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ABSTRACT 

Smouldering and thermal remediation processes can achieve rapid removal of 

organic contaminants from soils but these processes expose soils to high 

temperatures for extended periods of time. Wild fire research shows changes in soil 

properties, when exposed to temperatures up to 850°C. Based on temperatures 

achieved during smouldering, this work aims to investigate how high temperature 

thermal and smouldering treatments affect soils. 

Laboratory experiments on simple soils prepared from silica sand and silica sand-

kaolin show that thermal treatments affect soil particle size distribution, mass, pH, 

mineralogy, liquid limits, and plastic limits. Properties such as particle density and 

bulk density remain unchanged after exposure to elevated temperatures.   

In silica sand, shear strength decreases with increasing temperature and 

smouldering whereas it increases with increasing temperature in the sand-kaolin 

soil. High temperatures and smouldering may smooth the sand particle surfaces and 

reduce interparticle friction. The presence of kaolin may protect the sand grains from 

this effect and affect the shear strength through mineralogical changes. Kaolin 

addition has similar effects on hydraulic conductivity. Samples containing 10% 

kaolin show a relationship between hydraulic history, microstructure and hydraulic 

conductivity. Samples treated by smouldering have lower saturated hydraulic 

conductivities compared to furnace treatments. For silica sand no changes in 

hydraulic conductivity were observed. These changes in dynamic response were 

linked to changes on a particle scale such as chemistry, mineralogy, and 

composition.  
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ÜBERSICHT 

Schwelbrand und Thermalsanierungsprozesse können kohlenstoffhaltige 

Schadstoffe schnell entfernen jedoch setzen diesen den Boden für längere 

Zeiträume hohen Temperaturen aus. Die Waldbrandforschung zeigt Veränderungen 

in Böden die Temperaturen bis zu 850°C ausgesetzt s ind. Basierend auf den 

Temperaturen welche durch die Schwelbrandsanierung erreicht werden ist es das 

Ziel dieser Studie zu erforschen wie hohen Temperaturen der Schwelbrände und 

Thermalsanierungen den Boden verändern. 

Laborversuche an einfachen Böden aus Quarzsand und Quarzsand-Kaolin zeigen, 

dass thermische Prozesse die Partikelgrößenverteilung, Masse, pH, Mineralogie, 

Fließ- und Plastizitätsgrenze beinflussen. Eigenschaften wie Partikel- und Rohdichte 

sind nach der thermischen Behandlung unverändert. 

In Quarzsand verringert sich die Scherfestigkeit mit steigender Temperatur und 

nach einer Schwelbrandbehandlung. Im Vergleich zeigt sich ein ansteigende der 

Scherfestigkeit im Quarzsand-Kaolin bei steigender Temperatur. Hohe 

Temperaturen und Schwelbrände können die Oberfläche von Sandpartikeln glätten 

und damit die Reibkraft zwischen Partikeln verringern. Durch den Zusatz von Kaolin 

ist es möglich, die Sandpartikel hiervor zu schützten ausserdem beeinflussen die 

mineralogische Veränderungen im Kaolin die Scherfestigkeit zusätzlich. Ein 

ähnlicher Effekt last die Zugabe von Kaolin beim Bodendurchlässigkeitswert 

erkennen. Die Proben mit 10% Kaolinanteil zeigen eine Beziehung zwischen 

hydraulischer Vergangenheit, Mikorstruktur und Bodendurchlässigkeit. Proben, die 

mit Schwelbrand behandelt wurden haben eine niedrigere wassergesättigte 

Bodendurchlässigkeit als Proben die im Brennofen behandelt wurden. Bei 

Quarzsand wurden keine Veränderungen in der Bodendurchlässigkeit beobachtet. 
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Veränderungen im dynamischen Verhalten wurden mit Veränderungen auf 

Partikelebene so wie Chemie, Mineralogy und Aufbau gekoppelt. 

Auf diese Beobachtungen basierend können Böden nach einer Sanierung nicht als 

identisch zu Böden vor Verunreinigung und Sanierung angesehen werden. 

Weiterhin kann nicht davon ausgegangen werden dass Sanierungenen die 

Urzustände in Böden wieder herstellen. Kontrollen der Bodeneigenschaften und des 

Verhaltens während und nach einer Sanierung mit hohen Temperaturen ist 

zwingend erforderlich um zu dokumentieren dass Veränderungen der 

Bodeneigenschaften und das dynamische Verhalten erkannt werden, und, wenn 

erforderlich, Stabilisierungsmaßnahmen ergriffen werden können um somit die 

sichere Wiederverwendung der sanierten Böden zu gewährleisten.  
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1. Introduction 

1.1. Smouldering Remediation 

Smouldering combustion is a novel, recently-patented remediation tool for soils 

contaminated with hazardous organic liquids. It has been particularly effective for 

coal tar and other high molecular weight contaminants, which are among the most 

difficult to treat. In-situ smouldering has been demonstrated across a wide range of 

soil and contaminant conditions and greater than 99.9% remediation has been 

observed in most cases, leaving behind clean, inert soil for reuse (Switzer et al., 

2009). The aim of this research is to understand the effects that in-situ smouldering 

has on soil properties and soil behaviour, and determine how post-remediation soils 

differ from pre-remediation soil.  

1.1.1. Organic Contaminants and Aggressive Remediat ion Technologies 

Hazardous organic liquid contaminants are comprised of light and dense non-

aqueous phase liquids (NAPLs), so named for their low miscibility with water. 

NAPLs are products or by-products of industrial processes and due to their long 

history of extensive use they pose a worldwide contamination problem (Vergnoux et 

al., 2010). The European Union (EU) specifically targets the re-use of large scale 

contaminated sites to reduce land consumption and further re-use of contaminated 

sites after remediation (McKnight and Finkel, 2013). The restoration of all large 

brownfield sites in the EU could cost up to €100 billion (Schädler et al., 2012). In the 

UK, in 1999, approximately 100 000 sites were identified as potentially contaminated 

and 10 000 sites are estimated to be definitely contaminated. These numbers 

include any range of contamination including waste, industrial and military sites 

(EEA, 2000). In the same year 1430 sites in the US were en identified as hazardous 
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waste and 600 contained poly aromatic hydrocarbons (Peters et al., 1999) and 60% 

of contaminated sites in Canada contain petroleum hydrocarbons (Sanscartier et al., 

2009). These toxic and potentially carcinogenic pollutants enter the subsurface as 

oily liquids and because of their ability to adsorb on to solids they persist in the 

environment for long durations (Khalladi et al., 2009). This combination of 

contaminant chemistry and longevity makes them a risk to environmental and 

human health. Safe and effective removal of these contaminants is therefore 

necessary to protect the environment and create sites that are safe for 

redevelopment (Gan et al., 2009; Khalladi et al., 2009; Pironi et al., 2009).  

A range of remediation methods is used to treat this kind of contamination, including 

thermal techniques, such as microwave, soil vapour extraction or incineration (Table 

1.1).  

Table 1.1. Examples of thermal remediation techniqu es 

Remediation 
Technique 

Maximum 
observed 
temperature (°C) 

Approximate 
exposure 
duration (min) 

Reference 

Hot water extraction 300 20 Kronholm et al., 2002 

Thermal desorption     
(low temperature) 

112 47,570 Webb and Phelan, 1997 

Thermal desorption    
(high temperature) 

750 300 Chang and Yen, 2006 

Heated soil extraction 300 50,400 Gan et al., 2009 

Incineration 850 60 Lee et al., 2008 

Smouldering 
remediation 

600-1100a 60-3600a Switzer et al., 2009 

a Temperature range and exposure duration depend on the fuel 
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These thermal treatments either require removal of the soil for ex-situ treatment like 

incineration (Lee et al., 2008) or removing the contaminants as mobilised vapour 

(Webb and Phelan, 1997; Kronholm et al., 2002; Chang and Yen, 2006; Lee et al., 

2008; Gan et al., 2009). The extracted vapour needs to be collected and treated ex-

situ in addition to the removal from the soil. Smouldering remediation however uses 

the contaminants as part of the combustion process and therefore destroys them in 

place within the soil (Switzer et al., 2009). Exposure to elevated temperatures 

appears to affect stability and hydraulic conductivity, can lead to water repellent soil 

surfaces and alter the mineralogical composition of the soil (DeBano, 2000; Doerr et 

al., 2000; Certini, 2005; Goforth et al., 2005). In addition it is reported to affect the 

plasticity of clays causing cracking during firing processes (Colina et al., 2002; Tan 

et al., 2004; Ptáček et al., 2012). 

1.1.2.  Effects of Smouldering on Soil 

To understand possible changes to soils due to exposure to elevated temperatures 

and smouldering remediation, research from related fields can provide insights. 

Soils exposed to elevated temperatures during wildfires (500-850°C) change 

properties. Chemical changes such as pH decrease with increasing temperature 

and are linked to ash formation during burning and the loss of organic acids 

(Ketterings and Bigham, 2000; Terefe et al., 2008). Physical changes such as 

increase in coarse sand fraction or increase in aggregate stability after burning are 

also observed (Ketterings and Bigham, 2000; Terefe et al., 2008; Are et al., 2009). 

However, wild fire research aims to understand effects of burning and the impact on 

forests, plants and their re-growth. Properties and behaviour of interest to 

geotechnical engineering are investigated but the way they are reported is often not 

in an engineering context or using non-engineering definitions. Therefore adding 

difficulty to comparison between studies and relating findings to geotechnical 
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engineering problems such as thermal remediation. Linking these findings to 

remediation research is important to improve both research areas. Wild fires occur 

on the soil surface, usually do not heat the soil above 500°C and only affect the 

upper 20cm of the soil (Certini, 2005). Laboratory experiments are therefore 

conducted in this temperature range and focus on impact that relates to the soil 

surface, e.g. run-off after rainfall. Since smouldering remediation can reach gas 

phase temperatures of up to 1100°C, the changes obs erved during wildfires show 

that further investigation is necessary to complete the temperature profile 

encountered during smouldering remediation to better understand the impact of 

temperatures above 500°C.                                                                                     

High temperature (<1000°C) heating experiments on c lay samples are done to 

understand the firing process and issues related to cracking in ceramic production. 

Although the temperature range is close to that of smouldering testing does not 

include engineering properties such as strength or hydraulic behaviour. Changes in 

clay mineralogy are observed with kaolinite transforming into mullite through 

sintering and dehydroxylation processes. Changes to mineralogy through sintering 

are reflected by an increase in particle size observed for kaolin treated with 

temperatures >550°C (Fabbri et al., 2013).  An incr ease of plasticity is also 

observed with increasing treatment temperature (Tan et al., 2004). These changes 

show that clay properties are also affected by exposure to elevated temperatures. It 

is very likely that the silt and sand fractions are affected in a similar way by these 

high temperatures. Thermal remediation research tends to focus on remediation 

success, technique novelty or the contaminant fate. It rarely includes post-treatment 

testing of the soil. Considering the aim of remediation is the removal of 

contaminants to allow a safe re-use of the treated soil, e.g. for housing or planting of 

energy crops, the fate of the soil needs be included. 
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1.1.3.  Aims and Objectives 

The aim of this research is to investigate and compare the effects of high-

temperature thermal and smouldering treatments on soil properties and behaviour. 

To achieve these aims, simple soils involving silica sand and silica sand-kaolin 

mixtures are used to understand any links between micro-scale changes (e.g. 

mineralogy) and macro-scale behaviour (e.g. shear strength). The specific 

objectives of this research are: 

1) Classification of physical and chemical properties of silica sand and kaolin 

clay related to elevated temperature exposure. 

2) Determination of shear strength and friction angle of silica sand and silica 

sand-kaolin mixtures with exposure to elevated temperatures. 

3) Analysis of unsaturated and saturated hydraulic response of silica sand and 

silica sand-kaolin mixtures with exposure to elevated temperatures. 

4) Analysis of wettability by contact angle measurements for silica sand and 

silica sand-kaolin mixtures with exposure to elevated temperatures. 

5) Development of links between physical and chemical properties and 

observed mechanical and hydraulic response. 

Based on the findings for the sand and sand-clay materials, it will be possible to 

make inferences about the impacts of thermal and smouldering remediation on soils. 

Investigation of soil behaviour will focus on mechanical response during shearing 

and hydraulic response during infiltration. For the classification of physical and 

chemical properties the British Standard guidelines for laboratory testing are used 

and accompanied by methods from mineralogy (e.g. X-ray diffraction). The hydraulic 

and mechanical behaviour are investigated using geotechnical engineering 

methods, such as direct shear test and constant head test. These tests are 
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accompanied by methods used in soil science research such as the capillary rise 

test.   

1.2. Literature Review 

1.2.1. Wild Fires, Geological Disposal, and Thermal  Remediation 

Previous literature has shown that temperatures up to 500°C affect the soil in some 

form (Ketterings and Bigham, 2000; Certini, 2005; Goforth et al., 2005; Hatten et al., 

2005; Terefe et al., 2008; Are et al., 2009). However temperatures above 500°C are 

investigated less and most properties reported are related to forest management like 

re-growth and soil damage. This broad discussion in the literature highlights that 

elevated temperatures do affect the soil and effects of smouldering combustion on 

soil properties should therefore be investigated, especially when used for in-situ 

remediation. This research is backed by literature published on heat treatments of 

clay showing the effects of temperatures up to 1000°C.  

High level radioactive waste is proposed to be stored in deep geological repositories 

to ensure radionuclides do not affect environmental and human health. The heat 

generated by the radioactive waste is of concern for the barriers, buffer and backfill 

materials and is widely investigated (Gens et al., 2002; Min et al., 2005; Rempe, 

2007; Yang and Yeh, 2009). The aim is to understand the implications to hydraulic 

and mechanical response of the barrier material, usually bentonite and the 

surrounding host rock after long term exposure to temperatures <100°C (Gens et 

al., 2002; Yang and Yeh, 2009). Due to the design of the barrier material the 

temperature in the repository should not exceed 100°C and there is little research 

on effects if this temperature is exceeded within the repository. But long term 

exposure experiments (<3 years) and simulations (<1 year) using temperatures 
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around 100°C show  a decrease in hydraulic conducti vity over time. And if the stress 

state of the repository is close to its critical value exposure to elevated temperatures 

can cause shear dilation in the rock (Min et al., 2005). Research based on high 

temperatures can help understand changes to the barrier material and host rock and 

help predict repository performance should the temperature exceed 100°C.  

Research considering various thermal remediation techniques (Table 1.1) tends to 

report the contaminant type and its fate and the cost related to the technique 

(McGowan et al., 1996; Chang and Yen, 2006). Remediation success is based on 

decreasing contamination to the desired level without considering any changes to 

the soil itself (Kronholm et al., 2002). Techniques are also considered 

environmentally friendly if they do not use organic solvents or additives to the soil, 

however changes to the soil like infiltration or particle mobilisation are not 

considered (Kronholm et al., 2002; Pironi et al., 2011). If changes to the soil are 

reported they tend to be based on visiual examination and are not reported on in 

more detail (Pironi et al., 2009; Switzer et al., 2009). This shows a gap with regards 

to soil and its fate after thermal remediation. 

The properties affected can be split into three categories: physical, chemical and 

biological properties. Literature shows that temperatures reached during wild fires or 

used for heat treatment affect all of the above listed properties. The reasoning for 

these effects varies for different authors. The first two categories listed are 

discussed in more depth below.   

Water repellency was initially investigated but found to not be occurring for the 

materials used in this study. Likely due to the lack of organic matter linked to water 

repellency in wild and forest fires (DeBano, 1981). The effects on biological 
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properties are out with the scope of this research and are therefore not discussed 

any further. 

1.2.2. Physical Properties  

The properties of interest and affected by wild fires or heat treatment are in regards 

to the soil strength. These comprise of particle size, shear strength, liquid limit, 

plastic limit and bulk density. 

After exposure to low and moderate temperatures (200°C to 300°C), soil strength 

has been observed to increase (Certini, 2005; Rein et al., 2008). The initial increase 

in strength is due to the increase in cementing or baking together clay sized 

particles. This coincides with a measured increase of sand particles with increasing 

temperatures. But when temperatures reach 500°C or higher the soil strength 

decreases dramatically. This reduction in strength is linked to the loss of organic 

cements (Certini, 2005). A comparison of soil strength before and after burning 

(without an indication of burning temperatures) by Are et al (2009) shows a slight but 

not significant increase in soil strength combined with an increase in bulk density for 

the top 0.05m of the soil. The change in bulk density is due to the disruption of soil 

aggregation and loss of organic matter. A slight reduction of clay particles is also 

noted, which suggests aggregation of particles to create larger sized ones as 

observed by Certini et al (2005) and Rein et al (2008). This effect is also reported by 

Terefe et al (2008), however they also observe a change in soil texture where 

temperatures between 300°C and 500°C produce less s table aggregates. The 

above described property changes are good indicators to the effects smouldering 

could have on soil. Since wild fire temperatures rarely reach over 600°C and 

therefore do not cover the whole temperature range encountered by smouldering 

remediation, filling this temperature gap is of high importance. 



   

29 

 

Research published on clay treated with temperatures of up to 1000°C (Tan et al., 

2004), shows a detailed list of property changes with temperatures. For low and 

medium temperatures, 100°C to 400°C and high temper atures 400°C to 1000°C  the 

plastic and liquid limit of clay decreases, as well as specific gravity and optimum 

water content. The optimum water content decrease is significant between 100°C 

and 400°C, where it drops from 36.0% to 17.6% but t hen remains almost constant 

around 16.0% at 1000°C (Tan et al., 2004). This tre nd of higher effects for the low 

and medium temperatures is also observed for the other properties. 

 

Figure 1.1. Variation of the plastic limit with temp erature for two Turkish clays (Tan et al., 2004) 

 

Plastic (Figure 1.1) and liquid limit decreases drastically between 100°C and 300°C 

with the clay becoming non-plastic at 400°C (Tan et  al., 2004). This is due to the 

loss of moisture causing the particles to become non-cohesive. The loss of the 

plastic ability of the soil has a major effect on the soil strength. Tan et al (2004) 

covers a higher temperature range and shows that temperatures above 400°C do 
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not have a major effect on the soil. The research only covered clay soils but it shows 

the effects on clay by temperatures between 100°C a nd 400°. Since this research is 

looking into soil remediation a better understanding of all soil components is 

important.  

1.2.2.1. Shear Strength 

As an engineering property soil strength is defined by a cohesion and an angle of 

shearing resistance which are both dependent on the stress environment of the 

material (e.g. soil) see Equation 1.1. 

         (Eq. 1.1) 

Where τ  is the shear stress (or shear strength) (kPa), c is the cohesion, σ is the 

normal stress (kPa) and Φ is the friction angle (°). 

In wild and forest fire research soil or aggregate stability are used to show 

temperature effects on soils. In this context stability is not properly defined or under 

what stresses the stability is tested. From an engineering perspective, it is important 

to include soil strength, as this is a property likely to be affected by temperatures. 

The definition given above (Eq. 1.1) enables comments and comparisons between 

different materials.  

The direct shear test or so called shear box test is a quick and simple way to test the 

shear strength of sand and granular soils and gives a first insight in variations in 

strength due to medium and high temperatures. Results given by shear strength 

testing on the frictional strength of the sand and its development with increasing 

temperature can also be useful to other areas of research e.g. forest and wild fires, 

other remediation techniques producing heat or tunnel fires and their effects on 
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surrounding soil. Tarantino (2010) states that unsaturated materials effect the 

mechanical testing due to the presence of bulk and meniscus water within the 

sample (Tarantino, 2010). This effect can be eliminated by testing dry sand samples 

in the shear box. The samples have to be kept in a perfectly dry environment after 

heat treatment and prior to testing. This will help to determine solely the effects of 

temperature. The direct shear test and its results can also be influenced by 

characteristics of the material used. Those include but are not limited to particle 

shape, particle size, sample preparation and grain crushing, which are described in 

more detail below. 

1.2.2.2. Effect of Particle Shape and Size 

Direct shear testing results can be influenced by particle shape and size. 

Santamarina and Cho (2004) describe how larger grains have a higher probability of 

imperfections and are therefore more likely to show brittle fracturing during testing. 

Particle size also determines the relative arrangement of the sample and 

interparticle forces of the grains. For larger grains packing is mostly determined by 

gravitational forces and is in a bulky matter (Santamarina and Cho, 2004). Particle 

shape controls the behaviour of the sample before and or during shearing e.g. 

rounded grains can cause grain rolling whereas angular or subangular grains can 

cause grain interlocking. Grain rolling decreases the shear strength of the sample 

whereas grain interlocking can increase the shear strength (Mair et al., 2002), 

interlocking grains can also affect the volume of the sample tested (Li and Aydin, 

2010). This agrees with research by Mair et al. (2002) who shows that spherical 

grains have a lower frictional strength than subangular grains. Research also shows 

that grain shape is more important than the particle size distribution or surface 

roughness (Mair et al., 2002). However, research by Bagherzadeh-Khalkhali 2009 

shows that particle size and particle size distribution affect the direct shear test. He 
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compared various preparation techniques to compare these effects. It shows that 

the friction angle (a way to describe a samples shear strength) increases with 

overall particle size of the sample (Bagherzadeh-Khalkhali and Mirghasemi, 2009). 

1.2.3. Hydraulic Conductivity and Wettability 

The hydraulic conductivity describes how easily porous media such as rocks or soils 

can transmit a fluid. It is a complex phenomenon influenced by the scale of the 

medium (Fallico et al., 2010). Porous media have hydraulic conductivities in 

saturated and unsaturated ranges and changes to both are of interest in post-

remediation soils. Smouldering and thermal remediation processes displace water 

during operation. During smouldering, this displacement occurs mainly within the 

treatment zone but also at a rim surrounding the target area. During thermal 

remediation, where operating time is on the order of weeks to months, water 

displacement in the subsurface may be more extensive. With removal of soil water, 

the treatment zone becomes unsaturated. The unsaturated hydraulic conductivity 

describes how a fluid flows in an unsaturated soil. The saturated hydraulic 

conductivity describes water flow through the soil once it is fully saturated. It is 

important to understand how thermal and smouldering remediation processes 

impact water movement through the soil following exposure to elevated 

temperatures during remediation or other high temperature processes. 

The wettability of a soil and its changes are important for the overall water balance. 

Understanding and being able to predict changes to the water balance or the 

behaviour of the water recharge are important, especially for remediated sites. A 

change in water recharge or the water balance can have significant effects on run-

off, fingered infiltration and contaminant transport (Wang et al., 2000; Lipsius and 

Mooney, 2006; Cuthbert et al., 2010). Wettability can be described by the contact 
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angle (CA), which in turn can be determined by capillary rise methods(Czachor, 

2006). The capillary rise method is widely used to determine contact angles for soils 

and soil aggregates. Glass beads are also used in fundamental studies to 

investigate changes like surface roughness and its effect on the contact angle 

(Dang-Vu et al., 2006; Kumar and Prabhu, 2007; Ramírez-Flores et al., 2008; Chau 

et al., 2009; Ramírez-Flores et al., 2010). Some research on wettability is done on 

active sites but due to the variable nature, time scales and efforts these 

contributions are rather scarce, but nevertheless give a good insight into infiltration 

and drainage behaviour on a real scale and real conditions (Lipsius and Mooney, 

2006; Cuthbert et al., 2010). Most experiments into understanding wettability 

changes are done in laboratories and investigate the contact angle by the capillary 

rise method. Especially fundamental studies on glass beads provide a good insight 

into changes due to changes to the porous media e.g. surface roughness. Physical 

and chemical factors affect the soils wettability and its response to wetting. An 

increasing surface roughness enhances the already existing characteristics of the 

soil. A hydrophobic soil becomes even more hydrophobic and a hydrophilic soil 

more hydrophilic. The penetration speed also increases for rougher surfaces 

compared to smooth ones, as does the nature of the penetration. Uneven water 

penetration has been observed for glass beads with smooth surfaces compared to 

an even penetration for rough surfaces. (Dang-Vu et al., 2006; Ramírez-Flores et 

al., 2008; Chau et al., 2009; Ramírez-Flores et al., 2010).  

1.2.4.  Influence of Chemical Changes on Soil Physi cal Properties 

Forest and wild fire literature record chemical properties of soils such as 

composition, colour, pH, organic matter and magnetic susceptibility as affected by 

temperature. Even though they do not influence the soil strength as majorly as the 

physical property changes described in Section 1.2.2, they are included as 
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engineering properties of soils, e.g. the pH value determines the type of concrete 

suitable for a site. 

The composition of soils can change with increasing temperatures due to the 

decomposition of magnesium carbonate, oxidation of iron and decomposition of clay 

minerals. The decomposition of magnesium carbonate starts at temperatures above 

300°C (Terefe et al., 2008) and increases the pH va lue of the soil. 

The organic content of the soil also influences the soil pH. Soils with high organic 

content show an increase in pH values compared to soils with a lower organic 

content (Terefe et al., 2008). At temperatures from 450°C to 500°C the denaturation 

of organic acids causes the soil pH to increase drastically (Certini, 2005). Knowing 

the composition of the soil before remediation is important to make more precise 

predictions about the soil pH value change due to remediation. Due to the low 

reactivity of kaolin the effects of pore water chemistry are not included in this study. 

 

1.2.4.1 Mineralogy  

Impact of elevated temperature on the mineralogical composition of the soil may be 

important as well. Mineralogical changes of soil particles, especially clay minerals, 

starts at temperatures above 550°C (Certini, 2005).  These temperatures are rarely 

reported for wild and forest fire, but temperatures up to 1100°C can be achieved 

during smouldering remediation (Pironi et al., 2009; Switzer et al., 2009). Colour 

change in soils has been observed after wild fires and after smouldering 

remediation. In most cases it changes from yellowish brown to reddish brown. This 

is due to the oxidation of soil iron content from goethite to maghemite or hematite 

(Ketterings and Bigham, 2000; Goforth et al., 2005). Goforth et al (2005) observe 
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the colour change for severely burned soil experiencing temperatures between 

300°C and 500°C, whereas Ketterings and Bigham (200 0) observe the same type of 

colour change for temperatures >600°C. The higher t emperatures recorded by 

Ketterings and Bigham (2000) show that the duration of exposition to elevated 

temperatures is important, too. The change in iron oxides during the burning or 

heating of the soil has an effect on the magnetic susceptibility of the soil and can 

actually be measured (Goforth et al., 2005). For temperatures between 300°C and 

500°C Goethite ( α-FeO(OH) ) transforms into anti-ferromagnetic hematite (α-Fe2O3) 

and more abundantly to ferromagnetic maghemite (γ-Fe2O3).   

1.3. Summary of Key Points Relevant to Remediation of 

Contaminated Sites 

As part of the Code of practice for investigations an assessment into the changes 

that may arise in the ground and environmental conditions (naturally or due to the 

planned work) is required and stated as one of the primary objectives of the planned 

investigation (BS 5930:1999).  

Proposing a relatively quick and cost effective in situ remediation technique for a 

broad range of nonaqueous phased liquids (NAPLs) will help fill a remediation need 

and improve remediation of these most frequently occurring subsurface 

contaminants within the industrialised world (Pironi et al., 2009; Switzer et al., 2009; 

Pironi et al., 2011). Understanding the process of self-sustaining smouldering 

combustion for in situ remediation as early as possible in the remediation process is 

vital to identify any risks to treated sites and their integrity. Usually new remediation 

techniques are investigated into their remediation effectiveness and cost to potential 

users. Considering the aim of this new technique to provide an in situ solution for 
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heavily contaminated sites with no limitation to size of the treated area, it is 

important to include changes to the treated soil as well as the effectiveness of the 

remediation itself. The remediation potential of this new technique is investigated by 

other researchers and results from bench scale proof of concepts experiments are 

investigated and published (Pironi et al., 2009; Switzer et al., 2009; Pironi et al., 

2011). 
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2. Effects of High Temperature Processes on 

Physical Properties of Silica Sand 

2.1. Introduction 

Soils can be exposed to elevated temperatures naturally through wild, forest or peat 

fires or through thermal remediation processes designed to mitigate high 

concentrations of hazardous organic contaminants. Most research on soil properties 

and their heat dependency is based on forest fires and therefore concentrates on 

erosion rates, ground stability and nutrients affected by fire severity. The effects of 

exposure to temperatures up to 500°C have been stud ied widely (Are et al., 2009; 

Certini, 2005; De Bruyn and Thimus, 1996; Rein, 2009; Rein et al., 2008).`. 

Literature published on heat treatments of clay evaluates the effects of temperatures 

up to 1000°C (Tan et al., 2004). Exposures of 200 –  850°C have been observed in 

soils during wildfires (Certini, 2005; DeBano, 2000; Mataix-Solera and Doerr, 2004; 

Rein et al., 2008). Moderate (300-400°C) and high ( >450°C) temperature processes, 

such as hot water extraction, thermal desorption, soil heated vapour extraction, 

incineration or smouldering are widely used to treat contaminated soils (Araruna Jr 

et al., 2004; Chang and Yen, 2006; Gan et al., 2009; Kronholm et al., 2002; Lee et 

al., 2008; McGowan et al., 1996; Pironi et al., 2011; Pironi et al., 2009; Switzer et al., 

2009; Webb and Phelan, 1997). Previous studies on the effects of non-aqueous 

phase liquid (NAPL) contamination on soil properties shows a net reduction in soil 

stability as NAPL content increases (Khamehchiyan et al., 2007). NAPLs displace 

soil moisture and thus change the interactions between soil particles. Most research 

on soil remediation techniques focuses on the remediation result and less on the 

effects the technique has on the soil properties itself. In some cases, the effects on 
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soil properties may be a criterion for selection of the remediation technique (Chang 

and Yen, 2006; Pironi et al., 2011) or the soil properties may influence the results 

(Webb and Phelan, 1997). There is little research on the effects of thermal 

remediation processes on soil physical properties. High temperature remediation 

displaces soil moisture and removes or destroys NAPL content. In order to establish 

whether the soil can recover strength and stability after remediation, it is important to 

establish the changes these remediation processes have on fundamental soil 

properties. The maximum temperatures observed in contaminant remediation vary 

by the process that is used (Table 2.1). Thermal desorption and soil heated vapour 

extraction use electric resistant heating either on the soil surface or through steel 

walls. The current transforms the groundwater and soil water into steam which in 

turn evaporates any harmful chemicals. The vapours are collected and treated or 

disposed (Araruna Jr et al., 2004; Chang and Yen, 2006). Hot water extraction uses 

pre-heated and pressurised water, which is injected into the soil, to extract and react 

with the targeted chemicals (Kronholm et al., 2002). In practice, maximum 

temperature is related to the soil conditions, process operating conditions and in 

some cases, the contaminant that is being treated.  
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Table 2.1. Possible maximum temperatures of exemplar  in-situ and ex-situ moderate to high 
remediation techniques 

Remediation Technique 
Maximum observed 

temperature (°C) 
Reference 

Hot water extraction 300 Kronholm et al., 2002 

In-situ Thermal 

desorption                   

(low temperature) 

112 Webb and Phelan, 1997 

In-situ Thermal 

desorption                  

(high temperature) 

750 Chang and Yen, 2006 

Heated soil extraction 300 Gan et al., 2009 

Ex-situ Incineration 850 Lee et al., 2008 

In-situ / Ex-situ 

Smouldering remediation 
600-1100a Switzer et al., 2009 

a Maximum temperature is associated with contaminant type and treatment 

 

With the exception of smouldering remediation, all of these remediation techniques 

use heat or heated water to volatilise the contaminant within the soil to enable its 

extraction. Maximum temperatures for these technologies are typically adjacent to 

the heat source with more moderate target temperatures of 80-100oC achieved 

within the wider treatment zone. The contaminant must be collected and treated 

(Chang and Yen, 2006; Gan et al., 2009; Kronholm et al., 2002; Lee et al., 2008; 

McGowan et al., 1996; Webb and Phelan, 1997). These processes maintain high 
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temperatures in the soil for weeks to months or longer. In contrast, smouldering 

remediation uses the contaminant itself as fuel for the combustion reaction (Pironi et 

al., 2011; Pironi et al., 2009; Switzer et al., 2009). In laboratory studies, the soil 

particles are exposed to high temperatures on the order of 1000°C for coal tars and 

600-800°C for oils for up to 60 minutes. Field scal e efforts may result in exposure 

durations on the order of hours or longer.  

Elevated temperatures have been shown to alter the mineralogical composition of 

soil. These effects have been studied extensively in relation to the effects of wildfires 

on soil properties. Colour change in soils has been observed after wildfire and after 

smouldering remediation. In most cases it changes from yellowish brown to reddish 

brown. This is due to the oxidation of soil iron content from goethite to maghemite or 

hematite (Goforth et al., 2005; Ketterings and Bigham, 2000). Decomposition of soil 

particles, especially clay minerals, starts at temperatures above 550°C (Certini, 

2005). These temperatures are rarely reported for wild and forest fire, but 

temperatures up to 1200°C can be achieved during sm ouldering remediation (Pironi 

et al., 2009; Switzer et al., 2009). 

In previous work, soil stability (strength of inter- and intra-particle bonds (North, 

1976)) has been observed to increase with exposure to low and moderate 

temperatures as cementation of the clay particles occurs (Certini, 2005; Rein et al., 

2008). This coincides with a measured increase of sand particle size with increasing 

temperatures in this range (Terefe et al., 2008). In clay-rich soils, bulk density and 

compressive strength were observed to increase as temperature was increased 

above ambient conditions whereas shear strength, liquid limit, and plasticity were 

observed to decrease (De Bruyn and Thimus, 1996). As exposure duration 

increases, clay cracking is observed as moisture is lost. This drying process has two 

distinct stages: constant evaporation as moisture is lost from the surface followed by 
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decreasing evaporation as the drying front propagates inward (Tang et al, 2010). 

Cracks form as a result of tensile stresses at the surface and can grow rapidly as 

moisture depletes.      

At temperatures of 500°C or higher, the soil stabil ity has been observed to decrease 

dramatically. This reduced stability is linked to the loss of organic cements (Certini, 

2005). Wild fire temperatures can reach temperatures up to 850°C at the soil-litter 

interface but temperatures at 0.05m depth are unlikely to exceed 150°C (DeBano, 

2000). Therefore, wild fire temperatures do not cover the temperature range 

encountered by thermal and smouldering remediation processes. It is necessary to 

understand possible impacts to soil from exposure to the whole temperature range 

of thermal remediation treatments. 

This study aims to characterise the effects of moderate and high temperatures as 

well as smouldering on physical soil properties to determine the impact any changes 

will have to the soil and therefore predict possible complications during or after 

remediation treatment. Silica sand is used as a simple soil with relatively 

homogenous mineralogy and internal pore structure. These aims are achieved by 

comparing clean, heat-treated and smouldered silica sands with untreated and 

oven-dried sands. After each treatment, fundamental properties of the sand are 

tested and compared to determine the impacts of the treatment conditions.  

 

2.2. Materials and Methods 

Coarse silica sand (Leighton Buzzard 8/16, Sibelco, Sandbach, UK) was used as 

the base soil for all of the experiments. The sand contains 99% silicon-dioxide, has 

a mean grain size of 1.34mm and a bulk density of 1.7g/cm3 (Switzer et al., 2009). 
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All sand was accepted as received and subjected to the same pre-treatment. A 

programmable muffle furnace (Nabertherm L9/11/SKM, Nabertherm GmbH, 

Lilienthal, Germany) was used for all heating experiments. The sands evaluated 

after smouldering remediation were prepared in a 3m3 experiment involving coal tar 

mixed with coarse sand. The concentration of this mixture was 31000 ± 14000 

mg/kg total extractable petroleum hydrocarbons before treatment and the average 

concentration after smouldering remediation across the majority of the vessel was 

10 ± 4 mg/kg. A 25L sample of the post-treatment material was collected and set 

aside for characterisation. Kaolin (Whitchem Ltd, UK) was used as an exemplar, 

non-swelling clay in a limited number of experiments. The smouldering experiment 

and set-up are described in detail in Pironi et al, 2009, Pironi et al, 2011 and Switzer 

et al, under review. 

 

2.2.1. Sample Preparation and Heat Treatment 

The silica sand was washed and wet sieved using a 0.63µm sieve to eliminate any 

loose fines and then air dried for several days. For each test the required amount of 

samples were placed in a ceramic crucible heated in the muffle furnace, following 

the heat treatment profiles listed in Table 2.2. Maximum temperatures of 105, 250, 

500, 750, and 1000°C were investigated. Each sample  was subjected to a rapid 

increase in temperature, held at the peak temperature for 1 hour, cooled, and 

transferred for testing. After the heating period the samples were removed from the 

muffle furnace and placed in a desiccator to cool. Samples heated to temperatures 

above 500°C were allowed to cool in the furnace to 200°C before transfer to the 

desiccator.  The necessary pre-treatment meant that all samples were disturbed by 
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handling steps. Therefore, only characteristics unrelated to soil structure were 

investigated in this study. 

 

Table 2.2. Heat treatment conditions for silica san d 

Maximum exposure 

temperature (°C) 

Heating pattern 

Pre-heating 

duration 

Peak temperature 

exposure duration 

Cooling period 

duration 

(min) (min) (min) 

Untreated  -   -   -  

105 30 1440 0 

250 30 60 0 

500 30 60 ~ 60a 

750 60 60 ~ 180 

1000 60 60 ~ 240 

a Cooling period varied for each batch so approximate duration is shown. 

 

2.2.2.   Laboratory Testing 

Particle density was measured using the gas-jar method suitable for coarse soils 

(BS1377-2:1990). A sample of 1000g mass was placed in a 1L gas jar with 

approximately 500mL of water.  The sample was set aside for 4hr and then shaken 

end-over-end for 30 min. The gas jar was filled with water fully. The average particle 
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density was determined based on the mass of the sand, mass of the water and 

volume of water displaced by the sand. 

Minimum density was measured using 1000g of sand in a 1L glass measuring 

cylinder with 20mL graduation (BS1377-4:1990). The cylinder was shaken to loosen 

the sand and inverted four times. The cylinder was then inverted until all of the sand 

was at rest, returned to the initial position and carefully placed on a flat surface. The 

volume was recorded at the mean level of the surface to the nearest 10ml. The test 

was repeated 10 times with the same sample. The minimum density was calculated 

using the greatest volume reading in the cylinder (BS1377-4:1990).  

Maximum density was determined using the vibrating hammer method (BS1377-

4:199). Approximately 3000g of sand were placed in a bucket with warm water and 

thoroughly stirred to remove any air bubbles. The sand was left to cool overnight. A 

1L compaction mould was used for all density measurements. The mould was 

placed in a water tight container on a solid base. Water was poured into the mould 

to 50mm depth in the mould body and the surrounding container. A portion of the 

sand-water mixture was carefully added to the mould, approximately filling a third of 

the mould after compaction. Water was added to the surrounding container to match 

the water level in the mould. The vibrating hammer used a circular tamper was to 

compact the sand for at least 2min using a force between 300N and 400N on the 

sample. This process was repeated for the other 2 layers to fill the mould. The 

masses of sand and water in the mould were used to determine the maximum 

density. 

Particle size distribution for the sand was determined using a dry sieving method 

(BS1377-2:1990). Approximately 200g of each sample was placed into the top of set 

of sieves that included 1.18mm, 600µm, 425µm, 300µm and 212µm sieve sizes. 
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The set of sieves was shaken for 10 min. The mass of sand retained on each sieve 

was used to determine the particle size distribution. Particle size distribution was 

carried out in triplicate for each material.     

The overall mass loss was determined by comparing the mass of samples before 

and after heat treatment. The samples tested were silica sand + 5% moisture 

content, silica sand + 10% kaolin + 5% moisture content, and silica sand + 10% 

kaolin dry. The samples were mixed by hand and stored in aplastic bag for 4 hours 

before heat treatment following the heat treatment shown in Table 2.2. 

The silica sand pH was tested using 30g of silica sand and 75mL of distilled water in 

100mL glass beaker. The mixture was agitated, covered and left overnight at 19°C 

room temperature. The mixture was agitated again right before the measurement of 

pH with a pH meter (Mettler Toledo Ltd, Leicester, UK) with an accuracy of ± 0.004. 

A modified falling head test was used to measure infiltration profile and falling head 

rate as a preliminary investigation in hydraulic effects after thermal treatment.  A 

cylindrical tube (50cm H x 6cm OD) was filled with sand to height of 30cm. Using a 

funnel and diffuser system, a volume of 170mL of distilled water, which 

corresponded to a head of water of 60mm, was added to the top of the cylinder and 

allowed to flow into the sand. Falling head was measured as the time of this 60mm 

head of water reaching fixed increments on the column as it infiltrated into the sand 

column. The set-up for this experiment is shown in Figure 2.1.  

 



        

52 

 

 
Figure 2.1. Schematic diagram of the modified fallin g head test apparatus 

 

Also as a preliminary investigation, capillary rise was tested using a cylindrical tube 

(9.3cm H x 2cm OD) with a fine mesh fitted over the bottom. The cylinder was filled 

with approximately 50g of sand, placed above a reservoir filled with water and slowly 

lowered until it made contact with the water surface. To ensure a stable set up the 

tube was held in place with a clamp system. The water was drawn into the sand 

through capillary forces and the final height was measured once the water level in 

the tube was observed to remain constant for 2min. Capillary rise measurements 

were carried out in triplicate for each material. Only final rise height was measured 

during this test. 

The mineralogical composition of the silica sands was tested by BRUKER D8 

ADVANCE with DAVINCI (2010) powder X-Ray Diffraction (XRD) on crushed 

samples. Vibrational spectroscopy using Raman measurements were taken on 

individual silica sand grains to measure the crystal structure and bonds. The Raman 
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spectra were measured suing a Renishaw inVia Raman Microscope running from 

240 to 2000cm-1 argon beam of 514nm, 2400 l mm-1 (vis) grating, 10 exposure 

times, 1 accumulation and 10% power (cross-polar) was used for excitation.  

 

2.3. Results and Discussion  

2.3.1.  Mineralogy 

During the heat treatment testing and after smouldering remediation, a colour 

change of the silica sand was observed (Figure 2.2). Exposure of this material to 

high temperatures results in colour change from yellowish brown to reddish brown 

with increasing temperature for the silica sand grains and a change from yellow to 

pinkish red for the crushed silica sand. This colour change is associated with the 

dehydration reaction of goethite with increasing temperatures to form hematite or 

maghemite.  

 

Figure 2.2. Colour change observed in silica sand g rains after heat treatment . 

 

During the dehydration reaction of goethite, the density of the iron-hydroxide 

increases from 4.3 mg/m3 for goethite to 5.2 mg/m3 for hematite (Wenk and Bulakh, 

2004). The sand is comprised primarily of silicon dioxide; iron oxides make up a 

small fraction of its composition. High temperatures may cause additional changes 
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in mineralogy that may be less likely to be detected by visual examination (Goforth 

et al., 2005; Pomiès et al., 1998).  Similar effects may occur within the silicon 

dioxide, which becomes unstable with high temperatures and forms silica 

polymorphs such as trydimite or cristobalite (Hand et al., 1998; Wenk and Bulakh, 

2004). Thermal treatments (100-1200°C) on fly ash s howed that cristobalite 

becomes present in the samples and that smaller particles had a more glassy 

composition due their faster cooling time (Mollah et al., 1999).  

Analysis of the silica sands by x-ray diffraction showed that both, iron oxide and 

quartz minerals are affected by heat treatment and smouldering remediation (Figure 

2.3). Due to the high quartz content, the signal of the iron-oxides is small, but shifts 

are apparent. Shifts in quartz are apparent in the smouldered samples. For 

example, the quartz peaks from 2θ = 36 to 46 are very low for the smouldered 

samples. Glass is amorphous and cannot be excited by XRD analysis. 

 

Figure 2.3. X-ray diffraction spectra for silica san d after thermal and smouldering treatments 
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The quartz in the sand grains exposed to smouldering remediation may be losing its 

crystal structure. Due to the nature of the excitement in XRD analysis, XRD cannot 

distinguish between quartz and its polymorphs as they have the same composition 

with a different structure. The formation of polymorphs was examined by Raman 

spectroscopy, a technique that excites the crystal structure with a laser and 

therefore allows a more targeted analysis of the grain surfaces (Komorida et al., 

2010). After exposure to 1000°C, trydimite and hema tite were observed and after 

smouldering remediation, trydimite, crystobalite, dumortierite, and hematite were 

observed (Table 2.3). 

Table 2.3. Exemplary mineralogy of points on sand g rain surfaces after selected heat 
treatments 

 

 

Trydimite and cristobalite have flatter structures than α-quartz. Mineralogy changes 

were not observed in Raman measurements at lower temperatures, though small 

shifts were apparent in x-ray diffraction spectra. Raman analysis on thin sections 

prepared of sand grains showed no polymorphs, suggesting that the effect remains 

at the surface. 

Use of the Bruker XRD instrument required crushing of the sand grains, effectively 

diluting any surface changes. Raman spectroscopy was carried out under 
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microscope and limited by the selection of single points for analysis. The extent of 

changes seems to be increasing with increasing temperature, as expected. More 

analysis is necessary to fully understand the exposure conditions that trigger these 

changes to the grain surfaces and how these changes may affect the grain-grain 

and grain-water interactions, particularly in more complex soils.  

2.3.2.  Particle and Bulk Densities 

In contrast to mineralogy, elevated temperatures did not seem to affect the particle 

density or minimum/maximum bulk densities of the silica sand (Table 2.4). No real 

relationship was apparent between treatment temperature and density. For the 

particle density, the values are consistently near 2.65Mg/m3, which is a value that is 

widely used in geotechnical engineering calculations. The maximum and minimum 

densities are equally unaffected by heat treatment or smouldering. 

 These observations are not consistent with the literature on wild and forest fire 

effects on soil properties, which suggests that bulk density would increase with 

temperature (Are et al., 2009; Certini, 2005). The lack of organic matter may explain 

the contrast. Organic matter is highly-affected by elevated temperature and thus 

organic-rich soils may exhibit density changes after exposure. Temperatures in the 

range of 260 – 370°C are linked with melting and de composition of organic matter 

and temperatures in excess of 370°C are linked with  complete or near-complete 

destruction (DeBano, 1981; DeBano, 2000; Robichaud and Hungerford, 2000). The 

results in this study, which show no significant change in density, suggest that the 

changes in soil density that are observed after wildfires are associated primarily with 

effects on organic matter and potentially the smaller silt and clay–sized particles.  
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2.3.3.  Particle Size Distribution 

Particle size analyses suggest that heat treatment has a small but appreciable effect 

on grain distribution (Table 2.4). The sieve analyses show that the sample retained 

on the 1.18mm sieve increases from 94.4%±0.7% for the untreated sample to 

95.5%±1.2% for treatment at 250°. After this initia l increase, the sample retained on 

the 1.18mm sieve decreases to 94.0%±0.4% and 93.3%±0.9%, as exposure 

temperature is increased to 500°C and 1000°C, respe ctively. Corresponding 

measurements on sieves <1.18mm show an initial decrease from 5.3%±0.6% to 

4.1%±1.2% for the untreated sample to 250°C heat tr eatment, followed by an 

increase to 5.6%±0.4% and 6.2%±0.8%, for 500°C and 1000°C, respectively. 
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 Figure 2.4 shows the impact of temperature on the fines fraction <600µm, which 

increases with increasing temperature. Collection of the sand samples after 

smouldering remediation involved multiple handling steps, all of which resulted in 

visually -apparent mobilisation of fines. Thus, these sands were not tested for 

particle size distribution. Mobilisation of fines is defined as clay sized particles 

becoming detached from the sand grains either due to thermal treatment or 

mechanical effects such as during transportation. 

 
Figure 2.4. Mobilisation of particles smaller than 0.600mm from sand exposed to heat at 250, 

500, 750, and 1000°C. Particles between 0.600 and 2 .36mm make up 99.7 – 99.9% of the particle 
size distribution in all cases.  

 

The variation in particle size distribution may be linked to the loss of mass beyond 

the initial moisture content (Table 2.4). In the mass loss tests, samples were 

prepared to 5% moisture content and then treated according to the temperature 
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specified. As temperature increases, mass loss increases, exceeding the initial 5% 

added moisture for temperatures above 500°C. Althou gh there is a dehydration 

reaction from goethite to hematite, the fraction of iron oxide relative to the total 

composition of the sand is too small for this reaction alone to account for the whole 

additional mass loss. Other mineralogical reactions are likely to contribute to this 

loss in sample mass. Further investigation is necessary to identify and quantify the 

mineral changes that are occurring. The changes in particle size distribution can 

affect larger-scale behaviour of soil such as compaction.  

Further fractionation of the sand after heat treatment shows that as temperature 

increases, fines are recovered across a wider range of size fractions (Table 2.4). 

These results show that with increasing temperature the particle size distribution of 

the sand is extended, which is in accordance with results from thermal desorption 

tests on sands (Araruna Jr et al., 2004). Based on the same mineralogical 

composition of fines after the thermal desorption, Araruna Jr. et al (2004) argue that 

the fines are the product of grains breaking with exposure to higher temperatures. 

This is a possibility, but not the only explanation that should be considered here.  
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Figure 2.5. Percentage of sand and sand/clay sample masses retained on the 1.18mm sieve 
after heat treatment and dry sieving 

 

Mobilisation of clay deposits on the sand grains, which would lose their bonds with 

the sand particles during thermal treatment, may affect the particle size distribution. 

The potential for clay mobilisation was explored with a set of experiments involving 

sand-clay mixtures. With moisture, clay was observed to coat the sand grains for 

temperatures up to 500°C and that this coating is l ost for temperatures above 750°C 

(Figure 2.5). This supports the theory that the bond between the fines and sand 

grains is lost and that this causes the extension in particle size distribution. This 

bond appears to be driven by presence or loss of moisture. It is therefore likely that 

this effect can occur during thermal and smouldering treatment. At this point, the 

data are inconclusive to eliminate the potential for breaking of the grains under high 

temperature, particularly as handling steps release fines into the air as dust, but the 

clay experiments illustrate the potential that increased fines can result from clay 

mobilisation.  
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2.3.4.  Preliminary Water Dynamic Tests 

Water dynamics in the sand was measured with two separate but interrelated tests: 

falling head and capillary rise. These tests were conducted to show how 

temperature and smouldering affect interaction of silica sand and water. The falling 

head test results show that heat treatment has a minimal effect on the sand 

permeability. For the untreated and heat treated samples, the change in head over 

time follows approximately the same profile. In contrast, the smouldered sample 

shows a much steeper profile (Figure 2.6). Water moves much more rapidly through 

the smouldered sand. The entire column of water disappears into the sand in 7s and 

drainage from the column is observed after less than 20s. The delay in the first 

measurement of head height for the smouldered sand is due to this rapid infiltration.  

 

Figure 2.6. Head loss (mm) observed over time in un treated sand, heat-treated sand, and sand 
after contamination with coal tar and smouldering r emediation 
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Approximately 50% of the total volume of water infiltrates into the sand as the total 

volume is delivered to the top of the sand column. In contrast, 17-22% of the total 

volume of water infiltrates during initial delivery to the other treated and untreated 

sand columns. In addition, drainage from the smouldered sand is noticeably 

discoloured with particulates. Channelling is observed in the column and lateral 

propagation is not evident, though some water is retained in the pore space after 

infiltration and excavation. These differences in falling head behaviour are not 

represented in the correlating hydraulic conductivity values, which are on the order 

of 10-4m/s for all samples (Table 2.5).  

Table 2.5. Capillary rise height, void ratio, satur ated hydraulic conductivity, and pH values for 
silica sand retained on the 1.18mm sieve                                                                                                                                                               

 

 

Differences are observed in the capillary rise test when comparing the heat-treated 

and smouldered sand samples (Table 2.5). While capillary rise is present in all 

samples, the capillary rise is lower in the smouldered sample. As the temperature of 

thermal treatment is increased, the resulting capillary rise after cooling and exposure 

to the water bath increases as well. Capillary rise is consistent or greater in 
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compacted samples, which may reflect the presence of small clay aggregates in the 

pore space, which is consistent with the changes observed in particle size 

distribution. The voids between the grains may have decreased to some extent and 

therefore caused the capillary forces to increase. In the smouldered sample, the 

capillary rise in both uncompacted and compacted states is below that observed in 

all other samples. This difference suggests greater void spaces between the grains, 

potentially changed contact angles, and less capillary forces, all of which may be 

influenced by the mobilisation of fines and other potential changes to the grain 

surfaces.  

Heat treatment showed slight influence on the silica sand pH, which remained 

slightly alkaline between 7.8 and 8.2 (Table 2.5). The pH of the sand after 

smouldering remediation had shifted to slightly acidic. This change in pH is likely to 

be caused by the coal tar contamination present before smouldering and the 

chemical reactions that take place during smouldering. Decreased pH is associated 

with decreased cation exchange capacity in the soil, which is, in turn, linked to water 

holding capacity. Based on the heat treatment results, similar effects are expected in 

soil treated by smouldering remediation, though the presence of organic matter in 

the soil and its potential melting or destruction during remediation will affect pH as 

well. Though soil pH affects grain-water interactions, the changes in infiltration 

cannot be explained by pH change alone, particularly as saturated hydraulic 

conductivity is not observed to change as a result of high temperature exposure or 

smouldering remediation (Table 2.5).  Sand after smouldering has small amounts of 

chemical residue, typically below detection limits (Switzer et al., 2009). The nature 

and extent of the residue is unknown, which challenges the decoupling of physical 

and chemical influences on water infiltration. Although hydraulic conductivity was not 

observed to be affected by heat treatment or smouldering, the mobilisation of fines 
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was apparent in the effluent water of the tests carried out on 750°C, 1000°C, and 

smouldered sands.  

 

2.3.5.   Summary and implications of soil changes 

High temperature processes impact the dynamic properties of soils. The results 

outlined above highlight the sometimes contradictory responses to high temperature 

exposure, particularly water dynamics. The differences in void spaces do not fully 

explain the differences that are observed in the falling head infiltration profiles. The 

changes in mineralogy, especially on the grain surfaces in combination with a 

change in pH suggests a relationship that are visible in all treated samples through 

colour change do not correlate to the changes observed in dynamic behaviour as 

the sand is introduced to water. These results suggest that colour change alone 

cannot be used as an indicator of potential changes in soil behaviour.  

Mobilisation of fines is a concern in all cases as a loss in soil mass can result in a 

loss of soil stability. Heat treatment above 500°C has been shown to weaken and 

soften sandstones under loading, an effect that is linked to dehydroxylisation of 

kaolinite (Ranjith et al, 2012). No such effects were observed here, but samples 

were not subjected to load and all materials were allowed to cool prior to testing. 

Further testing would be beneficial to explore the effects on soils that are exposed to 

heat and subjected to loading, particularly in the context of remediation under 

existing infrastructure. Even though post-remediation soil is affected by reduced 

water holding capacity and capillary rise, it should still be amenable to stabilisation 

techniques. The cation exchange reactions of lime stabilisation may be impaired, but 

other aspects of the remediation process may aid stabilisation. Lime stabilisation 

has been shown to improve the compressive strength of quartz sand, increased 
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curing time has been shown to enhance this improvement, and elevated 

temperatures have been shown to enhance curing and ultimate strength achieved 

(Bell, 1996). Because of their thermal inertia, post-remediation soils are slow to cool. 

Reductions in lime uptake may be counterbalanced by strategic use of soil 

stabilisation techniques during the cooling process after remediation, particularly if 

the installation of new infrastructure after remediation is desired.  Further work on 

the combination of aggressive remediation and soil stabilisation processes would be 

beneficial to determine if integration of these processes could optimise their 

benefits.   

While further study into the links between changes in micro-scale properties and 

macro-scale behaviour is needed, this work illustrates the importance of 

understanding the effects of high temperature processes on fundamental soil 

properties. Further work can explore extended exposure times more reflective of 

thermal remediation techniques as well more complex soil compositions. This work 

suggests that the effects of elevated temperatures on soil properties should be 

considered as part of remediation planning and mitigation measures may be 

appropriate in the soil during or after exposure.  

2.4. Conclusions 

High temperature exposure in the form of thermal treatment and smouldering 

remediation result in changes to soil properties. Some links between grain-scale 

characteristics and dynamic behaviour have been established. After exposure of 

sand to elevated temperatures, particle size distribution increases and a related 

increase in capillary rise is observed as well. Water infiltration does not seem to be 

affected by elevated temperature, though this observation may be a function of 
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exposure duration. Sand exposed to smouldering remediation exhibits more rapid 

water infiltration from the surface. Changes in mineralogy are visible in all treated 

samples in the form of colour change as goethite is oxidised to hematite. Changes 

to the quartz crystal structures are observed at an exposure temperature of 1000°C. 

and maghemite. Colour change alone cannot be used as an indicator of potential 

changes in soil behaviour. Mass loss increases with increasing temperature and 

may be related to the mineralogical processes such as the dehydration of iron 

oxides, mobilisation of fines, and changes in quartz structure. Smouldering 

treatment has similar effects, perhaps more rapidly due to the higher temperatures 

achieved. In contrast to these results, thermal and smouldering treatment show 

minimal effects on silica sand particle and bulk densities. The changes in soil 

properties may result in altered dynamics between soil aggregates in the field. The 

effects of high temperature remediation on field soils are anticipated to be more 

complex as other soil fractions may be more susceptible to heating effects. Further 

investigation of the effects of high temperature exposure on soil fractions and whole 

soils, especially from field sites where aggressive remediation processes have been 

applied, is necessary to fully understand the impact of these processes on soils. 

After exposure to high temperature or smouldering remediation, soils should remain 

amenable to improvement with soil amendments. Follow-up investigation and 

monitoring after exposure is important to understand the extent of impacts and 

mitigation measures that may be necessary.  
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3. Changes to Shear Strength of Thermally Treated 

Soils and its Consideration for Remediation 

strategy 

3.1. Introduction 

Shear strength of granular soils is one of the most important factors in civil 

engineering design and construction. Shear strength values are used in stability 

analysis for bearing capacity, slope stability, and the design of earth-retaining 

structures (Sarsby, 2000; Sezer, 2011). In soil, shear strength is a combination of 

particle cohesion and frictional resistance that can be determined by laboratory 

(direct shear or triaxial) or in-situ (e.g. CPT) testing as part of the site investigation. 

The true cohesion of a soil is associated with the bond between particles or 

aggregates and it depends on its previous history such as overburden pressure or 

long-term loading. The bond strength between particles may disappear quickly 

under shear movements of the soil. In contrast, friction is solely based on the direct 

contact between individual soil particles (Sarsby, 2000). This interparticle friction 

controls the overall shear strength of the soil and any changes to the particle 

contacts will lead to a change in shear behaviour and strength of the soil. The aim of 

this study is to determine how thermal and smouldering remediation affect the 

particle contacts within a soil and if these treatments cause changes in interparticle 

friction and shear strength.   

Smouldering and thermal remediation processes such as heated soil vapour 

extraction, thermal desorption, soil heating, microwave heating, and incineration are 

used to treat a wide range of organic contaminants (Webb and Phelan, 1997; 
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Kronholm et al., 2002; Chang and Yen, 2006; Lee et al., 2008; Gan et al., 2009; 

Switzer et al., 2009).  The temperature range achieved by these processes varies 

based on heating method, soil type, and, in the case of smouldering, targeted 

contaminants. The temperature range lies between 105 and 1000°C and the 

exposure duration can last from minutes to weeks or months. Research on wild fires 

shows that ground stability is affected as a result of the loss of surface layers, 

increasing risks of erosion, destruction of deeper soil layers, and ground collapse 

(Rein et al., 2008). Exposure to low and moderate fire temperatures can increase 

the structure stability of the soil, which is linked to aggregate stability as well as the 

formation of hydrophobic films on aggregate surfaces. Exposure to high 

temperatures destroys the organic material and this can lead to a decrease in the 

structural stability. However, the aggregates can be found to have an increased 

stability due to the formation of cementing oxides (Certini, 2005). In these studies, 

ground or structural stability are not defined in engineering terms and the stress 

conditions of the soil during testing are unclear.  These discrepancies make it 

difficult to compare results from different research areas. In geotechnical 

engineering, soil shear strength is generally modelled with a linear relationship: 

        (Eq. 3.1) 

where τ is the shear stress (kPa), σ’ = normal effective stress (kPa), c’ = effective 

cohesion, Φ’ = angle of shearing resistance’ (°). In direct sh ear strength testing, a 

constant normal stress is applied and shear stress to failure is measured. Knowing 

the applied normal stress and resulting shear stress allows prediction of shear 

strength of soil  
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Granular soils are assemblies of particles and the overall applied loads are carried 

through contact friction, also called interparticle friction (Oda et al., 1982; Mehrabadi 

and Nemat-Nasser, 1983; Sarsby, 2000; Sadrekarimi and Olson, 2011). These 

contacts vary depending on the soil matrix, particle size distribution, and angularity 

of the particles. In general, the shear strength increases with increasing mean 

particle size (Bagherzadeh-Khalkhali and Mirghasemi, 2009) and angularity of the 

grains. Angular particles interlock more easily when forced to move relative to each 

other compared to the rolling motions of rounder particles (Shinohara et al., 2000; 

Mair et al., 2002; Li and Aydin, 2010; Sadrekarimi and Olson, 2011). Interparticle 

friction also depends on the surface roughness of the particles. Research on glass 

ballotini with roughness created by milling and chemical etching shows that the 

interparticle friction and therefore the shear strength increases with increasing 

surface roughness (Skinner, 1969; Cavarretta et al., 2010). An increase of the 

interlocking behaviour hinders the grains from rotating. In soils, changes in 

roughness could happen through changes of the surface chemistry or mineralogical 

composition, which could, in turn, alter the hardness or texture of the particle and its 

surface (Frossard, 1979; Fannin et al., 2005). Increases in angularity and surface 

roughness lead to increases in dilatant behaviour (Collins and Muhunthan, 2003; Li 

and Aydin, 2010), leading to a larger displacement of soil during shearing. 

For granular soils, the impact of fines is also important because naturally occurring 

granular soils contain significant amount of fines (Thevanayagam and Mohan, 2000; 

Monkul and Ozden, 2007; Chang and Yin, 2011). Chang et al (2011) shows that a 

fines content less than 25% does not affect the overall shear strength as the 

behaviour is still dominated by the coarse fraction. Monkul and Ozden (2007) also 

show that the addition of clay fractions less than 20% does not significantly reduce 

the shear strength of sand. However, this absence of influence is only true if the fine 
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particles solely occupy the available void space. If coarse fraction contacts are 

disrupted by fines, the overall behaviour is affected. With an increasing fines 

content, the overall shear strength decreases (Panayiotopoulos, 1989; Chang and 

Yin, 2011; Maleki et al., 2011). Particle shape is considered the most important 

factor impacting on soil shear strength compared to surface roughness or surface 

chemistry (Göktepe and Sezer, 2010).  

Experiments on crude oil contaminated sandy soils shows that the shear strength 

decreases with increasing oil content. For clayey soils a decrease in liquid and 

plastic limits was also observed with increasing oil content. These decreases have 

been explained by the coating of the particles with the oil contaminant, which 

decreases the apparent cohesion and affects the shear strength. The oil coating 

also reduces the reaction of water with particles, which controls the plasticity of the 

soil (Khamehchiyan et al., 2007).  

This study aims to systematically evaluate the impact of heat treatment temperature 

and smouldering remediation on soil stability using direct shear tests. 

3.2. Materials and Methods 

Simple soils were synthesised with silica sand (Leighton Buzzard 8/16, Sibelco, 

Sandbach, UK) and kaolin clay (Whitchem Ltd, UK). The sand and clay were 

accepted as received. A programmable muffle furnace (Nabertherm L9/11/SKM, 

Nabertherm GmbH, Lilienthal, Germany) was used for all heating experiments. The 

sands evaluated after smouldering remediation were prepared in a 3m3 experiment 

involving coal tar (Koppers, UK Ltd, Scunthorpe, UK) mixed with coarse silica. The 

initial concentration of this mixture was 31000 ± 14000 mg/kg total extractable 

petroleum hydrocarbons before treatment and the average concentration after 
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smouldering remediation across the majority of the vessel was 10 ± 4 mg/kg 

(Switzer et al., in review). In addition, sand and sand-kaolin samples were 

contaminated with coal tar and smouldered using a bench scale set up (0.003m3 of 

sample) and following the procedure established in Switzer et al (2009) and Pironi et 

al (2011). In all smouldering experiments, one or more air injection devices were 

placed at the base of the vessel and covered in clean silica sand. One or more 

coiled cable heaters (Watlow Ltd, Linby, UK) were placed just above the air diffuser 

and covered with a thin layer of clean sand. The contaminated material was then 

placed on top of the clean layer and capped with another layer (5-15cm) of clean 

silica sand to absorb any expanding liquid and assist with emissions filtration. All 

systems were open to at the atmosphere at the top (Switzer et al., in review). The 

experiments are summarised in Table 3.1. 

Table 3.1. Smouldering experiment summary for large  and small scale set-up 

    
Smouldering set-up 

    Large scale Small scale 

Sample name  SM-1 SM-2 / SM-3 

Sample volume    (m3) 3 0.003 

Test duration       (min) 1600 70-120 

Average peak 
temperature  

(°C) 900 1100 

SM-2: silica sand; SM-3: silica sand +10% kaolin 

 

3.2.1. Sample Preparation and Heat Treatment 

The silica sand was soaked in a solution of hexametaphosphate and sodium 

carbonate for 24 hrs, washed over a 425µm sieve to eliminate any loose fines, and 

air dried for several days (BS1377-2:1990). After air drying, the sand was stored in 
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an air-tight container and used without further treatment. The sand-clay mixtures 

were prepared by dry-mixing 90% sand and 10% clay (by mass) and then adding 

distilled water to achieve 5% moisture content. Each sample was placed in a plastic 

bag, kneaded by hand for 10 minutes until the sample seemed thoroughly mixed by 

visual inspection, and allowed to rest for 2 hours before any heat treatment. For 

each test, the required amount of material (sand or sand-clay) was heated in the 

furnace at a temperature of 250, 500, 750, or 1000°C following the appropriate heat 

treatment programme listed in Table 3.2. After the heat treatment, the furnace 

cooled at a rate of 3.1°/min. The samples treated a t 250°C and 500°C were 

removed from the muffle furnace immediately and placed in a desiccator to cool. 

Samples heated to temperatures above 500°C were all owed to cool in the furnace 

to 200°C before transfer to the desiccator.   

Table 3.2. Heating patterns for silica sand and sil ica sand-kaolin samples 

Sample Pre-heating 
duration 

Peak temperature 
exposure  

(min) (min) 

Untreated - - 
105 30 1440 
250 30 60 
500 30 60 
750 60 60 
1000 60 60 

 

3.2.2. Laboratory Testing  

The plastic and liquid limits for the clay were determined using the cone penetration 

and rolling methods (BS1377-2:1990). The clay was mixed with water to form a 

paste. This paste was placed into the penetrometer pot and the cone was dropped 

into the sample. After each test, a small sample was taken and placed in an oven at 

105°C for 24hrs to determine the moisture content. A small sample was wetted with 
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a small amount of water so that when rolling it to 3mm, thin, small cracks were 

visible in the sample. The entire sample was also placed in the oven to determine 

the moisture content. The mineralogical composition of the kaolin clay was tested by 

BRUKER D8 ADVANCE with DAVINCI (2010) powder X-Ray Diffraction (XRD) on 

untreated and heat-treated powder samples. 

3.2.3. Direct Shear Box Testing 

The direct shear test is the simplest and most economical test for dry granular soils 

and widely used in geotechnical engineering because it is very quick and suitable for 

practical applications (Caruso and Tarantino, 2004; Cerato and Lutenegger, 2006). 

Like any test there are limitations. The sample is not allowed to fail along the 

weakest plane and the shear stress distribution over the shear surface is not 

uniform. For a comparative study, the results are suitable as these limitations can be 

reasonably assumed to affect all samples in the same way and differences in 

response can still be detected.  

The samples were sheared using a Digital Direct/Residual Shear apparatus (ELE 

International, Sheffield, UK) with 100mm x 100mm shear box assembly. The 

assembly was designed for use with coarser samples as effects on the sample 

boundary were reduced (Lings and Dietz, 2004). A shear rate of 0.05mm/s and 

vertical stresses of 50, 100 and 150kPa were applied to reflect a stress regime 

associated with geotechnical engineering problems (Fannin et al., 2005; Cavarretta 

et al., 2010).  All samples were tested in triplicate at room temperature and under 

dry conditions to simulate responses after exposure to heat treatments or 

smouldering. To minimise errors while placing the sample in the shear box and to 

ensure a consistent sample bulk density of 1.68 g/cm3, a pluviator (Figure 3.1) was 

designed and built to fit the shear box. The design used in this set up contained two 
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parts that were connected by a 4mm mesh to disrupt the falling of the grains and 

reduce segregation of the grains by size. The top part also contained a set of fins 

spaced 1.5cm apart to disperse the sample on entry into the pluviator. The 

consistency of the pluviator was determined prior to testing by preparing 10 samples 

and determining the bulk densities. The standard error of these measurements was 

0.02 g/cm3.  

 

Figure 3.1 Pluviator design and shear box placement 
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The sample was placed into the shear box by pouring on half of the sample (200g) 

from the left side and the other half of the sample from the right side. The 4mm 

mesh in the pluviator dispersed the sample. After placing the sample into the shear 

box, the pluviator was removed and the loading plate was placed on top of the 

sample. Using the displacement screws, a 3mm gap was formed between the 

shearing plates to allow enough room for a shear band to form. The displacement 

transducers (ELE International, Sheffield, UK) were positioned and the support 

system for 5kN s-type load cell (ELE International, Sheffield, UK) was adjusted to 

make sure that the load cell was unloaded. The displacement transducers were 

reset to 0 and the shearing was started using the digital control system of the shear 

apparatus. When a maximum displacement of 70mm was achieved, the test was 

stopped and the shear box was returned to its starting position. The sample was 

removed and the mass retained was recorded. During shearing, the force at the load 

cell, horizontal and vertical displacements, and the test duration were recorded 

using the data acquisition program Labview (National Instruments, Newbury, UK). 

The calibration curves for the two displacement transducers and load cell are 

included in Figure 3.2 and Figure 3.3.  
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Figure 3.2 5kN s-type load cell calibration 

 

Figure 3.3. Calibration curves for vertical and hor izontal displacement transducers 

 

3.2.4. Image Analysis of Silica Sand Grain Photos a nd Thin Section 

Scans 

Changes to grains surfaces were explored with 200 randomly-selected sand grains 

which were divided into four samples. For each sample, five rows of 10 silica sand 

grains were placed on a flat ceramic crucible (6cmx6cm). The grain arrangements 
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were photographed and then heat treated for 1 hour at each temperature up to 

1000°C (Table 3.2). After each temperature exposure  the grains were allowed to 

cool and a photograph was taken before the next temperature treatment. The 

photographs were taken using a Sony DSLR A290L. Thin sections prepared from 

heat treated and smouldered sand were scanned with a high resolution EPSON 

photo scanner. In each scanned image, 50 grains were randomly selected and 

coloured by hand. The coloured scans were than rescanned and converted into 

binary images. Figure 3.4 shows the conversion from the grain images and Figure 

3.5 shows the evolution from scan to binary image for the thin section analysis. 

 

Figure 3.4. Grain photograph original (A) and binar y image for analysis (B) 

 

 

 

Figure 3.5. Thin section scan conversion to binary image for use with ImageJ software. A: 
original scan, B: scan after selected grains have b een coloured in, C: binary image of selected 

grains 
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The photographs and scans were converted to binary images and analysed using 

the open source software ImageJ (Schneider et al., 2012) to determine the particle 

circularity and roundness. The circularity parameter gives the shape of the particle. 

A value of 1.0 describes a perfect circle and as the value approaches 0.0, the 

particle becomes more elongated. Circularity is defined as: 

 

        (Eq. 3.2)  

Roundness reflects the relationship between the particle length, height and width, 

giving an indication of its eccentricity. Roundness is defined as:  

 

       (Eq. 3.3) 

This is also the inverse of the particle aspect ratio. 

 

3.3. Data Analysis and Friction Angle Determination  

3.3.1. Silica Sand 

For each sample, a set of nine direct shear test results was obtained, three for each 

vertical stress applied. The shear stress was determined from the recorded force 

and the area of the sample. Figure 3.6 shows two examples of silica sand data 

plotted for comparison. To check the tests for anomalies, the three data sets were 



        

85 

 

plotted as the calculated shear strength (Figure 3.6 A), normalised shear stress 

(shear stress to normal stress ratio) (Figure 3.6 B), and the vertical displacement 

(Figure 3.6 C) versus the horizontal displacement (x).  For the data to be considered 

suitable for further analysis, the following criteria were assumed to be fulfilled:  

(i) A decay in shear stress following peak is associated with dilatant behaviour  

(ii) The inflection point of the displacement is associated with the peak shear 

stress  

(iii) The calculated ultimate shear stress is smaller than peak shear stress 

 

Figure 3.6. Example shear box data for silica sand t reated at 250°C and 750°C sheared with a 
normal stress of 100kPa. 1-1: displacement inflectio n point, 1-2: peak shear stress, 2-1: ultimate 

shear stress, 3-1: slope of dilatancy 

 

For the case of dilatant behaviour, the inflection point of the vertical versus 

horizontal displacement curve (Figure 3.6 1-1) was in line with the peak shear stress 

(Figure 3.6 1-2).The ultimate shear stress (Figure 3.6 2-1) was smaller than the 

peak shear stress.  
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Not all experimental data fulfilled the criteria described above. Data that failed these 

criteria were discarded after plotting, leaving at least 66% of data for each sample. 

Figure 3.7 below shows two examples where the collected data did not fulfil the 

criteria and were discarded. The inflection point of the displacement (Figure 3.7 1-1) 

did not line up with the peak shear stress for the sample treated at 250°C. In 

addition, no peak shear stress was apparent in this data set despite an overall 

dilatant behaviour and therefore, the ultimate shear stress (Figure 3.7 2-1) could not 

be calculated. For the sample treated at 750°C, the  data were suitable to the peak 

shear stress but the displacement recorded after the point Figure 3.7 4-1 shows 

unexpected behaviour that seemed to lead to a fluctuation in the shear response 

(Figure 3.7 750°C – 1 and 750°C – 2). Based on the outlined criteria above, data 

sets like these have been eliminated from further analysis. In total, 42 of 117 data 

sets were not analysed further. 

 

Figure 3.7. Example shear box data for silica sand t reated at 250°C and 750°C sheared with a 
normal stress of 150kPa. 1-1: displacement inflectio n point, 1-2: peak shear stress, 2-1: ultimate 

shear stress, 4-1: start of non-typical test behavi our 

 

Due to anomalous responses at large horizontal displacement, the ultimate shear 

stress was calculated using Equation 3.4 (Figure 3.6 2-1): 
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        (Eq. 3.4) 

After determining the peak and ultimate shear stress values, the data were plotted in 

the normal effective stress-shear stress to characterise the shear strength 

behaviour. Figure 3.8 shows an example of ultimate shear strength for the silica 

sand data for the untreated sample. 

 

Figure 3.8. Ultimate shear stress vs normal stress graph for Untreated silica sand 

 

The friction angle was determined by the slope (m) as shown below: 

         (Eq. 3.5) 

The slopes for the peak and ultimate shear strength of silica sand are included in 

Figure 3.9 and Figure 3.10. 
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Figure 3.9. Peak shear stress 
vs effective normal stress for 
silica sand after different heat 

treatments 
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Figure 3.10. Ultimate shear 
stress vs effective normal 
stress for silica sand after 
different heat treatments 
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3.3.2. Silica Sand + 10% Kaolin 

For the silica sand-kaolin mixtures, the contact angles were determined based on 

the normalised ultimate shear stress values and plotted individually for each 

temperature and normal stress. The value at 5.5mm displacement was taken where 

the dilatant behaviour was assumed to be stable. Figure 3.11 shows an example for 

the direct shear results and how the ultimate shear strength was determined. Only 

one data set for the silica sand + 10% kaolin was not analysed further.  

 

Figure 3.11. Example shear box data for silica sand  + 10% kaolin treated at 500°C sheared with 
a normal stress of 50kPa. 1-1: 55mm displacement, 2- 1: ultimate shear stress 

 

3.4. Results and Discussion 

3.4.1. Friction Angle Changes from Heat Treatment i n Silica Sand 

Increasing temperature of heat treatment causes an overall friction angle decrease 

of 3° from untreated to 1000°C treatment for the si lica sand for both peak and 

ultimate friction angle (Figure 3.12). This decrease may be due to changes in 

surface chemistry (Frossard, 1979; Cho et al., 2006), decreases in surface 

roughness (Cho et al., 2006; Cavarretta et al., 2010; Li and Aydin, 2010; 
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Sadrekarimi and Olson, 2011), rounding of the grain shapes (Oda et al., 1998; Mair 

et al., 2002; Collins and Muhunthan, 2003; Cho et al., 2006; Cavarretta et al., 2010; 

Göktepe and Sezer, 2010; Li and Aydin, 2010; Maleki et al., 2011; Sadrekarimi and 

Olson, 2011), or a combination of these three mechanisms. 

 

Figure 3.12. Peak and ultimate friction angle value s of silica sand for various treatment 
temperatures 

 

Due to behaviour of the small scale smouldered sand (SM-2) only an ultimate 

friction angle could be determined. An example of the direct shear data is shown in 

Figure 3.13. 
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Figure 3.13. Example shear box data for silica sand  treated with small scale smouldering (SM-2) 
sheared with a normal stress of 50kPa 

 

Image analysis showed no significant changes to roundness or circularity of the 

grains with increasing temperature or between thermal and smouldering treatments 

(Table 3.3). The difference between full grains and thin section grains was likely due 

to hand colouring of the thin section grains and forcing of grains into position during 

preparation. The difference within each analysis (grains and thin section) showed no 

changes. Grain surface roughness did not seem to be affected by temperature or 

smouldering, but the resolution of the petrographic microscope may not have been 

high enough to detect small changes. In the thin section samples, exposure of 

500°C and above seemed to form a reddish reaction r im on the sand grains (Figure 

3.14) as a result of iron oxidation (Chapter 2). Penetration of this rim seemed to 

increase with increasing temperature. In addition to goethite oxidation to hematite, 

exposure to 1000°C and smouldering resulted in quar tz transformation to tridymite 

and crystobalite polymorphs. Changes did occur at the grain surfaces, but the 
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effects on surface roughness were unclear. Further investigation using higher 

resolution microscopy and other techniques should be considered to fully investigate 

changes to the surface roughness. 

Table 3.3. Image analysis results for full grains a nd thin section grains of silica sand 

Sample Grains   Thin section grains 

  
analysed roundness circularity  analysed roundness circularity 

Untreated 204 0.73 ± 0.009 0.79 ± 0.004  106 0.67 ± 0.015 0.53 ± 0.009 

105 201 0.73 ± 0.009 0.78 ± 0.004  untested untested untested 

250 125 0.75 ± 0.017 0.76 ± 0.009  148 0.67 ± 0.013 0.55 ± 0.007 

500 204 0.72 ± 0.009 0.78 ± 0.006  158 0.68 ± 0.012 0.54 ± 0.006 

750 198 0.73 ± 0.009 0.78 ± 0.005  untested untested untested 

1000 194 0.74 ± 0.009 0.78 ± 0.004  127 0.67 ± 0.014 0.51 ± 0.009 

SM-1               
(large scale)  untested untested untested   234 0.65 ± 0.010 0.51 ± 0.007 

 

 

 

Figure 3.14. Thin section Images for different ther mal treatment temperatures 
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3.4.2. Friction Angle Changes from Smouldering Reme diation of Silica 

Sand 

The smouldered samples were consistent with the heat treatment samples, showing 

a decreased friction angle compared to the untreated sand. The difference between 

the two friction angles was likely to be due to effects based on smouldering 

operating scale (Table 3.1). In both scales, the material was exposed to the similar 

peak temperatures (~1000°C) and the post-remediatio n conditions were very similar 

as well. However, due to the difference in scale and operating conditions, the 

smouldering front velocity in the large scale experiment (SM-1) was slower 

compared to the small scale experiments (SM-2 and SM-3) and the duration of 

exposure to elevated temperatures was significantly longer in the large scale 

experiment as well. Exposure duration included attainment of the peak temperature 

as the smouldering front moved through the material and cooling of the post-

remediation material to ambient conditions.  Since the ultimate friction angle is lower 

for the small scale experiment (SM-2) compared to the large scale experiment (SM-

1), high temperature exposure may not account for all of the change. It is possible 

that the shorter exposure duration in the small scale experiment did not remove all 

contaminants and that the additional increase was due to residual contamination. 

Experiments on crude oil contaminated sandy soils showed a decrease in contact 

angle with increase of oil content (Khamehchiyan et al., 2007), so residual 

contamination may account for the further reduction of the ultimate friction angle. 

3.4.3. Friction Angle Changes in Silica Sand-Kaolin  

The samples containing 10% kaolin clay showed an increase in friction angle of 5° 

with increasing treatment temperature from 105°C to  1000°C (Figure 3.15). This 

increase can be explained with two effects, bonding and mineral changes. Increased 

bonding of the kaolin was observed with increasing temperature. The kaolin coated 
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the sand grains after mixing and with increasing temperature, this coating appeared 

to become stronger. The bonding effect can be two-fold. The clay coating may 

increase the effective grain size, which may in turn cause an increase in shear 

strength or by creating bonds between sand grains through clay bridges. The 

mineral change of the kaolin, for example the emergence of mullite after exposure 

above 500°C is also going to affect the overall res ponse of the sample (Figure 3.16).  

 

Figure 3.15. Ultimate Friction Angle values (standa rd error) for sand-kaolin (10%) for different 
thermal treatment temperatures 
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Figure 3.16. XRD results for kaolin clay powder for different heat treatments 

 

Increases in the friction angle likely resulted from a combination of both phenomena. 

In contrast, the smouldered sample showed a small decrease in friction angle 

compared to the 105°C treated samples. This was pro bably due to a combination of 

the exposure temperature, exposure duration, residual contamination, clay faction 

separation, and chemistry changes. There were several significant handling steps 

between remediation of the contaminated material and shear box testing. 

Mobilisation of fines was apparent visually during this process and may have 

affected the results. 
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Table 3.4. Liquid and plastic limits for dry powder  kaolin after different heat treatment 
temperatures 

Sample 
Liquid 
Limit 

Plastic 
Limit 

Plasticity 
Index 

  
Plasticity Chart 
Classification 

 wL  wP Ip   

  %    

105 64.4 35.9 28.5  MH: silt, high plasticity 

250 63.7 30.8 32.9  CH: clay, high plasticity 

500 65.2 42.7 22.6  MH: silt, high plasticity 

750 81.6 57.4 24.1  
MV: silt, very high 
plasticity 

1000 ND1 ND ND   ND 
1Plastic and liquid limit for the sample treated at 1000°C could not be determined due to non-newtonian  like behaviour 

Further testing is required to understand if these changes to friction angle are 

permanent or temporary and the extent to which they are linked to operating 

conditions. Based on significant differences in exposure duration and residual 

contamination, testing of samples obtained from large-scale experiments or field 

sites after remediation would be highly beneficial. In addition, testing after initial 

wetting would allow for investigation of the soil response and if there are additional 

changes to the soil strength and friction behaviour. 

3.4.4. Discussion 

A lower friction angle for post-remediation sandy soils could cause stability problems 

during earth works on site. Stability analysis should be carried out using the post-

remediation friction angle values. Expanding the test regime to materials with 

different mineralogical compositions and particle ranges (e.g. silty sands) could help 

determine if a 3° friction angle decrease is common  across many soils and site 

materials and can be predicted based on site parameters such as contaminant or 

operating conditions. 
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In all cases in this study, the friction angle and therefore soil strength was affected 

by thermal and smouldering treatments. Thermal and smouldering remediation 

process are used in ex situ (excavated) and in situ (non-excavated) settings. 

Changes to soil properties can be managed easily in the ex situ setting, but may be 

more difficult to detect in the in situ setting. If the load that a soil can safely support 

has been calculated using friction angle values from tests on untreated soil, the 

calculations may not reflect site conditions after remediation. Site engineers should 

carry out stability analysis using more accurate data from tests on post-remediation 

materials. Soils may require preventive or stabilising measures after remediation as 

part of the redevelopment strategy. Ground investigation after remediation is 

essential to determine the extent of changes to soil conditions as a result of 

remediation so that safety issues related to ground stability can be detected and 

resolved. To ensure safe use of the post-remediation material, tests like the direct 

shear test should be implemented to better understand the post-remediation 

material uses and limitations. 

3.5. Conclusions 

This study shows that the friction angle for sand and sand-clay mixtures are affected 

by thermal and smouldering treatments. The decrease of 3° for the tested sand is 

very important for granular and sandy soils that are being treated by remediation 

techniques using high temperatures. Decrease of shear strength during and after 

remediation may impact the suitability of post-remediation soil for re-use and limit 

future uses of the site after remediation. Predicting possible changes to soils before 

remediating the site is highly recommended and should be considered as part of the 

site investigation protocol. This will allow additional loading calculations and relevant 

precautions to be implemented into the remediation strategy. Follow-up ground 
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investigation after remediation is essential to characterise the full extent of changes 

to soil properties and design appropriate rehabilitation measures. 

The increase of friction angle for the mixture containing 10% clay shows that thermal 

treatment can improve the shear strength but this improvement should be treated 

with caution since sites can be heterogeneous with a range of clay contents and 

types. The presence of residual contamination, common after any remediation 

activity, may have significant influence on the shear strength. In addition, this study 

did not assess whether this increase in shear strength persists after soil saturation. 

To better understand the effects on soils containing clay fractions, broadening the 

research to include clay types commonly found in natural soils, such as smectite 

and illite, is highly recommended. This study shows that shear strength of sand and 

sand-clay mixtures are affected by heat and smouldering treatments. The 

remediated medium itself should be considered different after treatment and 

appropriate testing regimes should be implemented prior to site redevelopment.  
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4. Unsaturated and Saturated Hydraulic Response of 

Silica Sand and Silica Sand-Kaolin after Thermal 

and Smouldering Treatments 

4.1. Introduction 

A wide range of thermal treatments are used to treat particularly recalcitrant organic 

contaminants, including hot water extraction (<300°C), thermal desorption (low T 

<112°C, high T <750°C), heated soil extraction (<30 0°C), incineration (<850°C) and 

smouldering remediation (600-1100°C, depending on c ontaminant) (Webb and 

Phelan, 1997; Kronholm et al., 2002; Chang and Yen, 2006; Lee et al., 2008; Gan et 

al., 2009; Switzer et al., 2009). Wild fire and heat treatment research shows that 

exposure to elevated temperatures alters soil erosion rate and infiltration behaviour 

(Hatten et al., 2005; Rein et al., 2008; Terefe et al., 2008; Are et al., 2009).  

Temperatures reached during thermal and smouldering remediation are likely to 

affect the hydraulic response of the soil. The properties, including physical, chemical 

and mechanical affected by high temperatures and smouldering, based on results 

presented in Chapters 2 and 3, are summarised in Table 4.1. Investigating the 

hydraulic response of post-remediation soils is important to better understand 

changes to infiltration, run-off, and transport of residual or co-contaminants.  

The hydraulic conductivity describes how easily porous media such as rocks or soils 

can transmit a fluid. It is a complex phenomenon influenced by the scale of the 

medium (Fallico et al., 2010). Porous media have hydraulic conductivities in 

saturated and unsaturated ranges and changes to both are of interest in post-

remediation soils.   
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Table 4.1. Summary of silica sand properties after d ifferent thermal treatments 

Sample Sieve Analysis   Mass loss   Friction angle 

> 1.18mm < 1.18mm  Sample 
mass loss 

 Peak Ultimate 

% retained  %  °   

Untreated 94.6 ± 0.7 5.3 ± 0.6  0  31.5 29.9 

105 untested untested  4.21  30.4 28.5 

250 95.8 ± 1.2 4.1 ± 1.2  4.74  29.6 27.5 

500 94.3 ± 0.4 5.6 ± 1.2  5.1  28.8 27.6 

750 untested untested  5.37  29.2 27.2 

1000 93.5 ± 0.9 6.5 ± 0.8  5.63  28 26.8 

Smouldered 
(large scale) 

untested untested   untested   27.4 26.7 

 

Smouldering and thermal remediation processes displace water during operation. 

During smouldering, this displacement occurs mainly within the treatment zone but 

also at a rim surrounding the target area. During thermal remediation, where 

operating time is on the order of weeks to months, water displacement in the 

subsurface may be more extensive. With removal of soil water, the treatment zone 

becomes unsaturated. The unsaturated hydraulic conductivity describes how a fluid 

flows in an unsaturated soil. The saturated hydraulic conductivity describes water 

flow through the soil once it is fully saturated. It is important to understand how 

thermal and smouldering remediation processes impact water movement through 

the soil following exposure to elevated temperatures during remediation or other 

high temperature processes. 

Hydraulic conductivity values are used to simulate migration of water in unsaturated 

or partially-saturated, compacted geomaterials e.g. (Chiu and Shackelford, 1998). 

Aggressive, high temperature remediation processes change soil surfaces (Chapter 

3). Modelling water migration in post-remediation soils will be an essential part of the 
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reuse of this soil. Significant decreases in hydraulic conductivity may lead to 

increased surface run-off, increased soil erosion, and flooding, which may lead to 

rapid transport of co-contaminants present in the surface material (Bagarello et al., 

2006; Gonçalves et al., 2007). An increase in hydraulic conductivity can lead to 

preferential flow along the path of increased conductivity. Preferential flow allows 

contaminants to bypass large areas of soil, decreasing filtration of contaminants 

and, in turn, allowing them to be transported either to a different area within the soil 

or reaching the ground water (Šimůnek et al., 2003; Lipsius and Mooney, 2006; 

Allaire et al., 2009; Hamlett et al., 2011).  

A range of properties and characteristics affect the hydraulic conductivity of a 

porous medium. Pore size, particle size distribution and to a lesser extent bulk 

density, void ratio, shape and continuity of the pores affect the flow of water through 

the medium. Void ratios (Volume voids divided by the volume of solids) can be used 

to characterise soil structure or fabric but soils with the same void ratios can have 

different pore networks that lead to different flows. A high number of small pores will 

have a lower hydraulic conductivity than a soil with fewer larger pores even though 

the void ratios will be similar. The behaviour also depends on the arrangement of 

the particles and therefore pore size, shape, and network (Juang and Holtz, 1986; 

Gonçalves et al., 2007). The proportion and nature of the fine fraction (silts and 

clays) also control the conductivity (Shafiee, 2008) partly by filling the available pore 

space lowering the pore volume. Experiments show that addition of 10% of kaolin 

can decrease the conductivity of a sandy soil by a factor of 5 (Al-Shayea, 2001). 

Sieve analysis on sand and clay mixtures shows that with increasing temperature 

the fine fraction can be mobilised by detachment from sand grains (Table 4.1). 

Thermal and smouldering remediation processes are likely to affect one or more of 

these controlling factors in soil and in turn, alter the hydraulic conductivity. The aim 
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of this study is to investigate how these thermal and smouldering remediation 

processes affect the conductivity of soil using silica sand and silica sand-kaolin 

mixtures as simple soils.  

4.2. Materials and Methods 

4.2.1. Sample Preparation and Heat Treatment 

The silica sand was soaked in a solution of sodium hexametaphosphate and sodium 

carbonate for 24 hrs, washed over a 425µm sieve to eliminate any loose fines, and 

air dried for several days (BS1377-2:1990). After air drying, the sand was stored in a 

container and used without further treatment. For the silica sand samples, only 

untreated and smouldered samples were tested. Previous work on sands exposed 

to 250, 500, 750, and 1000°C showed no differences in hydraulic conductivities, so 

these experiments were not repeated (Skordou, 2012). 

Table 4.2. Heating and cooling programme for silica  sand + 10% kaolin samples 

Sample Heating rate Peak 
temperature 

Cooling duration 
in furnace 

(°C/min) (°C) (min) 

Untreated  -   -  -  

105 3.5 105 0 

250 8.3 250 0 

500 16.6 500 ~60 

750 12.5 750 ~180 

1000 16.6 1000 ~240 

 

The sand-kaolin mixtures were prepared by dry-mixing 90% silica sand and 10% 

kaolin clay (by mass) and then adding distilled water to achieve 5% moisture 

content. The mixture was placed in a plastic bag and thoroughly kneaded by hand 
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for 10 minutes and allowed to rest for 2 hours before any heat treatment. In addition, 

one sample of silica sand (90%) and kaolin clay (10%) was prepared without the 

addition of any water. For each test, the sand-kaolin sample with 5% moisture 

content was heated in the furnace following the heat treatment programmes listed in 

Table 4.2. The silica sand-kaolin sample prepared dry was only tested without high 

temperature treatment. After the required exposure duration, the samples were 

removed from the muffle furnace and placed in a desiccator to cool. Samples heated 

to temperatures above 500°C were allowed to cool in  the furnace to 200°C before 

transfer to the desiccator.  

4.2.2. pH Testing 

The pH for silica sand, kaolin clay and silica sand-kaolin clay mixtures was 

determined by preparing a solution with distilled water and 30g of sample as 

outlined in BS1377-3:1990. The mixture was placed in a glass beaker, covered and 

left to rest for 24hrs in a room at 20°C. After 24h rs, the sample was stirred for 5 

minutes before taking three pH readings with a pH meter (Mettler Toledo Ltd, 

Leicester, UK) with an accuracy of ± 0.004.  

4.2.3. Hydraulic Conductivity Testing 

The experimental set up was based on a well-established constant head test 

method involving infiltration into the soil from the bottom of the permeability column 

(Head, 1980).    

A permeability column of diameter 0.077m and height 0.238m (Wykeham Farrance 

Engineering Ltd, Slough, UK) was used for all experiments. A fine mesh (<1mm) 

was placed at the bottom of the permeability column to avoid any particles blocking 

the column infiltration holes. A cup fitted with a 3mm mesh was placed into the 

column and 200g of the sample was poured on top of the cup. The cup was lifted 



        

109 

 

slowly, disturbing the sample layer in an effort to minimise gravitational affects when 

pouring the sample. The layer was then compacted three times by dropping a mass 

of 472.75g from 0.213m above the layer. This procedure was repeated for a total of 

6 layers. After the last layer was compacted the sample height was measured and 

another fine mesh (<1mm) placed on top of the sample. The lid stencil was placed 

on top of the column and the lid was fastened. The mass (column + sand or 

sand/kaolin) was recorded. The valve at the bottom inlet of the column was opened 

and the sample was purged with carbon dioxide (CO2) for 3 hours at a flow rate of 

10ml/s. After purging, the valve was closed and the CO2 disconnected, the column 

was carefully moved to the test bench.  

A 5L water tank was filled with distilled water and placed on a top loading balance 

(Denver Instruments SI-6002) and connected to the inlet used for purging the 

sample. Ensuring that the valve was closed, the tank was filled with 3L of distilled 

water and all air bubbles were removed from the tubing. The data acquisition 

programme Labview (National Instruments, Newbury, UK) was used to record water 

mass loss from the balance. Once the system was set to a mass of 0, the valve was 

opened to start the test. The water was allowed to infiltrate the sample from the 

bottom, through the outflow in the lid, and collected in a glass beaker. The 

experimental set up is shown in Figure 4.1. 
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Figure 4.1. Hydraulic conductivity test – experimen tal set-up 

 

The loss of mass from the water tank was recorded for the duration of the test. After 

the 3L of water infiltrated the sample, the bottom valve was closed to disconnect the 

sample from the system. The sample was drained and the mass after draining 

(column + wet sample) was recorded. The sample was removed from the 

permeability column and placed into a tray for oven drying.  

4.2.4. Limitations and Assumptions 

The overall head loss in the water tank (5cm) was relatively small compared to the 

overall hydraulic head (104cm) and was therefore neglected in the calculations for 

the saturated hydraulic conductivity. In addition the samples were assumed to 

represent the same network of pores. The sample preparation method results in the 

same sample porosities of 0.383 ± 0.009 (9 measurements) for the silica sand and 

0.218 ± 0.008 (21 measurements) for the silica sand + 10% kaolin samples. For the 
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tests using the sand + 10% kaolin, a steady-state flow was not achieved for the 

duration of the test. However, the sample was fully saturated allowing the 

determination of the unsaturated conductivity and investigation of the initial stage of 

saturation. To validate that Darcy’s Law was applicable for this experimental set up, 

the Reynolds numbers were calculated using Equation 4.1 for the different samples. 

           (Eq. 4.1) 

where q is the specific discharge (m/s), d is the mean particle diameter (m) and ν is 

the kinematic viscosity of the fluid (m2/s) (Bear, 1973). For water at 20°C, ν is 1.004 

x 10-6 m2/s. The specific discharge was calculated using Equation 4.2 

          (Eq. 4.2) 

where Q is the volumetric flow (m3/s), n is the porosity and A is the cross-sectional 

area of the sample (m2).  

The range of Reynolds numbers was between 1.73 and 2.60 for silica sand + 10% 

kaolin and 1.89 and 2.01 for the silica sand (Table 4.3). According to Bear (1979), 

Darcy’s Law is valid for flow in porous media if the Reynolds number value lies 

between 1 and 10. This criterion was met, so Darcy’s Law was considered to be 

valid in all cases.  
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Table 4.3. Reynolds number (Re) for silica sand and  silica sand + 10% kaolin for different 
treatment temperatures 

Silica Sand  Reynolds 
number (Re) 

    Silica Sand + 
10% kaolin 

Reynolds 
number (Re) 

Untreated 2.01 ± 0.004   105°C 3.22 ± 0.01 

Smouldered 
(large scale) 2.05 ± 0.02   250°C 2.58 ± 0.04 

Smouldered 
(small scale) 1.89 ± 0.004   500°C 2.31 ± 0.04 

    750°C 2.20 ± 0.02 

    1000°C 2.60 ± 0.02 

        Smouldered 
(small scale) 1.73 ± 0.01 

 

4.2.5. Calculations 

The porosity n was calculated using the total and void volumes  

          (Eq. 4.3) 

where Vv was volume of voids (m3) and Vt was the total volume (m3). The 

relationship between Vv and Vt was 

         (Eq. 4.4) 

where Ws was the unit mass of soilds (g/cm3) which for a dry sample was equal to 

the total mass divided by the total volume and ρp was the particle density (g/cm3). 

The hydraulic conductivity was calculated using the Darcy’s Law equation: 
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          (Eq. 4.5)       

where q was the volumetric flow (m3/s), A was the cross sectional area (m2) of the 

column, L was the sample height (m), ∆H was the hydraulic head (m), and k was the 

coefficient of hydraulic conductivity (m/s), a constant of proportionality and 

characteristic for porous media. To determine k, the equation was solved as: 

         (Eq. 4.6)       

For the saturated hydraulic conductivity, the values used for ∆H, Lw, and A are 

constant using the following values: ∆H = 1.04m, L = 0.238m and A = 0.0047m3 

reflecting the experimental conditions. The value for q was based on the flow once 

the sample became fully saturated and steady state conditions were achieved. To 

calculate hydraulic conductivity during transient stage the assumption was made 

that, the values were time dependent and therefore vary during the filling of the 

sample. This transient stage represents the unsaturated conditions in the sample. 

Equation 4.6 needed to be amended to allow for this time dependency. Variable 

values for L, ∆H, and q were calculated as.  

 

            (Eq. 4.7) 

 
where Mw was the mass of water (g), A was the sample area (m2), n was the 

porosity and ρw was the density of water (g/cm3), and 

 

                (Eq. 4.8)  
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where ∆Hu is the hydraulic gradient (m), ∆H∞ is the difference between the 

hydraulic head in the tank and the wetting front (m), L is the length of the sample 

and Lw is the saturated sample behind the wetting front (Figure 4.2). 

   
The volumetric flow q was based on the difference in flow between any two time 

points used to calculate Lw.  This now gives the equation to calculate the transient 

hydraulic conductivity, which represents the hydraulic conductivity during the filling 

of the column before the sample becomes fully saturated. 

 

         (Eq. 4.9) 

 

 

Figure 4.2. Experimental set-up and value definition  for unsaturated hydraulic conductivity 
determination 
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4.3. Results and Discussion 

Experimental data was collected for the duration of the experiment and the change 

in mass over time was plotted to determine when the column had become fully 

saturated (Figure 4.3).  

 

Figure 4.3. Mass of water entering the column over the duration of the experiment 

 

In Figure 4.3, T represents the transient stage of the test where the sample is 

partially saturated and S represents the fully-saturated stage. As the wetting front 

moves through the sample, the rate of mass loss from the water tank approaches a 

constant value. Data to point T were analysed for unsaturated hydraulic conductivity 

and data from point S were analysed for saturated hydraulic conductivity. The slight 

slope in the change in mass could be due to lag in balance readings when the 

change in mass becomes very small or effects during infiltration. 

T S 
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4.3.1. Saturated Hydraulic Conductivity 

The average (95% confidence interval) coefficients of hydraulic conductivity for the 

saturated phase of the untreated and smouldered (large scale) silica sand were 

0.0018m/s (Figure 4.4), which was consistent with previous work (Skordou, 2012). 

For the saturated hydraulic conductivity effects of the solid water interface friction 

may be negligible. Slight changes to these characteristics may not be evident in 

hydraulic conductivity measurements. Once fully saturated, silica sand does not 

behave differently after smouldering treatment compared to no treatment. A similar 

response after saturation, however, does not mean that the unsaturated 

conductivities are the same. 

Figure 4.5 shows the average hydraulic conductivities for silica sand + 10% kaolin 

mixtures for untreated dry, untreated wet (5% moisture content added) and 

smouldered (small scale, SM-3) sample. The coefficients of hydraulic conductivity 

for the smouldered and untreated dry samples were very similar with ksm=0.0007m/s 

and with kdry=0.0008m/s. However, the samples prepared with a moisture content of 

5% showed a coefficient of kmc=0.0015m/s, which was very similar to the value of 

silica sand (k=0.0018m/s). This may have been due to the coating effect observed 

during mixing and represented by the particle size distribution analysis (Table 4.1). 

The added moisture may have allowed the kaolin to form a bond with the sand 

particles (Zihms et al., 2013a), likely to result in behaviour similar to that of silica 

sand. Due to the coating bond the clay was no longer available to fill the pore space 

between sand particles thus minimising its effect on the overall hydraulic 

conductivity.  
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Figure 4.4. Average coefficient of hydraulic conduc tivity for silica sand 

 

The differences may reflect the changes in microstructure and hydraulic history of 

the samples in terms of degree of saturation. The samples due not reach full 

saturation along the same saturation path. The sample mixed without the addition of 

water experienced an increase of degree of saturation from 0 to100%, whereas the 

sample prepared with the added moisture content had a hydraulic history of degree 

of saturation from 0 to 5% during preparation, 2 hours at 5%, and finally, a rapid 

increase to 100% during the experiment. The samples prepared for the smouldering 

experiment (SM-3) were also prepared with an added moisture content of 5% but 

were additionally mixed with coal tar prior to testing. The presence of coal tar, a 

dense organic liquid, affected the moisture distribution in the bulk sample as well as 

its microstructure. Smouldering treatment seems to destroy the effect of initial 

moisture content and related hydraulic history. During particle size distribution 

analysis, detachment and mobilisation of fines was observed (Table 4.1) and 

T S 



        

118 

 

mobilisation of fines was evident in the column effluent. The nature of the fines 

fraction may have affected the hydraulic behaviour, a phenomenon observed in 

other soils (Shafiee, 2008). These phenomena need further investigation using a 

range of moisture content and soil conditions for heat and smouldering treatments to 

fully understand the impact. Based on these results, the hydraulic history should be 

considered when preparing samples for laboratory testing. 

Table 4.4. Bulk densities and void ratios silica sa nd and silica sand + 10% kaolin samples 

Silica sand  Bulk density Void ratio   Silica sand +                  
10% kaolin 

Bulk density Void ratio 

g/cm3    g/cm3   

Untreated 1.64 ± 0.03 0.62 ± 0.002 
 

105°C 2.04 ± 0.001 0.29 ± 0.001 

Smouldered 
(large scale) 

1.67 ± 0.02 0.59 ± 0.003 
 

250°C 2.09 ± 0.01 0.27 ± 0.007 

Smouldered 
(small scale) 

1.69 ± 0.02 0.60 ± 0.002 
 

500°C 2.08 ± 0.01 0.29 ± 0.005 

    
750°C 2.10 ± 0.01 0.29 ± 0.007 

    
1000°C 2.09 ± 0.003 0.29 ± 0.002 

        

Smouldered 
(small scale) 2.22 ± 0.02 0.28 ± 0.01 

 

Figure 4.5 shows the average (95% confidence interval) saturated hydraulic 

conductivity for silica sand + 10% kaolin samples after heat treatment and 

smouldering. These samples were prepared with the addition of water to reflect 

natural conditions of soils. Based on the results, the samples can be divided into 

three categories: low temperature treatment (~105°C ), medium to high temperature 

treatment (250-1000°C), and smouldering treatment. The highest hydraulic 
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conductivity was observed after the low temperature treatment; this value was 

slightly higher than the hydraulic conductivity measured in the untreated material. 

High temperature treatment (250-1000°C) resulted in  slightly lower hydraulic 

conductivity values, at or below the hydraulic conductivity of the untreated material. 

The hydraulic conductivity after contamination and smouldering remediation was the 

lowest measured, approximately 1/3 of the hydraulic conductivity of the untreated 

material. Mobilised fines were evident in the air during transfer and in the initial 

column effluent during testing, but the hydraulic conductivity calculation did not 

seem to be affected (Figure 4.6). Further tests in a system that does not require 

handling between smouldering and hydraulic conductivity testing may be helpful to 

eliminate this effect.   

 

Figure 4.5. Saturated hydraulic conductivity for sil ica sand + 10% kaolin (5%MC) after different 
heat treatments 
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As shown in Table 4.4 the bulk densities and void ratios for the different samples 

tested are very similar and therefore the results for hydraulic conductivities can be 

compared for the different thermal treatments. Observed changes are not due to 

differences in the sample porosity or bulk density. 

4.3.2. Influence of Mineralogy on Saturated Hydraul ic Conductivity  

The higher hydraulic conductivity for the sample treated at 105°C is probably linked 

to the coating of clay particles. With increasing temperature, kaolin transforms into 

metakaolin and mullite (Vaughan, 1954; Fabbri et al., 2013). This change is 

associated with a change in crystal structure and increase in particle size through 

sintering of particles. These processes may lead to an increase of coating around 

the sand particles and therefore decrease the available pore space for water flow. 

Temperatures in the region of 1000°C are capable of  destroying the mullite and 

forming amorphous quartz and alumina (Vaughan, 1954). This decomposition may 

destroy the bond between sand and clay particles and allow the clay particles to 

move into the pore space.  

While heat treatment effects on silica sand pH are small to negligible, the effects on 

kaolin pH are more significant (Table 4.5). The effects of contamination and 

smouldering remediation are more substantial. The kaolin powder pH is acidic (4.8 

to 5.2) and increases to 6.5 for treatment with exposure to 1000°C or 6.3 after 

smouldering. The pH of silica sand is slightly alkaline (7.8 to 8.2) and shifts more 

acidic after smouldering treatment. This change in pH for the kaolin clay is likely due 

to the change of mineralogical composition and related dehydroxilation. For the 

silica sand, the change in pH may be caused by the initial coal tar contamination, 

smouldering reactions during remediation, or residual contamination remaining after 

remediation. For the binary mixture of silica sand and kaolin clay, both reactions 
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seem to counter balance each other and the range is relatively constant with values 

between 6.0 and 6.8. Smouldering treatment does not seem to affect the mixture. 

Changes in pH may alter the chemistry and reactivity of the particle surfaces which 

could lead to a change in wettability. 

Table 4.5. pH values for kaolin, silica sand and si lica sand + 10% kaolin after different thermal 
treaments 

Sample pH 
  

  
kaolin silica sand silica sand + 

10% kaolin 

Untreated 5.1 ± 0.01 8.2 ± 0.07 6.3 ± 0.04 

105 4.8 ± 0.03  6.5 ± 0.13 

250 5.0 ± 0.01 8.0 ± 0.02 6.3 ± 0.07 

500 4.8 ± 0.01 7.8 ± 0.02 6.8 ± 0.03 

750 5.2 ± 0.01 7.9 ± 0.11 6.0 ± 0.04 

1000 6.5 ± 0.02 7.8 ± 0.17 6.7 ± 0.05 

Smouldered 
(large scale)  6.1 ± 0.05  

Smouldered 
(small scale)   6.5 ± 0.04  6.3 ± 0.03 

 

After smouldering, significant mobilisation of fines is observed. The particles are 

easily detached from the sand grains. After transport and the additional handling 

steps the sample appears to be separated into the two original particle fractions. 

Smouldering may therefore have two effects on the hydraulic conductivity. Firstly, it 

destroys the bond between clay and sand fraction and this allows clay particles to 

occupy the available pore space, which is intensified by the additional handling 

steps included in the sample preparation method. Secondly, the clay minerals may 

undergo transformations similar to the sample treated at 1000°C and therefore 

behave differently to the original kaolin when in contact with water. Liquid and plastic 

limit tests (Chapter 3) show that the clay changes to non-Newtonian behaviour at 
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this temperature. Clay mineral transformations and decomposition may add to the 

changes in hydraulic conductivity with increasing temperature and smouldering.  

4.3.3.  Links between Changes in Particle Size to C hanges in Pore Size 

To investigate if the change in particle size can be linked to a change in overall pore 

size, the Navier-Stokes equation used to calculate actual velocity νact of the liquid 

can be used to calculate an equivalent diameter. This equivalent diameter 

represents the sample as a single tube without any grains. A change of 

representative tube diameter can be used to interpret a change in pore size within 

the sample. 

       (Eq. 4.10) 

where g is the acceleration of gravity (m/s2), η is the kinematic viscosity of the liquid 

(m2/s), RH is the hydraulic radius (m), and i is the hydraulic gradient (m) (Tarantino, 

2010). RH is d/4 for the tube in Figure 4.2.,Solving for RH, the value for the 

equivalent hydraulic radius and actual velocity can be calculated as 

         (Eq. 4.11) 

          (Eq. 4.12) 

where Q is the volumetric flow (m3/s), A is the cross-sectional area of the smaple 

(m2) and n is the porosity. 

         (Eq. 4.13) 
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where ∆H is the difference in hydraulic head (m) and L is the length of the sample 

(m). 

         (Eq. 4.13) 

Table 4.6 shows the results for the different treatments and a decrease in equivalent 

diameter with increasing temperature up to 750°C fr om 45.0 ± 0.2µm to 36.2 ± 

0.3µm, followed by a slight increase to 40.5 ± 0.4µm for a treatment temperature of 

1000°C. These changes in equivalent diameter may be  linked to the changes 

observed in kaolin with increasing temperature. To better understand how the clay 

coating and the hydraulic conductivity are connected, further investigations are 

necessary. As mentioned before, the smouldering process mobilises the fine fraction 

and the calculated equivalent radius of 30.9 ± 0.2µm represents a smaller pore 

compared to the heat treated samples, suggesting that more clay particles are in the 

pore space. Since the overall porosities are very similar, porosity may not be the 

best value to represent the pore network.  

Table 4.6. Equivalent diameter for silica sand + 10%  kaolin after different treatment 
temperatures 

Sample Equivalent pore 
diameter 

  μm 

105 45.0 ± 0.2 

250 40.0 ± 0.6 

500 37.5 ± 0.2 

750 36.2 ± 0.3 

1000 40.5 ± 0.3 

Smouldered 
(small scale) 

30.9 ± 0.2 
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Smouldering appears to not affect the saturated hydraulic conductivity of silica sand 

but the addition of 10% kaolin shows a temperature and smouldering effect. This 

may be related to hydraulic history as well as mobilisation of fine particles. Even 

though the materials used in this study are simple compared to real soils the 

indications are very useful for the investigation of more complex materials. Samples 

prepared in the laboratory for hydraulic conductivity testing should be representative 

of the natural environment, especially in regards to hydraulic history. 

4.3.4. Transient Hydraulic Conductivity 

To investigate the transient hydraulic conductivity, the data were corrected using 

Equation 4.9 with values to represent the saturated layer the time interval 

investigated and the corresponding hydraulic head (Figure 4.6). This correction for 

the transition stages (T) of the sample during infiltration required some assumptions 

about the flow conditions. The porosity is assumed to be equal for all samples and 

the wetting front is assumed to be laminar moving equally through the sample. The 

results for untreated and smouldered silica sand samples are shown in Figure 4.6.   
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Figure 4.6. Transient hydraulic conductivity of sil ica sand (corrected for the change of saturated 
sample length and hydraulic head) 

 

Based on Equation 4.9 a higher coefficient of hydraulic conductivity (k) reflects a 

higher flow through the apparatus and therefore filling a larger sample volume in the 

time interval (δt) and decreasing the hydraulic head (Hu).  

Flow in the untreated sand is faster than flow in the smouldered sand and the 

corresponding values for k in the transient stage are higher for the untreated sample 

(Figure 4.7). Calculating the wetting front height for both sands shows that in the 

untreated sample, the wetting front progresses faster to the total sample length of 

~130mm (Table 4.7). This behaviour could be due to an increased wettability of the 

particle surfaces for the smouldered sample. If the wettability of the smouldered 

sand increases after smouldering treatment, then the infiltration flow from the bottom 

to the top could be decreased because the liquid can spread more easily across the 
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particle surfaces, wetting a larger surface area relative to particle surfaces with less 

wettability. 

Table 4.7. Wetting front height for untreated and s mouldered silica sand 

Time (s) Wetting front height (mm) 

 

Untreated Smouldered 
(large scale) 

5.74 38.2 ± 2.3 10.8 ± 0.92 

7.67 54.00 ± 3.5 29.00 ± 2.9 

9.58 65.67 ± 3.5 41.00 ± 2.1 

11.5 78.00 ± 3.5 75.33 ± 3.2 

13.47 91.00 ± 1.0 92.67 ± 2.9 

15.38 105.67 ± 3.7 102.33 ± 3.3 

17.3 116.33 ± 3.4 113.00 ± 4.4 
 

This would also explain the increased surface infiltration rate observed for 

smouldered samples (Chapter 2). Changes on the particle surface control wettability 

(Wenzel, 1936). An increase in wettability may lead to an increase in infiltration from 

the top of the sample as the grains wet more easily and gravitational effects are 

more apparent. The differences observed in the experimental setups are linked to 

the flow direction used in the experiments.  

The transient phase (T) for the silica sand + 10% kaolin samples (Figure 4.7) 

appears to be more complex than the silica sand samples. The samples treated at 

105 and 1000°C show a similar coefficient for the u nsaturated (T) and saturated (S) 

stage, in comparison the samples treated at 250, 500 and 750°C, and smouldering 

experience higher unsaturated hydraulic conductivity before reaching the saturated 

values around 20s. These differences may be linked to a difference in wetting front 

establishment before the sample is fully saturated.  
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Figure 4.7. Transient hydraulic conductivity of sil ica sand + 10% kaolin (corrected for the 
change of saturated sample length and hydraulic hea d)  

 

In addition, the samples at 105 and 1000°C have the  largest equivalent diameters 

(Table 4.6). The differences in transient hydraulic conductivities may be linked to the 

initial flows through the samples. The results for the saturated stage show the flow 

through the sample is likely linked to the kaolin coating and the changes of its 

structure and chemistry with increasing treatment temperatures. To better 

understand what changes influence the transient behaviour, further investigation 

should be considered using slower flow values by either increasing the sample size, 

decreasing the hydraulic head or both. To better understand the effects of the kaolin 

during the unsaturated phase, samples with higher clay content should also be 

considered.  

T S 
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4.3.5. Mobilisation of Fines  

During the testing of the silica sand +10% kaolin treated at 105 and 250°C, 

mobilisation of fines led to the formation of a gap (~2cm) in the lower third of the 

sample. Figure 4.8 shows the formation of the gap in the sample near the base of 

the column and the discolouration of the effluent water with the fines; both 

phenomena are most apparent in frames D and E of Figure 4.8. The gap was stable 

during water infiltration; however, once flow ceased the sample collapsed. 

Comparing the sample height before and after testing, the collapse comprised 4.7-

10.0% of the overall sample height.  
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Table 4.8 summarises the height loss (%) of the overall sample height for the 

different heat treatments. This collapse was not observed for samples treated at 

temperatures above 250°C or the smouldered sample. 

Table 4.8. Sample height loss after infiltration fo r silica sand + 10% kaolin samples after heat 
treatment of 105 and 250°C 

Sample Sample height   
(m) 

% loss 

105-1 0.13 4.9 

105-2 0.14 7.9 

105-3 0.12 8.1 

250-1 0.14 4.7 

250-2 0.14 5.2 

250-3 0.11 10.0 

 

As described for the saturated and unsaturated hydraulic conductivities, this effect is 

likely linked to the kaolin coating. The treatment temperatures of 105 and 250°C are 

probably too low to permanently sinter the kaolin particles together to form a 

stronger bond. Upon wetting, this bond is lost and the kaolin particles can be 

transported by the water. For higher treatment temperatures, the sintering effect 

probably forms a stronger bond between kaolin particles. This bond is likely to be 

permanent and therefore wetting cannot remove the kaolin coating. For treatment at 

1000°C, the liquid and plastic limit tests cannot b e determined because the kaolin 

does not mix with the water (Zihms et al., 2013b). This behaviour could also explain 

why for higher temperatures, the removal of kaolin particles is hindered as kaolin is 

less likely to be transported out of the pore space during infiltration. The overall loss 

is too small to cause a sample collapse. Due to the observation of the fines 

mobilisation after smouldering treatment, it is highly likely that a sample tested 
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directly after smouldering and without any additional handling steps will behave 

more like the 105 and 250°C treated samples. The fi nes may be removed by the 

water since smouldering seems to destroy the bonds between sand and clay 

fraction. This requires further investigation testing a smouldered sample directly 

after remediation without any handling or other disturbance of the material.  

4.4. Conclusions 

This study shows that smouldering treatment does not affect the saturated hydraulic 

conductivity of silica sand but affects silica sand samples containing 10% kaolin. 

Differences in saturated conductivity appear to be linked to the hydraulic history of 

the sample and its preparation as well as changes to the kaolin chemistry and 

structure with increasing temperature. The saturated response for the silica sand + 

10% kaolin can be related to treatment temperature, where the saturated 

conductivity decreases for temperatures >105°C. The re may be differences for the 

higher treatment temperatures but these cannot be identified by this study. 

The unsaturated hydraulic conductivity is affected in all cases, showing that even 

similar saturated conductivities not necessarily correlate to similar unsaturated 

behaviour. For the silica sand, the unsaturated conductivity may be linked to surface 

alterations of the sand particles occurring during thermal and smouldering treatment, 

which may change the wetting behaviour. Increased wetting appears to slow down 

the unsaturated flow in the smouldered sample. This could mean that a remediated 

site recovers its water balance slower, which could lead to increased run-off or 

erosion rates on the surface. For the sample containing 10% kaolin, the surface 

effects are probably more complex since kaolin changes structure and chemistry 

with increasing exposure temperature. Unsaturated response for samples containing 

10% kaolin can be separated into three categories of 105 and 1000°C; 250, 500 and 
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750°C; and smouldering. The behaviour observed seem s to correlate to equivalent 

diameter and Reynolds number, which suggest that the unsaturated conductivity is 

controlled by the flow behaviour and probably linked to the kaolin characteristics. 

Further investigation may be beneficial, but the results indicate that changes at the 

particle scale influence bulk response. 

Detachment and mobilisation of the kaolin clay fraction lead to changes in sample 

texture and height loss up to 10% overall height. This was not observed for samples 

treated at temperatures above 250°C. Further tests examining the impact of 

smouldering remediation is essential to determine if this observed mobilisation could 

be of concern for post-smouldered samples.  

The results show that understanding the history of a real sample is important as 

changes to the hydraulic history can affect the hydraulic conductivity. It also shows 

the bond between particles is affected and that the mobilisation of this fraction and 

increased mobility and removal could lead to an increased risk of subsidence on a 

site. To better understand how these effects impact real soils, the study needs to be 

broadened to investigate other soil components such as silts and different 

mineralogical compositions of particles as well. 
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5. Analysis of Wettability of Heat Treated and 

Smouldered Silica Sands and Silica Sand-Kaolin  

5.1. Introduction 

Wettability reflects how easily a porous medium such as soil or rock can be wetted 

by a liquid. It is a surface phenomenon and describes the intimate contact between 

liquid and solid. The degree of wetting describes the extent of this contact and is 

generally given by the contact angle (Kumar and Prabhu, 2007). It is important in a 

range of applications in agriculture, oil recovery, chemical processes and 

geotechnical engineering (DeBano, 2000b; Kumar and Prabhu, 2007). Wettability 

affects the precipitation of minerals, infiltration, evapotranspiration, seepage, water 

retention, and imbibition of water into soil (Kowalik, 2006; Schembre et al., 2006; 

Beatty and Smith, 2010; Lourenço et al., 2012). Due to the complexity of the 

processes and their links, it is important to understand how thermal and smouldering 

treatments affect wettability. Wild fire research shows that soils after forest and wild 

fires can become water repellent (DeBano, 2000a; Doerr et al., 2000; Mataix-Solera 

and Doerr, 2004; Mataix-Solera et al., 2008). Research on oil contaminated sands 

shows that contamination such as oily substances decrease wettability (Lourenço et 

al., 2012). However, the effects of temperatures reached during smouldering 

remediation have not been investigated.  

Wettability impacts agglomeration of particles and aggregate stability through liquid 

bridges between the particles. The strength of liquid bridges and wettability of the 

solid are related and the bridges weaken with decreasing wettability (Iveson et al., 

2004; Ramírez-Flores et al., 2008). The agglomeration bond affects the fate and 

transport of colloids within a porous media system as these can be mobilised during 



        

138 

 

infiltration or drainage of the system and then transported through the media. 

Wettability determines the rate of these processes (Chatterjee et al., 2012). Physical 

and chemical properties of the porous media such as pore size and distribution, 

particle surface roughness and chemistry affect wettability and overall water balance 

(Rodríguez-Caballero et al.; Wenzel, 1936; Bikerman, 1950; Tamai and Aratani, 

1972; Hong et al., 1994; Siebold et al., 1997; Dang-Vu et al., 2006; Kumar and 

Prabhu, 2007; Goebel et al., 2008; Chau et al., 2009; Shang et al., 2010; Chatterjee 

et al., 2012).  

Wettability of porous media can defined by the contact angle, which represents the 

angle between a droplet of liquid, the surface it is placed on, and the atmosphere 

(Lourenço et al., 2012). It is a result of cohesion within the liquid and adhesion 

between the liquid droplet and solid surface. For a perfect system where the solid is 

smooth, homogeneous, and non-deformable, only one stable contact angle exists 

(Marinho et al., 2008). However, this is not the case for porous media where 

particles are heterogeneous and not smooth. In this case, the contact angle exhibits 

hysteresis so more than one stable contact angle exists (Marinho et al., 2008). A 

difference in surface characteristics along a particle can alter the contact angle and 

affect how a pore is filled or emptied. Figure 5.1 shows the relationship between 

wetting conditions, droplet shape, and contact angle. For a non-wetting 

(hydrophobic) surface, the droplet is almost perfectly round (contact angle θ = 90° or 

>90°) and if the surface is completely wetting the droplet lies flat across the surface 

(contact angle θ = 0°). These contact angles can also be achieved b ased on 

properties of the liquid.   
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Figure 5.1. Representation of a liquid droplet on a  surface under different wetting conditions. 
Relationship between wettability and contact angle (modified after Kumar and Prabhu (2007) 

 

Soils are naturally wetting and have a contact angle between 0 and 90°. Contact 

angles greater than 90° are typical for hydrophobic  surfaces (Kumar and Prabhu, 

2007), which include sands coated with oil contamination (Lourenço et al., 2012) 

and soils after wild and forest fires (Doerr et al., 2000; Robichaud and Hungerford, 

2000; Mataix-Solera and Doerr, 2004; Mataix-Solera et al., 2008). Contact angles 

are widely used in soil science, chemical process engineering, geotechnical and civil 

engineering to describe and compare wetting behaviour of porous media.  

Particle surface roughness has a high influence on wettability of porous media. In 

some studies, increasing surface roughness of the particles seems to magnify the 

wetting properties of the medium due to increasing the surface area while 

maintaining the same wetting properties (Wenzel, 1936; Chau et al., 2009). This 

means that an already wetting surface becomes even more wetting and a non-

wetting surface becomes, less wetting, or hydrophobic, with increasing surface 

roughness. Other researchers suggest that surface roughness only affects the 

wetting kinetics but not the overall contact angle (Marmur and Cohen, 1997; Dang-

Vu et al., 2006) and an increase in roughness leads to a decrease in wettability 
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(Bikerman, 1950; Tamai and Aratani, 1972; Hong et al., 1994). These differences 

are likely to be caused by the different materials tested such as glass beads and 

field-obtained soils.  

On the mineral surfaces oxidation of copper and aluminium increases the wettability 

(Hong et al., 1994). For iron ores, higher hematite content correlates to a higher 

contact angle, illustrating a relationship between wettability and iron oxide content 

(Iveson et al., 2004). This range of changes shows that the wetting properties of 

porous media can be influenced by chemistry and heterogeneity of the starting 

material as well as a range of physical and chemical changes. An investigation into 

the behaviour is necessary to gain a better understanding how processes are 

affected and linked. Results from Chapters 2, 3, and 4 show that exposure to 

elevated temperatures affect some silica sand and kaolin clay properties, including 

mechanical, physical and chemical (Table 5.1 and Table 5.2), and these changes 

are expected to affect the wettability. The aim of this research is to investigate if 

these changes of silica sand and silica sand-kaolin after thermal and smouldering 

treatment affect their wettability. 

 

 

 

 

 



        

141 

 

Table 5.1. Summary of properties of silica sand + 10 % kaolin clay after different thermal 
treatments 

Sample Sieve 
analysis 

  Mass loss   pH   Coefficient of 
saturated hydraulic 
conductivity 

> 1.18mm  Sample 
mass loss 

   k 

% retained  %     m/s 

Untreated (dry) 61.4 ± 1.2  0.00  untested  untested 

Untreated (5% mc) untested  untested  6.3  untested 

105 81.2 ± 1.9  0.13  6.5  0.0016 ± 0.00007 

250 82.5 ± 0.8  0.26  6.3  0.0012 ± 0.00003 

500 74.3 ± 3.2  0.88  6.8  0.0013 ± 0.00011 

750 65.5 ± 3.6    6.0  0.0011 ± 0.00006 

1000 67.6 ± 0.8    6.7  0.0014 ± 0.00006 

Smouldered              
(small scale) 

untested   untested   6.3   0.0007 ± 0.00015 

 

 

Table 5.2. Summary of pH and plastic and liquid limi ts of kaolin clay after different thermal 
treatment 

Sample pH   Liquid 
Limit 

Plastic 
Limit 

Plasticity 
Index 

Plasticity Chart 
Classification 

  wL  wP Ip 

    % 

105 4.8  64.4 35.9 28.5 MH: silt, high plasticity 

250 4.8  63.7 30.8 32.9 CH: clay, high plasticity 

500 5.2  65.2 42.7 22.6 MH: silt, high plasticity 

750 6.5  81.6 57.4 24.1 
MV: silt, very high 
plasticity 

1000*             
*the sample after 1000°C treatment could not be tes ted due to non-newtonian like behaviour 

 

5.1.1. Relationship between Wettability and Hydraul ic Behaviour 

Wettability affects the hydraulic behaviour of soils in the unsaturated states. The 

relationship of contact angle and capillary rise height is shown in Figure 5.2. The 

liquid rise height (h c) depends on the contact angle of the meniscus (θ), the surface 

tension of the liquid (σ), and on the capillary radius (r) (Figure 5.2).  
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Assuming the atmospheric pressure at the concave side of the meniscus equal to 0, 

the vertical force associated with the water pressure (u π r2) is balanced by the 

vertical force associated with the surface tension (σ 2π r cosθ):  

       (Eq. 5.1) 

The pore water pressure (u) at the back of the meniscus is therefore given by 

         (Eq. 5.2) 

In this situation, the pore water pressure is negative and the water within the column 

is in a state of suction (Figure 5.2 B). The maximum value for this negative pressure 

is γwhc at the top of the column. Substituting the pore pressure (u) we can rewrite 

Equation 5.2 as 

 

         (Eq. 5.3) 

 

where γw is the specific weight of water (kN/m3) (Smith, 2009).  

 



        

143 

 

 

Figure 5.2. Rise of a liquid into a capillary; modi fied after (Smith, 2009) 

 

Wettability also affects water flow. Washburn (1921) expressed the rate of rise of the 

wetting front in a powder-filled glass tube (dh/dt) by means of Poiseuille’s law, i.e. as 

 

         (Eq. 5.4) 

where Rd is the mean hydrodynamic pore radius (m), η is the dynamic viscosity of 

the fluid (kg/ms), ∆P is the pressure difference (Pa) across the meniscus and h is 

the rise height (m). By equating the pressure differential ∆P to Equation 5.3, the 

Washburn equation can be integrated as follows:  
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         (Eq. 5.5) 

 

where h is the rise height (m), r is the effective capillary radius (m), σl is the surface 

tension of the liquid (mJ/m2), θ is the contact angle (°) and η is the dynamic viscosity 

of the liquid (kg/ms) (Bachmann et al., 2003).                                                                                       

Table 5.3. Summary of properties for n-hexane and wa ter 

    Water Hexane   

dynamic viscosity η 0.001003 0.000294 kg/(ms) 

surface tension σl 0.0728 0.0184 mJ/m2 

density ρ 1 0.6548 Mg/m3 

η / (σl x ρ2) 

Fw1 0.0138  

Mg/(ms) 

Fh1 0.0373   

1 
Bachmann et al (2003) 

 

5.2. Contact Angle Determination 

There are a range of direct and indirect methods to establish the contact angle of a 

porous medium including the Wilhelmy plate method, sessile drop method, wicking 

method, and capillary rise method. For the Wilhelmy plate method, the sample is 

placed as a thin layer onto double-sided adhesive tape and placed on a glass plate. 

The glass plate is immersed in a liquid and the immersion velocity and depth are 
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measured to calculate the contact angle (Goebel et al., 2008; Ramírez-Flores et al., 

2010). The sessile drop method uses a droplet of water placed on the surface of the 

bulk media or on a single particle. For the sessile drop method, the tangent between 

the droplet, air and solid is measured and this gives the contact angle (Ramírez-

Flores et al., 2010). Both Wilhelmy plate and sessile drop method are suited for fine 

soils where the pores are much smaller compared to the liquid droplet. This ensures 

best contact between liquid and soil. The sessile drop method can also be used on 

single grains if the grain is large compared to the liquid droplet. The wicking method 

and capillary rise method are based on similar principles. For the wicking method, a 

column containing a bulk sample is placed horizontally and connected to the wetting 

liquid through a cellulose wick immersed in the bulk liquid. The time and distance of 

the penetration front are recorded to calculate the contact angle (Hajnos et al., 

2013). The capillary rise method uses also bulk material in a column, but the set up 

is vertical and the bottom of the column surface is placed in contact with the liquid 

surface to achieve capillary rise. 

The material used in this study is a coarse material (silica sand and silica sand+10% 

kaolin) and therefore most methods are not suitable. In case of the Wilhelmy plate 

and sessile drop methods, the coarse nature of the material makes these tests 

unsuitable because placement of the material onto adhesive tape would leave large 

pore space between particles. Placement of a droplet onto the bulk surface is not 

appropriate because the pore size leads to immediate penetration of any droplet 

independent of wettability. Therefore, the indirect capillary rise method is favoured 

for coarse material. The method is based on the relationship between the 

penetration rise height of a liquid into a cylindrical capillary. The rise height is 

indirectly proportional to the capillary radius. The same liquid rises higher in a 

smaller capillary (under the same conditions) (Washburn, 1921). The capillary rise 
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method in this work is modified from Bachman et al (2003), Ramírez-Flores et al 

(2008), and Ramírez-Flores et al (2010).  

5.2.1. Capillary Rise Method after Bachmann et al ( 2003) 

The approach described by Bachmann et al (2003) was followed for analysis of 

capillary rise data. The method is based on the Washburn equation (Eq. 5.5). 

Because the rise height is difficult to measure in a porous medium, it is more 

accurate to measure the mass gain (w) of the sample. In the set up used in this 

study, w is equal to the mass loss of wetting liquid from the container (Bachmann et 

al., 2003; Ramírez-Flores et al., 2008; Ramírez-Flores et al., 2010). The Washburn 

equation can now be written as: 

        (Eq. 5.6) 

where ρ is the liquid density (Mg/m3) and c is a specific soil factor depending on 

pore characteristics resulting in a linear relationship between w2 and t. The slope 

being denoted by m (Bachmann et al., 2003). The specific soil factor c is determined 

mathematically based on the wetting using n-hexane. 

    (Eq. 5.7) 

where F is the value based on the liquid properties, viscosity, density and surface 

tension (Table 5.3) 

Using the results for n-hexane to solve for c, this value can then be used to calculate 

the contact angle for water. 
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          (Eq. 5.8) 

Alternatively, by rewriting Equation 5.7, the contact angle can be determined using 

only the slopes of the capillary rise experiments for both wetting liquids and their 

dynamic viscosities and surface tensions (Figure 5.3 and Figure 5.4). 

        (Eq. 5.9) 

Based on the relationship defined in Equation 5.6, the data is plotted using the 

square value for the mass gain (w2) versus duration of the test (Figure 5.3). 

 

Figure 5.3. Data for Silica Sand Untreated (2) showin g the mass gain w 2 for the test duration 

 

Based on the linear relationship between w2 and the test time, the linear proportion 

is plotted to determine m for each experiment (Figure 5.4).  

Linear 
proportion       

(see Fig 5.4) 

C 
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Figure 5.4. Linear proportion of the capillary rise  experiment for Silica sand Untreated (2) 

 

5.2.2. Effective Radius Method 

Because of the difficulties encountered in applying the method proposed by 

Bachmann et al (2003), an alternative approach was developed based on static and 

transient and capillary rise to determine the static and dynamic contact angle. The 

approach is based on the Washburn equation is used to compare wettability 

behaviour of samples prepared to the same porosity.  

5.2.2.1. Static Contact Angle 

Using the equation for capillary rise and assuming 

        (Eq. 5.10)  

The capillary height can be inferred from the mass Mw gain of the sample,  

          (Eq. 5.11) 
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where A is the sample area (m2), ρwis the water density and n is the sample 

porosity. By combining the above equations, we obtain 

        (Eq. 5.12) 

5.2.2.2. Dynamic Contact Angle 

This method is using the same approach as Bachman et al (2003) based on the 

relationship between velocity of capillary rise and contact angle. 

        (Eq. 5.5) 

Assuming a sharp wetting front and the soil is fully saturated behind this wetting 

front, the mass of water gain in the sample is expressed as 

         (Eq. 5.13) 

where n is the porosity, A is the cross-sectional area (m), ρw is the density of water 

(kg/m3). This relationship becomes 

    (Eq. 5.14) 

which can be solved to determine cosθ as 

        (Eq. 5.15) 
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5.2.3. Effective Radius Determination 

Using the equations for the static and dynamic contact angle, a radius range is used 

rather than determined using the Bachmann et al (2003) method with the hexane 

results and assumption of a contact angle of 0°.  B ased on the relationship between 

particle and pore diameters (Smith, 2009), the order of magnitude of effective radius 

can be determined based on the particle size of the material 

For both samples, 10% of particles pass 0.63mm. Assuming the relationship 

between dpore is 0.4 times the d10 grain size. This gives an effective pore radius of 

0.26mm for silica sand and silica sand-kaolin mixture. This radius is considered 

large for the material. By decreasing the radius value in Equation 5.12, the static 

contact angle reaches 90°, which suggests no wettin g. Since capillary rise has been 

observed for all experiments, this radius (0.006mm) is considered to represent the 

lower range. To estimate a change in contact angle, a radius within this range has 

been estimated as 0.1mm. All contact angles presented were determined using a 

effective radius of 0.1mm. 

5.3. Materials and Methods 

Silica sand (Leighton Buzzard 8/16, Sibelco, Sandbach, UK) and kaolin clay 

(Whitchem Ltd, UK) were accepted as received and the sand was subjected to the 

same pre-treatment. A programmable muffle furnace (Nabertherm L9/11/SKM, 

Nabertherm GmbH, Lilienthal, Germany) was used for all heating experiments. The 

sands evaluated after smouldering remediation were prepared in a 3m3 experiment 

involving coal tar mixed with coarse sand. The initial concentration of this mixture 

was 31000 ± 14000 mg/kg total extractable petroleum hydrocarbons before 

treatment and the average concentration after smouldering remediation across the 

majority of the vessel was 10 ± 4 mg/kg (Pironi et al., 2009).  In addition sand and 
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sand-kaolin samples where smouldered using the bench scale set up (0.003m3 of 

sample) and following the procedure for the large scale experiments. 

5.3.1. Sample Preparation and Heat Treatment 

Loose fines were removed from the sand by soaking it in a solution of sodium 

hexametaphosphate and sodium carbonate for 24 hrs before being washed over a 

425µm screen to eliminate any loose fines and air dried for several days (BS1377-

2:1990). After air drying, the sand was stored in an airtight container until its use. 

The sand-clay mixtures were prepared by dry-mixing 90% sand and 10% clay (by 

mass) in a 1L plastic bag and distilled water was added at a rate of to achieve 5% 

moisture content. The sample was placed in a plastic bag and thoroughly kneaded 

by hand for 10 minutes and allowed to rest for 2 hours before any heat treatment. 

The required amount of sample (sand and sand-clay) was heated in the furnace to 

250, 500, 750 and 1000°C and kept at the maximum te mperature for 60min. In 

addition, one sample was heated to 105°C and kept a t the maximum temperature 

for 24hrs to simulate the heating duration for moisture content testing. After the 

required exposure duration, the samples were removed from the muffle furnace and 

placed in a desiccator to cool. Samples heated to temperatures above 500°C were 

allowed to cool in the furnace to 200°C before tran sfer to the desiccator.  The 

samples cooled in the furnace at a rate of 3.1°/min . 

5.3.2. Modified Capillary Rise Experimental Set up and Method 

A permeability column set was fitted with a silica glass column (radius= 3.85cm, 

height = 24.00cm) below a wooden table (w and l = 30cm, h = 40cm) and secured 

with 4 screws (Figure 5.5). The table has an opening to allow filling of the column. A 

fine mesh (1mm) was placed at the bottom of the glass column to avoid any 

particles blocking the column infiltration hole. Above the mesh a layer of 200g of 
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3mm glass ballotini was placed and compacted once by dropping a mass of 472.75g 

from 0.213m above the layer. Another fine mesh was placed on top of the glass 

ballotini to avoid any material penetration of the layer. A cup fitted with a 3mm mesh 

was placed into the column and 200g of the sample were poured on top of the cup. 

The cup was slowly lifted, disturbing the sample layer and minimising any 

gravitational affects when pouring the sample. The layer was then compacted three 

times by dropping a mass of 472.75g from 0.213m above the layer. This procedure 

was repeated for a total of 3 layers. After the last layer was compacted, the sample 

height was measured. This compaction method led to a sample porosity of 0.436 ± 

0.003 and 0.440 ± 0.008 for the silica sand and silica sand-kaolin sample, 

respectively.  

The table including the glass column was carefully moved into a fume cupboard and 

purged for 3 hours with CO2 using a flow rate of 10ml/s. After purging the CO2 was 

disconnected. A glass container (20cm OD) was placed on a top loading balance 

(Denver Instruments SI-6002) connected to an acquisition program (LabView, 

National Instruments, Newbury, UK). The table including the glass column was 

placed above the glass container ensuring no contact was made with the rim or 

bottom and the table legs were not in contact with the balance. This was important 

to ensure the mass recorded is of the glass container and the wetting liquid. The 

acquisition program was started and the container was slowly filled with the wetting 

liquid until it is level with the top of the glass ballotini layer in the glass column. The 

acquisition program recorded the mass to the glass container and the wetting liquid 

for the test duration. The experiment was repeated in triplicate using distilled water 

and n-hexane as wetting liquids. 
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Figure 5.5. Capillary rise method – experimental se t up 

 

Based on the set up, the column in the water had a small effect through buoyancy. 

As the water enters the sample through capillary forces the overall effect is a mass 

decrease as the water level drops in relation to the column. The water level 

decreases by 1.6mm in the container, which relates to a mass decrease of 0.74g of 

water. The buoyancy effect was therefore neglected.  

 

5.3.3. Data processing 

The data recorded had to be processed as described here using the results for the 

second untreated silica sand test as an example. The point of capillary flow was 
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determined as the point where the mass increase to the balance stops (Figure 5.6, 

point A).  

 

Figure 5.6. Data for Silica Sand Untreated (2) experi ment 

 

The data before point A (Figure 5.6) represented the filling of the container to reach 

the required height of the liquid front and was therefore discarded and the results 

plotted again (Figure 5.7). The test was considered finished when the recorded 

mass loss was stable for at least 20s (Figure 5.7 B).  

A: start of capillary flow  B: capillary rise stopped  

Initial filling 1 

Filling 2 



        

155 

 

 

Figure 5.7. Data for Silica sand Untreated (2) exper iment after discarding the filling data  

 

The data between Figure 5.7 A and B are used for the analysis of the capillary rise 

and calculation of the contact angles. For the analysis method used in this study, the 

mass gain of the sample is needed and the set up used for this study (Figure 5.5) 

the mass gain of the sample is equal to the recorded mass loss of wetting liquid 

from the glass container. Figure 5.8 shows the normalised data presented as mass 

gain of the sample (w) for the test duration.  

 

Figure 5.8. Data for Silica Sand Untreated (2) after calculating mass gain of the sample for the 
experiment duration 

B 

A 

A 

B 
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5.4. Validation of Contact Angle Determination Meth ods 

5.4.1. Method after Bachman et al (2003) 

During data analysis some anomalies were observed and the Bachman et al 

approach using the capillary rise velocity was re-examined to understand if the 

assumptions were correct and if this approach is suitable for the material tested in 

this study. There should be no relationship between the slope m and the capillary 

rise height for an all wetting liquid. All experiments should reach the same final rise 

height.  Figure 5.9 shows the values for silica sand and Figure 5.10 for silica sand + 

10% kaolin. 

 

Figure 5.9. Relationship of final capillary rise he ight and capillary rise velocity for silica sand 

 

For the silica sand, there is a linear relationship between capillary rise velocity and 

final rise height for n-hexane. This suggests that for the material used (n-hexane) 

cannot be assumed to be an all wetting liquid. It is likely that thermal and 

smouldering treatments affect the particles and therefore alter the contact angle for 
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n-hexane. A similar observation can be made for the sample containing 10% kaolin. 

Figure 5.10 shows that there are two distinct groups reaching a similar final capillary 

rise height. These appear to be dependent on temperature, where the samples 

treated at 105, 250 and 500°C reach a similar rise height of 18-19mm and samples 

treated at 750 and 1000°C, and smouldering treatmen t reach a rise height of 24-

25mm. This also suggests that the contact angle is not 0° for all material tested and 

it is highly likely that thermal and smouldering treatments are the reason for this 

alteration in wetting behaviour.  

 

Figure 5.10. Relationship of final capillary rise h eight and capillary rise velocity for silica sand +  
10% kaolin 

 

It is likely that the assumption that the soil only has one unique contact angle and 

that hexane is all wetting are not suitable for the silica sand and silica sand-kaolin.  

5.4.2. Effective Radius Method 

The effective radius method is used to compare changes to the wettability in regards 

to thermal and smouldering treatment by investigating changes in the contact angle 
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as they can be used to interpret wetting behaviour of the material. If the 

assumptions behind Equation 5.10 are correct, the static capillary rise height (h) 

should be linear to cosθ as calculated from the dynamic approach. The method of 

combining the static and dynamic contact angle equations (Eq. 5.10 and Eq. 5.5) 

and determining a range of pore radii appears more suitable for the material tested 

in this study than the previous calculations with the Bachmann et al (2003) method. 

Therefore, the data discussed below has been determined using the effective radius 

method.  

5.5. Results and Discussion 

The contact angles were estimated using a pore radius of 0.1mm, which is an 

acceptable radius for sand and sand-kaolin. This radius was within the range of pore 

radii for which the method was validated. Therefore, the values presented are not 

the only possible contact angles for the material but the trends will be same with the 

pore range.  

5.5.1. Silica Sand 

Figure 5.11 shows the results for the silica sand samples. The contact angle 

decreases from 78° to 73° from untreated to 1000°C treatment. A decrease in 

contact angle means that a liquid can wet the material more easily. Using the static 

contact angle values based on the median effective radius and calculating the 

capillary rise velocity (Eq. 5.5), a contact angle decrease of 5° can be related to an 

increase in capillary rise velocity by 50% from untreated to 1000°C and smouldering. 

The increasing temperature alters the mineralogical iron composition of the silica 

sand from goethite to hematite and the structure of the quartz (Chapter 2). Research 

shows that an increase in hematite is linked to an increase in contact angle (Iveson 

et al., 2004).  
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Figure 5.11. Contact angle values for silica sand b ased on maximum (0.26mm) and minimum 
(0.06mm) effective capillary radius after different  thermal treatments 

 

It is likely that the amount of iron oxides present in the silica sand is too small to 

have an effect the overall contact angle. However, it is possible that the oxidation 

from goethite to hematite decreases the contact angle reduction and that for silica 

sand containing less iron oxides the decrease in contact angle values would be 

greater. The quartz itself forms polymorphs such as cristobalite and trydimite, which 

have the same chemical composition (SiO2) but a different crystal structure (Kubicki 

and Lasaga, 1988; Hand et al., 1998; Wenk and Bulakh, 2004; Zihms et al., 2013). 

This change in crystal structure is observed in heated quartz and is an indicator that 

the surfaces of the sand particles are close to melting or have partly melted to form 

these new crystal structures. In addition, this exposure to elevated temperatures 

could cause a grain ripening whereby the grains surfaces are smoothed and 

imperfections are reduced. This leads to a decrease in surface roughness, which 
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leads to an increase in wettability (Bikerman, 1950; Tamai and Aratani, 1972). The 

samples treated by the large scale smouldering technique (SM-1) show the same 

contact angle (73°) as the sample treated at 1000°C , which may suggest that the 

temperature experienced by the material during smouldering is in the region of 

1000°C and that the post-treatment effects are simi lar to that of heat treatment of a 

clean sample. This similarity also suggests that the material after smouldering 

contains no or very small amounts of residual contaminants since contaminants 

would be expected to affect the wettability. In contrast, the sample treated using the 

small scale smouldering set-up (SM-2) shows a lower contact angle than the high 

temperature heat or large scale smouldering treatment. The small scale set up 

shows a contact angle reduction of 9° compared to t he untreated sample and 3° 

compared to the 1000°C and large scale smouldered s amples. Since the heat 

losses in the small scale set-up (SM-2) are higher than the large scale set-up (SM-

1), the average temperature across the small-scale setup is lower. The exposure 

duration to the peak temperature is smaller as well. The observed additional 

reduction in contact angle may be related to another process than temperature. It is 

likely that this is linked to reactions between contamination and kaolin and could 

affect the in the post-remediation material wettability of the sample. It is very likely 

that this is a scale effect and further investigation is needed by comparing a range of 

different scale set ups to better understand the effect of smouldering scale on the 

results. The decreases in contact angle and related wettability are probably not of 

concern in regards to remediation and post-remediation wetting behaviour as the 

contact angles are still in the range considered as partly wetting (Kumar and 

Prabhu, 2007).  
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5.5.2. Silica sand – kaolin  

To understand the effect of the fines fraction on wettability the contact angles for the 

silica sand-kaolin mixtures are shown in Figure 5.12.   

 

Figure 5.12. Contact angle values for silica sand-k aolin mixtures based on maximum (0.26mm) 
and minimum (0.06) effective capillary radius after  different thermal treatments 

 

Overall, the trend is the same as for the silica sand and the contact angle decreases 

with increasing treatment temperature. The contact angle for the 105°C is in the 

range of that for the silica sand only sample, 79 to 83. However the added kaolin 

increases the reduction in contact angle more than 2-fold compared to the silica 

sand sample. The contact angle decreases to 57 to 59° after treatment of 1000°C. 

Using the static contact angle values based on the median effective radius and 

calculating the capillary rise velocity (Eq. 5.5) a contact angle decrease of 20° can 

be related to a 4-fold increase in capillary rise velocity 105°C to 1000°C and 3-fold 

increase after small scale smouldering (SM-3). This is likely due to the clay 
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chemistry and structure as it changes from kaolinite to mullite after exposure to 

temperatures above 500°C (Chen et al., 2004).  The liquid and plastic limits for the 

temperature treatment up to 500°C are similar, with  liquid limits of 64±2%. For 

treatment temperatures of 750°C the liquid limit in creases to 81% (Table 5.2) and 

this sample has a very high plasticity range compared to the lower temperatures. 

This is likely due to the increased dehydration of the clay at this temperature. The 

liquid limit test for the sample treated at 1000°C was not possible due to the clay not 

mixing properly with the water and behaving slightly non-newtonian, which means 

as the mixing motion stopped the sample liquefied and it was impossible to create a 

testable sample. It is likely that the temperature of 1000°C causes de-hydroxylation 

of the clay minerals, followed by aggregation of the particles and sintering (Fabbri et 

al., 2013). It is very likely that these mineralogical changes affect the wetting 

behaviour of the mixture.  

In addition to the changes of the clay fraction, the quartz is partly protected by the 

clay layer and effects on the particle surfaces e.g. polymorph formation are likely to 

be reduced. This shows that the addition of 10% kaolin has a severe impact on the 

contact angle of the overall sample. The reduction of contact angle and therefore the 

increase in wettability of the silica sand-kaolin sample is within the range of partial 

wettability  but it is moving closer to the completely wetting contact angle range of 0 

to 45° (Kumar and Prabhu, 2007). Since the values o btained using the effective 

capillary radius method do not give real contact angle values a decrease in contact 

angle of 20° could be significant if the starting c ontact angle is close to a boundary 

between wetting conditions (Figure 5.1). The observed increase in wettability with 

increasing treatment temperature and after smouldering treatment could be of 

concern for the initial wetting response of soils containing kaolin clay and requires 
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further investigation to understand the impact on more complex materials such as 

real soils.  

The effective radius method is limited due to the pore radius being selected based 

on material properties but it might not reflect the true pore radius of the sample. This 

is especially the case for non-uniform soils that have a range of pore radii. The 

effective radius method would not be suitable to represent such as sample. Contact 

angle measurements should also be validated by a second method such as the 

ones described in Section 5.1. However, due to the coarse material these methods 

were not suitable and a comparison and validation of the contact angle results was 

therefore not possible as part of this study. 

5.5.3. Discussion 

By combining the static and dynamic contact angles and using an estimated pore 

radius to estimated contact angle trends, changes to the wetting behaviour of 

hexane are not affecting the results. Thermal and smouldering appear to change the 

wetting of silica sand and silica sand by hexane and a contact angle of 0° should not 

be assumed.  

By back calculating capillary rise velocities (Equation 5.6) an increase by 50% was 

determined for the silica sand after high temperature thermal and smouldering 

treatment and an increase 3 to 4 times the original velocity for silica sand + 10% 

kaolin. These increases in capillary rise velocity suggest that the area treated with 

high temperature thermal or smouldering treatments wets faster compared to the 

surrounding soil. This could lead to a change in the water balance and create 

preferential flow paths in the treatment zone. This increase in recharge to the 

treated area could lead to increased contaminant transport, increased mobilisation 

of fine soil fractions. This could lead to changes in stability within the treatment zone 
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as well as surrounding area by mobilising fines and changing the soil structure. 

Results presented in Chapter 4 show that heat treatment can affect the bond 

between clay and sand fractions. Increased mobilisation can result in height losses 

of up to 10% were observed. Monitoring of ground water movement during these 

treatments may help to predict how these changes affect a site during and after 

remediation. 

5.6. Conclusion 

Increasing treatment temperature leads to increasing in wettability of sand and 

sand-kaolin. In the case of sand-kaolin, this change may affect the overall water 

balance of the bulk material and to increased preferential flow and infiltration. The 

results show effects due to the coarse (sand) fraction and the fine (clay) fraction. 

Further, increase in kaolin content may lead to further increases in wettability in 

similar exposure conditions. To allow prediction of changes of wettability of natural 

soils, the study of thermal effects needs to be broadened to include other clay 

minerals commonly found in natural soils, as clay minerals such as smectite and 

illite are likely to behave differently to kaolin after exposure to elevated 

temperatures. Their mineralogical composition is different and this may lead to a 

different response compared to kaolin. 

This research shows that the capillary rise method can be used to determine 

changes in wettability of porous samples. The approach by Bachmann et al (2003) 

is not suitable and the contact angle of n-hexane should not be assumed as 0°. The 

effective radius method is suitable for the comparison of changes but cannot be 

used to determined real contact angle values.  
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The contact angles of silica sand and silica sand-kaolin mixtures decrease with 

increasing treatment temperatures, likely due to processes at the particle surface 

that effect the overall wettability of the soil. In addition to the changes in wetting 

response after thermal and smouldering treatment, this study also shows that 

contact angle values can be used as indicators for particle roughness. 
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6. Conclusions & Future Work 

6.1. Conclusions 

Exposure to high temperatures and smouldering remediation affect silica sand, 

kaolin clay, and binary mixtures of the two materials. Some properties are affected 

by exposure to temperature independent of treatment type and some changes are 

dependent on treatment type, which is likely linked to reactions due to the coal tar 

addition for the smouldering treatment. Figure 6.1 shows the effects on sand and 

sand +10% kaolin with thermal treatment.  

 

Figure 6.1. Sketch of silica sand grain and silica s and grain + 10% kaolin with increasing 
thermal treatment (not to scale) 

 

 

Thermal treatment increase in T (°C)  
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Physical and chemical properties of the silica sand and kaolin appear to be affected 

in three ways (Table 6.1):  

i) Not affected (N) 

ii) High temperature exposure – independent of treatment type (T) 

iii) Effects of thermal treatment are different to smouldering treatment – high 

temperature exposure but further changes as a result of smouldering (T < S) 

 

Table 6.1. Summary of physical and chemical properti es tested and how they are affected (T: 
temperature exposure independent of treatment; T<S: treatment dependent; N: not affected) 

Property Kaolin clay Silica sand Silica sand + 
10% kaolin clay 

Particle size 
distribution 

 T T 

Mobilisation of 
fines 

 T T 

Densities  N  

Mass loss N T  

Plasticity T   

Particle shape  N  

Mineralogy T T < S  

pH T T < S N 

 

These observed particle scale changes can be linked to the dynamic response of 

the material. For shear strength and wettability, a link to treatment temperature and 

smouldering remediation has been found. Both responses are linear with increasing 

temperature for thermal treatment; however the response after smouldering is 

different. During smouldering, additional processes related to the combustion or 

residual contamination remaining after remediation alter the particles, which ,may 

lead to the changes in response.   
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Shear strength for silica sand decreases with increasing treatment temperature 

compared to an increase for the sample containing 10% kaolin. A similar link is 

observed for the hydraulic conductivity, where effects due to exposure to elevated 

temperature are magnified by the presence of kaolin. The kaolin bonds with the 

sand grains causing a coating effect on the sand grains and protecting them from 

the temperature. Also, clays have larger surface areas than sand and therefore are 

more affected by the high temperatures.  

In hydraulic conductivity experiments with samples containing kaolin, the response 

is not only dependent on the microstructure of the bulk material but also the 

hydraulic history. This shows that samples tested in a laboratory need to be 

prepared to the specific environmental conditions of the site to allow an accurate 

prediction of bulk response. The microstructure of the sample is also linked to the 

kaolin and its changes in mineralogy and chemistry with increasing treatment 

temperature.  

This study shows that particle scale changes to silica sand and kaolin clay can be 

linked to overall bulk behaviour and a better understanding of these links can help 

improve predictions of changes to soil behaviour following exposure to elevated 

temperatures. Figure 6.2 shows how the particle scale changes and bulk behaviour 

can be linked.  
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Figure 6.2. Links between particle scale changes an d sample bulk response for silica sand and 
silica sand + 10% kaolin investigated in this study  

 

The determination of properties such as particle size, mineralogy, and bulk 

responses such as shear strength can be determined through laboratory and field 

experiments. However, changes to the interparticle behaviour are more difficult to 

analyse. The complexity of the relationships makes it difficult to correlate how 

individual changes on particle or interparticle level control the bulk behaviour and 

which processes dominate. However, overall links between characteristic properties 

and bulk behaviour can be used to predict certain behaviour after exposure to 

elevated temperatures and aid in the design of preventive measures that may be 

necessary during redevelopment of the site. 
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This study shows that silica sand, kaolin clay and binary mixtures of the two 

materials are different after exposure to elevated temperatures either through heat 

or smouldering treatment. Based on differences between high temperature and 

smouldering remediation, temperature testing alone cannot be used to simulate the 

effects of smouldering on soil properties. In remediation practice, soil property and 

behaviour testing after remediation should be incorporated into the remediation 

plans that involve thermal and smouldering processes to ensure appropriate 

material characterisation prior to site redevelopment. 

 

6.2. Future Work 

Considering the observed changes for silica sand and kaolin clay with exposure to 

elevated temperatures through heat and smouldering treatment shows that soil 

properties as well as behaviour are affected. To better understand the links and 

controlling factors, further investigation of the interparticle behaviour is 

recommended. Characterisation of changes to the surface roughness of the 

particles is particularly important. Based on changes to shear strength and 

wettability observed in this work, changes in roughness are possible. No changes 

were apparent under petrographic microscope, but the resolution may not have 

been high enough. Further investigation of surface roughness with Scanning 

Electron Microscopy, 3D-scanning techniques, or Micro-Computed Tomography 

(CT) would capture the surfaces of the particles and allow investigation of changes 

at much smaller scales. 

Smouldering remediation leads to an increased detachment of fines which increases 

their mobility. This is additionally affected by handling steps required to test and 
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analyse the post-smouldering material. Wettability tests should therefore be 

conducted with no handling steps after remediation. Adaptation of a smouldering 

column for subsequent use in testing hydraulic conductivity or capillary rise would 

allow for a more accurate analysis of material behaviour after smouldering.  

Comparison of small and large scale smouldering experiments shows a difference in 

post-smouldering properties and behaviour. Future experiments should examine the 

effects of smouldering at different operating scales to better understand the effects 

of scale, improve interpretation from small scale laboratory experiments to 

contaminated sites, and allow for better predictions of changes to soil properties at 

sites remediated by this technique. The temperature achieved during smouldering 

depends on the contaminant. To understand links between contaminant and 

changes to soil properties and bulk response, other contaminants such as crude oil 

and its derivatives should be investigated. 

To improve understanding on how exposure to elevated temperatures affect real 

soils, further tests should build upon this work and expand to other particle fractions 

like silts as well as field-derived soils. Based on the observations in regards to 

mineralogy and the effect of its changes to bulk behaviour, materials with different 

mineralogical compositions should also be tested. Broadening the materials tested 

and analysed will improve understanding of high temperature and smouldering 

effects on real soils. This, in turn, will improve predictions of behaviour during and 

after remediation as well the post-remediation development of contaminated sites. 

6.3. Recommendations for Practice 

When using smouldering or thermal remediation techniques in the field, practitioners 

should not assume that soil properties after remediation will be equivalent to soil 
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properties in uncontaminated and untreated soils. As part of the initial site 

investigation, samples are taken for classification and other laboratory testing. 

Further site characterisation should be conducted after remediation. In addition to 

the standard requirements the following test should be included after heat or 

smouldering remediation 

a) particle size distribution 

b) pH 

c) mineralogical composition 

To minimise laboratory testing, samples could only be heat treated at the maximum 

expected temperature achieved during the remediation process. In the case of 

smouldering, soil tested in treatability tests may be suitable for this testing. In 

addition to classification testing, some dynamic testing should be included to 

investigate the shear strength and the wettability.  

The shear strength can be determined by direct shear testing or triaxial cell and 

should be compared for untreated and heat treated samples. Any change in soil 

strength can be used to recalculate the bearing capacity of the soil and if necessary 

alter the footing design. If the difference in strength is larger than can be 

compensated by footing design changes, additional reinforcements may be 

necessary. Considering the change in wettability, it might be feasible to re-wet the 

soil artificially after remediation and add stabilising clays or grouts via the water. 

Further investigation into stabilisation methods after remediation is necessary to 

determine how these methods could be applied and what benefits can be achieved.  

In regards to hydraulic response of a site after thermal or smouldering remediation, 

the relationship of small scale changes to field sites needs to be further investigated. 



        

178 

 

It is possible to implement data determined by small scale hydraulic experiments 

and their changes in hydraulic models to explore these effects. Further modelling 

should help to identify any changes beyond anisotropic behaviour of a site.  

The main recommendation based on the results from this work is that a site 

remediated by thermal or smouldering processes should never be assumed to have 

the same characteristics or behaviour as the site prior to contamination or 

remediation.  
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High temperature processes may alter soil properties, creating potential risks of subsidence, erosion and
other hazards. Soils may be exposed to high temperatures during some aggressive contaminant remediation
processes as well as natural events such as fires. Characterising the effects of high temperatures on soil prop-
erties is essential to understanding the potential hazards that may arise after exposure. Thermal treatment
and smouldering remediation were carried out on silica sand used here as a simple soil. Changes observed
in physical properties were associated with the treatment type and exposure temperature. Particle, minimum
and maximum densities were independent of heat treatment type and temperature. In contrast, particle size
distribution, mineralogy, capillary rise, and hydraulic conductivity were linked to treatment type and expo-
sure temperature with the most substantial changes associated with smouldering remediation. Changes in
colour and mass loss with increasing temperature suggest changes within the crystal structure of the silica
sand beyond loss of moisture content within the pore space and dehydration of iron deposits from goethite
to hematite. Based on these observations, exposure to high temperature processes and the complex
geo-chemical reactions during smouldering remediation can have significant effects on soil properties. Mon-
itoring after exposure is advisable to determine the severity of exposure and any mitigation measures that
may be necessary.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Soils can be exposed to elevated temperatures naturally through
wild, forest or peat fires or through thermal remediation processes
designed to mitigate high concentrations of hazardous organic con-
taminants. Most research on soil properties and their heat dependen-
cy is based on forest fires and therefore concentrates on erosion rates,
ground stability and nutrients affected by fire severity. The effects of
exposure to temperatures up to 500 °C have been studied widely
(De Bruyn and Thimus, 1996; Certini, 2005; Rein et al., 2008; Are et
al., 2009; Rein, 2009). Literature published on heat treatments of
clay evaluates the effects of temperatures up to 1000 °C (Tan et al.,
2004). Exposures of 200–850 °C have been observed in soils during
wildfires (DeBano, 2000; Mataix-Solera and Doerr, 2004; Certini,
2005; Rein et al., 2008). Moderate (300–400 °C) and high (N450 °C)
temperature processes, such as hot water extraction, thermal desorp-
tion, soil heated vapour extraction, incineration or smouldering are
widely used to treat contaminated soils (McGowan et al., 1996;
Webb and Phelan, 1997; Kronholm et al., 2002; Araruna et al., 2004;
Chang and Yen, 2006; Lee et al., 2008; Gan et al., 2009; Pironi et al.,
itzer).
ineering, Chalmers University
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2009, 2011; Switzer et al., 2009). Previous studies on the effects of
non-aqueous phase liquid (NAPL) contamination on soil properties
shows a net reduction in soil stability as NAPL content increases
(Khamehchiyan et al., 2007). NAPLs displace soil moisture and thus
change the interactions between soil particles. Most research on soil
remediation techniques focuses on the remediation result and less
on the effects the technique has on the soil properties. In some
cases, the effects on soil properties may be a criterion for selection
of the remediation technique (Chang and Yen, 2006; Pironi et al.,
2011) or the soil properties may influence the results (Webb and
Phelan, 1997). There is little research on the effects of thermal reme-
diation processes on soil physical properties. High temperature remedi-
ation displaces soil moisture and removes or destroys NAPL content. In
order to establish whether the soil can recover strength and stability
after remediation, it is important to establish the changes these remedi-
ation processes have on fundamental soil properties.

The maximum temperatures observed in contaminant remedia-
tion vary by the process that is used (Table 1). Thermal desorption
and soil heated vapour extraction use electric resistant heating either
on the soil surface or through steel walls. The current transforms the
groundwater and soil water into steam which in turn evaporates any
harmful chemicals. The vapours are collected and treated or disposed
(Araruna et al., 2004; Chang and Yen, 2006). Hot water extraction
uses pre-heated and pressurised water, which is injected into the
soil, to extract and react with the targeted chemicals (Kronholm et
al., 2002). In practice, maximum temperature is related to the soil
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Table 1
Possible maximum temperatures of exemplar moderate to high remediation techniques.

Remediation process Maximum observed
temperature (°C)

Reference

Hot water extraction 300 Kronholm et al. (2002)
(Low temperature)
Thermal desorption

112 Webb and Phelan (1997)

(High temperature)
Thermal desorption

750 Chang and Yen (2006)

Heated soil extraction 300 Gan et al. (2009)
Incineration 850 Lee et al. (2008)
Smouldering remediation 600–1100a Switzer et al. (2009)

a Maximum temperature is associated with contaminant type and treatment conditions.

Table 2
Heat treatment conditions for silica sand.

Maximum exposure
temperature (°C)

Heating pattern

Pre-heating
duration
(min)

Peak temperature
exposure duration
(min)

Cooling period
duration
(min)

Untreated – – –

105 30 1440 0
250 30 60 0
500 30 60 ~60a

750 60 60 ~180
1000 60 60 ~240

a Cooling period varied for each batch so approximate duration is shown.
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conditions, process operating conditions and in some cases, the con-
taminant that is being treated.

With the exception of smouldering remediation, all of these
remediation techniques use heat or heated water to volatilise the
contaminant within the soil to enable its extraction. Maximum tem-
peratures for these technologies are typically adjacent to the heat
source with more moderate target temperatures of 80–100 °C
achieved within the wider treatment zone. The contaminant must
be collected and treated (McGowan et al., 1996; Webb and Phelan,
1997; Kronholm et al., 2002; Chang and Yen, 2006; Lee et al., 2008;
Gan et al., 2009). These processes maintain high temperatures in
the soil for weeks to months or longer. In contrast, smouldering
remediation uses the contaminant itself as fuel for the combustion
reaction (Pironi et al., 2009, 2011; Switzer et al., 2009). In laboratory
studies, the soil particles are exposed to high temperatures on the
order of 1000 °C for coal tars and 600–800 °C for oils for up to
60 min. Field scale efforts may result in exposure durations on the
order of hours or longer.

Elevated temperatures have been shown to alter the mineralogical
composition of soil. These effects have been studied extensively in re-
lation to the effects of wildfires on soil properties. Colour change in
soils has been observed after wildfire and after smouldering remedi-
ation. In most cases it changes from yellowish brown to reddish
brown. This is due to the oxidation of soil iron content from goethite
to maghemite or hematite (Ketterings and Bigham, 2000; Goforth et
al., 2005). Decomposition of soil particles, especially clay minerals,
starts at temperatures above 550 °C (Certini, 2005). These tempera-
tures are rarely reported for wild and forest fire, but temperatures
up to 1200 °C can be achieved during smouldering remediation
(Pironi et al., 2009; Switzer et al., 2009).

In previous work, soil stability has been observed to increase with
exposure to low and moderate temperatures as cementation of the
clay particles occurs (Certini, 2005; Rein et al., 2008). This coincides
with a measured increase of sand particle size with increasing tem-
peratures in this range (Terefe et al., 2008). In clay-rich soils, bulk
density and compressive strength were observed to increase as tem-
perature was increased above ambient conditions whereas shear
strength, liquid limit, and plasticity were observed to decrease (De
Bruyn and Thimus, 1996). As exposure duration increases, clay crack-
ing is observed as moisture is lost. This drying process has two dis-
tinct stages: constant evaporation as moisture is lost from the
surface followed by decreasing evaporation as the drying front prop-
agates inward (Tang et al., 2010). Cracks form as a result of tensile
stresses at the surface and can grow rapidly as moisture depletes.

At temperatures of 500 °C or higher, the soil stability has been ob-
served to decrease dramatically. This reduced stability is linked to the
loss of organic cements (Certini, 2005). Wild fire temperatures can
reach temperatures up to 850 °C at the soil–litter interface but tem-
peratures at 0.05 m depth are unlikely to exceed 150 °C (DeBano,
2000). Therefore, wild fire temperatures do not cover the tempera-
ture range encountered by thermal and smouldering remediation
processes. It is necessary to understand possible impacts to soil
from exposure to the whole temperature range of thermal remedia-
tion treatments.

This study aims to characterise the effects of moderate and high
temperatures as well as smouldering on physical soil properties to
determine the impact any changes will have to the soil and therefore
predict possible complications during or after remediation treatment.
Silica sand is used as a simple soil with relatively homogenous miner-
alogy and minimal internal pore structure. These aims are achieved
by comparing clean, heat-treated and smouldered silica sands with
untreated and oven-dried sands. After each treatment, fundamental
properties of the sand are tested and compared to determine the
impacts of the treatment conditions.

2. Materials and methods

Coarse silica sand (Leighton Buzzard 8/16, Sibelco, Sandbach, UK)
was used as the base soil for all of the experiments. The sand contains
99% silicon-dioxide, has a mean grain size of 1.34 mm and a bulk
density of 1.7 g/cm3 (Switzer et al., 2009). All sand was accepted as
received and subjected to the same pre-treatment. A programmable
muffle furnace (Nabertherm L9/11/SKM, Nabertherm GmbH, Lilienthal,
Germany) was used for all heating experiments. The sands evaluated
after smouldering remediation were prepared in a 3 m3 experiment in-
volving coal tar mixed with coarse sand. The concentration of this
mixture was 31,000 ± 14,000 mg/kg total extractable petroleum hydro-
carbons before treatment and the average concentration after smoulder-
ing remediation across the majority of the vessel was 10 ± 4 mg/kg.
A 25 L sample of the post-treatment material was collected and set
aside for characterisation. Kaolin (Whitchem Ltd, UK)was used as an ex-
emplar, non-swelling clay in a limited number of experiments.

2.1. Sample preparation and heat treatment

The silica sand was washed and wet sieved using a 0.63 μm sieve
to eliminate any loose fines and then air dried for several days. For
each test the required amount of samples were placed in a ceramic
crucible heated in the muffle furnace, following the heat treatment
profiles listed in Table 2. Maximum temperatures of 105, 250, 500,
750, and 1000 °C were investigated. Each sample was subjected to a
rapid increase in temperature, held at the peak temperature for 1 h,
cooled, and transferred for testing. After the heating period the sam-
ples were removed from the muffle furnace and placed in a desiccator
to cool. Samples heated to temperatures above 500 °C were allowed
to cool in the furnace to 200 °C before transfer to the desiccator.
The necessary pre-treatment meant that all samples were disturbed
by handling steps. Therefore, only characteristics unrelated to soil
structure were investigated in this study.

2.2. Laboratory testing

Particle density wasmeasured using the gas-jar method suitable for
coarse soils (BS1377-2:1990). A sample of 1000 g mass was placed in a



Fig. 1. Schematic diagram of the modified falling head test apparatus.
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1 L gas jar with approximately 500 mL of water. The sample was set
aside for 4 h and then shaken end-over-end for 30 min. The gas jar
was filled with water fully. The average particle density was deter-
mined based on the mass of the sand, mass of the water and volume
of water displaced by the sand.

Minimum density was measured using 1000 g of sand in a 1 L
glass measuring cylinder with 20 mL graduation (BS1377-4:1990).
The cylinder was shaken to loosen the sand and inverted four times.
The cylinder was then inverted until all of the sand was at rest,
returned to the initial position and carefully placed on a flat surface.
The volume was recorded at the mean level of the surface to the
nearest 10 mL. The test was repeated 10 times with the same sample.
The minimum density was calculated using the greatest volume read-
ing in the cylinder (BS1377-4:1990).

Maximum density was determined using the vibrating hammer
method (BS1377-4:199). Approximately 3000 g of sand was placed
in a bucket with warm water and thoroughly stirred to remove any
air bubbles. The sand was left to cool overnight. A 1 L compaction
mould was used for all density measurements. The mould was placed
in a water tight container on a solid base. Water was poured into the
mould to 50 mm depth in the mould body and the surrounding con-
tainer. A portion of the sand–water mixture was carefully added to
the mould, approximately filling a third of the mould after compac-
tion. Water was added to the surrounding container to match the
water level in the mould. The vibrating hammer used a circular tam-
per to compact the sand for at least 2 min using a force between
300 N and 400 N on the sample. This process was repeated for the
other 2 layers to fill the mould. The masses of sand and water in the
mould were used to determine the maximum density.

Particle size distribution for the sand was determined using a dry
sieving method (BS1377-2:1990). Approximately 200 g of each sam-
ple was placed into the top of set of sieves that included 1.18 mm,
600 μm, 425 μm, 300 μm and 212 μm sieve sizes. The set of sieves
was shaken for 10 min. The mass of sand retained on each sieve
was used to determine the particle size distribution. Particle size dis-
tribution was carried out in triplicate for each material.

The silica sand pH was tested using 30 g of silica sand and 75 mL
of distilled water in 100 mL glass beaker. The mixture was agitated,
covered and left overnight at 19 °C room temperature. The mixture
was agitated again right before the measurement of pH.

A modified falling head test was used to measure infiltration pro-
file and falling head rate. A cylindrical tube (50 cm H × 6 cm OD)
was filled with sand to height of 30 cm. Using a funnel and diffuser
system, a volume of 170 mL of distilled water, which corresponded
to a head of water of 60 mm, was added to the top of the cylinder
and allowed to flow into the sand. Falling head was measured as
the time of this 60 mm head of water reaching fixed increments on
the column as it infiltrated into the sand column. The set-up for this
experiment is shown in Fig. 1.

Capillary rise was tested using a cylindrical tube (9.3 cm H × 2 cm
OD) with a fine mesh fitted over the bottom. The cylinder was filled
with approximately 50 g of sand, placed above a reservoir filled with
water and slowly lowered until it made contact with the water sur-
face. To ensure a stable setup, the tube was held in place with a
clamp system. The water was drawn into the sand through capillary
forces and the final height was measured once the water level in the
tube was observed to remain constant for 2 min. Capillary rise mea-
surements were carried out in triplicate for each material.

The mineralogical composition of the silica sands was tested by
BRUKER D8 ADVANCE with DAVINCI (2010) powder X-ray Diffraction
(XRD) on crushed samples. Vibrational spectroscopy using Raman mea-
surements were taken on individual silica sand grains. The Raman spec-
tra were measured using a Renishaw inVia Raman Microscope running
from240 to 2000 cm−1 argon beamof 514 nm, 2400 l mm−1 (vis) grat-
ing, 10 exposure times, 1 accumulation and10%power (cross-polar)was
used for excitation.
3. Results and discussion

3.1. Mineralogy

During the heat treatment testing and after smouldering remedia-
tion, a colour change of the silica sand was observed (Figure 2). Expo-
sure of this material to high temperatures results in colour change
from yellowish brown to reddish brown with increasing temperature
for the silica sand grains and a change from yellow to pinkish red for
the crushed silica sand. This colour change is associated with the
dehydration reaction of goethite with increasing temperatures to
form hematite or maghemite.

During the dehydration reaction of goethite, the density of the
iron-hydroxide increases from 4.3 mg/m3 for goethite to 5.2 mg/m3

for hematite (Wenk and Bulakh, 2004). The sand is comprised pri-
marily of silicon dioxide; iron oxides make up a small fraction of its
composition. High temperatures may cause additional changes in
mineralogy that may be less likely to be detected by visual examina-
tion (Pomiès et al., 1998; Goforth et al., 2005). Similar effects may
occur within the silicon dioxide, which becomes unstable with high
temperatures and forms silica polymorphs such as trydimite or
cristobalite (Hand et al., 1998; Wenk and Bulakh, 2004). Thermal
treatments (100–1200 °C) on fly ash showed that cristobalite be-
comes present in the samples and that smaller particles had a more
glassy composition due their faster cooling time (Mollah et al., 1999).

Analysis of the silica sands by X-ray diffraction showed that both,
iron oxide and quartz minerals are affected by heat treatment and
smouldering remediation (Figure 3). Due to the high quartz content,
the signal of the iron-oxides is small, but shifts are apparent. Shifts
in quartz are apparent in the smouldered samples. For example, the
quartz peaks from 2θ = 36 to 46 are very low for the smouldered



Fig. 2. Colour change observed in silica sand grains after heat treatment.
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samples. Glass is amorphous and cannot be excited by XRD analysis.
The quartz in the sand grains exposed to smouldering remediation
may be losing its crystal structure.

Due to the nature of the excitement in XRD analysis, XRD cannot
distinguish between quartz and its polymorphs as they have the
same composition with a different structure. The formation of
polymorphswas examined by Raman spectroscopy, a technique that al-
lows a more targeted analysis of the grain surfaces (Komorida et al.,
2010). After exposure to 1000 °C, trydimite and hematite were ob-
served and after smouldering remediation, trydimite, crystobalite,
dumortierite, and hematite were observed (Table 3). Trydimite and
cristobalite have flatter structures than α-quartz. Mineralogy changes
were not observed in Raman measurements at lower temperatures,
though small shifts were apparent in X-ray diffraction spectra. Raman
analysis on thin sections prepared of sand grains showed no poly-
morphs, suggesting that the effect remains at the surface.

Use of the Bruker XRD instrument required crushing of the sand
grains, effectively diluting any surface changes. Raman spectroscopy
was carried out under microscope and limited by the selection of
single points for analysis. The extent of changes seems to be increas-
ing with increasing temperature, as expected. More analysis is neces-
sary to fully understand the exposure conditions that trigger these
changes to the grain surfaces and how these changes may affect the
Fig. 3. X-ray diffraction spectra for silica sand after thermal and smouldering
treatments.
grain–grain and grain–water interactions, particularly in more com-
plex soils.

3.2. Particle and bulk densities

In contrast to mineralogy, elevated temperatures did not seem to
affect the particle density or minimum/maximum bulk densities of
the silica sand (Table 4). No real relationship was apparent between
treatment temperature and density. For the particle density, the
values are consistently near 2.65 mg/m3, which is a value that is
widely used in geotechnical engineering calculations. The maximum
and minimum densities are equally unaffected by heat treatment or
smouldering. These observations are not consistent with the litera-
ture on wild and forest fire effects on soil properties, which suggests
that bulk density would increase with temperature (Certini, 2005;
Are et al., 2009). The lack of organic matter may explain the contrast.
Organic matter is highly-affected by elevated temperature and thus
organic-rich soils may exhibit density changes after exposure. Tem-
peratures in the range of 260–370 °C are linked with melting and de-
composition of organic matter and temperatures in excess of 370 °C
are linked with complete or near-complete destruction (DeBano,
1981, 2000; Robichaud and Hungerford, 2000). The results in this
study, which show no significant change in density, suggest that the
changes in soil density that are observed after wildfires are associated
primarily with effects on organic matter and potentially the smaller
silt and clay-sized particles.

3.3. Particle size distribution

Particle size analyses suggest that heat treatment has a small but
appreciable effect on grain distribution (Table 4). The sieve analyses
show that the sample retained on the 1.18 mm sieve increases from
94.4% ± 0.7% for the untreated sample to 95.5% ± 1.2% for treatment
at 250°. After this initial increase, the sample retained on the
1.18 mm sieve decreases to 94.0% ± 0.4% and 93.3% ± 0.9%, as expo-
sure temperature is increased to 500 °C and 1000 °C, respectively.
Corresponding measurements on sieves b1.18 mm show an initial
decrease from 5.3% ± 0.6% to 4.1% ± 1.2% for the untreated sample
to 250 °C heat treatment, followed by an increase to 5.6% ± 0.4%
and 6.2% ± 0.8%, for 500 °C and 1000 °C, respectively. Fig. 4 shows
the impact of temperature on the fines' fraction b600 μm, which in-
creases with increasing temperature. Collection of the sand samples
after smouldering remediation involved multiple handling steps, all
of which resulted in visually-apparent mobilisation of fines. Thus,
these sands were not tested for particle size distribution.

The variation in particle size distribution may be linked to the loss
of mass beyond the initial moisture content (Table 4). In the mass loss
tests, samples were prepared to 5%moisture content and then treated
according to the temperature specified. As temperature increases,
mass loss increases, exceeding the initial 5% added moisture for tem-
peratures above 500 °C. Although there is a dehydration reaction

image of Fig.�2
image of Fig.�3


Table 3
Exemplary mineralogy of points on sand grain surfaces after selected heat treatments.

Treatment Grains Analysis
points

Number of detections of each mineral

Quartz Tridymite Cristobalite Dumortierite Geothite Hematite

Untreated 5 9 9
500 °C 3 5 3 2
1000 °C 3 9 5 2 2
Smouldered 12 37 12 6 3 8 5 2
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from goethite to hematite, the fraction of iron oxide relative to the
total composition of the sand is too small for this reaction alone to ac-
count for the whole additional mass loss. Other mineralogical reac-
tions are likely to contribute to this loss in sample mass. Further
investigation is necessary to identify and quantify the mineral
changes that are occurring. The changes in particle size distribution
can affect larger-scale behaviour of soil such as compaction.

Further fractionation of the sand after heat treatment shows that
as temperature increases, fines are recovered across a wider range
of size fractions (Table 3). These results show that with increasing
temperature the particle size distribution of the sand is extended,
which is in accordance with results from thermal desorption tests
on sands (Araruna et al., 2004). Based on the same mineralogical
composition of fines after the thermal desorption, Araruna et al.
(2004) argue that the fines are the product of grains breaking with
exposure to higher temperatures. This is a possibility, but not the
only explanation that should be considered here. Mobilisation of
clay deposits on the sand grains, which would lose their bonds with
the sand particles during thermal treatment, may affect the particle
size distribution. The potential for clay mobilisation was explored
with a set of experiments involving sand–clay mixtures. With mois-
ture, clay was observed to coat the sand grains for temperatures up
to 500 °C and that this coating is lost for temperatures above 750 °C
(Figure 5). This supports the theory that the bond between the fines
and sand grains is lost and that this causes the extension in particle
size distribution. This bond appears to be driven by the presence or
loss of moisture. It is therefore likely that this effect can occur during
thermal and smouldering treatment. At this point, the data are incon-
clusive to eliminate the potential for breaking of the grains under
high temperature, particularly as handling steps release fines into
the air as dust, but the clay experiments illustrate the potential that
increased fines can result from clay mobilisation.

3.4. Water dynamics

Water dynamics in the sand was measured with two separate but
interrelated tests: falling head and capillary rise. These tests were
conducted to show how temperature and smouldering affect interac-
tion of silica sand and water. The falling head test results show that
heat treatment has a minimal effect on the sand permeability. For
the untreated and heat treated samples, the change in head over
Table 4
Particle density, minimum and maximum bulk density, particle size distribution, and mas
remediation.

Sample Densities Sieve analysis

Particle Minimum Maximum 2.36 mm 1.18 mm 600 μm

mg/m3 % retained

Untreated 2.68 1.45 1.65 0.2 ± 0.5 94.4 ± 0.7 5.3 ± 0.6
105 °C 2.62 1.44 NDa ND ND ND
250 °C 2.66 1.43 1.67 0.3 ± 0.06 95.5 ± 1.2 4.1 ± 1.2
500 °C 2.69 1.45 1.68 0.3 ± 0.04 94.4 ± 0.4 5.6 ± 0.4
750 °C 2.7 1.44 1.65 ND ND ND
1000 °C 2.71 1.45 1.69 0.2 ± 0.03 93.3 ± 0.9 6.2 ± 0.8
Smouldered 2.68 1.46 1.68 ND ND ND

a Not determined (ND).
time follows approximately the same profile. In contrast, the smoul-
dered sample shows a much steeper profile (Figure 6). Water
moves much more rapidly through the smouldered sand. The entire
column of water disappears into the sand in 7 s and drainage from
the column is observed after less than 20s. The delay in the first mea-
surement of head height for the smouldered sand is due to this rapid
infiltration. Approximately 50% of the total volume of water infiltrates
into the sand as the total volume is delivered to the top of the sand
column. In contrast, 17–22% of the total volume of water infiltrates
during initial delivery to the other treated and untreated sand col-
umns. In addition, drainage from the smouldered sand is noticeably
discoloured with particulates. Channelling is observed in the column
and lateral propagation is not evident, though some water is retained
in the pore space after infiltration and excavation. These differences
in falling head behaviour are not represented in the correlating hy-
draulic conductivity values, which are on the order of 10−4 m/s for
all samples (Table 5).

Differences are observed in the capillary rise test when comparing
the heat-treated and smouldered sand samples (Table 5). While cap-
illary rise is present in all samples, the capillary rise is lower in the
smouldered sample. As the temperature of thermal treatment is in-
creased, the resulting capillary rise after cooling and exposure to the
water bath increases as well. Capillary rise is consistent or greater in
compacted samples, which may reflect the presence of small clay ag-
gregates in the pore space, which is consistent with the changes ob-
served in particle size distribution. The voids between the grains
may have decreased to some extent and therefore caused the capil-
lary forces to increase. In the smouldered sample, the capillary rise
in both uncompacted and compacted states is below than that ob-
served in all other samples. This difference suggests greater void
spaces between the grains, potentially changed contact angles, and
less capillary forces, all of which may be influenced by the
mobilisation of fines and other potential changes to the grain
surfaces.

Heat treatment showed slight influence on the silica sand pH,
which remained slightly alkaline between 7.8 and 8.2 (Table 5). The
pH of the sand after smouldering remediation had shifted to slightly
acidic. This change in pH is likely to be caused by the coal tar contam-
ination present before smouldering and the chemical reactions that
take place during smouldering. Decreased pH is associated with de-
creased cation exchange capacity in the soil, which is, in turn, linked
s loss observed in silica sand after exposure to elevated temperatures or smouldering

Mass loss

425 μm 300 μm 212 μm b212 μm Sample mass loss

%

0.00 0.00 0.00 0.00 0.00
ND ND ND ND 4.21
0.00 0.00 0.00 0.00 4.74
0.02 ± 0.001 0.01 ± 0.004 0.00 0.00 5.10
ND ND ND ND 5.37
0.09 ± 0.0003 0.07 ± 0.004 0.03 ± 0.002 0.06 ± 0.005 5.63
ND ND ND ND ND



Fig. 4. Mobilisation of particles smaller than 0.600 mm from sand exposed to heat at
250, 500, 750, and 1000 °C. Particles between 0.600 and 2.36 mm make up
99.7–99.9% of the particle size distribution in all cases.

Fig. 6. Head loss (mm) observed over time in untreated sand, heat-treated sand, and
sand after contamination with coal tar and smouldering remediation.
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to water holding capacity. Based on the heat treatment results, similar
effects are expected in soil treated by smouldering remediation,
though the presence of organic matter in the soil and its potential
melting or destruction during remediation will affect pH as well.
Though soil pH affects grain–water interactions, the changes in infil-
tration cannot be explained by pH change alone, particularly as satu-
rated hydraulic conductivity is not observed to change as a result of
high temperature exposure or smouldering remediation (Table 5).
Sand after smouldering has small amounts of chemical residue, typi-
cally below detection limits (Switzer et al., 2009). The nature and
extent of the residue are unknown, which challenges the decoupling
of physical and chemical influences on water infiltration. Although
hydraulic conductivity was not observed to be affected by heat
treatment or smouldering, the mobilisation of fines was apparent in
the effluent water of the tests carried out on 750 °C, 1000 °C, and
smouldered sands.

3.5. Summary and implications of soil changes

High temperature processes impact the dynamic properties of soils.
The results outlined above highlight the sometimes contradictory re-
sponses to high temperature exposure, particularly water dynamics.
The differences in void spaces do not fully explain the differences that
are observed in the falling head infiltration profiles. The changes in
mineralogy that are visible in all treated samples through colour
change do not correlate to the changes observed in dynamic behaviour
Fig. 5. Percentage of sand and sand/clay sample masses retained on the 1.18 mm sieve
after heat treatment and dry sieving.
as the sand is introduced to water. These results suggest that colour
change alone cannot be used as an indicator of potential changes in
soil behaviour.

Mobilisation of fines is a concern in all cases as a loss in soil mass can
result in a loss of soil stability. Heat treatment above 500 °C has been
shown to weaken and soften sandstones under loading, an effect that
is linked to dehydroxylisation of kaolinite (Ranjith et al., 2012). No
such effects were observed here, but samples were not subjected to
load and all materials were allowed to cool prior to testing. Further test-
ing would be beneficial to explore the effects on soils that are exposed
to heat and subjected to loading, particularly in the context of remedia-
tion under existing infrastructure. Even though post-remediation soil is
affected by reduced water holding capacity and capillary rise, it should
still be amenable to stabilisation techniques. The cation exchange reac-
tions of lime stabilisation may be impaired, but other aspects of the re-
mediation process may aid stabilisation. Lime stabilisation has been
shown to improve the compressive strength of quartz sand, increased
curing timehas been shown to enhance this improvement, and elevated
temperatures have been shown to enhance curing and ultimate
strength achieved (Bell, 1996). Because of their thermal inertia,
post-remediation soils are slow to cool. Reductions in lime uptake
may be counterbalanced by strategic use of soil stabilisation techniques
during the cooling process after remediation, particularly if the installa-
tion of new infrastructure after remediation is desired. Further work on
the combination of aggressive remediation and soil stabilisation pro-
cesseswould be beneficial to determine if integration of these processes
could optimise their benefits.

While further study into the links between changes in micro-scale
properties and macro-scale behaviour is needed, this work illustrates
the importance of understanding the effects of high temperature pro-
cesses on fundamental soil properties. Further work can explore
extended exposure times more reflective of thermal remediation
techniques as well more complex soil compositions. This work sug-
gests that the effects of elevated temperatures on soil properties
should be considered as part of remediation planning and mitigation
measures may be appropriate in the soil during or after exposure.

4. Conclusions

High temperature exposure in the form of thermal treatment and
smouldering remediation results in changes to soil properties. Some
links between grain-scale characteristics and dynamic behaviour
have been established. After exposure of sand to elevated tempera-
tures, particle size distribution increases and a related increase in cap-
illary rise is observed as well. Water infiltration does not seem to be

image of Fig.�4
image of Fig.�5
image of Fig.�6


Table 5
Capillary rise height, void ratio, saturated hydraulic conductivity, and pH values for silica sand retained on the 1.18 mm sieve.

Sample Capillary rise height (mm) Void ratio Hydraulic conductivity
K (m/s)

pH

Uncompacted Compacted Uncompacted Compacted

Untreated 20.63 ± 4.13 20.63 ± 1.38 0.67 0.63 9.6 ± 0.6 × 10−4 8.2
105 °C 20.63 ± 4.13 20.63 ± 1.38 0.66 0.63 7.0 ± 0.5 × 10−4 8.1
250 °C 22.00 ± 0.00 23.38 ± 2.37 0.67 0.64 5.2 ± 0.7 × 10−4 8.0
500 °C 22.00 ± 2.75 23.38 ± 1.59 0.67 0.68 5.5 ± 0.7 × 10−4 7.8
750 °C 23.38 ± 1.27 23.38 ± 1.59 0.67 0.64 5.0 ± 0.6 × 10−4 7.9
1000 °C 22.63 ± 0.00 26.13 ± 1.38 0.67 0.61 5.0 ± 1.0 × 10−4 7.8
Smouldered 16.50 ± 3.50 19.25 ± 0.00 0.70 0.63 7.3 ± 0.4 × 10−4 6.1
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affected by elevated temperature, though this observation may be a
function of exposure duration. Sand exposed to smouldering remedi-
ation exhibits more rapid water infiltration from the surface. Changes
in mineralogy are visible in all treated samples in the form of colour
change as goethite is oxidised to hematite. Changes to the quartz
crystal structures are observed at an exposure temperature of
1000 °C. Colour change alone cannot be used as an indicator of
potential changes in soil behaviour. Mass loss increases with increas-
ing temperature and may be related to the mineralogical processes
such as the dehydration of iron oxides, mobilisation of fines, and
changes in quartz structure. Smouldering treatment has similar
effects, perhaps more rapidly due to the higher temperatures
achieved. In contrast to these results, thermal and smouldering treat-
ments showminimal effects on silica sand particle and bulk densities.
The changes in soil properties may result in altered dynamics
between soil aggregates in the field. The effects of high temperature
remediation on field soils are anticipated to be more complex as
other soil fractions may be more susceptible to heating effects. Fur-
ther investigation of the effects of high temperature exposure on
soil fractions andwhole soils, especially from field sites where aggres-
sive remediation processes have been applied, is necessary to fully
understand the impact of these processes on soils. After exposure to
high temperature or smouldering remediation, soils should remain
amenable to improvement with soil amendments. Follow-up investi-
gation and monitoring after exposure is important to understand the
extent of impacts and mitigation measures that may be necessary.
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Understanding the Effects of High Temperature Processes on the Engineering 

Properties of Soils 
Comprendre les effets des procédés a haute température sur les propriétés des sols 

S.G. Zihms, C. Switzer, M. Karstunen and A. Tarantino 
University of Strathclyde, Glasgow, United Kingdom 

 

ABSTRACT: High temperature processes such as in situ smouldering and thermal remediation techniques can achieve rapid removal 
of organic contaminants from soils in much shorter time periods than traditional remediation technologies. Thermal remediation 
processes use heat or heated water to volatilise the contaminant within the soil to enable its extraction. High temperatures affect the 
particle size distribution, mass loss, mineralogy and permeability of the soil. In sandy soils, the particle size decreases with increasing 
temperature due to a mobilisation of fines, which is likely due to the bond of fines to the sand grains being affected by temperature. In 
clayey soils, the overall particle size increases with increasing temperature due to aggregation and cementation of the clay fraction. 
Permeability seems to be affected by treatment type rather than temperature alone, comparing heat treated and smouldered samples 
showed an increase of sand permeability by approximately two magnitudes.  This study illustrates the effects of high temperature and 
smouldering processes on soil characteristics and dynamic behaviour. Monitoring during and after aggressive remediation is advisable 
so that rehabilitation measures can be implemented before site redevelopment. 
 
RÉSUMÉ : Des procédés a haute température tels que la combustion lente in situ et des techniques de traitement thermique peuvent 
achever une élimination rapide des contaminants organiques des sols en beaucoup moins de temps que les technologies de traitement 
traditionnelles. Les procédés de traitement thermique utilisent la chaleur ou de l’eau chauffée pour vaporiser les contaminants dans le 
sol pour permettre leur extraction. Des températures élevées affectent la distribution granulométrique, la perte de masse, la 
minéralogie et la perméabilité du sol. Dans les sols sablonneux, la taille des particules décroît avec l'augmentation de température due 
à une mobilisation des particules les plus fines, probablement dû à la liaison de ces particules aux grains de sable, affectée par la 
température. Dans les sols argileux, la taille des particules augmente avec l'augmentation de température due à l'agrégation et la 
cimentation de la fraction argileuse. La perméabilité semble être affectée par le type de traitement plutôt que par la température 
uniquement, des échantillons traités par la chaleur ont montré une augmentation de la perméabilité du sable d’environ deux ordres de 
grandeur par rapport à ceux traités par combustion lente.Cette étude montre les effets des températures élevées et des procédés de 
combustion lente sur les caractéristiques du sol et sur son comportement dynamique. Il est conseillé d’utiliser un système de
surveillance pendant et après traitement agressif afin que les mesures de réhabilitation puissent  être appliquées avant le 
réaménagement du site. 

KEYWORDS: Thermal behaviour of soils, smouldering remediation, high temperature  
 

1. INTRODUCTION 
Soils can be exposed to elevated temperatures naturally through 
wild, forest or peat fires or through thermal remediation 
processes designed to mitigate contamination by hazardous 
organic chemicals. Most research on soil properties and their 
heat dependency is based on forest fires and therefore 
concentrates on erosion rates, ground stability and nutrients 
affected by fire severity. The effects of exposure to 
temperatures up to 500°C have been studied widely (1-4). 
Literature published on heat treatments of clay evaluates the 
effects of temperatures up to 1000°C (5). Exposures of 200 – 
850°C have been observed in soils during wildfires (2, 3, 6, 7). 
Moderate (300-400°C) and high (>450°C) temperature 
processes, such as hot water extraction, thermal desorption, soil 
heated vapour extraction, incineration or smouldering are used 
widely to treat contaminated soils (8-17). Most research on soil 
remediation techniques focuses on the remediation result and 
less on the effects the process has on the soil properties itself. In 
some cases, the effects on soil properties may be a criterion for 
selection of the remediation technique (13, 15) or the soil 
properties may influence the results (10). There is little research 
on the effects of thermal remediation processes on soil 
properties (9, 17). Based on the observations of soil erosion and 

 subsidence after wildfires, further understanding of the effects 
of high temperature remediation processes must be developed.  

The maximum temperatures observed in contaminant 
remediation vary by the process that is used. With the exception 
of smouldering remediation, all of these remediation techniques 
use heat or heated water to volatilise the contaminant within the 
soil to enable its extraction. Maximum temperatures for these 
technologies are typically adjacent to the heat source with more 
moderate target temperatures of 80-100oC achieved within the 
wider treatment zone. The contaminant must be collected and 
treated (10-12, 14-16). These processes maintain high 
temperatures in the soil for weeks to months or longer. In 
contrast, smouldering remediation uses the contaminant itself as 
fuel for the combustion reaction (8, 9, 13). In laboratory studies, 
the soil particles are exposed to high temperatures on the order 
of 1000°C for coal tars and 600-800°C for oils for up to 60 
minutes. Field scale efforts may result in exposure durations on 
the order of hours or longer.  

Elevated temperatures have been shown to alter the 
mineralogical composition of soil. These effects have been 
studied extensively in relation to the effects of wildfires on soil 
properties. Colour change in soils has been observed after 
wildfire and after smouldering remediation. In most cases it 
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changes from yellowish brown to reddish brown. This is due to 
the oxidation of soil iron content from goethite to maghemite or 
hematite (18, 19). Decomposition of soil particles, especially 
clay minerals, starts at temperatures above 550°C (2). These 
temperatures are rarely reported for wild and forest fire, but 
temperatures up to 1200°C can be achieved during smouldering 
remediation (8, 9). 

This study aims to characterise the effects of moderate and high 
temperatures as well as smouldering on soil properties to 
determine the impact changes will have to the soil and predict 
possible complications that may arise during or after 
remediation treatment. Silica sand and kaolin clay are used as 
constituents of a synthesised simple soil. Clean untreated, heat-
treated and contaminated/smouldered materials are evaluated to 
determine the impacts of the treatment conditions on soil 
properties. 

2. MATERIALS AND METHODS 

Coarse silica sand (Leighton Buzzard 8/16, Sibelco, 
Sandbach, UK) and kaolin clay (Whitchem Ltd, UK) were used 
as the base soil for all of the experiments. The sand contains 
99% silicon-dioxide, has a mean grain size of 1.34 and a bulk 
density of 1.7g/cm3 (8).  The sand and clay were accepted as 
received and the sand was subjected to the same pre-treatment. 
A programmable muffle furnace (Nabertherm L9/11/SKM, 
Nabertherm GmbH, Lilienthal, Germany) was used for all 
heating experiments. The sands evaluated after smouldering 
remediation were prepared in a 3m3 experiment involving coal 
tar mixed with coarse sand. The initial concentration of this 
mixture was 31000 ± 14000 mg/kg total extractable petroleum 
hydrocarbons before treatment and the average concentration 
after smouldering remediation across the majority of the vessel 
was 10 ± 4 mg/kg (9).  

 

2.1 Sample Preparation and Heat Treatment 

The silica sand was washed and wet sieved using a 425µm 
screen to eliminate any loose fines and air dried for several 
days. In case of mixed samples the dried silica sand was mixed 
with 10% mass kaolin clay and 5% moisture content before 
being heat treated. For each test, the required amount of samples 
was heated in the furnace following the heat treatment 
programmes listed in Table 2. 

Table 1. Heat treatment programs 

 

After the required exposure duration, the samples were removed 
from the muffle furnace and placed in a desiccator to cool. 

Samples heated to temperatures above 500°C were allowed to 
cool in the furnace to 200°C before transfer to the desiccator.   

2.2 Laboratory Testing 

Particle density was measured using the gas-jar method suitable 
for coarse soils. Minimum density was measured using 1000g 
of sand in a 1Ll glass measuring cylinder with 20mL graduation 
BS1377-2:1990 and BS1377-4:1990). Maximum density was 
determined using the vibrating hammer method (BS1377-
4:199). Particle size distribution for the sand was determined 
using a sieving method (BS1377-2:1990) using1.18mm, 600µm, 
425µm, 300µm and 212µm sieve sizes. The Atterberg Limits 
for the clay were determined using the cone penetration and 
rolling methods as outlined in BS1377-2:1990.  

The sand-clay mixtures were prepared by dry-mixing 90% sand 
and 10% clay (by mass) and then adding distilled water to 
achieve a 5% moisture content. The sample was the thoroughly 
kneaded in a plastic bag by hand for 10 minutes and allowed to 
rest for 2 hours before any heat treatment. 

3. RESULTS AND DISCUSSION  

3.1. Mineralogy 

During the heat treatment testing and after smouldering 
remediation, a colour change of the silica sand was observed 
(Figure 1). Exposure of this material to high temperatures 
results in colour change from yellowish brown to reddish brown 
with increasing temperature for the silica sand grains and a 
change from yellow to pinkish red for the crushed silica sand. 
This colour change is associated with the dehydration reaction 
of goethite with increasing temperatures to form hematite or 
maghemite. During the dehydration, the density of the iron-
hydroxide increases from 4.3 mg/m3 for goethite to 5.2 mg/m3 
for hematite (20). The sand is comprised primarily of silicon 
dioxide; iron oxides make up a small fraction of its 
composition. High temperatures may cause additional changes 
in mineralogy that may be less likely to be detected by visual 
examination (18, 21).  For example, silicon dioxide becomes 
unstable with high temperatures and forms silica polymorphs 
such as trydimite or cristobalite (20, 22). Thermal treatments 
(100-1200°C) on fly ash have transformed quartz minerals to 
cristobalite and smaller particles exhibit a characteristic glassy 
composition due their faster cooling time (23). 

 

Figure 1. Silica Sand grains and crushes grains after heat 

treatment 

Sample 
Name 

Pre-
heating 

time 
(min)  

Peak 
temperature  

for 60min 

cooling 
down time 

(min) 

Untreated       

105 30 105°C (24h) 0 

250 30 250°C 0 

500 30 500°C ~ 60 

750 60 750°C ~ 180 

1000 60 1000°C ~ 240 
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During testing that required the addition of distilled water, the 
clay was observed to discolour in the mixed samples, but the 
distilled water stayed clear (Figure 2). This is very likely 
associated with the iron oxidation reaction described above. It is 
possible that this surface reaction enables some of the iron 
oxides to become mobile and attach themselves onto the clay 
particles causing this discolouration (24). In the clay-only 
samples, slight colour changes from white to greyish white were 
observed. In the smouldered samples for 10% clay and 20% 
clay mixtures with sand, the colour change was to a darker grey 
than the heat-only samples. This colour change was likely 
influenced by staining from the coal tar as well as the inherent 
colour change of the kaolin. 

       Figure 2. A:Kaolin clay (sand-clay mixture) fraction 

after heat treatment; B: Kaolin only after heat treatment 

3.2. Particle Size Distribution and Densities 

In contrast to mineralogy, elevated temperatures did not seem to 
affect the particle density or minimum/maximum bulk densities 
of the silica sand. No real relationship was apparent between 
treatment temperature and density. For the particle density, the 
values are consistently near 2.65mg/m3, which is a value that is 
widely used in geotechnical engineering calculations. The 
maximum and minimum densities are equally unaffected by 
heat treatment or smouldering. These observations are not 
consistent with the literature on wild and forest fire effects on 
soil properties, which suggests that bulk density would increase 
with temperature (1, 2). The lack of organic matter may explain 
the contrast. The results in this study, which show no significant 
change in density, suggest that the changes in soil density that 
are observed after wildfires are associated primarily with effects 
on organic matter and potentially the smaller silt and clay–sized 
particles.  

Heat treatment has a small but appreciable effect on particle size 
distribution. As exposure temperature increases from 250 to 
1000°C, the sample retained on the 1.18mm sieve increases. 
The variation in particle size distribution may be linked to the 
loss of mass beyond the initial moisture content. As temperature 
increases, mass loss increases. Although there is a dehydration 
reaction from goethite to hematite in the sand, the fraction of 
iron oxide relative to the total composition of the sand is too 
small for this reaction alone to account for the whole additional 
mass loss. For the silica sand kaolin clay mixture the trend is 
slightly different (Table 3). The sample retained on the 1.18mm 
sieve increases very slightly for 250°C, followed by an overall 
decrease for 250, 500, 750 and 1000°C. For 105 and 250°C the 
clay coats the sand grains allowing them to be retained on the 
1.18mm sieve, for temperatures above 500°C this coating is 
destroyed resulting in less sample being retained. The coating 
effect increases the sand fraction >1.18mm by 7 to 16% 
compared to the higher temperature samples. This is not an 
increase in the sand fraction but an increase in grains the size of 
this fraction due to the additional clay coating. This coating 
could have an impact on the permeability and shear behaviour 
of these lower temperature samples after heat treatment 

depending on how easily it can be destroyed or removed by 
grain interaction or interaction with water.  

Table 2. Sieve analysis results for silica sand – 10% kaolin 

clay mixtures (5% MC) for different heat treatments 

Sample 

SIEVE ANALYSIS 

1.18mm <1.18mm 

% retained 

105 81.8 ± 1.9 18.2 ± 2.1 

250 82.7 ± 0.8 17.3 ± 1.0 

500 74.5 ± 3.2 25.5 ± 3.6 

750 65.6 ± 3.6 34.4 ± 3.7 

1000 67.7 ± 0.8 32.3 ± 1.5 

 
3.3. Atterberg Limits for kaolin clay 

High temperature processes impact the dynamic properties of 
soils, particularly liquid and plastic limits at the highest 
temperatures. This impact on the clay fraction can lead to 
changes in dynamic behaviour for the clay – sand mixtures. The 
Atterberg limits for the temperature treatment up to 500°C are 
similar, especially the liquid limits are all within 64±2%, where 
the liquid limit for 750°C increases to 81% (Table 3) and this 
clay has a very high plasticity range compared to the lower 
temperatures. This is likely due to the increased dehydration of 
the clay at this temperature. These results are in contrast to Tan 
et al (2004) (5) who recorded an decrease in both liquid and 
plastic limits with increasing temperature treatment, including 
non-plastic behaviour for the clays above 400°C. This 
difference in behaviour can be two-fold. Firstly it can an affect 
based on the state of the tested sample, especially in regards to 
initial moisture content. Tan et al (5) uses over consolidated 
natural clays from Turkey, where this study investigated 
commercial loose kaolin powder with no moisture content. 
Secondly, the behaviour can be based on the main mineral 
contained in the sample, montmorillonite (2:1 clay) for the 
natural clays from Turkey compared to kaolinite (1:1 clay) for 
the commercial powder samples. Kaolininte does not swell in 
the presence of water whereas montmorillonite does swell. 
Based on this distinction, the responses of montmorillonite and 
other swelling clays to heat treatment may be different from the 
responses of kaolinite. Further work is necessary to explore the 
responses of montmorillonite and other clay minerals during 
thermal and smouldering remediation processes.  The liquid 
limit test for the sample treated at 1000°C was not possible due 
to the clay not mixing properly with the water and behaving 
slightly non-newtonian, which means as the mixing motion 
stopped the sample liquefied and it was impossible to create a 
testable sample. Initially, the clay mixed well with the water and 
it was possible to produce a paste but with increasing water 
content the behaviour changed and the sample only stayed solid 
under a constant mixing motion, after stopping the mixing the 
sample quickly liquefied and dispersed. Storage in a sealed 
container did not yield different results. In contrast to the other 
samples (105-750°C treatments), no clay paste was formed. 
Instead, a stiff clay layer formed at the bottom of the bag with 
an overlying layer of clean water (Figure 3). This is an 
unexpected behaviour of the clay and no explanation has been 
found in the literature. It is likely that the temperature of 
1000°C causes de-hydroxylation of the clay minerals, followed 
by aggregation of the particles and sintering (25). The net result 
is that the kaolin particles seem to become hydrophobic. The 
induced hydrophobicity will affect dynamic properties of the 
soil such as grain-grain and grain-water interactions. 
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Table 3. Atterberg Limits and BSCS for kaolin clay for 

different treatment temperatures 

1: Not determined 

In swelling clays, the effects are expected to be similar to those 
observed in kaolinite, though based on previous work (5), the 
shift toward hydrophobic particles may occur at lower 
temperatures. Because other clays are swelling, the effects of 
the dehydration and melting reactions are expected to have 
more substantial effects on clay volume as well as grain-grain 
and grain-water interactions. This work has demonstrated that 
high temperature remediation processes may have significant, 
long-term effects on soil properties and these effects must be 
taken into account as part of a holistic approach to aggressive, 
high-temperature soil remediation.  

 

Figure 3. Kaolin clay after 1000°C treatment 
 

4. CONCLUSIONS 

High temperature exposure in the form of thermal treatment 
and smouldering remediation result in changes to soil 
properties. These changes are very likely to affect dynamic 
behaviour such as infiltration, permeability and shear 
behaviour. The impact appears to be different depending on 
the sample composition, sand only or sand-clay mixtures. 
This is due to the mineralogical composition and grain size 
of these two soil components. This study shows that some 
results are in contrasts to similar tests (kaolin compared to 
natural clays from Turkey) and this highlights the 
complexity of soils and their behaviour. This study gives a 
good insight into possible changes due to thermal or 
smouldering treatment. It shows that even lower 
temperatures (<500°C) can have an impact on the soil, 
especially on the clay-sand mixture samples. The observed 
coating of sand particles by clay can impact the infiltration 
and shear behaviour of the sample. If the coating can be 
easily removed than this can affect the structure of the 
sample and in turn weaken the sample or cause collapse 
after infiltration. This coating can also protect the sand 
grains from further impact by heat treatment and stabilise 
the sample. Further analysis is required to fully understand 
the effect of the clay coating and its stability. The change of 
Atterberg limits for the kaolin clay with increasing 

temperature shows that very high temperatures (1000°C) 
can severely change the behaviour of the soil. Further 
testing with other clays is necessary to fully understand the 
relationship between mineralogy and Atterberg Limits.     
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Sample 

Liquid 
Limit 

Plastic 
Limit 

Plasticity 
Index Plasticity Chart 

Classification wL  wP Ip 
% 

105°C 64.4 35.9 28.5 
MH: silt, high 
plasticity 

250°C 63.7 30.8 32.9 
CH: clay, high 
plasticity 

500°C 65.2 42.7 22.6 MH: silt, high 
plasticity 

750°C 81.6 57.4 24.1 MV: silt, very 
high plasticity 

1000°C ND1 ND ND ND 



APPENDIX B 

B.1 Shear box data sets used in analysis for silica sand and silica sand 

+ 10% kaolin 

B.2 Discarded Shear box data sets for silica sand and silica sand + 10% 

kaolin 
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SILICA SAND + 10% KAOLIN 

 























 



 

APPENDIX B.2 



 

 

Untreated 50kPa 1: no peak developed Untreated 100kPa 1: no peak developed Untreated 150kPa 3: dip in shear strength after                   

25mm displacement 



 

105°C 50kPa 2: no peak developed   105°C 100kPa 1: fluctuations after 25mm displacement, no peak developed  

105°C 150kPa 1: no peak developed 



 

250°C 50kPa 3: fluctuations after 30mm displacement  250°C 100kPa 1: no peak developed 



 

500°C 50kPa 2: dilatant behaviour inflection point not in line with peak shear stress value 

500°C 150kPa 1: no dilatant inflection point 



 

750°C 50kPa 3: dilatant inflection point not in line with peak shear stress  750°C 100kPa 3: inconsistent dilatant behaviour 

750°C 150kPa 3: drop in shear stress at 25mm displacement 



 

1000°C 50kPa 1:no dilatant inflection point  1000°C 100kPa 1: no dilatant inflection point  

1000°C 150kPa 3: no dilatant inflection point 



 

Smouldered (large scale) 50kPa 2: no peak shear stress 

 


