 (6), pp. 
1415–1425. 



References 

  299 

NASR, A.M.A. (2009). Experimental and Theoretical Studies for the Behavior of Strip Footing 
on Oil-Contaminated Sand J. Geotech. and Geoenvir. Engrg. Volume 135, Issue 12, 
pp. 1814-1822. [Ch-3,5] 

NAYAK, S., SUNIL, B.M. and SHRIHARI, S. (2007). Hydraulic and compaction characteristics of 
leachate-contaminated lateritic soil. Engineering Geology 94, pp. 137–144. [Ch-3] 

NEWELL, C.J., ACREE, S.D., ROSS, R.R. and HULING, S.G. (1995). Light Nonaqueous Phase 
Liquids Ground Water Issue. Superfund Technology Support Center for Ground Water. 
Robert S. Kerr Environmental Research Laboratory Ada, Oklahoma. EPA/540/S-
95/500. United States Environmental Protection Agency, Office of Research and 
Development Washington, DC. [Ch-2,7] 

NERANTZIS, P.C. and DYER, M.R. (2010). Transport of BTEX Vapours Through Granular Soils 
with Different Moisture Contents in the Vadose Zone. Geotech Geol Eng. 28, pp. 1-13. 
[Ch-3] 

NI, Q., HIRD C.C. and GUYMER. H. (2010). Physical modelling of pile penetration in clay using 
transparent soil and particle image velocimetry. Géotechnique 60, No. 2: pp. 121–132. 
[Ch-6] 

NIMMO, J.R. (1990). Experimental testing of transient unsaturated flow theory at low water 
content in a centrifugal field. Water Resour. Res.,26 (9), pp. 1951–1960. [Ch-2] 

NISHIDA, Y. (1956). A brief note on compression index of soils. Journal Soil Mech and Fdn 
Div. ASCE, 82, pp. 1027. [Ch-4] 

ÖHRSTRÖM, P., HAMED, Y., PERRSON M. and Berndtsson R. (2004). Characterizing 
unsaturated solute transport by simultaneous use of dye and bromide, J. Hydrol. 289, 
pp. 23–45. [Ch-2] 

OLA, S.A. (1991). Geotechnical properties and behaviour of Nigerian Tar sand, Journal of 
Engineering Geology 30, pp. 325–336. w/Erratum. [Ch-3,4] 

OLGUN, M. and YILDIZA, M. (2010). Effect of organic fluids on the geotechnical behavior of a 
highly plastic clayey soil. Applied Clay Science, Volume 48, Issue 4, pp. 615-621. [Ch-3] 

OOSTROM, M., DANE J.H. and WIETSMA T.W. (2007). A Review of Multidimensional, Multifluid, 
Intermediate-Scale Experiments: Flow Behavior, Saturation Imaging, and Tracer 
Detection and Quantification. Vadose Zone Vol. 6, No, pp. 610–637. [Ch-2] 

ORDEN FOM/1382/02 (PG-3 art.330), de 16 de mayo, por la que se actualizan determinados 
artículos del pliego de prescripciones técnicas generales para obras de carreteras y 
puentes relativos a la construcción de explanaciones, drenajes y cimentaciones. [Ch-5] 

ORSI, T.H., ANDERSON, A.L., LEONARD, J.N. BRYANT, W.R. and EDWARD, C.M. (1992). Use of 
x-ray computed tomography in the study of marine sediments. Proceedings, CEO V, 
American Society of Civil Engineers, College Station, TX, pp. 968-982. [Ch-6] 

OTEO MAZO, C., RODRÍGUEZ ORTÍZ, J.M. and MENDAÑA SAAVEDRA, F. (2003). Sobre los 
sistemas y parámetros geotécnicos de diseño en la Ampliación del Metro de Madrid. 
ROP, 150 (3429), pp. 49-67. 



References 

 300 

OTEO, C.S. (2006). The Madrid Model: A Simplified Approach to the Tunnel Subsidence 
Estimation. International Conference on Mathematical and Statistical Modeling in Honor 
of Enrique Castillo. [Ch-4,6] 

PAIK, K. and SALGADO, R. (2003). Determination of Bearing Capacity of Open-Ended Piles in 
Sand. Journal of Geotechnical and Geoenvironmental Engineering, ASCE, 129(1), pp. 
46-57. [Ch-5] 

PRAKASH, S. and PURI, V.K. (1988). Foundation for Machines Analysis and Design. John 
Wiley and Sons, New York. [Ch-5] 

PAPADOPOULOU, M.P., PINDER, G.F. and KARATZAS, G.P. (2007). Flexible time-varying 
optimization methodology for the solution of groundwater management problems, 
European Journal of Operational Research, 180, 2, pp. 770 

PARKER, J.C., KATYAL, A.K., KALUARACHCHI, J.J., LENHARD, R.J., JOHNSON, T.J., JAYARAMAN, 
K., UNLU, K. and ZHU, J.L. (1991). Modeling multiphase organic chemical transport in 
soils and ground water, final report, EPA/600/2-91/042, U.S.Environ. Prot. Agency, 
Washington, D.C. [Ch-2] 

PARRA IDREOS, F. and RAMOS MORILLAS, L. (2007). Obtención de parámetros geomecánicos 
a partir de ensayos a penetración dinámica continua en suelos mixtos cohesivos – 
granulares. Ingeoter 9. Ed. Lopez Jimeno, C. [Ch-4] 

PECK, R.B., HANSON, W.E. and THORNBURN, T.H. (1974). Foundation Engineering, Wiley, NY. 
[Ch-4] 

PELLICER, J., MANZANARES, J.A. and MAFE, S. (1995) The physical description of elementary 
surface phenomena: thermodynamics versus mechanics. Am J Phys 63(6), pp. 542–
547. [Ch-2] 

PERKINS, T.K. and JOHNSON. O.C. (1963). A review of diffusion and dispersion in porous 
media. J. Soc. Peteol. Eng., 3, pp. 70-83. [Ch-2] 

PETERS, S.B., SIEMENS, G.A., TAKE, W.A. and EZZEIN, F. (2009). A Transparent Medium to 
Provide a Visual Interpretation of Saturated/Unsaturated Hydraulic Behaviour. Proc. 
GeoHalifax 62nd Canadian Geotechnical Conference and 10th Joint CGS/IAH-CNC 
Groundwater Conference, pp. 59-66. [Ch-6] 

POLICY #COMM-97-001: Reuse & Disposal of Contaminated Soil at Massachusetts Landfills. 
http://www.mass.gov/dep/recycle/laws/97-001.htm. [Ch-5] 

POSADA, D.A., TANNUS, A., PANEPUCCI, H. and CRESTANA, S. (1996). Magnetic resonance 
imaging as a non-invasive technique for investigation 3-D preferential flow occurring 
within stratified soil samples. Computers and Agriculture, 14 (4), pp. 255-267. [Ch-6] 

PURI, V.K., DAS, B.M., COOK, E.E., and SHIN, E.C. (1994). Geotechnical properties of crude 
contaminated sand. Analysis of soils contaminated with petroleum constituents. By 
Tracey A. O'Shay, Keith B. Hoddinott; ASTM, pp. 75-88. [Ch-3,4] 

PURI, V.K. (2000). Geotechnical Aspects of Oil-Contaminated Sands. Soil and Sediment 
Contamination: An International Journal, Volume 9, Issue, pp. 359 – 374. [Ch-3,4] 



References 

  301 

RAHMAN, Z.A., MOHD, U.H. TAHA, R., ITHNAIN, N.S. and AHMAD, N. (2010 a). Influence of Oil 
Contamination on Geotechnical Properties of Basaltic Residual Soil. American Journal 
of Applied Sciences. 7 (7), pp. 954-961. [Ch-3,4] 

RAHMAN, Z.A., UMAR, H. and AHMAD, N. (2010 b). Geotechnical characteristics of oil-
contaminated granitic and metasedimentary soils. Asian J. Applied Sci., 3, pp. 237-249. 
[Ch-3,4] 

RASHIDI, M. R., SMITH, J. A., CLARKE, S. E. and BEEDHAM, C. (1997). In vitro oxidation of 
famciclovir and 6-deoxypenciclovir by aldehyde oxidase from human, guinea pig, rabbit 
and rat liver. Drug Metab. Dispos. 25, pp. 805-813. [Ch-6] 

RATNAWEERA, P. and MEEGODA, J.N. (2006). Shear strength and stress–strain behavior of 
contaminated soils. ASTM Geotechnical Testing Journal 29 (2), pp. 133–140. [Ch-4,5] 

Real Decreto Legislativo 1302/1986, de 28 de junio, de Evaluación de Impacto Ambiental. 
(Vigente hasta el 27 de enero de 2008). [Ch-1] 

Real Decreto 105/2008, de 1 de febrero, por el que se regula la producción y gestión de los 
residuos de construcción y demolición. [Ch-1] 

Real Decreto 9/2005, de 14 de enero, por el que se establece la relación de actividades 
potencialmente contaminantes del suelo y los criterios y estándares para la declaración 
de suelos contaminados. [Ch-1] 

Real Decreto 1481/2001, de 27 de diciembre, por el que se regula la eliminación de residuos 
mediante depósito en vertedero. [Ch-1] 

Real Decreto 1523/1999, de 1 de octubre, por el que se modifica el Reglamento de 
instalaciones petrolíferas, aprobado por Real Decreto 2085/1994, de 20 de octubre, y 
las instrucciones técnicas complementarias MI-IP03, aprobada por el Real Decreto 
1427/1997, de 15 de septiembre, y MI-IP04, aprobada por el Real Decreto 2201/1995, 
de 28 de diciembre. [Ch-1] 

Resolución de 20 de enero de 2009, de la Secretaría de Estado de Cambio Climático, por la 
que se publica el Acuerdo del Consejo de Ministros por el que se aprueba el Plan 
Nacional Integrado de Residuos para el período 2008-2015. BOE 49. [Ch-1] 

Resolución de 28 de abril de 1995, de la Secretaría de Estado de Medio Ambiente y 
Vivienda, por la que se dispone la publicación del Acuerdo del Consejo de Ministros de 
17 de febrero de 1995, por el que se aprueba el Plan Nacional de Recuperación de 
Suelos Contaminados 1995-2005. BOE 114. [Ch-1] 

RCRA (1976). Resource Conservation and Recovery Act – Senate USA42 U.S.C. §6901 et 
seq.. http://www.epa.gov/lawsregs/laws/rcra.html. [Ch-7] 

REHMAN, H-U., ABDULJAUWAD, S.N. and AKRAM, T. (2007). Geotechnical behavior of oil-
contaminated fine grained soils. http://www.ejge.com/2007/JourTOC12A.htm, J. Geol. 
Eng., 12. 

RODRIGUEZ ORTIZ, J.M. (2000). Propiedades geotecnicas de los suelos de Madrid. R.O.P. 
Extraordinario diciembre, N 3405, pp. 59-84. [Ch-4,6] 

ROGGEMANS, B., JOHNSON, P.C. and JOHNSON, R.L. (2001), Vadose Zone Natural 
Attenuation of Hydrocarbon Vapors: An Empirical Assessment of Soil Gas Vertical 



References 

 302 

Profile Data, American Petroleum Institute, API Soil and Groundwater Research 
Bulletin No. 15. [Ch-2] 

ROGEL QUESADA, J.M. and MORENO SÁNCHEZ, J. (1999). Experiencias en el tratamiento "in 
situ" de suelos y aguas subterráneas contaminadas por hidrocarburos. Tecno 
Ambiente, nº91, pp. 5-7. [Ch-2] 

ROGEL QUESADA, J.M. (2007). Tratamiento del suelo y agua freatica contaminada. 
Conselleria de Medio Ambiente, Agua, Urbanismo y Vivienda de la Generalitat 
Valenciana. Web page: http://www.cma.gva.es/comunes_asp/documentos/agenda/. 
[Ch-2] 

ROGEL QUESADA, J.M., LEGUEY, S., MARTÍNEZ SANTAMARIA, J.M., CUEVAS, J., MUÑOZ 
MANERO, E., GARRIDO SANCHIS, A., AVELLANOSA, P., HERVÁS, J., SEVILLA, T. and 
PROCOPIO, J. (2008) Proyecto de investigación y desarrollo sobre la evaluación del 
comportamiento de arcillas frente a lixiviados de vertederos urbanos. GEOCISA – UAM 
– CEDEX. Exp. 106/2004/2. Subvenciones de I+D+i en el ámbito de la prevención de 
la comtaminación. Balance 2004-2007. Centro de Publicaciones, Ministerio de Medio 
Ambiente, pp: 53-62. [Ch-3] 

ROM 0.5-05. Geotechnical Recommendations on Maritime and Port Works. Puertos del 
Estado – M. Fomento. http://www.puertos.es/en/programa_rom/rom_05_05_en.html. 
[Ch-5] 

ROWE, R.K. and BOOKER, J.R. (1985). 1-D pollutant migration in soils of finite depth’, J. 
Geotechn. Eng. ASCE 111(4), pp. 479–499. [Ch-6] 

SADEK, S., ISKANDER, M. and LIU, J. (2002). Geotechnical properties of transparent silica. 
Canadian Geotechnical J. 39(1), pp. 111–124. [Ch-6] 

SALE, T. (2003). Answers to Frequently Asked Questions About Managing Risk at LNAPL 
Sites. American Petroleum Institute – API, Soil and Groundwater Research Bulletin 
Number 18. [Ch-2,4] 

SAUCK, W.A. (2000). A model for the resistivity structure of LNAPL plumes and their environs 
in sandy sediments. J Appl Geophys 44, pp. 151-165. [Ch-2] 

SCHWILLE, F. (1984). Migration of organic fluids immiscible with water in the unsaturated 
zone. In Pollutants in Porous Media: The Unsaturated Zone between Soil Surface and 
Groundwater, ed. B. Yaron, G. Dagan, and J. Goldshmid, chap. 3, pp. 27–48. [Ch-7] 

SEAGREN, E.A., RITTMANN, B.E. and VALOCCHI A.J. (1994). Quantitative evaluation of the 
enhancement of NAPL-pool dissolution by flushing and biodegradation, Environ. Sci. 
Technol., 28(5), pp. 833–839. [Ch-2] 

SEED, H.B. and IDRISS, I.M. (1971). Simplified Procedure for Evaluating Soil Liquefaction 
Potential, J. Soil Mechanics and Foundations Div., ASCE, 97:SM9, pp. 1249-1273. [Ch-
5] 

SERRANO, A., GALLEGO, M. and GONZALEZ, J.L. (2006), Assessment of natural attenuation of 
volatile aromatic hydrocarbons in agricultural soil contaminated with diesel fuel, 
Environ. Pollut. 144, pp. 203–209. [Ch-3] 



References 

  303 

SILLS, B. and MITCHELL, R.J. (1995). A New Method for Studying Diffusion in Unsaturated 
Soil. Geoenvironment 2000, Vol. 1, ASCE, Geotechnical special publication No. 46: pp. 
346–354. [Ch-6] 

ŠIMŮNEK, J. and BRADFORD, A. (2008) Vadose Zone Modeling: Introduction and Importance. 
Vadose Zone J. Vol. 7, No. 2, May: pp. 581–586. [Ch-2] 

SHAH, S.J., SHROFF, A.V., PATEL, J.V., TIWARI, K.C. and RAMAKRISHNAN, D. (2003). 
Stabilization of oil contaminated soil – A case study. Geotechnical and Geological 
Engineering. 21, pp. 415-427. [Ch-4] 

SHACKELFORD, C.D. (1995). Analytical Models Cumulative Mass Column Testing 
Geoenvironment 2000, Vol. 1, ASCE, Geotechnical special publication No. 46, pp. 
355–372. [Ch-6] 

SHACKELFORD, C.D. and DANIEL, D.E. (1991). Diffusion in saturated soil. II: Results for 
compacted clay. J. Geotechn. Eng. ASCE 117(3), pp. 485–506. [Ch-6] 

SHARIFABADI, A.D. and JOSEPH, T.G. (2010). An oil sand pseudo-elastic model for 
determining ground deformation under large mobile mining equipment: Geotechnical 
and Geological Engineering, 28. No. 4, pp. 471-481. [Ch-4] 

SHARMA H.D. and REDDY K.R. (2004). Geoenvironmental Engineering – Site remediation, 
waste containment and emerging waste management technologies. John Wiley & 
Sons, INC. [Ch-2,4] 

SHIN, E.C., LEE, J.B. and DAS, B.M. (1999). Bearing capacity of a model scale footing on crude 
oil-contaminated sand. Geotech. Geol. Eng., 17, pp. 123-132. [Ch-3,4,5] 

SHIN, E.C. and DAS, B.M. (2001). Bearing capacity of unsaturated oil-contaminated sand. Int. 
J. Offshore Polar Eng., 11: 220-227. http://www.isope.org/publications/journals/ijope-
11-3/ijope-11-3-p220-abst-TM-23-Shin.pdf. [Ch-3,5] 

SHIN, E.C., OMAR, M.T., TAHMAZ, A.A., and DAS, B.M. (2002). Shear strength and hydraulic 
conductivity of oil-contaminated sand. Proc., 4th Int. Congress on Environmental 
Geotechnics, Rio de Janeiro, Brazil, Vol. 1, Balkema, pp. 9–13. [Ch-4] 

SINGH, S.K, SRIVASTAVA ,R.K. and SIBY, J. (2008). Settlement Characteristics of Clayey Soils 
Contaminated with Petroleum Hydrocarbons. Soil and Sediment Contamination An 
International Journal, 17, pp. 290-300. [Ch-3,4] 

SKEMPTON, A.W. (1944). Notes on compressibility of clays. Q. Journal Geological Society. 
London, 10, pp. 119–135. [Ch-4] 

SLAVIK, J. (1994). Fluorescent probes in cellular and molecular biology. CRC Press, Boca 
Raton. [Ch-6] 

SONG, D., KITAMURA, M. and KATAYAMA, A. (2005). Evaluation for the behavior of LNAPL 
released on the vadose zone as source of groundwater contamination. Environmental 
Engineering Research. Vol. 42, pp. 91-99. [Ch-2] 

SONG, Z., HU, Y., O’LOUGHLIN, C. and RANDOLPH, M. (2009). Loss of Anchor Embedment 
during Plate Anchor Keying in Clay. J. Geotechnical and Geoenvironmental Engr. 
135(10), pp. 1475–1485. [Ch-6] 



References 

 304 

SOPHOCLEOUS, M. (2009). Understanding and explaining surface tension and capillarity: an 
introduction to fundamental physics for water professionals. Hydrogeology Journal 18, 
pp. 811–821. [Ch-2] 

SOUCK, W.A. (2000). A model for the resistivity structure of LNAPL plumes and their environs 
Sandy sediments. Journal of Applied Geophysics, 44, pp. 151-165. [Ch-2] 

SOWERS, G.F. (1968). Foundation Problems in Sanitary Landfills. [Ch-3] 

SPANGLER, M. and HANDY, R. (2007). Geotechnical Engineering: Soil and Foundation 
Principles and Practice, 5th Ed. McGraw-Hill Professional. [Ch-5] 

SRIDHARAN, A., NAGARAJ, T.S., and SIVAPULLAIAH, P.V. (1981). Heaving of soil due to acid 
contamination. Proc. of International Conference on Soil Mechanics Foundation 
Engineering, vol. 2. A.A. Balkema, Rotterdam, Netherlands, pp. 383–386. [Ch-3] 

SRIVASTAVA, R.K. and PANDEY, V.D. (1998). Geotechnical evaluation of oil contaminated soil. 
Contaminated and derelict land. Ed. R.W. Sarsby, pp. 204-210. [Ch-3,4] 

TABE, K. (2009): Aquabeads to model the geotechnical behavior of natural soils, Ph.D. 
Dissertation, Polytechnic Institute of NYU, NY, USA. [Ch-6] 

TALIMCIOGLU, M. (2010). Notes from Environmental Geotechnology Course (CE-8493) – 
November 11 (Fall Semester). Special Lecture. Polytechnic Institute – NYU. 

TEMEZ, J.R. (1977). Modelo Matemático de transformación Precipitación-Aportación. ASINEL. 
[Ch-2] 

TERZAGHI K.V. (1923). Die Berechnung des Durchlässigkeitsziffer des Tones aus dem Verlauf 
der hydrodynamischen Spannungserscheinungen: Sitz. Akad. Wiss. Wien, Abt. IIa, v. 
132, pp.125-138. [Ch-2] 

TERZAGHI, K.V. and FRÖHLICH, O.K. (1936). Theorie der stzung von tonschichten. (Theory of 
settlement of clay layers). Franz Deuticke, Leipzig, Germany. [Ch-3,5,9] 

TERZAGHI, K. and PECK, R.B. (1948). Soil Mechanics in Engineering Practice. Wiley, New 
York. [Ch-4] 

THEODOROPOULOU, M., KAROUTSOS, V., KASPIRIS, C. and TSAKIROGLOU, C. (2003). A new 
visualization technique for the study of solute dispersion in model porous media. J. of 
Hydrology 274(1-4), pp. 176–197. [Ch-6] 

THOMPSON, M.R. and ROBNETT, Q.L. (1979). Resilient properties of subgrade soils. Journal of 
Transportation Engineering, ASCE, Vol. 105, No. 1, pp. 71-89. [Ch-4] 

UNE 103-100-95. Preparación de muestras para los ensayos de suelos. [Ch-4] 

UNE 103-101-95. Análisis granulométrico de suelos por tamizado. [Ch-4] 

UNE 103-102-95. Análisis granulométrico de suelos finos por sedimentación. Método 
deldensímetro. [Ch-4] 

UNE 103-105-93. Determinación de la densidad mínima de una arena. [Ch-4] 

UNE 103-106-93. Determinación de la densidad máxima de una arena por el método de 
apisonado. [Ch-4] 



References 

  305 

UNE 103-103-94. Determinación del límite liquido de un suelo por el método del aparato de 
Casagrande. [Ch-4] 

UNE 103-104-93. Determinación del límite plástico de un suelo. [Ch-4] 

UNE 103-300-93. Determinación de la humedad de un suelo mediante secado en estufa. [Ch-4] 

UNE 103-301-94. Determinación de la densidad de un suelo. Método de la balanza 
hidrostática. [Ch-4] 

UNE 103-401-98. Determinación de los parámetros resistentes al esfuerzo cortante de una 
muestra de suelo en la caja de corte directo. (drenado). [Ch-4] 

UNE 103-405-94. Geotecnia. Ensayo de consolidación unidimensional de un suelo en 
edómetro. [Ch-4] 

UNE 103-500-94. Geotecnia. Ensayo de compactación próctor normal. [Ch-4] 

UNE 103-501-94. Geotecnia. Ensayo de compactación próctor modificado. [Ch-4] 

UNE 103-502-95. Método de ensayo para determinar en el Laboratorio el índice CBR de un 
suelo. [Ch-4] 

UNE 103-601-94. Ensayo de hinchamiento libre de un suelo en edómetro. [Ch-4] 

UNE 103-602-96. Ensayo para calcular la presión de hinchamiento de un suelo en edómetro. 
[Ch-4] 

UPPOT, J.O. and STEPHENSON, R.W. (1989). Permeability of clays under organic permeants. 
Journal of Geotechnical Engineering, ASCE 115 (1), pp. 115–131. [Ch-3] 

U.S. Environmental Protection Agency (1992). Potential reuse of petroleum-contaminated soil: a 
director of permitted recycling facilities. By Nash, J., S. Rosenthal, G. Wolf, and M. Avery 
Environmental Protection Agency, Washington, D.C., EPA/600/R-92/096. [Ch-3] 

U.S. Environmental Protection Agency (1993). Subsurface Characterization and Monitoring 
Techniques, Volume 1, Solids and Groundwater, EPA/625/R-93/003a. [Ch-2] 

U.S. Environmental Protection Agency (1996). Office of Underground Storage Tanks, How to 
Effectively Recover Free Product for LUST Sites: A Guide for State Regulators, EPA-
510-R-96-004, September. [Ch-1,3] 

VANAPALLI, S.K., FREDLUND, D.G., PUFAHL, D.E., and CLIFTON, A.W. (1996). Model for 
prediction of shear strength with respect to soil suction. Can. Geotech. J., Vol. 33(3), 
pp. 379-392. [Ch-4] 

VEIHMEYER, F.J. and HENDRICKSON, A.H. (1931). The moisture equivalent as a measure of 
the field capacity of soils. Soil Science 32, pp. 181–193. [Ch-2] 

VILLAR, M.V., PÉREZ DEL VILLAR, L., MARTÍN, P.L., PELAYO, M., FERNÁNDEZ, A.M., GARRALÓN, 
A., CUEVAS, J., LEGUEY, S., CABALLERO, E., HUERTAS, F.J., JIMÉNEZ DE CISNEROS, C., 
LINARES, J., REYES,E., DELGADO, A., FERNÁNDEZ SOLER, J.M., and ASTUDILLO, J. 
(2006). The study of Spanish clays for their use as sealing materials in nuclear waste 
repositories: 20 years of progress. Journal of Iberian Geology, 32, pp. 15-36. [Ch-3] 



References 

 306 

WEABER, J.W., CHARBENEAU, R.J., and LIEN, B.K. (1994). A screening model for nonaquous 
phase liquids transport in the vadose zone using green-ampt and kinematic wave 
theory. Water Resources Research, 30(1), pp. 93-105. [Ch-2] 

WELKER, A., BOWDERS, J. and GILBERT, R. (1999). Applied research using transparent 
material with hydraulic properties similar to soil. Geotechnical Testing J. 22(3), pp. 266–
270. [Ch-6] 

WHITAKER, S. (1999). The Method of Volume Averaging; Kluwer: Dordrecht. [Ch-2] 

WHITMAN, R.V. and HEALY, K.A. (1962). Shear strength of sands during rapid loadings. 
Journal of the soil mechanics and foundations division – Proceedings of the ASCE. 
SM2-3102, pp. 99-132. [Ch-4] 

WIEDEMEIER, T.H., SWANSON, M.A., WILSON, J.T., KAMPBEL, D.H., MILLER R.N. and HANSEN J. 
(1996). Approximation of biodegradation rate constants for monoaromatic hydrocarbon 
(BTEX) in ground water. Groundwater Monit. Rem. 16-3, pp. 186–194. [Ch-2,3] 

WONG, R.C.K. (1999). Mobilized strength components of athabasca oil sand in triaxial 
compression. Canadian Geotechnical Journal, 36 (4), pp. 718-735. [Ch-6] 

WYSZKOWSKI, M., WYSZKOWSKA, J. and ZIÓŁKOWSKA, A. (2004). Effect of soil contamination 
with diesel oil on yellow lupine yield and macroelements content. Plant Soil Environ., 
50, (5), pp. 218–226. [Ch-3] 

YOUD, T.L. (2001). Liquefaction Resistance of soils: Summary Report from the 1996 NCEER 
and 1998 nceer/nsf workshops on evaluation of liquefaction resistance of soils. Journal 
of geotechnical and geoenvironmental engineering, pp. 817-833. [Ch-5] 

ZIMMIE, T.F., MAHMUD, M.B. and DE, A. (1994). Accelerated physical modelling of radioactive 
waste migration in soil. Canadian Geotechnical Journal 31, pp. 683–691. [Ch-6] 

 

 

www.lindahall 

www.api.org 

 



Appendix I – Soil mechanics laboratory results 
 

A1 - 1 
 

APPENDIX I 

SOIL MECHANICS LABORATORY RESULTS 
INTRODUCTION 

In this appendix has been collected the specific results for each test that does not have 

been included or completely deduced in the text. The results are referred and discussed 

in chapters 4 and 5. 

The order of this appendix is summarized below: 

1. Liquid limit results (Atterberg Limits): Plasticity limits are included in chapter 3. 

Pages 2 to 4. 

2. Compaction tests results: Standard and Modified Proctor Tests. Pages 7 to 17. 

3. CBR test results. Pages 21 to 38. 

4. Shear direct test results. Pages 41 to 60. 

5. Hydraulic conductivity test results. Pages 64 to 72. 

6. One-dimensional consolidation test results. Pages 75 to 133. 

Some pages have been intentionally left in white in order to better understand the result 

of the testing campaign, by separating them in odd pages. 
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LIQUID LIMIT RESULTS 

10

100

10 100

w
 (%

 m
oi

st
ur

e 
co

nt
en

t)

N (Blows)

LL - D0 and M0 (0%)

 

10

100

10 100

w
 (%

 m
oi

st
ur

e 
co

nt
en

t)

N (Blows)

LL - D1 (0,5%) 

 

10

100

10 100

w
 (%

 m
oi

st
ur

e 
co

nt
en

t)

N (Blows)

LL - D2 (2%) 

 



Appendix I – Soil mechanics laboratory results 
 

A1 - 3 
 

10

100

10 100

w
 (%

 m
oi

st
ur

e 
co

nt
en

t)

N (Blows)

LL - D3 (5%) 

 

10

100

10 100

w
 (%

 m
oi

st
ur

e 
co

nt
en

t)

N (Blows)

LL - D4 (10%) 

 

10

100

10 100

w
 (%

 m
oi

st
ur

e 
co

nt
en

t)

N (Blows)

LL - M1 (0,5 %) 

 



Appendix I – Soil mechanics laboratory results 
 
 

A1 - 4 
 

10

100

10 100

w
 (%

 m
oi

st
ur

e 
co

nt
en

t)

N (Blows)

LL - M2 (2 %) 

 

10

100

10 100

w
 (%

 m
oi

st
ur

e 
co

nt
en

t)

N (Blows)

LL - M3 (5 %) 

 

10

100

10 100

w
 (%

 m
oi

st
ur

e 
co

nt
en

t)

N (Blows)

LL - M4 (10 %) 

 



Appendix I – Soil mechanics laboratory results 
 

A1 - 5 
 

 

 

 

 

 

 

 

COMPACTION TEST RESULTS 
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Standard Proctor T-SP1     Sample: D0 

Date: 16-17/07/09            

       

Mold: 1000 cm³ Layers No: 3   LNAPL type: -   

Hammer: 2.500 gr Blow No./layer: 26   Concentration (%):    

Drop distance: 30,5 cm Soil: "Miga" sand from Madrid Observations:   

       
       

  Dot No. --> 1 2 3 4 
D   % water added 0 4 8 12 
E t+s+a Mold+soil+water 3730 3920 3980 3910 
N t Mold 1980 1980 1980 1980 
S s+a=(t+s+a)-t Soil+water 1750 1940 2000 1930 
I s=(s+a)*100/100+h Soil 1641.824 1755 1738.162 1628.851 
T D=s/W Density 1.641824 1.755 1.738162 1.628851 

M  Mold reference A B C D 
O a=(t+s+a)-(t+s) Water 7.22 9.25 16.81 12.28 
I t+s+a Mold+soil+water 278.6 230.9 324.3 154.7 
S t+s Mold+soil 271.38 221.65 307.49 142.42 
T t Mold 161.8 133.9 195.9 76 
U s=(t+s)-t Soil 109.58 87.75 111.59 66.42 
R h=a*100/s Moisture 6.588794 10.54131 15.06407 18.48841 

       

  Maximum density  = 1,775 g/cm3   

  Optimum moisture content = 12,4 %   
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Standard Proctor T-SP2     Sample: D1 

Date: 30-31/07/09            

       

Mold: 1000 cm³ Layers No: 3   LNAPL type:  Diesel F. 

Hammer: 2.500 gr Blow No./layer: 26   Concentration (%):  0.50% 

Drop distance: 30,5 cm Soil: "Miga" sand from Madrid Observations:   

       
       

  Dot No. --> 1 2 3 4 
D   % water added 0 4 8 12 
E t+s+a Mold+soil+water 3770 3940 3990 3900 
N t Mold 1985 1985 1985 1985 
S s+a=(t+s+a)-t Soil+water 1785 1955 2005 1915 
I s=(s+a)*100/100+h Soil 1674.943 1773.428 1751.283 1625.306 
T D=s/W Density 1.674943 1.773428 1.751283 1.625306 

M  Mold reference A B C D 
O a=(t+s+a)-(t+s) Water 7.22 10.82 26.46 13.04 
I t+s+a Mold+soil+water 259.8 266.7 469.5 166.3 
S t+s Mold+soil 252.58 255.88 443.04 153.26 
T t Mold 142.7 150.2 260.4 80.1 
U s=(t+s)-t Soil 109.88 105.68 182.64 73.16 
R h=a*100/s Moisture 6.570805 10.23846 14.48752 17.82395 

       

  Maximum density  = 1,78 g/cm3   

  Optimum moisture content =11,4 %   
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Standard Proctor T-SP3     Sample: D2 

Date: 30-31/07/09            

       

Mold: 1000 cm³ Layers No: 3   LNAPL type:  Diesel F. 

Hammer: 2.500 gr Blow No./layer: 26   Concentration (%):  2.00% 

Drop distance: 30,5 cm Soil: "Miga" sand from Madrid Observations:   

       
       

  Dot No. --> 1 2 3 4 
D   % water added 0 4 8 12 
E t+s+a Mold+soil+water 3760 3980 3980 3910 
N t Mold 1990 1990 1990 1990 
S s+a=(t+s+a)-t Soil+water 1770 1990 1990 1920 
I s=(s+a)*100/100+h Soil 1651.195 1796.528 1728.754 1618.378 
T D=s/W Density 1.651195 1.796528 1.728754 1.618378 

M  Mold reference A B C D 
O a=(t+s+a)-(t+s) Water 4.92 6.65 11.08 14.06 
I t+s+a Mold+soil+water 158.1 144.3 166.6 173 
S t+s Mold+soil 153.18 137.65 155.52 158.94 
T t Mold 84.8 75.9 82.2 83.5 
U s=(t+s)-t Soil 68.38 61.75 73.32 75.44 
R h=a*100/s Moisture 7.195086 10.76923 15.11184 18.63733 

       

  Maximum density = 1,8 g/cm3     

  Optimum moisture content  = 11,2 %   
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Standard Proctor T-SP4     Sample: D3 

Date: 3-4/08/09            

       

Mold: 1000 cm³ Layers No: 3   LNAPL type:  Diesel F. 

Hammer: 2.500 gr Blow No./layer: 26   Concentration (%):  5.00% 

Drop distance: 30,5 cm Soil: "Miga" sand from Madrid Observations:   

       
       

  Dot No. --> 1 2 3 4 
D   % water added 0 4 8 12 
E t+s+a Mold+soil+water 3850 4010 3980 3900 
N t Mold 1980 1980 1980 1980 
S s+a=(t+s+a)-t Soil+water 1870 2030 2000 1920 
I s=(s+a)*100/100+h Soil 1709.872 1818.174 1724.582 1597.644 
T D=s/W Density 1.709872 1.818174 1.724582 1.597644 

M  Mold reference A B C D 
O a=(t+s+a)-(t+s) Water 8.7 8.4 10.7 11.4 
I t+s+a Mold+soil+water 251.9 223.1 162.4 130.4 
S t+s Mold+soil 243.2 214.7 151.7 119 
T t Mold 150.3 142.6 84.7 62.5 
U s=(t+s)-t Soil 92.9 72.1 67 56.5 
R h=a*100/s Moisture 9.364909 11.65049 15.97015 20.17699 

       

  Maximum density = 1,82 g/cm3   

  Optimum moisture content = 11,8 %   
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Standard Proctor T-SP5     Sample: D4 

Date: 3-4/08/09            

       

Mold: 1000 cm³ Layers No: 3   LNAPL type:  Diesel F. 

Hammer: 2.500 gr Blow No./layer: 26   Concentration (%):  7.00% 

Drop distance: 30,5 cm Soil: "Miga" sand from Madrid Observations:   

       
       

  Dot No. --> 1 2 3 4 
D   % water added 0 4 8 12 
E t+s+a Mold+soil+water 3900 3975 3950 3860 
N t Mold 1985 1985 1985 1985 
S s+a=(t+s+a)-t Soil+water 1915 1990 1965 1875 
I s=(s+a)*100/100+h Soil 1699.256 1752.279 1678.793 1545.961 
T D=s/W Density 1.699256 1.752279 1.678793 1.545961 

M  Mold reference A B C D 
O a=(t+s+a)-(t+s) Water 7.03 7.49 10.05 12.6 
I t+s+a Mold+soil+water 146 138.6 131.3 139 
S t+s Mold+soil 138.97 131.11 121.25 126.4 
T t Mold 83.6 75.9 62.3 67.2 
U s=(t+s)-t Soil 55.37 55.21 58.95 59.2 
R h=a*100/s Moisture 12.69641 13.56638 17.04835 21.28378 

       

  Maximum density  = 1,75 g/cm3   

  Optimum moisture content = 13,56 %   
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Standard Proctor T-SP6     Sample: D5 

Date: 13-14/08/09            

       

Mold: 1000 cm³ Layers No: 3   LNAPL type:  Diesel F. 

Hammer: 2.500 gr Blow No./layer: 26   Concentration (%):  10.00% 

Drop distance: 30,5 cm Soil: "Miga" sand from Madrid Observations:  Exudation 

       
       

  Dot No. --> 1 2 3 4 
D   % water added 0 4 8 12 
E t+s+a Mold+soil+water 3830 3955 3900 3860 
N t Mold 1990 1990 1990 1990 
S s+a=(t+s+a)-t Soil+water 1840 1965 1910 1870 
I s=(s+a)*100/100+h Soil 1709.587 1766.408 1653.067 1572.766 
T D=s/W Density 1.709587 1.766408 1.653067 1.572766 

M  Mold reference A B C D 
O a=(t+s+a)-(t+s) Water 4.68 6.17 8.92 9.13 
I t+s+a Mold+soil+water 114.63 128.11 142.65 133.27 
S t+s Mold+soil 109.95 121.94 133.73 124.14 
T t Mold 48.6 67.06 76.34 75.83 
U s=(t+s)-t Soil 61.35 54.88 57.39 48.31 
R h=a*100/s Moisture 7.628362 11.24271 15.54278 18.89878 

       

  Maximum density  = 1,77 g/cm3   

  Optimum moisture content = 11,3 %   
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Standard Proctor T-SP7     Sample: D-Ex  

Fecha: 25-26/08/09        Only diesel fuel  

 Experiment only with Diesel Fuel      

Mold: 1000 cm³ Layers No: 3   LNAPL type:  Diesel F.  

Hammer: 2.500 gr Blow No./layer: 26   Concentration (%):  No water  

Drop distance: 30,5 cm Soil: "Miga" sand from Madrid Observations: Only DF  

        
        

  Dot No. --> 1 2 3 4 5 
D   % water added 0 4 8 12 16 
E t+s+a Mold+soil+water 3670 3790 3880 3910 3930 
N t Mold 1980 1980 1980 1980 1980 
S s+a=(t+s+a)-t Soil+water 1690 1810 1900 1930 1950 
I s=(s+a)*100/100+h Soil 1606.902 1691.776 1733.111 1744.912 1751.09177 
T D=s/W Density 1.606902 1.691776 1.733111 1.744912 1.75109177 

M  Mold reference A B C D D 
O a=(t+s+a)-(t+s) Water 2.37 3.71 6.86 8.89 9.67 
I t+s+a Mold+soil+water 124.1 139.1 140.4 177.5 143.4 
S t+s Mold+soil 121.73 135.39 133.54 168.61 133.73 
T t Mold 75.9 82.3 62.3 84.8 48.6 
U s=(t+s)-t Soil 45.83 53.09 71.24 83.81 85.13 
R h=a*100/s Moisture 5.171285 6.988133 9.629422 10.60733 11.3590979 

        

  Maximum density  = 1,75 g/cm3    

  Optimum moisture content >  11,13%    
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Modified Proctor T-MP1       Sample: D0 

Date: 14-15/07/09           

       

Mold volume: 2318 cm³ Layers No.: 5     LNAPL type: - 

Hammer: 4.535 gr Blow No./layer: 60     Concentration (%):  

Drop distance: 45,7 cm Soil: "Miga" sand from Madrid Observations: 
       

  Dot No. --> 1 2 3 4 
D   % water added 0 4 8 12 
E t+s+w Mold+soil+water 8810 9260 9535 9305 
N t Mold 4470 4470 4470 4470 
S s+w=(t+s+w)-t Soil+water 4340 4790 5065 4835 
I s=(s+a)*100/100+h Soil 4210.973 4501.39 4597.462 4223.564 
T D=s/W Density 1.816641 1.941928 1.983374 1.822072 

M  Mold reference A B C D 
O w=(t+s+a)-(t+s) Water 2.2 6.2 10.8 18.4 
I t+s+a Mold+soil+water 216.6 394.6 322.4 295.5 
S t+s Mold+soil 214.4 388.4 311.6 277.1 
T t Mold 142.6 291.7 205.4 150 
U s=(t+s)-t Soil 71.8 96.7 106.2 127.1 
R h=a*100/s Moisture 3.064067 6.411582 10.16949 14.47679 

       

  Maximum density = 1,99 g/cm3     

  Optimum moisture content = 9,5 %   
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Modified Proctor T-MP2       Sample: D1 

Date: 21-22/07/09           

       

Mold: 2318 cm³ Layers No.: 5   LNAPL type:  Diesel F. 

Hammer: 4.535 gr Blow No./layer: 60   Concentration (%):  0,5% 

Drop height: 45,7 cm Soil: "Miga" sand from Madrid Observations:   

       
       

  Dot No. --> 1 2 3 4 
D   % water added 0 4 8 12 
E t+s+a Mold+soil+water 9280 9570 9130 9085 
N t Mold 4470 4470 4470 4470 
S s+a=(t+s+a)-t Soil+water 4810 5100 4660 4615 
I s=(s+a)*100/100+h Soil 4499.636 4620.104 4050.86 3915.16 
T D=s/W Density 1.941172 1.993142 1.747567 1.689025 

M  Mold reference A B C D 
O a=(t+s+a)-(t+s) Water 7.33 10.84 15.32 26.28 
I t+s+a Mold+soil+water 263.9 265.1 282.8 335.1 
S t+s Mold+soil 256.57 254.26 267.48 308.82 
T t Mold 150.3 149.9 165.6 161.8 
U s=(t+s)-t Soil 106.27 104.36 101.88 147.02 
R h=a*100/s Moisture 6.897525 10.38712 15.0373 17.87512 

       

  Maximum density = 2,01 g/cm3  

  Optimum moisture content = 9.60%    
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Modified Proctor T-MP3       Sample: D2 

Date: 28-29/07/09           

       

Mold volume: 2318 cm³ Layers No.: 5   LNAPL type:  Diesel F. 

Hammer: 4.535 gr Blow No./layer: 60   Concentration (%):  2.00% 

Drop distance: 45,7 cm Soil: "Miga" sand from Madrid Observations: MISTAKE? 

       
       

  Dot No. --> 1 2 3 4 
D   % water added 0 4 8 12 
E t+s+a Mold+soil+water 9440 9510 9410 9070 
N t Mold 4480 4480 4480 4480 
S s+a=(t+s+a)-t Soil+water 4960 5030 4930 4590 
I s=(s+a)*100/100+h Soil 4668.578 4567.935 4344.031 3917.151 
T D=s/W Density 2.014054 1.970636 1.874043 1.689884 

M  Mold reference A B C D 
O a=(t+s+a)-(t+s) Water 10 14.9 17.9 23 
I t+s+a Mold+soil+water 320.1 312.6 293.4 318.8 
S t+s Mold+soil 310.1 297.7 275.5 295.8 
T t Mold 149.9 150.4 142.8 161.9 
U s=(t+s)-t Soil 160.2 147.3 132.7 133.9 
R h=a*100/s Moisture 6.242197 10.11541 13.48907 17.177 

       

  Maximum density = 2,03 g/cm3   

  Optimum moisture content 8.00%   
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Modified Proctor T-MP4       Sample: D2  

Fecha: 4-5/08/09       T3 - REPETITION  

        

Mold: 2318 cm³ Layers No.: 5   LNAPL type:  Diesel F.  

Hammer: 4.535 gr Blow No./layer: 60   Concentration (%):  2.00%  

Drop height: 45,7 cm Soil: "Miga" sand from Madrid Observations: REPEAT  

        
        

  Dot No. --> 1 2 3 4 5 
D   % water added 0 2 4 6 8 
E t+s+a Mold+soil+water 9240 9440 9425 9455 9335 
N t Mold 4410 4410 4410 4410 4410 
S s+a=(t+s+a)-t Soil+water 4830 5030 5015 5045 4925 
I s=(s+a)*100/100+h Soil 4516.822 4651.906 4589.677 4560.563 4353.98551 
T D=s/W Density 1.948586 2.006862 1.980016 1.967456 1.87833715 

M  Mold reference A B C D E 
O a=(t+s+a)-(t+s) Water 7.1 5.6 6.7 4.95 7.2 
I t+s+a Mold+soil+water 281.7 141.8 161.3 134.95 137.9 
S t+s Mold+soil 274.6 136.2 154.6 130 130.7 
T t Mold 172.2 67.3 82.3 83.4 75.8 
U s=(t+s)-t Soil 102.4 68.9 72.3 46.6 54.9 
R h=a*100/s Moisture 6.933594 8.127721 9.266943 10.62232 13.1147541 

        

  Maximum density = 2,00 g/cm3   

  Optimum moisture content = 8.10%     
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CBR T-CBR1       Sample: DO (M1) 

Date: 09/09       Diesel Fuel 

       

Mold: 2318 cm³ Layers No.: 5   wPM   9.50% 

Hammer: 4.535 gr Blow No./layer: 60   Concentration (%):  0 % 

Drop height: 45,7 cm Soil: "Miga" sand from Madrid Observations:   
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CBR T-CBR2       Sample: D1 (M2) 

Date: 09/09       Diesel Fuel 

       

Mold: 2318 cm³ Layers No.: 5   wPM   9.10% 

Hammer: 4.535 gr Blow No./layer: 60   Concentration (%):  0.50% 

Drop height: 45,7 cm Soil: "Miga" sand from Madrid Observations:   
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CBR T-CBR3       Sample: D2 (M3) 

Date: 09/09       Diesel Fuel 

       

Mold: 2318 cm³ Layers No.: 5   wPM   6.16% 

Hammer: 4.535 gr Blow No./layer: 60   Concentration (%):  2.00% 

Drop height: 45,7 cm Soil: "Miga" sand from Madrid Observations:   
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CBR T-CBR4       Sample: D3-mod (M4) 

Date: 10/09       Diesel Fuel 

       

Mold: 2318 cm³ Layers No.: 5   wPM   2.20% 

Hammer: 4.535 gr Blow No./layer: 60   Concentration (%):  4.00% 

Drop height: 45,7 cm Soil: "Miga" sand from Madrid Observations:   
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CBR T-CBR5       Sample: D4-mod (M5) 

Date: 10/09       Diesel Fuel 

       

Mold: 2318 cm³ Layers No.: 5   wPM   - 

Hammer: 4.535 gr Blow No./layer: 60   Concentration (%):  7.00% 

Drop height: 45,7 cm Soil: "Miga" sand from Madrid Observations:   
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CBR T-CBR6-S       Sample: D0 (M1) 

Date: 11/09       Diesel Fuel 

       

Mold: 2318 cm³ Layers No.: 5   wPM   9.50% 

Hammer: 4.535 gr Blow No./layer: 60   Concentration (%):  0.00% 

Drop height: 45,7 cm Soil: "Miga" sand from Madrid Observations:  SOAKED 
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CBR T- CBR7-S       Sample: D1 (M2) 

Date: 11/09       Diesel Fuel 

       

Mold: 2318 cm³ Layers No.: 5   wPM   9.10% 

Hammer: 4.535 gr Blow No./layer: 60   Concentration (%):  0.50% 

Drop height: 45,7 cm Soil: "Miga" sand from Madrid Observations:   SOAKED 
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CBR T- CBR8-S       Sample: D2 (M3) 

Date: 11/09       Diesel Fuel 

       

Mold: 2318 cm³ Layers No.: 5   wPM   6.16% 

Hammer: 4.535 gr Blow No./layer: 60   Concentration (%):  2.00% 

Drop height: 45,7 cm Soil: "Miga" sand from Madrid Observations:  SOAKED  
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CBR T- CBR9-S       Sample: D3-mod (M4) 

Date: 11/09       Diesel Fuel 

       

Mold: 2318 cm³ Layers No.: 5   wPM   2.20% 

Hammer: 4.535 gr Blow No./layer: 60   Concentration (%):  4.00% 

Drop height: 45,7 cm Soil: "Miga" sand from Madrid Observations:   SOAKED 
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Appendix I – Soil mechanics laboratory results 
 

A1 - 41 
 

 

Shear Direct T-SD1         Sample D0 - Dense 

Date: 07/09         DR 70-80% 
        
Layers No.: 3 Blow No./layer: 20   LNAPL type:  Diesel F. 
Hammer: 2.500 gr Box:  Diameter 50 mm   Concentration (%):  0.00% 
Drop height: 30 cm Soil: "Miga" sand from Madrid Observations:   

w (%) 7% *Necessary to make a good loose sample     
        

CONTROLLED STRAIN Horizontal force (kg) τ (kg/cm2) 

Horizontal deformation S=19,63 cm2 σN = 0,75 σN = 1,50 σN = 3,00 

Reading mm I-kg II-kg III-kg I-kg/cm2 II-kg/cm2 III-kg/cm2 

25 0.250 2.8 3.2 6.5 0.143 0.163 0.331 
50 0.500 5.4 6.4 9 0.275 0.326 0.458 
75 0.750 8 9.3 13.5 0.408 0.474 0.688 

100 1.000 10 13 16.7 0.509 0.662 0.851 
125 1.250 11.1 16.2 25.5 0.565 0.825 1.299 
150 1.500 11.7 19.5 28.8 0.596 0.993 1.467 
175 1.750 13.4 23.5 32.8 0.683 1.197 1.671 
200 2.000 13.8 27.1 37.7 0.703 1.381 1.921 
250 2.500 16.6 33 43.3 0.846 1.681 2.206 
300 3.000 18.8 36.1 48 0.958 1.839 2.445 
400 4.000 20.3 38 52 1.034 1.936 2.649 
500 5.000 22 42.2 57.5 1.121 2.150 2.929 
600 6.000 21.9 45.7 62.8 1.116 2.328 3.199 
700 7.000   44.2 63.1 0.926 2.252 3.214 
800 8.000   42.9 61.1   2.185 3.113 
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T-SD1 D0-DENSE LINEAR INTERPRETATION     

 τ PEAK (kg/cm2) 
 

to 0 m1 1.183 

 σN = 0,75 σN = 1,50 σN = 3,00 linear m2 0.8817 

 I-kg/cm2 II-kg/cm2 III-kg/cm2 Friction angle to 0 50 

kg/cm2 0.75 1.5 3 Friction angle 42 

kg/cm2 1.121 2.328 3.214 Cohesion (kPa) 0 

kPa 73.553 147.105 294.210 to 0  50 

kPa 109.936 228.307 315.197 linear   42 

y = 0.8817x + 0.678

y = 1.183x
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Shear Direct T-SD2         Sample D0 - Loose 

Date: 07/09         DR <30% 
        
Layers No.: 3 Blow No./layer: 3   LNAPL type:  Diesel F. 
Hammer: 2.500 gr Box:  Diameter 50 mm   Concentration (%):  0.00% 
Drop height: 30 cm Soil: "Miga" sand from Madrid Observations:   

w (%) 7% *Necessary to make a good loose sample     
        

CONTROLLED STRAIN Horizontal force (kg) τ (kg/cm2) 

Horizontal deformation S=19,63 cm2 σN = 0,75 σN = 1,50 σN = 3,00 

Reading mm I-kg II-kg III-kg I-kg/cm2 II-kg/cm2 III-kg/cm2 

25 0.250 4.4 4.6 5.8 0.224 0.234 0.295 
50 0.500 6.2 9 9.2 0.316 0.458 0.469 
75 0.750 8.2 11.8 11.4 0.418 0.601 0.581 

100 1.000 9.6 15 12.7 0.489 0.764 0.647 
125 1.250 11.4 17.2 18.2 0.581 0.876 0.927 
150 1.500 12.7 18.6 24.6 0.647 0.948 1.253 
175 1.750 14 19.6 29.5 0.713 0.998 1.503 
200 2.000 14.8 20.8 32.2 0.754 1.060 1.640 
250 2.500 14.9 22.5 35.9 0.759 1.146 1.829 
300 3.000 15.1 23.7 38.1 0.769 1.207 1.941 
400 4.000 15 25.8 39.3 0.764 1.314 2.002 
500 5.000   26.1 40   1.330 2.038 
600 6.000     40.2     2.048 
700 7.000             
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T-SD2 DO-LOOSE LINEAR INTERPRETATION     

 τ PEAK (kg/cm2) 
 

to 0 m1 0.7378 

 σN = 0,75 σN = 1,50 σN = 3,00 linear m2 0.5556 

 I-kg/cm2 II-kg/cm2 III-kg/cm2 Friction angle to 0 36 

kg/cm2 0.75 1.5 3 Friction angle 30 

kg/cm2 0.769 1.33 2.048 Cohesion (kPa) 15 

kPa 73.553 147.105 294.210 to 0  36 

kPa 75.416 130.433 200.847 linear   30 

y = 0.7378x

y = 0.5556x + 0.41
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Shear Direct T-SD3         Sample D1 - Dense 

Date: 07/09         DR 70-80% 
        
Layers No.: 3 Blow No./layer: 20   LNAPL type:  Diesel F. 
Hammer: 2.500 gr Box:  Diameter 50 mm   Concentration (%):  0.50% 
Drop height: 30 cm Soil: "Miga" sand from Madrid Observations:   

w (%) 7% *Necessary to make a good loose sample     
        

CONTROLLED STRAIN Horizontal force (kg) τ (kg/cm2) 

Horizontal deformation S=19,63 cm2 σN = 0,75 σN = 1,50 σN = 3,00 

Reading mm I-kg II-kg III-kg I-kg/cm2 II-kg/cm2 III-kg/cm2 

25 0.250 3.8 3.2 6.5 0.194 0.163 0.331 
50 0.500 6 8 12.9 0.306 0.408 0.657 
75 0.750 8.4 16.5 17.5 0.428 0.841 0.891 

100 1.000 11 20 19 0.560 1.019 0.968 
125 1.250 12.2 25.5 25.3 0.621 1.299 1.289 
150 1.500 13.4 29.6 27 0.683 1.508 1.375 
175 1.750 15.5 31 32 0.790 1.579 1.630 
200 2.000 16 34.2 33 0.815 1.742 1.681 
250 2.500 19.6 37.7 44.4 0.998 1.921 2.262 
300 3.000 20.5 39 47.9 1.044 1.987 2.440 
400 4.000 21.3 44 53.4 1.085 2.241 2.720 
500 5.000 21.5 44.5 58 1.095 2.267 2.955 
600 6.000   44 64.2   2.241 3.271 
700 7.000   41.9 64.1   2.134 3.265 
800 8.000     61.8     3.148 

0.000

0.500

1.000

1.500

2.000

2.500

3.000

3.500

4.000

0.000 2.000 4.000 6.000 8.000 10.000

D1 ‐ Dense

σN = 0,75

σN = 1,50

σN = 3,00

 



Appendix I – Soil mechanics laboratory results 
 
 

A1 - 46 
 

T-SD3 D1-DENSE LINEAR INTERPRETATION     

 τ PEAK (kg/cm2) 
 

to 0 m1 1.1866 

 σN = 0,75 σN = 1,50 σN = 3,00 linear m2 0.9217 

 I-kg/cm2 II-kg/cm2 III-kg/cm2 Friction angle to 0 50 

kg/cm2 0.75 1.5 3 Friction angle 42 

kg/cm2 1.095 2.267 3.265 Cohesion (kPa) 0 

kPa 73.553 147.105 294.210 to 0  50 

kPa 107.387 222.325 320.199 linear   42 

y = 0.9217x + 0.596

y = 1.1866x
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Shear Direct T-SD4         Sample M1 - Loose 

Date: 07/09         DR <30% 
        
Layers No.: 3 Blow No./layer: 3   LNAPL type:  Diesel F. 
Hammer: 2.500 gr Box:  Diameter 50 mm   Concentration (%):  0.50% 
Drop height: 30 cm Soil: "Miga" sand from Madrid Observations:   

w (%) 7% *Necessary to make a good loose sample     
        

CONTROLLED STRAIN Horizontal force (kg) τ (kg/cm2) 

Horizontal deformation S=19,63 cm2 σN = 0,75 σN = 1,50 σN = 3,00 

Reading mm I-kg II-kg III-kg I-kg/cm2 II-kg/cm2 III-kg/cm2 

25 0.250 3.3 3.2 2.9 0.168 0.163 0.148 
50 0.500 4.9 6.7 6.9 0.250 0.341 0.352 
75 0.750 6.3 10.2 10 0.321 0.520 0.509 

100 1.000 7.9 12.8 15.9 0.402 0.652 0.810 
125 1.250 8.9 15.7 18.9 0.453 0.800 0.963 
150 1.500 11.1 17.9 22.3 0.565 0.912 1.136 
175 1.750 12 20 26.8 0.611 1.019 1.365 
200 2.000 15.3 23.2 32.2 0.779 1.182 1.640 
250 2.500 16.5 25.9 36.9 0.841 1.319 1.880 
300 3.000 16.4 26.3 39.7 0.835 1.340 2.022 
400 4.000 16.4 26.3 39.9   1.340 2.033 
500 5.000     39.9     2.033 
600 6.000             
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T-SD4 D1-LOOSE LINEAR INTERPRETATION     

 τ PEAK (kg/cm2) 
 

to 0 m1 0.7399 

 σN = 0,75 σN = 1,50 σN = 3,00 linear m2 0.5201 

 I-kg/cm2 II-kg/cm2 III-kg/cm2 Friction angle to 0 36 

kg/cm2 0.75 1.5 3 Friction angle 28 

kg/cm2 0.841 1.34 2.033 Cohesion (kPa) 30 

kPa 73.553 147.105 294.210 to 0  36 

kPa 82.477 131.414 199.376 linear   28 

y = 0.5201x + 0.4945

y = 0.7399x
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Shear Direct T-SD5         Sample D2 - Dense 

Date: 08/09         DR 70-80% 
        
Layers No.: 3 Blow No./layer: 20   LNAPL type:  Diesel F. 
Hammer: 2.500 gr Box:  Diameter 50 mm   Concentration (%):  2.00% 
Drop height: 30 cm Soil: "Miga" sand from Madrid Observations:   

w (%) 7% *Necessary to make a good loose sample     
        

CONTROLLED STRAIN Horizontal force (kg) τ (kg/cm2) 

Horizontal deformation S=19,63 cm2 σN = 0,75 σN = 1,50 σN = 3,00 

Reading mm I-kg II-kg III-kg I-kg/cm2 II-kg/cm2 III-kg/cm2 

25 0.250 1.8 9 13.3 0.092 0.458 0.678 
50 0.500 4.4 10.2 17.9 0.224 0.520 0.912 
75 0.750 9 11.6 24.4 0.458 0.591 1.243 

100 1.000 13 14.9 28.8 0.662 0.759 1.467 
125 1.250 15.7 16 33.3 0.800 0.815 1.696 
150 1.500 16.6 18 38.5 0.846 0.917 1.961 
175 1.750 17.7 21.2 43 0.902 1.080 2.191 
200 2.000 18 26.6 45.5 0.917 1.355 2.318 
250 2.500 19.4 32.2 49.8 0.988 1.640 2.537 
300 3.000 20 35 53.9 1.019 1.783 2.746 
400 4.000 20 36.8 57 1.019 1.875 2.904 
500 5.000 19.8 38.8 60 1.009 1.977 3.057 
600 6.000   38.1 61.6   1.941 3.138 
700 7.000     62.2     3.169 
800 8.000     61.2     3.118 
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T-SD5 D2-DENSE LINEAR INTERPRETATION     

 τ PEAK (kg/cm2) 
 

to 0 m1 1.1592 

 σN = 0,75 σN = 1,50 σN = 3,00 linear m2 0.9326 

 I-kg/cm2 II-kg/cm2 III-kg/cm2 Friction angle to 0 49 

kg/cm2 0.75 1.5 3 Friction angle 41.5 

kg/cm2 1.019 1.977 3.169 Cohesion (kPa) 5 

kPa 73.553 147.105 294.210 to 0  49 

kPa 99.933 193.884 310.784 linear   41.5 

y = 0.9326x + 0.423

y = 1.1206x
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Shear Direct T-SD6         Sample D2 - Loose 

Date: 08/09         DR <30% 
        
Layers No.: 3 Blow No./layer: 3   LNAPL type:  Diesel F. 
Hammer: 2.500 gr Box:  Diameter 50 mm   Concentration (%):  2.00% 
Drop height: 30 cm Soil: "Miga" sand from Madrid Observations:   

w (%) 7% *Necessary to make a good loose sample     
        

CONTROLLED STRAIN Horizontal force (kg) τ (kg/cm2) 

Horizontal deformation S=19,63 cm2 σN = 0,75 σN = 1,50 σN = 3,00 

Reading mm I-kg II-kg III-kg I-kg/cm2 II-kg/cm2 III-kg/cm2 

25 0.250 3 3.3 4 0.153 0.168 0.204 
50 0.500 6.4 7.6 7.7 0.326 0.387 0.392 
75 0.750 11.9 13.9 13.9 0.606 0.708 0.708 

100 1.000 13 16.5 19.3 0.662 0.841 0.983 
125 1.250 14.8 19 22.7 0.754 0.968 1.156 
150 1.500 15.4 22.3 24.4 0.785 1.136 1.243 
175 1.750 16.6 26.5 28.8 0.846 1.350 1.467 
200 2.000 18 30 33 0.917 1.528 1.681 
250 2.500 18.1 30.3 36.6 0.922 1.544 1.864 
300 3.000 17.9 30.8 37.4 0.912 1.569 1.905 
400 4.000 17.8 30.9 38.1 0.907 1.574 1.941 
500 5.000   31 39.5   1.579 2.012 
600 6.000   31 39.6   1.579 2.017 
700 7.000     39.8     2.028 
800 8.000             
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T-SD6 D2-LOOSE LINEAR INTERPRETATION     

 τ PEAK (kg/cm2) 
 

to 0 m1 0.7741 

 σN = 0,75 σN = 1,50 σN = 3,00 linear m2 0.4641 

 I-kg/cm2 II-kg/cm2 III-kg/cm2 Friction angle to 0 36 

kg/cm2 0.75 1.5 3 Friction angle 25 

kg/cm2 0.922 1.579 2.028 Cohesion (kPa) 30 

kPa 73.553 147.105 294.210 to 0  36 

kPa 90.421 154.853 198.886 linear   25 

y = 0.4641x + 0.6975

y = 0.7741x
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Shear Direct T-SD7         Sample D3 - Dense 

Date: 08/09         DR 70-80% 
        
Layers No.: 3 Blow No./layer: 20   LNAPL type:  Diesel F. 
Hammer: 2.500 gr Box:  Diameter 50 mm   Concentration (%):  5.00% 
Drop height: 30 cm Soil: "Miga" sand from Madrid Observations:   

w (%) 7% *Necessary to make a good loose sample     
        

CONTROLLED STRAIN Horizontal force (kg) τ (kg/cm2) 

Horizontal deformation S=19,63 cm2 σN = 0,75 σN = 1,50 σN = 3,00 

Reading mm I-kg II-kg III-kg I-kg/cm2 II-kg/cm2 III-kg/cm2 

25 0.250 6.9 4.7 5 0.352 0.239 0.255 
50 0.500 8.8 11.2 14 0.448 0.571 0.713 
75 0.750 9.5 14.8 18.8 0.484 0.754 0.958 

100 1.000 10 16.6 22.5 0.509 0.846 1.146 
125 1.250 10.3 18.8 29.6 0.525 0.958 1.508 
150 1.500 10.8 20 32.6 0.550 1.019 1.661 
175 1.750 11 21 39.2 0.560 1.070 1.997 
200 2.000 12.5 22.2 43.5 0.637 1.131 2.216 
250 2.500 13 24.2 46 0.662 1.233 2.343 
300 3.000   24.9 47   1.268 2.394 
400 4.000   26 49   1.325 2.496 
500 5.000   28.2 50.4   1.437 2.567 
600 6.000   29.3 50.3   1.493 2.562 
700 7.000   29 50.4   1.477 2.567 
800 8.000     50.2     2.557 
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T-SD7 D3-DENSE LINEAR INTERPRETATION     

 τ PEAK (kg/cm2) 
 

to 0 m1 0.8836 

 σN = 0,75 σN = 1,50 σN = 3,00 linear m2 0.828 

 I-kg/cm2 II-kg/cm2 III-kg/cm2 Friction angle to 0 41 

kg/cm2 0.75 1.5 3 Friction angle 39.0 

kg/cm2 0.662 1.493 2.567 Cohesion (kPa) 0 

kPa 73.553 147.105 294.210 to 0  41 

kPa 64.922 146.419 251.746 linear   39 

y = 0.828x + 0.125

y = 0.8836x
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Shear Direct T-SD8         Sample D3 - Loose 

Date: 08/09         DR <30% 
        
Layers No.: 3 Blow No./layer: 3   LNAPL type:  Diesel F. 
Hammer: 2.500 gr Box:  Diameter 50 mm   Concentration (%):  5.00% 
Drop height: 30 cm Soil: "Miga" sand from Madrid Observations:   

w (%) 7% *Necessary to make a good loose sample     
        

CONTROLLED STRAIN Horizontal force (kg) τ (kg/cm2) 

Horizontal deformation S=19,63 cm2 σN = 0,75 σN = 1,50 σN = 3,00 

Reading mm I-kg II-kg III-kg I-kg/cm2 II-kg/cm2 III-kg/cm2 

25 0.250 4.5 4.8 5.9 0.229 0.245 0.301 
50 0.500 6.3 7.5 7 0.321 0.382 0.357 
75 0.750 9.4 12.5 9.4 0.479 0.637 0.479 

100 1.000 12.4 15.9 14 0.632 0.810 0.713 
125 1.250 12.9 18.3 16.6 0.657 0.932 0.846 
150 1.500 14.5 21 20.5 0.739 1.070 1.044 
175 1.750 17 24.8 25.2 0.866 1.263 1.284 
200 2.000 18.3 26 29 0.932 1.325 1.477 
250 2.500 19.4 27.5 34.4 0.988 1.401 1.752 
300 3.000 20.9 28.1 36.8 1.065 1.431 1.875 
400 4.000 21.5 29.1 38.4 1.095 1.482 1.956 
500 5.000 22 29.4 38.5 1.121 1.498 1.961 
600 6.000 21.8 29.3 38.9 1.111 1.493 1.982 
700 7.000   29.3 38.8   1.493 1.977 
800 8.000             
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T-SD8 D3-LOOSE LINEAR INTERPRETATION     

 τ PEAK (kg/cm2) 
 

to 0 m1 0.7648 

 σN = 0,75 σN = 1,50 σN = 3,00 linear m2 0.3741 

 I-kg/cm2 II-kg/cm2 III-kg/cm2 Friction angle to 0 37 

kg/cm2 0.75 1.5 3 Friction angle 21 

kg/cm2 1.121 1.498 1.982 Cohesion (kPa) 65 

kPa 73.553 147.105 294.210 to 0  37 

kPa 109.936 146.909 194.375 linear   21 

y = 0.7648x

y = 0.3741x + 0.879
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Shear Direct T-SD9         Sample D4 - Dense 

Date: 09/09         DR 70-80% 
        
Layers No.: 3 Blow No./layer: 20   LNAPL type:  Diesel F. 
Hammer: 2.500 gr Box:  Diameter 50 mm   Concentration (%):  7.00% 
Drop height: 30 cm Soil: "Miga" sand from Madrid Observations:  

w (%) 7% *Necessary to make a good loose sample     
        

CONTROLLED STRAIN Horizontal force (kg) τ (kg/cm2) 

Horizontal deformation S=19,63 cm2 σN = 0,75 σN = 1,50 σN = 3,00 

Reading mm I-kg II-kg III-kg I-kg/cm2 II-kg/cm2 III-kg/cm2 

25 0.250 3.2 3.3 1.7 0.163 0.168 0.087 
50 0.500 6 6 6.5 0.306 0.306 0.331 
75 0.750 8 9 10.4 0.408 0.458 0.530 

100 1.000 9.1 11 19 0.464 0.560 0.968 
125 1.250 10.5 11.9 26.3 0.535 0.606 1.340 
150 1.500 10.5 13.8 34.3 0.535 0.703 1.747 
175 1.750 10.6 13.9 37.9 0.540 0.708 1.931 
200 2.000 10.8 15.5 39.2 0.550 0.790 1.997 
250 2.500 10.9 19.5 39.4 0.555 0.993 2.007 
300 3.000 11.5 21 40.2 0.586 1.070 2.048 
400 4.000 11.8 21.5 40.2 0.601 1.095 2.048 
500 5.000 12 21.6 40.9 0.611 1.100 2.084 
600 6.000 12 22 41 0.611 1.121 2.089 
700 7.000 11.8 22 40.4 0.601 1.121 2.058 
800 8.000             
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T-SD9 D4-DENSE LINEAR INTERPRETATION     

 τ PEAK (kg/cm2) 
 

to 0 m1 0.7117 

 σN = 0,75 σN = 1,50 σN = 3,00 linear m2 0.6552 

 I-kg/cm2 II-kg/cm2 III-kg/cm2 Friction angle to 0 36 

kg/cm2 0.75 1.5 3 Friction angle 33.0 

kg/cm2 0.611 1.121 2.089 Cohesion (kPa) 10 

kPa 73.553 147.105 294.210 to 0  36 

kPa 59.921 109.936 204.868 linear   33 

y = 0.7117x

y = 0.6552x + 0.127
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Shear Direct T-SD10         Sample D4 - Loose 

Date: 09/09         DR <30% 
        
Layers No.: 3 Blow No./layer: 3   LNAPL type:  Diesel F. 
Hammer: 2.500 gr Box:  Diameter 50 mm   Concentration (%):  7.00% 
Drop height: 30 cm Soil: "Miga" sand from Madrid Observations:    

w (%) 7% *Necessary to make a good loose sample     
        

CONTROLLED STRAIN Horizontal force (kg) τ (kg/cm2) 

Horizontal deformation S=19,63 cm2 σN = 0,75 σN = 1,50 σN = 3,00 

Reading mm I-kg II-kg III-kg I-kg/cm2 II-kg/cm2 III-kg/cm2 

25 0.250 3.2 3.3 1.7 0.163 0.168 0.087 
50 0.500 6 6 6.5 0.306 0.306 0.331 
75 0.750 8 9 10.4 0.408 0.458 0.530 

100 1.000 10.1 11 19 0.515 0.560 0.968 
125 1.250 12.5 11.9 21.3 0.637 0.606 1.085 
150 1.500 12.5 12.8 25.3 0.637 0.652 1.289 
175 1.750 12.6 13.9 27.9 0.642 0.708 1.421 
200 2.000 12.8 15.5 30.2 0.652 0.790 1.538 
250 2.500 12.9 19.5 30.4 0.657 0.993 1.549 
300 3.000 13.5 21 31.2 0.688 1.070 1.589 
400 4.000 13.8 21.5 31.2 0.703 1.095 1.589 
500 5.000 14 21.6 31.3 0.713 1.100 1.594 
600 6.000   22 31   1.121 1.579 
700 7.000     30.6     1.559 
800 8.000             
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T-SD10 D4-LOOSE LINEAR INTERPRETATION     

 τ PEAK (kg/cm2) 
 

to 0 m1 0.5912 

 σN = 0,75 σN = 1,50 σN = 3,00 linear m2 0.3738 

 I-kg/cm2 II-kg/cm2 III-kg/cm2 Friction angle to 0 31 

kg/cm2 0.75 1.5 3 Friction angle 20 

kg/cm2 0.713 1.121 1.589 Cohesion (kPa) 30 

kPa 73.553 147.105 294.210 to 0  31 

kPa 69.924 109.936 155.833 linear   20 

y = 0.5912x

y = 0.3783x + 0.479
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PERM-T1         Sample: DO 
Date: 08/09       Diesel Fuel 0.00% 

       

z= 12.4 cm ho = 58 cm Var. Head 

h = 148 cm htest= 90 cm Var. Head 

S = 89.92 cm2 Dsample= 10.7 cm  

    
 

   
DO  Diesel Fuel     
Vol t K     
14 75 1.739E-04 cm/s    
26 165 1.468E-04 cm/s    
33 210 1.464E-04 cm/s    
45 285 1.471E-04 cm/s    
55 345 1.485E-04 cm/s    

  7.628E-04     
  1.526E-04 cm/s    

    Constant Head Scheme 

 

y = 0.1526x + 1.6393

R² = 0.9976
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PERM-T2         Sample: D1 
Date: 08/09       Diesel Fuel 0.50% 

       

z= 12.4 cm ho = 61 cm Var. Head 

h = 151.5 cm htest= 90.5 cm Var. Head 

S = 89.92 cm2 Dsample= 10.7 cm  

    
 

   
D1  Diesel Fuel     
Vol t K     
6 90 6.068E-05 cm/s    

11 195 5.135E-05 cm/s    
16 300 4.855E-05 cm/s    
21 390 4.901E-05 cm/s    
24 450 4.855E-05 cm/s    

  2.581E-04     
  5.163E-05 cm/s    

    Constant Head Scheme 

 

y = 0.0502x + 1.2995

R² = 0.9991
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PERM-T3         Sample: D2 
Date: 08/09       Diesel Fuel 2.00% 

       

z= 12.4 cm ho = 61 cm Var. Head 

h = 151.5 cm htest= 90.5 cm Var. Head 

S = 89.92 cm2 Dsample= 10.7 cm  
       

D2  Diesel Fuel  
 

   
Vol t K     
4 120 3.034E-05 cm/s    
8 240 3.034E-05 cm/s    

13 360 3.287E-05 cm/s    
17 480 3.224E-05 cm/s    

22.5 600 3.413E-05 cm/s    
  1.599E-04     
  3.198E-05 cm/s    

       
    Constant Head Scheme 

 

y = 0.0383x ‐ 0.9

R² = 0.9972
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PERM-T4         Sample: D3 
Date: 08/09       Diesel Fuel 5.00% 

       

z= 12.4 cm ho = 61 cm Var. Head 

h = 151 cm htest= 90 cm Var. Head 

S = 89.92 cm2 Dsample= 10.7 cm  
       

D3  Diesel Fuel  
 

   
Vol t K     
2 150 1.218E-05 cm/s    
4 330 1.107E-05 cm/s    
6 525 1.044E-05 cm/s    
8 645 1.133E-05 cm/s    
9 720 1.142E-05 cm/s    
       
  5.643E-05     
  1.129E-05 cm/s    

    Constant Head Scheme 

 

y = 0.0122x + 0.0095

R² = 0.9922
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PERM-T5         Sample: D4 

Date: 08/09       Diesel Fuel 7.00% 

       

z= 12.4 cm ho = 60.5 cm Var. Head 

h = 155.5 cm htest= 95 cm Var. Head 

S = 89.92 cm2 Dsample= 10.7 cm  

       

D4  Diesel Fuel  

 

   

Vol t K     

11 330 2.956E-05 cm/s    

22 735 2.654E-05 cm/s    

32 1230 2.307E-05 cm/s    

49 2310 1.881E-05 cm/s    

56 2760 1.799E-05 cm/s    

59 2940 1.780E-05 cm/s    

  1.338E-04     

  2.230E-05 cm/s    

    Constant Head Scheme 

y = 0.0177x + 7.8259

R² = 0.9919
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PERM-T6     POSIBLE FAILURE* Sample: D5 

Date: 09/09       Diesel Fuel 10.00% 

       

z= 12.4 cm ho = 61 cm Var. Head 

h = 150.5 cm htest= 89.5 cm Var. Head 

S = 89.92 cm2 Dsample= 10.7 cm  

    *Exudation observed   

D5  Diesel Fuel  

 

   

Vol t K     

21 45 4.276E-04 cm/s    

35 105 3.054E-04 cm/s    

47 150 2.871E-04 cm/s    

55 195 2.584E-04 cm/s    

65 240 2.482E-04 cm/s    

81 360 2.062E-04     

  1.733E-03     

  2.888E-04 cm/s    

    Constant Head Scheme 

R² = 0.9796

y = 0.1916x + 15.702

0

10

20

30

40

50

60

70

80

90

0 50 100 150 200 250 300 350 400

D5

D5

Linear (D5)

 



Appendix I – Soil mechanics laboratory results 
 

A1 - 69 
 

 

PERM-T7         Sample: MO0 

Date: 09/09       Motor Oil 0.00% 

             

z= 12.4 cm ho = 58 cm Var. Head 

h = 148 cm htest= 90 cm Var. Head 

S = 89.92 cm2 Dsample= 10.7 cm  

             

MO0  Motor Oil     

Vol t K     

14 75 1.739E-04 cm/s    

26 165 1.468E-04 cm/s    

33 210 1.464E-04 cm/s    

45 285 1.471E-04 cm/s    

55 345 1.485E-04 cm/s    

  7.628E-04     

  1.526E-04 cm/s    

       Constant Head Scheme 

y = 0.1526x + 1.6393
R² = 0.9976
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PERM-T8         Sample: MO1 

Date: 09/09       Motor Oil 0.50% 

             

z= 12.4 cm ho = 61 cm Var. Head 

h = 151 cm htest= 90 cm Var. Head 

S = 89.92 cm2 Dsample= 10.7 cm  

             

MO1  Motor Oil     

Vol t K     

26 60 3.957E-05 cm/s    

42 105 3.653E-05 cm/s    

60 150 3.653E-05 cm/s    

74 195 3.466E-05 cm/s    

96 255 3.438E-05 cm/s    

  1.817E-04     

  3.633E-05 cm/s    

       Constant Head Scheme 

y = 0.3582x + 4.7899
R² = 0.999

0

20

40

60

80

100

120

0 50 100 150 200 250 300

MO1

MO1

Linear (MO1)

 



Appendix I – Soil mechanics laboratory results 
 

A1 - 71 
 

 

PERM-T9         Sample: MO2 

Date: 09/09       Motor Oil 2.00% 

       

z= 12.4 cm ho = 61 cm Var. Head 

h = 150.5 cm htest= 89.5 cm Var. Head 

S = 89.92 cm2 Dsample= 10.7 cm  

       

MO2  Motor Oil     

Vol t K     

24 60 3.665E-05 cm/s    

45 105 3.927E-05 cm/s    

62 150 3.787E-05 cm/s    

82 195 3.853E-05 cm/s    

102 255 3.665E-05 cm/s    

  1.890E-04     

  3.779E-05 cm/s    

    Constant Head Scheme 

y = 0.4008x + 1.6809
R² = 0.9966
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PERM-T10         Sample: MO4 

Date: 09/09       Motor Oil 7.00% 

       

z= 12.4 cm ho = 59.5 cm Var. Head 

h = 148.5 cm htest= 89 cm Var. Head 

S = 89.92 cm2 Dsample= 10.7 cm  

       

MO4  Motor Oil     

Vol t K     

24 145 1.537E-05 cm/s    

40 330 1.126E-05 cm/s    

54 500 1.003E-05 cm/s    

68 720 8.770E-06 cm/s    

74 840 8.181E-06 cm/s    

86 1140 7.005E-06 cm/s    
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  1.212E-05 cm/s Constant Head Scheme 
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R² = 0.9734
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OED1-DO (0%) Standard Proctor compaction 

 

Date:    15/07/2009    Date:   16/07/2009   
Applied load:  2,5 kg  Applied load:  5,0 kg 
Resulting stress:  0,5  Kg/cm2  Resulting stress:  1,0 Kg/cm2 

Time Time 
(seconds) 

Reading      
(10-2 mm) Def. (mm) 

 
Time Time 

(seconds) 
Reading      

(10-2 mm) Def. (mm) 

0' 0'' 1 712 0.00  0' 0'' 1 739 0.27 

15'' 15 734 0.22  15'' 15 758 0.46 

1' 60 735 0.23  1' 60 760 0.48 

2' 15'' 135 735 0.23  2' 15'' 135 761 0.49 

4' 240 736 0.24  4' 240 762 0.50 

6' 15'' 375 736 0.24  6' 15'' 375 762 0.50 

9' 540 737 0.25  9' 540 763 0.51 

16' 960 737 0.25  16' 960 763 0.51 

25' 1500 737 0.25  25' 1500 763 0.51 

36' 2160 737 0.25  36' 2160 764 0.52 

49' 2940 737 0.25  49' 2940 764 0.52 

2 h 7200 738 0.26  2 h 7200 765 0.53 

24 h 86400 739 0.27  24 h 86400 767 0.55 

         
Date:    17/07/2009    Date:    20/07/2009   
Applied load:   10,0 kg  Applied load:   20,0 kg 
Resulting stress: 2,0 Kg/cm2  Resulting stress:  4,0 Kg/cm2 

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
Time Time 

(seconds) 
Reading      

(10-2 mm) Def. (mm) 

0' 0'' 1 767 0.55  0' 0'' 1 800 0.88 

15'' 15 787 0.75  15'' 15 823 1.11 

1' 60 789 0.77  1' 60 826 1.14 

2' 15'' 135 791 0.79  2' 15'' 135 828 1.16 

4' 240 792 0.80  4' 240 830 1.18 

6' 15'' 375 793 0.81  6' 15'' 375 831 1.19 

9' 540 794 0.82  9' 540 832 1.20 

16' 960 794 0.82  16' 960 833 1.21 

25' 1500 795 0.83  25' 1500 834 1.22 

36' 2160 795 0.83  36' 2160 835 1.23 

49' 2940 795 0.83  49' 2940 835 1.23 

2 h 7200 796 0.84  2 h 7200 836 1.24 

24 h 86400 800 0.88  24 h 86400 838 1.26 
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Date:   21/07/2009    Date:    22/07/2009   
Applied load:  40,0 kg  Applied load:   10,0 kg 
Resulting stress:  8,0 Kg/cm2  Resulting stress:  2,0 Kg/cm2 

Time Time 
(seconds) 

Reading      
(10-2 mm) Def. (mm) 

 
Time Time 

(seconds) 
Reading      

(10-2 mm) Def. (mm) 

0' 0'' 1 838 1.26  0' 0'' 1 890 1.78 

15'' 15 864 1.52  15'' 15 885 1.73 

1' 60 867 1.55  1' 60 884 1.72 

2' 15'' 135 872 1.60  2' 15'' 135 884 1.72 

4' 240 875 1.63  4' 240 884 1.72 

6' 15'' 375 877 1.65  6' 15'' 375 884 1.72 

9' 540 879 1.67  9' 540 884 1.72 

16' 960 881 1.69  16' 960 884 1.72 

25' 1500 882 1.70  25' 1500 884 1.72 

36' 2160 883 1.71  36' 2160 884 1.72 

49' 2940 884 1.72  49' 2940 884 1.72 

2 h 7200 886 1.74  2 h 7200 884 1.72 

24 h 86400 890 1.78  24 h 86400 884 1.72 

         
Date:    23/07/2009    
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8,0 Kg/cm2 2,0 Kg/cm2 0,5 Kg/cm2
Applied load:   2,5 kg  
Resulting stress:  0,5 Kg/cm2  

Time Time 
(seconds) 

Reading      
(10-2 mm) Def. (mm) 

 
0' 0'' 1 884 1.72  
15'' 15 881 1.69  
1' 60 880 1.68  

2' 15'' 135 880 1.68  
4' 240 879 1.67  

6' 15'' 375 879 1.67  
9' 540 878 1.66      

16' 960 877 1.65  Consolidation Test Sample D0-SP 
25' 1500 877 1.65  OED1 DR Standard 
36' 2160 877 1.65  Date: 07/09 d50 < 20mm 
49' 2940 876 1.64  LNAPL type:  Diesel F.   
2 h 7200 876 1.64  Concentration (%):  0.00%   

24 h 86400 875 1.63  Observations:     
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OED1 σ Δσ Read‐δ  Δ(Read-δ) Δε 
(20mm) Eoed 

D0-SP kg/cm2 kg/cm2 mm  mm   kg/cm2 

0.00% 0.500 0.500 0.270 0.270 0.014 37.037 

   1.000 0.500 0.550 0.280 0.014 35.714 

  2.000 1.000 0.880 0.330 0.017 60.606 

  4.000 2.000 1.260 0.380 0.019 105.263 

  8.000 4.000 1.780 0.520 0.026 153.846 
             

Averaged  σ Δσ Read‐δ  Δ(Read-δ) Δε 
(20mm) Eoed 

   kg/cm2 kg/cm2 mm  mm   kg/cm2 

   8.000 8.000 1.780 1.780 0.089 89.888 
             

        mV 1/Eoed 0.011 
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OED1 log σ e   Compressibility 
D0-SP 0.100 0.555  Calculated 
0.00% 0.500 0.531  CC -0.0351 CS/CC 

  1.000 0.507  CS -0.0047 0.134 
  2.000 0.479  Graphical trend line 
  4.000 0.446  CC -0.046 CS/CC 
  8.000 0.401  CS -0.005 0.109 
  2.000 0.406  Selected Values 
  0.500 0.414  CC -0.04 CS/CC 
        CS -0.005 0.125 

y =  ‐0.046ln(x) + 0.5049

y =  ‐0.005ln(x) + 0.4103
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OED2-DO (0%) Modified Proctor compaction 

 

Date:   17/07/2009    Date:   20/07/2009   
Applied load:  2,5 kg  Applied load:   5,0 kg 
Resulting stress:  0,5 Kg/cm2  Resulting stress:  1,0 Kg/cm2 

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
Time Time 

(seconds) 
Reading     

(10-2 mm) Def. (mm) 

0' 0'' 1 206 0.00  0' 0'' 1 238 0.32 

15'' 15 231 0.25  15'' 15 243 0.37 

1' 60 232 0.26  1' 60 244 0.38 

2' 15'' 135 232 0.26  2' 15'' 135 245 0.39 

4' 240 232 0.26  4' 240 245 0.39 

6' 15'' 375 233 0.27  6' 15'' 375 245 0.39 

9' 540 236 0.30  9' 540 246 0.40 

16' 960 236 0.30  16' 960 246 0.40 

25' 1500 236 0.30  25' 1500 247 0.41 

36' 2160 237 0.31  36' 2160 247 0.41 

49' 2940 237 0.31  49' 2940 247 0.41 

2 h 7200 237 0.31  2 h 7200 248 0.42 

24 h 86400 238 0.32  24 h 86400 250 0.44 

         

Date:    
21/07/2009    Date:   22/07/2009   

Applied load:  10,0 kg  Applied load:  20,0 kg 
Resulting stress: 2,0 Kg/cm2  Resulting stress: 4,0 Kg/cm2 

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
Time Time 

(seconds) 
Reading     

(10-2 mm) Def. (mm) 

0' 0'' 1 250 0.44  0' 0'' 1 270 0.64 

15'' 15 264 0.58  15'' 15 286 0.80 

1' 60 265 0.59  1' 60 288 0.82 

2' 15'' 135 265 0.59  2' 15'' 135 288 0.82 

4' 240 266 0.60  4' 240 289 0.83 

6' 15'' 375 266 0.60  6' 15'' 375 289 0.83 

9' 540 266 0.60  9' 540 289 0.83 

16' 960 267 0.61  16' 960 290 0.84 

25' 1500 267 0.61  25' 1500 290 0.84 

36' 2160 267 0.61  36' 2160 290 0.84 

49' 2940 267 0.61  49' 2940 290 0.84 

2 h 7200 268 0.62  2 h 7200 290 0.84 

24 h 86400 270 0.64  24 h 86400 290 0.84 
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Date:   23/07/2009    Date:   24/07/2009   
Applied load:  40,0 kg  Applied load:  10,0 kg 
Resulting stress: 8,0 Kg/cm2  Resulting stress: 2,0 Kg/cm2 

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
Time Time 

(seconds) 
Reading     

(10-2 mm) Def. (mm) 

0' 0'' 1 290 0.84  0' 0'' 1 317 1.11 

15'' 15 310 1.04  15'' 15 313 1.07 

1' 60 310 1.04  1' 60 313 1.07 

2' 15'' 135 311 1.05  2' 15'' 135 313 1.07 

4' 240 312 1.06  4' 240 313 1.07 

6' 15'' 375 312 1.06  6' 15'' 375 313 1.07 

9' 540 312 1.06  9' 540 312 1.06 

16' 960 313 1.07  16' 960 312 1.06 

25' 1500 313 1.07  25' 1500 312 1.06 

36' 2160 313 1.07  36' 2160 312 1.06 

49' 2940 314 1.08  49' 2940 312 1.06 

2 h 7200 315 1.09  2 h 7200 312 1.06 

24 h 86400 317 1.11  24 h 86400 312 1.06 

         
Date:   27/07/2009    
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Applied load:  2,5 kg  
Resulting stress: 0,5 Kg/cm2  

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
0' 0'' 1 312 1.06  
15'' 15 307 1.01  
1' 60 307 1.01  

2' 15'' 135 307 1.01  
4' 240 306 1.00  

6' 15'' 375 306 1.00  
9' 540 306 1.00      

16' 960 306 1.00  Consolidation Test Sample D0-MP 
25' 1500 306 1.00  OED2 DR Modified 
36' 2160 306 1.00  Date: 07/09 d50 < 20mm 
49' 2940 306 1.00  LNAPL type:  Diesel F.   
2 h 7200 305 0.99  Concentration (%):  0.00%   

24 h 86400 304 0.98  Observations:     
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OED2 σ Δσ Read‐δ  Δ(Read-δ) Δε 
(20mm) Eoed 

D0-MP kg/cm2 kg/cm2 mm  mm   kg/cm2 

0.00% 0.500 0.500 0.320 0.320 0.016 31.250 

   1.000 0.500 0.440 0.120 0.006 83.333 

  2.000 1.000 0.640 0.200 0.010 100.000 

  4.000 2.000 0.840 0.200 0.010 200.000 

  8.000 4.000 1.110 0.270 0.014 296.296 
             

Averaged  σ Δσ Read‐δ  Δ(Read-δ) Δε 
(20mm) Eoed 

   kg/cm2 kg/cm2 mm  mm   kg/cm2 

   8.000 8.000 1.110 1.110 0.056 144.144 
             

        mV 1/Eoed 0.007 
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OED2 log σ e   Compressibility 
D0-MP 0.100 0.378  Calculated 
0.00% 0.500 0.354  CC -0.0194 CS/CC 

  1.000 0.344  CS -0.0036 0.186 
  2.000 0.329  Graphical trend line 
  4.000 0.314  CC -0.019 CS/CC 
  8.000 0.293  CS -0.004 0.211 
  2.000 0.297  Selected Values 
  0.500 0.303  CC -0.02 CS/CC 
        CS -0.004 0.2 

y = ‐0.019ln(x) + 0.339

y = ‐0.004ln(x) + 0.3002
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OED3-DO (0%) Loose preparation 

 

Date:    
15/07/2009    Date:   16/07/2009   

Applied load:  2,5 kg  Applied load:  5,0 kg 
Resulting stress:  0,5  Kg/cm2  Resulting stress:  1,0 Kg/cm2 

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
Time Time 

(seconds) 
Reading      

(10-2 mm) Def. (mm) 

0' 0'' 1 196 0.00  0' 0'' 1 412 2.16 

15'' 15 317 1.21  15'' 15 455 2.59 

1' 60 319 1.23  1' 60 457 2.61 

2' 15'' 135 317 1.21  2' 15'' 135 459 2.63 

4' 240 318 1.22  4' 240 461 2.65 

6' 15'' 375 318 1.22  6' 15'' 375 462 2.66 

9' 540 319 1.23  9' 540 464 2.68 

16' 960 322 1.26  16' 960 466 2.70 

25' 1500 325 1.29  25' 1500 466 2.70 

36' 2160 328 1.32  36' 2160 467 2.71 

49' 2940 332 1.36  49' 2940 468 2.72 

2 h 7200 337 1.41  2 h 7200 472 2.76 

24 h 86400 412 2.16  24 h 86400 475 2.79 

         

Date:    
17/07/2009    Date:    20/07/2009   

Applied load:   10,0 kg  Applied load:   20,0 kg 
Resulting stress: 2,0 Kg/cm2  Resulting stress:  4,0 Kg/cm2 

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
Time Time 

(seconds) 
Reading      

(10-2 mm) Def. (mm) 

0' 0'' 1 475 2.79  0' 0'' 1 538 3.42 

15'' 15 522 3.26  15'' 15 586 3.90 

1' 60 526 3.30  1' 60 588 3.92 

2' 15'' 135 527 3.31  2' 15'' 135 589 3.93 

4' 240 528 3.32  4' 240 590 3.94 

6' 15'' 375 529 3.33  6' 15'' 375 590 3.94 

9' 540 530 3.34  9' 540 591 3.95 

16' 960 532 3.36  16' 960 591 3.95 

25' 1500 532 3.36  25' 1500 592 3.96 

36' 2160 533 3.37  36' 2160 593 3.97 

49' 2940 534 3.38  49' 2940 593 3.97 

2 h 7200 535 3.39  2 h 7200 594 3.98 

24 h 86400 538 3.42  24 h 86400 599 4.03 
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Date:   21/07/2009    Date:    22/07/2009   
Applied load:  40,0 kg  Applied load:   10,0 kg 
Resulting stress:  8,0 Kg/cm2  Resulting stress:  2,0 Kg/cm2 

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
Time Time 

(seconds) 
Reading      

(10-2 mm) Def. (mm) 

0' 0'' 1 599 4.03  0' 0'' 1 657 4.61 

15'' 15 647 4.51  15'' 15 651 4.55 

1' 60 649 4.53  1' 60 651 4.55 

2' 15'' 135 650 4.54  2' 15'' 135 651 4.55 

4' 240 651 4.55  4' 240 651 4.55 

6' 15'' 375 651 4.55  6' 15'' 375 651 4.55 

9' 540 652 4.56  9' 540 651 4.55 

16' 960 653 4.57  16' 960 651 4.55 

25' 1500 653 4.57  25' 1500 651 4.55 

36' 2160 654 4.58  36' 2160 650 4.54 

49' 2940 654 4.58  49' 2940 650 4.54 

2 h 7200 655 4.59  2 h 7200 650 4.54 

24 h 86400 657 4.61  24 h 86400 651 4.55 

         

Date:    
23/07/2009    
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Applied load:   2,5 kg  
Resulting stress:  0,5 Kg/cm2  

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
0' 0'' 1 651 4.55  
15'' 15 644 4.48  
1' 60 644 4.48  

2' 15'' 135 644 4.48  
4' 240 643 4.47  

6' 15'' 375 643 4.47  
9' 540 643 4.47      

16' 960 643 4.47  Consolidation Test Sample D0-Loose 
25' 1500 643 4.47  OED3 DR Loose 
36' 2160 642 4.46  Date: 07/09 d50 < 20mm 
49' 2940 642 4.46  LNAPL type:  Diesel F.   
2 h 7200 642 4.46  Concentration (%):  0.00%   

24 h 86400 642 4.46  Observations:     
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OED3 σ Δσ Read‐δ  Δ(Read-δ) Δε 
(20mm) Eoed 

D0-Loose kg/cm2 kg/cm2 mm  mm   kg/cm2 

0.00% 0.500 0.500 2.160 2.160 0.108 4.630 

   1.000 0.500 2.790 0.630 0.032 15.873 

  2.000 1.000 3.420 0.630 0.032 31.746 

  4.000 2.000 4.030 0.610 0.031 65.574 

  8.000 4.000 4.610 0.580 0.029 137.931 
             

Averaged  σ Δσ Read‐δ  Δ(Read-δ) Δε 
(20mm) Eoed 

   kg/cm2 kg/cm2 mm  mm   kg/cm2 

   8.000 8.000 4.610 4.610 0.231 34.707 
             

        mV 1/Eoed 0.029 
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OED3 log σ e   Compressibility 
D0-loose 0.100 0.728  Calculated 

0.00% 0.500 0.521  CC -0.1008 CS/CC 
  1.000 0.460  CS -0.0050 0.05 
  2.000 0.400  Graphical trend line 
  4.000 0.341  CC -0.01 CS/CC 
  8.000 0.286  CS -0.005 0.5 
  2.000 0.291  Selected Values 
  0.500 0.300  CC -0.01 CS/CC 
        CS -0.005 0.5 

y = ‐0.1ln(x) + 0.4753

y =  ‐0.005ln(x) + 0.2958
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OED4-D1 (0.5%) Standard Proctor compaction 

 

Date:   29/07/2009    Date:   30/07/2009   
Applied load:  2,5 kg  Applied load:  5,0 kg 
Resulting stress:  0,5  Kg/cm2  Resulting stress:  1,0 Kg/cm2 

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
Time Time 

(seconds) 
Reading      

(10-2 mm) Def. (mm) 

0' 0'' 1 239 0.00  0' 0'' 1 266 0.27 

15'' 15 262 0.23  15'' 15 277 0.38 

1' 60 264 0.25  1' 60 279 0.40 

2' 15'' 135 264 0.25  2' 15'' 135 280 0.41 

4' 240 265 0.26  4' 240 281 0.42 

6' 15'' 375 265 0.26  6' 15'' 375 282 0.43 

9' 540 266 0.27  9' 540 282 0.43 

16' 960 266 0.27  16' 960 282 0.43 

25' 1500 266 0.27  25' 1500 282 0.43 

36' 2160 266 0.27  36' 2160 283 0.44 

49' 2940 266 0.27  49' 2940 283 0.44 

2 h 7200 266 0.27  2 h 7200 283 0.44 

24 h 86400 266 0.27  24 h 86400 285 0.46 

         
Date:   31/07/2009    Date:   3/8/2009   
Applied load:   10,0 kg  Applied load:   20,0 kg 
Resulting stress: 2,0 Kg/cm2  Resulting stress:  4,0 Kg/cm2 

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
Time Time 

(seconds) 
Reading      

(10-2 mm) Def. (mm) 

0' 0'' 1 285 0.46  0' 0'' 1 299 0.60 

15'' 15 295 0.56  15'' 15 313 0.74 

1' 60 295 0.56  1' 60 314 0.75 

2' 15'' 135 296 0.57  2' 15'' 135 315 0.76 

4' 240 296 0.57  4' 240 316 0.77 

6' 15'' 375 296 0.57  6' 15'' 375 316 0.77 

9' 540 297 0.58  9' 540 316 0.77 

16' 960 297 0.58  16' 960 317 0.78 

25' 1500 297 0.58  25' 1500 317 0.78 

36' 2160 297 0.58  36' 2160 318 0.79 

49' 2940 298 0.59  49' 2940 318 0.79 

2 h 7200 298 0.59  2 h 7200 319 0.80 

24 h 86400 299 0.60  24 h 86400 321 0.82 

         

         



Appendix I – Soil mechanics laboratory results 
 
 

A1 - 88 
 

         
Date:   4/8/2009    Date:   5/8/2009   
Applied load:  40,0 kg  Applied load:   10,0 kg 
Resulting stress:  8,0 Kg/cm2  Resulting stress:  2,0 Kg/cm2 

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
Time Time 

(seconds) 
Reading      

(10-2 mm) Def. (mm) 

0' 0'' 1 321 0.82  0' 0'' 1 387 1.48 

15'' 15 363 1.24  15'' 15 372 1.33 

1' 60 366 1.27  1' 60 371 1.32 

2' 15'' 135 370 1.31  2' 15'' 135 371 1.32 

4' 240 373 1.34  4' 240 371 1.32 

6' 15'' 375 375 1.36  6' 15'' 375 371 1.32 

9' 540 376 1.37  9' 540 371 1.32 

16' 960 378 1.39  16' 960 371 1.32 

25' 1500 380 1.41  25' 1500 371 1.32 

36' 2160 381 1.42  36' 2160 371 1.32 

49' 2940 382 1.43  49' 2940 371 1.32 

2 h 7200 384 1.45  2 h 7200 371 1.32 

24 h 86400 387 1.48  24 h 86400 371 1.32 

         
Date:   6/8/2009    
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Applied load:   2,5 kg  
Resulting stress:  0,5 Kg/cm2  

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
0' 0'' 1 371 1.32  
15'' 15 368 1.29  
1' 60 367 1.28  

2' 15'' 135 366 1.27  
4' 240 366 1.27  

6' 15'' 375 366 1.27 
 

9' 540 365 1.26      
16' 960 365 1.26  Consolidation Test Sample D1-SP 
25' 1500 364 1.25  OED4 DR Standard 
36' 2160 364 1.25  Date: 07/09-08/09 d50 < 20mm 
49' 2940 364 1.25  LNAPL type:  Diesel F.   
2 h 7200 363 1.24  Concentration (%):  0.50%   

24 h 86400 361 1.22  Observations:     
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OED4 σ Δσ Read‐δ  Δ(Read-δ) Δε 
(20mm) Eoed 

D1-SP kg/cm2 kg/cm2 mm  mm   kg/cm2 

0.50% 0.500 0.500 0.270 0.270 0.014 37.037 

   1.000 0.500 0.460 0.190 0.010 52.632 

  2.000 1.000 0.600 0.140 0.007 142.857 

  4.000 2.000 0.820 0.220 0.011 181.818 

  8.000 4.000 1.480 0.660 0.033 121.212 
             

Averaged  σ Δσ Read‐δ  Δ(Read-δ) Δε 
(20mm) Eoed 

   kg/cm2 kg/cm2 mm  mm   kg/cm2 

   8.000 8.000 1.480 1.480 0.074 108.108 
             

        mV 1/Eoed 0.009 
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OED4 log σ e   Compressibility 
D1-SP 0.100 0.500  Calculated 
0.50% 0.500 0.478  CC -0.0281 CS/CC 

  1.000 0.462  CS -0.0076 0.27 
  2.000 0.450  Graphical trend line 
  4.000 0.432  CC -0.033 CS/CC 
  8.000 0.377  CS -0.008 0.242 
  2.000 0.390  Selected Values 
  0.500 0.398  CC -0.035 CS/CC 
        CS -0.007 0.2 

y =  ‐0.033ln(x) + 0.463

y =  ‐0.008ln(x) + 0.3936
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OED5-D2 (2%) Standard Proctor compaction 

 

Date:   29/07/200
9    Date:   30/07/2009   

Applied load:  2,5 kg  Applied load:  5,0 kg 
Resulting stress:  0,5  Kg/cm2  Resulting stress:  1,0 Kg/cm2 

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
Time Time 

(seconds) 
Reading      

(10-2 mm) Def. (mm) 

0' 0'' 1 193 0.00  0' 0'' 1 314 1.21 

15'' 15 312 1.19  15'' 15 319 1.26 

1' 60 313 1.20  1' 60 320 1.27 

2' 15'' 135 313 1.20  2' 15'' 135 320 1.27 

4' 240 313 1.20  4' 240 321 1.28 

6' 15'' 375 313 1.20  6' 15'' 375 321 1.28 

9' 540 313 1.20  9' 540 321 1.28 

16' 960 313 1.20  16' 960 322 1.29 

25' 1500 313 1.20  25' 1500 322 1.29 

36' 2160 313 1.20  36' 2160 322 1.29 

49' 2940 313 1.20  49' 2940 322 1.29 

2 h 7200 313 1.20  2 h 7200 323 1.30 

24 h 86400 314 1.21  24 h 86400 325 1.32 

         

Date:   31/07/200
9    Date:   3/8/2009   

Applied load:   10,0 kg  Applied load:   20,0 kg 
Resulting stress: 2,0 Kg/cm2  Resulting stress:  4,0 Kg/cm2 

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
Time Time 

(seconds) 
Reading      

(10-2 mm) Def. (mm) 

0' 0'' 1 325 1.32  0' 0'' 1 351 1.58 

15'' 15 342 1.49  15'' 15 377 1.84 

1' 60 343 1.50  1' 60 379 1.86 

2' 15'' 135 344 1.51  2' 15'' 135 380 1.87 

4' 240 345 1.52  4' 240 381 1.88 

6' 15'' 375 346 1.53  6' 15'' 375 382 1.89 

9' 540 347 1.54  9' 540 383 1.90 

16' 960 347 1.54  16' 960 383 1.90 

25' 1500 348 1.55  25' 1500 384 1.91 

36' 2160 348 1.55  36' 2160 384 1.91 

49' 2940 348 1.55  49' 2940 384 1.91 

2 h 7200 349 1.56  2 h 7200 385 1.92 

24 h 86400 351 1.58  24 h 86400 386 1.93 
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Date:   4/8/2009    Date:   5/8/2009   
Applied load:  40,0 kg  Applied load:   10,0 kg 
Resulting stress:  8,0 Kg/cm2  Resulting stress:  2,0 Kg/cm2 

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
Time Time 

(seconds) 
Reading      

(10-2 mm) Def. (mm) 

0' 0'' 1 386 1.93  0' 0'' 1 439 2.46 

15'' 15 420 2.27  15'' 15 423 2.30 

1' 60 422 2.29  1' 60 422 2.29 

2' 15'' 135 424 2.31  2' 15'' 135 422 2.29 

4' 240 427 2.34  4' 240 422 2.29 

6' 15'' 375 428 2.35  6' 15'' 375 422 2.29 

9' 540 429 2.36  9' 540 422 2.29 

16' 960 431 2.38  16' 960 422 2.29 

25' 1500 432 2.39  25' 1500 422 2.29 

36' 2160 433 2.40  36' 2160 422 2.29 

49' 2940 434 2.41  49' 2940 421 2.28 

2 h 7200 436 2.43  2 h 7200 421 2.28 

24 h 86400 439 2.46  24 h 86400 421 2.28 

         
Date:   6/8/2009    
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Applied load:   2,5 kg  
Resulting stress:  0,5 Kg/cm2  

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
0' 0'' 1 421 2.28  
15'' 15 417 2.24  
1' 60 416 2.23  

2' 15'' 135 415 2.22  
4' 240 415 2.22  

6' 15'' 375 414 2.21  
9' 540 414 2.21      

16' 960 413 2.20  Consolidation Test Sample D2-SP 
25' 1500 412 2.19  OED5 DR Standard 
36' 2160 412 2.19  Date: 07/09-08/09 d50 < 20mm 
49' 2940 411 2.18  LNAPL type:  Diesel F.   
2 h 7200 411 2.18  Concentration (%):  2.00%   

24 h 86400 410 2.17  Observations:     
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OED5 σ Δσ Read‐δ  Δ(Read-δ) Δε 
(20mm) Eoed 

D2-SP kg/cm2 kg/cm2 mm  mm   kg/cm2 

2.00% 0.500 0.500 1.210 1.210 0.061 8.264 

   1.000 0.500 1.320 0.110 0.006 90.909 

  2.000 1.000 1.580 0.260 0.013 76.923 

  4.000 2.000 1.930 0.350 0.018 114.286 

  8.000 4.000 2.460 0.530 0.027 150.943 
             

Averaged  σ Δσ Read‐δ  Δ(Read-δ) Δε 
(20mm) Eoed 

   kg/cm2 kg/cm2 mm  mm   kg/cm2 

   8.000 8.000 2.460 2.460 0.123 65.041 
             

        mV 1/Eoed 0.015 

100

200

300

400

500

1 10 100 1000 10000 100000 1000000

Re
ad
in
g 
(1
0‐

2
m
m
)

Time (s)

Semi‐logarithmic Scale ‐ D2‐SP
0,5  Kg/cm2 1,0 Kg/cm2 2,0 Kg/cm2 4,0 Kg/cm2

8,0 Kg/cm2 2,0 Kg/cm2 0,5 Kg/cm2

1h 10h 24h 2d   3d   7d

 

 

100

200

300

400

500

1 10 100 1000 10000 100000

Re
ad
in
g 
(1
0‐

2
m
m
)

Time (s)

Semi‐logarithmic Scale D2‐SP
0,5  Kg/cm2 1,0 Kg/cm2 2,0 Kg/cm2 4,0 Kg/cm2

8,0 Kg/cm2 2,0 Kg/cm2 0,5 Kg/cm2



Appendix I – Soil mechanics laboratory results 
 
 

A1 - 94 
 

OED5 log σ e   Compressibility 
D2-SP 0.100 0.440  Calculated 
2.00% 0.500 0.405  CC -0.0319 CS/CC 

  1.000 0.396  CS -0.0087 0.273 
  2.000 0.374  Graphical trend line 
  4.000 0.345  CC -0.046 CS/CC 
  8.000 0.300  CS -0.009 0.196 
  2.000 0.315  Selected Values 
  0.500 0.324  CC -0.04 CS/CC 
        CS -0.009 0.225 

y =  ‐0.046ln(x) + 0.4013

y =  ‐0.009ln(x) + 0.319
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OED6-D3 (5%) Standard Proctor compaction 

 

Date:   29/07/2009    Date:   30/07/2009   
Applied load:  2,5 kg  Applied load:  5,0 kg 
Resulting stress: 0,5 Kg/cm2  Resulting stress: 1,0 Kg/cm2 

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
Time Time 

(seconds) 
Reading     

(10-2 mm) Def. (mm) 

0' 0'' 1 704 0.00  0' 0'' 1 766 0.62 

15'' 15 762 0.58  15'' 15 773 0.69 

1' 60 763 0.59  1' 60 773 0.69 

2' 15'' 135 763 0.59  2' 15'' 135 774 0.70 

4' 240 764 0.60  4' 240 774 0.70 

6' 15'' 375 764 0.60  6' 15'' 375 775 0.71 

9' 540 764 0.60  9' 540 775 0.71 

16' 960 764 0.60  16' 960 775 0.71 

25' 1500 764 0.60  25' 1500 775 0.71 

36' 2160 765 0.61  36' 2160 776 0.72 

49' 2940 765 0.61  49' 2940 776 0.72 

2 h 7200 765 0.61  2 h 7200 777 0.73 

24 h 86400 766 0.62  24 h 86400 779 0.75 

         
Date:   31/07/2009    Date:   3/8/2009   
Applied load:   10,0 kg  Applied load:  20,0 kg 
Resulting stress: 2,0 Kg/cm2  Resulting stress: 4,0 Kg/cm2 

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
Time Time 

(seconds) 
Reading     

(10-2 mm) Def. (mm) 

0' 0'' 1 779 0.75  0' 0'' 1 805 1.01 

15'' 15 797 0.93  15'' 15 839 1.35 

1' 60 799 0.95  1' 60 840 1.36 

2' 15'' 135 799 0.95  2' 15'' 135 841 1.37 

4' 240 800 0.96  4' 240 842 1.38 

6' 15'' 375 800 0.96  6' 15'' 375 843 1.39 

9' 540 800 0.96  9' 540 843 1.39 

16' 960 801 0.97  16' 960 844 1.40 

25' 1500 802 0.98  25' 1500 845 1.41 

36' 2160 802 0.98  36' 2160 846 1.42 

49' 2940 803 0.99  49' 2940 846 1.42 

2 h 7200 804 1.00  2 h 7200 847 1.43 

24 h 86400 805 1.01  24 h 86400 849 1.45 
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Date:   4/8/2009    Date:   5/8/2009   
Applied load:  40,0 kg  Applied load:  10,0 kg 
Resulting stress:  8,0 Kg/cm2  Resulting stress:  2,0 Kg/cm2 

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
Time Time 

(seconds) 
Reading     

(10-2 mm) Def. (mm) 

0' 0'' 1 849 1.45  0' 0'' 1 906 2.02 

15'' 15 889 1.85  15'' 15 901 1.97 

1' 60 890 1.86  1' 60 901 1.97 

2' 15'' 135 892 1.88  2' 15'' 135 901 1.97 

4' 240 894 1.90  4' 240 900 1.96 

6' 15'' 375 895 1.91  6' 15'' 375 900 1.96 

9' 540 896 1.92  9' 540 900 1.96 

16' 960 897 1.93  16' 960 900 1.96 

25' 1500 897 1.93  25' 1500 900 1.96 

36' 2160 898 1.94  36' 2160 900 1.96 

49' 2940 899 1.95  49' 2940 900 1.96 

2 h 7200 901 1.97  2 h 7200 900 1.96 

24 h 86400 906 2.02  24 h 86400 900 1.96 

         
Date:   6/8/2009    
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Applied load:  2,5 kg  
Resulting stress:  0,5 Kg/cm2  

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
0' 0'' 1 900 1.96  
15'' 15 895 1.91  
1' 60 894 1.90  

2' 15'' 135 894 1.90  
4' 240 894 1.90  

6' 15'' 375 893 1.89  
9' 540 893 1.89      

16' 960 893 1.89  Consolidation Test Sample D3-SP 
25' 1500 893 1.89  OED6 DR Standard 
36' 2160 893 1.89  Date: 07/09-08/09 d50 < 20mm 
49' 2940 893 1.89  LNAPL type:  Diesel F.   
2 h 7200 893 1.89  Concentration (%):  5.00%   

24 h 86400 892 1.88  Observations:     
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OED6 σ Δσ Read‐δ  Δ(Read-δ) Δε 
(20mm) Eoed 

D3-SP kg/cm2 kg/cm2 mm  mm   kg/cm2 

5.00% 0.500 0.500 0.620 0.620 0.031 16.129 

   1.000 0.500 0.750 0.130 0.007 76.923 

  2.000 1.000 1.010 0.260 0.013 76.923 

  4.000 2.000 1.450 0.440 0.022 90.909 

  8.000 4.000 2.020 0.570 0.029 140.351 
             

Averaged  σ Δσ Read‐δ  Δ(Read-δ) Δε 
(20mm) Eoed 

   kg/cm2 kg/cm2 mm  mm   kg/cm2 

   8.000 8.000 3.940 2.020 0.101 79.208 
             

        mV 1/Eoed 0.013 
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OED6 log σ e   Compressibility 
D3-SP 0.100 0.524  Calculated 
5.00% 0.500 0.472  CC -0.0390 CS/CC 

  1.000 0.461  CS -0.0043 0.11 
  2.000 0.439  Graphical trend line 
  4.000 0.402  CC -0.052 CS/CC 
  8.000 0.353  CS -0.004 0.077 
  2.000 0.358  Selected Values 
  0.500 0.365  CC -0.05 CS/CC 
        CS -0.004 0.08 

y = ‐0.052ln(x) + 0.4679

y = ‐0.004ln(x) + 0.3617
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OED7-D4 (10%) Standard Proctor compaction 

 

Date:   6/8/2009    Date:   7/8/2009   
Applied load:  2,5 kg  Applied load:  5,0 kg 
Resulting stress:  0,5  Kg/cm2  Resulting stress:  1,0 Kg/cm2 

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
Time Time 

(seconds) 
Reading      

(10-2 mm) Def. (mm) 

0' 0'' 1 116 0.00  0' 0'' 1 256 1.40 

15'' 15 249 1.33  15'' 15 286 1.70 

1' 60 253 1.37  1' 60 288 1.72 

2' 15'' 135 253 1.37  2' 15'' 135 289 1.73 

4' 240 254 1.38  4' 240 290 1.74 

6' 15'' 375 254 1.38  6' 15'' 375 290 1.74 

9' 540 254 1.38  9' 540 290 1.74 

16' 960 254 1.38  16' 960 331 2.15 

25' 1500 254 1.38  25' 1500 334 2.18 

36' 2160 254 1.38  36' 2160 336 2.20 

49' 2940 254 1.38  49' 2940 338 2.22 

2 h 7200 255 1.39  2 h 7200 339 2.23 

24 h 86400 256 1.40  24 h 86400 342 2.26 

         
Date:   9/8/2009    Date:   10/8/2009   
Applied load:   10,0 kg  Applied load:   20,0 kg 
Resulting stress: 2,0 Kg/cm2  Resulting stress:  4,0 Kg/cm2 

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
Time Time 

(seconds) 
Reading      

(10-2 mm) Def. (mm) 

0' 0'' 1 342 2.26  0' 0'' 1 394 2.78 

15'' 15 378 2.62  15'' 15 434 3.18 

1' 60 381 2.65  1' 60 437 3.21 

2' 15'' 135 384 2.68  2' 15'' 135 438 3.22 

4' 240 385 2.69  4' 240 439 3.23 

6' 15'' 375 386 2.70  6' 15'' 375 440 3.24 

9' 540 387 2.71  9' 540 441 3.25 

16' 960 388 2.72  16' 960 442 3.26 

25' 1500 389 2.73  25' 1500 443 3.27 

36' 2160 389 2.73  36' 2160 443 3.27 

49' 2940 390 2.74  49' 2940 444 3.28 

2 h 7200 391 2.75  2 h 7200 445 3.29 

24 h 86400 394 2.78  24 h 86400 448 3.32 
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Date:   11/8/2009    Date:   12/8/2009   
Applied load:  40,0 kg  Applied load:   10,0 kg 
Resulting stress:  8,0 Kg/cm2  Resulting stress:  2,0 Kg/cm2 

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
Time Time 

(seconds) 
Reading      

(10-2 mm) Def. (mm) 

0' 0'' 1 448 3.32  0' 0'' 1 510 3.94 

15'' 15 495 3.79  15'' 15 505 3.89 

1' 60 497 3.81  1' 60 505 3.89 

2' 15'' 135 499 3.83  2' 15'' 135 504 3.88 

4' 240 500 3.84  4' 240 504 3.88 

6' 15'' 375 501 3.85  6' 15'' 375 504 3.88 

9' 540 502 3.86  9' 540 504 3.88 

16' 960 503 3.87  16' 960 504 3.88 

25' 1500 504 3.88  25' 1500 504 3.88 

36' 2160 504 3.88  36' 2160 504 3.88 

49' 2940 505 3.89  49' 2940 504 3.88 

2 h 7200 506 3.90  2 h 7200 503 3.87 

24 h 86400 510 3.94  24 h 86400 502 3.86 

         
Date:   13/8/2009    
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Applied load:   2,5 kg  
Resulting stress:  0,5 Kg/cm2  

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
0' 0'' 1 502 3.86  
15'' 15 497 3.81  
1' 60 497 3.81  

2' 15'' 135 497 3.81  
4' 240 497 3.81  

6' 15'' 375 496 3.80  
9' 540 496 3.80      

16' 960 496 3.80  Consolidation Test Sample D4-SP 
25' 1500 496 3.80  OED7 DR Standard 
36' 2160 496 3.80  Date: 08/09 d50 < 20mm 
49' 2940 496 3.80  LNAPL type:  Diesel F.   
2 h 7200 496 3.80  Concentration (%):  10.00%   

24 h 86400 495 3.79  Observations:     

 



Appendix I – Soil mechanics laboratory results 
 

A1 - 101 
 

 

OED7 σ Δσ Read‐δ  Δ(Read-δ) Δε 
(20mm) Eoed 

D4-SP kg/cm2 kg/cm2 mm  mm   kg/cm2 

10.00% 0.500 0.500 1.400 1.400 0.070 7.143 

   1.000 0.500 2.260 0.860 0.043 11.628 

  2.000 1.000 2.780 0.520 0.026 38.462 

  4.000 2.000 3.320 0.540 0.027 74.074 

  8.000 4.000 3.940 0.620 0.031 129.032 
             

Averaged  σ Δσ Read‐δ  Δ(Read-δ) Δε 
(20mm) Eoed 

   kg/cm2 kg/cm2 mm  mm   kg/cm2 

   8.000 8.000 3.940 3.940 0.197 40.609 
             

        mV 1/Eoed 0.025 
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Appendix I – Soil mechanics laboratory results 
 
 

A1 - 102 
 

OED4 log σ e   Compressibility 
D4-SP 0.100 0.539  Calculated 
10.00% 0.500 0.419  CC -0.0769 CS/CC 

  1.000 0.345  CS -0.0046 0.06 
  2.000 0.301  Graphical trend line 
  4.000 0.255  CC -0.077 CS/CC 
  8.000 0.202  CS -0.005 0.065 
  2.000 0.209  Selected Values 
  0.500 0.215  CC -0.08 CS/CC 
        CS -0.005 0.06 

y =  ‐0.077ln(x) + 0.3585

y = ‐0.005ln(x) + 0.2116
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Appendix I – Soil mechanics laboratory results 
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OED8-D2 (2%) Loose preparation 

 

Date:    
13/08/2009    Date:    

14/08/2009   
Applied load:  2,5 kg  Applied load:  5,0 kg 
Resulting stress:  0,5  Kg/cm2  Resulting stress:  1,0 Kg/cm2 

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
Time Time 

(seconds) 
Reading     

(10-2 mm) Def. (mm) 

0' 0'' 1 335 0.00  0' 0'' 1 512 1.77 

15'' 15 511 1.76  15'' 15 517 1.82 

1' 60 511 1.76  1' 60 517 1.82 

2' 15'' 135 511 1.76  2' 15'' 135 518 1.83 

4' 240 511 1.76  4' 240 518 1.83 

6' 15'' 375 511 1.76  6' 15'' 375 518 1.83 

9' 540 512 1.77  9' 540 519 1.84 

16' 960 512 1.77  16' 960 519 1.84 

25' 1500 512 1.77  25' 1500 519 1.84 

36' 2160 512 1.77  36' 2160 519 1.84 

49' 2940 512 1.77  49' 2940 520 1.85 

2 h 7200 512 1.77  2 h 7200 520 1.85 

24 h 86400 512 1.77  24 h 86400 522 1.87 

         

Date:    
17/08/2009    Date:    

18/08/2009   
Applied load:   10,0 kg  Applied load:   20,0 kg 
Resulting stress: 2,0 Kg/cm2  Resulting stress:  4,0 Kg/cm2 

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
Time Time 

(seconds) 
Reading     

(10-2 mm) Def. (mm) 

0' 0'' 1 522 1.87  0' 0'' 1 564 2.29 

15'' 15 555 2.20  15'' 15 609 2.74 

1' 60 556 2.21  1' 60 610 2.75 

2' 15'' 135 557 2.22  2' 15'' 135 611 2.76 

4' 240 558 2.23  4' 240 612 2.77 

6' 15'' 375 559 2.24  6' 15'' 375 612 2.77 

9' 540 560 2.25  9' 540 613 2.78 

16' 960 560 2.25  16' 960 613 2.78 

25' 1500 561 2.26  25' 1500 614 2.79 

36' 2160 562 2.27  36' 2160 615 2.80 

49' 2940 562 2.27  49' 2940 615 2.80 

2 h 7200 563 2.28  2 h 7200 616 2.81 

24 h 86400 564 2.29  24 h 86400 620 2.85 

         



Appendix I – Soil mechanics laboratory results 
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Date:    
19/08/2009    Date:    

20/08/2009   
Applied load:  40,0 kg  Applied load:   10,0 kg 
Resulting stress:  8,0 Kg/cm2  Resulting stress:  2,0 Kg/cm2 

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
Time Time 

(seconds) 
Reading     

(10-2 mm) Def. (mm) 

0' 0'' 1 620 2.85  0' 0'' 1 671 3.36 

15'' 15 659 3.24  15'' 15 664 3.29 

1' 60 661 3.26  1' 60 664 3.29 

2' 15'' 135 662 3.27  2' 15'' 135 664 3.29 

4' 240 663 3.28  4' 240 664 3.29 

6' 15'' 375 664 3.29  6' 15'' 375 664 3.29 

9' 540 664 3.29  9' 540 664 3.29 

16' 960 665 3.30  16' 960 664 3.29 

25' 1500 666 3.31  25' 1500 663 3.28 

36' 2160 667 3.32  36' 2160 663 3.28 

49' 2940 667 3.32  49' 2940 663 3.28 

2 h 7200 668 3.33  2 h 7200 663 3.28 

24 h 86400 671 3.36  24 h 86400 663 3.28 

         
Date:   21/08/2009    
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Applied load:   2,5 kg  
Resulting stress:  0,5 Kg/cm2  

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
0' 0'' 1 663 3.28  
15'' 15 658 3.23  
1' 60 658 3.23  

2' 15'' 135 658 3.23  
4' 240 658 3.23  

6' 15'' 375 658 3.23  
9' 540 658 3.23      

16' 960 658 3.23  Consolidation Test Sample D2-Loose 
25' 1500 657 3.22  OED8 DR Loose 
36' 2160 657 3.22  Date: 08/09 d50 < 20mm 
49' 2940 657 3.22  LNAPL type:  Diesel F.   
2 h 7200 657 3.22  Concentration (%):  2.00%   

24 h 86400 657 3.22  Observations:     

 



Appendix I – Soil mechanics laboratory results 
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OED8 σ Δσ Read‐δ  Δ(Read-δ) Δε 
(20mm) Eoed 

D2-Loose kg/cm2 kg/cm2 mm  mm   kg/cm2 

2.00% 0.500 0.500 1.770 1.770 0.089 5.650 

   1.000 0.500 1.870 0.100 0.005 100.000 

  2.000 1.000 2.290 0.420 0.021 47.619 

  4.000 2.000 2.850 0.560 0.028 71.429 

  8.000 4.000 3.360 0.510 0.026 156.863 
             

Averaged  σ Δσ Read‐δ  Δ(Read-δ) Δε 
(20mm) Eoed 

   kg/cm2 kg/cm2 mm  mm   kg/cm2 

   8.000 8.000 3.360 3.360 0.168 47.619 
             

        mV 1/Eoed 0.021 
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Appendix I – Soil mechanics laboratory results 
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OED8 log σ e   Compressibility 
D2-Loose 0.100 0.790  Calculated 

2.00% 0.500 0.625  CC -0.0741 CS/CC 
  1.000 0.615  CS -0.0054 0.073 
  2.000 0.573  Graphical trend line 
  4.000 0.517  CC -0.073 CS/CC 
  8.000 0.465  CS -0.005 0.068 
  2.000 0.474  Selected Values 
  0.500 0.480  CC -0.07 CS/CC 
        CS -0.005 0.071 

y = ‐0.073ln(x) + 0.6184

y = ‐0.005ln(x) + 0.4768
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Appendix I – Soil mechanics laboratory results 
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OED9-D3 (5%) Loose preparation 

 

Date:    
13/08/2009    Date:    

14/08/2009   
Applied load:  2,5 kg  Applied load:  5,0 kg 
Resulting stress:  0,5  Kg/cm2  Resulting stress:  1,0 Kg/cm2 

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
Time Time 

(seconds) 
Reading     

(10-2 mm) Def. (mm) 

0' 0'' 1 694 0.00  0' 0'' 1 917 2.23 

15'' 15 911 2.17  15'' 15 953 2.59 

1' 60 912 2.18  1' 60 956 2.62 

2' 15'' 135 913 2.19  2' 15'' 135 959 2.65 

4' 240 913 2.19  4' 240 960 2.66 

6' 15'' 375 914 2.20  6' 15'' 375 961 2.67 

9' 540 914 2.20  9' 540 963 2.69 

16' 960 915 2.21  16' 960 964 2.70 

25' 1500 915 2.21  25' 1500 964 2.70 

36' 2160 916 2.22  36' 2160 965 2.71 

49' 2940 916 2.22  49' 2940 965 2.71 

2 h 7200 916 2.22  2 h 7200 966 2.72 

24 h 86400 917 2.23  24 h 86400 969 2.75 

         

Date:    
17/08/2009    Date:    

18/08/2009   
Applied load:   10,0 kg  Applied load:   20,0 kg 
Resulting stress: 2,0 Kg/cm2  Resulting stress:  4,0 Kg/cm2 

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
Time Time 

(seconds) 
Reading     

(10-2 mm) Def. (mm) 

0' 0'' 1 969 2.75  0' 0'' 1 1031 3.37 

15'' 15 1020 3.26  15'' 15 1076 3.82 

1' 60 1023 3.29  1' 60 1077 3.83 

2' 15'' 135 1026 3.32  2' 15'' 135 1078 3.84 

4' 240 1028 3.34  4' 240 1078 3.84 

6' 15'' 375 1029 3.35  6' 15'' 375 1078 3.84 

9' 540 1030 3.36  9' 540 1078 3.84 

16' 960 1031 3.37  16' 960 1078 3.84 

25' 1500 1031 3.37  25' 1500 1078 3.84 

36' 2160 1031 3.37  36' 2160 1078 3.84 

49' 2940 1031 3.37  49' 2940 1079 3.85 

2 h 7200 1031 3.37  2 h 7200 1079 3.85 

24 h 86400 1031 3.37  24 h 86400 1081 3.87 

         



Appendix I – Soil mechanics laboratory results 
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Date:    
19/08/2009    Date:    

20/08/2009   
Applied load:  40,0 kg  Applied load:   10,0 kg 
Resulting stress:  8,0 Kg/cm2  Resulting stress:  2,0 Kg/cm2 

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
Time Time 

(seconds) 
Reading     

(10-2 mm) Def. (mm) 

0' 0'' 1 1081 3.87  0' 0'' 1 1148 4.54 

15'' 15 1139 4.45  15'' 15 1143 4.49 

1' 60 1139 4.45  1' 60 1143 4.49 

2' 15'' 135 1140 4.46  2' 15'' 135 1143 4.49 

4' 240 1140 4.46  4' 240 1143 4.49 

6' 15'' 375 1140 4.46  6' 15'' 375 1143 4.49 

9' 540 1142 4.48  9' 540 1143 4.49 

16' 960 1142 4.48  16' 960 1143 4.49 

25' 1500 1143 4.49  25' 1500 1143 4.49 

36' 2160 1144 4.50  36' 2160 1143 4.49 

49' 2940 1144 4.50  49' 2940 1142 4.48 

2 h 7200 1145 4.51  2 h 7200 1142 4.48 

24 h 86400 1148 4.54  24 h 86400 1142 4.48 

         
Date:   21/08/2009    
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Applied load:   2,5 kg  
Resulting stress:  0,5 Kg/cm2  

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
0' 0'' 1 1142 4.48  
15'' 15 1138 4.44  
1' 60 1138 4.44  

2' 15'' 135 1138 4.44  
4' 240 1138 4.44  

6' 15'' 375 1138 4.44  
9' 540 1138 4.44      

16' 960 1138 4.44  Consolidation Test Sample D3-Loose 
25' 1500 1138 4.44  OED9 DR Loose 
36' 2160 1138 4.44  Date: 08/09 d50 < 20mm 
49' 2940 1137 4.43  LNAPL type:  Diesel F.   
2 h 7200 1137 4.43  Concentration (%):  5.00%   

24 h 86400 1137 4.43  Observations:     

 



Appendix I – Soil mechanics laboratory results 
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OED9 σ Δσ Read‐δ  Δ(Read-δ) Δε 
(20mm) Eoed 

D3-Loose kg/cm2 kg/cm2 mm  mm   kg/cm2 

5.00% 0.500 0.500 2.230 2.230 0.112 4.484 

   1.000 0.500 2.750 0.520 0.026 19.231 

  2.000 1.000 3.370 0.620 0.031 32.258 

  4.000 2.000 3.870 0.500 0.025 80.000 

  8.000 4.000 4.540 0.670 0.034 119.403 
             

Averaged  σ Δσ Read‐δ  Δ(Read-δ) Δε 
(20mm) Eoed 

   kg/cm2 kg/cm2 mm  mm   kg/cm2 

   8.000 8.000 4.540 4.540 0.227 35.242 
             

        mV 1/Eoed 0.028 
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Appendix I – Soil mechanics laboratory results 
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OED9 log σ e   Compressibility 
D3-Loose 0.100 0.777  Calculated 

5.00% 0.500 0.557  CC -0.1022 CS/CC 
  1.000 0.506  CS -0.0040 0.039 
  2.000 0.444  Graphical trend line 
  4.000 0.395  CC -0.082 CS/CC 
  8.000 0.329  CS -0.004 0.049 
  2.000 0.335  Selected Values 
  0.500 0.340  CC -0.09 CS/CC 
        CS -0.004 0.044 

y =  ‐0.082ln(x) + 0.5029

y =  ‐0.004ln(x) + 0.3374
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OED10-D4 (10%) Loose preparation 

 

Date:   24/08/2009    Date:   25/08/2009   
Applied load:  2,5 kg  Applied load:  5,0 kg 
Resulting stress:  0,5  Kg/cm2  Resulting stress:  1,0 Kg/cm2 

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
Time Time 

(seconds) 
Reading     

(10-2 mm) Def. (mm) 

0' 0'' 1 470 0.00  0' 0'' 1 512 0.42 

15'' 15 507 0.37  15'' 15 654 1.84 

1' 60 508 0.38  1' 60 664 1.94 

2' 15'' 135 509 0.39  2' 15'' 135 666 1.96 

4' 240 509 0.39  4' 240 669 1.99 

6' 15'' 375 509 0.39  6' 15'' 375 669 1.99 

9' 540 509 0.39  9' 540 669 1.99 

16' 960 510 0.40  16' 960 670 2.00 

25' 1500 510 0.40  25' 1500 670 2.00 

36' 2160 510 0.40  36' 2160 670 2.00 

49' 2940 510 0.40  49' 2940 670 2.00 

2 h 7200 511 0.41  2 h 7200 671 2.01 

24 h 86400 512 0.42  24 h 86400 673 2.03 

         
Date:   26/08/2009    Date:   27/08/2009   
Applied load:   10,0 kg  Applied load:   20,0 kg 
Resulting stress: 2,0 Kg/cm2  Resulting stress:  4,0 Kg/cm2 

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
Time Time 

(seconds) 
Reading     

(10-2 mm) Def. (mm) 

0' 0'' 1 673 2.03  0' 0'' 1 769 2.99 

15'' 15 757 2.87  15'' 15 885 4.15 

1' 60 758 2.88  1' 60 888 4.18 

2' 15'' 135 760 2.90  2' 15'' 135 890 4.20 

4' 240 761 2.91  4' 240 892 4.22 

6' 15'' 375 762 2.92  6' 15'' 375 894 4.24 

9' 540 763 2.93  9' 540 896 4.26 

16' 960 764 2.94  16' 960 898 4.28 

25' 1500 765 2.95  25' 1500 901 4.31 

36' 2160 766 2.96  36' 2160 904 4.34 

49' 2940 766 2.96  49' 2940 906 4.36 

2 h 7200 767 2.97  2 h 7200 908 4.38 

24 h 86400 769 2.99  24 h 86400 911 4.41 
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Date:   28/08/2009    Date:   31/08/2009   
Applied load:  40,0 kg  Applied load:   10,0 kg 
Resulting stress:  8,0 Kg/cm2  Resulting stress:  2,0 Kg/cm2 

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
Time Time 

(seconds) 
Reading     

(10-2 mm) Def. (mm) 

0' 0'' 1 911 4.41  0' 0'' 1 987 5.17 

15'' 15 955 4.85  15'' 15 983 5.13 

1' 60 958 4.88  1' 60 983 5.13 

2' 15'' 135 960 4.90  2' 15'' 135 983 5.13 

4' 240 961 4.91  4' 240 983 5.13 

6' 15'' 375 962 4.92  6' 15'' 375 983 5.13 

9' 540 963 4.93  9' 540 983 5.13 

16' 960 965 4.95  16' 960 983 5.13 

25' 1500 966 4.96  25' 1500 982 5.12 

36' 2160 967 4.97  36' 2160 982 5.12 

49' 2940 969 4.99  49' 2940 982 5.12 

2 h 7200 972 5.02  2 h 7200 982 5.12 

24 h 86400 987 5.17  24 h 86400 982 5.12 

         
Date:   1/9/2009    
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Applied load:   2,5 kg  
Resulting stress:  0,5 Kg/cm2  

Time Time 
(seconds) 

Reading     
(10-2 mm) Def. (mm) 

 
0' 0'' 982 1142 6.72  
15'' 978 1138 6.68  
1' 978 1138 6.68  

2' 15'' 977 1138 6.68  
4' 977 1138 6.68  

6' 15'' 977 1138 6.68  
9' 977 1138 6.68      

16' 976 1138 6.68  Consolidation Test Sample D4-Loose 
25' 976 1138 6.68  OED10 DR Loose 
36' 976 1138 6.68  Date: 08/09 d50 < 20mm 
49' 976 1137 6.67  LNAPL type:  Diesel F.   
2 h 975 1137 6.67  Concentration (%):  10.00%   

24 h 974 1137 6.67  Observations:     
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OED10 σ Δσ Read‐δ  Δ(Read-δ) Δε 
(20mm) Eoed 

D4-Loose kg/cm2 kg/cm2 mm  mm   kg/cm2 

10.00% 0.500 0.500 0.420 0.420 0.021 23.810 

   1.000 0.500 2.030 1.610 0.081 6.211 

  2.000 1.000 2.990 0.960 0.048 20.833 

  4.000 2.000 4.410 1.420 0.071 28.169 

  8.000 4.000 5.170 0.760 0.038 105.263 
             

Averaged  σ Δσ Read‐δ  Δ(Read-δ) Δε 
(20mm) Eoed 

   kg/cm2 kg/cm2 mm  mm   kg/cm2 

   8.000 8.000 5.170 5.170 0.259 30.948 
             

        mV 1/Eoed 0.032 
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OED10 log σ e   Compressibility 
D4-Loose 0.100 0.765  Calculated 
10.00% 0.500 0.724  CC -0.1156 CS/CC 

  1.000 0.566  CS -0.0047 0.041 
  2.000 0.472  Graphical trend line 
  4.000 0.333  CC -0.168 CS/CC 
  8.000 0.258  CS -0.005 0.03 
  2.000 0.263  Selected Values 
  0.500 0.271  CC -0.16 CS/CC 
        CS -0.005 0.031 

y =  ‐0.168ln(x) + 0.5871

y =  ‐0.005ln(x) + 0.2673
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APPENDIX II 

IMAGE ANALYSIS CODES 
Chapter 7 justify the necessity of programming MatLab® codes, in order to analyze 

previous filtered images from the test. This appendix contains the codes used in the 

ambit of this dissertation which allow to discriminate light intensities from the sample 

(picture) and transform into concentration if a calibration curve, mentioned in chapter 6, 

is previously worked out. 

This codes were obtained with the priceless collaboration of Kazonori Tabe and Mehdi 

Omidvar, at the NYU – Polytechnic Institute (NY-USA). 

CODE 1 

1. Imread original picture 

I=imread('c:\Route to the jpeg compressed picture 480x640 pixels'); 

I1=imshow(I); 

2. For 3-D distribution 

I=imread('c:\Route to the jpeg compressed picture 480x640 pixels'); 

a=255-I 

a=im2double(a); 

[xmax,ymax]=size(a); 

[y,x]=meshgrid(1:1:ymax,1:1:xmax); 

figure; 

mesh(y,x,double(a)); 

3. For contour display (continue of step 2) 

[c,h]=contour(a,5); 

clabel(c,h,'manual'); 
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CODE 2 

1.To obtain the negative of the picture and transforms it is on b/w 

I=imread('c:\Route to the jpeg compressed picture 480x640 pixels'); 

imshow(I); 

a=rgb2gray(I); 

a=255-a; 

2.To obtain the contours in lateral pictures 

figure, imcontour(a,3) 

3.To plot a 3D mesh in order to study the intensity 

figure, 

imshow(a); 

a=im2double(a); 

[xmax,ymax]=size(a); 

[y,x]=meshgrid(1:1:ymax,1:1:xmax); 

figure; 

mesh(y,x,double(a)); 

4.To plot intensities vs concentrations (w/calibration curve) 

[c,h]=contour(a,5); 

clabel(c,h,'manual'); 
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CODE 3 

1.To obtain the negative of the picture and transforms it is on b/w 

I=imread('c:\Route to the jpeg compressed picture 480x640 pixels'); 

a=rgb2gray(I); 

a=255-a; 

a=im2double(a); 

[xmax,ymax]=size(a); 

2.To obtain discriminate the desired intensity for any case (Iterative work) 

for i=1:xmax 

    for j=1:ymax 

        if a(i,j)<0.1 

            a(i,j)=0; 

        end 

    end 

end 

3.To obtain the contours in lateral pictures 

[xmax,ymax]=size(a); 

[y,x]=meshgrid(1:1:ymax,1:1:xmax); 

figure; 

mesh(y,x,double(a)); 

5.To plot intensities vs concentrations (w/calibration curve) 

 [c,h]=contour(a,20); 

clabel(c,h,'manual'); 
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APPENDIX III 

MODEL EXAMPLE SAMPLES 
1 of each 5 pictures taken from the model has been inserted below in order to show the 

evolution of plume observed from three normal axis synchronized cameras, z (Bottom), 

x (Ruler), y (Tripod). The cameras has been called by different names in order to 

distinguish between the amount of pictures, in brackets has been included the 

appellative, which is based on the dispositive showed in figure AIII.1. 

 

 

Figure AIII.1. Model setup dispositive and cameras dispositive. 

OUTPUT  VALVE. VACUUM AND VAPOUR EXTRACTION TUBE. 

REVERSIBLE TO OXYGEN, NITROGEN OR NUTRIENT 

PLEXIGLASS TANK DESIGN 

BYPASS. WATER AND CONTAMINANT INPUT. 

REVERSIBLE TO PUMPING 

z - Bottom
x - Ruler 

y - Tripod 
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1st hour – 0.1 ml/h [1 picture/3 minutes] 

z – Bottom camera* x – Ruler camera y – Tripod camera 

   

*Distance between z (bottom) camera and tank is double than distance between x (ruler) = y (tripod) to the tank sides. 
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2nd hour – 0.1ml/h [1 picture/3 minutes] 

z – Bottom camera* x – Ruler camera y – Tripod camera 

 

 

  

*Distance between z (bottom) camera and tank is double than distance between x (ruler) = y (tripod) to the tank sides. 
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3rd hour – 0.1ml/h [1 picture/3 minutes] 

z – Bottom camera* x – Ruler camera y – Tripod camera 

 

 

  

*Distance between z (bottom) camera and tank is double than distance between x (ruler) = y (tripod) to the tank sides. 
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4th to 10th hours – 0.1ml/h [1 picture/20 minutes] 

z – Bottom camera* x – Ruler camera y – Tripod camera 

 

 

  

*Distance between z (bottom) camera and tank is double than distance between x (ruler) = y (tripod) to the tank sides. 
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10th to 16th hours – 0.1ml/h and 0.2ml/h [1 picture/20 minutes] 

z – Bottom camera* x – Ruler camera y – Tripod camera 

 

 

  

*Distance between z (bottom) camera and tank is double than distance between x (ruler) = y (tripod) to the tank sides. 
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16th to 22nd hours –0.2ml/h and 0.4 2ml/h [1 picture/20 minutes] 

z – Bottom camera* x – Ruler camera y – Tripod camera 

 

 

  

*Distance between z (bottom) camera and tank is double than distance between x (ruler) = y (tripod) to the tank sides. 

 

 



Apendix III: Model example samples 
 
 

A3 -8 
 

22nd to 25th 0.8 ml/h, 1.6 ml/h and 3ml/h [1 picture/6 minutes] 

z – Bottom camera* x – Ruler camera y – Tripod camera 

 

 

  

*Distance between z (bottom) camera and tank is double than distance between x (ruler) = y (tripod) to the tank sides. 
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25th 0.8 ml/h, 1.6 ml/h and 3ml/h [1 picture/6 minutes] 

z – Bottom camera* x – Ruler camera y – Tripod camera 

 

 

  

*Distance between z (bottom) camera and tank is double than distance between x (ruler) = y (tripod) to the tank sides. 
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25th to 27th 0 ml/h [1 picture/6 minutes] 

z – Bottom camera* x – Ruler camera y – Tripod camera 

 

 

  

*Distance between z (bottom) camera and tank is double than distance between x (ruler) = y (tripod) to the tank sides. 
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27th to 29th 0 ml/h [1 picture/6 minutes] 

 

z – Bottom camera* x – Ruler camera y – Tripod camera 

 

 

  

*Distance between z (bottom) camera and tank is double than distance between x (ruler) = y (tripod) to the tank sides. 
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29th to 36th hours [1 picture/30 minutes] 

z – Bottom camera* x – Ruler camera y – Tripod camera 

 

 
  

*Distance between z (bottom) camera and tank is double than distance between x (ruler) = y (tripod) to the tank sides. 
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APPENDIX IV 

PARTIAL RESULTS PUBLICATION 
 

REFERENCE: 

3D contaminant flow imaging in transparent granular porous media 

• Authors: R Fernández. Serrano 1 ; M. Iskander 2 ; K. Tabe 3  

• Source: Géotechnique Letters, Volume 1, Issue 3, September 2011 pages 71 –78 , , E‐ISSN: 2045‐2543  

A physical model based on transparent soil technology is presented as a novel laboratory tool for ground contamination 
research. The model aims to reproduce both unsaturated and saturated conditions within a Spanish soil formation known as 
Miga sand. A soil surrogate made of a water-absorbing polymeric gel was employed. Multi-phase flow from a leaking 
underground storage tank was simulated in both saturated and unsaturated conditions in order to illustrate the usefulness of the 
technique in simulating a hypothetical spill of a light non-aqueous phase liquid under well-controlled test conditions. The 
plume observed was found to be spatially variable. The technique permits, for the first time, the simulation of specific grain 
size distributions in a transparent soil surrogate and visualization of plume development in three dimensions. Preliminary 
results indicate that the model is a potentially powerful tool for visualising pollutant transport in porous media. A brief 
description of the test setup, and a summary of the advantages, limitations, and prospective applications are presented. 

• Keywords: pollution migration/control; sands; model tests  
• Document Type: Research Article  
• DOI: 10.1680/geolett.11.00027  
• Affiliations: 1: *CEDEX, Ministerio de Fomento, Madrid, Spain; Universidad Politécnica de Madrid, Spain; 

Polytechnic Institute of New York University, Brooklyn, NY, USA; 2: †Polytechnic Institute of New York 
University, Brooklyn, NY, USA; 3: ‡Department of Civil Engineering, Sharda University, Greater Noida, UP, India  

 




