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1. Er zijn meer overeenkomsten dan verschillen tussen de twee belangrijkste 
concepten voor de vorming van ijslenzen (te weten het star-ijs'-concept 
[Miller, 1972] en het scheidingspotentiaalconcept [Konrad, 1980]). 

Dit proefschrift, 5.1. 

2. Het imaginaire deel van de dielektrische constante zoals is voorgesteld 
door Yanuka et al. [1988], dient slechts als een soort ijkconstante voor de 
metingen van de bulk elektrische geleidbaarheid met behulp van tijddomein-
reflektoraetrie en heeft verder geen fysische betekenis. 

Dit proefschrift, 3.2. 

3. Bij metingen van de dielektrische konstante van vloeibaar water dient men 
er rekening mee te houden, dat deze in de onmiddellijke nabijheid van ijs 
lager is dan in water op grotere afstand. 

Dit proefschrift, 3.3. 

4. Het concept van 'thermodynamisch evenwicht in bevriezende poreuze media is 
een contradictio in terminis. 

5. Uit de experimenten van Vignes-Adler mag niet geconcludeerd worden dat de 
temperatuurgradient over de 'frozen fringe' geen invloed heeft op de vorst-
heffing. 

M. Vignes-Adler, 1976, Etude fondamentale de la congelation des milieux 
disperses a 1'echelle du pore, C.N.R.S. these, Paris, France. 

6. Anergie is een in de thermodynamika ten onrechte verwaarloosd begrip. 

7. Voor goed inzicht in de ventilatie van tuinbouwkassen kan niet worden vol-
staan met alleen schaal- of computermodellen. 

T. de Jong, 1990, Natural ventilation of large multi-span greenhouses, 
proefschrift Landbouwuniversiteit Wa gen in gen. 

8. Het opdrogen van dauw is sterk afhankelijk van de gezondheidstoestand van 
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M.Y. Leclerc, G.W. Thurtell and T.J. Gillespie, 1985, Laboratory simulation 
of evaporation of water droplets on artificial soybeans, Agric. Meteorol. 
36, pp 105-111. 

9. Indien lage concentraties ethyleen foto-akoestisch on-line worden gemeten, 
bijvoorbeeld als hormoon van verwelkende bloemen, is het aan te bevelen 
poly-ethyleen aan- en afvoerslangen af te schermen tegen (UV)- licht. 

D.D. Bicanic, A. Solyom, G. Angeli, H. Wegh, M. Posthumus and H. Jalink, 
1991, J. Applied Spectroscopy (submitted). 



10. Het is mogelijk om met behulp van de inverse foto-pyro-elektrische methode 
de relatieve waarde van de thermische effusiviteit van een monster in 
gecondenseerde fase te bepalen. 

D.D. Bicanic, M. Chirtoc, D. Dadarlat, W.K.P. van Loon and I. Chirtoc, 
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11. Indien compost als een poreus medium wordt opgevat, dient het "Reference 
Elementary Volume" (REV, referentie volume-element) in de orde van 1 dm' te 
zijn. 

J. Bear, 1987, Mathematical modeling of transport in porous media, VKl 
lecture series 1988-01, Von Karman Institute, Brussel Belgie. 

12. 'Beta-mensen' hebben te veel en te weinig invloed. 

13. Houtjes-touwtjes technologie kan nog altijd een wezenlijke bijdrage leveren 
aan actueel technisch-wetenschappelijk onderzoek. 

14. Wetenschap bedrijven is soms niets meer dan het bevestigen van boeren-
wijsheden. 
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bits digitale benadering van een analoog proces. 
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A B S T R A C T 

Loon, W.K.P. van, 1991. Heat and mass transfer in frozen porous media Ph.D. 

Thesis, Agricultural University Wageningen, the Netherlands. 

200 pp., 203 eqs., 49 figs., 23 tables, 119 refs, English and Dutch summary. 

In this thesis processes and parameters associated with heat and mass transfer 

in frozen porous media both on a theoretical and empirical basis are studied. To 

obtain the required measurements some existing measuring methods needed to be 

improved. 

Firstly, an improved model has been developed for the measurement of thermal 

conductivity with use of the nonsteady-state probe method. The measurements of 

thermal conductivity indicate four separate effects caused by the freezing 

process. 

The second improved measuring method is the measurement of bulk electrical con­

ductivity with use of time-domain reflectometry. 

And the third improvement is the use of the dispersion theory in the description 

of relations between water content and bulk electrical conductivity or dielec­

tric constant. 

This thesis shows that time-domain reflectometry can be used to measure the 

unfrozen water content and bulk electrical conductivity simultaneously under 

frozen conditions and that from the latter parameter solute redistribution can 

be monitored. 

From the measured heat flows a time delay in the forming of pore ice can be 

concluded. From the measured moisture transport (resulting in frost heave) a 

relation with some soil properties could be established. For some of the 

materials studied a minimum temperature gradient has been observed at which 

heave starts. From this and other results an effort was made to come to a 

synthesis of the rigid ice concept and the segregation potential concept. 

The thesis finishes with some recommandations in connection with the improvement 

of soil structure by freezing, frost heave and artificial ground freezing. 

Key words: bulk electrical conductivity, dielectric constant of water, frost 

heave, ice lenses, in situ measurements, mixing rules, nonsteady-

state probe method, pore ice, segregation potential, solute redis­

tribution, thermal conductivity, time-domain reflectometry, unfrozen 

water content. 
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PREFACE 

The writing of this part means that the thesis work has been completed and that 

it is time to look back to the last few years. It is a good feeling to recall 

all the (small) steps that formed together the exploration through the field of 

frozen porous media. The exploration has been carried out in cooperation with 

many people. 

In the first place I am greatly indebted to the people who selected me for the 

job and coached me during the last few years. 

With Hennie Boshoven, who assisted in designing and performing the experiments, 

I shared most time during the research. He showed me around in the department 

and the rest of the university. I am grateful for his technical coaching. 

As co-promotor, Ies van Haneghem took care of the general line and evaluation of 

the research. I enjoyed the scientific discussions with him. I am grateful for 

his general and scientific coaching. 

With my promotor, Jaap Schenk I discussed each page of this book at least four 

times. He, and also Ies, made a far better product of my drafts. I am grateful 

for his scientific coaching. 

As a real Wageningen' scientist, Bert Wartena took care of the possible appli­

cation of the research on the field of soil science and civil engineering. I am 

grateful for his practical coaching. 

The experiments could not have been realised without the men with the 'golden 

hands' from the Duivendaal-location. I owe a lot to the skills and good ideas of 

Anton Jansen, Teun Jansen, Willy Hillen, Dimitri van den Akker, Ate Brink, Peter 

Jansen and Kees van Asselt. The latter also taught me a lot about measuring 

electronics. 

In fact the work could not have been realised without the friendly and enthu­

siastic atmosphere of the former department of Physics and Meteorology, and 

later the two departments: Meteorology, and Agricultural Engineering and 

Physics. 

One of the stimulating circumstances was the cooperation with (former) students, 

that spent a few months in our project: Wilfred Otten, Ger Cruts and Erik Boons 

from Wageningen; Tim Allen and Al Bertrand from Guelph, Canada; and Wido 

Westbroek from Waterloo, Canada. 



The cooperation was not limited to the own department(s). I appreciated the 

discussions with Arie de Keizer in the field of physical chemistry. With Chris 

Dirksen I enjoyed discussing soil physics and the different models for frost 

heave. I am greatly indebted to him for the permission to use his cable tester 

to perform the time-domain reflectometry measurements. Without this cable tester 

a large part of the experiments could not have been performed. 

I am grateful to all the people that performed part of the analysis: Willy 

Ackerman (water retention and hydraulic conductivity), Twan Jongmans (geological 

determination of the soils), Anton Korteweg (specific surface area), Ab van der 

Linde (zeta potential) and Tini van Mensvoort (cation exchange capacity). 

The research has not only been carried out in Wageningen. With great pleasure I 

remember the time I spent in Guelph, Canada. In that respect I feel greatly 

indebted to Bev Kay, who invited me to stay half a year at the department of 

Land Resource Sciene at the University of Guelph, Ontario, Canada. He gave me 

the opportunity to work in an internationally respected group and to learn a lot 

about ground freezing. 

One of the people who made this period so motivating was Pieter Groenevelt. I 

appreciated not only the vivid scientific discussions with him, but also the 

social events he organised. 

But my stay in Canada has become extraordinary fruitful by the interaction with 

Ed Perfect. His conscientiousness, his feeling for language and his profound 

knowledge of scientific literature made it a big pleasure to write articles with 

him. And of course the friendship, that he and his wife Barbara Burton offered, 

made the stay in Canada very pleasant. 

Also in the Netherlands I appreciated the opportunity to work with people fro-

minstitutes outside Wageningen. The Northern Road Testing Laboratorium in 

Groningen gave me some insight in the practical testing methods used in road 

construction. 

Hans Bakker introduced me in some of these methods and in other details how 

business is done in the road construction world. 

With Jaap Zeilmaker, then working at the Road and Hydraulic Engineering 

Division, Public Works Department in Delft, I often discussed frost heave 

measurements. Furthermore we traveled together beyond the Polar Circle to attend 

a conference on frost in geotechnical engineering. 



With his successor at the Public Works Department, Wouter van Schelt, the 

cooporation has been continued. This will soon result in a movie about frost 

heave in porous media. With respect to the technical realisation of the movie I 

am also indebted to Wim van Hof from our university. 

After the thesis had been (type-)written and drafts of the figures had been 

made, the work needed to be transformed into a book. In that respect I owe a lot 

to Hedy D'hondt-de Jong, who restyled the thesis, worked out the equations and 

tables, and made the layout consistent. 

The large amount of figures in this book were skillfully drawn by Paul van 

Espelo. I am also largely endebted to him for the design of the cover. 

I am convinced that doing a Ph.D.-research does not imply that you have to work 

day and night, but there should be time for other things as well. 

Therefore I would like to finish this section with a 'thank you' to Anita van 

Hoof. The start of the thesis research was also the start of forming one house­

hold with her. It was and still is a source of joy and inspiration. This has 

even become stronger after the birth of our son Kors. 

So 'thanks' Anita and Kors for keeping me in touch with life. 



1 INTRODUCTION 

1.1 Fields of interest 

Frost phenomena in porous media are important before all in agricultural engi­

neering. The major field of interest is probably ground freezing. Since ages 

farmers know that seasonal ground freezing might cause an improvement of the 

soil structure. Perfect et al. [1990b] proved that freezing increases the wet 

aggregate stability, while the dispersible clay content decreases. This suggests 

flocculation and/or cementation by precipitates formed at low unfrozen water 

contents. Artificial ground freezing is important in technical engineering: it 

is applied in constructing shafts and tunnels. Recent state of art articles on 

this subject have been written by Klein [1988] and Harris [1988]. Artificial 

ground freezing can also be used in paralysing serious soil contamination, 

because pollutants are to a high degree impeded to move in frozen soils (or 

through a barrier of frozen soil) [Sullivan and Stefanov, 1990]. 

Frost phenomena in porous media are also important in civil engineering: they 

might cause severe damages to road constructions and buildings. Even in the 

Netherlands the cost due to frost damage to roads is about Dfl 100 million 

($ 50 million) per annum [Werkgroep E4, 1986]. Special attention needs to be 

paid to the foundations of roads. 

Because in our country a shortage of workable sands exists, new materials are 

investigated on their suitability. A group of possible substitutes are the waste 

materials. Over six million tonnes of construction waste is produced each year 

in the Netherlands [Van Loon and Zeilmaker, 1989a]. This material consists of 

more than 80% of stone materials. An attendant advantage to recycLe these 

materials is the less rapid growth of refuse dumps, which form a serious problem 

in our densely populated country. 

Other applications of frost in non-homogeneous media are conservation techniques 

by freezing (for instance food, sperm or human organs) and freeze- drying pro­

cesses . 



1.2 Macroscopic freezing test 

The present research will be concentrated on seasonal ground freezing. Let us 

first describe a sample experiment that shows the major process: heave caused 

by a temperature gradient in one dimension. This restriction to one dimension 

agrees well with reality, because in natural soils the transport phenomena 

caused by freezing occur mainly in the vertical direction. If temperatures are 

measured and pictures are taken, it is possible to monitor all parameters 

involved: temperature, position and heave. 

In Fig. 1.2.1 it can be seen, that a crack is forming and widening, which means 

that it is filled with pure ice. This is called an ice lens. The growing ice 

lens actually heaves the soil. With thermocouples the temperature can be 

measured. The position of the 0°C isotherm can then be determined by inter­

polation. It appears to be about 15 mm below the warm side of the ice lens. That 

means that there has to be a zone between the 0°C isotherm and the warmest ice 

lens, where water transport takes place. Miller [1972] called this zone the 

frozen fringe. In the frozen fringe pore ice coexists with unfrozen water layers 

around the soil particles (see Fig. 1.2.2). These unfrozen water layers are 

thinner at lower temperatures because the thermodynamic equilibrium between ice 

and unfrozen water shifts to ice at lower temperatures. The mobility of the 

unfrozen water is expressed in the hydraulic conductivity kff inside the frozen 

fringe. Analogue to unsaturated soils the hydraulic conductivity in frozen soils 

is very (liquid) water dependent. 

1.3 Microscopic model 

The heaving process is not to understand from a macroscopic point of view, 

because on this scale water transport at temperatures below 0°C is impossible. 

To understand the existance of the frozen fringe and the transport of liquid 

water through this zone, it is necessary to study the frozen fringe on a micro­

scopic scale. Water can remain unfrozen at temperatures below 0°C due to the 

interaction between the dipole of the water molecules and the surface charge 

(related with the crystallographic properties) of the soil particles [Miller, 

1972]. 



A. at 170 hours after start of test; B. at 226 hours 

Fig. 1.2.1 Pictures of growing ice lenses in a freezing loamy sand during 
freezing test, with at z=50 cm the top of the soil column, at 
z>50 cm the cooling plate, at z=49 cm the ice lens with developing 
drying crack to z=45j cm and at z=49 and 44 cm measuring probes 
(e.g. thermocouples). 

The unfrozen water content at a certain temperature is increasing with an in­

creasing specific surface area according to Horiguchi [1986], in which the spe­

cific surface area S is the sum of particle surfaces per unit of soil mass. The 

relation between specific surface area and frost heave was shown by Rieke et al. 

[1983] and Horiguchi [1985]. Another parameter which relates closely to S is the 

amount of small particles $ (Analogue parameters of $ are the silt and clay 

fractions of the granular materials) . All soil physical and electro-chemical 

properties will be defined in section 2.1. 
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Fig. 1.2.2 Schematic cross section ot the frozen fringe (with lower temper­
atures at the top). Note that the thickness of the unfrozen layers 
is increasing at increasing temperature. 

Apart from S, the thickness du of the unfrozen water layers is an other impor­

tant parameter that determines kff; du is not only a function of the tempera­

ture, but also a function of the surface charge. The surface charge density can 

be expressed with the zeta-potential (?, see section 2.1). Powder materials with 

a large surface charge are more frost susceptible than powders with small sur­

face charges, even if the surface area per unit volume is the same [Horiguchi, 

1985] . The surface charge creates an electrical field which acts in two dif­

ferent ways. Firstly, it binds ions in an electrical double layer, so the unfro­

zen water content increases. Secondly, it binds the closest water layers more 

tightly: water molecules close to a clay surface are less mobile than water 

molecules close to a sand surface. A parameter which is closely related to the 

total surface charge is the Cation Exchange Capacity (CEC, see section 2.1). 



The phenomenon is even more complicated, as the surface charge on its turn is 

influenced by the acid rate pH, because most of the soil particles (and the 

concrete) consists of oxydes [Gregg and Sing, 1982]. It may be clear that we 

need some simplification in order to come to a practical model for du. Because 

the measurements for CEC and 5 are relatively easy to obtain, we assume that 

those two parameters together define well enough the complex interactions 

between the electrical charges to obtain a relation for du (the influence of pH 

is built in these two parameters). So we state: 

du = f(CEC,C) (1.3.1) 

From the above paragraphs we can conclude that the hydraulic conductivity in the 

frozen fringe is a function of the following parameters: 

kf f = f($,S,CEC,C) (1.3.2) 

From relation (1.3.2) it can be concluded, that the determination of soil physi­

cal and soil chemical parameters is required to give a better understanding of 

the soil freezing process. 

1.4 Aim of the thesis 

To investigate the transport phenomena that occur during soil freezing it is 

necessary to describe the physical processes involved, both on microscopic and 

macroscopic scale. Next, those processes have to be pictured into models and 

from these models mathematical equations can be developed. The models and 

equations can only be developed on the basis of empirical results. Thus, the 

purpose of the thesis is to investigate processes and parameters associated with 

heat and mass transfer in frozen porous media on an empirical basis. In this, 

the transport processes are limited to the simultaneous fluxes of heat, water 

and solutes (relative to the soil matrix) in response to gradients of temper­

ature, hydrostatic pressure and solute concentration. 

Transfer of any component can occur as a result of a direct process or as a 

result of coupled processes [Perfect et al., 1991]. However, the driving force 

for most freezing processes is the temperature gradient [Konrad and Morgenstern, 



1980]. Thus, the major field of interest in this research is the behaviour of 

the three earlier mentioned fluxes as a result of the temperature gradient. 

Because the coupling processes are so important, it would be useful1 to estimate 

in situ all the parameter involved: 

temperature, water content, solute concentration, thermal conductivity, 

hydraulic conductivity and diffusion coefficient. 

Of those parameters, temperature is the only one which can be measured easily in 

situ (by means of thermocouples, thermistors or electronic devices like AD-590). 

A comprehensive review of different methods to measure unfrozen water contents 

was presented by Anderson and Morgenstern [1973]. Significant improvements have 

been achieved since that time. Patterson and Smith [1984] introduced the use of 

time domain reflectometry (TDR), which gave a fast and easy method to determine 

the unfrozen water content. 

The in situ measurement of solute concentration in frozen soil is very compli­

cated. The only direct method used is the extraction of very small quantities of 

solution. However, the unfrozen water content is small and hard to extract. 

Probably the most convenient in situ method is measuring soil electrical conduc­

tivity. This is also possible using TDR [Dalton et al. 1984]. Some imprbvement 

of this method is developed (see section 3.2) and also better relations are 

derived between measured soil electrical conductivity and solute concentration 

(section 3.3). 

A comprehensive review of different measuring methods of thermal properties of 

soils is given by Farouki [1986]. One of the major in situ methods is thermal 

conductivity measurement with the nonsteady state probe method [Bruijn et al., 

1983]. Our laboratory has a large experience in performing these measureaents 

[De Vries, 1952, Van Haneghem, 1981 and Van Haneghem and Leij, 1985]. Some im­

provements of this method are yet introduced (see chapter 3.1). The results of 

the thermal conductivity measurements are given in section 4.1 and incorporated 

in the heat balance equation in section 4.2. 

The direct measurement of liquid and ice pressure in frozen soils needs to be 

developed further [Kay and Perfect, 1988]. Therefore it is hard to give esti-



mates of the in situ hydraulic conductivity. Konrad and Morgenstern [1980, 1981] 

showed that another parameter is representing the influence of the soil on the 

water transport in freezing soils: the seggregation potential (SP). This para­

meter relates the water flux to the temperature gradient. The segregation poten­

tial will be discussed in section 4.3. 

The most important mechanism for solute redistribution in frozen porous media 

appears to be the reverse osmosis: the transport of solutes that occurs in con­

junction with the unfrozen water [Perfect et al. 1991]. Therefore the self dif­

fusion coefficient (expressing the coupling between solute transport and con­

centration gradients) has not been investigated. The solute redistribution by 

unfrozen water flow is investigated in section 4.4. 

1.5 Overview of the thesis 

In this thesis the following chapters will come along. In chapter 2 all relevant 

models, equations and definitions are reviewed, consisting of (2.1) definitions 

of all soil physical and electrochemical properties, (2.2) theory of time domain 

reflectometry and (2.3) the equations of heat and mass transfer in frozen soils. 

In chapter 3 the (improved) measuring procedures and relations are presented 

including (3.1) the thermal conductivity, (3.2) the bulk electrical conductiv­

ity, (3.3) the relation between bulk electrical conductivity and solute concen­

tration and (3.4) the general experimental set up. Knowing the procedures to 

measure the different parameters in chapter 4 first the thermal conductivity 

measurements below 0°C are discussed (4.1), then the fluxes of heat, water and 

solutes are presented (in 4.2, 4.3 and 4.4, respectively) and in (4.5) the 

influence of solutes on heave is discussed. In chapter 5 the results and conclu­

sions of the different chapters are related to one another and compared with 

recent literature. 

During the past four years parts of the research have been published as indepen­

dent articles in several journals and conference proceedings. Most of these 

articles have been incorporated in the thesis with some minor corrections. 

However, the first article published (4.1) needed to be revised to a greater 

extend, due to a growing understanding of the complicated influence of the 



freezing proces on the thermal conductivity. The articles can be found in the 

following sections: 

3.1 Loon W.K.P. van, Haneghem I.A. and Schenk J., 1989b. A new model for the 

nonsteady state probe method to measure thermal properties of porous 

materials, Int. J. Heat Mass Transfer 32, pp 1473-1481. 

3.2 Loon W.K.P van, Perfect E., Groenevelt P.H. and Kay B.D., 1990b. A new 

method to measure bulk electrical conductivity in soils with time-domain 

reflectometry, Can. J. Soil Sci. 70, pp 403-410. 

3.3 Loon W.K.P van, Perfect E., Groenevelt P.H. and Kay B.D., 1991. Application 

of dispersion theory to time-domain reflectometry, J. Porous Media (in 

press). 

4.1 Loon W.K.P. van, Haneghem I.A. van and Boshoven H.P.A., 1988. Thermal and 
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2 THEORY 

2.0 Introduction to the chapter 

The essence of transport processes is that a gradient of an external property 

(e.g. temperature, pressure or concentration) causes a flux. For most practical 

applications a linear relationship is adopted. So the flux is proportional to 

the gradient of the given external property and with a certain characteristic of 

the medium. In section 2.1 all soil characteristics are described that might 

influence the transport processes in freezing soil. Here not only the direct 

coupling parameters are described, but also properties that largely influence 

the coupling parameters. Some soil properties are largely influenced by the 

water content. The measurement of water content is described in section 2.2. 

The measuring methods for these properties (that are mainly standard methods) 

have been indicated in principle. Only for those properties where the measuring 

method has been part of the present research a more detailed treatment is given. 

The chapter finishes with the description of the transport processes in frozen 

porous materials in section 2.3. 
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2.1 Theory of different soil analyses 

Particle size analysis is the measurement of the size distribution of individual 

particles in a soil sample [Koorevaar et al, 1983] and is important to classify 

the soil. Particle size distribution curves are used extensively by geologists 

to evaluate sedimentation and alluvial processes. By civil engineers it is used 

to evaluate materials for (road) foundations and other constructions. It is also 

used as a selection criterion in the frost susceptibility of roads [Roe and 

Webster, 1984, Jessberger and Jagow, 1989]. 

Many physical and chemical properties of the soil are largely determined by 

the surface area of the soil particles. For instance physical adsorption of 

molecules and heat loss or gain resulting from that adsorption are closely 

related to surface area. Also the transport of water in the frozen fringe, that 

is supposed to take place close to the surface of the soil particles is related 

to the surface area [Ratkje et al. , 1982]. Cation exchange capacity and water 

retention are closely related to the specific surface area [Klute, 1986]. 

Usually this property is defined as the surface area per unit of mass soil 

(in m2/g). Different soils may vary widely in their surface area because of 

differences in mineralogical and organic composition and in particle size dis­

tribution. Clay-size particles contribute much more to the inorganic Surface 

area of soils than e.g. sand-size particles. 

Due to the charged surface of the soil particles, water molecules are More or 

less ordered in the resulting electrostatic field. Because of this ordening the 

water molecules do not fit in the crystal structure of ice and the water remains 

unfrozen at temperatures just below 0°C (the water will freeze at lower temper­

atures) . The electrostatic force is inversely proportional with distance, So at 

a certain distance from the soil particle surface the water freezes. The thick­

ness of the unfrozen water layer depends on the surface charge density. A 

measure for the surface charge density is the cation exchange capacity, which is 

defined as the sum of the exchangeable cations neutralizing the negative charge 

in a soil. 
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Another measure for the surface charge density is the zeta potential: the 

electrostatic potential due to the surface charge determined at the kinetic sur­

face [Hunter, 1981]. This kinetic surface is the nearest surface around the soil 

particle at which water molecules can move with respect to that soil particle 

(water molecules more close to the soil particle, in the so called Stern layer, 

are unable to move). 

The soil properties that determine the behaviour of soil water flow are the 

hydraulic conductivity and the water retention characteristics. In saturated 

conditions the hydraulic conductivity is the most important parameter, it is the 

direct coupling coefficient between water flow and water pressure gradient. In 

seasonal ground freezing low air temperatures cause the soil to freeze, so frost 

penetration takes place starting from the soil surface. In general, the soil 

close to the surface is not saturated with water. In dealing with the problems 

of water flow in unsaturated conditions, the water retention is the most impor­

tant parameter. It is the ability of the soil matrix to retain water at negative 

water pressures (the relationship between the volume fraction of water and an 

appropriate component of the matric head [Koorevaar et al., 1983]). 

When soil freezes, a phase transition of the soil water takes place in which the 

latent heat is released. In general the energy transport takes place by conduc­

tion to the soil surface. The soil property that governs the heat conduction is 

the thermal conductivity, which is an effective property of the soil- water-

ice- air mixture. The thermal conductivity of a given soil is dependent on tem­

perature and water content [Van Haneghem and Leij, 1985]. 

2.1.1 Particle size distribution 

Particle size distribution is determined on the primary soil particles, which 

are mineral particles. In soils these particles can be cemented to larger 

units: soil aggregates or secondary particles. To obtain the individual (or pri­

mary) soil particles, the soil cementing agents need to be removed. In general, 

first the organic matter is removed by using oxidants (e.g. H202) in an aequous 

solution. Next iron oxydes and different types of carbonates are to be removed. 

Then, the exchange complex (of the soil particles) is saturated with sodium in 

order , to obtain inter particle repulsion. And finally, mechanical dispersion 
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(stirring or shaking) is applied on the suspension to separate the individual 

primary particles. 

The sand fraction is obtained by pouring the suspension through a 50 urn sieve, 

while the sand is washed thoroughly on the sieve. The fraction with a diameter 

d > 50 um is called the sand fraction. This fraction is oven dried and then 

passed through a nest of sieves with different meshes. The nest of sieves is 

shaked during several minutes and each sieve fraction is weighed. 

The mass fractions $ with d < 50 um are separated by sedimentation. This analy­

sis is based on the relationship between the settling velocity v and the par­

ticle diameter. As early as 1851 Stokes derived a form of the relation for the 

terminal settling velocity [Klute, 1986]. when sedimentation takes place by gra­

vitational forces only, the Stokes's law for v can be written as: 

v = g (pB - Pw)d2/(18n) (2.1.1) 

with g the gravitational acceleration, ps and pw the density of the soil par­

ticle and water, respectively and ti the dynamic viscosity (kg m " 1 s " 1 ) . 

Four assumptions are made in applying Stokes' law to sedimenting soil suspen­

sions : 

1. Terminal velocity is reached as soon as the settling begins. 

2. Settling and resistance are entirely due to the viscosity of the fluid. 

3. Particles are smooth and spherical. Since soil particles are not smooth and 

spherical d must be considered as an effective diameter. 

4. There is no interaction between the individual particles in suspension. 

Because the settling of the particles causes a counterflow of water, the 

settling velocity is dependent on the amount of displaced water. According 

to Richardson and Zaki (as quoted in Beek and Muttzal [1975] the settling 

velocity is changed less than 5% if the particle concentration is less than 

0.01 m3/m3 (laminar flow conditions). 

The settling velocity is determined by measuring the settling distance and time. 

Next the equivalent diameter is calculated with use of (2.1.1). When at dif­

ferent settling times samples are taken from the suspension, the concentration 



13 

of particles can be determined for different values of the equivalent diameter. 

By choosing the appropriate series of settling velocities the desired particle 

size distribution can now be obtained. 

2.1.2 Specific surface area 

The specific surface area (S) can be measured wiht the adsorption of gas mole­

cules on the surface of soil particles. The volume of the added gas is measured 

as a function of the pressure under isothermal conditions. In physical chemistry 

this relation is known as an adsorption isotherm. Gas molecules close to the 

solid surface are attracted by forces arising from the solid phase surface 

atoms. The quantity of the gas adsorbed can provide a measure of surface area. 

Brunauer, Ermett and Teller derived a relation from multimolecular adsorption 

theory, that provides the calculation of the number of molecules in a monomole-

cular layer. This relation is called the BET equation. 

In the BET equation three assumptions are made: firstly, the heat of adsorption 

of the first monolayer E! is higher then the energy of liquification Ez, 

secondly, the heat of adsorption of all molecular layers after the first one 

equals Ez and thirdly, at equilibrium, the condensation rate on the surface is 

equal to the evaporation rate from the molecular layers. 

The BET equation reads [e.g. Gregg and Sing, 1982]: 

£=T£T (2-1-2) V(Po-P) vm C Vm C P o 

With V the gas volume adsorbed at pressure p, Vm is the volume of the gas 

required for the monolayer. p 0 the gas pressure required for saturation at the 

temperature T of the experiment and C the BET constant, with C=exp(Ei-Es)/RT and 

R the gas constant. The quantity Vm is determined from (2.1.2). The surface area 

can then be calculated by multiplying Vm with the cross sectional area of the 

adsorbed molecule and by deviding by the molar volume, in which the density of 

the adsorbed monolayer is assumed to be that of the liquified gas. Generally 

the surface area depends on the gas used as adsorbate: the smaller the gas 

molecules, the larger the measured surface area. 

In this research the experimental set up of the department of Physical and 

Colloid Chemistry of the Wageningen Agricultural University was used. Here 

nitrogene gas (N2) was used as adsorbate. 
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2.1.3 Cation exchange capacity 

Cation exchange capacity (CEC) is defined as the sum of exchangeable cations 

(usually expressed in mmol/kg) neutralizing negative charge in a soil [Shoades, 

1982] . To determine the CEC the exchange complex is naturated with an index 

cation which is originally not present in the soil. In the department of Soil 

Science and Geology at the Wageningen Agricultural University, where the CEC 

determination took place, Li + of Na+ ions are used. To enhance the coupling of 

the exchanged cation to the solution anion, the latter has to possess about the 

same chemical properties as the soil exchange complex. In our case EDTA (EDTA = 

ethylene diamine tetra acetic acid) has been used. 

The concentration of the saturating cation and anion are then determined in the 

resulting extract, and their difference is taken as the CEC of the soil. Also 

the cations that are washed out can be determined using spectroscopy. In the 

spectroscope (Perkin Elmer 560) , used at the department of Soil Genesis and 

Geology of the Wageningen Agricultural University, two different methods are 

used: atomic absorption spectroscopy for Ca and Mg and flame emission spectro­

scopy for Na, K and Li. The principle of this kind of spectroscopy is that ions 

can be excited to a higher energy state by absorbing discrete units of energy 

(energy quanta). In the first method the energy spectra of the flame befdra and 

after it has been transmitted through the sample are measured. In the second 

method the energy spectrum caused by returning of the excited ions to a lower 

energy state is determined. Both energy spectra consist of characteristic wave 

lengths. (The wave length is coupled to an energy quantum by Planck's law). Thus 

the different ions can be recognised by their specific energy spectra and the 

amount of ions in the exited state is proportional with the concentration. 

2.1.4 Zeta potential 

The electrical double layer around charged particles in water exists Of the 

Stern layer and the diffuse double layer. In the diffuse double layer water 

molecules are still able to move, where the Stern layer consists of some mole­

cule layers of water, which are fixed to the surface of the solid particle. So 

the kinetic surface of a moving particle is different from the soil>-water 
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(interfacial) surface. This surface is also called the shear plane [Hunter, 

1981]. The zeta potential is the electrical potential at this shear plane. 

The zeta potential can be measured with an electro-kinetic method. One of the 

methods is micro-electrophoresis. With this method an external electrical field 

causes charged particles to move. It is assumed that the electrical force is in 

equilibrium with the friction forces and that the gravitational forces can be 

neglected (allowed if the particles are small enough). The resulting electro-

foretic velocity v is proportional to the zeta potential t, [Hunter, 1981]: 

v = (exE/n)C (2.1.3) 

with E the electrical field force, e and ti the dielectric constant and the kine­

matic viscocity of water, respectively. 

The electroforetic mobility (v/E) is determined with a Malvern Zetasizer II, at 

the department of Physical and Colloid chemistry of the Wageningen Agricultural 

University. Because e and TI are known, 5 can now be calculated from eq (2.1.3). 

2.7.5 Water retention 

Water retention is the ability of the soil to hold water at a certain pressure. 

The water retention function is determined by establishing a series of equili­

bria between the soil water and a body of water at fixed known negative pressure 

[Klute, 1986]. When this water pressure is expressed in an equivalent height of 

water column it is called head (of water). In the unsaturated soil the soil 

water has been partly replaced by air, which is at atmospheric pressure p a . The 

Laplace surface tension equation couples the soil water pressure p w to the air 

pressure: 

Pa " Pw = 2*Xaw/raw (2.1.4) 

with X a w the surface tension of the air water interface and r a w the mean radius 

of curvature of the interfacial surface. 
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Thus the lower the water content, the smaller the mean radius of the pores which 

are filled with water and the higher the pressure difference between air and 

water and the higher the water retention. To obtain a large pressure difference 

(which is more convenient to measure) it is possible to increase the air 

pressure by placing the soil sample in a pressure chamber. 

The soil water system is in hydraulic contact with the body of water via a 

water- wetted porous plate or membrane. At each equilibrium, the volumetric 

water content 0 W of the soil is determined and paired with the value of the 

matric head hm. (The matric head is the negative water pressure caused by the 

soil matrix, expressed in meters water.) The retention function shows hystere­

sis: the water content at a given pressure head for a wetting soil is less than 

that for a draining soil. In our experiments values were obtained for drying 

soils. In soils that contain a wide range of grain sizes, a release of water 

occurs at several decades of the pressure head hm. In such cases it is con­

venient to use a logaritmic scale. The most used is the pF value: 

P F = 10log(-hra/ho) (2.1.5) 

with h 0 = 1 cm. 

2.1.6 Hydraulic conductivity 

The hydraulic conductivity k of a soil is a measure of its ability to transmit 

water [Klute, 1986]. It is dependent on the volumetric water content 9W, on the 

geometry of the pores and on the viscosity of the soil water. The hydraulic con­

ductivity is defined by Darcy's law, which for one-dimensional vertical flow can 

be written as: 

v = -k3(hm + z)/3z (2.1.6) 

with v the volume flux density or apparent velocity (in m/s), hra the matric head 

(see section 2.1.5) and z the gravitational head. 
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Measurement of the saturated hydraulic conductivity is based on the direct 

application of Darcy's law: 

k = Vt 1/(AAH) (2.1.7) 

with Vt the volume flux of water through the sample, with lenght 1 and cross-

sectional area A, caused by a hydraulic head difference AH = A(hm .+ z ) . 

2.7.7 Thermal conductivity 

The thermal conductivity of a soil is a measure to its ability to transmit heat 

by conduction and is defined by Fourier's law: 

Q = -Xxgrad(T) (2.1.8) 

with Q the heat flux density [W m " 2 ] , grad(T) the temperature gradient and X the 

thermal conductivity. 

It can be measured for instance with the nonsteady state probe method, which is 

well suited for measurements in moist porous media. The principle of this method 

is the measurement of the temperature response on an energy dissipation in the 

medium. To describe the temperature response mathematically Van Haneghem [1981] 

developed the modified Jaeger model. In this model three thermal proporties are 

to be distinguished: the thermal conductivity X and the heat capacity C of the 

porous medium (e.g. soil) and the contact resistance V between the measuring 

probe and the porous medium. 

For the solution of X. C and V two situations are to be considered: the situa­

tion in which C is previously known and the one in which C is previously 

unkown. In the first situation accurate values for X and Y are obtained. If C is 

previously unknown, X and T are determined to a lower degree of accuracy and an 

estimate of C is obtained. Bruijn et al. [1983] tried to cope with the problem 

by introducing their four regions-models. This gives an independent calculation 

to check the Jaeger model. However, the four regions model, though it is physi­

cally more attractive, results into only one equation with three unknowns. An 

iteration process, in which the modified Jaeger model and the four regions model 
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were used successivily did not result into a stable solution. For measurements 

in frozen soils the accuracy of the simultaneous determination of X, C and T is 

too low, because the latent heat effects both X and C, while Y is influenced by 

the changing structure of the medium. Therefore, an improved model for the 

nonsteady state probe method to measure thermal properties of porous media has 

to be developed. The result is presented in section 3.1. In that section also 

more details are presented about the measuring method itself. 
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2.2 Determination of soil water content by time-domain reflectometry 

Soil water content is a very important property in many applications of soil 

science. It is relevant in road construction and in cleaning contaminated soil, 

as well as in research into the growth and vitality of plants. Until ten years 

ago, in general two methods had been used: 

1. Gravimetric method: soil samples are (destructively) taken, weighed, dried 

in the oven and weighed again. 

2. Neutron probe method: a neutron source is inserted into the soil, neutrons 

are scattered by H-nuclei (protons) of the water molecules and the scattered 

neutrons are registered. A large disadvantage of this method is the use of 

radioactive material, which requires very careful handling and extensive 

safety measures. 

A promising in situ method to measure water content is Time-Domain Reflectometry 

(TDR). Topp et al. [1980] first introduced the method to measure the effective 

dielectric constant of the soil. This dielectric constant is a unique function 

of liquid water content for most soils, so that with TDR the liquid soil water 

content can be measured indirectly. 

Time-domain reflectometry is based upon the velocity of propagation and reflec­

tion of an electromagnetic pulse along transmission lines. To understand the 

mechanism, the behaviour of an electromagnetic wave in transmission lines has to 

be discussed first. Secondly the signal needs to be analysed in such a way that 

its velocity of propagation in the soil can be measured and from this the 

dielectric constant of the soil can be determined. Thirdly, by extension, Dalton 

et al. [1984] have developed a method to obtain simultaneously the bulk electri­

cal conductivity from analysing the amplitude of the reflected pulse. 

2.2.1 Transmission line theory 

In time-domain reflectometry high frequency waves are used, with frequencies up 

to the GHz range. These waves can travel along transmission lines. A long trans­

mission line can be approximated as a system with different distributed elec­

trical properties. It has a resistance R and a self inductance L. With respect 

to a reference potential, the transmission line has a capacitance C and a leak 
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resistance. To distinguish the leak resistance from internal resistance R, the 

former often is expressed as a conductance G [Dalton and Van Genuchten, 1986]. 

These electrical properties are all taken per unit of length. The electrical 

scheme of a parallel transmission line is shown in Fig. 2.2.1. 

R-dz L-dz 

-VW\A-

G-dzl C-dz; 

l + dl 

V*dV 

Fig. 2.2.1 Section dz of a long transmission line, with electrical current I, 
potential V and distributed electrical properties: self inductance 
L, capacitance C, resistance R and conductance G. 

Both current I and potential V are a function of time t and distance z, as 

measured along the transmission line. The potential gradient in the transmission 

line over the distributed R and L can be written as (see Fig. 2.2.1): 

3V/3z = -(IxR + L*3I/3t) (2.2.1) 

The interaction of the current with the reference potential is twofold: the 

current decreases due to the charging of capacitance C, and due to the leak 

through conductance G. This causes a gradient in current that can be written as: 

3I/3z = -(Cx3V/3t + G*V) (2.2.2) 

Equations (2.2.1) and (2.2.2) have only two independent parameters: I and V. To 

eliminate I (2.2.1) is differentiated with respect to z and (2.2.2) to t. 

Substitution then results in: 

3z2 
LxC 

3t2 
(RxC 

3V 
+ LxG) — + RxGxV (2.2.3) 
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Equation (2.2.3) can be seen as a wave equation. An analytical solution can be 

obtained when at position z=0 a periodical, sinusoidal potential is applied. 

Then the potential along the transmission line can be written as: 

V = V(z)xexp(iut) (2.2.4) 

with V(z) the location dependent part of the solution, i^-1 and u the angular 

frequency. 

For the location dependent part of the potential a new wave equation can be 

obtained by substituting (2.2.4) into (2.2.3) and dividing by exp(it): 

d2V(z)/dz2 = [R(iwC + G) - w2L(C - iG/w)]xV(z) (2.2.5) 

In order to solve V(z) (2.2.5) needs to be reworked. First, the total loss 

current between the two lines (sum of loss current through G and charging 

current through C) can be seen as a complex variable consisting of real and ima­

ginary components. Dalton and Van Genuchten [1986] introduced a complex relative 

dielelectric constant to express the total loss current as a funtion of the 

potential: 

e = e' - ie" = C/C0 - iG/(wC0) (2.2.6) 

with C Q the capacitance in air, e' the real part of the dielectric constant 

(which is the conventional definition) and e" the imaginary part. Introducing e 

together with (2.2.4) into (2.2.2) a new expression for the gradient in electri­

cal current can be obtained: 

3I/3z = - iu)xeC0
xV(z)xexp(iut) (2.2.7) 

Because the solution of (2.2.3) will include also higher harmonic functions 

(i.e V=V(z)xexp(iumt), with n an integer), the measured e" is larger than 

G/(uCo). The higher harmonic functions also contribute to the energy loss1). 

') To stress the importance of the energy consuming processes, Yanuka et al. 
[1988] introduced a definition for their imaginary part of the dielectric 
constant solely to account for these processes: 6 Y " = € " - G / W C O 
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To obtain a solution of wave equation (2.2.3), the assumption is made that for 

high frequency waves the resistance R in the transmission line is considered 

to be negligible. In that case R « u L and, with use of the complex relative 

dielectric constant (2.2.6), wave equation (2.2.5) can be rewritten as: 

d2V(z)/dz2 = -w2LxeC0V(z) (2.2.8) 

The transmission line is now called a 'low loss line'. For this line (2.2.1) can 

be rewritten as: 

(dV(z)/dz)xexp(iwt) = -iwLxI(z)xexp(iwt) (2.2.9) 

with the assumption that I can be represented as I(z)xexp(iut). 

The solution of (2.2.8) is the combination of waves traveling in positive and 

negative z-direction: 

V(z) = V+xexp(-ikz) + V.xeXp(+ikz) (2.2.10) 

with V+ and V. the amplitudes of the waves traveling in positive and negative 

directions, respectively, and with k the complex wave number: 

k = u>\/(LC0e) (2.2.11) 

A wave travelling in the positive direction can now be expressed as: 

V = V+xexp(iu)t-ikz) (2.2.12) 

The velocity of this wave can be obtained from the condition iwt-ikz is con­

stant. Differentiating this condition results in: 

v = dz/dt = w/k (2.2.13) 

For non-magnetic materials, where the relative magnetic permeability equals one, 

LC 0 = 1/c2, with c the speed of an electromagnetic wave in vacuum. Thus, with 
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use of (2.2.11) the absolute value |v| of the velocity of propagation in a 

medium with complex dielectric constant yields: 

|v| = c/V[7T (2.2.14) 

2.2.2 Water content 

For TDR applications in soils it is often reasonable to assumed that e'»e' 

[Topp et al., 1980]. In such cases (2.2.14) reduces to v=c//e'. The authors 

quoted determined v using TDR by measuring the travel time of a signal in a 

known length of the transmission line. From the simplified eq (2.2.14) they 

calculated e ' . They demonstrated empirically that 6 ' was essentially a unique 

function of water content for a large variety of soils. A unique function can 

be expected because the dielectric constant of water is very different from that 

of the individual components of the soil: for air ea=l, for the solid mineral 

particles es=4 and for water ew=81 [Weast, 1978]. The measured dielectric 

constant is an effective value that depends on the volume fractions of the 

different components. Because es/ea « ew/
ea t n e effective dielectric constant 

is highly dependent on the volume fraction of water 6W. This is confirmed by the 

empirical relation of Topp et al. [1980]: 

e = 3.03 + 9.3x0w + 146x9w
2 - 76.7x9w

3 (2.2.15) 

In order to obtain the dielectric constant, the velocity of propagation, v, has 

to be determined. This velocity is the length of the transmission line divided 

by the travel time. The way of determining the travel time is by analysing the 

influences of changing impedances on the signal and measuring on which point in 

the time-domain these changes occur. For non magnetic soils the characteristic 

impedance Z of the line can be obtained by dividing (2.2.9) by (2.2.7): 

3fv= /io-L h 
3I2 ^ x«C0 T 7 

with ZQ the impedance of the line in air or vacuum (where e=l). 
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When a sudden change in impedance occurs in a transmission line, part of the 

wave is reflected back to the source, and the other part is transmitted. A 

change in impedance might be caused by a short in the transmission line, a junc­

tion between two succeeding lines or a change of the electrical properties of 

the transmission line itself. This impedance change (or discontinuity) can be 

approximated with a load impedance ZL (see Fig. 2.2.2). 

VL ZL 

z-.O 

Fig. 2.2.2 Reflection in a transmission line caused by a load impedance Zj, at 
position z=0. 

The impedance of the soil can also be expressed with use of a load impedance. 

Assuming a discontinuity at z=0, then with use of Kirchhoff's laws the following 

relations can be obtained for the potential V^, the current Ij, and the impedance 

VL = V+ + V. 

IL = 1+ " I-

zL = vL / IL 

(2.2.17) 

(2.2.18) 

(2.2.19) 

The impedance of the original transmission line itself is: 

Z = V+ / 1+ = V. / I. (2.2.20) 

The reflection coefficient V' can now be obtained by combining eq's (2.2.17) 

through (2.2.20) into its definition: 

V s V. / V+ = (ZL-Z)/ZL+Z) (2.2.21) 
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In time-domain reflectometry this reflection coefficient is measured as a func­

tion of time. In Fig. 2.2.3 is shown where the impedance mismatches occur, when 

a transmission line is inserted in the soil. With use of (2.2.16) and (2.2.21) 

the TDR signal can be explained. For an impedance mismatch at distance x, the 

wave has to travel back and forth to this position and the reflection is 

registered at time t=2x/v. In soils the effective dielectric constant varies 

between 4 (dry soil) and 30 (saturated soil), which is always higher than in air 

(e=l). With use of eq (2.2.16) it can be seen that even in non-conducting soils 

the impedance of the transmission line is smaller, than the impedance in air. 

Thus, at the position where an electromagnetic wave enters the soil, the reflec­

tion coefficient will decrease sharply (see eq (2.2.21)). At the open end of the 

transmission line (which results in a very high load impedance) the reflection 

coefficient will increase sharply. 

ZL *L 

Fig. 2.2.3 Changes in Load impedance Z L for a parallel transmission line partly 
inserted in soil, with at z=x transmission line enters soil and 
z=x+Ax open end of transmission line. 

The travel time to both positions can be measured with a cable tester, and so 

the velocity of propagation in the soil can be calculated. Then with use of eq 

(2.2.14) the in situ dielectric constant of the soil can be obtained. The 

experimental procedure of TDR will be described in section 3.2. 

2.2.3 Bulk electrical conductivity 

The voltage V of the TDR signal in soils is weaker at higher bulk soil electri­

cal conductivities [Dalton and Van Genuchten, 1986]. In other words the signal 
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is attenuated when travelling through a conductive medium. The attenuation of a 

wave travelling a distance dz in positive direction along the transmission lines 

can be written with use of 2.2.10 as: 

V ( y * ^ = Re[exp(-ikAz)] (2.2.22) 

Thus, the attenuation coefficient is defined as a = Re(ik) or with use of eq 

(2.2.11): 

a = (w/c)Im{>/€} (2.2.23) 

Assuming that important conduction losses take place in the parallel transmis­

sion lines in soil, where the wave is reflected at the end of the transmision 

line (thus Az = 2x1) the attenuated signal Va can be written as follows: 

vct = V0xexp(-2al) (2.2.24) 

with V Q the potential amplitude when no attenuation takes place. 

An approximate relation for a applicable to steady-state sinusoidal input con­

ditions and low loss lines is given by [Ramo and Whinnery, 1959]: 

a = (RC + GL)/(2\/LC) (2.2.25) 

Expressions for L, C and G for parallel transmission lines are, respectivily 

[Dalton and Van Genuchten, 1986]: 

L = (u0y/ir)xcosh-1(s/d) (2.2.26) 

C = (Trxe0e)/cosh-1(s/d) (2.2.27) 

and 

G = (irxa)/cosh-1(s/d) (2.2.28) 
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with ug t n e magnetic permeativity in a vacuum (UQ = 4irxl0' H/m), u the relative 

magnetic permeability of the soil, e 0 the dielectric constant in a vacuum 

(€Q = 10°/36ir F/m), a the bulk electrical conductivity of the soil (in S/m) , s 

the spacing between the two lines and d the diameter of one line. For most soils 

u=l. Substituting (2.2.26), (2.2.27) and (2.2.28) into (2.2.25) and assuming 

RC«GL the following expression of the attenuation coefficient is obtained: 

a = (a/2)x\/^77 (2.2.29) 

with \fr^ = V ^ O ^ O = 120 TI fi 

However, the procedure to measure as proposed by Dalton and Van Genuchten 

[1986] is not very accurate. Recently Topp et al. [1988] proposed the 'thin 

sample' approach, which gives more accurate results. A disadvantage is the 

rather extensive measuring procedure. A simplified method which is as accurate 

as the 'thin sample' approach is presented in section 3.2. 
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2.3 Transfer of heat and mass 

During freezing, the heat and mass transfer and the variation of stresses and 

temperatures are all interrelated. Thus, analyses must deal with the coupling of 

all these effects. The mathematical model needs several systems of equations to 

express the interrelations. 

To keep the mathematical model as simple as possible, only variations in the 

vertical direction (z) are considered, so that a one dimensional model can be 

built. This is allowed because in real soils most of the transport phenomena 

caused by freezing occur in the vertical direction. Furthermore, the temperature 

and pressure gradients are much more important in the vertical direction than 

in the horizontal. And in general, even the soil structure has its largest 

variation perpendicularly to the soil surface. 

In Fig. 2.3.1 the most important physical parameters for the freezing process 

can be seen as a function of position: temperature T, hydraulic conductivity k 

and water pressure p w . Consider a constant heat flux leaving the soil at the 

(upper) soil surface, which causes the soil to freeze. The two major processes 

during soil freezing are: the penetration of the 0°C isotherm and the growth 

of ice lenses. The formation of pure ice at the upper soil surface is called 

primary heave, while the formation of ice lenses inside the soil (at a Certain 

overburden pressure) is called secondary heave. During the penetration of the 

0°C isotherm (at z=X) free pore water freezes. In this proces latent heat is 

released, which is transported by conduction towards the cold upper surface of 

the soil column. Therefore, the temperature gradient becomes larger at the cold 

side of X. During the growth of an ice lens (at z=S) water freezes at temper­

ature Ts<0°C. Again latent heat is released, which has to be transported by con­

duction. Thus, at z>S the temperature gradient is larger than at z<S (see Fig. 

2.3.1). The freezing soil can now be devided in three zones: The unfrozen zone 

at z<X and T>0°C, the frozen fringe at X>z>S and the frozen zone at z>S and 

T<TS. In the latter zone absence of transport of liquid water is assumed. 

If a ground water table with external water supply is situated not far from the 

frost front, the unfrozen zone in the soil is saturated with water. Therefore 

the hydraulic conductivity k can be considered constant at T>0°C. At T*0°C k 
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Fig. 2.3.1 Changes of temperature T, hydraulic conductivity k and pressure p w 

in the frozen fringe as function of position z during an advancing 
freezing front. With S the position of the warm side of the lens and 
X the position of the freezing front. 

decreases stepwise some orders of magnitude. At T<0°C the hydraulic conductivity 

decreases exponentially with temperature [Nixon, 1988]. Because the water flux 

density is continuous, the product of k and pressure gradient grad(pw) has to be 

constant (Darcy's law). This results in a maximum value of grad(pw) at the mini­

mum value of k. Also a an opposite curvature of p-curve (with respect to k-

curve) is caused by this continuity demand (see Fig. 2.3.1). 

2.3.7 Moisture transport 

For the moisture transfer, only liquid water flow driven by a gradient in un­

frozen water pressure is considered. Vapor transport is neglected, because the 

absolute vapor pressure is very low. The moisture transport equation can be 

written as follows [Sheppard et al., 1978]: 

at< e « + ̂ e.)--|2 
p 1/ 3z 
w 

(2.3.1) 

with p£ the density of ice, Q± the volumetric ice content and v the apparent or 

superficial velocity of the soil water, or water flux density (volume flow of 
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water per area of soil) . When the gravitational potential is also neglected, 

(2.3.1) can be rewritten with use of Darcy's law (2.1.6) as: 

a P- a 3 h 

•£ (6 + — 9.) = -£• (kx — 2 ) (2.3.2) 
3t w p l 3z 3z rw 

with k the hydraulic conductivity and h m the pressure head of water. 

Miller [1972] suggested that the driving force for ice lens growth was the dif­

ference between ice and liquid water pressure caused by surface tension. This is 

the so-called capillary model. According to this model, when ice attempts to 

penetrate into small pores, capillary suction is developed due to the curvature 

of the ice-water interphase, and water is drawn towards the ice front (Fig. 

2.3.2). At the ice-(liquid) water interface, local pressures in the ice p^ and 

in the unfrozen water p w are linked according to the Laplace surface tension 

equation: 

Pi - Pw = 2x*iw/riw (2.3.3) 

with X^w the surface tension of the ice-(liquid) water interface and r^w the 

mean radius of curvature. This radius depends not only on the size of the soil 

particles and pore space, but also on temperature (Fig. 2.3.2). Miller [1972] 

called the test of eq (2.3.3) at isotherm conditions 'encouraging' in (soil) 

samples where the variation in particle size (and hence in r^w) was small. 

However, when the variation in r^w is larger, a discrepancy was observed between 

pore sizes computed from desorption curves and the r^w values of (2.3.3). The 

heaving forces developed by the growing ice lenses were large compared with the 

forces indicated with this equation. 

Another origin for the observed heaving pressure needed to be found. Kay and 

Groenevelt [1974] used the thermodynamic treatment to determine water pressures 

that accompany freezing point depression. In this way they derived three in­

dependent Clapeyron equations in frozen soils for the equilibria between ice 

(i), liquid water (w) and vapor (v). When the vapor phase is assumed to remain 

at constant (e.g. at saturation pressure at 0°C), only the ice-water equilibrium 

has to be considered. This equilibrium is given with the identity in chenical 

potential (or free enthalpy) of the solid and liquid water phase. Using the 



31 

cold 

T 2 — • 

i v 1 

y-j\ 
- • v f ^ 
^c/ 
L\A 
\'—\ 
f4tZxJbm 

'"-»>r 
v/A 

A^ 

ice 

Kr -^<—wate r 
N \ 

\/ 
y 
It 

^ ^ * - > ^ 

\~--* 
& • 

—so i l 

Fig. 2.3.2 Schematic cross section of frozen soil with a vertical temperature 
gradient, showing the capillary model [Miller, 1972]. The radius of 
curvature of the ice- water interface is smaller at lower temper­
atures: r^ < 12-

Gibbs-Duhem equation the identity can be given in differential form as [Kay and 

Groenevelt, 1974]: 

Vw* (dpw - dir) - Vixdpi = (Xw - X±) dT (2.3.4) 

with V the partial specific volume on a differential basis, X the partial spe­

cific entropy, p the pressure (pw = hm/A, A = l*10"Sa3/N), n the osmotic pres­

sure and T the temperature. The difference in specific entropy is due to the 

latent heat of fusion L: 

(Xw - Xi) dT = LxdT/T (2.3.5) 

If the partial specific volume is considered to be constant, the specific den­

sity can be used: p = 1/V. Now (2.3.4) and (2.3.5) can be combined into a new 

differential equation: 

d(pw - n) - (pw/Pi) dP i = (PwL/T)dT (2.3.6) 

In contrary with the equilibrium between free water and ice, it follows from 

(2.3.6) that for soils at dT = 0 the ice pressure is not equal to the liquid 
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water pressure (this agrees with Miller [1972], see eq (2.3.3)). At dT = 0 

d(pw - TT) = (pw/Pi)xdPi- To integrate (2.3.6) the following assumptions need to 

be made: pw, p^ and L are constant. For L this assumption is only valid if the 

temperature interval considered is small (AT«10°C). Integrating (2.3.6) then 

results in the form in which the Clapeyron equation is often represented: 

(Pw " •") = PwLxln(T/T0) + (pw/Pi)xpi + Constant (2.3.7) 

with T Q the freezing temperature of the bulk water ( T Q ~ 2 7 3 K if ii=0) . 

The integration constant can be obtained from the boundary conditions «t T = T Q 

and T=TS. T = T Q ( ~ 2 7 3 K) can be considered as the reference state, with height 

z=X. When a constant water table is present at z=0, the reference pressure head 

equals hm = -X, or p w = -X/A. If it is assumed that no solutes are dissolved in 

the water (TT=0), the equilibrium ice pressure can now be calculated using 

(2.3.6): p£ = -(pi/pw)(X/A). (Thus the ice pressure can be negative, which is in 

contrast with the often made assumption of zero ice pressure [e.g. Konrad and 

Morgenstern, 1980]). Using these boundary conditions into (2.3.7), it can be 

shown that the constant equals zero. Regarding the temperature domain we are 

interested in (T~T0), ln(T/T0) can be approximated by (T-T0)/T0«l, so (2.3.7) 

can be simplified into: 

Pw = PwLx(T-T0)/T0 + (pw/Pi)xPi (2.3.8) 

Among others, Konrad and Morgenstern [1981] have used this integrated form of 

the Clapeyron equation to derive the pressure gradient that causes heave. They 

introduced the following assumptions: 

1. Water flow is continuous across the frozen fringe, and therefore accumulates 

at the base of the ice lens. 

2. The frozen fringe can be characterised by an overall hydraulic conductivity 

kff, which is an effective value. 

3. The temperature conditions at the interface between ice lens and the frozen 

fringe may be characterised by a particular segregation freezing temperature 

T s , at the warm side of the ice lens (position S in Fig. 2.3.1). 

4. There are no solutes dissolved in the water (ir=0) . 


