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Abstract 

The aim of this research is to investigate the hydraulic and thermal conductivities of 

different types of soils. These two parameters are the main ones controlling the heat 

flow in the ground beneath a building. Therefore in this thesis, a system, including a 

testing and analysis methodology has been designed that will allow the construction of 

new laboratory apparatus in order to determine the required thermal parameters and thus 

reduce the uncertainty in the design of energy piles. 

This thesis presents and discusses the effects of physical properties on determining both 

the hydraulic and thermal conductivity of soils. Two flexible wall permeameters using 

the constant rate of flow technique were used to determine the hydraulic conductivity of 

two types of clayey soil. This technique proved to be accurate and produced results in a 

relatively short time. One of the, aims of this research was to develop a better technique 

for testing coarse soils; therefore these permeameters were developed to work using 

falling head technique. The falling head technique proved to be accurate and produced 

results in relatively shorter time than the constant flow technique. Tests at low and high 

hydraulic gradient and over a range of effective stress show the hydraulic conductivity 

varies with these two parameters. 

A part of the thesis describes the methods of interpreting the results from both the 

constant flow and falling head techniques, also it describes how the falling head tests 

can be interpreted as a constant head test for clayey soils. A comparison between the 

results showed the advantages of using the new systems. It is also demonstrated how the 

new system can determine the hydraulic conductivity of a soil in a relatively short time 

of one hour. 

The second aim of the research was to design a simple device to determine the thermal 

conductivity of soils. Two thermal conductivity cell devices were designed. A test 

procedure and its method of interpretation are discussed and presented. The thermal 

conductivity results were compared with the published results and proved to be within 

the same range (0.15 to 4 W/m.°C). These experimental results were also compared and 

discussed with the predicted results produced by different thermal conduction models. 



The thermal results for deferent types of soils can be used to model the heat transfer 

between the ground and the energy piles, in which the ground can be used as a heat sink 

or source. It is believed that the water content of the soils together with their 

mineralogical constituents can be particularly valuable, not only as a basis for 

understanding the behaviour of the soils but also to enable a reasonably good estimate 

of the thermal conductivity using the thermal conduction models. 
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Chapter 1 

Introduction 

1.1 Introduction 

There is a widespread interest among civil engineers, soil scientists, hydro-geologists, 

and geologists in the hydraulic, thermal and electrical conductivities of soils. Of all the 

principal soil properties, soil conductivities are the most variable, the easiest to 

misjudge, and the hardest to measure accurately. Civil engineers have shown that 

hydraulic conductivity is one of the most important physical properties since most of the 

major problems of soil and foundation engineering have to do with the recognition, 

evaluation and proper handling of water encountered in the construction and 

performance of structures. More recently interest in hydraulic conductivity has 

increased substantially because of concerns over ground-water contamination. 

An accurate measurement of the hydraulic conductivity of soils leads to an accurate 

assessment of the potential for continued or future contamination at a site. The 

extensive use of engineered cohesive fills as a barrier to prevent such contamination has 

required a better understanding of the behaviour of materials used in these barriers. 

ElectJical conductivity is a measure of how well a material accommodates the transport 

of electric charge. Electrical conductivity of soils is also of a great importance due to its 

application in various engineering fields. Electrical conductivity can be used to estimate 

the amount of total dissolved salts or the total amount of dissolved ions in the water. It 

is also used to assess the soil salinity (Rhoades et aI, 1989), therefore commercial 

devices are available to rapidly and economically measure and map bulk soil electrical 

conductivity across agricultural fields. 

The electrical conductivity is the inverse of the electrical resistivity which has a wide 

range of use in site investigations. There are two basic field procedures which are 

commonly used in electrical resistivity exploration. Electrical traversing which is 

practically suited for prospecting for sand, gravel, and ore deposits and for locating fault 

zones. And the electrical sounding which is designed to provide information on the 

variation in subsurface conditions with depth. Sounding is typically used to help 



determine the depth to water table, the thickness of sand, gravel and rock layers, and the 

actual value of electrical resistivity versus depth (Mitchell 1993). 

Research carried out in the University of Newcastle upon Tyne into the use of the 

electro-osmosis phenomenon to remove the heavy metals from contaminated sites and 

to dewatering by using the electro kinetics technology. Electrical conductivity of soils is 

out of the scope of this research since the work focuses on the parameters needed to 

assess the ground as a source of energy. 

Studies have also demonstrated that soil thermal properties are of great importance in 

many engineering projects and other situations where heat transfer takes place in the 

soil. This has been mainly because of applications such as preventing frost heave in 

roads, buildings in cool regions, analysis of heat dissipation from buried electrical 

cables, prediction of depth of frost penetration in soils, insulation and heat transfer 

analyses related to tanks, pipelines, and underground storage chambers, and moisture 

migration under thermal gradients. 

There are three distinct areas of interest in thermal conductivity. The first area was 

developed by soil scientists who were interested in the effects of soil temperature on 

vegetation. In situ and laboratory tests were developed and theoretical and empirical 

models produced to explain the behaviour of soil subject to temperature changes. 

The second area of interest was developed by geotechnical engineers who were 

interested in ground freezing and the effect that this has upon near surface soils. This 

has been extended to include the effects of ground freezing as a construction process. 

The most recent area of interest has been in the use of energy piles (Figure 1.1) in which 

the ground is used as either a heat source or a heat sink. This work has taken place in 

Austria, Germany, Sweden, Switzerland, France and America, and for the first time in 

the UK the energy piles were used in the year 2001 (Suckling and Smith 2001). 
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Figure 1.1 A typi cal layo ut of an energy pi Ie configurati on (Koene, 2000) 

Different inves ti gative and design meth odologies have been deve loped for the th ree 

areas which is a reflecti on of the di fferent di sc iplines of soil sc ienti sts and geotec hni cal 

engineers. As a result there are diffe rent meth ods to measure the same parameters, 

different symbols used and different methods of interpretati on of tes ts. In all cases the 

parameters that desc ribe the ability for heat to fl ow through so il and the capacity of soil 

to abso rb heat are therm al conducti vity, specifi c heat, vo lumetric heat capacity, therma l 

res istance and thermal diffusivity with the most important being therm al conduct ivit y. 

There are three components used to model ground storage of building energy. The first 

is the model of the building, the second is the model of the ground and the th ird is th e 

c limati c model. Part of thi s research covers the input data needed to model the ground 

to make use of energy pi les in the ground sourced heat pump systems. 

The ground sourced heat pump systems (GSHP) work by utili si ng the constant 

temperature of the ground or groundwater beneath a building (typicall y 10 to 14 degrees 

Ce lsius in th e UK) to prov ide coo ling in the summer and/or heatin g in the winter to the 

buildin g. 

The hydrauli c and thennal conducti viti es and the volumetlic spec ific heat capacity of 

so i Is are the properti es th at most affec t the design of a ground source heat pump system 

(A ustin , et al. 2000) . The hydrauli c and thermal conductiv it ies will control the rate at 

whi ch heat wi ll be transfe lTed to and from the heat exchange tubing installed into the 

energy pi les . Thi s will affec t th e nu mber of energy pi les requi red (the hi gher the themlal 

conductivity of so il the lower the nu mber of piles), whil e the vo lumetIi c specific heat 
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capaci ty is importan t in calc ul ati ng the amount of energy th at can be extracted or stored 

in a unit vo lu me of gro und . Finding these parameters is more problemati c, and as such a 

number of meth ods have been sugges ted or are c urrent ly used. These are described in 

c hap te r two. 

Ground sourced heat pum p systems can greatl y reduce the energy demand for heating 

and coo ling requirements of buildings by exchangin g heat with the ground. Since there 

is little re li ance on othe r fue ls, geo th ermal energy is less sensiti ve to the conditi ons of 

the inte rn ati ona l e nergy markets. T his will reduce ri sk of over re li ance on imported 

e nergy fro m regions that are not necessaril y stable as the M iddl e East whi ch is the 

wo rld 's larges t producer of o il. T herefore , th ere is a require ment to reduce energy 

consumpti o n fo r en vironme ntal, economi c and strategic reasons. 

T he ground will ac t as e ither a heat source o r a heat sink . Whe n the re is a difference in 

therma l pote nti a l between the bui ldi ng and the ground, heat wi II be transferred from the 

bui ldin g to the gro und and vice versa. T here are two tech niques used to transfer the 

heat; na me ly an open sys tem or a c losed sys te m . An open syste m (Figure 1.2) is one in 

whi c h wate r is pumped from the ground into the building. Thi s sys te m operates only in 

granul ar soil s in w hi ch the hydrau li c conducti vity is great e nough to a ll ow groundwater 

to flow at suffic ie nt ra te to conduct heat away from the boreho les. In thi s case 

convection becomes s ignificant and the hydraul ic conducti vity will be the key 

paramete r o f the soil. T hi s can be measured usin g ex isting laboratory and in situ testing 

techniques. 

BUll lNG 

To SiO" wI 

I 
I Return W~II 

Figure 1.2 An open sy te m to exchange heat between 

the bui lding and th ground (http ://www .arup .com) 



A closed system (Figure 1.3) operates in any so il. Heat will be transmitted into the soil 

by ei ther conduction or convection. In this case thennal conductivity of the soil mas is 

the key fac tor to an economic design of the system . Again convection could become 

signi fica nt in granul ar soil s in whi ch the hydraul ic conductivity is hi gh enough to allow 

water to fl ow th rough the soi I. The rate of heat transfer partl y depends on the thennal 

capac ity of th e grou nd to store heat. Thus the thennal charac teri sti cs of the soi I wi II 

include the hydraul ic conductivity, thennal conducti vity and thermal capacity of the 

ground . 

Figure 1.3 A closed system to exchange heat between 

the building and the ground (http://www.arup.com) 

In order to des ign such systems knowledge of th e hydraul ic and thermal properties of 

th e ground such as h ydraul ic conducti vi ty, thermal conducti vi ty and vo l umetri c spec i fic 

heat are required. Idea lly these parameters need to be measured in situ at full scale to 

take into account any effec ts of fa bric and background hydrological aspects of ground 

water movement, because movement of ground water will increase the rate of heat 

transfer in the ground . The charac teli stics of an element of soi l can be measured in a 

laboratory test on a representati ve soil sample. Thi s wi ll enable more tests to be canied 

out durin g the in ves ti gati ve stage . 

The prob lem of water and heat transfer in so il s is very comp li cated, because, the tenn of 

so i I, as u ed by engi neers, refers to a compl icated matelial consisti ng of so l id particles 

of various composi tions (mi neral and/or organi c) and VaIious shapes and sizes th at are 

random ly Clnanged wi th pore pace between them. These pores contain air and u uall y 

water in its variou phases as vapor, liquid or ice . The water may also contain mineral 

sa lts and ion . 
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The soil characteristics affecting hydraulic and thermal conductivities are interrelated in 

a very complex manner. The various properties, which affect these two parameters, 

include particle size, soil composition, fabric, void ratio and degree of saturation as well 

as the pore fluid characteristics. These factors are discussed further in the following 

sections. 

The hydraulic and thermal properties of the soils can be estimated, for many 

applications, to sufficient accuracy using published relationships by linking the physical 

characteristics with the hydraulic or thermal characteristics based on laboratory tests on 

a range of soils. In other applications, however, more precise values may be required. 

Therefore laboratory or in-situ tests have to be carried out to determine the exact values 

of these applications. 

1.2 Flow of water through soils 

There are differences between flow through a pipe or open channel and flow through 

soils. When water flows though a conduit, the velocities near the edges are somewhat 

smaller than those in the centre because of friction or viscosity effects (Bowles, 1984). 

When water flows through a soil mass under a uniform hydraulic gradient there is no 

difference of velocity between the centre of the mass and its edges. There is, however a 

variation within individual pores and discontinuities, such as: cracks and fissures 

through which the water is flowing. 

Figure 1.4 shows the variation of velocity with the hydraulic gradient. This figure can 

be divided into three zones; zone I is the laminar flow zone, zone II is the transition 

zone and zone III is the turbulent flow zone. 

When the hydraulic gradient is gradually increased the flow remain laminar in zones I 

and II, and the velocity, v, bears a linear relationship to the hydraulic gradient. At a 

higher hydraulic gradient the flow becomes turbulent (zone III). In most soils, the flow 

of water through the void spaces can be considered laminar (Lambe and Whitman 1979, 

Das 1998) thus: 

voci 1.1 
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Figure 1.4 Variation of ve locity with hydrauli c gradi ent (Das, 1998). 

Henri Darcy (1856) quantifi ed the fl ow of water throu gh soil when he publi shed a 

s imple equation for the di scharge ve locity of water through c lean saturated sand , whi ch 

may be expressed as: 

v = k . i 
" 

1.2 

where v is the di sc harge ve locity, which is the qu an tit y of water flo wing in unit time 

through a unit gross cross-sectional area of soil at right angles to the direction of the 

flow . k" is the coefficient of hydraulic conductivity, and i is the hydraulic gradi ent. 

Equat ion (1.2) was based on Darcy 's observations about the flow of water through clean 

sand . W here Darcy's law states that th e flow of a liquid through a porous medium is in 

the direct ion of force , and at a rate proportiona l to the dri ving force acting on the liquid 

(i.e . hyd rauli c gradi ent) and the proportional fac tor is the propel1y of the conductin g 

med ium to transmit the liquid known as the coefficient of hydrau li c conducti vity 

(permeabi lity). Th is law can be 'vvritten as fo ll ows: 

6./1 
q =-k h · i ·A=-kh ·L· A 1. 3 



whe re q is th e rate of flo w (m3/s), i is the hydrauli c gradient (i =- 6.h ), 6.h is the head 
L 

loss across spec ime n (m), L is the length of a speci men (m), and A is the cross-sec ti onal 

area of a specimen perpendi cular to the flow direc ti on. Figure 1.5 is a sc hemati c 

di agra m used to show th e princ ipal of D arcy's law. 

~ 
Inflow ~ 
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F igure 1.5 Darcy' s test diagram 

::::: 
~ 
~ Outflo w 

The constant of proporti ona lity, kit , expressed in eq uat ion (1.3) is a lso termed the 

coeffic ie nt of permeability and is used to define the ability of a f luid to flo w th rough a 

porous materi a l. T hi s termino logy is used by civil engineers, but sc ienti sts and 

hydrogeo logists have call ed it hydraulic conducti vi ty (Dani e l, 1994). Danie l argued that 

the hydrauli c conductivity te rm is consistent with other fields of engineeling and 

sc ience, s ince constants of proportionality in vo lved in other flow processes are termed 

co nduc tivity (e.g. e lec tri cal and thelma l conducti vity). Also the use of term hydrauli c 

conducti vity he lps to e limjn ate any confusion with intrinsic permeability, K (equation 

1.5). T he refore , in thi s researc h hydrauli c conducti vity will be denote by the coefficient 

kit in equati on (1.3) . This coefficient has units of velocity (length per time), mJs in the SI 

sys te m. 



J.3 Factors influencing Hydraulic Conductivity of soils 

The hydraulic conductivity of soil is not constant; it depends on the soil characteristics 

and on the permeant characteristics. The various characteristics which affect the 

hydraulic conductivity of a soil include particle size, void ratio, soil composition, fabric, 

degree of saturation, and effective stress. These characteristics are interrelated in a very 

complex manner (e.g. fabric usually depends on particle size, void ratio and 

composition). The testing method and procedure can also affect hydraulic conductivity. 

Some of the factors influencing hydraulic conductivity are discussed in the following 

paragraphs. 

1.3.1 Influence of permeant 

Different permeants can be used to perform a hydraulic conductivity tests. These 

permeants can vary in composition from pure water. 

The governtng permeant properties are viscosity and specific weight. Taking these 

properties of the permeant into account, an alternative form of Darcy's law can be 

ex pressed as: 

1.4 

Where y is the unit weight of the permeant and !l is the viscosity of the permeant. K is 

specific or absolute permeability (Lambe and Whitman, 1979), it is in units of length2 

but it is sometimes termed intrinsic permeability (Olson and Daniel, 1981). 

k ./1 K =_h_r_ 

r 
l.5 

Other important charactelistics of the permeant water are the amount of dissolved air in 

the water, the type and concentration of electrolytes, turbidity, nutrient content and 

population of micro organisms (Daniel, 1994). Air contained in the water tends to form 

bubbles as it flows through the nalTOW voids between soil particles. These bubbles of air 

9 



in the voids can obstruct the flow of water, there by giving an inaccurately low 

measurement of hydrauli c conducti vi ty (Head , 1994). Therefore deaired water was used 

to perform the hydrau lic conducti vity tests in thi s research. 

Hydrauli c conducti vity of c layey soi ls can be influenced by electrolytes. Most clay 

minerals are negati ve ly charged, plate shaped partic les. The soil water and cations 

(pos iti ve ly charged ions) in th e soil water are attracted to the surface of the clay 

partic les. The forces of attrac ti on are so strong th at the water and cations immediatel y 

adjacent to the clay partic les are said to be "adsorbed" to the particle and to form what 

is known as a "diffuse double layer" or "e lectri cal doubl e layer" around soil par1icle . 

The adsorpti on is of suffi cient strength that both the soil parti cles and the doubl e layer 

serve to block fl ow paths (Dani el, 1994). Figure 1.6 indicates that the thicker the double 

laye r, the more narrow the flow paths through the soi I and, hence the lower the 

hydrauli c conductivity . 

Flow of wa ter 

Di ffuse double layer of 
absorbed wa ter and 

Nega ti ve charged clay particl e 

Thickness of 
double layer 

Tlli ckness of 
double layer 

This distan ce controls the 
Hydraulic conducti vity 

Nega ti,'c charged clay particle 

Figure 1.6 Diffuse doub le layer and its effect on Hydrauli c conductivity 

(from Daniel , 1994). 

T hi s influence of permeant on hydrauli c conductivity may be predicted by the Gouy

Chapman theory (Mi lche ll , 1993). The theory states that the thi ckness of the double 

layer surroundi ng the so i I particle, T , is proportional to the di electric constan t, D, of the 

pore liquid and the e lec trolyte concentration, no, and the cat ion valence , i.e. 

1.6 
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According to the Gouy-Chapman theory, an increase in electrolyte concentration or an 

increase in cation valence will tend to decrease the hydraulic conductivity. Permeation 

with distilled water tends to produce a very low hydraulic conductivity because its 

electrolyte concentration is equal to zero, i.e. no = O. Therefore, distilled water should 

never be used with clayey soils, except for special research applications, because it 

leaches electrolytes from the soil water, which expands double layers and reduces 

hydraulic conductivity (Daniel 1994). 

Olson and Daniel (1981) presented data on the effects of micro organisms on the 

hydraulic conductivity. Nutrient content can also affect hydraulic conductivity, where 

Nutrients can promote growth of micro organisms, which tends to reduce hydraulic 

conductivity (Daniel, 1994). 

1.3.2 Influence of particle size 

Taylor (1948) developed an equation (1.7) that reflects the influence of the permeant 

and the soil characteristics on hydraulic conductivity. This equation is based on 

considering the flow through a porous media similar to flow through a bundle of 

capillary tubes. 

where 

3 

k =D 2l.._e_c 
h S P, (1 + e) 

Ds = some effective particle diameter 

r = unit weight of permeant 

p, = viscosity of permeant 

e = void ratio 

C = shape factor 

1.7 

This equation suggests that hydraulic conductivity varies with the square of some 

particle diameter. It is logical that the smaller the soil particle the smaller the voids, 

which are the flow channels, and thus the lower the hydraulic conductivity. A 

relationship between hydraulic conductivity and particle size is much more reasonable 

in silts and sands than in clays, since in silts and sands the particles are more 
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equidimensional and the extremes in fabric dimensions are less (Lambe and Whitman, 

1979). 

From experimental work in water treatment plants on rapid sand filters, with DIO 

ranging from 0.1 and 3 mm and a uniformity coefficient less than 5, Hazen proposed the 

following expression (Head, 1994): 

1.8 

Where k" is the hydraulic conductivity in cmls and DIO is the effective particle size 

obtained from the particle size distribution curve in cm. C is a coefficient that varies 

with particle size and particle size distribution (Table 1.1). 

Table 1.1 Value for Hazen's coefficient C (Bowles, 1984) 

C Sand (any or all of the following applies) 

40-80 Very fine, well graded or with appreciable fines 

80-120 Medium coarse, poorly graded; clean, coarse but well graded 

120-150 Very coarse, very poorly graded, gravely, clean 

In coarse materials, the finer particles have the most influence on hydraulic 

conductivity. Therefore, Hazen chose the 10% size, D IO, as the effective particle size. It 

is believed that in coarse grained materials where inter particle bonding (hydrodynamic 

stability) is relatively weak compared to fine grained materials, the smallest particles 

can move under the seepage force imposed by a hydraulic gradient. As a result, the 

hydraulic conductivity of some materials can be altered. In uniform coarse soils 

containing fines, the fines can be removed by the flow increasing hydraulic 

conductivity. Also in well graded coarse soils, flow could displace fines clogging some 

pores, thus reducing the hydraulic conductivity. 

1.3.3 Influence of Void Ratio 

A decrease in void ratio for any given soil will lead to a decrease in hydraulic 

conductivity since the void passages will decrease in size. Several empirical equations 

for estimating the coefficient of hydraulic conductivity have been developed. 

12 



For sandy soils, there is an equation proposed by Kozeny in 1927 and modified by 

Carman in 1939. This equation is now known as the Kozeny-Carman equation and is 

written as: 

where 

Co = shape factor, equal to 5 for spherical particles 

So = specific surface of the grains of the soil 

r = density of the permeating fluid 

fJ, = viscosity of the permeating fluid 

1.9 

Equation (1.9) relates hydraulic conductivity to particle size (DIO ), void ratio (e), 

angularity of particles ( Co ), specific surface (So), and viscosity of fluid (fJ, ). They also 

indicate that the coefficient of hydraulic conductivity is a linear function of e3 /(1 + e) . 

Other theoretical equations have suggested that kh is a linear function of e 2 /(1 + e) ore 2 
• 

In general, e versus log k" is close to a straight line for nearly all soils (Lambe and 

Whitman, 1979). According to Taylor (1948), theoretical equations including the 

Kozeny-Carman equation, work adequately for sands but could not be applied to clays. 

For clayey soils, he suggested that a plot of void ratio against logarithm of the 

coefficient of hydraulic conductivity approximates a straight line, i.e, 

where 

e -e 
logkh = logko __ 0_ 

Ck 

k" = coefficient of hydraulic conductivity at a void ratio e 

1.10 

ko = in situ coefficient of hydraulic conductivity at a void ratio eo 

Ck = hydraulic conductivity change index 

Tavenas et al. (1983) suggested that a linear relationship such as equation (1.10) is more 

representative of the hydraulic conductivity of natural clays in the range of void ratio 

values usually encountered in practice, i.e. 0.8 ~ e ~ 3. The constant of proportionality 
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Ck in equation (1.10), the hydraulic conductivity change index, was defined as the slope 

of the !l.e versus !l.log kh curve. He observed that Ck could be related to the initial void 

ratio of natural nonnally consolidated clays by 

1.11 

A similar value was obtained by other researchers (Leroueil et al., 1990, 1992, 

Sivakumar Babu et al., 1993 and Mesri et al., 1994). More recently, there has been a 

tendency of nonnalising the void ratio-hydraulic conductivity relationship with respect 

to the void ratio at liquid limit state, e L i.e. 

1.12 

Where a and b are constants as presented by Nagaraj et al. (1993 and 1994). According 

to these authors, the water content at the liquid limit state can be considered as a 

reference state, since at this state the consolidation-suction pressures are usually of the 

order of 5 to 6 kPa for all fine-grained soils and the shear strength at the liquid limit is 

usually of the order of 1.7 to 2.2 kPa for all clays. However, experimental results do not 

always support such relationships (Achari and Joshi, 1994; Stepkowska et al. f 1995; 

Harwood et al., 1996). Achari and Joshi (1994) and Harwood et al. (1996) suggested 

that equation (1.12) cannot generalize the hydraulic conductivity characteristics of all 

soils and only has limited accuracy. Stepkowska et al. (1995) studied the consolidation 

and hydraulic conductivity of specimens of dredged sludge in odometer tests and 

triaxial tests. They observed that the liquid limit value could be influenced by pore fluid 

viscosity and therefore might not be a reliable parameter to use in such relationships. 

1.3.4 Influence of soil composition 

The hydraulic conductivity of a soil depends on the type of minerals, on the amount of 

each mineral, on the type of absorbed cation, on the size distribution and shape of 

particles, and on the pore water composition. The influence of soil composition on 

hydraulic conductivity is more accentuated in clays. Increasing the amount of clay 

minerals lowers the hydraulic conductivity. Such a factor is of little importance when 
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considering the hydraulic conductivity of silts, sands and gravels, unless organic matter 

is present (Lambe and Whitman, 1979). 

The surface of soil particles, i.e. the interface between the solid phase and liquid phase, 

is the seat of many physico-chemical phenomena, which playa major role in the nature 

and behaviour of a given soil. The intensity of physico-chemical phenomena varies with 

different soils and depends on the mineralogical composition of the soil particles, on the 

chemical composition of the pore water and on the surface of the particles. 

Soil particles, as a result of the unbalanced nature of the ions located within the surface, 

are capable of attracting and holding water layer and ionic double layer around the 

particle. The type of cation and the thickness of the double layer, as mentioned 

previously, have a considerable effect on hydraulic conductivity. The thicker the double 

layer surrounding the surface of the soil particle, the smaller is its hydraulic 

conductivity, because a greater proportion of the volume of pores is occupied by the 

very strongly held adsorbed water. 

1.3.5 Influence of soil structure (Fabric) 

According to Mitchell (1993), the term fabric is associated with the arrangement of 

particles, particle groups and pore spaces in soils. Lambe and Whitman, 1979 state that 

the term soil structure, some times called fabric, refers to the orientation and distribution 

of particles in a soil mass. They also believe that fabric is one of the most important soil 

characteristics influencing hydraulic conductivity, especially for fine-grained soils. The 

fabric of a particular soil depends on the conditions during deposition, and on the 

subsequent history of chemical, physical and stress changes which have occurred. 

Laboratory measured hydraulic conductivity on smalL specimens of clay cannot be 

representative of the in situ condition because of the effects of fabric. Therefore in situ 

tests can provide more valuable data than laboratory methods since larger masses of soil 

and effects of fabric are tested. 

Two extremes of soil structure (Figure 1.7), namely "dispersed" and "flocculated", 

exhibit a great difference in hydraulic conductivity. It has been found, Lambe and 

Whitman (1979), that by comparing soil specimens at the same void ratio, the specimen 

which is in the most flocculated state has the highest hydraulic conductivity, and the one 
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in th e most di spersed state has the minimum hydrauli c conducti vity. The main fac tor is 

that in a flocc ul ated soil th ere are some large channel s avai lable fo r flo w. Since flow 

through one large channel is much greater th an flow through a number of small 

channels havi ng the same size of total channel areas as the one large chan nel (Lambe 

and Whitman, 1979) . The implication of thi s conceptual model is that there can not be a 

simple relationship between void ratio and hydrau lic conducti vity. 

(b) 

(c) 

Figure 1.7 Structure of soil a) Floccu lated b) Moderate ly fl occ ul ated 

c) Di spersed (After Lambe and Whitman 1979) . 

1.3.6 Influence of Saturation 

The degree of saturation of a soil has an important influence on its hydraulic 

conductivity. DUling flow , depending on the magnitude of the gradient and the size of 

the soi I parti c les, bubbles of air can fl ow through the speci men or stop in a channel 

constri cti on and clog it (Ararun a, 1995), consequentl y reducing the hydrauli c 

conducti vity. The hi gher the degree of saturati on the hi gher the hydrauli c conducti vity. 

Figure 1.8 presents test data on fo ur sands. Although it suggests a unique relationship 

between degree of saturati on and hydrauli c conducti vity, the development of a 

re lati onship between the two is not fea sible because of the great influence of fablic 

(Lambe and Whitman , 1979) . 
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Variou me th ods have been used fo r speci men saturation. In a flexible wall cell the use 

of back press ure is used to ensure a sati sfactory degree of saturation and yield the best 

res ults (Head , 1986). 
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Figure 1.8 Hydrau li c conducti vity versus degree of saturati on 

(after Lambe and Whitman , 1979) 

1.3.7 Influence of temperature 

It can be seen from equation l.S that the hydrauli c conductivity is not constant for a 

given soil but it is re lated to the viscosi ty of the fluid , fl. Viscosity vari es with 

te mperature. Hydrauli c conducti vi ty of a so il usi ng water as permeant c hanges about 

3% for every 1 DC change in temperature (Head 1994 and Daniel 1994). Therefore the 

hydrau l ic conducti vi ty at any temperature (kilT) can be related to a standard temperature 

of 20De by the fo ll owing re lation using the ratio of the fluid viscos ity at any temperature 

(~lT) to th at at 20 DC ( ~l20). 

1.1 3 

17 



1.3.8 Influence of Effective Stress 

Effec ti ve stress controls changes in volume of soil. Therefore it 1S reasonable to ass ume 

th at hydrauli c conducti vity is influenced by effective stress since it is related to the 

vo lume of pores. Therefore, to determine the relevant coefficient of hydraulic 

conductivity, tests should be carried out at the correct stress level, th at is at the in situ 

stresses and at the final stress leve l after loading or unl oadin g (Chen , 1997). The 

effec tive stress at the effl uent end of the test specimen is always hi gher th an th at at the 

influent end (Figure 1.9), and the hi gher the hydrauli c gradi ent , the larger thi s 

difference. Since the app li cation of increasin g effective stress tends to reduce voi d rati o 

and hydraulic conductivity, there is a tendenc y for the tes t specimen to have lower 

hydrauli c conductivity at the effluent end compared to the influent end (Daniel , 1994). 

Base cap 

Top back pressure 

f 
. r 

Soil 
spec;imen 

FI~ 
direction 

Filter paper 

Base back pressure + head 

Figure 1.9 Effective Stress Dist1ibution on test spec imen 

(After Carpenter and Stephenson, 1986) 

1.4 Flow of heat through soils 

Heat fl ow through soil s is almost entirely by conduction, with radi ation unimp0l1ant and 

convecti on important onl y if there is a hi gh flow rate of water or ai r, as might possib ly 

occur throu gh a coarse sand or rockfill. Therefore the thermal conductivi ty is the 

essential property th at controls heat flow (Mitchell 1993). Heat always conducts in soil s 



from warmer regions to cooler regIOns. The composition of any soil affects its 

conduction rate. 

1.4.1 Mechanisms of heat transfer in soils 

The thermal conductivity is a physical property of the material. It is a measure of the 

materials ability to transfer heat. The thermal conductivity of a soil is the rate at which 

heat energy flows across a unit area of the soil due to a unit temperature gradient. To 

achieve economical and efficient design of energy piles systems, it is important that we 

understand the physical mechanisms of heat transfer and that we be able to use the right 

equations that quantify the amount of energy being transferred per unit time between the 

building and the ground. Heat transfer in soils occurs due to a number of mechanisms. 

There are three major mechanisms, include conduction, convection and the transfer of 

heat due to water phase change, also known as latent heat of vaporisation. It should be 

noted that the transfer of heat by radiation can occur in certain specialised cases. 

Although, heat is transferred mainly by conduction in normal circumstances which 

justifies the use of the term conductivity, other mechanisms may contribute in some 

measure to the heat transfer (Farouki, 1986). 

1.4.1.1 Conduction heat transfer 

Heat conduction occurs in all soil constituents, i.e. in the soil solids, the water (liquid, 

vapor or ice) and the pore air. When a temperature gradient exists in soil, energy is 

transfen'ed from the high-temperature region to the low temperature region by 

conduction and the heat transfer rate per unit area is proportional to the normal 

temperature gradient (Holman, 1997). This is known as Fourier's law. 

Fourier made very significant contributions to the analytical treatment of conduction 

heat transfer and summarized them in Fourier's law of heat conduction. It is an 

empirical law based on observation. It states that the rate of heat flow, IlQI Ilt, through 

solid or porous materials is directly proportional to the area, A, of the section at right 

anoles to the direction of heat flow (Figure 1.10), and to the temperature gradient in the 
o 

direction of the heat flow, IlT/IlL i.e. 

1.13 
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Defin in g the proportionality constant B as th e thermal conducti vit y (kr) (W /m.DC) of the 

materi al, Fo uri er's Law can be expressed as: 

Where: 

6.T 
Q=-k .A--

r 6.L 

Q = the heat transfer rate, Watts, 

kr = the thermal conducti vity, W/m DC, 

A = the surface area, m2
, 

1.14 

6. T = the temperature di fferen ce ac ross the materi ai, DC and 

6.L = the length of the mater; ai, Dc. 

The minus sign indi cates that heat fl ows in the direction of dec reasin g temperature. 

Therefore Fouri er's Law is a vector re lationship . The rate of heat transfer has magnitude 

and direction . 

Conduction through a 
material or a stationary fluid 

Tl Tl> T2 T2 

L U 
Q 

Figure 1.10 Conduction heat transfer. 

1.4.1.2 Convection heat transfer 

It is we ll known th at a hot plate of a metal wi ll cool fas ter when pl aced in front of fan 

th an when ex posed to sti ll air. It is said that the heat is convected away, and thi s process 

is ca ll ed convec ti on heat transfer. Convec ti on heat transfer may be classified accordi ng 

to th e nature of the fl ow. It is fo rced convecti on when the flo w is caused by external 

means, such as by a fan (Figure 1.11 0) , a pump (hydrauli c gradient), or atmos pheri c 

winds . In contrast , for free or natural convection the flo w is induced by buoyancy 

forccs , whi ch arise from densit y differences caused by temperature vaJiatio ns especially 
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in coarse dry soils. Figure 1.11b show an example of natural convection (free 

convection) occurs from hot components on a vertical array of circuit boards in still air. 

Air that makes contact with the soil surface experiences an increase in temperature and 

hence a reduction in density. Since it is now lighter than the surrounding air, buoyancy 

forces induce a vertical motion causing warm air to rise from the soil surface and be 

replaced by an inflow of cooler ambient air. However there are convection processes for 

which there is latent heat exchange. This latent heat exchange is generally associated 

with phase change between liquid and vapor states of the fluid. Two special cases are 

boiling and condensation (Figure 1.11 c & d) convection occurs in granular soils in 

which the hydraulic conductivity is great enough to allow groundwater to flow at 

sufficient rate. In this case convection becomes significant and the hydraulic 

conductivity will be the key parameter of the soil, because this will cause a substantial 

increase in the thermal conductivity of soil mass (Sanner et al. 2000, Enercret, 2004). 

The heat flux generated by liquid or gas convection is governed by Newton's law of 

cooling: 

Where: 

Q = the heat transfer rate, Watts, 

h = the convection heat transfer coefficient, W 1m2 °c, 
A = the surlace area, m2

, 

T = the surlace temperature, °c and 

Too = the surrounding temperature, 0c. 

1.15 

Convection, which occurs in fluids, becomes increasingly important as the pore size 

increases and can become significant in granular soils. Convection can be due to a 

change in density created by temperature changes or by differences in potential 

(hydraulic gradient) causing ground water to flow. Therefore it becomes significant only 

in granular soils in which the hydraulic conductivity is high enough to allow water to 

flow through the soil at sufficient rate, because this will cause a substantial increase in 

the thermal conductivity of the soil mass. 
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Figure L. L 1 Convect ion heat transfer processes. (a) Forced convec ti on. (b) atural 
convecti on. (c) Boiling. (d) Condensati on. (after Incropera and DeW itt , 1996) 

1.4.1.3 Radiation heat transfer 

In contrast to the mechani sms of conducti on and convec tion , where energy transfers 

through a material medium is in vo lved, heat may also be transfelTed through regions 

where a perfect vacuum ex ists. The mechani sm in thi s case is e lectromagneti c radiation 

whi ch is propagated as a result of a temperature difference ; thi s is cal led thenna l 

radiation. Thermodynamic considerati ons show that an ideal radiator wi ll emit energy at 

a rate proporti onal to th e fourth power of the abso lute temperature of th e body and 

direc tl y proportional to its surface area (Holman, 1997). Thus 

q =(J·A · T~ 
I!""ul'd 

1.1 6 

Where 

q = the heat transfer rate, Watts, 

CJ = Stefan -Boltzmann constant , 5.669 x 10-8 W 1m2 Kl, 
1 

A = th e surface area , m-, and 

T = the urface temperature, 0c. 
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In soils, radiation usually makes a negligible contribution to heat transfer at normal 

atmospheric temperatures. 

1.5 Factors influencing thermal conductivity of soils 

The transmission of heat within soil is dependent on the physical properties of the soil 

paI1icles, their degree of compaction, and the moisture content of the soil. Because of 

the porosity and the variability of the amounts of air and water contained in the soil, the 

analysis of heat flow through soil is much more complicated than for a homogeneous 

solid, for which thermal conductivity and heat capacity are stable, well-defined 

parameters. Soil is a composite of mineral particles, organic matter, and pores which 

may contain either water or air. All these differ widely in their thermal characteristics. 

Physical characteristics of soils are interrelated, for example any changes in soil 

structure, leads to change in density or porosity. Drying of cohesive soil leads to 

shrinkage and consequent fissuring, while water intake leads to swelling. The processes 

of freezing and thawing similarly lead to excessive compositional and structural 

changes, with consequent changes in the soil's thermal conductivity. 

1.5.1 Influence of pore and particle size 

The importance of heat transfer at the contacts or interfaces between soil particles has 

been recognized and stressed (Smith 1942, Baver et al. 1972, Farouki 1986, Tarnawski 

et al. 2002). No matter how high the intrinsic solid thermal conductivity, the contact 

conduction will be the major factor limiting the effective overall conduction (Farouki 

1966). While this applies particularly to dry soils and soils with low water contents, 

general interfacial effects (i.e. solid/liquid, solid/air and liquid/ air as well as solid/solid) 

maintain their importance to heat transfer in all types and conditions of soils. At low 

water content the water molecules form films on the soil particles which are only a few 

molecules thick. The films are uniform thickness and do not improve the thermal 

contact between the soil particles. so that heat flow is not appreciably enhanced. The 

amount of water required to produce films of a given thickness depends on the specific 

surface area of particles which is a function of particle size and shape (Sepaskhah and 

Boersma 1979). 
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Nusier and Abu-Hamdeh (2003) found that sandy soils had higher thermal conductivity 

values than loam soils at all bulk densities. They explained that based on Tavman's 

(1996) conclusion. Tavman (1996) concluded that the decrease of effective thermal 

conductivity with decrease in grain size due to the fact that as the grain size decrease, 

more particles are necessary for the same porosity, which means more thermal 

resistance between particles. It is also due to the fact that fine grained soils have a 

higher thermal resistivity than coarse grained soils, and that thermal diffusivity is 

greater in coarse grained soils. 

1.5.2 Influence of soil composition 

Typically it has been observed that fine grained soils have a higher thermal resistivity 

than coarse grained soils, and that thermal diffusivity is greater in coarse grained soils. 

The thermal conductivities of some of the important soil components are given in Table 

1.2. They vary greatly. Quartz has the greatest thermal conductivity and air the least. 

The differing mineralogy and composition of sand and clay soils are likely to be the 

primary reason that sandy soils display higher thermal conductivity and diffusivity than 

clay soils, as the sandy soils contain a greater proportion of quartz. Therefore, the 

volumetric proportions of the various soil components will influence the effective 

thermal conductivity of the soil. 

Abu-Hamdeh and Reeder (2000) investigated the effects of density, moisture, salt 

concentration and organic matter on soil thermal conductivity of four types of soils. 

These soils were classified as sand, sandy loam, loam, and clay loam. Their results 

showed that the thermal conductivity, for the four soils at similar density and water 

content, changed as the soil texture changed. It was also found that the sand had higher 

values of thermal conductivity than clay loam. 
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Table 1.2 Thermal Properti es of soi l constituents (Modified after Faro uki, 1986) 

Therma.l 
Specific Volumetric 

Density conductivity Thermal 

Material heat heat capacity kl diffusi ity 
p 

(Mg/m' ) Co C a 
(JIkg 'C) (kJ/m' 'C) (W/m'C) (10·' m'/s) 

Quartz 2.65 732.69 1941.6 8.4 4.3 

Many so il 
2.65 732.69 1941.6 2.9 J.5 

minerals 

Soil organic 
1.3 1925.92 2503 .7 0.25 0. 1 

matter 

Water 1.0 41 86.8 4 186.8 0.6 0. 143 

Air 0.0012 1004.8 1.2 0.026 2 1.56 

1.5.3 Influence of Soil Structure or Fabric 

The soil structure or packing is important because it desc ribes the alTangement of the 

so lid primary or secondary particles, with respect to each other, and a ce rtain oli entation 

with respect to the direction of the heat fl ow or the imposed temperature gradi ent. The 

finer co ll oidal grains in natural soi ls are usuall y aggregated into larger secondary units 

of different shapes and sizes. Micro pores exist between the primary particles and macro 

pores between the larger secondary aggregates (Farouki, 1986). 

Other imp0I1ant structural factors influenc ing the effective thennal conducti vity of a 

so il are the number and nature of the contacts between the soi l particl es themselves and 

the effect on these contacts of the other soi I components, parti cul arl y water. This is 

because most of the heat transfer occurs across these contac t poi nts or areas , especiall y 

in the case of dry or nearly dry so il s (Farouki , 1986). Present knowledge regarding the 

bonds between individual soil particles is th at in clays, the particl es are flat plate shaped 

and they carry negative charges on the flat surface and positi ve charges around the 

edges and at the corn ers. Therefore interparti cle forces of attrac ti on are developed 

whenever edges or co rners chance to com into contact wi th flat surface. The contac t 

may be end to face or edge to face types as shown in Figure 1.12, and B. While type 

C bond when two particles come into contact in a face to fac an angement (Fi gure 

1. 12- ), vvhere forces of repul sion between like charges become dominant , but th is may 
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overcome by the combined effect of external loads, cat ion bonds and hydrogen bonds of 

the adso rbed water mo lec ul es . However in sands, the bonds between the solid grains 

can be cemented together, e.g. by a clay or other bi nder, the thermal contac t is much 

im proved. Small amoun ts of clay co ll oidal partic les added to a cohesion less granular 

material ac t as a binder and im prove th e th erm al conductivity. With kaolinite, about 8o/c 

was found to be th e optimum , giv ing the highest value of thermal conductivity (Farouki 

1966) . The effec tive thermal conductivi ty improved consi derabl y in spite of the much 

lower thermal conducti vity of kaolinite as compared with the quartz grai ns. Figure 1.1 3 

shows the effec t of th e percentage of kaolinite on thermal conductivity in a quartz soil. 

The kao linite was th ought to improve th e interfacial conduction characteristics , 

espec i all y in the nearl y dry state. Together wi th its associ ated adsorbed water fi I ms, the 

kao li nite provided th ermal bridges between the granul ar ske leton. The overall thermal 

conducti vity of th e soil increases as th e total contac t area increases. 

Figure 1.1 2 Types of bond between pl ate-li ke clay parti c les: 

A-Bond on a tip ; B-Bond along an edge; C-contac t along a plane (Kezdi , 1974) 

_ 3 .2 
>< 
E 

~ 2.4 ,., 
> 

~ 1.6 
'0 
c 
o 
u 
'0 0 .8 
E 

o 8 
Kaolin it e ( "I. ) 

12 16 

Figure 1.1 3 Thermal conducti vit y of quartzite granul ar materia l 

with kao linite binder in the nearly dry state (after Farouki 1986). 

Thermal conducti vity of c layey so il may increases if it contains coarser grains of sand 

or silt as a result of pal1i cle-contac t enh ancement. The ske leton structure of the soil is 

made up of sand and silt grains with large vo ids between them . These large voids are 

filled wi th a c lay matrix (Figure 1.14) which is more conducti ve th an water or air. 
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Figure 1.14 Structure of c lay when coarse particles are present: 

1- Sand particles; 2- Clay parti cles (Kezdi , 1974) 

Data on dry soil materi als show th at the thermal conducti vity of crushed rocks is 

apprec iab ly greater than th at of natural so il s hav ing a similar minera logical composit ion 

(Kersten 1949). Van Rooyen and Winterkorn (195 9) attributed thi s to better parti c le-to

particle contac t, poss ibl y due to the different ph ysicochemi ca l properties of th e fresh 

(crushed) mate ri al. 

1.5.4 Influence of water content 

At very low water contents, water is held with ex treme tenacit y on the surface of th e 

soi I parti c les and within the latti ce of crys talline clay minerals (Farouki 1986) . More 

water begins to co llect around the points of contac t between the parti cles. Thi s water 

bridge improves the heat transfer from one grain to another. 

An increase in the water content of the soil is direct ly re lated to an increase in the soi ls 

capac ity to transfer heat. T hi s is due to the repl acement of air or vapour in pore spaces, 

by wa ter. As air has a signifi cantl y lower therm al conducti vit y th an water (0.024 

W /m.oC for ai r vs . 0 .6 W / Il1 .oC for water) the bulk thenna l resisti vity of the soil is 

reduced, th erefore increas ing the effec ti ve thernlal conducti it y of the soil. 



In experiments (e.g. Penner et al. 1975, Speaskhah and Boersma 1979, Cary 1979, 

Farouki 1986, Nusier and Abu-Hamdeh 2003, Abu-Hamdeh and Reeder 2000) it has 

been found that the thermal conductivity of a soil can vary widely between dry soils and 

wet soils. 

The relationship between thermal conductivity and amount of water in a soil was 

explored in some details by Kersten (1949) on the basis of numerous tests (Farouki 

1986). He proposed empirical equations based on the fact that the thermal conductivity 

is linearly related to the logarithm of the water content at constant dry density. For 

unfrozen silt and clay soils containing 50% or more silt and clay, the equation using 

metric units as following: 

k, = 0.1442· (0.9 log we -0.2). 10 0. 6243 Yd For w~7% 1.24 

While for unfrozen sandy soils (clean sand) it is 

k, = 0.1442· (0.7 log we - 0.4) .lOo.6243Yd For W~ 1% 1.25 

where Yd is the dry density in g/cm3
. 

Johansen (1975) introduced the following concept of the Kersten number, Ke, to 

calculate the thermal conductivity of a soil at partial saturation from known values of 

the thermal conductivity in the saturated state, kt sat. and that in the dry state, kt dry. 

1.26 

This equation of Johansen is basically a simple interpolation between the conductivities 

in the saturated and the dry conditions that is based on Ke which depends on the degree 

of saturation. Figure 1.15 shows a plot of the measured and predicted thermal 

conductivities of sandy and silty soils against the degree of saturation. It indicates that 

the thermal conductivity increases as the degree of saturation increases (Bachmann et 

al.,2001). 
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Figure 1.15 Measured and de Vries model-predi cted therm al conducti vity 

values for (a) wettable and (b) water-repellent humic sandy loam so il 
(after Bachmann et aI. , 200 1). 

1.5.5 Influence of Soil Density and Porosity 

The density and porosity of a soil have an effect on heat transfer. It has been shown that 

an increase in th dry density of a so il with its assoc iated decrease in porosi ty leads to 

an increa e in a so il 's thennal conductivity characteli st ics due to the fact th at there is 

more so lid matter per unit soil vo lume, less pore air or pore fluid per unit soil vo lume 

and better heat transfer across the inter-granul ar within the soil. usier and Abu

Hamdeh (2003) in ves ti gated the theI111al conducti vi ty of t'vvo soi ls as a fu ncti on of the 

bulk density u in g si ngle and du al probe m thods. The soil s used were classified as sand 

and loam. Figure 1.16 and Figure 1. J 7 show the thermal conducti vity increased with 

increasing bulk density for the two so il s. They concluded th at the th ennal conductivity 

increased with increas ing bulk density for the two soil s as a result of parti c le contact 

enh ancement as poros ity is decreased. 
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Figure 1.16 Thelmal conducti vity for sand y soi l at three soi l densities 

using single and dual probe meth ods (Nusier and Abu-Hamdeh, 2003). 

An increase in th e density of a soil with constant water content effectively leads to an 

increase in saturati on of th e soil , again dec reasing the air vo lu me in pore spaces and so 

leading to dec reased th ermal resisti vity in the soil. 
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Figure 1.17 Therm al conductivity fo r loam y so il at th ree soil densiti es 

Ll sing single and dual probe methods(Nusier and Abu-Hamdeh, 2003) . 

In general, researchers (e .g. Smith and Byers 1938, Kersten 1949 , Woodside and De 

Bru yn 1959, Penner 1962) have found a linear trend between th e themlal conducti vity 

of a so il or its logarithm ic va lue and the dry density or porosity of that soil (Figure 1 18 

to Figure 1.20) . 
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Kersten (1949) , based on numerous tests, found that at constant water content the 

logarilhm of th e lhermal conducti vity increased linearly with th e dry densi ty and the 

slope of th e li near relat ion fo r a given soil is approximately the same fo r th e different 

water contenl. He expressed this behaviour by the fo ll owing equation: 

k , = A· (lOy r" 1.27 

Where A and B are empiri cal parameters depend on whether the soi I is sandy or clayey 

and whether it is froze n or un frozen . 
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Figure 1.18 Thermal conducti vity of dry soil s as a function of dry densi ty 

(a fter Smith and Byers 1938) 
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Figure 1.19 Thermal conductivity of dry Leda clay as a function of dry den it y 

(afler Woodside and De Bruyn 1959) 
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Figure 1.20 Thermal conductivity of saturated Leda clay vs. dry density 

(after Penner 1962) 

The therma l conducti viti es of sand y and clayey soi ls at different water co ntent and dry 

density which were tabu lated by the U.S.S.R. Bui ldin g code (1960) were plotted by 

Farouki 1986. Figure 1.21 and Figure 1. 22 show the lines at vali ous water contents 

bei ng parallel for a gi ven soi I. 
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Fi gure 1.21 Thermal conductivity of sandy soi ls vs. dry densit y 

at constant water content (a fter Farouki 1986). 

Data from Ker ten ( 1949) and Terzaghi (1 952) (Farouki . 1986), shown in Figure 1. 23 , 

illu trate the ariati on with poros ity of th e therm al conductiv it y of and and c la ys . 
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frozen or unfrozen. Frozen so il s are out of the scope of thi s research, but it can be seen 

from the Figure th at th ermal conducti vi ty of frozen soil s is appreciabl y greater than th at 

of unfrozen so il s because th ermal conductivi ty of ice is about four ti mes th at of water. 
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Figure 1.22 Therm al conductivity of clayey soil s vs. dry density 

at constant water content (after Farouki 1986). 
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Figure 1.23 Thermal conducti vity of Sand and Clay 

as a function of dry densi ty (after Farouki 1986) . 
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1.6 Aim and Objectives 

This thesis is concerned with an experimental investigation for determining the 

hydraulic and thermal conductivities of different types of soils. The experimental 

investigation performed for this purpose was carried out using different techniques. 

Particular emphasis is placed on developing and designing new techniques to determine 

both the hydraulic and thermal conductivity of soils. The effect of the physical 

properties of soils on these two parameters was also investigated. 

The main aims of this research were to develop a technique for rapidly determining the 

hydraulic conductivity and to design a simple device to measure the thermal 

conductivity of soils. This will lead to a better understanding of the effect of the 

measuring techniques and the effect of the physical properties on these two parameters. 

The experimental investigation presented herein consisted of a variety of objectives to 

achieve the aim of the research. 

• A review of the factors affecting the hydraulic and thermal conductivities of 

soils. 

• A review of the different techniques used to determine the hydraulic and thermal 

conductivities of soils. 

• Develop the constant flow flexible wall permeameter for a rapid determination 

of the hydraulic conductivity of fine soils. 

• Design a simple device and produce a testing procedure to determine the thermal 

conductivity of different types of soils. 

• Develop an understanding of the effect of the physical properties on a soil's 

hydraulic and thennal conductivities. 

• Evaluate results of the thermal device by comparing them with published data 

and thermal conduction models. 

1.7 Thesis Outline 

Few details are given In other published works regarding specific techniques and 

equipment used in determining the hydraulic and thermal conductivities of soils. 
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Therefore it is often difficult to compare results from different authors. This chapter 

gave a brief review of the theories behind the flow of water and heat in soils and a 

discussion of the factors affecting the determination of the hydraulic and thermal 

conductivities of soils. Chapter two presents a review of the existing methods for 

determining the hydraulic and thermal conductivities of soils in the laboratory. 

In Chapter three, the description of the flexible wall permeameters using the constant 

flow technique and its development to work using the falling head technique are given. 

In addition a detailed calibration of the instrumentation and the experimental procedure 

are described. 

Chapter four provides information regarding the design criteria and principles are given, 

as well as theory behind the design and the description of the new device for 

determining the thermal conductivity of soils. In addition the experimental procedure 

used is described. 

The results of the hydraulic conductivity of soils determined by the flexible wall 

permeameter using both the constant flow and the falling head techniques are discussed 

in Chapter five. It is also presents the effect of the void ratio, density and effective stress 

on the determination of the hydraulic conductivity of soils. A comparison between the 

results obtained by the constant flow, falling head and constant head techniques to 

evaluate the modified testing systems are also given in this chapter. 

Chapter six presents a discussion of the thermal conductivity results obtained by the 

new testing system. It gives also a comparison between the experimental results and 

published thermal conductivity data. The experimental thermal conductivity results are 

compared with the thermal conductivity results predicted by number of thermal 

conduction models. Conclusion and recommendations are given in chapter seven. 
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Chapter 2 

Measurement of Hydraulic and Thermal Conductivity of Soils 
in the Laboratory 

2.1 Introduction 

There are number of standard and non standard methods to measure the hydraulic and 

thermal conductivity of soil. There are those that create a constant hydraulic or thermal 

gradient and the resulting hydraulic or thermal flow is measured. Others allow the 

hydraulic or thermal gradient to fall as the change in flow is monitored. There are also 

indirect methods, for example those in which volume changes of the specimen are 

measured and the hydraulic conductivity is theoretically inferred from those 

measurements. And finally there are empirical or semi-empirical methods which are 

used to predict the thermal conductivities. 

The following sections give an over view of both the laboratory methods of measuring 

hydraulic and thermal conductivities and the empirical methods. 

2.2 Measurement of Hydraulic Conductivity ill the Laboratory 

Hydraulic conductivity is one of the most variable engineering properties of soils, and 

slight change in measurement technique or test equipment can cause a change in the 

value detemlined. The coefficient of hydraulic conductivity of a soil is best obtained 

from a direct measurement which can be performed either in the laboratory or in situ. 

Laboratory tests are preferred since they are cheaper than in situ tests, and the boundary 

conditions can be controlled, however in situ tests provide more valuable data since 

larger masses of soil and effects of fabric are tested. Laboratory tests are more advanced 

since that the degree of saturation, the hydraulic gradient and the direction of flow can 

be controlled and monitored using very accurate transducers. 

Various laboratory techniques can be used for measuring the coefficient of hydraulic 

conductiyity of soils, namely, constant head, falling head and constant flow. All 

methods rely on the validity of Darcy's law (Head 1986) which states that the 
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coefficient of hydrauli c conductivity is th e rati o of th e fl ow rate to the hydraulic 

grad ient. A s umm ary of their advantages and di sadvantages is presented in Table 2.1, 

and a bri ef literature review on these various measurement techniques is presented in 

thi s sec ti o n. 

Tab le 2 .1 Comparison of hydraulic cond uctivity measurement techniques in Laboratory 

Method Falling Head Constant Head Constant Flow 

Principle Continuo us change Constant gradient is imposed Constant quanti ty of penneant 

of hydraulic corresponding fl ow quantity is is forced through the specime n 

grad ient during meas ured . corresponding hydraulic 

tes t. gradien t is eva luated. 

Soil T ype Fine-grained soi ls Coarse and fine-grained soil s Coa rse and fine-grained so ils 

such as : fin e sand, such as: sand , s ilt and c lay. such as: sa nd , silt and c lay. 

s ilt and c lay. 

Advantages • S impli c ity. • S imple to use. • The hydraulic gradient ca n 

• S impli c ity in ca lcul ations. be minimi sed . 

• Steady state co nditi ons • Seepage induce 

can be achi eved. conso lidation ca n be 

minimi sed . 

• Prec ise contro l o f flo w rate. 

• Much shorter duration of 

test, minimi ses interference 

due to bac terial growth . 

• Steady sta te co ndition . 

• Technique suitable for 

automatic data acqui sition . 

Disadvantages • Hi gh hydraulic • High hydraulic gradient, • Co mp lex equipment needed 

gradi ent, a lso a lso seepage induced and sli ghtl y higher initial 

seepage induced co nso lidation . cost for the equipment. 

conso lidatio n. • Longe r duration of test • Deve lopment of extremely 

• Lo nge r durat ion required. large hydraulic gradient 

of tes t required . when large flow rate is used. 

• No steady state 

co ndition 

ac hi eved . 

• Co mp li ca ted 

equati ons. 

(Modlfied After Chen, 1997) 
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2.2.1 Fallin g Head Techniq ue 

The fa lling head technique is used for testing soil s with relati ve ly low hydraulic 

conducti vity such as s ilts and c lays (O lson and Danie l, 1981: Tavenas. et al. 1983: 

Carpenter and Stephenso n, 1986; Head , 1986). It is the one in which the water level in 

the stand -pipe changes during permeation . There are two possible types of falling head 

tests, one is fa lling head with a constant tail -water pressure test and the other is fa lling 

head with a ri sin g tail-wate r pressure test. The test with co nstant tail-water pressure 

tends to be more conveni ent for test ing so il s with hydraulic conductivity greater than 

about I x 10-5 m/s whi le the ri s ing tail-water pressure test tends to be more convenient 

for hydrauli c conductivity less than about I x 10-9 m/s (Dani e l, 1989: Das, 1997). 

~ 
Standp ipe 

[°1 

Influent f ,m"~, standpipe 
standpipe 
~ Area 8", 

T 
hi h2 

_ Test cell 1 _Testcell 

1 
~ 

1 
hi h2 L Specimen Area a OUI 

Specimen L 

iil ~ 1 
Constan t level 

( a ) ( b ) 

Figure 2. 1 Typica l arrangement of Falling head Tests : 

(a) w ith co nstant tail-water pressure, (b) with ri sing tail-water pressure. 

A typ ica l arrangement of the fa lling head techniques are shov.rn in Figure 2. 1a and 

Figure 2. 1 b. Figure 2. 1 a shows the head or height of water in the stand pipe fa ll s from 

hi to /72, over an e lapsed time I I and 12- The vert ica l coefficient of hydraulic 

conducti vity, k" can be ca lculated fro m the fol lo\ving equations: 
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1. For constant tail-water pressure: 

where 

a = area of cross-section of the influent standpipe 

A = area of cross-section of the soil specimen 

L = length of soil specimen 

I = elapsed time between determination of hI and h2 

hi = hydraulic head at time II 

h2 = hydraulic head at time 12 

2. For raising tail-water pressure: 

where 

ain = area of cross-section of the influent standpipe 

a
01i1 

= area of cross-section of the effluent standpipe 

A = area of cross-section of the soil specimen 

L = length of soil specimen 

I = elapsed time between determination of h I and h2 

hi = hydraulic head deference at time tl 

h2 = hydraulic head deference at time t2 

2.1 

2.2 

The primary advantage of a falling head test is that equipment is simpler than for a 

constant head test. A slight disadvantage of the falling head test is that the equations for 

computing hydraulic conductivity are more complicated. However, there are significant 

limitations of the falling head test that have been discussed by some researchers (pane, 

et al., 1983; Tavenas, et al., 1983a; Daniel, 1994). The main concern arises from the 

variation of the head difference imposed on the test specimen during the test. Daniel 

stated that as the head falls, the pressure drops and any gas bubbles in the test specimen 

expand. 

39 



T he am unt of di sso lved gas that can be held by the li qu id decreases. which could 

re lease d issolved gas from the permeant liquid and formati on of ai r bubble if the 

permeant liquid is saturated with dissolved gas at the initial pressure : and in fl exible 

wa ll ce ll s for which a constant total stress is maintained, a decline in pore water 

press ure causes an increase in effecti ve stress- an increase in effective stress cause 

conso li dati on and a reduction in vo id rati o and hence in hydraulic conductivity. Pane et 

a l. ( 1983) and Tavenas et al. ( I 983a) suggested that as a result of the variation of the 

head di ffe rence, a steady state fl ow condition required by Darc y's law is never achieved 

because the hydrauli c gradient is continuously being modified by the fa lling head . Te t 

durati ons can be lengthy and if hi gh hydraulic gradients are used to speed up the test. 

seepage induced consol idation and change of effec ti ve stress can affect the speci men. 

2.2.2 Constant Head Technique 

The constant head technique is described in standard s, inc lud in g BS 1377: 1990, ASTM 

0 2434-68 and D5084-90 . It has been used to measure the hydraulic conducti vity of 

coarse so il s and fine-gra ined soil s such as sand , s ilt (S il va, et al. 198 1; Tavenas, et a l. 

1983; Yang and Barbour 1992 ; Araruna 1995; Chen 1997). A typica l se t up of the 

technique is shown in Figure 2.2. 

Constan t level 

Testcell -
f------1 

Area A _ Specimen L 

~ 

Figure 2.2 Typ ica l arran gement of Constant head te t. 
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The principl e in thi s set up is that the hydrau lic head causi ng flow is maintained ; the 

quantity of water fl owing through th e specimen of known cross-sectional area and 

length is meas ured. Then from Darcy' law: 

where 

q = fl ow rate, 

q · L 
k =-

" A · h 

L = length of th e soil specimen, 

A = cross-secti onal area of th e soil specimen, 

h = hydraulic head causing flo w. 

2.3 

The constant head technique is widely used owing to its simpli city in principle . Its main 

advantages are its simplicity, low cap ital costs and steady state conditi ons. 

The ma in limitation of thi s technique is th e fact that it is difficult to measure small fl ow 

rates and thi s difficulty is overcome by extending test durati ons or to use very high 

hydra uli c gradi ents that can affect the spec imen by seepage induced conso lidatio n and 

change in effective stress hence a variat ion in void ratio . In an effort to reduce these 

effects, ASTM 05084 recommends maximum hydrauli c gradients in fl ex ible-wa ll 

hydraulic conductivity tests as given in Table 2.2. 

Table 2.2 Recommend ed maximum hydrau lic grad ients in fl ex ible-wall Hydrau li c 
conduc · . (05084 90) tl V I ty tests -

Hydraulic conductivity of Soil Recommended Maximum 

(m/s) Hydraulic Gradient 

1 x 10 -6 /0 1 x 10-7 2 

I X 10-7 /01 X 10-8 5 

1 X 10-8 /01 X 10-9 10 

1 X 10 -9 /01 X 10-10 20 

Less than 1 x 10-10 30 

Th is technique can also be used in conjuncti on with a modifi ed oedometer or a Rowe 

ce ll that both have the advan tage that the stress state of the so il can be contro ll ed and 

changcd as well . The RO\ e cell has the add ed advantages of being able to apply back 
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press ure to th e specimen to achi eve sati s facto ry saturation , specimens o f larger di ameter 

can be tested so some in situ fabric can be retain ed and the direction of permeant flow 

can be orientated to be e ither vertical or horizontal. 

2.2.3 Constant Flow Technique 

The constant flo w techn ique has been used to measure the hydraulic conducti vity of 

fin e-grain ed so il s such as fin e sand s, silts and clays (Daniel, 1994 ; Araruna, 1995 ; 

Chen, 1997) . It has been suggested as a standard method in the Un ites States (ASTM 

0 5084-90 Standa rd Test M ethod for Measuring of H ydrauli c Conductivity of Saturated 

Po rous Material s Us ing a F lex ibl e Wall permeameter) . 

Thi s technique is perfo rmed by pumping perm eant liquid through a so il specimen at a 

co nt ro ll ed rate us in g a multispeed syringe pump and measurin g the pressure difference 

indu ced ac ross th e spec imen w ith a differenti a l pressure transducer (OPT). This 

proced ure avo ids the e rro rs in co nvention al techniques th at arise from atmospheric 

co ntam inat ion and from the long time interva ls needed to obtain measurabl e fl ow rates. 

O nce a steady state co nditi on is achi eved wh ich is indi cated by steady differential 

press ures ac ross the spec imen and balanced inflow and outflow, the test is compl ete. A 

sc hemati c diagram of th e technique is shown in F igure 2.3. 

Outflow 

Soil 
specimen 

Permeameter 

Differential 
pressure 
transducer 

Flow pump 

Computer 

~ 

/ 

F igure 2 .3 Sc hemati c diagram of the co nstant flow rate technique (Chen, 1997). 
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The advantages of this technique in comparison to the other two techniques are: 

1. Measurements of hydraulic conductivity can be determined in very much 

shorter time periods and at smaller hydraulic gradients. Therefore, the 

seepage induced consolidation effect and changes in effective stress in the 

specimen can be minimised, but they can not be avoided entirely. Pane et al. 

(1983) concluded that if the clay is very soft and normally consolidated, even 

small gradients can cause significant seepage induced consolidation. 

2. The test can be fully automated with computer control of all pressures and 

flow rates. 

3. When the permeant liquid is a chemical or waste liquid, one can set the flow 

pump to deliver a known amount of liquid in a given amount of time which 

can be helpful in making sure that sufficient throughput of liquid occurs 

within the time restrictions of a project (Daniel, 1994). 

The disadvantages of the technique are: 

1. The high capital costs involved. 

2. The operation of the equipment is somewhat more complicated. 

3. Possibility of developing extremely large hydraulic gradient if too large a 

flow rate is used. 

2.3 Types of Permeameters 

Numerous variations of laboratory hydraulic conductivity permeameters are available 

for testing soils. The permeameters cells may be divided into two categories: rigid-wall 

and flexible-wall cells. The major difference is, in the former, consolidation is one

dimensional; in the later it is three dimensional. A summary of these two permeameter 

types is presented below. 

2.3.1 Rigid Wall Permeameters 

Rigid-wall permeameters consist of a rigid tube that contains the specimen to be tested. 

The tube is almost always circular and constructed of metal, plastic or glass. Two types 

of rigid-wall permeameters are commonly used namely a compaction-mold 

permeameter and a consolidation-cell permeameter (Rowe cell) (Figure 2.4). 
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The compaction-mo ld permeameter (Figure 2.4a) is the most commonly used type . Two 

main advantages of thi s type of permeameter are its simplicity and cost. The specimen 

in th is type of permeameter is confined in a rigid ring. To prevent side leakage, 

compact io n stresses sho ul d be app li ed to ensure a good contact between the soil and the 

ri g id ri ng. The disadvantages assoc iated wi th this permeameter are the lack of control 

over the state of stress and the means of saturating th e specimen. Most of the rigid wall 

perm eamete rs have no provis ions for back-pressure saturation . A lthough a vacuum may 

be appli ed to the o utfl ow end of the ce ll , it is st ill unli ke ly that the specimen will be 

saturated co mpl ete ly. Therefore th e hydrauli c conducti vity measured us ing these 

devices w ill no rm all y be lower than the corresponding value for fu lly saturated soil , 

beca use bubbl es o f air reduce the hydraulic conducti vity. 

El1Iuent line 
(. ) 

Water reservoir Applied load 

Inf luenl 

Pro~uro 

chamber 

Rigid 
consolidation Rigid cell 
rlno -............ 

line ~9=~~~;;;~~;;,~~?¢k;;p 

( c ) 

(b) 

~ Speclme.A 

(d) 

Innuent 
line 

Effluent nne 

Figure 2 .4 Schemati c di agram of vari es types o f ri gid-wall pel111 eam eters 
a) Compacti on-Mo ld b) Conso lidometer cell c) O edometer cell 

d) Rowe cell (Chen, 1997) 

Co mp ac ti on-mo ld permeameters are best sui ted for test ing engineered fi lls that will be 

subj ec ted to low overburden stresses in the fie ld and coarse m ateri al when the side wall 

leakagc is less of a prob lem b cause of the higher h ydraulic conductivity of the 

spec lm cn. 

T he co n o li da tio n-ce ll permeamet r is a modified consolidation cell, such as that shown 

in Figu re 2.4b and Figu re 2. -+d . One advantage the conso lidation-ce ll pem1eameter has 

over the co mpa tion-mold pel111Cameter i that the veI1ical loads may be applied to the 
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specim en. This he lps prevent side wall leakage, since the soil is forced laterally against 

the ring durin g conso lidat ion (S hackelfo rd , 1994). Some of the consolidation cells like 

the Rowe ce ll (Figure 2.4d), have back-pressure capability which can be used to present 

disso lved a ir bein g re leased . 

The co nso lidati on-cell permeameter is best suited to testing undisturbed samp les of 

relat ive ly compressib le soil such as soft to moderate ly stiff clay that wi ll be subjected to 

significant overb urd en pressure. 

2.3.2 Flex ible Wall Permea meter 

T he fl ex ib le-wall permeameter (Figure 2.5) is used for hyd rau lic conductivity testing 

and standard p roced ure has been developed for its use (Zimmi e, 198 1; Dani el, et a!. , 

19984; ASTM D5084-97). 

..____-- Vent port 

O-Ring 

Acrylic tube 

~ Latex membrane 

Porous disk 
Base pedestal 

Base drain 

------Top drain ,/ Base drain 

Figure 2. 5 F lex ib le-wa ll pelmeam eter (after Daniel, 1994) 

T he spec imen is co nfi ned in a fl ex ib le membrane inside a conventional or modified 

triax ia l ce ll. The membran e is held ti ght ly in pl ace against the soil by pressure applied 

by the cell fluid . Because the membrane is fl ex ible, it confom1s to surface irregularities 

a long the s ide of the specim n and adju sts itse lf to chan ges in specimen dimensions, 

thu minimi sing o r preventing sid wa ll leakage. The ab il ity to saturate the speci men 

undcr back pressure and the abi lity to control the state of stress are l\ 0 other important 
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advantages of th e fl ex ibl e-wall penn eameter . It may also be desirable when testing 

penn eants o th er th an water. The main disadvantage of the flex ible-wall penneameters 

may wei I be th e i r cost. 

In genera l, th e flexib le-wall penneameters are best sui ted to soil specImens with 

irregular surface (e.g. undi sturbed natural specimen). It is also ideal for soils that will be 

subj ected to substanti a l overburden pressure, such as natural sample obtained at depth . 

More deta il s of its co mpon ents, calibration and testing procedures are provided in 

chapter three. 

2.3.3 Comparison between Flexible and Rigid Wall Permeameters 

The major d ifferences between ri gid and fl ex ibl e wall penneam eters are the method of 

co nfinin g and saturatin g the specimen. Several studi es have shown that large differences 

in meas ured hydrauli c co nductivi ty va lues can occ ur dependin g on th e type of the 

penn eameter used in a tes t (Dani e l, et a J. 1985; and Shackelford 1994). Other studi es 

sugges t that the method does not influence the result (Tavenas et al 1983a). Table 2.3 

summ ari ses the re lati ve advantages and di sadvantages of ri gid and fl ex ibl e wa ll 

penll eamete rs that were discussed by Dani e l et aJ. ( 1985); Dani el (1994) and 

Shackelford ( 1994) . 

Table 2.3 Advantages and di sadvantages of di fferent penneameters 

Permeameter Type Advantages Disad va ntages 

Compaction-Mold • Low cost • Difficult to saturate the speci men 

• S impli city • Vo lume and/or deformation 

• Useful for co mpacted soi l change cannot be measured or 

• No confining pressures contro lled 

required • Stresses on specimen are 

wlknown and uncontrollable 

• Side wa ll leakage is possible 

• Large hydraulic gradient may 

resul t in hydraulic fracturing of 

spec imen or piping 

C onso lida lion-Cell • Vertica l pressure in fi e ld ca n be • Thin spec imen ma y not be 

s imulated represe ntative 

• Vert ica l de fomlation ca n be • Pote nti al for s ide-wa ll leakage 

measured • Some sa mples ma y be difficult to 

• range of vertica l stresses can trim into consolidation ring 
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be tested on one specimen resulting in specimen disturbance 

• Useful for undisturbed or • Higher cost than compaction-

compacted specimens moldpermeameter 

• Short testing time with thin • Horizontal stresses on specimen 

specimens are unknown 

• Cost effective for measuring • Back pressure saturation not 

Hydraulic conductivity over a recommended 

range of specimen states 

Flexible-Wall • Specimen can be saturated by • More complicated operation of 

back pressure and degree of equipment than fixed-wall cell 

saturation confirmed via B • Membrane may be incompatible 

coefficient measurement with chemical permeant 

• Irregular specimen surfaces can • Large hydraulic gradient may 

be accommodated easily result in unreasonable effective 

• Side-wall leakage minimized stresses in specimen 

• Principal stresses on specimen • Inappropriate for testing soft 

can be controlled specimens such as slurry mixture 

• Volume changes andlor • Higher cost than fixed-wall 

deformation can be measured permeameter 

(Modified after Shackelford, 1994) 

2.4 Measurement and prediction of Thermal Conductivity in the 
Laboratory 

Thennal conductivity can be either measured or predicted. There are two methods to 

measure thennal conductivity; the steady state method and the transient method. The 

measured properties are the thennal conductivity and the thennal diffusivity, these 

being interrelated by means of the volumetric heat capacity. The thennal conductivity 

governs the steady state condition of the soil, while the thennal diffusivity applies to the 

case where the temperature varies with time (Farouki 1986). 

The general concept of measuring the thennal properties is that it is necessary to set up 

a temperature gradient across the soil sample being tested and then either from the 

transient state or the steady state condition these properties can be detennined. 

There are also numbers of conduction models that can predict the thennal conductivity 

of a soil to some extent. Some of these models are presented in the following section . 
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2.4.1 Steady state methods 

After applying the initial temperature difference, it may take some time to achieve 

steady state conditions when the measurements are made. The laboratory steady state 

methods include the guarded hot plate (GHP) and the radial heat flow. These methods 

which employ steady state measurement of the thermal conductivity apply Fourier's law 

of heat conduction. 

2.4.1.1 The guarded hot plate (GHP) 

The guarded hot plate test is considered the most accurate and most widely used method 

for the measurement of thermal conductivity of poor conductors of heat. It has been 

standardised by the American Society for Testing and Materials as ASTM C 177 

(Standard Test Method for Steady-State Heat Flux Measurements and Thermal 

Transmission Properties by Means of the Guarded-Hot-Plate Apparatus). This test 

method gives only the general design requirements necessary to construct and operate a 

satisfactory guarded hot plate apparatus. It does not give detailed design. Therefore the 

success of the technique depends on a proper design of the apparatus. 

The apparatus shown in Figure 2.6 which conforms to the ASTM specifications was 

used at CRREL (US Army Cold Regions Research and Engineering Laboratory). It is a 

20 inches guarded hot plate apparatus (GHP) capable of measurements in the range -50 

of to +250 of. Two identical test specimens (G in Figure 2.6) are placed above and 

below a flat-plate main heater unit which is surrounded by an outer guard heater (Figure 

2.6). The guard eliminates horizontal heat losses and causes heat from the main heater 

to flow vertically up or down through the test specimens. Liquid-cooled heat sinks are 

placed adjacent to the outer surfaces of the specimens. The heat input, Q, is monitored. 

After steady state has developed, as shown by stable temperatures of the heating and 

cooling plate, the thermal conductivity can be calculated from the heat input, the 

temperature differential, il T, across the sample, the sample dimensions thickness, Ill, 

and heat transfer area, A. The apparent thermal conductivity of the specimen is 

calculated from the equation (Fourier'S law): 

Q D.X 
k =-.-

I A!l.T 
2.4 
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Fi gure 2.6 CRREL guard ed hot pl ate apparatus (From Farouki 1986) . 

Although GHP tes t results obtained by different experim enters on the same materi al can 

vary by as much as 20%, the GHP method is genera ll y regard ed as accurate (Faro uki 

1986). Howeve r, it is usua ll y quite tim e consuming (Mitchell et a!. 1978). Due to the 

conside rabl e time required to achi eve steady state conditi on and the re lati ve ly hi gh 

temperature diffe renti al that needs to be appli ed, appreciabl e moisture mi grati on may 

take place in un saturated soil s (Hutcheon and Pax ton 1952, Mi tche ll et a!. 1978). Thi s 

process is kn own as therm o-osmos is. De Vri es ( 1963) has pointed out that the resulting 

meas ured va lue of the th erm al conductiv ity would be lower than the va lue 

co rrespo ndin g to the average water content . 

2.4.1.2 Radial Heat Flow 

Whereas th e guarded hot pl ate is genera lly used fo r measLlIing the thermal conductivity 

o f sa mpl es th at can be formed into a slab, rad ial heat flow steady state methods are 

more comm onl y used wi th powdered o r granu lar material (Farouki 1986). 
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Vari o us experim enters have used cylindri cal arrangem ents fo r the steady state test (e .g. 

Kersten 1949 and M itche ll e t a l. 1978). A cylindrical test device empl oys a central line 

(o r cy lindri cal) heat source (Figure 2.6) . End effects are assumed negli gible due to 

e ither the large length to di ameter ratio of the test apparatus or the use of guard heaters. 

To achi eve th e steady state th e device has to be allow ed to run fo r about 10 hours before 

taking meas urements (Mitchell et a!. 1978). After steady state has been establi shed, the 

therm al co nducti vity can be calculated from th e heatin g power, the length of the 

cylinde r, th e temperature differential between two internall y (to the medium) located 

senso rs and the ir radial pos ition (Farouki 1986). 

Kersten (1949) tes ted soil samp les in a cylindrical arran gement shown in Figure 2.7. 

The main heater is in th e cente r and is guarded by upper and lower heaters. The so il 

specimen is pl aced in the surrounding annul ar space. The heat fl ows radi all y outward 

ac ross the soil and towards the cooling chamber through which alcoho l is circul ated at 

the required temperature . Wolfe and Thieme ( 1964) used a s imil ar setup fo r measurin g 

therm a l conductivity of fro zen soil s and ice . Another cylindri ca l arrangement was used 

by F lynn and Watson (1 969) for testing soi ls at hi gh temperatures (up to 1700°C) 

(Fa rouk i 1986). 
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F igure 2.7 C y lindrica l an angements for thell11 al conducti vity tests 
(Farouki, 1986). 
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2.4.2 Transient state methods 

A disadvantage of steady state methods are the long measurement times involved. 

Therefore, transient methods are preferred for measuring the thermal conductivity of 

moist soils. They are rapid as data are obtained in minutes or even less compared to 

hours for a steady state measurement. 

Steady state methods are only capable of measuring thermal conductivity. When the 

measured properties are to be used in the study of transient heat transfer, density and 

specific heat have to be found independently. They are combined with thermal 

conductivity to find the thermal diffusivity. Methods based on transient heat transfer 

have the potential of directly determining thermal diffusivity, but they are not as 

accurate as steady state methods with dry materials (Mohsenin, 1980). 

The line heat source theory is widely used for determining of thermal properties of soils. 

Three transient methods based on this theory, including the hot wire, the thermal needle 

probe (Single Probe), and dual probe will be presented. 

2.4.2.1 Transient Hot Wire Method 

The hot wire method is one of the most commonly used transient state methods. It has 

been standardised by the American Society for Testing and Materials as ASTM C 1113 

(Standard Test Method for Thermal Conductivity of Refractories by Hot Wire). The 

theory is based on a line heat source of infinite length and infinitesimal diameter. Abu

Hamdeh et al (2001) used this method to investigate the effect of the bulk density and 

the water content on the thermal conductivity of some Jordanian soils (Figure 2.8). It is 

simply used in soils by embedding a thin straight wire (heat source) in the centre of a 

specimen contained in a steel box. When the specimen and the wire are at a constant 

temperature, constant power is supplied to the wire to heat the specimen. The radial 

temperature difference across the specimen is measured by a thermocouple. In that case 

the ex temal temperature can simply be the room temperature. The temperature response 

of the specimen is a function of its thermal properties. The thermal conductivity can be 

calculated from the temperature rise measured at a known distance from the heat source 

and the power input as: 
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where 

Q = the input power per unit length . 

T, = temperature at time [ I . 

T2 = temperature at times [2. 

2 .5 

The values d(.0.T)/d(.0.ln t) can be read from the straight line portion of a plot of L1 T 

versus In [ obtained from the test record (Tavman, 1996). In the simplest form this 

method can o nl y be applied to cohesive soi ls . Once a test becomes more sophisticated 

with controll ed bou ndari es then thi s test becomes easier to operate and interpret. 

I. Healing element 
2. Thennocouple (gl ued to the 

heating element) 

(a) Top view 

14 em 

(b) Rectangul ar steel box shown without wiring 

Switch 

F igure 2 .8 Schematic di agram of hot wire method 
(Abu-Hamdeh et a12001) 

2.4.2.2 Thermal Needle Probe Method (Single Probe) 

T he thcrmal need le prob method (s ingle probe) is based also on the theory of the line 

heat source method . Probes are constructed around a rigid straight rod like, e .g. a metal 

tubc. heating e lement and a th ermocoup le are placed inside, or on the outside of, the 
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tube o r rod . The first appli cati ons of the probe were by Van der Held and Van Drunen in 

1949 to measure the thennal conductivity of liquids, and by Hooper and Lepper in 1950 

to meas ure th at of soi ls using large probe of about 47 cm length and 0.47 cm in 

diameter (Farouki 1986). The American Society for Testi ng and Materials (ASTM) 

publi shed a testing method for detenninin g the thennal conductivity of soils and soft 

rocks by thennal needle probe (D5334-92) that was suggested by Chaney et al. (1983) . 

They stated that thi s test method is suitab le only for isotropic materi als and applicab le 

over the temperature ran ge from 20 to 100 °C. Their probe consisted of a stainless steel 

hypod ermic tub ing conta ining a heater and thennocouple as shown in Figure 2 .9. The 

probe is 100 mm long and has an outside diameter of 1.8 mm . An insulated heater 

element was in serted a long the full length of th e tube. An insulated thennocouple is 

located inside the tube at the hal fway point. The tube is bonded to a miniature 

thermocouple conn ector. 

_ ........ "'\ 

8 COft l ,ontOl'l No -"<lIO'2)mm) 

Figure 2 .9 Thelmal Needle Probe Components 
(Chaney et al 1983) 

To make a measurement , the probe is embedded into the soil specimen. The specimen is 

allowed to come to equilibrium w ith room temperature. The heater wire is connected to 

a con tant current source. The thel111ocouple is connected to the readout unit. The probe 

heater is energized and heats the so il with constant power. The variati on in temperature 

at thc hea t so urce is mo nitored \ ith tim e. Following a brief transient period, a plot of 

the t I11peraturc versu the natural 10gaIithm of time becaI11e linear. The thel111al 

conducti ity ca n be calcul ated from the relation : 
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2.6 

This probe can be used in laboratory specimens of soil from the base of boreholes and 

in near surface soils. It has the advantage of being a simple apparatus. It is also a rapid 

method (Mitchell et ai. 1978, Chaney et ai. 1983, Nusier and Abu-Hamdeh 2003). 

Besides the advantage of being rapid, the probe requires only a small sample size. It has 

also the advantage that the thermal resistivity can be computed directly from the test 

data without knowledge of the heat capacity of the soil (Mitchell et ai. 1978). 

Although this method has been often reported as an absolute method, it is still suffers 

from some disadvantages including the assumption of specific heat that can induce an 

error, and a small (1 %) variations in current supply during the test can result in 

significant errors (Mitchell et ai. 1978). This highlights the need to calibrate the probe. 

Calibration takes care of inaccuracies in measured resistance of heater wire and of 

temperature effects on resistance of wire. Agar-gelled water and glycerine are 

commonly used as thermal references. Thus it is a comparative method. The method is 

not precise according to ASTM. 

2.4.2.3 Dual Probe Method 

An additional temperature sensor with known distance (r) from the single probe can be 

used to measure thermal properties of soils (Nusier and Abu-Hamdeh 2003). This 

method is known as dual probe method. Campbell et al (1991) developed an instrument 

that allows measurements several millimetres away from the line heat source, but their 

theoretical approach only gave the volumetric heat capacity. The other thermal 

properties (e.g. thermal diffusivity and conductivity) can be extracted by using the 

short-duration heat-pulse theory presented by Bristow et al (1994). This theory is based 

on a solution of the radial heat conduction equation for an infinite-line heat source and 

isotropic medium at uniform initial temperature. The thermal properties can be 

calculated from the following equations: 

pc _( q )[Ei( _r2 )_Ei(_-r2)] 
- 4 n"a . /). Tm 4a . (t m - to) 4a . t m 

2.7 
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2.8 

k =a·p·c I p 2.9 

I ( 
tm 

) 
k = ( q ). Ei - n (tm -tJ 

, 4" ~Tm (::) 
-Ei 2.10 

where q is the amount of heat input per unit time and unit of length of a probe, a is the 

thermal diffusivity, kt is the thermal conductivity, pCp is the volumetric heat capacity, r is 

the distance between electrodes, 11 T m is the maximum temperature change at a distance 

r from the heater, tm is the time at which 11 T m is recorded, to is a heat pulse duration, and 

-Ei (-x) is the exponential integral. 

2.4.3 Prediction methods 

Numbers of thermal conduction models for predicting the thermal conductivity of soils 

have been found in the literature. Some of these models that can be applied to soils are 

presented and discussed in the following sections. All the models depend on the thermal 

conductivity of each individual constituent of the soil composition (solid, water and/or 

air). 

2.4.3.1 Maxwell Model 

Maxwell (1954) came up with a model that can give a solution for the effective thermal 

conductivity using the potential theory for electrical conduction via heterogeneous 

media of both randomly distributed and non-interacting homogenous solid spheres (ks) 

in a homogenous continuous medium (kf ) (Tavman, 1996), as shown below. 

2.11 
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Where: 

k/ = effective thermal conductivity 

ks = solid's thermal conductivity 

kf = fluid's thermal conductivity 

n = porosity. 

This can only be applied if the porosity (n) is large, as the derivation of this equation 

was based on the assumption that there is no mutual interaction between the solid 

spheres as the distance between them is far enough apart. According to Tavrnan (1996) 

the Maxwell equation is unable to estimate the thermal conductivity of granular porous 

media which has a low porosity in the range of 0.3 to 0.5, because it was derived from 

the assumption that the solid spheres are far enough apart so that they do not mutually 

interact. 

2.4.3.2 De Vries Model 

One of the methods discussed by Farouki (1986) to determine the thermal conductivity 

of the soils is the De Vries method, and this is based on Maxwell equation. This method 

is used to determine the thermal conductivity of ellipsoidal soil particles in a continuous 

medium consisting of air or water which results in the following equation: 

2.12 

The subscripts f and s in the equation refer to the fluid and solid respectively, where as x 

is the volume fraction of the soil components in a unit soil volume. The factor F can be 

determined using the following equation: 

F =~. I[l +(~-lJ' gaj-I 
3 a.b.c k / 

2.13 

The sum of ga, gb and gc are equal to one, and in 1952 De Vries (Farouki 1986) 

suggested to assume that ga = gb = 0.125. 
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The results obtained by De Vries equation are accurate to within 10% of those produced 

by experimental work, for soils with a low solid/liquid thermal conductivity ratio. 

However, if the solid Iliquid thermal conductivity ratio is approximately equal to a 

hundred, then De Vries equation gives a lower value than those obtained from 

experiment by approximately 25%. Therefore, De Vries suggested multiplying the 

thermal conductivity by a factor of 1.25, and this equation is applicable to just dry soils. 

However, for saturated soils the results obtained by De Vries method are considered 

acceptable. 

The derivation of De Vries's equation is based on these assumptions:- there is no 

contact between the soil's solid particles, and the values for g assume that the shapes of 

the particles are needle-like. 

These assumptions are not representative of most soil particles, as they are formed by 

different shapes. ga, gb and gc are originally meant to be shape factors, however De 

Vries uses them instead as parameters that can be adjusted to fit the empirical data. 

In the case of partially saturated soils where the solid particles and the air voids are 

considered to be two components dispersed in the continuous water medium, the 

following equation is used: 

k = Xw ·kw +FGxG ·kG +Fs ·xs ·ks 
t Xw +Fa ·xa +Fs ·xs 

2.14 

Where: 

F, ~1{1 + [(k, Ik
w
l-Ij.O.l25 + I+[(k, Ik~)-IJ.O.75] 2.15 

De Vries assumed as ga or gb approaches a maximum value of 0.333 where the soil is 

nearly saturated, it then decreases linearly to a minimum of 0.035 where the soil is 

nearly dry. These assumptions are only applicable to spherical shaped particles, and the 

following condition 0.09< XII' < n must be met, where XII' is the volume fraction of water 

and n is the porosity of the soil. At which point the parameters can be determined using 

the equation shown below. 
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go = 0.333 - (Xa / n)· (0.333 - 0.035) 2.17 

2.4.3.3 Parallel or Series and Geometric mean Equations 

The thennal conductivity of a soil lies between an upper and lower limit, close to the 

upper limit the thennal conductivity is detennined by the parallel flow model, and close 

to the lower limit the thennal conductivity is detennined by the series flow model. For 

these types of models two considerations are made, the particles are clustered together 

and the fluid is continuous (Farouki, 1986). 

The following equations represent thennal conductivity for the parallel and senes 

models respectively. 

k = n . k + (1- n) . k 
t f s 2.18 

k = ___ k s....,.·_k-'-f-,-_ 
t n.ks +(I-n).kf 

2.19 

Where kf and ks are the fluid and solid thennal conductivities respectively, and n is the 

porosity of the soil. 

Tavman (1996) states that the average of both the parallel and the series models is 

considered to be important and is detennined by the geometric mean model, and it 

assumes random distribution of the different phases in the soil using the following 

equation: 

k = k /I • k (1-11) 
t f s 

2.20 

2.4.3.4 Kersten's empirical equations 

The empirical equations developed by Kersten in 1949 to detennine thennal 

conductivity are based on data obtained from four or five different soils. Although 

Kersten developed equations that can detennine the thennal conductivity of both frozen 

and unfrozen soil conditions. However, for this study only unfrozen soil conditions are 

considered. These equations are based on the water content (we) and its dry density (Yd) 

(Farouki, 1986). 
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The thermal conductivity based on the Kersten empirical equations for unfrozen silt

clay soils containing 50% or more silt and clay, metric units is given by: 

kl = 0.1442.(0.910gw
e 

_0.2)·1006243Yd For w;::: 7% 2.21 

For unfrozen sandy soils it is as follows: 

kl = 0.1442· (0.710g we - 0.4 ).1 00 6243Yd For w;::: 1% 2.22 

The thermal conductivities obtained by the Kersten's empirical equation for unfrozen 

silt-clay soils and unfrozen sandy soils were 25% less than the measured thermal 

conductivities for the five different soils used earlier in determining the above 

equations. It has also been noted by Kersten that for unfrozen silt-clay soils the above 

equation is only applied if the water content is greater than 7% (Farouki 1986). 

2.4.3.5 Johansen's Model 

In 1975 Johansen (Farouki 1986) developed equations for determining the thermal 

conductivity under both dry and saturated conditions at the same dry density. These 

equations are then used to determine the thermal conductivity identified as Kersten's 

number, K(!, and this is given by: 

(k -k ) 
K = \ I I dry 

e (k
lsal 

- k
ldr

),) 
2.23 

This equation is applicable to both unfrozen and frozen soils, where kr is the thermal 

conductivity at an intennediate degree of saturation, and the dry density was kept 

constant, as it has been noted from earlier investigations carried out by Smith and Byers 

(1938), Smith (1942) and Johansen that the dry density or porosity was an important 

contributing factor in determining the thermal conductivity in the dry state. 

In the case of dry natural soils the thermal conductivity equation in terms of dry density 

developed by Johansen based on the Maxwell-Fricke's equation where the solid/liquid 

thermal conductivity ratio equals 120 is shown below. 
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k 
__ 0.135·Ydry +64.7 

±20%W Im.oC 
Idry 2700 - 0.94. Y dry 

2.24 

In the case of saturated soils Johansen concluded that the variations In the 

microstructure effected the thermal conductivity was negligible. Therefore, Johansen 

suggested using the geometrical mean equation which is based on the thermal 

conductivities of the soil components and the respective soil volume fractions as shown 

below: 

k = k n • k (l-n) 
I f s 2.25 

In order to determine the thermal conductivity of an unsaturated soil, first the Kersten 

number has to be estimated based on the degree of saturation, S, using the following 

relationships: 

For coarse unfrozen soil where S>0.05: 

Ke == 0.7 ·logS + 1.0 2.26 

For fine unfrozen soil where S>O.1 : 

Ke == logS + 1.0 2.27 

The thermal conductivity of partially saturated soils can then be determined from ktdry, 

ktsat and Ke using the following equation developed by Johansen: 

2.28 

2.4.3.6 Zehner and Schliinder Model 

In 1970 Zehner and Schliinder (Tavman, 1996) carried out an experiment to determine 

thermal conductivity that is based on one dimensional heat flow model through a 

packed bed of spherical particles and it is assumed that the point of contact between the 

particles is in the same direction of the heat flow, and this is given as follows: 
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k( = k
f 

'(I-(1-nt5 + 2(I-nt
5 

.( (1-K).B
2 

.In(_I_)_ B+l_ B-1 ]J 2.29 
l-K·B (l-K.B) K·B 2 l-K·B 

Where 

k f K =- and 
ks (

1 )10/9 
B = l.25. ~ n 2.30 

This equation is based upon the fluid/solid thennal conductivity ratio, the thennal 

conductivity of the fluid and the porosity of the soil. 

2.4.3.7 Krupiczka Model 

Another numerical model for detennining the effective thennal conductivity \vas 

derived by Krupiczka in 1967 (Tavman, 1996) using granular materials. Two models 

were developed one with long cylinders having a porosity of 0.215 and the other model 

using spheres in a cubic lattice having a porosity of 0.476. Due to the complexity of the 

fonnula obtained for both models, Krupiczka made approximations to these equation 

using correlations that take into account the effect of porosity, which is given below, 

this equation is only valid for when porosity is greater than or equal to 0.215 and less 

than or equal to 0.476. However, outside this range there is not too much error in 

determining the thennal conductivity for porosities that are considered in that region. 

( J 

A+B.log(k, I k r ) 

k =k . ~ 
( f k 

f 

2.31 

Where; 

A = 0.28 - O. 7571.log(lI) and B = -0.057 2.32 

2.4.3.8 Woodside and Messmer Model 

In 1961 Woodside and Messmer (Tavman, 1996) recommended a model that combined 

the parallel and series flow equations (Farouki, 1986), and used the similarity for 

electrical conductivity of an aggregate of conductive particles that were saturated with a 

conductive electrolyte, to produce a resistive model equation to predict the effective 

thelmal conductivity of porous media: 
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Where; 

a·k ·k 
k = 'J +c.k 

{ k, .(I-d)+d.k
J 

J 

I-n 
a = 1- c , c = n - 0.03 and d =--

a 

2.33 

Where c is determined from experimental data that was developed by Stephenson and 

Woodside in 1958 based on a model of spheres having a porosity of 47.6% packed in a 

cubic lattice (Tavman, 1996). 

2.4.3.9 Numerical Simulation Model 

Cosenza et al. (2003) concluded that a simple relationship between the thermal 

conductivity of the soil and its volumetric water content could not be found, as this is 

heavily influence by the thermal conductivity of the solid fraction and its porosity which 

playa key role in the determination of the effective conductivity. Due to the lack of 

experimental data a numerical model was used, and it was found that the microscopic 

arrangement of the water has an influence on the thermal conductivity of the soil and its 

volumetric water content. The equation developed by Cosenza et al. shown below takes 

into account the porosity, the thermal conductivity of the solid and the volumetric water 

content. These are based on a range of values, for porosity (n) the range is 0.4 to 0.6, 

thermal conductivity of the solid fraction (ks) the range is 2 to 5 (W/m.K), and the 

volumetric water content (8) the range is 0.1 to 0.4. 

k( = (0.8908 -1.0959n). ks + (1.2236 - 0.3485n). 8 2.34 

The results from the above equation can be used to investigate the effects of water 

content and porosity on the thermal conductivity of the soil. Additional information 

about the development of this model can be obtained from the research published 

elsewhere (Cosenza, et aI., 2003). 

2.4.3.10 Campbell Model 

Another equation that can be used to determine the soil thermal conductivity was 

developed by Campbell in 1985 (Abu-Hamdeh, 2000). By varying the water content, 

the density of the soil and the soil texture, the following equation was deri\Oed: 
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2.35 

The parameters shown above are soil coefficients that were developed by Campbell, and 

these are related to the soil properties, in the following way: 

A = 0.65 - 0.78Pb + 0.6p/ 

B = 1.06Pb 

C=l+~ rm: 
D = 0.03 + O.lPb 2 

£=4 

Where me is the clay fraction. 

2.5 Summary 

2.36 

2.37 

2.38 

2.39 

2.40 

The different laboratory techniques are reviewed, for the measurement of the soil's 

hydraulic and thermal conductivity. It can be concluded there are several methods 

available in detelmining these parameters. Even when following careful instructions, 

there is still an inherent variation in the results obtained by these different techniques. 

However, for detennining hydraulic conductivity of soils, it appears that the constant 

flow method using the flexible wall permeameter is a better tool in obtaining a true 

representative value of the hydraulic conductivity for a given fine soil. It can also be 

developed to determine the hydraulic conductivity for fine soils more rapidly. This 

technique and its development are described in Chapter three. 

For the determination of the soil's thermal conductivity, the steady state methods are 

simpler to use than the transient methods. However, the necessary equipment required 

to carryout this experiment for the steady state is far more complex than in the transient 

state. Therefore, a new simple device is designed to make it easier to use for the 

detem1ination of the soil's thermal conductivity. 
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Chapter 3 

Determination of Hydraulic Conductivity 

3.1 Introduction 

This chapter provides information about the equipment used to determine hydraulic 

conductivity, the apparatus, its modification, its calibration and the experimental 

procedure used through out the study. The original permeameters were designed by 

Araruna in 1995 as a part of a research programme at the University of Newcastle upon 

Tyne investigating laboratory measurement of the hydraulic conductivity of fine grained 

soils. The author modified these two permeameters to suit the present research work 

which is explained in section 3.3. 

3.2 Description of the flexible wall perm eam eters 

Two flexible wall permeameters designed by Araruna in 1995 were used in this research 

(Figure 3.1), they have the same components. Each permeameter, Figure 3.2, has three 

main components. These components are the permeameter cell (1), two volume change 

gauges (2 and 3) and the flow pump (4). The permeameter was also instrumented with 

different types of electronic transducers to measure pressure, displacement and volume 

changes. They were as follows: three pressure transducers (PT) (5) (back pressures and 

cell pressure), three differential pressure transducers (DPT) (6) (cell volume change 

gauge, specimen volume change gauge and differential pressure to measure the pressure 

difference between the pressures at the top and the bottom of the specimen), and a linear 

variable differential transformer (LVDT) (7). 

A data logger unit (ADU) was used to distribute voltage to the transducers and return 

the transducers output signals to the recording system within the unit. A computer was 

used to run software that receives voltage readings of each transducer from the data 

logger and convert these readings to displacement or pressure using calibration 

constants stored in the computer's memory. 
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De-aired 
water tank 

Figure 3. 1 The flexib le wa ll permean1eter. 

Triaxial Cell 

Specimen ' s 
back pres ure 
lines, valves, 
and pressure 
transducers. 
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(9) 

(2) 

(1) triax ial cell 

( 2 ) cell volume c hange system 

(3) in/outfl ow volum e change system 

to lab ai r supply 

(8) 

(1) 

(4) fl ow pump 

(5) pressure tran sducer 

(6) OPT 

(3) 

(5) 

( 7 ) LVDT 

(8) de-a iring va lve 

(9) pressure regul ator 

(9) 

to lab a ir supply 

to perm cant supply 

(7) 

(10) 6-way val ve 

Fi gure 3.2 Schemati c of the nex ible wa ll permcamcter for co nstant now test. 
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At any time duri ng a test, th e operator could request a di splay or printout of the pre\ io us 

data, stop the tes t or proceed to the nex t stage . At th e end of each tes tin g stage 

(satu ra ti on, consolidation and permeati on), files contai ning the raw data and the 

ca li brated data were stored on a fl oppy disk. These data we re then analysed, graphicall y 

di splayed and printed by th e computer usin g a spreadsheet. 

The va ri ous types of transducers shown in Figure 3.3 were used to measure pressure, 

di splacement and vo lu me changes, where th e po re wate r and ce ll press ures \vere 

measured by pressure transducers (PT) (Fi gure 3.3a) , linear displacement wa measured 

by linear va ri able differenti al transformer (LVDT) (Fi gure 3.3b), and vo lume changes 

and pres ure difference were measured by differenti al pressure transduce rs (OPT) 

(Figure 3.3c). 

....-c::J ~ ,he'" 
"---.>---~ pressure 

diaphragm 
(a)p ressure lransducer 

(b)lincar variabl e difTeren liallransducer 

pressure 
diaphragm 

pressure 
diaphragm 
dia. 3.8mm 

O-ring 

(c)diffcrcnlial pressure transducer 

Fi gure 3.3 Types of the used transducers. 

DllI-ing hydrauli c conductivity tes ting the data logger was used to continuou Iy monitor 

the differenti al pore pressure between the top and the bottom of the specimen. Testing 

was continued until a steady-s tate condition is achi eved. 

3.2.1 Penneameter cell 

The I ermeameter cell (lin Figure 3.2) is a convent ional tri ax ial cell excluding the 

loadin g pis ton. Its ,> a ll is made from clear ac rylic to allow observati on of the specimen 
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and drainage lines during a test. The cell consists of interchangeable impermeable top 

caps and base pedestals of different sizes as well as four drainage lines leading to the 

specimen to provide flexibility in controlling drainage and in measuring hydraulic 

pressures during a test. Normally, one drainage line at the base of the specimen is used 

for inflow of permeant while one line at the top is used for outflow. The other drainage 

lines are connected to a differential pressure transducer (DPT) to read the pressure 

difference across the specimen or to flush bubbles of air from the system. 

3.2.2 Newcastle volume change gauge 

To obtain a direct measurement of the flow rate in fine-grained soils under a relatively 

low hydraulic gradient, it is essential that the flow measurement system be sensitive 

enough to take accurate readings at very low flow rates yet flexible enough to handle a 

large range of test conditions. The Newcastle volume change gauge was designed by 1. 

T. Araruna in 1995 as a part of a research programme at the University of Newcastle 

upon Tyne investigating laboratory measurement of the hydraulic conductivity of fine 

grained soils. It was designed based on the burette principles proposed by Bishop and 

Donald (1961) (Araruna 1995). 

There are three tubes which are pressurised internally to the same pressure. As shown in 

Figure 3.4. The water levels in tube (1) and (2) are compared to that in the reference 

tube (3), by a differential pressure transducer. In fact, the sensor determines the pressure 

due to the weight of fluid in the flow tubes relative to the pressure in the reference tube, 

and hence the volume of fluid can be calculated from the known density of the fluid. 

Alternatively and more accurately especially when using different permeants or pore 

fluid from water, the volume change gauge can be calibrated directly by comparing the 

DPT output with the flow into a burette. 

The two tubes shown in Figure 3.4 have different diameters, to allow a coarse setting 

with relatively large capacity for specimen volume change during saturation, 

consolidation, permeation stages for a coarse specimen, however a fine setting with a 

small capacity for permeation stage for a fine specimen when the selection valve (5 in 

Figure 3.4), a two-way valve is closed to give higher degree of sensitivity by isolating 

the large tube. The large tube is of acrylic plastic, resistant to solution of most salts and 

68 



acids, but incompatible with toluene, benzenes, phenols and some other organic 

compounds (A rarun a, 1995). 

(1) 
large flow 

tube (Acrylic) 

(5) 
coarselfine 

selection valve 

connection to -~-----
sample 

-------- connection to 
back pressure 

(2) 
small flow 
tube (PFA) 

(3) 
reference tube 

(4) 
differential pressure 
transducer (DPT) 

r~ _ _ fi lVdrain 
connection 

Figure 3.4 Newcas tl e vo lume change gauge (After Arm-una, 1995). 

The large tube has a capac ity of approximate ly 120 cm3 with a safe working pressure of 

2000 kPa. The smaller tube is of PFA (perfluoroalkoxy) , a copolymer vers ion of Teflon 

with exce ll ent corrosion res istance capabilities; its capacity is 5.3 cm3 and has a safe 

working pressure of 1900kPa (Araruna, 1995). Connections were made wi th stainless 

stee l Swagelock® fittings, guaranteed leak-tight to 27 ,000 kPa. 

3.2.3 Flow pump system 

The novv pump used in this system is a combination of a stain less steel syringe mounted 

on a standard variab le-speed dli ver and a Ii near variable differential tran fo rmer (L VDT) 

(Figure 3.5). The stainless steel syringe consists of a lOmm di ameter stai nl ess steel 

pi ston wit hin a cylinder. It has the features of low comp li ance, no leakage and easy 

dea irin g. The driver is a Harvard apparatus model 2274 micro litter pump commonl y 

used in the medi ca l profe sion. 
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piSUlC driver 

desplasment transducer 

OM' r//~,j7/;l7Z7~~ ~oc"'~~"', · 

dc-amng port cylinder 

Figure 3.S Schemati c di agram of th e flo w pump sys tem 
(After Ararun a, 1995). 

The syrin ge pi ston is driven by a variab le-speed direct-c ulTent motor throu gh a 

transmi ss ion box with 30 combinati ons of gears between the wo rm gear and th e motor. 

The control s on the pump, a switch and a gear se lec tor, enab le the syringe pi ston to be 

dri ven at 30 different speeds ranging from about 1.26* 10-5 to 7.28* 10-10 m/sec up to a 

di stance of 1lSmm. The fl ow rate (q) is controll ed by settin g a constant speed for the 

di splacement of the pi ston. The di splace ment whi ch is measured by the LVDT is 

direc tl y re lated to the fl ow rate because the pi ston is of known diameter. The cO ITelati on 

between the speed setting and th e inflow rate is pre ented in Tab le 3. 1. 

Tab l 3 1 S d e ,pee fI set In g against tle 111 ow rate 

Setting Inflow Rates (mllsec) 

I 9.89E-04 

2 7.07E-04 

3 S.OSE-04 

4 3.6 1E-04 

S 2.S 8E-04 

6 1. 84E-04 

8 9.38E-OS 

10 4.79E-OS 

12 2.44E-OS 
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3.3 Systems modification 

Making use of the advantages of the flexible wall permeameter system such as its 

accuracy in measuring pressures and volume changes and also the full ability of 

continuous data logging, the flexible wall permeameters were modified to work not just 

as a constant flow system but also as a falling head system. A Newcastle volume change 

gauge was added by fixing a two way valve at the flow pump connection with the base 

of the specimen as can be seen in Figure 3.6. The purpose of the modification is to 

shorten the test duration and to compare the falling head technique with the constant 

flow technique. 

3.4 Calibration of equipment 

An understanding of the characteristics of transducers is essential to determine the 

accuracy and confidence of the measurements. A transducer is designed to give a 

changing output signal as the parameter being measured changes. The original signal 

from a transducer is usually an electrical current or voltage. Therefore it has to be 

processed before the signal is suitable for displaying, recording or controlling purposes. 

Calibration of a transducer provides the relationship between the physical measurement 

and the transducer output signal and this relationship is called the transducer constant. 

Linear regression analyses were canied out on the linear portion of the output in order 

to calibrate each transducer. The calibration procedures that were carned out to calibrate 

the transducers used in the testing systems are presented in Appendix A. Calibration 

constants for the transducers used in this research are summarised in the following 

Table 3.2. 
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(9) (9) (9) 

to lab air supply 

to lab air supply to lab air suppl) 

(2) (3) 

(8) 

.------&.1.--------- -------1 1 _________________ -' 

(5) 

(5) 
to penneant supply 

(7) 

(4) 

(1) triaxia l cell (4) fl ow pump (7) LVDT (10) 6-way va lve 

( 2 ) cell vo lum c change system (5) pressure transducer (8) de-airing valve 

( 3) in/outflow vo lum e change system (6) DPT (9) pressure regulator 

Figure 3.6 Schemati c of the new mod ifi ed nex ible wa ll perm eameter for co nstant now and ra iling head tes ts. 
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Table 3.2 Summary of ca li bration results 

Type of Transducer 
Channel Apparatus Serial Transducer 

Transducer Number Measurement nit 
Number Constant 

2 15627 39 Top back Press ure ·05682 ,Pa 

No. I 409995 38 BOllom back Pressure 05807 kPa 

PTs 
393 106 37 Ce ll Press ure 05759 ,Pa 

408343 32 Ce ll Press ure 05736 ,Pa 

No. 2 393 111 27 Top bac k Press ure 05719 ,Pa 

395385 26 BOllom bac k Press ure 0 .5700 ,Pa 

Ce ll vol. change Coarse 
-0 . 1221 

selling ml 

N/A 33 
Ce ll vo l. change Fine 

·4 132 
selling mlcrol 

No. I Back press. vol. change 
Coa rse sell in g 

·00624 ml 

N/A 34 
Back press. vol. chan ge 

·2205 mlcrol 
Fine sClling 

N/A 36 Head di ffcrence ·23.59 i'a 
DIYfs 

Ce ll vo l. change Coa rse 
·0 1168 

se lli ng 
ml 

N/A 29 
Ce ll vo l. change Fine 

-6 473 
SeLling 

mlcrol 

No.2 Back press. vo l. chan ge 
Coarse sCllin g 

00885 111 1 

N/A 30 
Back press . vo l. chan ge 

4 85 ml crol 
Fi ne sClling 

N/A 28 Head di fference ·20.0 14 Pa 

LVDT Flow pump 3843-50 3 1 Inn o w 2.11 mlcro l 

DIYf Innow gau ge N/A 25 
Innow. coarse se lling -0 1147 ml 
In now. fi ne sellin o -) 8 mlcro l 

3.5 Test Procedure 

The test procedure for determining hydrauli c conducti vi ty In a nex ible-wa ll 

permeameter includes spec imen preparation and set-up , saturation stage, consolidation 

stage and permeation stage. A typica l procedure is desclibed here as shown in the fl ow 

chart in Figure 3.8 , whi ch was based on ASTM D5084 (1990) , BS 1377 (1990), Dani el , 

et al. (1984), reported by Ararun a (1995) and Chen (1997). 

3.5.1 Specimen Preparation 

Since the hyd rauli c conductivi ty can be influenced by man y v:11iab les , great care was 

taken in preparing the test specimens to all ow a compari son of results. The sandy 

speci men wa prepared and set-up at the same time as ex pl ai ned in the fo ll O\ ing section 

(3 .5.2.2) . However the clayey spec imen was prepared by mi xing it with de-aired water 
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in a bl ender (Figure 3.7) to the desired water content which was 1. 25 ti me the liquid 

limit , thi s was to obtain a homogeni se and saturated speci men. 

Figure 3.7 Sample mi xing. 

T hi s slurry- like mi xture was poured into a stainless steel consolidati on cell (l50mm 

di ameter, 290mm length ) so th at uniformity could be ex pected and tress hi story 

cont ro ll ed. Before puttin g the mi xture under consolidati on, the conso lidometer appli ed 

ax ial stresses was checked. The ax ial pressure on the consolidometer was determined in 

SI units by fi lling the cell with water and increasing th e ax ial pressure whil e a pres ure 

transducer readin g was taken (5 in Figure 3.10). Figure 3.9 shows a plot of the gauge 

readin g in kg/cm2 versus the pressure transducer reading in Sl units (kPa) . 

The mi xture was then loaded to the desired stress in the conso lidometer, as shown in 

Figure 3.10, and all owed to drain . The stress was applied graduall y to prevent a surge of 

slulTY around the pi ston. When excess pore pressures were di ss ipated the sample was 

considered to be fully conso lidated, the load was th en re leased and the sample ex truded. 

After remov ing the prepared sample from the conso li dati on ce ll , the sample was placed 

on a so il lathe and tlimmed with a wire saw to the required diameter, i.e. 100mm. 
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A pply in itial confin ing 
pres~ urc (CP) and back 
pressures ( 13 1') 

Havc cc i l vo l. 
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Increa se the CP, monitor 
th e pore pressure, and 
calculate 13 va lue 

NO 

Increase CP 10 reqUIred 
effecu\e stress for 
consolidation 

Set now rn te and vo lume 
change gauges to fi ne 
sett ing 

innow and cell vo lume 
change g ~1U gCS 

Is the pressure 
difference 

Figure 3,8 F low chart o f test procedure, 

Set des i red p res~ ure 

di f ference and volume 
change gau ges LO fin e or 
coarse sell in g 

innow and ce ll vo lume 
change gau ges 

Has the ce ll vo lume 
change stopped? 
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o 
o 5 10 15 20 25 30 35 40 45 50 55 60 6S 70 7S 

Gauge reading (kg/em2) 

F igure 3.9 Determination of the axial pressure on con olidometer. 

T he 100mm sub-sam ple was placed in crad le mould where it was funher trimmed in 

order to have a final specimen 100mm in hi gh and 100mm diameter w ith flat parallel 

ends. The spec imen was weighed and i ts diameter and length were measured using a 

calliper. T he remaining parts of the samp le were used to eva luate the phys ica l indi ces of 

the specimen , i .e. dry density, vo id ratio and water content. 

(10) drainage 
port 

(11) Vyon 
porous disks 

(12) hydraulic ram 

(9) O-nngs 

(2) consolidometer piston 

(1) consolidometer body 

(5) pore pressure port 

(4) bo~ 

rn::;J:~;=::i;~Ht--- (6) O-ring 

I===,-~==j _ r.L---- (3)consolidometer base 

(8) pore pressure port 

Figure 3.10 Conso lidometer (Araruna, 1995) 
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3.5.2 Set- up of S pecimen 

Prio r to the spec imen se t-up, vo lume change unit and pipes \\ere flushed . deaired and 

tested fo r leakage. The permeameter reservo irs were fill ed with de-aired \\·ater. A rubb r 

membrane was tested in a water tank ; making sure no punctures existed. bv a membrane 

teste r th at was designed for thi s purpose (Fi gure 3.11 ). 

Membrane 
Tester 

o rings 

Air pump 

Water tank 

Figure 3.11 Membrane testing. 

Membrane is te sted in 
th e wa ter tank. 

Based on the type of the tested so il specimen (c lay o r sand). two different methods were 

used to set-u p the spec imen. 

3.5.2. 1 For clay spec imens 

Two fi lter papers were cut to approx imate ly the san1e diameter as the cross section of 

the te t spec imen. Two porous d iscs were soaked in a container of permeant water. One 

o f the sa turated po rous d iscs was pl aced on the base pedestal. afte r that one of the filt er 

papers was placed fo ll owed by the test specimen. Then. the second filter paper .\·as 

placed on top of the spec imen and subsequentl y the second saturated porous d isc was 

placed fo ll owed by the top cap. with the drainage lines di sconnected (Figure 3.12c). To 

e lim inate the leakage between the membrane and the top cap and the base p desta l a 

ve ry thin layer of s ilicon grease was app lied on both of them. 
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Two 0 rings were placed around the membrane expander. Then the tested membrane 

was placed on the membrane expander and subsequently was placed around the test 

specimen (Figure 3.12 d, e and 0. The O-rings were then placed to seal the membrane 

to the base pedestal. Using the membrane expander, two further O-rings were placed to 

seal the membrane to the top cap. The drainage tubes were then attached to the top cap 

(Figure 3.12). 

The permeameter cell was assembled and carefully filled with deaired water from the 

de-aerator making sure no air was trapped inside it. A small confining pressure (50 kPa) 

was applied to the cell and a pressure less than the confining pressure (30 kPa) was 

applied to the influent and effluent system, and permeant water was flushed through the 

flow system to ensure that all visible air was removed from the flow lines the control 

valves were closed. At this stage the specimen was ready to be saturated. 

3.5.2.2 For sand specimens 

The preparation and set-up procedure for sandy specimens (e.g. fine, medium and 

coarse sands) involved in sealing a rubber membrane (lOOmm dia.) with two 0 rings 

around the base pedestal. A PVC split former (102mm dia.) was placed around the base 

pedestal. The membrane was stretched around the top rim of the former (Figure 3.13b). 

A batch of dry coarse grained soil was weighed (m]) in a plastic container. To obtain a 

fully saturated specimen, the amount of water required to saturate the dry specimen was 

determined. Knowing the dry density, the void ratio (e) and the specific gravity of the 

sand particles (Gs), the water content (wsat) for a fully saturated specimen was 

determined from the equation: 

e 
wsat =-

Gs 

3.1 

then the amount of de-aired water to be added (mwater)was calculated as following: 

mwater = (~~; ) x msoil (grams or ml) 3. 2 

One third of this amount of de-aired water was poured into the split former. Then the 

sand was poured into the former maintaining a steady rate of pouring. The pouring was 

in a spiral motion from the periphery towards the centre. It was poured in three layers. 
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To reach th e desired density, every layer was compacted using a steel rod (Figure 3.13d). 

Then the top surface was levell ed carefully with the minimum di sturbance. The top cap 

was placed on the top surface of the specimen and the membrane was sealed around it 

with th e 0 ri ngs. After that the sand left over, together with an y other quantity which 

was spi lled (m2) was weighed. The difference (m /-m2) gi ves the actual mass of sand in 

the specimen (m). 

membrane 
stretcher [f rubber 

membrane 

O-ring 

(a) ( b) 

( c) ( d) ( e) (f) 

top cap 

porous disc 

membrane 

pedestal 

drainage 
line ---jH-~. O-ring 

/ // 

uiaxial cell 

Figure 3.12 Clay spec imen set-up. 

(g) 
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Figure 3.13 Coarse specimen preparation and set-up . 
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The mean height and diameter of the specimen were calcul ated by taking the average of 

number or measurement that were measured across the specimen at three positi ons 

around th e pelimeter to the nearest Imm . Thi s enabled the placement dry densit y to be 

ca lcul ated rrom the equati on 
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the void ratio was calculated from the equation: 

G 
e=-·I -1 3.4 

Pd 

3.5.3 Saturation Stage 

The saturation of both clay and sand specimens was accomplished by backpressure 

saturation. The applied confining pressure and the back pressures were maintained from 

the previous stage. The back pressure using de-aired water was applied to the top and 

bottom of the specimen. This application of back pressure increments to achieve full 

saturation is widely used as a procedure for routine effective stress tests (Head, 1986). 

The objective is to apply sufficient back pressure to pore fluid in the specimen to cause 

any pore air to dissolve completely into the surrounding pore water thus obtaining a 

fully saturated specimen. 

The procedure described below is typically good practice. The cell pressure and back 

pressure were raised in 50kPa increments, and a differential pressure of 20kPa was 

maintained between them. The pressure for each increment was applied to allow the 

pressures reach equilibrium. Figure 3.14 and Figure 3.15 were used to illustrate the 

following procedure: 

1. A new file was set in the computer to monitor the cell pressure, back pressures, 

cell volume change, and specimen volume change for the first saturation 

increment. Both the cell volume change gauge and the back pressure volume 

change gauge were set to the course setting and the transducer constants were 

input in the computer. 

2. The pressure around the specimen was raised to 50kPa, valve a in Figure 3.15 

was opened to allow the confining pressure represented by Cl in Figure 3.14 into 

the cell. The increase in confining pressure caused an increase in pore water 

pressure (Ul) within the specimen. 

3. The t2 and b2 valves were opened and the back pressure in the pipes connecting 

the top and bottom of the specimen was raised to 30kPa. 

4. The tl and bl valves were opened and the flow of water into the specimen 

through the back pressure volume change gauge was monitored and recorded by 

the computer at intervals. 
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5. When th e press ures reached equil ibrium , th e cell volume changes and the back 

pressure vo lu me changes became steady, at th is stage the t2 and b2 valves \\ ere 

c losed before appl yin g a seco nd increment of confining pressure (C2). At thi s 

time, if the t2 and b2 valves were not c losed the specimen started to consolidate 

un der the effec ti ve stress of 20kPa. 

6. The confining press ure was increased by 50 kPa. The saturati on degree \\'as 

checked by calcul atin g th e rati o between the increments and confi ning pressure 

(S kemton's parameter B) with th e drainage pipes closed. In practice, the 

spec imen was considered to be adequately saturated if the B va lue was equal [0 

or greater th an 95%. 

7. If the B value was not adequate, the procedure from 4 to 6 was repeated, after 

increas in g th e confinin g and back pressures by 50 kPa maintaining the 

di fference as 20kPa, as many times as necessary until th e B va lue reached 95 % 

or greater. 
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Figure 3. 14 Plot of pore press ure, bac k pressure and ce ll pressure changes during 
saturati on stage (Head, 1986). 
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3.5.4 Consolidation Stage 

Following the back pressure saturation, the specimen was consolidated at a desired 

effective stress. The volume change gauges at the course setting were used to 

consolidate a specimen. The cell volume gauge was filled with the de-aired water while 

the back pressure volume gauge was flushed to remove any air bubbles in the drainage 

lines and its water level kept low. The tl and bl valves in Figure 3.15 were closed to 

prevent drainage, while the t2 and b2 valves were opened to set the required back 

pressure. The desired effective consolidation stress was applied by increasing the cell 

pressure and keeping the back pressure constant in order to prevent releasing air bubbles. 

Consolidation was started by opening the tl and bl valves. Double drainage was 

allowed. The cell volume change and the back pressure volume change were monitored 

and recorded. The consolidation was terminated when the rate of the volume changes 

measured by the volume change gauges were very small. For a fully saturated specimen 

the cell volume change should be equal to the back pressure volume change. Figure 

3.l6 shows typical results from a consolidation stage. 

After a specimen was consolidated, the volume change was determined and the results 

were used to calculate the changes in physical properties of void ratio and density and 

the consolidation parameters. 

3.5.5 Permeation Stage using constant flow technique 

The valve P in Figure 3.15 was set to the pump position for constant flow tests. 

Different inflow rates were used to produce a hydraulic gradient in order to determine 

the effect on hydraulic conductivity of soils. The desired gear position of the flow pump 

was selected. The flow pump was turned on 30 minutes before permeation started to 

give time for the gears to catch up to produce a steady inflow rate. During this time a 

new file was set in the computer and the differential pressure transducer was set and 

calibration constants for the fine setting of the volume change gauges were input in the 

computer. Just before the permeation started valve 5 in Figure 3.4 was closed setting the 

volume change gauges to their fine setting. 

Permeation was stm1ed by closing valve b2 in Figure 3.15 that connected the base of the 

specimen with the volume change gauge and opening valve bl. At this time the pressure 
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at the base of the specimen started to gradually increase producing a pressure difference 

between top and bottom of the specimen which simultaneously created flow through the 

specimen. Data were recorded from the start of permeation until the pressure difference 

reached a steady state condition at which the test was terminated. If the chosen infusion 

rate did not result in a measurable pressure difference, the test was stopped and the 

specimen allowed to reach equilibrium. Then, a higher infusion rate was selected and 

the procedure repeated until an appropriate pressure difference was obtained. Otherwise 

the test was complete and the data were analysed to determine the coefficient of 

hydraulic conductivity. 

3.5.6 Permeation Stage using falling head technique 

The valve P in Figure 3.15 was set to the added Newcastle volume change gauge for the 

falling head technique. Different hydraulic gradients were used in order to determine the 

effect on hydraulic conductivity of soils. A new file was set in the computer and the 

differential pressure transducer was set and calibration constants for the fine or coarse 

setting of the volume change gauges were input in the computer according to the type of 

the soil. The calibration constants for fine setting were used when the specimen was 

made of fine soil, otherwise the calibration constant for the coarse setting were used and 

valve 5 in Figure 3.4 left open. 

The desired pressure difference between the base and the top of the specimen was 

selected. Permeation was started by closing valve b2 in Figure 3.15 that connected the 

base of the specimen with the volume change gauge and opening valve bI. At this time 

the pressure at the base of the specimen rapidly increased producing a maximum 

pressure difference between top and bottom of the specimen which simultaneously 

created flow through the specimen. Data were recorded from the start of permeation 

until the test was terminated. Then, a higher pressure difference was selected and the 

procedure repeated and further test results obtained. When each test was complete, the 

data were analysed to determine the coefficient of permeability. 

3.6 Data Analysis 

During preparation of the specimen as described previously, the initial height, diameter 

and weight of the specimen were measured and used to analyse test data. This section 
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contains formulas that were used and describes the interpretation of a test. A typical test 

is used to demonstrate the process. 

3.6.1 Initial condition 

Using the measured height and diameter of the specimen Lo and Do respectively, the 

initial cross-section area Ao, in cm2
, was calculated from the following equation: 

2 
A = ;r·Do 

o 4 

The initial volume Vo in cm3 was calculated as following: 

3.5 

3.6 

The initial water content was determined by an oven drying method using the remaining 

part of the sub-sample before and after placing it in an oven for 24 hours. The initial 

water content, wo ' was calculated by the following equation: 

where 

W = m, -md xlOO% 
o 3.7 

md 

ms = initial mass of the sub-sample in grams before placing it in the oven. 

md = dry mass of the sub-sample in grams after 24 hours in the oven. 

The bulk density, Po (Mglm\ was calculated from the mass of the specimen Mo (g), 

and its initial volume Vo (cm\ using the following equation 

3.8 

The initial dry density Pd (Mglm\ was calculated using the bulk density Po (Mglm
3

) 

and the initial water content Wo (%), using the following equation 

100 
3.9 Pd = 100 Po +w 

" 
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the initial void ratio (eo) was calculated the value of the measured particle density (Gs) 

and calculated dry density (p d)' according to 

3.10 

the initial degree of saturation (So)(%), was calculated using the initial water content 

(w" )(%), the initial void ratio (eo) and the particle density (Gs), according to 

3.11 

3.6.2 After Saturation 

The specimen volume changes (~Vs) (cm\ during saturation stage, were determined 

from the sum of the cell volume change gauge readings after each increment. So that the 

volume of the specimen after saturation (Vs) was calculated from the following equation: 

Vs =Vo - L~Vs 3.12 

The length of the specimen (L~.) (cm) and its void ratio (es) after saturation were 

calculated, assuming the changes in dimension were equal in all direction, as following: 

[ 
1 ~Vs J L =L 1---

.I' 0 3 V 
o 

3.13 

3.14 

The cross-section area of the specimen after saturation (As) (cm2
) was calculated using 

the following relation: 

A = V, 
s L 

s 

3.15 
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3.6.3 After Consolidation 

Each specimen was consolidated under three effective stresses, 50, 100 and 200 kPa. At 

each effective stress, the specimen was consolidated in which a volume change (~Vc) 

was determined from the volume change reading on the back pressure volume change 

gauge or the cell volume change gauge since the specimen was assumed to be fully 

saturated. 

The volume of the specimen after consolidation (Vc) (cm3
) was then determined by the 

following equation: 

3.16 

The length of the specimen after consolidation (Lc) (cm) was calculated using the 

following formula: 

( 
1 ~Vc J L =L 1---

C s 3 V 
s 

3.17 

The mean length during consolidation (Lmeall ) (mm) was taken as the average length 

before and after consolidation, as following: 

3.18 

The cross-section area after consolidation (Ac) (cm2
) was calculated using the following 

equation: 

A = Vc 
C L 

c 

3.19 

The void ratio after consolidation (ec) was calculated as following: 

( ) ~Vc e =e - l+e --
c s s V 

s 

3.20 
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The coefficient of consolidation (cv) (m2/year) was calculated using Taylor's method 

from time representing 50% consolidation (t50) obtained from the curve of specimen 

volume change versus square root time (min) (Figure 3.16). 

0.026L2 
mean 

C = v 
tso 

3.21 

The coefficient of volume compressibility (mv) (m2/MN) was calculated from the 

following equation: 

where 

e1 = void ratio before consolidation stage 

3 e2 = void ratio after consolidation stage 

Sa'=effective stress during the consolidation stage 

3.22 

Based on Terzaghi's theory (Head, 1994), the calculated value of hydraulic conductivity 

(kcaD was determined from the following formula: 

3.23 

For practical purpose the above formula was simplified as following: 

k = ( C
V )(~)(IX103)X9.81 

cal 365.25x24x3600 106 

(mls) 3.23 

Where: 

Cv = Coefficient of consolidation, m2/year 

mv = Coefficient of volume compressibility, m2/MN 

The calculated value of hydraulic conductivity was then used to estimate the desired 

infusion rate (q) (cm3/s) by the following equation assuming value of hydraulic gradient 

equals to one in order to induce a small head difference across the specimen during 

permeation. 

3.24 
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3.6.4 After Permeation 

The applied pressure difference (~p) across the specimen was measured by the OPT as 

the permeant flowed from the bottom to the top of the specimen. When the constant 

flow technique was used, the inflow was generated by the flow pump while the outflow 

was measured by the volume change gauge, in its fine setting, connected to the top of 

the specimen. 

The hydraulic gradient (i) at the steady state condition was calculated as following: 

. 1000 x !:lp 
l =----''-

9.81x L 
3.25 

The hydraulic conductivity (kh ) (m/sec) using the constant flow technique was 

calculated from the following equation using the inflow and outflow average value: 

q 
kh =-

ixA 
3.26 

When the falling head technique was used, the inflow was generated by applying a 

pressure difference between the top and bottom back pressures. This pressure difference 

was measured by the DPT as the permeant flowing from the bottom to the top of the 

specimen. The inflow and outflow rates were measured by the volume change gauges 

connected to the bottom and top of the specimen respectively. The hydraulic 

conductivity (kh) (m/sec) using the falling head technique was calculated from the 

following equation using the pressure differences at the start (~Pl) and the end of the 

test (~P2): 

3. 27 

3.6.5 Presentation of Data 

Hydraulic conductivity data are presented and reported in tabular and graphical form. 

There are two relevant graphical plots: one for consolidation stage and one for the 

permeation stage. An example of the presentation of data is given in Table 3.3; Figure 
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3. 16 for consolidati on res ults; Figure 3. 17 for constant flow permeation results: and 

Fi gure 3. 18 for fa llin g head permeation results. The other related data ",ill be appeared 

and di scussed in chapter 5 and in Appendi x B. 

3.7 Summary 

Thi s chapter presents a detail ed descripti on of th e fl exi ble wall permeameter using the 

constant flow technique and its modifi cati on for using the falling head techn ique. The 

constant flow technique is carri ed out by generati ng a constant flo w using a flow pump: 

the pressure difference is then monitored by DPT from whi ch th e induced hydrauli c 

gradi ent is determined . Whil e the fa lling head technique is carri ed out by settin g a 

pressure difference across the spec imen using th e Newcastl e Vo lume Change Gauge 

connected to th e top and bottom of th e specimen . The fl ex ibl e wa ll testi ng y tern 

all ows control of the stresses acti ng on the soil spec imen; it also reduces the ri k of the 

side-wa ll leakage. A fu ll test procedure for both techniques is also presented. 

The use of the different types of e lectroni c transducers to all ow of for the flo w and 

press ure measurements makes it necessari ly to a sess and ca librate all transducer . 

Therefore, detai led cali bration procedures are canied out for every transducer and are 

found in thi s chapter in order to gain confidence in the results obtained. The res ults 

from using both techniques are presented and di scussed in Chapter five . Finall y the y are 

then to eva luate the accuracy due to the new modifi cat ion carried out on th e fl ex ible 

wal l permeameter. 

Tab le 3.3 Example of Data Presentation 

Stage Data SAMPLE 
NO.12 

Initial MeiQht (Q) 1411 .6 

LenQth , Lo (mm) 100.5 

Diameter, Do (mm) 102.5 

Area , Ao (mm2
) 8251.6 

Volume, Vo (cm 3
) 829.28 

Bulk density, Po (M~/mj 1.70 

Water content, wQl % ) 47.9 

In itial dry density, Pd (Mg/m3
) 1.15 

Partic le density, Gs 2.63 

In itial void ratio , eo 1.28 
Initial deqree of saturation , So (% ) 98.1 
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Saturation Effective saturation st ress , (kPa) 20 
B value 0.95 

Total volume change, 8Vs (cm3
) -3 

Volume , Vs (cm 3
) 832.28 

Lenqth , Ls (mm) 100.6 

Area, As (mm2) 8271 .5 

Void ratio , es 1.29 

Consolidation Effective consol idat ion stress , kPa 50 

Vo lume chanqe, 8Vc (cm 3
) 7.75 

Vo lume, Vc (cm 3
) 824 .53 

Lenqth, Lc (mm) 100.5 

Area, Ac . (mm
2
) 8204 .3 

Lmean (mm} 100.6 

Void rat io, ec 1.27 

t50% , (min) 30.25 

Cv (m2/year) 4.57 

mv (m2/MN) 0.19 

kcal (m/s) 2.6E-10 

Consolidation Effect ive conso lidation stress , kPa 100 

Volume chanqe, 8Vc (cm3
) 11 .39 

Volume, Vc (cm3
) 813.14 

Length, Lc (mm) 100.2 

Area, Ac (mm2) 8116.4 

Lmean (mm) 100.3 

Void rati o, ec 1.24 

t50% , (min) 25 

Cv (m2/year) 5.50 

m (m2/MN) 0.14 

kcal (m/s) 2.4E- 10 

Consolidation Effective consolidation stress, kPa 200 

Vo lume change, t:,Vc (cm
3

) 17.75 

Volume, Vc (cm
3

) 795 .39 

Lenqth , Lc (mm) 99 .7 

Area , Ac (mm
2
) 7976 .5 

LmAan (mm) 100.0 

Void rat io, ec 1.1 9 

t50 % , (min) 26 .5 

cy (m2/year) 5.15 

mv (m2/MN) 0.11 

kcal (m/s) 1.7E-1 0 
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Figure 3.16 Typ ical conso li dation stage results. 
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Figure 3. 17 Typica l constant fl ow peI111eation results. 
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Chapter 4 

Design of the Thermal Apparatus and its Experimental 
Procedure 

4.1 Introduction 

This chapter provides information about the design criteria, the principles behind the 

design and the test theory for the new thermal conductivity testing systems. It also 

presents the experimental procedure and the method of interpretation that were used to 

determine the thermal conductivity of disturbed and undisturbed soil specimens in this 

research. 

In the review of the methods for determining the thermal conductivity of soils presented 

in chapter two, the steady state methods are quite complicated and required a large 

sample. Therefore, it was decided to design a new device to determine the thermal 

conductivity of soils. 

4.2 Design criteria 

The design of the thermal cell device is carried out to establish the criteria for the 

laboratory measurement of the steady state heat conduction through a cylindrical soil 

specimen, when its base is in contact with an aluminium heater held at constant 

temperature. This criterion is based on the one dimensional heat flow theory. One

dimensional steady state heat conduction experiments require a constant temperature 

gradient from the bottom of the specimen to the top of the specimen continuing until the 

temperature at the convection surface of the specimen reaches its maximum steady state 

condition. 

This test method is comparable, but not identical, to the steady state heat flux 

measurement and thermal transmission properties by means of the guarded hot plate 

apparatus (ASTM Cl77). 
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4.3 Design principles 

The pri nc ipl e of the design is to provid e a simple thennal conductivity testing system to 

detemline the thennal conducti vity of a soil. It shou ld accommodate a representati ve 

so il sampl e, such as the s ize of th e specimen that is obtained from the U-IOO type of 

sampl e w hi ch represents the most common type of sample that can be obtained from a 

geo techni cal s ite in vestigation . 

The engmeenng design principles behind the operation of the thennal conducti vi ty 

testing sys tem are fair ly s imple. To create a heat fl ow in a so il specimen, a thennal 

grad ient sho ul d be generated across it. Th is can be carri ed out by plac ing a cylindrica l 

so il spec imen on a heater with the same cross sect iona l area and keeping its top ex posed 

to room temperature. The specimen 's s id e shou ld be insu lated to ensure one 

dim ension a l heat flow . The heater shou ld be he ld at a des ired constant temperature. To 

insure the one dimens io na l heat flo w, the spec imen shou ld be insulated by surro unding 

it w ith a very low thenna l cond uctivity insulator such as g lass woo l, an ac ryli c tube to 

stop a ir c ircul ation aro und the spec imen (F igure 4 . 1) . The heat wi ll fl ow fro m th e 

bottom of th e spec imen towards its top and th en convected to the surrounding medium. 

The temperature grad ient was measured at the top and bottom of a specimen and a two 

points w ithin the spec imen. 

T oo 

Free Convec tion 

«((( ((( 

Specimen 

Conducti on 

tttttt 

I I 
I 

Acrylic pipe 

Glass wool 

Tba.sc 

Glass wool 

Tufnol board 

Acrylic plate 

Figur 4. 1 Schematic diagram of the heat transfer in the cell. 
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4.4 Test theory 

The equation describing one-dimensional steady state conduction is given below. It is 

known as Fourier's law (Holman 1997), where the thermal conductivity, kr, is defined as 

the quantity of heat flow in a unit time through a unit area of a substance caused by a 

unit thermal gradient. 

Where 

k = Q 
I A.(tJ.TIM) 

4.1 

Q = the amount of heat passing through the specimen, Watt 

A = specimen's cross section area, m2 

tJ.T = temperature difference across the specimen. °C 

tJ.L = specimen's height, m 

Q / A is known as the heat flux (q) which is causing the thermal gradient, tJ.T 1M. In 

this test the specimen height is normally 100mm; A is the cross sectional area of the 

specimen which is nominally 7854 (mm2
). 

The amount of heat passing through the specimen (Q) (input power per unit time) can 

be determined in two ways. The first is to determine the rate of the input electrical 

power provided to the heater and the second is to determine the dissipation of stored 

energy during cooling after reaching the steady state condition. 

Several attempts were made to determine the input electrical power at the steady state 

condition by measuring it directly. The first attempt was with using a power meter; 

however the power meter used was for monitoring a high rate of energy comparing to 

that used in the system. The second attempt was to measure the power consumption of 

the heater; the electronics circuit shown in Figure 4.2 was designed. It is basically an 

operational amplifier circuit that is used to amplify the current that passes through the 

heater so that it can be monitored with a PC to draw an ON/OFF diagram of the power. 

The final power consumption will be computed as the averaged power over the steady 

state period. A voltage divider rule idea is applied by connecting a small value resistor, 

1.5 ohm, in series with the heater. 150 ohm, hence the voltage across the resistor is 

:::: 2.'}.7 V AC. This voltage is used to supply the operational amplifier circuit. The 
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operational ampli fier c ircuit consists of the widely used 741 amplifier and some 

res istors. As can be seen from Figure 4 .2 , the 741 amplifiers are connected in series 

where th e first amp lifi er wo rks as a buffer th at buffers the current flowing through the 

heater before it passes to th e non-in vertin g input of th e second amplifier which is 

d i fferentiat ed by th e in vert ing input , which is suppli ed from + 15 V suppl y. Finally the 

ampli fied o utpu t is fed to th e PC logger port . Th e PC logge r calculates the power that is 

consumed b y th e heater and produces ON/OFF pul ses of the power. B y averagi ng these 

pu lses over the s teady state period th e di ss ipated power can be estimated . The input 

vo ltage to the ampl ifi er is an AC vo ltage, which means that the input vo ltage at the 

amplifi e r wi ll be pos itive for half cycle and negati ve for th e other half. This fluctuati on 

caused th e amp lifi ers to malfunction . Therefore, it was thought that th e amplifiers 

should be suppli ed w ith a D C voltage. Hence a diode was in sta ll ed , which has a vo ltage 

drop equ al 0 .6 vo lt, before the first amp lifi er. A lthough the amplifi er suppl y was::.::: 1.8 

vo lt , it worked , however as the supply of the circuit was only the pos iti ve half cycles the 

perform ance was not convi nc ing. Th ere fore, a ful l wave rectifi er shoul d be install ed 

in stead of one diod e . However, as th e rec tifi e r consists of four diodes and with the 

vo ltage drop of each diod e 0.6 , a 2.4 vo lt drop w ill be needed whi ch is a lmost th e 

suppl y vo ltage ; hence the suppl y has to be in creased w hi ch req uires, in tum , a new 

des ign. 

A more sens iti ve meter cou ld have been developed but the rap id sw itching rate meant 

tha t thi s wo uld have been a complex dev ice and beyond the scope of this research . 

Furth er th e equipment had to be s impl e to operate and avai lable for used in routine 

inves ti ga tions . Append ix C shows a p late of the designed circuit box . 

Ilrnll'r 
150 Ohm 

Supply Volta ge 
240 V fl C 

RnIS IOf 

15 Ohm 

i 
237.63 V fl C 

1 
I 
U7V flC 

1 

Supply Vohage 
+ 15 V DC 

Buner 

Feedback 
Resis tor 

DiJTerential 
fl mpliflCr 

Output to PC ;,gger 

F igure 4 .2 Proposed electri ca l c ircuit to monitor the input power for the heater. 
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The second method of analysis was based on the law of conservation of energy, by 

assuming that the energy put into the specimen from the heating element (Qcond) during 

the steady state stage must be equal to the energy lost from the specimen by convection 

(Qconv), whereby Qconduction = Qconvection (Figure 4.1). The convective heat loss from the 

top of the specimen is governed by Newton's law of cooling (lncropera and De Witt 

1996, Holman 1997): 

Qconv = h . A . (Tconv - T<n ) 4.2 

where: 

Qconv = the amount of heat loss by convection, Watt 

h = the convection heat transfer coefficient, W/m2 °c 
A = the cross-sectional area of the specimen, m2 

Tconv = the temperature at the convection surface, °c and 

Tao = the room Temperature 0c. 

Hence, the thermal conductivity is given by 

Qconduction = QcollVectio1l 4.3 

Tbase - ~op 
k lsoil • A· = h· A· (~op - T",) 

M 
4.4 

~op -T", 
k = h . M . ----''----

Isoil T. T 
base - lop 

4.5 

where: 

k = the thermal conductivity of the soil (W 1m. 0c), 
I soil 

h = the convection heat transfer coefficient (W 1m2 0c), 

Ttop = temperature at the specimen's top at the steady state condition, °c 
Tbase = temperature at the specimen's base at the steady state condition, °c 
Tao = room temperature, 0c. 
M = specimen's height, m. 

This equation can then be used to find the thermal conductivity of the soil specimen 

once the value of the convection heat transfer coefficient (h) is determined. The best 

99 



way of determining h is by comparing a theoretical convection cooling curve for a given 

h value to the measured cooling curve based on the temperature measurements taken at 

intervals from the specimen. This procedure is called the best fit method and is 

comparable with that in the interpretation of consolidation tests. 

To generate the theoretical cooling curve it is necessary to assume that the convective 

heat loss from the top of the specimen after the power is switched off is equal to the 

decrease in the internal stored energy of the soil specimen (Holman 1997). Hence at any 

time, t, after the start of the cooling curve, the theoretical temperature can be calculated 

from the energy balance principle that the stored energy, Estored must equal the lost 

energy, Eout as following: 

E stored = - E out 4.6 

dT 
m . c . - = -h· A . (T - T ) 

p dt a 00 
4.7 

The initial condition T = ~ at t = 0, therefore the solution to equation 4.7 IS as 

follow: 

-h·A _·t 

( ) 
m·e 

T = Too + To - Too . e P 4.8 

The theoretical cooling curve can be generated by equation 4.8 but it is applicable only 

in the case of a dry specimen. T is the theoretical temperature of the base of the 

specimen during cooling as a function of time, t, Too is the room temperature, To is the 

temperature at the top of the specimen at the start of the cooling curve, A is the cross 

sectional area of the specimen, m is the mass of the dry soil, h is the convection heat 

transfer coefficient and cp is the soil specific heat capacity. However, in the case of 

partially saturated or saturated soils, the amount of water should be taken into account 

by adding its effect based on its mass and its specific heat to those for the dry soil 

particles using the following equation: 

"Lm i . C pi = (m . C P til + (m . C p t'tlter 4.9 

Hence, equation 4.8 can be rewritten in a general form as following: 
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-h A 
--I 

T=T +(T - T) . ~m ,,. 
':fj f) - '"f~ e 4.1 0 

The convection heat transfer coefficient, h, can be determined by placing the abO\'e 

equat ion in a spreadsheet and vary ing its value until a best fit curve is obtained bet\\'een 

the measured coo ling c urve and the theoretical pred iction of the curve (Figure -t .3). 

Once the value of h is established , k, can be calcul ated using equati on 4.5. 

Coo lin g c urves fo r Saturated Fine SA ND (base temp . 40°C) 

35 
-- Base temp . 
-- Temp at 3 .3cm 

30 ---I - - T emp at 6 .6cm 

G 
~ 

'" 5 

-- Roo m temp . 
-- T o p temp . 

--Theo ret ical coo lin g cun e 
.... 
=> .... 
'" .... 
'" 0-

0 E 
'" f-

15 

10 

0 2 4 6 8 10 12 14 16 

Time (hI') 

Figure 4 .3 The best fit coo li ng curves to determine h. 

4.5 Description of the Thermal Conductivity Testing System 

Two thermal conductivity testing systems were designed and built. The thermal test ing 

systems shown in Figure 4.4 consist of four components: the thermal ce ll , the 

temperature contro l unit, the Pico logger with PC, and the temperature sensors (Type K 

thermocouples). A brief explanati on of each of these components is gi ven below. 
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Th e rm OC()UP le~ rhermaJ~ 

Figure 4.4 The thermal conductivity testing sy tem. 

4.5.1 Thermal Cell 

The thermal cell , shown in Figure 4.5 , consists of an acryli c base plate (12) (200mm by 

200mmm) to support the base conducting aluminium cy linder (heater) (7) and to mount 

the cell onto the temperature control unit (14). Between the acrylic base plate (12) and 

the heater (7) there are two types of insulation , the glass woo l insu lation (8) (k, = 0.038 

W Im°C) and a Tefnol board (9) ( 130mm dia. , 3mm thick). Th is insul ates th base of the 

plate ensuring that the heat fl ows verticall y towards the base of the spec imen. ylon 

screws with low thermal conducti vity are used to clamp the heater with the glass woo l 

and the Tefnol board together with the acrylic base plate to minimise any heat loss . The 

base conducting cylinder is made of a 100mm di ameter, 20mm thick aluminium disc. A 

cartrid ge heater and two thermocouples (1.5 mm dia, 150 mm long) were inserted into 

the base conducting cylinder which acts as a uniform source of heat across the base of 

the spec imen. One of these thermocouples is cOIU1ected to the temperature control unit 

for a feedback to maintain a constant temperature and the other is connected to the Pico 

data logger to monitor and record the spec imen base temperature. 

The top conducting cy linder consists of an aluminium disc (5) that might contain an 

optional cartridge heater to contro l the temperature of the top of the specimen if the 

temp rature is to be maintajned above the room temperature . The aluminium has very 

hi gh th rmal conducti vity (200 W /m ."C). for thi s reason it \\"as chosen to di ssipate the 

conducted heat Crom the top of the p cimen to air through con\'ect ion. To conti nn that 
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it ha no effect on the top temperature of a specimen, two thermocouples were used to 

determine the deference in temperature between the top and bottom surfaces of the 

a luminium top di sc . The difference was found to be very sma ll to the extent it had little 

impact on the interpretation. 

The spec imen's dimensions were 100mm in diameter and 100mm long (6) so that 

undi sturbed speci mens obta ined from standard UK investi gati ons can be used . It is al 0 

poss ib le to test reconstituted representative soil s. In order to mainta in the water content 

of a spec imen and to support coarse grained so il s, the specimen is surrounded by a 

rubber membrane (3) w hich is sealed onto the bottom and top conducting cylinders (7 

and 5 respective ly) by 0 rings (4). 

.. 

.. 

.. 

.. 

(I) Acry lic tube 

(2) Insulation (Glass wool ) 

(3) Rubber membrane 

(4) o ring 

(5) Aluminium top di sc 

(6) Spec imen 

(7) Heater 

~--- (8) Insulation (G lass wool) . 

(9) Teflon board 

( 10) ylon bolt 

( I 1)4 Nylon nut 

( 12)Acryli c base plate 

( 13) cI)'lic legs. 

( 14) Temperatur contro l box 

( 15) Temperatur display screen 

Figurc -L5 Sc hematic di agra.m of the thell11a l cell sho\yin g the key components. 
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The spec imen is surrounded b y insulation (2) to res tri ct the heat flo w verticall y and 

eliminate the s id e heat loss . Thi s insul ation is held in place b y an acrylic tube (1). Both 

th e in s ulati o n and the acrylic tube provided an extra support to the coarse grained soil 

spec imens. 

The temperature at the base of the specimen is controlled and monitored by a 

th ermocouple (a) and (b) in Figure 4 .6. Two further thermocouples (c) and (d) in Figure 

4 .6 are inserted into the specimen at 33mm and 66mm from the base of the specimen , so 

that th e increase and decrease of the temperatures within the specimen can be monitored 

and recorded . These thermocouples (c) and (d) are mounted in hypodemli c needles 

wh ich are pushed through the membrane to the centre of the speci men . The temperature 

at th e top surface of the specimen is monitored with a further thennocouple (e) . 

Thennocouples (a and b) are built into the base heating cylinder. 

Temperature contTaI un it Pica logger 

Figure 4.6 Complete experimental set up for thermal conductivity test. 

4.5.2 Temperature Control Unit 

The temperature was contTo ll ed by an Olmon E5GN temperature control unit box 

(203mm W , 178 m111 D , and 88mm H) (Figure 4. 7). 
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Figure 4 .7 Tem perature Co ntro l Uni t. 

The base tem perature was co ntro ll ed by the P IO contro ll er bui lt into the temperature 

co ntro l unit. T he a luminium base cylinder acts as a unifoml hea t so urce across th e base 

of th e specim en. T he heat is generated by a caI1ridge heater (300W at 240V AC) w ith 

th e aid of a th elmoco upl e (a in Figure 4 .6) to prov ide a feedback to the temperature 

contro l unit in o rder to ma inta in a co nstant temperature. 

4.5.3 Data Logger 

A TC-08 Pico data logger unit was used to read the o utput signals from th e 

thermoco upl es. T he TC-08 is an 8 channel th el111ocoupl e (Fi gure 4 .8) to PC interface, it 

can measure the full range of temperatures from -270°C to + 1800°C and works with all 

popul ar types of therm oco upl es (B,E,J ,K ,N ,R ,S,T). 

TC-08 

Figure 4. 8 TC-08 Pi co da ta Logger (Pico , 2004). 
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The data logger plugs into the serial port (RS 232) of the computer; the thermocouples 

are connected and th en it is ready to measure temperatures . It has high resolution and 

accuracy. It is po wered through the se rial connection. It has a built-in cold junction 

compensation that is held at a re latively constant temperature. Th e built-in cold junction 

measures the ambient temperature at the connection of the thermocouple wire to the 

measuri ng dev ice (P ico , 2004) . Th is allows for accurate computation of the temperature 

at the meas uring j unctio n (hot junct ion) by the measuring device . A computer was used 

to run the s upp li ed with Picolog data logging software (Figure 4.9) that receives voltage 

readings of each thermocoup le from the TC-08 unit and convert these readings to 

temperature in degree Ce ls ius . 

F igure 4.9 Pi co log data loggin g software (Pico , 2004) . 

At any tim e d urin g a tes t, th e operator can req ues t a d ispl ay o r pri ntout of the previous 

data, stop the tes t o r proceed to th e end of the tes t. A t the end of the test, a fi le 

co ntaining the tes t was stored on the cli pboard and pas ted in a spreadsheet fi le. These 

data were th en graphi ca ll y and num erica ll y ana lysed and printed by the computer using 

Exce l software in o rder to de tel111ine the theI111al conduct ivity of the soi ls. 

4.5.4 Thermocouples 

Thel111oco up les are temperature sensors suitab le for use w ith any make of instrument 

des igned or programmed for use with the same type of thermocouple . They are cheap , 

interchangeab le, have standard connectors and can measure a wide range of 

t mperatures. The diagram below (Figure 4 .10) shows a K type thenllocouple, which is 

the most popular and the one used in thi s study: 
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Nickel-Chromium 

122m 

Nickel-Aluminum 

Figure 4 .10 Di agram of K type thermocouple (Pico , 2004) 

For exampl e in the above diagram , the K type thermocouple at 300°C will produce 

12 .2mV . Unfortun ately it is not possible to simpl y connect up a voltmeter to the 

th ermoco upl e to meas ure thi s voltage, because the connecti on of the voltmeter leads 

w ill make a seco nd , undesired thermocouple junction . To make accurate measurements, 

thi s must be compensated for by usin g a technique known as cold junction 

compensation (CJC) which is built into the Pico logger. Thi s is governed by th e law of 

intermed iate metal s that states that a third metal, inselied between the two dissim ilar 

metal s of a th elmocoupl e junction w ill have no effec t provided that the two j unctions 

are at th e sam e temperature. 

Therefo re, it was also required that thelmocoupl e or thermocouple extension wi re, of 

the proper type, to be used all the way from the sensin g element to the measuring 

element. Large elTors can develop if thi s practi ce was not followed , because different 

thernloco uple types have very different vo ltage output. Most meas urement problems 

and elTors with thermoco upl es are due to a lack of understanding of how thermocouples 

work (Pi co, 2004). 

4.6 Test procedure 

The test procedure for determining the thelmal conductivity in the new thermal 

conduct ivi ty ce ll inc ludes spec imen preparation and set up . The essential steps in 

conductin g the test are shown in the flow chart (Figure 4. 11 ). The following is a 

description of th e experimental setup of the equipment and m aterials used to prepare 

so il sa mples that were tes ted to establi sh the m ost appropriate testing regime and 

prod uce a tes t specification . 
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4.6.1 Specimen Preparation 

Twenty two specim ens were prepared and tested to determine th eir therm al conducti vity 

coefficients. The specimens were 100mm long and 100mm in di am eter. Most of the 

spec imens were reconstituted ; four of them were undi sturbed specimens taken fro m 

U I 00 samp les. The undi sturbed specimens of fine grained soil s were trimmed to size 

and transferred to the cell. The reconstituted specimens were made of both fin e and 

coarse grain ed so il s . They were ei ther prepared in a consolidation cell and trimmed to 

th e size and tran sferred to th e cell or prepared in the thermal cell using PVC split fonner. 

Each of these preparation proced ures are explained below. 

4.6.1.1 Preparation of undisturbed specimen 

The preparation of a specimen fro m th e stand ard U-I 00 sampling tube was carri ed ou t 

by cutting a sub-sample of 150mm in length . The sub-sampl e was handled ve ry 

carefull y during ex truding and transporting. It was placed on a soi l lath e and trimmed 

with a wire saw to th e required spec im en diameter, i. e. 100m m. Then it was placed in 

crad le mo uld where it was further trimmed in ord er to produce a final specimen 100mm 

in hi gh and I OOmm diameter with fl at parall el end s. The specimen was wei ghed and its 

diameter and length were meas ured usin g a calliper in order to calcul ate the bulk density. 

The trimmings were used to evaluate th e ph ysical indi ces of the specimen , i.e. dry 

density, vo id ratio and water content. 

4.6.1.2 P,-eparation of ,-econstituted specimen 

Thi s procedure invo lved two methods depending on the type of the soi l. For fine soils 

the same procedure th at was explained in chapter three (secti on 3.5 .1) was used to 

prepare the reconstituted c layey speci mens. However for coarse grained soil s, the 

preparation and set up proced ure is s imil ar to that explained in secti on 3.5 .2.2. The only 

d ifference is th at during the theIl11al conductivity tests filters and pores d iscs are not 

used in the thermal cell dev ice. 
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No 

Run Pico software and set 
new test fil e and configure 
the thermocouples. 

Wai t for temperature 
equilibrium between the 
room temperature and the 
whole asse mbl y. 

Start the tes t by 
sw itching on the powe r 
to the heater. 

Has the spec imen reached its 
max imum steady state 

mperature? 

Switch off the power 
suppl y to the hea ter. 

Leave the spec imen to 
coo l dovm to the room 
temperature . 

Determine h fro m the 
coo ling cm ves. 

Determine k, from 
equation 4.5. 

Figure 4 .11 Flow chali of test procedure. 
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4.6.2 Test setup 

Prior to the specimen setup, the conducting plates were cleaned with very fine sand 

paper (Figure 4. 12a). The specimen was prepared by one of the methods mentioned 

above. If the specimen was fine grained , it was transferred to the cell after removing the 

clin g fi lm, th e specimen was placed carefull y on the base conducting plate, making sure 

that there was no air trapped undern eath . A rubber membrane was placed on a 

membrane expander and subsequen tl y placed around the specimen (Figure 4.12b). 

Using th e membrane expander the first 0 ring was placed to seal the membrane to the 

base conducting plate (Figure 4 .12b). The top conducting plate was then placed on the 

specimen fo llowed by fixing the second 0 rin g to seal the membrane to the top plate 

(Figure 4 .12b). The cell was assembled with the specimen sealed onto the top and base 

conducting plates by 0 rin gs (Figure 4 .12b). 

Glass wool insulation (F igure 4 .1 2c) that has a very low th erm al co nductivity (0 .038 

W /m.°C) was placed aro und the spec imen to eliminate side heat loss . [t also provided a 

side support to th e coarse gra ined so il s. The acryli c tube was then assembl ed. Two 

sta inless steel type k thermocouple probes (150mm long, 1.5mm di a.) were inserted into 

th e specimen to th e centre typ icall y at one third and two thirds of the height above the 

base of the spec imen (F igure 4.12d). A nother type k thermocoupl e with a 7mm metal 

disc termination was attached to the c lean surface of the top plate by an adhesive tape. 

A ll th e th elmoco upl es were plugged into the Pico data logger and subsequentl y the data 

logger was p lugged into the co mputer via the RS 232 seri al. A new fil e was opened and 

se t into th e logger's software. The thermocoupl e type was selected from a drop down 

window for each used channel so that an accurate reading of temperature can be taken 

from th ese senso rs. 
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Fi gure 4 .12 Test assembl y. 

4.6.3 Test stages 

There are three tages for the test (Figure 4 .13) . The fir st was to bring the temperature 

grad ient to a co ns tant ; the second was to maintain the temperature gradient un ti l the 

steady state co nditi on is reached; and the third was to switch off the power a ll ov\'ing the 

tcmperature g rad ient to decay to zero. To achieve that the fo ll owing procedure shown in 

the fl ow chart (Figure 4. 11 ) was appli ed : 

I . The w ho le assembl y was placed in a constant temperature roo m and allowed to 

reac h the temperature equi li brium . After thi s stage the spec imen was ready to be 

tested . 

2 . A test consists of appl yin g constant heat to the base of a cylindrical specimen of 

so il and kcep ing its top at a lower constant temperature (room temperature). 

3. tcm pera tu re grad ient \\'as chos n. Typica lly base temperature of 30°e. -1- 0°e. 

and 50"e wcre used . 

I I I 



4. The temperatures at the top and bottom of a specimen were monitored and 

reco rded at one minute intervals unti l the temperature gradient across the 

specimen is constant. Th e outer surface of the specimen was in sulated with glass 

woo l (k, = O.03W/m ° C) and an acrylic tube (k, = O. 13W/m ° C) in order to create 

a uniform temperature across the specimen (Figure 4 .12c) . 

5. The temperature at the base of th e specimen was controlled by temperature 

con tro l uni t using a cartridge heater and a thermocouple feedback. 

6. The temperature at the thermocouples w ithin the spec imen and at th e top the top 

of the specim en was checked regularly to establi sh the steady state conditi on. 

7. The power was switched off when the temperatures at the th ennoco upl es within 

the specimen and at th e top reached th e stead y state conditi on. 

8. The spec imen was th en all owed to cool with the temperatures at th e top and 

bottom of the specimen and within the speci men bein g reco rded every minute. 

9. These data were used to detennin e th e convect ion heat transfer coeffi cient (h) 

through an analys is of th e temperature decay curve using th e coo lin g phase. 

10. The thennal co nducti v ity was calcul ated usin g the fo llowing equ ati on: 

T - T 
k = h . M . lap 00 

I soi' T - T 
base fOp 

4.15 

11. In a full cycle of tests three temperature gradients were used to ensure 

repeatability of results. Therefore the steps fro m 3 to 10 were repeated usin g 

hi gher base temp eratures. 

4.7 Data analysis 

Du rin g preparat ion of a spec imen as described previously, the ini tial height , diam eter 

and weight of the spec imen were measured and used to analyse the test data. Thi s 

section refers to fonnul as that were used and describes the interpretation of a test. A 

typi ca l tes t is used to demonstrate the process. 

4.7. 1 Ini tial condition 

Us ing the measured he ight and di am eter of the spec imen (L) and (D) respectively, the 

cross-sectional area (A) , vo lume (V) , wate r co ntent (we), void ratio (e), density (p) and 

degree of saturati on (S) \Nere ca lculated as presented in Chap ter three section 3.6. l. 
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4.7.2 Heati ng stage 

A thermal d ifference was created by se tting the base temperature to a constant 30ve. 
40°C or SO°e. Figure 4. 13 shows a typica l temperature profile from a thermal 

co nducti vity test on fin e sand. The fig ure shows typical results of direct measurement of 

temperature over time at three points 3.3cm, 6.6cm and at the top surface of the 

specimen away from the base. The heat started to fl ow from the bottom of the specimen 

towards its top. The test temperature profi le co nsists of three stages. the first i the 

transient stage, the seco nd is the steady state stage and the fin al is the cooling stage . In 

the trans ient stage the soil specimen components start to store heat until they reach their 

max im um heat capac ity, steady state is reac hed at the end of th is stage when the 

temperature a long the specimen profi le reac h the ir stead y sta te maximum va lues. at thi s 

stage any ex tra heat passes through the specimen fro m its base to its top surface and 

then convects away to the surrounding medium . The max imum temperatures at the basc 

(Tbasc) and to p (T top) of the spec imen were determined fro m thi s stage . 
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Figure 4. 13 Typica l temperature profi le fo r a soi l spec imen. 

4.7.3 Cooling stage 

25 

Once the steady state cond iti on was achieved the power suppl y for the heater \\as 

switched orc then the coo ling stage started and the specimen temperatures at the three 

po int s started to di ss ipa te gradual I ) ' o\'er time to reach equil ibrium \\ithin the specimen 

and w ith roo l11 tempe rature . 
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The coo ling curves obtained during the cooling processes (Figure 4 .13) were then used 

to detenn ine th e co nvecti on heat transfer coeffi cients (h) using equation 4 .10. This was 

carri ed o ut by using the bes t fi t method where the value of the convec tion heat transfer 

coeffi c ient was altered un til a best fit between the theoreti cal curve and the 

experim ental curve were obtained (F igure 4 .3). 

After detennining th e co nvecti on heat transfer coefficient (h) and the top surface 

temperature at the steady state condition , the thennal conductivities (kr) of the so il 

specimen were calcul ated using equation 4. 5 fo r the vario us base temperatures. The 

average o f th ese values was th en taken as the th enn al conductivity of the soil in 

ques ti on. 

4.8 Summary 

A detail ed descripti o n o f th e new th ennal conducti v ity tes ting dev ice is fo und in th is 

chapter, plus th e tes ting procedure th at has been deve loped and fo ll owed is also 

presented . The devi ce used is a one dimensional heat fl ow system with accurate 

thermocouples to determin e the temperature profil e within the spec imen under testin g, 

in ord er to es tabli sh the steady state condition . The device w ill pennit the operator to set 

the des ired thermal gradi ent. Moreover it allows m ore thermal gradi ents to be used . It 

can also test th e soil s und er vari ous water contents. 

The sys tem is robust, s imple, easy to use and can accommodate specimens of a 

representati ve s ize of 100mm in di am eter and height. The results obtained by thi s new 

dev ice are presented and di scussed in Chapter six so as to evaluate its adequacy in 

detetlllining th e so i I' s thenn al conducti viti es. 
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Chapter 5 

Hydraulic Conductivity Results and Discussions 

5.1 Introduction 

Laboratory experim ents were perform ed on di fferen t types of soils-clay, silty clay, fine 

sand, medium sand and coarse sand , usin g di ffe rent techniques including constant flow, 

fall ing head and constant head techniques. The clayey soi ls were tested in both the 

fl ex ibl e wall co nstant fl ow perm eameter and the modifi ed fa lling head permeameter as 

described in chapter three. The grading curves for th ese di ffe rent soi ls are illustrated by 

the partic le s ize di stributi on curves shown in F igure 5.1. It can be seen that the 

percentage of c lay size for th e clayey so ils vari es from abo ut 40% for s ilty c lay (kaolin 

grade E) to 90% for c lay (kao lin) . These clayey so il s are known commercia ll y as grade 

E clay and supreme c lay. They were chosen because of th e vas t amo unt of research 

undertaken o n kao lin . Four spec imens of each clayey so il were tested to ensure the 

repeatabi li ty of the test results and in order to determin e the effect of the phys ical 

properti es on hyd raul ic co nducti v ity und er different stress co nditi ons and under the 

differe nt techni ques menti oned in prev ious chapters. A fin e sand spec imen was tested 

Ll sing the modifi ed fl ex ib le wall fa ll ing head penneam eter. A conventional rigid wa ll 

constant head perm eamete r was used to detenn ine the hydrauli c conducti vity of three 

types of coarse so il s inc ludin g fin e sand , medi um sand and coarse sand. 

The c lass ifi cation properti es of the c layey so ils (supreme and si lty clay) used in this 

research are given in Tab le 5. 1. The penetrometer method recommended in BS 1377 (Part 

2: 1990 : 4.3) was used to determine the li quid limit (L.L) . The plast ic limit (P.L.) and 

the pl asti c ity index were estab lished according to the Briti sh Standards 1377 (Part 2: 

1990: 5.3) . A ll th e hyd rauli c conductivity results on the so il specimens using the 

constan t fl ow (CF), the fal ling head (FH) and the constant head (CH) techniques are 

presented in Appendi x B. These results wi ll be di scussed in the following sections 

acco rdin g to th e technique that was used to detennine them and according to the soi l 

type. 
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Tab le 5. 1 Engineering properties of c layey so ils 

Liquid limit Plastic limit Plasticity Group 
Clay 

(%) (%) index (PI) symbol 

S upreme c lay 72 16 56 CV 

Silty c lay 57 15 42 CH 

The res ults presented here in thi s chapter are based on the results obtained from 

spec imen No. 12 to spec imen No. 2 1 as indi cated in Table 5.2 . 

Tab le 5.2 L ist of th e spec imen 's number and type 

Specimen No. Soil type Remarks 
1 Sandy silty C lay Used to ga in 

2 Sand y silty C lay ex peri ence of 

3 S ilty C lay, grade E 
the equipment 
and test 

4 S ilty C lay, grade E proced ure and 
5 Sand y s ilty C lay develop th e 

6 S il ty C lay, grade E technique. 

7 Silty C lay, grade E 

8 S ilty C lay, grade E 

9 S ilty C lay, grade E Good results 

10 Silty C lay, grade E Good results 

II S ilty C lay, grade E Discarded 

12 Supreme Good results 

13 S ilty C lay, grade E Good results 

14 S ilty C lay, grade E Good res ults 

15 Supreme Good res ults 

16 Silty C lay, grade E Good results 

17 S upreme Good results 

18 Fine sand Good results 

19 Medium sand Good results 

20 S ilty C lay, grade E Good results 

2 1 Supreme c lay Good results 
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F igure 5. 1 Parti c le s ize di stribution for the soi ls used . 

5.2 Effect of testing system on the determination of hydraulic 

conductivity 

Th is secti on discusses some features of the testing system that affected the detemlination 

of hyd rauli c co nduct iv ity. T hese features inc lude leakage, seepage induced 

consolidati o n, and pressure difference flu ctuat ions due to either fau lty air pressure 

regulators o r fl ow pump . These problems were also repo l1ed by previous researchers 

who used th e same testing equipment . As this is highl y dependent on the reliability of 

the measuring instrum ents, a ll of these instruments were checked and cali brated at the 

start of the research. Tabl e 5.3 shows the accuracy of the different instruments used . 

Tab le 5.3 Accuracy of th e testing system measuring instruments 

Instrumentation Accuracy Units 

Flow pump ±O.OO8 cm
j 

Vo lume change gauge (fine) ±O.OO5 cm
j 

Vo lume change gauge (coarse) ±O. 125 cm
j 

DPT ±O.O3 kPa 

PT ± 1.5 kPa 
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5.2.1 External and internal leakages 

Leakage is the greatest li miting factor in determining hydraulic conductivity in the 

laboratory. It can be div ided into two categories; external and internal leakages . 

Leakage is parti cul arl y important when using low hydraulic gradient tests due to the 

small amo unt of infl ow invo lved. These tests have litt le meaning ifleakage occurs . 

In thi s stud y abo ut ten speClmens were di scarded due to the occurrence of leakage. 

Therefore it was necessary to set accepted criteria to detect leakage during an early stage 

of saturati o n. 

Ex tern a l leakage occurs mainl y at the valves and fi ttings . Accordi ng to Araruna (1995) 

and T avenas et a l ( 1983a), th ese are important so urces of erro r when measuring the 

hydrauli c co ndu cti v ity of fin e so il s. Thi s type of leakage occ urs when poor qu ality 

va lves and fittin gs a re used or when th ey are inco lTec tl y assemb led . It is easy to check 

by press uri s ing both th e ce ll and pore pressure sys tems and observing if there are any 

vo lume and pressure changes. The va lves connecting the permeameter were kept c losed 

whil e increas ing th e pressure to about 600kPa. T he cell and back pressures and vo lume 

change ga uges were monitored whil e opening the va lves one by one. An alternati ve 

method based on th e B-test that was used to evalu ate the degree of satu rati on of the 

specimen can be used to detec t very small leaks in a re lati ve ly short time. Thi s method 

was found to be suffi c ient for detecting ex tern al and interna l leakages in thi s stud y. An 

exampl e of an ex terna l leak was detected (Fi gure 5.2) during a B-tes t aft er one of the 

sa turatio n inc rements fro m around the ce ll base. There were no changes in the top and 

bottom pore pressures and no changes in the specimen vo lume change gauge. The 

change was an increase onl y in the cell vo lume change gauge which indicated that water 

was go ing into th e ce ll and out at the base. 

Ararun a ( 1995) stated that leaks inside the penneam eter are the most important error 

assoc iated w ith laboratory hydraulic conducti vity detennination, since they are very 

di ffi cult to detect and, unli ke the outside sources of leakage, once the test has started 

they canno t be e liminat d. Thi s type of leakage is commonly attributed to inadequate 

specimen se t-up, and a l 0 due to fa ulty fi ttings or puncture of the membrane. 
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Figure 5.2 Exampl e o f a B-test after saturati on stage w ith detected extema l leak. 

Most of th e di scard ed spec imens were du e to a leak caused by either inadequate set-up 

of the spec im en or faulty va lves . If the specimen was inadeq uately set-up and/o r th e 

rubber membrane w as punctured, the di fference between the confining pressure and the 

pore back pressure indu ces a hydraulic gradi ent and fl ow takes p lace. When the back 

pressure val ves are open and dra inage fro m the top and bottom of the specimen is 

allowed, the cell w ate r penetrates th e leakage spot, perco lates the specimen mass and is 

co llected in th e o utfl ow vo lume change gauge. It can be detected when there is a 

continuous increase in the ce ll vo lume change gauge and an equ al decrease in the 

out fl ow vo lume change gauge . W hen the back pressure valves are closed and the 

drainage is prevented , the ce ll wa ter penetrates through the leakage spot and starts 

increas ing the pore pressure, until it eventuall y becomes equal to the confining pressure. 

5.2.2 Seepage induced consolid ation 

During the ex perim ent , errati c behaviour of the outflow was observed which appeared to 

be hi gher than the inflow into the specimen, indi cating that the vo lume of the specimen 

decreased during th e test (Figure 5.3). It was shown that there was a difference between 

the inflow and the outflow of 0.12 ml in 18 hours (effective stress 200 kPa and hydraulic 

grad ient 3.7) . T hi s co ul d be ex plained by two phenom ena. The first is that the 

permeati on started be fo re the iso trop ic conso lidation was complete, and the second 

phenomena co ul d be th e effect of seepage induced consolidation, as the inflow into the 
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specimen cont inued to cause rearrangement of the soil parti cles and consequentl y the 

pore fluid was expell ed out o f the voids. Other researchers have observed similar 

phenomena (such as Pane et al 1983 ; Aiban and Znidacic 1989; Araruna 1995 ; Chen 

1997). 
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F igure 5.3 Seepage induced consolidati on during a test. 
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Pane et al (1983) stated that seepage induced conso lidati on could produce a non-un iform 

distribution of vo id ratio , non-uniform distributi on of flow rate and a non-uniform 

distribution of excess pore pressure during the transi ent fl ow condition . He further found 

that its magn itude was c learl y dependent on the magnitude of the applied hydraulic 

gradi ent. Chen (1997), using the same equipment as in thi s research, found a difference 

between the inflow and th e outflow of 0.5 ml in 12 hours (effective stress 300 kPa and 

hydrauli c gradi ent 2 .6) . Accordin g to Chen 's findings and the findin gs of thi s research, 

the phenomenon of seepage induced consolidation does not depend on the magnjtude of 

the hyd rauli c gradient. 

5.2.3 Fluctuation and variation of the pressure difference 

The pressure diffe rence between the top and bottom of the speci men should be constant 

during the stead y state condition . Figure 5.3 shows that the pressure difference across 

the specimen does not leve l off w ith time, but fluctu ates . Thi s behaviour is generally 

assum ed to be due to equipm ent etTOr and not a property of the specimen. The 
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fluctuation s may be due to various factors, including; accuracy of pressure regulators 

(Aiban and Znidarcic 1989; Araruna 1995; Chen 1997), mechanical imperfections of the 

flow pump (O lsen et al 1985; Redmond and Shackelford 1994; Araruna 1995; Chen 

1997), temperature changes in the test environment (Morin and Olsen 1987; Redmond 

and Shackelford 1994) and th e stability of the signal conditioning and recording system 

(Olsen et a l. 1985). In thi s case they were most likely due to mechanical imperfections 

of the pump as they were unique to each gear speed. 

5.2.4 Air pressure regulators 

The air pressure suppl y system used in the hydraulic conductivity testing systems 

consisted of an e lectric compressor, an air receiver, a precision air filter pressure 

regulator in sta ll ed downstream of th e air tank and three precision regulators for each 

testing system install ed on the ce ll pressure line and th e pore back pressure lines. The air 

press ure in the main line suppli er was maintained between 800 and 1000 kPa by the 

pressure sw itch that ac ti vates and shuts off the e lec tric motor. The air filt er/pressure 

regul ator reduces the pressure in the main line to 700 kPa before supplyi ng to the lines 

regulators. 

A small increase or decrease of the air pressures in the cell and pore back pressure lines 

causes a vo lume decrease or increase respecti vely, especia ll y when the fine setting was 

used during th e pe1111eat ion stages. A fluctuation in the vo lume change gauges was 

noti ced due to a faulty air pressure regulator install ed at the cell and back pressure lines. 

This problem was enco untered onl y at the end of the experimental work during some of 

the last tests of spec imens No.20 and 2 1 especia lly during the use of a small pressure 

difference between th e top and bottom of specimen. 

5.2.5 Flow pump delivery 

The pump used in the hyd raulic co nducti vity testing system used a synchronous motor 

and 30 position linea r gear bo x to produce 30 delivery rates. Table 5A li sts the inflow 

rates used in thi s researc h. 
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Table 5.4 Used in fl ow rates. 

Setting 4 5 6 8 10 12 

Inflow rate 
3.6E-4 2.6E-4 1. 8E-4 

(m llsec) 
9.4E-5 4. 8E-5 2.4E-5 

At the beginning of th e research, the fl ow pump was checked and fou nd to be working to 

an acc uracy of abo ut ± 0.008m/. However, the fl ow pump has been used since 1994, 

and th ere fore so me of its gears were worn . Thi s mechani cal imperfection in the flow 

pump becam e clear during th e las t tes ts in w hich it produced irregular infl ow rates , and 

hence fluctuati ons in th e measured pressure difference across the specimen (Figure 5.4). 

Thi s co uld a lso be th e reaso n fo r th e fluctu ati ons durin g the steady sta te condition 

(especi all y durin g tests us in g low infl ow rates), because th ere was no fl uctuat ion when 

th e falli ng head technique was used (F igure 5. 17). Figure 5.4 shows an exam ple of the 

onset of thi s probl em wh ere th ere was a norm al in crease in th e pressure d iffe rence across 

the specimen up to abo ut o ne hour and a half, and then a sudden decrease in the pressure 

difference du e to th e malfun cti on of th e fl ow pump . After a w hil e, th e pump started to 

work again as ind icated by th e in crease in the press ure di ffere nce . Thi s parti cul ar tes t 

was interpreted norm a ll y, s in ce the steady state conditi on and th e press ure d iffe rence 

were c lea r. In so me oth er tes ts, such as th e fin al tes ts on the si lty and supreme clay 

specimens (NO. 16 and 17), th e fl ow pump was insuffi cient to produce a regul ar inflow 

(F igure 5.5). Thi s was the reaso n th at the fall ing head and th e constant head techniques 

were introduced, s ince if successful, the number of elTors could be red uced . 
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F igure 5.4 Press ur d ifferenc e due to a flow pump delivery (tes t 151 002). 
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Figure 5.5 Faulty fl ow pump. 

However in th e fa llin g head techniqu e flu ctuati ons were caused by an irregular inflow. 

This was beca use the a ir pressure regulato r for the inflow volum e change gauge was not 

able to mainta in a co nstant a ir pressure in the lin e, especiall y during the test of a 

specimen us in g a small press ure difference such as 5kPa (F igure 5.6). A lth ough this test 

cou ld not be inte rpreted as a fal l in g head test, it was possible to interpret it as a constant 

head tes t. This prob lem was less se rious durin g tes ts us in g a hi gher pressure difference 

across the spec im en (10, 20 and 30kPa). 
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Figure 5.6 E ffec t o f irregul ar ai r pre sure uppl y on the fa lling head technique. 
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5.3 Flexible wall constant flo w technique 

Thirty s ix tes ts were carried o ut in the flexib le wall penneameter using the constant flow 

technique to detennin e th e hydraulic conductivity of six clayey specimens. These were 

reconstituted spec im ens, three of wh ich were supreme clay and the other three were silty 

clay. Each of the specim ens was prepared as explained in section 3 A. l , and tested 

accordin g to th e tes t procedure prescribed in chapter three, under three d ifferent 

effecti ve stresses (50kPa, 1 OOkPa and 200kPa) . At each effective stress , differen t inflow 

rates were appli ed to generate a co nstant inflow at the base of the specimen in order to 

determin e the effect of th e induced h ydraulic gradi ent and the change in effective stress 

on th e hyd rauli c co nducti vity of so il s us in g very accurate m eas urement devices . 

Each specimen was prepared by mi xin g it at a water content of 1.25 ti mes its liq ui d 

limit , and th en th e s lurry-like mi xture was consoli dated un der ax ial stress un ti l excess 

pore press ure di ss ipated. The spec imen was then tri m med to s ize an d set up in the 

modifi ed tri ax ial cell. The saturati on procedure (secti on 3A.3) was started at a low 

effective stress o f about 20 kPa. A typ ical saturati on res ult (F igure 5.7) shows that th e 

water in th e back press ure volume change gauge stalied to saturate th e spec imen (+ve 

va lu es), and also th ere was an in crease in th e spec imen s ize (swelling) due to stress 

reli ef. Consequ entl y th e volume of water in th e cell was reduced as indicated by an 

Increase in the cell volume change gauge (-ve values) . The di fference between the 

abso lute readin gs of th e ce ll vo lume change gauge and th e spec imen volume change 

gauge is due to th e fac t th at some pore water was used to saturate the specimen. When 

th ere was not mu ch w ate r goin g into th e specimen, the degree of saturati on was checked 

by calcul ating th e ratio betwee n th e increments of the pore pressure and the confining 

pressure (S kempton ' s parameter B) before moving to the next stage of consoli dati on, 

where th e B va lue had to be 0.95 o r more. 
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Fi gure 5.7 T ypical res ult of saturation stage fo r a Supreme c lay specimen. 

The conso li dat ion stage (Figure 5.8) was th en started by increas in g the confining 

press ure and leav in g the back press ure as per th e previous stage (in o rder to prevent 

separation of th e di sso lved a ir bubbl es from th e water). Each spec imen was consolidated 

under three different e ffec ti ve stresses (5 0 kPa, 100 kPa and 200 kPa). 
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Figure 5.8 Typ ica l resul t of co nso lidati on fo r a Suprem e clay specimen. 

Aft er the co mplet ion of the co nso li dat ion at each effecti ve stress , the penneability tests 

were run usin g th co n tant flow and fa ll ing head techniques with different inflow rates 
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and pressure diffe rences respecti vely. A typical permeation result using the flo w pump 

(Figure 5.9) shows th e in fus ion of water at the bottom of the specimen which caused a 

gradua l in crease in th e pore pressure, and a corresponding swelling due to the decrease 

in th e effec ti ve stress indi cated b y th e cell volume change gauge . Thi s volume increased 

at th e bottom of th e sp ec imen caused a small er outfl ow th an infl ow rate. However if the 

outflow was hi gher th an th e infl ow, this indicates either a leakage or seepage induced 

conso lidati on . Thi s phenomenon of seepage induced consolidation was noticed mostly at 

the first permeation test after th e end of the consolidati on stage when a low in flow rate 

was used . 

At th e top of th e specimen th ere was an increase in the pore pressure due to th e increase 

in the water leve l in th e o utfl ow volume change gauge. Thi s increase was ve ry small 

compared with that at th e bottom (F igure 5. 10) , and hence th e vo lum e change at th e top 

due to th e correspondin g dec rease in th e effecti ve stress was negli gible. When hi gher 

inflow rates were used in th e nex t permeation stage, th e volume changes at the botto m of 

the spec imen were greater due to greater decreases of effecti ve stress, and hence th e 

difference between the in flow and th e outflow became greater. 
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F igure 5.9 Typ ica l res ult of constant fl ow pem1eation tes t fo r supreme cl ay. 

The difference between th e infl ow and the outflow can be exp lained by the fact that as 

the spec imen swe ll ed , th e infl ow water was acco mmodated by the volume changes at the 
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bottom of the specimen, consequently decreasin g the amount of outflow at the top of the 

specim en. Therefore th e summation of the volume changes during the constant flow 

permeation should be eq ual to zero (F igure 5.9) . 
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Figure 5. 10 Pore press ure changes at the top and bottom of the specimen 
during a co nstant fl ow test . 

3.5 

The hydrauli c co nduc tiviti es of each c layey spec imen were calcul ated at its bottom and 

top based o n the inflow and the outfl ow rates respecti vely. The inflow was greater than 

the outflow due to th e vo lum e chan ges at th e bottom of the specimens, and therefore the 

resulting hydrauli c conducti vity at the bottom of the specimen was greater than that at 

the top, as shown in Figure 5.11 and Figure 5. 14 . It can also be seen that the difference 

between th e infl ow and th e outflow rates increased as the hydrauli c grad ient increased . 

Howeve r, thi s d ifference at s imil ar hydrauli c gradi ents decreased as the effective stress 

increased, because th e rati o of the pressure difference between the bottom and the top of 

the spec imen, and th e effecti ve stress , became small er, leading to correspondingly 

sma ll er vo lume chan ges. 

F igure 5. 12 show the va ri ation of hydraulic conductivity with the change of effective 

tress at th e bo ttom o f th e spec imen for different hydrauli c gradients . It also shows that, 

at the top of the specim 11 , th e hyd rauli c conductiv ity decreased as the hydraulic gradient 
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increased wh ich is the same as the hydraulic conductivity test lD a rigid \\all 

permeameter, where in a rig id wall cell there is no change in the specimen volume. 
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Figure 5 .11 Vari ati on of hydrauli c conducti vity at the top and bottom of the supreme 
c lay spec imen with chan ge of hydrau li c gradient. 

When hi ghe r inflow rates were used in the next permeati on stage, the vo lume changes at 

the bo ttom of the spec imen were greater due to a greater decr ase of effective tress. and 

hence the di ffe rence between the inflow and the out now became greater. This re ulted in 

a grea te r hydraulic conducti vity at the bottom of the spec imen than that at the top. 

There fo re, the hyd rauli c conductivity fo r every test was calcu lated based on the average 

va lue between the inflow and outflow rates (Figure 5. 13). 

The ASTM recommendation to use hi gh hydraul ic gradients when determining th 

hydrauli c conduct ivity of such c layey soil s was approved, because us ing high hydraulic 

grad ients causes an inc rease in the vo lume change of a specimen during the test. 

Therefor , based on these research resul ts, it is recommended that a low hydraulic 

grad i nt ( 15 or lower) shoul d be used. The use of a low hydraulic gradient represents 

the in-s itu cond ition and reduces the change in vo lume during a test which. results in 

sma ll difTe renccs in hydraulic conductivities m asured at the bottom and top of a 

pecimcn (Figurc 5. 12 and Figure 5.15) . 
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Figure 5. 12 Variation of hydrauli c conducti vity at the top and bottom of specimen ". 12 
of supreme c lay with change of effective stress. 

---. 
u 
0) 
</) 

l 
.f' 
> 
U 
~ 

"0 
c 
0 
u 
u 

~ 

'" ..... 
"0 
>. 

:r:: 

1.4E-09 

1.2E-09 

1.0E-09 

8.0E- 10 

6.0E- 10 

4.0E- 10 

2.0E- 10 

O.OE+OO 

l · EFS50 kP a -+- EFS 100 kP a --..- EFS 200 ~P a 

0 

1. 18E-09 
______ I . I E-09 

• I E-09 
• 106E-09 

..... --'9..:.,:. 5,,-!E-=-:...1 O~.~....:.9!.....2.:..::9L[E:c.c .l.l1 O.L-.._~.~9~.3=-1:....:E-:......:...1 0=---_. 9 .24E- I 0 

• • 
.... 8.36E- 10 8.72E- 10 8. 75E- 10 

T ---,---,----,-----,-------

5 10 15 20 25 30 35 40 

Hydra ulic gradie n t 

Figure 5. 13 Average in/out hydraulic conduct ivities versus hydraul ic gradient 
from spec imen °. 12 of supreme clay. 

Figure 5. 13 and F igure 5. 16 show that increasing the hydraulic gradient has an 

insignifi cant effect on the average ca lcul ated hydraulic conducti\'ity. Therefore the 

hydrauli c conduct i ity of the specimen at each effecti\'e stress was taken as the a\ 'erage 

or the va lues obta ined \ ith d iffe rent hydraulic gradients (Table 5, 5 and Table 5.6) . 
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Table 5.5 Average hydraulic conducti vities for supreme clays: 

Specimen I 
No. 

EFS 
(mm) 

Inllal 1005 
Supreme 

50 1006 
CLAY 

100 lOa 3 
Spec. 12 

200 lOa 
Intlal 1005 

Supreme 
50 1007 

CLAY 
100 1003 

Spec. IS 
200 999 

Inllal 1000 
Supreme 

50 1002 
CLAY 

100 99.8 
Spec. 17 

200 995 
Inllal 1000 

Supreme 
50 100 .2 

CLA Y 
100 998 

Spec. 2 I 
200 994 

4.0& 09 

,-.. 3.5&09 
u 
Q) 
if> g 3.0&09 

0 
: ~ 2.5&09 
u 
::l 
-0 2.0&09 c 
0 
u 
u 1.5&09 
::l e 

1.0&09 -0 
>-. 
:r: 

5.0& 10 

O.OE+OO 

0 

0 A V W buLk dry 
(mm) (em') (em}) (g) 

we e D 
density density ("!o) 

1025 8252 82928 1411 6 0 48 I 26 056 I 70 I 16 98 I 
1022 8204 824 53 14044 I 27 0 56 I 70 I 16 
10 17 81 16 813 14 13937 I 24 0 55 I 71 I 17 
1008 7977 79539 13765 I 19 0 54 I 73 1 10 
1023 82 19 82605 13890 052 I 38 05 8 I 68 I I I 997 
1024 82 34 82752 13800 I 39 05 8 I 67 I 10 
10 1 8 8 I 32 8 I 427 13667 I 35 057 I 68 I 12 
1005 7939 79066 1343 I I 28 0 56 I 70 I 15 
1025 8252 825 16 14087 049 I 29 0 56 I 71 I 15 995 
1026 8269 82691 14008 I 30 057 169 I I ~ 
102. I 8 I 92 81662 1390 5 I 27 056 I 70 I 16 
100 9 7993 79340 13673 I 20 055 172 I 20 
1030 8332 83323 142 I 5 051 I 35 057 I 7 I I 12 100 
1030 8329 832 96 14 I 3 3 I 33 057 I 70 I 13 
1022 82.04 81776 1398 I 128 056 I 71 I IS 
101 I 8032 79564 1376 I 22 055 173 I 18 
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Figure 5. 14 Vari ation of hydraulic conductivity at the top and bottom of the silty clay 
specimen with change of hydraulic gradient. 
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Tab le 5.6 A ve rage hydraulic conducti viti es for si lty clays: 

Specimen I D A V W bulk dry Ave.k Ave. k A\f. k EFS we e n 
No. (mm) (mm) (em') (crnl) (g) density density (%) (CF) (fH) (CH) 

Silty 
Int ia l 100.0 10 1.8 81.39 813 .93 1440.7 0.41 1.11 0.53 177 1.25 999 

C LAY 
50 100.0 101.7 81 .22 81223 1436.7 1.09 0.52 1.77 32E-09 

Spec. 13 
100 99.8 101.2 8038 801 81 1428.8 1.06 0.51 1.78 2.4E-09 
200 99 .5 100.4 79.22 786.81 1414 1 1.03 0.51 1.80 2.1E-09 

Silty 
lntial 100.5 102 .0 81.7 1 821.21 1459.4 0.41 1.10 0.52 1.78 1.25 99.2 

C LAY 
50 100.5 102.2 82 .00 824.11 1454 .5 1.09 0.52 1.76 3.2E-09 

Spec. 14 
100 100.3 101.7 81.16 814 .05 1445 .5 1.07 0.52 1.78 3.0E-09 
200 100.1 100.8 798 1 797 .17 1429.4 1.02 0.50 1.79 2.7E-09 

Silty 
1ntia l 100.4 1025 82 .52 828.46 1470.3 0.42 1.11 0.53 1.77 1.25 99 .9 

C LAY 
50 100.5 102.4 82.42 82747 1464 .1 1.10 0.52 1.77 3.7E-09 

Spec. 16 
100 100 .3 102 .0 81.68 818.00 1454.6 1.07 0.52 1.78 3.3E-09 
200 100.0 101.2 80.38 80 1.85 1438.5 1.03 0.51 1.79 2.9E-09 

Silt y 
Inti al 100.0 103 .0 83 .32 833 .23 1481.0 0.42 1.12 0.53 1.78 1.24 101 

CLAY 
50 100.1 103 .1 83 .42 834.22 1475 .0 1.10 052 1.77 3 . ~ E-09 39E-09 

Spec. 20 
100 99 .9 102 .5 82.49 822.89 1463 .7 1.08 0.52 1.78 3.0E-09 30E-09 

200 99 .5 101.4 8083 80266 1443.4 1.02 0.50 1.80 29E-09 26E-09 

5.4 Flexible wall falling and constant head techniques 

Twenty one tes ts were carr ied o ut in th e fl ex ibl e wall permeameter using th e fal ling head 

technique to determin e the hyd rauli c co nducti vity of five types of soi l specimens . These 

were reconstituted spec imens in clud ing supreme clay, s ilty clay, fine sand , medium 

sand , and coarse sand . Each of the spec imens was prepared as explai ned in secti on 3.4 .1, 

and tested acco rdin g to the test proced ure prescribed in chapter three , under three 

different effec tive stresses (50kPa, 1 OOkPa and 200kPa) . The sand y specimens were also 

tested under effective stresses of 300,400 and 500kPa. At each effecti ve stress, different 

pressure differences betw een th e top and th e bottom of the specimen were applied to 

generate an inflow at th e base of th e specimen 111 order to detelmine the effect of the 

induced hydrauli c gradi ent and the change In effecti ve stress on the hydraulic 

conduct ivity of so il s. 

5.4.1 Clays 

Each spec imen was saturated and co nsolidated by the sam e procedure that was followed 

in th e constant fl ow technique. The pel111eab ility tes ts usi ng the fall ing head technique 

were started by setting a max imum pressure difference (5 , 10, 20 and 30 kPa) between 

the top and the bottom of the specimen. Figure 5. 17 shows a typical permeation result 

fo r supreme c lay usin g the fa ll ing head technique. The positive and negative flo w 

quantities co rrespond to the inflow and outflow of the penneant. It can be seen that at 

the bottom of the pecimen there was a swelling due to th e rapid increase in pore 
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pressure and a correspo nding decrease in effecti ve stress indicated by the cell volume 

change gauge. Th is swe lling did not increase after the first half an hour of the test ' s 

durat ion, un like in th e constant flo w technique where this took about two hours. The 

press ure d ifference s tarted to decrease as the water columns in both of the fine tubes of 

th e inflow vo lum e change gauge and outflow volume change gauge started to decrease 

and in crease respecti vely (Figure 5.1 8). There was a small increase in pore pressure at 

the top of the spec imen as th e water col umn rose in the outflow volume change gauge. 

This volume change d ue to a ve ry sm all decrease in effective stress (2.5 kPa) , was 

neglig ib le co mpared to that at th e bottom of th e specimen (30 kPa). 

When a hi gher press ure di fference was used in the nex t perm eati on stage, the vo lume 

changes at the bo tto m of the spec imen were greater due to a greater decrease of effective 

stress, and hence the d i ffe rence between th e inflow and th e outfl ow became greater. 

During the tes ti ng o f fin e gra in ed spec imens (s ilty and supreme c lays) uSin g the 

mod ifi ed sys tem, th e press ure d iffe rence across the speci men decreased by onl y a small 

amount compared to th e back press ure, and there fore the tes ts were interp reted usi ng 

both the fall ing head and co nstant head technique. 
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Figure 5. 17 Typ ica l resu lt of fa lling head pell11eatio n test for supreme clay. 

The hyd rauli c co nduc ti iti es determ ined by the fa lli ng head and constant head formu la 

are hown in Fi gure 5.19. It can be seen th at the resu lts were very close and levell ed off 
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as soon as th e spec Im en vo lum e change due to reduction in the effecti ve stress at the 

bottom was complete. At thi s stage the hydrau li c conducti vity of the specimen was taken 

as the average of the las t portion of th e pl ot of these resu lts . 
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F igure 5. 18 Pore pressure changes at the top and bottom of the spec imen. 
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Figure 5. 19 Ca lcul ated hydrauli c conducti ity during the test. 
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5.4.2 Sands 

The sandy specimens were tested in the flexible wall permeameter using the falling head 

technique at different pressure differences across the specimen from 5 kPa up to 40 kPa. 

Figure 5.20 shows a typical test result for a fine sand specimen using the falling head 

technique. The inflow was equal to the outflow and there was no change in the cell 

volume, indicating that the volume of the specimen did not change due to the change in 

the effective stress at the bottom of the specimen. 

It can also be seen that as soon as the inflow started permeating the specimen the 

pressure difference dropped unexpectedly from 20kPa to about 15kPa under an effective 

stress of 200 kPa. The pressure difference across the specimen was measured by the 

differential pressure transducer (DPT) and also by the difference between the readings of 

the top and bottom pressure transducers (PT) (Figure 5.20). The two readings should be 

equal; however there was a difference between these two pressure difference readings 

across the specimen. This difference was smaller when using a low pressure difference 

(Figure 5. 21) and was larger when using a higher pressure difference. Therefore this 

could be due to the velocity of the flow in the specimen causing a drop in the measured 

pressure at each transducer. However, during the testing of medium and coarse sand 

specimens, the differential pressure transducer was not able to read the pressure 

difference across the specimen, this could be because of the speed of flow, and therefore 

the calculated hydraulic conductivities of these types of soils were based on the pressure 

difference measured by the top and bottom pressure transducers, in a test duration of 

only a few seconds (30sec). The advantage of testing fine sand in the flexible wall 

falling head permeameter is that the effective stress and the hydraulic gradient were 

precisely controlled. 

Figure 5.22 shows the effect of hydraulic gradient on the hydraulic conductivity of fine 

sand specimen. The hydraulic conductivity decreased with increasing hydraulic gradient. 

Figure 5.23 shows that increasing the effective stress (EFS) decreased the hydraulic 

conductivity of fine sand specimens, which proves that hydraulic conductivity is a 

function of effective stress for fine soils. This effect is very small for coarse soils 

because as the effective stress increased, there was a small decrease in void ratio of the 

specimen therefore there was a small increase in density, hence hydraulic conductivity 

decreased slightly. This effect was very small compared to that observed with clayey 

soils (Figure 5.29). 
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Figure 5.23 Ave rage hydrau lic conductivity versus effective stress for fine sand. 

This was a lso the ca e fo r the med ium and coarse sand spec imens, w here there was not 

much effec t o n th e hyd raulic conduct ivity w ith increasing the effecti ve stress (Figure 

5.24) ; at leas t in the range of the effecti ve stresses used in this study. Further 

in ves ti gati on of th e effec t of effecti e stress on the void ratio of sandy soils was canied 

out us in g th e odometer test procedure out li ned in the Bliti sh standard . 
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Figure 5.25 Vo id rat io ve rsus effec ti ve stress for coarse specimens fro m oedometer tests . 

The nex ib le wa ll permeameter usi ng the fa llin g head technique system produced a low 

press ure difference acro ss the med ium and coarse specimens due to an insuffici ent 

amount of innow . Thi was becaus thi s system was origi na ll y designed to test fine soils 

uch a c lays and s ilts. fter mod ifying th sys tem to work as a falling head system as 
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we ll as a constant flow sys tem , th e internal outflow tube was changed to a tube with a 

bigger diameter and therefore greater capacity, so that coarser soils could be tested . 

After that th e medi um and coarse soils were tested in the system . A conventional rigid 

wall perm eameter was used to determine the hydrau lic conductivities of the coarse soils , 

including fin e sand, m ed ium sand and coarse sand (Table 5.7). These tests results were 

used to veri fy th e test resu lts of th e fl ex ibl e wall permeameter using the falling head 

techniqu e. Figure 5.26 show a comparison of the results obtain ed by the falling head 

flexib le wall and the constant head ri gid wall permeameters . It can be seen that the 

res ults of th e fl ex ib le wall perm eameter using the fallin g head technique for medium and 

coarse sands were very low compared to those of the ri gid wall permeameter using the 

constant head technique . Thi s indicated that the use of the mod ifi ed flexib le wall 

perm eameter sho uld be limited to test onl y fine so il s including fin e sands, because it was 

expected th at coarser materi al wo uld have a greater hydraulic cond uctivity. 

Tab le 5.7 Co nstan t head test res ults of hydraulic conduct iviti es 

Specimen I D A v W bulk dry S Ave. k 
EFS we e n 

No. (mm) (mm) (em
2

) (emJ) (g) density density (%) (CH) 

Fine 

SAN D 
N/A 204 74 430 877.4 1672. 1 0.3 1 0.83 0,45 1.91 1,45 100 HE-OS 

Med ium 
N/A 204 74 43. 0 877.4 1964,4 0.18 0,48 0.32 2.24 1.79 100 6.6E-04 

SAN D 

Coarse 
N/A 204 74 43.0 877.4 1890.6 

SAN D 
0.21 0.56 0.36 2. 15 1.7 100 2.1 E-03 

CH = Constant head tes t 

-

I --+----- FJ ll in g h ea d t es t s ____ Con stant head tes ts J 
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0' ? '" Vl 2.0E-OJ 
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Figure 5.26 Co mpari so n of the results of the fl ex ib le wall permeameter using falling 
head techni que w ith th e results oftlle rigid wall penneameter using constant head 

technique. 
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5.5 Effect of Void ratio, density and effective stress on hydraulic 

conductivity determination 

It can be seen in Fi g ure 5 .27 that the hydraulic conducti v ity increases w ith increasing 

vo id rati o . Figure 5 .27 also shows that parti cle size has a marked effect on th e hydraul ic 

conductiviti es on s ilty clay specimens, since the measured hydraulic conductivit ies of 

these specimens increased rapidl y with a sli ght increase in void ratio . In contrast, the 

hydrauli c co nd ucti viti es of supreme clay in creased onl y slightly w ith a change in vo id 

ratio . 
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Figure 5.27 Hyd raulic co nducti vity ve rsus vo id rati o. 

1.5 

Figu re 5.28 shows th at hydrauli c conducti v ity decreases as density increases , because 

increas ing the density decreases the porosity of the specimen . A relation between the 

vo id rati o fo r the clayey specimens and fin e sand versus the logari thm of effective stress 

was pl otted in Fi gure 5.29. This decrease is high er w ith the clayey specim ens than with 

the fin e sand spec imen . This indicates that the change in vo id rati o and effective stress is 

less effecti ve w ith sands 'vvhen dete1111ining its hydraulic conductivity. 
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1.82 

The void rati os for the three s ilty c lay spec imens were similar (Figure 5.29), howeve r for 

the supreme c lay it was not. Thi s refl ects the effect of the method of preparati on on the 

spec imen 's vo id rati o. During the sample preparati on the maximum axial stress for 

conso lidating the supreme c lay spec imen (No. 15) was applied a ll at once, where as for 

the other specimens it was applied in tlu'ee increments. Appl ing the max imum ax ial 

stress a ll at once causes the rapid conso li dati on of the sample port ion near to the 

drainages, therefore reducing the am ount of water that could be expe ll ed. This causes an 

increase in vo id ratio. 
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Figure 5.29 Void ratio versus log effecti\'e stress. 
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It can be seen that the three factors, void ratio, density and effective stress are 

interrelated, and a change in one of them affects the others. So an increase in effective 

stress decreases void ratio, and hence increases the density consequently the hydraulic 

conductivity decreases. 

5.6 Comparison of the flexible wall constantflow andfalling head 

results 

An experimental comparison between the constant flow and falling head techniques was 

carried out. The constant flow apparatus was modified to also work as a falling head 

apparatus. The comparison between the two techniques was performed on two different 

types of clayey soils i.e. supreme clay and silty clay. The procedure for the preparation 

of specimens, saturation and consolidation was exactly the same for both clays. 

In the constant flow rate test (Figure 5.30), the flow pump was used to produce a 

constant inflow rate, creating an increase in pore pressure at the bottom of the specimen 

and a corresponding swelling due to a decrease in effective stress. The amount of 

swelling of the specimen depended on the amount of the water that was infused at its 

base per unit time, so that the higher the inflow rate the higher the amount of swelling. 

This swelling began at the start of the permeation stage and continued until the steady 

state condition was reached, which took at least two hours because the pore pressure 

increased only gradually up to the steady state. The rate of inflow and the outflow were, 

as normal, averaged and used to compute the hydraulic conductivity using the following 

equation of Darcy's law: 

k =~ 
" A· i 

5.1 

where q is the flow rate, A is the cross sectional area of the specimen and i is the 

hydraulic gradient generated across the specimen when the steady state condition has 

been reached. 
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Figure 5.30 Schemati c di agram of the constant flow technique . 

In the fa lling head test (F igure 5.3 1), a pressure differe nce between the top and the 

bottom of the spec imen was set to generate fl ow fro m the bottom to the top . The inflow 

and the outfl ow rates were measured by two ewcast le vo lume chang gauges. 

swelling at the bottom of the spec imen due to the decrease in effec ti ve stre s took place 

as soon as permeation started, fini shing within about 20 to 30 minutes (un like in the 

constant fl ow test). Thi s made the test durati on shorter than that of the con tant flow test. 

at a max imum of one hour. Hydraulic conducti vity was calcu lated using the following 

equati on: 

k a· L I ( PI) 1= n --
I 2 . A ·111 I1p '2 

5.2 

where a is the cross secti onal area of the inflow tube of the Newcastle vo lume gauge. L 

is the length of the spec imen, A is the cross sectional area of the specimen. I1P I and I1p :> 

are the initi al pressure diffe rence and the pressure diffe rence at the end of the test 

respecti ve ly. both were measured by the deferential pressure transducer CDPT) and I1t is 

the time elapsed. 
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Figure 5.3 1 Schemati c diagram of the fallin g head technique. 
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The hydrauli c conducti vity values for the silty and supreme clays obtained by both 

constant and fa lling head techniques and presented in the tabl es of result ar compared 

in Figure 5.32. It can be seen that the hydrau li c conducti vity va lues for both types of 

spec imens at different va lues of effective stress (50 , 100 and 200 kPa) agree well , exce pt 

fo r some of the va lues obtained by th fa lling head technique using low pressure 

differences when the air pressure regul ator fo r the infl ow system was not sensiti ve 

enough to operate at such low pressure difference. The va lues were hi gher than those 

obtained by the constant fl ow technique due to the iITegular air suppl y. which caused 

small flu ctuati ons in the pressme di fference across the specimen, e peciall y when using 

low pressure difference at low effecti ve stresses, such as 50 kPa. Thi vari ati on was not 

seen in the hyd raulic conducti vity va lues obtained using higher pressure diffe rences 

across the specimens at hi gh effective stress. Therefore. it is impoI1ant to regul arl y check 

and maintain the air pressme regu lators when using these testing systems espec iall y with 

the fa lli ng head technique. 
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Fig ure 5.32 Compariso n between the constant flo w and falling head tests resu lts. 

5.7 Comparison of the flexib le wall constant flow and constant head 

results 

Since th ere was litt le reduc tion in the pressure difference across the c layey spec im ens 

dur ing a test usi ng the fa llin g head technique, it was a lso poss ibl e to compute th e 

hyd raul ic conduct iv ities for thi s type of so il by us ing the constant head formula. These 

va lues we re compared 'vv ith the hydraulic conductivity va lues obtained from the constant 

flow techni q ues in order to va lidate the new modification of the apparatus . A lthough the 

hydra ul ic cond uct iv ity of each spec imen was calcul ated using the same equati on of 

Darcy's law that was used w ith the constant flow technique, as follows: 

k =~ 
" A· i 

5.3 

Figure 5.33 shows tha t the co nstant head results were greater than constant flo w results, 

especia ll y for the s ilty c lay specim en . T his cou ld be due to the assumption that the 

fa ll ing head tes t can be interpreted as a constant head test. The main advantage of the 

constant head tes t is that the tes t durat ion is shOlter than for the constant flo w test, 

b ca use th e vo lum e changes during the tes t are comp lete within 20 to 30 minutes in 

which the tes t cou ld be ended in an ho ur time . While in the constant flow test the time 

required to reach th e stead y state condit io n is more than two hours. 
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A lso, by comparin g Fig ure 5.3 2 and Fi gure 5.33 , it can be seen that the ai r pressure 

suppl y fluctuation s had less effect on th e hydraulic conducti vity resu lts calculated based 

on th e constant head formula depended on th e inflow and outflow rates, whi ch were not 

influenced by the small fluctuation s in air press ure supp ly (Figure 5. 6). However the 

hyd raulic condu cti viti es obtai ned with the constant head techniqu e for the silty cl ay 

specim ens were hi gh er th an those obtai ned w ith the constant flo w technique, because 

there was a hi gher drop in press ure difference across the specimen than that of the 

suprem e clay. 
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Figu re 5.33 Compari son betwee n the constant flow and the constant head tests res ults . 

5.8 Comparison of the flexible wail failing head and constallt head 

results 

Fi gure 5.34 shows a comparison of the hydraulic conductivity results obtained by the 

flexible wal l perm eameter us in g th e fa ll ing head f01111ula (equation 5.2) with those 

ob ta ined us in g the co nstant head fonmtla (equ ation 5.3) for the same test results . During 

these tes ts it was ass um ed th at th ere "vas not much change in the pressure difference 

across th e c lay specim ens. Therefore it was possible to interpret the test as constant head 

tes ts us in g eq uati on 5 .3 . The results were co mpared as show n in Figure 5.34, and it can 

be seen th at fo r supreme c lay specimens both eq uations 5.2 and 5.3 gave very good 

agreement. However, for the s il ty c lay specimens the resu lts of the constant head 

fo rmul a w ere g reate r than those of th e fa lling head f01111ul a, which indicates that this 
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ass umption can be used o nl y wi th so il that has very low h ydraulic conductivity. The 

coarser the so il th e greater w ill be the drop in the pressure difference across the 

spec imen , and hence thi s tes t shou ld be interp reted onl y as a fa ll ing head test. 
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F igure 5.3 4 Co mpari so n be tween test res ult s using the fa lling head and constant head 
f0 ll11ul as . 

5.9 Summary 

[n thi s chapte r th e res ults o f hydrauli c conduc ti v ity obta in ed by the fl exible wall 

pe ll11eam ete r Ll s in g bo th the constant fl ow and fa lling head techniques are presen ted and 

di scussed . The fl ex ibl e wa ll pell11 eam eter used for thi s research operated sati sfactoril y 

unde r both the constant fl ow and the fa llin g head techni ques , and both of which 

prod uced good qu ality da ta. T he influence of the m agni tude of hydraulic gradi ent on the 

hydraulic co nd uc ti vity of reconstituted c lays is inves ti gated by generating the hydraulic 

gradi ent o uts ide the prac ti ca l range of eng ineering interest . W h en the hydrauli c gradient 

across the spec im en changes , it causes the state of stress to change as well ; consequentl y 

the vo lum e of the co mpress ibl e specimen changes too. Therefore an y change in 

hydrau lic cond uct iv ity w ill occur when both the appli ed stress and the hydraulic gradient 

ar e a ltered . 

A lso d isc ussed in thi s chap te r is the effect the test in g system had in the detenninati on of 

hyd rauli c co nd uc tiv ity. Fu rthe rmore the resul ts of the d ifferent techniques used are then 

compared and any va ri a ti o ns ar e too d iscussed . 
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Chapter 6 

Thermal Conductivity Results and Discu ss ions 

6.1 Introduction 

Fo ur of the so il s tested were reconstituted so il s which included ilty clay. fine sand. 

medium sand and coarse sand . atura l soi ls were also tested and these included sandy 

silty clay, s ilty sand , medium to coarse sand and sandy gravel. The grading cur\'es for 

these di ffe rent soils are ill ustrated using the parti cle size distribution cur\'es ShO\\l1 in 

Fi gure 6.1 . The ir characteri stics and phys ical pro perti es are presented in Tables 6.1 and 

6.2. These were then used in the ana lys is o f the tes t result s. 
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Figur 6. 1 Particl e s ize di stributi on curves fo r the studied soi ls. 

Each o f the r constituted soi ls was tested under both dry and saturated conditions at 

different base temperatures. these be ing 30°C, 40°C and SO°C respecti ve ly. The natural 

so il s were taken from di sturbed (bu lk sampl es) and undi sturbed (U I 00 samples) 

samples. These so il s were tested at the ir in-situ water content. 
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T bl 6 1 Ch a e arac en s lcs an d h p. YSlca properties of reconstituted soils . 

Soil Type I D A V we S 
Bulk 

em' em' 
n e A Density mm mm % % 

Mglm' 

Dry 
100 98 75.4 754 .3 0.47 0.9 Silty C LA Y 0 0.47 0.0 1.39 

Sa turated 
100 102 

Silty CL AY 81.7 817. 1 0.55 1.22 46.2 0.00 99 .6 1.73 

Dry 
100 100 78 .5 785.4 F ine SAN D 0.40 0.66 0 0.40 0.0 1.6 

Sa tura ted 
100 100 78.5 Fine SAN D 785.4 0.39 0.64 24.6 0.00 100 2.01 

Dry 
90 105 86.6 779 .3 0.36 0.56 0 0.36 Medium SAN D 0.0 1.7 

Sat. 
98 102 8 1.7 

Medium SAND 800.8 0.33 0.5 20.2 0.00 100 2.08 

Dry 
95 100 78 .5 746. 1 0.32 0.47 0 0.32 0.0 Coarse SAN D 1. 8 

Sa tura ted 
100 100 78.5 785 .4 

Coarse SAN D 
0.33 0.5 20.2 0.00 100 2.08 

T bl 62 Ch a e arac tenstl cs an d h P YS lca l properti es of natura l so i Is. 

I D A V S 
Bulk 

Soil Type W e 
CI11

2 cmJ n e A Density mm mm % % 
191m' 

Sa nd y Silty 
C LAY 100 103 83.3 833.2 0.33 0.49 19.5 0.00 100 2.1 

BH 9T 61 
Sand y SILT 

10 1 103 83.3 84 1. 6 0.4 3 0.75 26.5 0.02 92 .9 1.89 
BH 9T 70 

Silty SAND 
93 103 83.3 770.7 0.40 0.66 21.3 0.05 84.9 1.92 

BH C 13 84 
Silty SAN D 

96 107 89.9 863.2 0.4 1 0.69 22.9 0.04 87.3 1.9 1 
BH C 13 88 
Silty SAND 

102 lOS 86.6 883.2 
BH C I3 106 

0.4 5 0.8 1 26.6 0.05 86.4 1. 84 

Silty SAND 
94 108 9 1. 6 86 1.1 

BH C 13 108 
0.44 0.79 27.2 0.03 90.6 1. 87 

M. to Coa t'se 
SAN D 9 1 100 78.5 7 14. 7 0.38 0.62 12.3 0. 18 52.6 1.84 

BH llT BI 5 
M. to Coa rse 

SAND 100 100 78.5 785 .4 0.3 1 0.45 4.8 0.22 28.3 1.9 1 

BHIlTBIO 
Sa nd y 

G RAVEL 93 100 78.5 730.4 0.36 0.56 2.6 0.3 1 12.3 1.75 

BHIlTB1 2 
Sa nd y 

G RAVEL 102 100 78.5 80 1.1 0.3 1 0.44 2 0.27 12 .0 1. 88 

BHllTBI4 
G RO UT (1-1) 99 103 83.3 824.9 0.83 4.75 166 0.05 94.4 1.25 

G RO UT (2 -1) 100 103 83.3 833.? 0.84 5.09 167 0.10 88.6 1.18 

G RO UT (1-2) 10 1 103 83.3 841.6 0.85 5.52 199 0.02 97.3 1.24 

GRO UT (2-2) 103 102 81.7 841.6 0.84 5.3 187 0.04 95.4 1.2 
, 

1= Spec lln en ' s heIght , 0 = spec Imen 's dIamete r, A= spec llne n 's c ross sectIOnal area , V= speCimen s total 
vo lume, \1= poros it y, e= vo id ra ti o, wc = water content , A= a ir content and S= degree of saturation. 

Dry 
Density 

l\Iglm' 

1.39 

1.2 

1.6 

1.6 

1.7 

1.7 

1. 8 

1.7 

Dry 
Density 

Mglm' 

1. 8 

1.5 

1. 6 

1. 6 

1.5 

1.5 

1. 6 

1. 8 

1.7 

1.8 

0.47 

0.44 
0.41 

0.4 
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6.2 Thermal conductivity of Reconstituted Soils 

Twenty four experiments were carried out, and the results obtained are presented 

according to their soil type i.e. fine sand, medium sand, coarse sand and silty clay. The 

specimens were prepared separately and then placed in the thermal cell, they were then 

tested under different base temperatures according to the test procedure in Chapter four. 

The typical temperature versus time profiles for fine sand under both dry and saturated 

conditions are shown in Figure 6.2 and Figure 6.3 respectively. 

The temperatures at three points 3.3cm, 6.6cm and at the top surface above the base of 

the specimen (Figure 6.4) started to increase in order of distance from the base to their 

steady state maximum values. These values depended upon the physical properties of the 

specimen and its composition. As soon as the steady state condition was obtained for all 

four points, the power was then switched off. The specimen was then left to cool down 

to room temperature, under the process of free convection via the top surface of the 

specimens. 

During the cooling process, as shown in Figure 6.2 for the dry specimen, the base 

temperature decreased until equilibrium was reached between it and the temperature at 

3.3cm away from the base, as this happened the temperature then continued to drop until 

equilibrium was also reached, where the temperature at the previous point indicated was 

then equal to the temperature at 6.6cm. The temperatures then continued to decrease 

further until equilibrium was reached where the temperature at 6.6cm was equal to that 

of the top surface of the specimen. It then decreased until the whole temperature of the 

specimen was in equilibrium with that of the room temperature. However for the 

saturated specimen, the temperature equilibrium occurred much more rapidly after the 

power was switched off (Figure 6.3), as this happened the temperature continued to 

decrease further until the whole temperature of the specimen was in equilibrium with 

that of the room temperature. 
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Heat fl ow 

Spec imen 1-----1-+---- Temperature at the top 

Insulati on - - - - - - - - - t-ir------ Temperature at 6.6cm 

- - - - - - - - - +-1---- Temperature at 3.3cm 

- - - - - - - - -r+---- Temperature at th e base 

Figure 6 .4 Diagram shows the thermocoupl es positi ons. 

T hese coo lin g curves o btained durin g the coo li ng processes we re then used to determine 

the convection heat transfer coeffic ients (h) using equati on 4 .8 . Thi was carried ou t 

us ing the best fit method w here the va lue of the co nvection hea t tran fe r coe ffi cient wa 

a ltered until a best fit of the theoreti cal curve and the ex perimental results we re obtained 

(F igure 6.5 and Figure 6.6). 
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Figure 6.5 Typical coo ling curves for Dry Soil s. 
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Figure 6.6 Typica l coo ling curves for Saturated oils. 

In order to determine the thermal conductivity of the spec imen. temperature at three 

po ints within the spec imen were measured fo r each test; these were the room 

temperature (Too), base temperature (Tbasc), and the top surface t mperature (TlOp) of th 

spec imen at the steady state condition. However the convection heat transfer coefficient 

(h) was infe lTed from the coo ling curves. They were then used to calculate the thermal 

conducti vity of the so il (k,) using equati on 4.5 under the various base temperature. and 

the average was then taken. A summary of these resul ts for the reconstituted so il s are 

presented in the fo ll owing Tables 6.3, 6.4, 6.5 and 6.6. 

Ta ble 6 3 Tests Results of Dry and Satmated Fine SAND 

Soil Type T oo T, T2 h k k .. ,. 
(0C) (0C) ("C) (W/m 2.0C) (W/m.°C) (W/m.°C) 

14.0 30 .7 17.3 5.8 0.14 
Fine AN D 

40.6 20.0 7.0 0.18 0.1 5 14.6 (dry) 
14.7 50A 19 .9 7.0 0.12 

15.3 30.8 '15.5 13.8 2.62 
Fine SAN D 

12. 1 40.6 30. 1 16.5 2.83 2.75 
(sat.) 

12. 1 50 .5 36A 16.3 2.80 



Tab le 6 .4 Tests Results of Dry and Saturated Medium SAND 

Soil Type T", T l T2 b k ~,. 
(DC) ("C) (DC) (W/m 2

•
0C) (W/m.°C) (W/m.°C) 

M edium 
15.0 30.8 19.4 8.0 0.28 

SAND (dry) 16.7 40.7 22 .2 10 .0 0.27 0.27 
16 .0 50.5 24.7 8.5 0.26 

M edium 
17.5 3 1.0 27.5 13 .0 3.58 

SAND (sat.) 17 .0 40 .9 34.1 13.3 3.26 3.36 
17 .0 50.7 40.7 14 .0 3.24 

Tabl 6 5 T t R lt G D e es s es u s or ryan dS aturate d C oarse SAND 

Soil Type T", Tl T2 b k ~ve 
CC) ("C) (0C) (W/m2.0C) (W/m .°C) (W/m.°C) 

Coa rse 
14. 8 30.8 18. 6 8.5 0.25 

SAND (dry) 14 .3 40 .6 21.0 8.5 0.27 0.26 

14 .3 50.5 22 .3 9.0 0 .24 

Coarse 
17.0 30.9 27.3 14.0 4 .00 

SAND (sat.) 16.0 40.7 34.0 14.0 3.73 3.72 

15.6 50.5 39.6 15.5 3.4 3 

T bl 6 6 T t R lt B a e es s es u s 'o r t l e D rvan d S aturate d S 'l CLAY I ty 

Soil Type 
T ", Tl T2 h k k aye 

(0C) (DC) ("C) (W/m2.0C) (W/m.°C) (W/m ."C) 

Silty CLAY 
16.5 30.7 20.2 8.0 0.28 

16.5 40 .5 22.9 7.0 0.25 0.25 
(dry) 

16.4 50.3 23.7 8.0 0.22 

Silty C LAY 
18.5 30.9 25.2 12.5 1.47 

16.5 40.6 30. 1 12.5 1. 62 1.52 
(sat) 

17.0 50.5 34.8 13.0 1.48 

After in specting a ll the fi gures and tab les, it is apparent that at the same constant base 

temperature, th e top surface temp erature of the specimen in the dry condition is less than 

the top surface temperature in the saturation conditi on (Figure 6.7). Thi s indi cates that 

the sa turated soil s can sto re more hea t than that under dry soi I conditi ons, due to the 

water having a hi gher hea t capac ity than th at of air. 
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It can a lso be seen from th e tabl es of results th at the co nvect ion heat trans fer coeffi cient 

for di ffe rent tests increases with decreas ing roo m temperature. For example in Tab le 6.3, 

from the tes t of th e sa turated fin e sand with a base temperature of 30°C, the convection 

heat transfer coeffic ient was I 3.8W/m2° C at room temperature of I 5.3°C. Wll il e in oth er 

tests at a base temperature of 40°C and 50°C with a roo m temperature of 12. 1°C the 

coeffi c ient was about 16W /m2oC. Hence it can be assumed that the convection heat 

transfer coe ffi c ient inc reases as the difference between th e temperature of the convection 

surface and the surroundin g temperature increases . 

The convecti o n heat tran sfer coeffic ients for dry so il s were taken from the best fit curve 

using the coo lin g curve that represents the top surface of the specimen; thi s top surface 

temperature is then read from the th el1TIocoupl e in stalled in the aluminium cap on the top 

of the spec imen. It can be seen that at thi s point the temperature was lower than the other 

points. Thi s was du e to that the contact between the aluminium cap and the top surface 

of the spec imen was limi ted to the point contact of the soil particles , also air fi ll ing the 

pores in w hi ch it acted as an in sulator between the so il partic les. In additi on, the 

convecti on h at transfer coeffic ients for dry so i Is were less than those under saturated 

conditi ons. As a result thi s indi ca tes the hi gher the convection heat transfer coefficients 

the hi gher the the rm al condu ct ivity of the specimen w ill be, and thi s means moi st soils 
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conducts hea t much faste r than dry soil s, whi ch in effect results In the moist soils 

cooling down at a faster rate than dry soils. 

F igure 6.8 shows a pl o t of the thennal conducti vity results of the dry and saturated 

reconstituted so il s ve rs us th eir D lo% parti cle size . The thermal conductivities of the dry 

coarse so i Is ranged fro m 0.15W Im oC for fin e sand to 0.27 W Im oC for medium sand. In 

the case o f fin e sand th e th erm al conducti vity was less than that of medium and coarse 

sands, and it was due to th e fact th at the bi gger the size of the particles , the smaller the 

number of particl es present in a unit vo lum e, whi ch resulted in less thermal res istance 

between them durin g a heat tran s fer path . However, for saturated so il s it was observed 

that the sand y soil s had a hi gher thermal conducti vity th an c layey soi ls, and thi s 

increased dramat icall y w ith increase in s ize of parti c les and type (e.g. quartz or kao lin). 

The thenna l co nductivity for sand y so il s ranged from 2.75W/m .oC for fin e sand to 

3.72W/m.oC for coarse sand . On th e other hand for the fine so il (e.g. s ilty c lay) the 

thennal conductiviti es under dry and saturated co nditions were 0.25W/m.oC and 

1.52W Im .oC respective ly. 
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3.5 ~ -

3 -

2.5 

2 
Sal lIraled sill y clay 

0.5 - Dry 

o 
0.001 

• 
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silt y cb y 
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Satura ted medium sand • 

Sa turat ed rin e sand • 
-
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Dry coarse sand 

- Dry medium sand 

Dry lin e sand • • • 
0.01 0.1 

Pal1 icle size (D10% ) (nm1) 

F igure 6.8 T herm al conducti vity versus D lo% pru1icle size of reco nstituted soils . 

The difference between the the1111 al condu ct iviti es of the so ils was small in the dry 

condition but hi gh r in the sa turati on co nditi on. The reason why dry soils have a lower 

therm al conducti v it y co uld be ex pl ained by the fact that for a dry spec imen the pore 
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pace be tween the so lid parti c les are filled with air whi ch has a high thermal resistance . 

Therefo re, heat moves mai nl y from one particle to ano ther through contact poi nt 

betw en the particles . When water is present there is less thermal res istance. The water 

co ll ects between the part ic les and acts like a bridge at these contact points mak ing th 

thermal contact m uch larger than that of a single point (Figure 6.9). It can be concluded 

fro m thi s observati on that the presence of water in the soil results in a bener thermal 

conducti on s ince water 's therm al conduct ivity is twenty five times much greater than 

that of a ir. Therefore it can be conc luded that the dominate facto r in th rmal 

conductivity is the degree of saturati on. 

k, ( atu rated so il ) > k, (dry soi l) 

k, (so il parti cle) > k, (water) > k, (a ir) 

Figure 6.9 Dry and Saturated phase diagram 

6.3 Thermal conductivity of Natural Soils and Grouts 

Thirty e ight the rm al conductiv ity tests were conducted on f01ll1een san1p les that were 

obtained from So il Mechanics Ltd . These san1ples comprised of six U 1 00 samples and 

e ight bulk sampl es w hi ch 'vvere taken at a s ite for proposed energy piles. Fow- samples of 

the U 100 were grouts and these were obtained at various depths . The remaining two 

U 100 sam ples, one of them was sandy s ilty cl ay and the other \"as sandy silt. the ewer 

obta ined fro m a boreho le at depths of 20.7 m and 23.7m respectivel y. Th eight bulk 

amples consisted of fo ur s ilty sand, two med ium -coarse sand and two sandy gravel. 

One spec imen of each sample was prepared by the method described in previou chapter 

and placed in the therma l ce ll device. sma ll portion of each san1p le \\'as taken in order 

to de term inc its actua l water co ntent b the oven drying method. Its physica l properti e 
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were determined; a lso a microscopi c examination was used to detennine the specimen's 

constituents (shape, type) . Tab le 6.2 sho ws these properties that were used to analyse 

each test. The actual coarse and fin e components of each specimen were then obtained, 

after detenninin g its th ennal conducti vity, by the parti c le size di stributi on tests . Figure 

6. 1 shows the res ulted part ic le size di stribution curves of those specimen s. 

The res ultin g plo ts of temperature versus time profiles were simil ar in trend to those 

obtained from the reconstituted so il s (Figure 6.2 and Figure 6 .3. Summaries of the 

results are presented accordin g to their soil type in Tables 6.7, 6.8, 6.9 , 6 .10 and 6.1 1. 

Table 67 Tests R es ults for the fin e so il s 

Room 
TI Soil Type temp. T2 b k k ... e 

("C) 
(0C) (0C) (W/m2

•
0C) (W/m.°C) (W/m.°C) 

Sandy SILT 
16.7 30.6 24. 3 14 .7 1.77 

BH 9T No.70 17.0 40.5 294 13.5 1.52 1.61 

17.0 504 34 .6 13.8 1.55 

DRY 15.0 40.8 22 .5 6.5 0.27 0.27 

Sandy Silty CLA Y 
14 .5 30 .5 24 .9 I 1. 5 2. 13 

BH 9T No.6! 14 .6 404 30.7 13.3 2.22 2.21 

15.0 50.3 36.8 14 .0 2.27 

(we = 9%) 16.0 4 1.26 27. 1 16 1.24 1.24 

Tab le 6.7 shows th e summ ary of the therm al co nducti vi ty results of two fine soi l 

specimens (No.70 and No .6 1), these spec imens were undi sturbed and obtai ned from 

U I00 samples, the ir particle s ize di stribution curves and ph ys ica l properti es are shown 

in Figure 6. 1 and Table 6.2 respective ly. Specimen No .70 has lower thenn al 

cond uct ivity than spec imen N°.6 1 du e to va riou s inter-re lated reasons . The first reason is 

that because its bulk density (1 .89Mg/m3
) was lower than the bulk density for specimen 

N°.6 1 (2.1 M g/m3
), its poros ity (43 %) was hi gher th an that for specimen No.6 1 (33%) 

thi s means more thermal resistance betvveen the parti c les w hich decreases the effective 

thenna l conductivity o f the soi l. The second reason was that specimen No .70 contained 

more fine so il s (46.4%) than specimen No.6 1 (34.7 %) and so me rock fragments because 

the particl e the1l11 a l co nductivities of those materi als (2.SW/m° C) are less than that for 

quartz (8W /m.QC). Its coa l' e porti on is ve ry fin e sand and for specimen ~.61 is medium 

sand . T hi s inc reases the thell11 al res istance between the particles whi ch consequentl y 

decreases the e ffec ti ve th ermal conducti vity of th e so il. Figure 6.10 show that the fine 

parti c les a lso co ll ect around th e coarser parti c les in w hi ch they interfere with the 
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packing of the coarse particles, consequentl y th e therm al res istance between the particles 

increases and th e thenl1a l conducti vity decreases. 

F igure 6. 10 Fin e particles surrounding coarse particl es speci men 0.70. 

Both specImens NO.70 and No. 6 1 were left to dry at room temperature and were 

retested aga in. T he res ults showed th at spec imen 0.70 was dry therefore its thermal 

conductivity was mu ch lower th an specimen No.61 whi ch its wate r content was 9% . 

Th is was the same res ults for the dry reconstituted so il s. 

Tab le 6 .8 shows th e summ ar y of th e therm al conduct ivity results of the specimens' 

No.84, 88, 106 and 108. These spec imens were obta ined from bulk samples, and their 

partic le si ze di s tributi o n curves and ph ys ica l properti es are shown in Figure 6.1 and 

Tab le 6 .2 respect ive ly. The spec imens engineerin g descriptions are si lty sand . It is 

observed th at the the l111 a l conducti vity for specimen numbers 84, 88 and 106 increased 

with increas ing bulk density, and dec reased with increasin g porosity (Figure 6.11 ). 

However for spec imen N° 1 08 , desp ite its bulk density is hi gher than spec imen ~. 1 06, 

its therm al conduct iv ity was lower than that of specimen N° 1 06. This indicates that the 

thermal conducti v ity vari es w ith so il texture w here this specimen has a higher 

percentage of fine so il s (27%) than th e other specimen ( 10% ). Three of these specimens 

were left to dry in room temperature for a few months, the thenl1al conductivity tests 

were can'ied o ut aga in onl y under base temperature of 40°C, the results showed that 

specimens No .88 and No.84 had a hi gher thermal conduct ivity than specimen 0. 106. In 

thi s case, it ca n be due to that the two specimens had hi gher dry densities therefore the 

porosity and the voids were less between their coarse particles. This decreases the 

res istance betwcen the so li d parti c le, h nce improves their effective thermal 

conduc ti iti e . 
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T bl 68 T a e es ts Results for th e Silty SAN D. 

Soil Type 

Silty SAN D 
BH C I3 84 

Silty SAN D 
BH CJ3 88 

Silty SAN D 
BH C I3 106 

Silt y SAN D 
BH C J3 108 

Dry C 13 84 

Dry C 13 88 

Dry C I3 106 

1.93 

1.92 
Ci 

",11.9 1 
biJ 
61 .90 

Vi 
c:: 1.89 
Q.) 

'0 

~ 1.88 
co 

1. 87 

1.86 

1.8 

Room 
temp, 
(0C) 

17.0 

17.4 

17.6 

17.0 

16.7 

16 .7 

18.0 

17.7 

17.5 

16 .4 

16.8 

16.9 
15.5 

14 .5 

14 .7 

TI T2 h k 
(0C) (0C) (W/m2,0C) (W/m,°C) 

31.3 27 .1 11 .75 270 
4 1.3 33.8 12 .5 2.64 
51.3 40 .5 130 2.64 
3 1.4 27.5 11.8 2.92 
4 1.3 33.8 12 .8 2. 70 
51.3 40 .0 13.5 2.58 
3 1.4 27.0 12.0 2.48 
4 1.3 32.6 13.0 2.28 

5 1.2 38. 2 13 .0 2. 10 

3 1.0 25 .8 12.25 207 

40.9 3 1.9 13.0 2.06 

50 .7 38.0 13.5 2. 10 
40.76 27.68 8 0 .7 1 

40 .72 26.38 9 0.69 

4 1.35 23 .83 7 0.37 
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Table 6 .9 presents the therm al co nducti vity results for two specimens (B 1 0 and B 15). 

These specimens cons i t of medium to coarse sand and their particle si ze distribution 

curve is hOvvn in Fi gure 6 .1. Their physical propeliies are li sted in Table 6. 2. The 

results show that for the same soi I tex ture, desp ite specimen B 1 0 havin g a hi gher bulk 

density ( 1.9 1 M g/m3) th an that of spec imen B IS (1. 84Mg/m\ its them1al conductivity 

was low r than th at for spec imen B IS, becaus its water content (4 .8%) was lower than 

that o f spec imen B IS (12 .3%). Thi s hi ghli ghted th e fac t that fo r partia lly saturated soils, 
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their water co ntents affec t th e determinati on of thei r thenn al conductivities, in which the 

th erm al conducti vity increased when the water content of th e sam e soil increased. The 

specimens' saturati on degrees w ere 28.27% for B1 0 and 52 .57% for B15 ; this indicates 

th at the th enn al resistances between the parti cles were higher in the first specimen than 

the second one. 

Tab le 6 9 Tests Results for the medium to coarse SAND 

Room 
Tl T2 Soil Type temp. 

h k k.ve 
(0C) 

(0C) (0C) (W/m2.0C) (W/m.°C) (W/m.°C) 

Medium to 16.6 3 1.0 25.5 10.0 1.63 
coa rse SAND 16.7 40 .8 3 1.1 11.3 1. 65 1.64 
BHIITBIO 16.5 50.7 36.7 11.5 1.65 

Medium to 17.4 31.3 27. 1 11.3 2.38 

coarse SAN D 17.2 41.3 33. 6 12.0 2 .34 2.34 

BHlITBIS 17. 1 5 1. 2 40.0 12.5 2. 32 

Also the thel111 a l condu ctivity of the spec imen 's 8 15 was c lose to the va lues of the 

saturated spec imens . Therefore it can be concluded that at a 50% degree of saturation or 

more the therm al co nduct iv ity of part iall y sa turated spec imen wil l be close to the 

saturated ones . 

Tab le 6 .10 presents the thennal cond uctivity results for two sand y medium to coarse 

gravel spec imens (B 12 and B 14). The results showed that desp ite both spec imens being 

at about the same water content ( 12%). T he thermal conducti vity of specimen B12 was 

less than that for B 14, .vhil e the ir bulk densiti es were 1.75Mg/m
3 

and 1.88Mg/m
3 

respecti ve ly. T hi s conc luded that at the same w ater content , increasing the so il density 

increased its th ermal cond uct ivity (Figure 6 .12). 

Tab le 6 10 T ests Results for the Sand y medium to coarse GRAVEL 

Room 
Tl T2 h k k.ve 

Soil Type temp. 
("C) ("C) (W/nl.°C) (W/m.°C) (W/m.°C) 

("C) 

Sand y 17.7 3 1.3 24. 6 8.3 0 .78 

GRAVEL 17.7 41.3 28. 5 8.) 0.67 0.72 

BH lI T B12 17.8 5 1.3 32. 6 9.5 0 .70 

Sand y 17.2 3 1. 6 24 .6 10.0 1.09 

GRAV EL 17. 0 40 .9 28.5 10 .3 0.97 1.00 

BH lI T BI4 17.2 50.7 32.6 10.8 0.93 
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Fi gure 6. 12 Thermal cond ucti vity v. bulk density for sand y GRAVEL. 

The last four U 100 samples contained white grout of probab ly PFA and cement 

materi als, their water contents were very hi gh (166% to 199%) and thi s re fl ects the fact 

that thi s materi al could hold a hi gh amount of water. The themlal conduct iviti es of these 

results are presented in Table 6. 11 . The therm al conducti viti es of these materi als at its in 

situ condition were close to the therm al conducti vity of water (0.6 W /m.°C), because 

80% of the specimen vo lume was water (Tab le 6 .2). Water was the dominant medium 

fo r the heat conduct ion . 

Table 6 II Tests Results for the GROUT 

Room 
TJ T2 b k kaye Soil Type temp. (0C) (0C) (W/m2.0C) (W/m.°C) (W/m.°C) (0C) 

14 .7 30.7 21.7 8.5 0.65 
BHIIT 

14 .6 40 .5 24.2 10.0 0 .58 0.63 
G RO UTl- I 

13.9 50. 3 26.5 12.8 0.67 

GROUTl-2 18.3 50.8 29 .0 12.5 0.61 0.61 

14.8 30.6 20 .8 11.0 0.67 
BH24 

40.4 23 .5 13.3 0.69 0.71 14. 7 GROUT2-1 
14 .6 50.3 27.4 13.3 0 .76 

GRO UT2-2 18.7 51.3 3 1.0 12.3 0.77 0.77 

162 



6.4 Effect of physical properties on the th ermal conductivity 
determination 

Relationsh ips between the thermal conducti viti es and some ph ys ical propert ies of the 

various so il s used in thi s research are plotted in Figures 6.13 , 6. 15, 6.16, 6.17, and 6. 18. 

It is shown that the th erma l conductivity for recon stihlted soils varies with the bulk 

density and s imultaneous ly w ith porosity (Figure 6.13) . It can be seen that the thermal 

co nductivity inc reases w ith increas in g bulk density, since at the same tim e the porosity 

of the so il is decreasing (Figure 6.13), res ulting in an increase in the number of solid to 

so lid contacts w hi ch in creases the heat tran sfer paths between the grai ns, and this 

establi shes that th e po ros ity and th e bulk density directly affect the soil's therm al 

conductivity. 

• Densit y • Poros ity 
2.2 -,--- 0.6 

2 0.55 

0.5 
1.8 -

Medium SA D 0.45 

1.6 - 0.4 
Coarse SAND 

1.4 
0.35 

1.2 r 0 ] 
0.25 

0.2 +-------,- ----~-------,. 

1.5 2 2.5 3 3.5 4 

T h ellT13 I co ndu ctiv ity CW im°C) 

F igure 6. 13 Therm al conductivity v. Bulk density and Porosity for saturated 
reco nstituted soils . 

~ 
til e 
0 

0.. 

The presence o f the fin e particl es in unifoI111 grad ed soil s as the case in the silty sand 

specimens (No . 84, 88, 106 and 108) co uld affect the packing of particles in two ways ; 

the fi ne parti c les wo u ld tend to fi II the pores between the coarse particles , thus providing 

more so lid m atter per unit vo lume causi ng an increase in the theI111al conductivity 

(Fi gure 6 .14a), however some of these fines might interfere in the packing of the coarse 

particl es by pushing th em apart creat ing a reduction in the vo lume occupied by the 

coarse pa rti c les (F igure 6. 14b) , \ hereas the vo lume occupi ed by the finer particles 
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increases onl y a small percentage. Thi s wi ll result in an increase in the porosity of the 

so il , hence decrease in the thennal conductivity. 

Figure 6. 14 Mi xture of medium particles with fine particles of so il s. 

Figure 6. 15 shows the thermal conductivi ty of all spec imens increases with increasi ng 

water content, and if water content is very hi gh then a decrease in therma l conductiv ity 

is expected, because water will then become the dominant med ium for transferring heat 

therefore the effective thermal conductivity will tend to reduce to a alue close or equa l 

to the thermal conductivity of water whi ch is about 0.6 W Im.°C. 
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Figure 6. 15 Thermal conductivity v. water content for natural soils . 

Plotting the thenTlal conductivity of natmal sandy so il s versus their water content 

separately of other so il s, a similar profile to that in Figme 6.15 is obtained (Figure 6.1 6) . 

Th is concludes that apart from the particle size and mi neralogy. water amount plays the 

major part in determining so il' s thermal conductivity. 
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Figure 6. 16 Thermal conducti vity v. Water content for natural sands. 

30 

When the water content decreases the air content increases simultaneo usly. A plot of the 

thermal conduct ivity of natu ral soil s versus air content (Fi gure 6.1 7) shows th at as the 

air content increases th e therma l conducti vity decreases. 1n Fi gure 6.1 8, the th emlal 

conduct ivity of the nat ural soil s increases with increasing degree of saturati on whil e at 

the same time the air content decreases . 
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Figure 6. 17 Themlal conducti vity v. Air content fo r atural soil s. 
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Figure 6. 18 Themlal conduct ivity v. Saturation degree for atura l soi ls. 

Based on th e prev ious di sc uss ion, it is ev ident th at th e themlal conducti vity of a soi l is a 

function of its various inter-related ph ys ical properti es, in whi ch the water co ntent plays 

the major ro le for heat transfer in th e so il. 

6.5 Comparison to data from tlte literature 

To eva luate the results obta ined from th e present set of ex periments, the thermal 

conductiviti es of th e so il s "vere compared with ex perimental data (Tab le 6.12) ob tained 

by Penner et a l. (1975), Cary ( \978), Incropera and DeWitt (1996), Ab u-Hamdeh 

(2000), Abu-Hamd eh et al. (200 1), Nusir et al. (2003) and Hukseflu x consulting 

company web site (2004). 

In comparIn g th ese results it is ev ident that the range of the effective thermal 

conductivit ies obtained by th e new thermal conductivity device in the present research is 

within the range of th e reported values. In addition, all the effective thermal 

conducti vities are comparable with those found in the literature. In particular, the 

effec ti ve themlal conducti viti es of the reconstituted dry and saturated sands agree well 

with the findin gs of Hukseflu x consulting company. The thermal conductivities of dry 

and moist clays are in agreement with the data found in the literature . 
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Table 6 .12 Some reported values of thermal conductivity in soils. 

Thermal 
Soil Type conductivity Measurement Reference 

(W/m.°C) method 
Sand perfectl y dry 0.1 5 - 0.25 

Sand moi st 0.25 - 2 

Sand saturated 2-4 

C lay dry to moi st 0.15 - 1.8 
The TNSOI Hukseflux 

C lay saturated 0.6 - 2 .5 Themlal needle Set (2005) 
Soil with organi c m atter 0. 15 - 2 

Saturated soi I 0.6 - 4 

Range of a ll reported 0 .1 5 - 4 
va lues for so il 
Sand 0.95 - 2. 11 Single and dual 

usir et a!. 
Loam 0.49 - 0.76 

probe methods 
(2003) 

Sandy Silt 0.7 - 2.9 Transient heat-flow 

Sandy silty C lay 1.3 -2 .75 
method using a line Penner et a!. 
heat so urce. ( 1975) 

Silty C lay 0.5 - 2.0 

Silt Loam 2 .26 - 3.25 Transient thermal 

Loam Sand 2.32 - 3.8 1 
co nductivity probe 

Cary ( 1978) 

Silty C lay 1.9 - 2.89 

C lay Loam 0.33 - 0.72 Transi ent thenna l Abu-Hamdeh 

Loam 0.4-0.75 
co nducti vity probe (2000) 

Sand 0.58 - 1.94 The hot wire 
method Abu-Hamdeh Sandy Loam 0. 19 - l.1 2 

et a!. (200 I) 
C lay Loam 0.36 - 0.69 

Clay 1. 3 Not mentioned in lncropera and 
the textbook DeWitt 

Sand (d ry) 0.27 -0 .33 
(1996) 

C lay (d ry) 0.4 

C lay (mo ist-wet) 1.6 

Sand (mo ist) 1.0 
ot mentioned on Enercret 

Sand (mois t- saturated) 1.8-2.4 
the ir website (2004) 

Fine sand , wa t r £10\ 4.0 
I . 16E-6 m/ sec 
Medium sand , wa ter fl ow 15 .0 
1.1 6E-5111/ sec 
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As can be seen the tab ul ated values for soils give a (sometimes very wide) range of 

thenn al conductivity va lues for each soil type, therefore it is possible to greatl y under or 

overestimate th e th enn al properties of the soi l, leading to a greatly over designed (and 

therefore un economi c so lution) system that would be unable to transfer enough energy 

to/from the ground to meet th e heat exchange requirements of a building. Moreover, the 

fl ow of water can sign i fi cant ly increase the th ennal conductivity of fine sand or coarser, 

as can be seen from th e data obtained from the Enercret Company (2004). This variation 

in the therm al conducti vity ofa so il is caused by the change of the inter relation between 

the phys ical properti es 0 f th e so i Is. 

6.6 Comparison to results of th ermal conduction models 

The heat conduction models that have been presented in Chapter 2 were used to predic t 

values of thennal conductiv it ies for the so il s used in th is research. These models are the 

parall el and seri es models, geometric mean model, Maxwell's model, Kersten's mode l, 

Johanson' s model, De Vri es ' s model, Woodside & Messmer's model, Krupiczka 's 

model, Numeri ca l simul ati on model and Zehner & Schlunder's model. The parall el and 

series models predi ct the maximu m and the minimum th enn al conducti viti es of the so il 

respecti ve ly. 

Estimates of the therm al conducti viti es of soil s using th ese models were made based on 

the ass umptions of th e percentages of constituent minerals (with known conduct ivity) 

(Table 6.13). Consequentl y these methods may lead to misleading results if these 

assumptions were made based onl y on the part icle size di stribution and the exact 

mineralogica l compos ition of the so il was not fo und . However, if the exact 

mineralogica l composition is found thi s is an effective way of estimating so il's thennal 

conducti vity. 

Table 6 13 Used th erm al conductivities of soil constituents 
M atedal Thermal conductivity (W/m.°C) 

A ir 0.0257 

Water 0.6 

C lays 2.0 

Q uartz 8.0 

70 0, '0 Qua rtz 6.0 

Less lhan 60% Quartz 4.0 
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Mineralogical examinati on fo r the entire so il s used in this re earch was made on the 

quantitati ve basis under a mi croscope (Figure 6.19, Fi gure 6.20 and Figure 6.2 1). Figure 

6. 19a, band c shows that the reconst ituted sandy so il s consist of 100% quartz: howe\ r. 

the artificial si lty c lay particles (d) were kaolinite. 

The therm al conductivities of the so lid particles were based on the microscopic 

examinati on. It was taken as 8.0W/m .oC for fine , medium and coarse sand s and fo r oi ls 

that contained a small percentage of fines (reconstituted sandy so il s. silty sand 

specimens) because their particle consists of about 100% quartz. It was taken as 

6.0W/m .oC for the sandy silty c lay specimen 0 .6 1 and 4.0W/m oC for the sand y ilt 

specimen No.70 because it conta ins some rock fracti ons. For reconstituted ilty clay it 

was taken as 2.0W/m.oC (Table 6. 13). A ll calcul ated va lues are shown in ppendi x D. 

a) Fine SAND b) Medium SAND 

c) Coarse SAND d) Si lty CLA Y 

Figure 6. 19 Particles of the reconstituted soi ls w1der the microscope . 

companson of the measmed therm al conductivities versus the predicted thermal 

conduct iviti es by the previous models for the dry reconstituted soils. satmated 

reconstituted so il s and natura l soi ls is shown in Figure 6.23 and Figme 6.24 respective ly. 

It is shown that a ll the results were located within the range of the parallel (maximum ) 

and series (m inimum) models. Most of the mode ls are in a very good agreement v, ith the 

experimenta l res ul ts. However for natura l so il s at a very lo'¥\' d gree of saturation thi s 

\' as not the case . [t is du to the fac t that most of these models (paralle l and serie 

mode ls. gcomctl'l c mean, Max well. Woodside & I\essmer. Krupiczka. ' umerical 
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s im ulati on, Krupiczka and Zehner & Sch lunder 's model s) consider the materials as a 

two-phase materia l whi ch is not the case in partially saturated soil s. Where th oil 

consists of three phases (so lids, water and air) (Figure 6. 22) , fo r xample. as the case in 

sandy grave l specimens (saturati on degree about 12%) (B 12 and B 14). these model take 

into acco unt onl y the effect of the porosity of a material fo rmed of e lements of olid 

located in continuo us immobile fluid that is e ither ai r or liquid. The ir predicted thermal 

conducti v ities we re hi gher comparing with the measured va lues. 

a) BH C 13-88-4x b) Washed BH C 13-88-4>. 

c) BH C 13-84-4x d) Washed BH C 13-84-·b: 

) BH C I3- 106-4x f) BH C I3-1 08-'+ :\ 

Figure 6 .20 Palti c le of the natura l sandy s ilt spec imens under the microscope. 
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. 
• 

a) Sand y s il ty CLAY (6 1) b) Sandy SILT (70) 

c) Washed sand y silty CLA Y (61) d) Washed sandy SILT (70) 

e) Sand y silty CLAY-20x f) Sandy SIL T-20x 

' . 

'. 

g) Portion of Sand silt CLAY h) Portion of Sand) S I L T 

Figure 6.2 1 Parti c le of the natural sand y si lty CL Y and sandy IL T 
spec imens under the microscope. 
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However, the models whi ch take into acco unt the water content. degree of saturation and 

three phase materi als such as Kersten (equat ion 6. 1 and 6.2), Johansen (equation 6.3) 

and De Vries models (equati ons 6.4) produc d the best agreement betV\een the predicted 

thermal conducti viti es and the measured ones. It can also be seen (Figure 6.2'+) that their 

va lues agreed well with those measured. 

The therm al conductivity based on the Kersten empi rica l eq uat ions for unfroze n silt-c lay 

so il s containing 50% or more silt and clay (equati on 6. 1), while for unfrozen sandy so il s 

(equati on 6.2), the equati ons using metric units as fo ll owing: 

k, = 0.1442· (0 .9 10gw, _ 0 .2 ) . 10 06~41 Y.J For 1\ ' ~ 7% 6.1 

k{ = 0.1442· (0. 7 10gw, _ 0.4) ·1006WY.J Fo rll '~ I % 6.2 

k = {k - k ). K + k 
I \ I \01 f tin l ' f dry 

6.3 

x·k +Px· k +F·x·k k == \I It tJ (I (/ , , , 

, X+P·X+p·X 
II ' (I (I , , 

6. '+ 

Figure 6.24 shows that in spite of the degree of saturati on for the medium to coarse sand 

specimen (8 15) was onl y 52.6%, th predi cted and measured thermal conductivities 

were in a good agreelTlent. they were also close to the them1al conductivities of saturated 

so il s. Thi indica ted that at a ce rtain degree of saturation the soil could be treated as a 

two-phase materi al. 
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For the dry reconstituted soils, a part of the parallel, numerical simulation and the 

geometric models which predicted very high thermal conductivities, the thermal 

conductivity values predicted by the other models were reasonably good (Figure 6.23). 

Most of the conduction models produced a good agreement with the measured values for 

the saturated reconstituted soils except (as expected) the parallel and the series models. 

On the basis of the experimental results of this research the best model was found to be 

Johansen' model, Because it predicted the thermal conductivities of all types of soils 

very close to the measured ones in both dry and saturated conditions. A relation between 

the thermal conductivity of a soil and the degree of saturation (Figure 6.25) was 

produced by Johansen's model using the thermal conductivities of dry and saturated 

reconstituted soils. The experimental thermal results for the natural soils were then 

superimposed on the figure. It can be seen (Figure 6.25) that the natural soils results 

were between the fine sand and silty clay lines. This is because most of the soils as seen 

in Figure 6.1 range between those two categories. Otherwise their solid constitutes were 

mix of quartz having high thermal conductivity (8 W/m°C) and rock fragments having 

lower thermal conductivity (2.5 W/m°C) such as the natural medium to coarse sand and 

sandy gravel specimens. 
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Figure 6.25 Thermal conductivity v. Degree of saturation by Johansen's model. 

6.7 Summary 

The results of the new thermal conductivity cell device are discussed and presented in 

this chapter. The main discussion revolves around the effect the different physical 

properties of the soil have on its thermal conductivity. These properties include the 

specimen's density or porosity, water content, air content and degree of saturation. The 

results are then compared with published data and those of the thermal conduction 

models in which it can be concluded the new method of determining the thermal 

conductivity of soils proved to be effective. 
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Chapter 7 

Conclusions and Recommendations 

7.1 Introduction 

The research has investigated the effect of the physical properties of soils on the 

determination of hydraulic and thermal conductivities of soils and the use of different 

methods to determine hydraulic conductivity; and the flexible wall permeameter using 

constant flow technique was the most advanced test employed at the University of 

Newcastle upon Tyne. As part of the study, this system was also developed in order to 

operate as a falling head system. Also a new device and testing method of determining 

the thermal conductivity of soils has been developed. 

It can be concluded that the soil's hydraulic and thermal conductivities are strongly 

dependent on the complexity in the variation of soil's physical properties, for example 

increasing density, decreases porosity, hence decreasing the hydraulic conductivity but 

increasing the thermal conductivity. 

7.2 Conclusions on Hydraulic conductivity 

Prior to this research the flexible wall permeameter could only be used to determine the 

hydraulic conductivity of clayey soils, and this was only applicable with the constant 

flow technique. However, in this study, modifications were carried out to the flexible 

wall permeameter equipment so that the falling head and the constant head techniques 

could both be used in determining the hydraulic conductivity of fine soils, including fine 

sand, using the same equipment. 

One of the purposes of this investigation was to evaluate and then compare the results of 

the new modification canied out to the flexible wall permeameter for the various applied 

techniques as mentioned earlier. The results found using this equipment proved to be 

accurate and also represented a more rapid means to determine the hydraulic 

conductivity of fine soils in a matter of 30 to 60 minutes. Also the volume change during 

the testing of fine soils was complete within the first 20 minutes of the test period which 
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allows the termination of the test within one hour or even less. Using the constant flow 

technique the specimen's volume change continues until a steady state condition is 

reached after two hours, which makes the test duration longer than with the falling head 

test. 

The termination of the constant flow test was unpredictable, and in most tests it took 

more than two hours to reach the steady state condition. 

The most significant component in the flexible wall permeameter is the Newcastle 

volume change gauge. This device was designed by earlier researcher to achieve better 

performance than more commercial devices. It has proved to be accurate and rapid, 

producing a high resolution, and it can also easily distinguish between the various 

specific test stages (i.e. saturation, consolidation and permeation). The advantage of the 

modified equipment using the falling head technique is that the desired hydraulic 

gradient can be chosen and controlled by the air pressures in the inflow and outflow 

Newcastle volume gauges. In contrast using the constant flow pump technique the 

induced hydraulic gradient could not be precisely predicted. 

The hydraulic conductivity calculated at the bottom of the specimen based on the inflow 

rate was higher than that at the top based on the outflow rate. This was due to the 

increase in the volume of the specimen at its bottom, which consequently increased the 

inflow rate. 

A low hydraulic gradient should be used, such as 15 or lower, when determining the 

hydraulic conductivity of fine soils. 

However, the pressure regulators used in this apparatus significantly affected the results 

for hydraulic conductivity when it came to the measurement of the hydraulic gradient at 

very low flow rates; this was due to that these regulators were not sensitive enough to 

maintain a constant pressure difference across the whole specimen, consequently 

resulting in changes in the specimen's volume. Therefore the pressure regulators should 

be checked and maintained regularly to achieve better performance and accuracy. 

The phenomenon of seepage induced consolidation can not be eliminated in fine soils; 

however it can be detected and quantified by using the flexible wall permeameter with 
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an accurate volume change device such as the Newcastle volume change gauge. This 

phenomenon was most noticeable in the first test after the end of the consolidation stage 

when a low inflow rate was used. 

There was a small increase in the pore water pressure at the top of the specimen for both 

constant flow and falling head techniques, due to increases in the water levels in the 

outflow volume change gauges. However this was negligible, because it caused only 

small volume changes compared to the large increase at the bottom of the specimen. 

The physical properties of supreme and silty clays in terms of their effect on hydraulic 

conductivity were compared. A small change by the same amount in the void ratio can 

affect the hydraulic conductivity of the respected soils differently, where the void ratio 

has affected the silty clay (40% clay) hydraulic conductivity more than that of the 

supreme clay (90% clay). 

As regards to the bulk density of the two clayey soils, the silty clay has a higher decrease 

in the values of hydraulic conductivity when its bulk density increases compared to that 

of the supreme clay. 

The assumption that the falling head test can be interpreted as a constant head test is 

only valid for fine soils which have very low hydraulic conductivity, where as in coarse 

soils the pressure difference drops more rapidly than fine soils making the assumption of 

constant pressure not valid in such soils. 

Hydraulic conductivity decreases as void ratio decreases for the same type of soil. 

However different types of soil having the same void ratio could have higher or lower 

hydraulic conductivity depending on other factors that could play a major rule in 

determining it. 

The particle sizes of clayey soils have an effect on their hydraulic conductivities. The 

hydraulic conductivity of silty clay soils increases rapidly with a slight increase in the 

void ratio. In contrast, for supreme clay soils the hydraulic conductivity increases only 

slightly with larger increases in void ratio. This indicates that hydraulic conductivity is 

not only a function of void ratio but also of particle size and shape. 
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7.3 Conclusions on Thermal conductivity 

Part of this study was to design the necessary equipment for determining the thermal 

conductivity of the various soils under consideration. Procedures were then developed in 

order to be able to use this equipment and also to interpret the results obtained from this 

device. 

The equipment used to determine the thermal conductivity of the different types of soils 

carried out in this study proved to be simple and accurate when comparing the results 

with those carried out using other methods-in particular laboratory tests and conduction 

models. The results of this thesis proved that the thermal conductivity cell device was 

effective, straightforward and simple test method in determining the thermal 

conductivity of soils. 

When comparing the physical properties of the laboratory soils and the natural soils in 

terms of the effect these have on the thermal conductivity, it was found that dry soils are 

generally have much lower thermal conductivities compared to saturated soils, and this 

has been proven to be the case in many previous researches. 

Soil composition affects its thermal conductivity. As regards to the clayey soils, it was 

found that they have lower thermal conductivities under saturation than sandy soils in 

the same state. This was due to soil composition, because the particles of the clayey soil 

are consists of kaolinite which has much lower thermal conductivity than the quartz that 

the sandy soil consists of. However the artificial clay (kaolin) had lower thermal 

conductivity than those natural clays, because it consists of kaolinite with a thermal 

conductivity (2 W/m.DC) which is lower than the quartz (8W/m.DC) that the natural clays 

consist of. 

The degree of saturation is an important factor affecting soil behaviour and its thermal 

conductivity. At a certain degree of saturation, the thermal conductivity of soils can vary 

within a wide range. The phase composition of soil water may depend strongly on the 

degree of saturation. 

An increase in water content improves the contact between the solid particles by forming 

thermal bridges, and provides continuous path for heat transfer. However when water 

content excccds a cCltain amount water, it is expected to become the dominant medium 
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for heat transfer therefore the effective thermal conductivity will tend to be closer to that 

of water. 

The thermal conductivities of dry sandy soils consists of 100% quartz were 0.15, 0.27 

and 0.26 W/m.oC for fine sand, medium sand and coarse sand respectively. For the same 

soils in the saturated condition, their thermal conductivities were 2.75, 3.36 and 3.72 

W/m.oC. 

The thermal conductivity of the artificial clay soils in the dry condition was 0.25 

W/m.oC, while in the saturated condition was 1.52 W/m.oC, however for natural clayey 

soil its thermal conductivity was higher (2.21 W/m.°C) because it consists of quartz 

particles. 

Several thermal conduction models have been used to predict the thermal conductivity of 

the soils used in this study. The use of these models should be carried out with a full 

understanding of the fact that soil is a three phase material. Most of the thermal 

conduction models deal with soil as only two phases. This assumption is only correct at 

two soil conditions either completely dry or fully saturated. After the comparison of the 

predicted thermal conductivity results with the experimental results, it can be concluded 

that the parallel and series models can only predict the values of soil's maximum and 

minimum thermal conductivity respectively. Therefore they can not be used to predict 

the actual thermal conductivity of a soil. 

Most of the thermal conduction models have reasonably predicted the thermal 

conductivity of dry soils, except for the parallel, series, geometric and numerical 

simulation models. 

The geometric mean model is better for predicting the thermal conductivity of saturated 

and nearly saturated soil; however for dry soil it over-predicts thermal conductivity. De 

Vries and Kersten's models under-predicted the thermal conductivity of the saturated 

poorly graded fine, medium and coarse sands with 100% quartz content. 

The use of different thermal units in measuring thermal conductivity made comparison 

of the results difficult, especially when figures were used instead of tables. Johansen's 
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method generally gives the best results for all soils used in this study under different 

saturation conditions. 

In this research, the range of thermal conductivities for different types of soils was 

between 0.25 and 3.75W/m.oC. This range agrees with the range found in the literature 

by many researchers who have used different methods of determination (from 0.15 to 

4.0W/m.°C). 

The problem of heat transfer in soils is very complicated, to understand it the soil must 

be subdivided into its constituent elements and facets. A study of each of these should 

show its relative importance and contribution to the soil's behaviour. 

The transmission of heat within soil is dependent on the physical properties of the soil 

particles, their degree of compaction, and the moisture content of the soil. Because of the 

porosity and the variable amounts of air and water contained in the soil, the analysis of 

heat flow through soil is much more complicated than for a homogeneous solid, for 

which thermal conductivity and heat capacity are stable, well-defined parameters. Soil is 

a composite of mineral particles, organic matter, and pores which may contain either 

water or air. All of these differ widely in their thermal characteristics. For example, the 

heat conductivity of mineral particles is typically twelve times that of water, twenty four 

times that of organic matter, and about two hundreds times that of air. Hence the thermal 

conductivities of soil samples can vary considerably depending on the relative amounts 

of these components. Even for a soil of uniform mineral and porosity, thermal 

conductivity shows a marked dependence on water content because of the large 

differences between water and air. For a given soil profile, conductivity would tend to 

increase with depth due to increased soil density and decreased air content. 

7.4 Contribution to soil mechanics 

Two new methods to determine both the hydraulic and thermal conductivities of soils 

have been developed and designed respectively. The modified falling head technique, 

using the flexible wall permeameter equipped with different types of electronic 

transducers and the Newcastle volume change gauge, allows for a rapid determination of 

hydraulic conductivity of very fine soils as well as fine sands. The accurate measurement 
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of the volume changes of the specimen during the test could lead to a beater 

understanding of the soil behaviour under different conditions. 

The new thermal conductivity device adds to the practice a new simple method for 

determining the thermal conductivity of soils. the new method was designed to be 

simple, robust operate in commercial laboratories using standard samples. 

Nowadays there is a great interest among geotechnical engineers to make use of the 

ground temperature. Geotechnical engineers are trying to design an efficient way of 

extracting and storing heat from or into the ground to be used for building heating and 

cooling. Energy piles have been used in such systems (Figure 1.1) in which hydraulic 

and thermal conductivities of soils playa major part in the design. 

Hydraulic and thermal conductivities can be used to model the transfer of heat by either 

finite element or finite differences packages. This is important in the design of ground 

energy systems, dissipation heat from the buried pipes and electric cables, and insulation 

of cold storage facilities. 

7.5 Recommendations for further study 

Hydraulic conductivity of soils beneath buildings plays a major role in using the ground 

either as a heat source or a heat sink. Even if the soil's hydraulic conductivity is very 

small, it is postulated that at the small scale of the area under a building makes the effect 

of hydraulic flow vital in such a project over seasonal periods. 

The flow of heat in soils should be investigated when there is a flow of water. A model 

can be built in the laboratory and an experimental study could be carried out to 

determine the effect of hydraulic flow on the heat transfer in soils. 

Development of the thermal conductivity cell device can be made by adding a pressure 

transducer to monitor the change in pore water pressure due to change in temperature of 

the soil. 

The migration of water during the thermal conductivity test can be monitored by making 

use of the Newcastle volume change gauge. This gauge can be connected to the top cap 
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of the thermal cell device, so that any movement of water can be measured in quantity 

against time. Hence a relationship between the temperature and water movement could 

be developed. 

The effect of the pore fluid on the determination of a soil's thermal conductivity could 

be investigated using different types of fluids. 
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A.1 Newcastle Vo lum e Change Gauge Calibrat ion 

A Newcastl e volume change gauge was calibrated according to BS 1377 (1990) which 

recommends the calibration of volume changes ind icators to be carri ed out by weighing 

the amount of di stilled water that the vessel contains or delivers . Thi s method was easy 

to perform and acc urate. 

Figure A.I shows the arrangement for the method of calibration . Each volume change 

gauge was calibrated tw ice to obtain th e transducer constan t that is required to convert 

the output of the transducer reading into engineerin g uni ts; one for course setting, the 

second one for fine settin g. In th e course setting, both tubes (large and small ) were used 

during the calibration. But on ly the small tube was used in the fin e sett ing calibration. 

The results of thi s calibration are shown in F igure A.2. 
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Figure A .l Anangement of vo lume change gauge calibration. 
(After Chen, 1997) 
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Figure A.2 Typical calibrat ion results for the volume change gauge. 

A.2 Pressure Transducer Calibration (PT) 

1980 

Pressure transducers (PT) (Error! Reference source not found. a) were used to 

measure pore water (back pressures) and cell pressures d uri ng the three stages 0 f a test 

(i.e. saturation , conso lidati on and permeation). 

Cell and top and bottom back pressure transducers were calibrated against a Budenberg 

dead-weight ga uge tester. The calibration procedure was in accordance with BS 1377 

Part 1 : 1990 Clause 4.4.4 .7. A calibrated Budenbcrg dead wei ght tester providing a 

suitable reference pressure was used . Accurate dead weights resting on a precision made 

piston fitting into a matching verti ca l cylinder generate a pressure in the fluid of the 

system.Figure A.3 shows the alTangement for calib ration o f PT. The pressure transducer 

(1 in Figure A.3) was mounted verti cal ly in the dead-weight tester, and then the 

pressure was raised in increments by the weight (2 in Figure A.3) on the dead-weight 

tester. Thus the pressure in the transducer was calcul ated from the known applied 

weights . 
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A computer program was used to read th e outp ut of the tra nsducer read in g, and then a 

spreadsheet was used to plot the relat ionship between the transducer readi ng (bits) and 

the pressure (kPa). Thus from the slope of th e ca li bra ti on line, a transducer constant was 

obtained to convert th e output of the transducer readi ng into engineeri ng un its. Figure 

A.4 and Table A. l show typ ica l ca librati on plot and data for pressure transducers. 
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Tab le Al T yp ica l ca librat ion data for a Pressu re Transduc er. 

Pressure 
Transducer readings (bits) Ave . 

Spread Repeatability 

(KPa) test (1) test (2) Transd ucer 
test (3) readings (bits) bits (0/.) 

0 2048 2048 2048 2048.0 0 0.0 
69 2116 2167 21 67 2150.0 51 2.4 

137. 9 2284 2284 .3 2284 .5 2284 .3 0.5 0.0 
206.9 2403 2402 .2 2402 .5 2402 .6 0.8 0.0 
275.8 2522 2520 2521 2521 .0 2 0.1 
344 .8 2640 2640 2640 2640.0 0 0.0 
413.7 2759 .3 2764 2758 .5 2760 .6 5.5 0.2 
482.7 2878 .8 2876 .67 2869 2874 .8 9.8 0.3 
551 .6 2992 .8 2996 2995 2994 .6 3.2 0.1 
620 .6 3139 .3 3121 3128 3129.4 18.3 0.6 
689.5 3238.5 3235 3235 .3 3236 .3 3.5 0.1 

758.5 3406 .8 3380 3353 3379.9 53.8 1.6 

The last co lumn in Tab le AI , repeatability, is determ ined as a percentage deviati on 

from the mean va lu e of three or more tran sducer readin gs as fo ll ows : 

Repeatability (%) (Rr) 
R 

R,. = _ s .100% 
Rn 

3.1 

Where 

Rs average of transducer read in gs 

Rn spread of each set of readings (d ifference between hi ghest and lowest) 

A.3 Linear Variable Differential Transducer Ca lib ra tion (L VDT) 

The linear vari ab le differential tranSf0l111 er (LVDT) is a co mmon type of transducer for 

measuring displacement in so il laboratori es . A commerc iall y avai labl e LVDT (as shown 

in Error! Reference source not found.b ) with stroke of SOmm was used in this 

research. 

The LVDT was ca librated as shown in E rror! R efer en ce source not found .. The 

LVDT (1 in F igure AS) was mounted hori zontally in a frame (2) . The change in output 

from the LVDT is re lated to true di spl acement measured by micrometer (3) attached to 

the same fram e. Typical cali brati on results are presented below where the actual 

transducer readin gs against di spl acement are shown in Table A2 and Figure A.6 shows 

typical ca li brati on p lot of LVDT. 
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Figure A.S Arrangement fo r calibration of L VDT. 

T ab le A.2 Cali bration data of LVDT 
Displacement Transducer readings (bi ts) Re2.eatability 

mm Test 1 Test 2 Av e. Spread b its % 
0 2048.1 2048 .3 2048.2 0.2 0.01 
1 2084.8 2084 .8 2084.8 0.0 0.00 
2 2122 .8 2122.8 2122 .8 0.0 0.00 
3 2159 .8 2159 .8 2159 .8 0.0 0.00 
4 2196 .8 2196 2196 .4 0.8 0.04 
5 2233 .8 2233.8 2233 .8 0.0 0.00 
6 2271 .8 2271.8 227 1.8 0.0 0. 00 
7 2308 2307 .8 2307.9 0.2 0.01 
8 2345.6 2344.8 2345 .2 0.8 0.03 
9 2382 .8 2382.8 2382,8 0.0 0.00 
10 241 9.8 24 19.8 241 9.8 0.0 0.00 
11 2457 .8 2457 .8 2457.8 0.0 0.00 
12 2495.8 2495.8 2495 .8 0.0 0.00 
13 2532 .8 2532.8 2532 .8 0.0 0.00 
14 2569 .8 2569 .8 2569 ,8 0.0 0.00 

15 2607.8 2607.8 2607.8 0.0 0.00 

16 2644.8 2644.8 2644 .8 0.0 0.00 

17 2681.3 2680 .8 2681 .05 0.5 0.02 

18 271 8.8 2718.8 271 8.8 00 0.00 

- -

Y = 0.0268x - 5-1 '122 
R2 = I 

I'ransducer constant = Slope 

2000 2 100 2200 2300 2-1 00 2500 ~600 ]700 2800 2900 

Tra nsducer Reading' (hils) 

F igure A.6 Typical ca lib ration p lo t o f ·LVDT 
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A.4 Differential Press ure Transducer Calibration (DPT) 

The DPTs were used in thi s research to measure both vo lume changes and the pressure 

difference ac ross th e specimen . The differential pressure transducer used in the pressure 

difference meas urement system was calibrated aga inst a graduated burette filled with 

de-aired water as shown in F igure A.7 . 

atmospheric 
pressure 
conditions 

(4) 
bleeding 

valve 

(1) 
graduated 

burette 

(3) 
manifold 

(5) 
vernier sta nd 

gauge 

Figure A .7 AlTangement for ca librati on of the pressurc di ric rence measuring system 
(After Chen, 1997) 

DPTs were calibrated by measuring the change in outpu t as the pressure was increased 

on one side of th e transducer re lati ve to the atm ospheri c pressure. The increase in 

pressure was created by the water pressure at the base of a burette ( 1 in Figure A.7). 

During the calibration the DPT (2) was mounted ill <l custom built sta inless steel 

manifold (3). The manifo ld was fitt ed w ith bl eed va lves (4) to allow deairing and 

flu shing. The burette was connected to one side of the DPT while the other side was 

subjected to atmospheri c pressure. Readings from the OPT were recorded by data 

logger as the burette was empti ed w ith the aid ot' the bleed valve mounted on the 

manifold and adj acent to the senso r's face, whil e a ve rn ie r stand gauge (5) used to 

measure the level of water in th e burette w ith referenc e to the level of the DPT. 

Transducer constants equal to the s lope of the line<lr re lati onship between the electrical 

output read in g and th e app li ed pressure were obt ai ned and stored in the computer 

memo ry. 



A.I Newcastle Vo lume C hange Ga uge Calibratio n 

A Newcastl e vo lume change ga uge was calibrated according to BS 1377 (1990) which 

recommends the ca libration of vo lume changes indi cators to be carried out by weighing 

the amount of distill ed water that the vesse l contain s or de livers. This method was easy 

to perform and accurate . 

Figure A .l shows the arran gement for th e method of calibration. Each volume change 

gauge was calibrated tw ice to obtain the transducer constant that is requi red to convert 

the output of th e transducer reading into en gineeri ng units; one for course setting, the 

second one fo r fine setting. In th e course setti ng, bOlh lubes (large and small ) were used 

during the calibration . But onl y the small tube was used in th e fin e setting calibration . 

The results of thi s calibrati on are shown in Fi gure A. 2. 

glass flask 

(1) 
volume change 

gauge 

r 

(2) 

~~~~~~ .... ~niC balance 

1288 .88 I W 

DPT 

F igure A. l Anangement of vo lume change ga uge ca libration . 
(After Chen, 1997) 
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Figure A.2 Typical calibrat ion results for the vo lume change gauge. 

A.2 Pressure Transducer Calibration (PT) 

1980 

Pressure transducers (PT) (Error! Reference source not found. a) were used to 

measure pore water (back pressures) and cell pressures during the three stages of a test 

(i.e. saturation, consolidation and permeati on). 

Cell and top and bottom back pressure transducers \\ 'cre calibrated against a Budenberg 

dead-weight ga uge tes ter. The calibration procedure was in accordance with BS 1377 

Part 1 : 1990 C lause 4.4.4 .7. A calibrated Budenberg dead we ight tester providing a 

suitable reference pressure was used . Accurate dead \\ e ights resting on a precision made 

piston fitting into a matching vertical cylinder generate a pressure in the fluid of the 

system.Figure A.3 shows the an angement for ca libratio n of PI. The pressure transducer 

(I in Figure A.3) was mounted vel1icall y in the dead-weight tester, and then the 

pressure was raised in increments by the weight (2 in Figure A.3) on the dead-weight 

tester. Thus the pressure in the transducer was calc ul ated from the known applied 

weights . 
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Figure A.3 Arrangement of cali bration of PT 
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A computer program was used to read th e output o f th e transducer read ing, and then a 

spreadsheet was used to plot th e relationship between th e tra n ducer reading (bits) and 

the pressure (kPa) . Thus from th e slope of th e ca libration li ne, a transducer constant was 

obtained to convert th e output of the transdu cer readi ng into engineering units. Figure 

AA and Table A. I show typ ica l ca librat ion plot and data for pressure transducers. 
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Tab le A. I Typ ical calibrati on data for a Pressure Tran ~JLlcer. 

Transducer readings (bits) 
Pressure 

Ave. Spread 

(KPa) test (1) test (2) 
Transducer 

Repeatability 
test (3) rea dings (bits) 

bits (°/.) 

0 2048 2048 2048 2048.0 0 0.0 
69 21 16 2167 2167 2150.0 51 2.4 

137.9 2284 2284 .3 2284 .5 2284.3 0.5 0.0 
206.9 2403 2402.2 2402 .5 2402.6 0.8 0.0 
275.8 2522 2520 2521 252 10 2 0.1 
344 .8 2640 2640 2640 2640.0 0 0.0 

413.7 2759.3 2764 2758 .5 2760.6 5.5 0.2 
482 .7 2878 .8 2876 .67 2869 2874 .8 9.8 0.3 

551 .6 2992 .8 2996 2995 2994.6 3. 2 0.1 

620 .6 3139.3 3121 3128 3129.4 18.3 0.6 

689 .5 3238 .5 3235 3235 .3 3236.3 3.5 0.1 

758 .5 3406.8 3380 3353 3379.9 53 .8 1.6 

The last column in Table A. I , repeatability, is deterilli ned as a percentage deviation 

from the mean value of three or more transducer read in gs as fo llows: 

Repeatability (%) (Rr) 
R 

R,. =_s .100% 
R" 

3.1 

Where 

Rs average of transd ucer read in gs 

Ra spread of each set of read in gs (d ifference bctween hi ghest and lowest) 

A.3 Linear Variable Differential Transducer C ali bratio n (LVDT) 

The linear vari abl e differential transformer (LVDT) is ~\ CO lll mon type of transducer for 

measuring di splacement in soil laboratories. A com merci all y ava ilab le LVDT (as shown 

in Error! Reference source not found.b) w ith stroke o f 50111111 was used in this 

research. 

The LVDT was ca librated as shown in Error! R efe rence so urce not found .. The 

LVDT (I in Figure A .5) was mounted hori zontally ill ,\ frame (2) . The change in output 

fro m the LVDT is re lated to true displacement measmed by micrometer (3) attached to 

the sam e fram e. Typ ica l calibrati on results are presented below where the actual 

transd ucer read in gs agai nst d isp lacement are shown il\ Table A.2 and Figure A.6 shows 

typical ca libration plot of LVDT. 
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Figure A.S Arrangement for calib ratio n of L VDT. 

Tab le A.2 Cali brat ion data of LVDT 
Displacement Transducer readings (bits) Re peatability 

mm Test 1 Test 2 Ave . Sprea d bits % 
0 2048 .1 2048 .3 2048 .2 I 0.2 0.01 
1 2084 .8 2084.8 2084 .8 0.0 0.00 
2 2122.8 2122 .8 2122 .8 0.0 0.00 
3 2159 .8 2159 .8 2159 .8 0.0 0.00 
4 2196 .8 2196 2196.4 I 0.8 0.04 
5 2233 .8 2233.8 2233 .8 I 0.0 0.00 
6 227 1.8 2271 .8 2271 .8 0.0 0.00 
7 2308 2307 .8 2307 .9 0.2 0.01 
8 2345.6 2344 .8 2345.2 0.8 0.03 
9 2382 .8 2382 .8 2382 .8 0.0 0.00 
10 24 19.8 241 9.8 24 19.8 0.0 0.00 
11 2457.8 2457.8 2457 .8 0.0 0.00 
12 2495.8 2495 .8 2495 .8 0.0 0.00 
13 2532 .8 2532 .8 2532 .8 0.0 0.00 
14 2569 .8 2569 .8 2569 .8 0.0 0.00 
15 2607.8 2607.8 2607 .8 

I 
0.0 0.00 

16 2644 .8 2644.8 2644 .8 0.0 0.00 
17 268 1.3 2680.8 268 1.05 0.5 0.02 
18 27 18.8 2718.8 2718.8 0.0 0.00 
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A.4 Differential Press ure T ransdu cer Ca li brat io ll (OPT) 

The DPTs were used in thi s research to measure bot h , o lumc changes and the pressure 

difference across th e spec imen. The differenti al pressure tran ducer used in the pressure 

di fference measurem ent system was calibrated agai nst a graduated burette filled with 

de-ai red water as shown in Figure A.7 . 

atmospheric 
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conditions 

(4) 
bleeding 

valve 

(1) 
graduated 

burette 

(3) 
manifold 

(2) 
OPT 

(5) 
vernier sta nd 

gauge 

Figure A.7 Arrangement for calibrati on of the pressure di ffe rence measuring system 
(After Chen, 1997) 

DPTs were calibrated by measuring th e change in ou tpu t as the pressure was increased 

on one s ide of th e transd ucer re lat ive to the atmosph eri c pressure. The increase in 

pressure was c reated by the water pressure at the basl' of a burette (1 in Figure A.7). 

During the ca librati on the DPT (2) was mounted il l a custom buil t stainless steel 

manifo ld (3). T he mani fo ld was fi tted w ith bleed , :d, 'cs (4) to allow deairing and 

flu shing. The burette was connected to one side of th e DPT whi le the other side was 

subj ected to atm osphe ri c pressure. Readings fro m the DPT were recorded by data 

logger as th e burette was empti ed w ith the aid or the bleed va lve mounted on the 

mani fo ld and adj acent to the sensor's face , whi le a ' erni er stand gauge (5) used to 

measure the leve l of water in the burette w ith rekl'ence to the level of the DPT. 

T ransducer co nstants eq ual to the s lope of the linear re lati onship bet\,yeen the electrical 

output readi ng and the app lied pressure were obt ained and stored in the computer 

memory. 
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A.2 Pressure Transducer Calibration (PT) 

19 0 

Pressure transducers ( PT) (Error! Reference SO li I"!.''' not found .a) were used to 

measure po re water (back pressures) and ce ll preSSllrl'S du ring the three stages of a test 

(i .e. saturati o n, co nso li da ti on and perm eati on). 

Cell and top and bo ttom back pressure transd ucers \\ \..' 1\' calibrated against a Budenberg 

dead-weight gauge teste r. The calibration proced ure \\' as in accordance with BS 1377 

Part I : 1990 C lause 4.4 .4 .7 . A calibrated Budenberg dead weight tester providing a 

suitable reference pressure was used . Accurate dead \\ l' ights res tin g on a precis ion made 

pi ston fittin g into a matching verti cal cylinder gener,lte a pressure in the flu id of the 

system .Fi gure A.3 shows the alTangement fo r calibrat ion of PT. The pressure transducer 

( I in F igure A.3) \vas mounted vert ica lly in the dl'Jd -weight tester, and then the 

pressure was ra ised in increments by the weight (2 ill Figure A.3) on the dead-weight 

tester. T hu s the pressure in the transducer was cak ulated from the known applied 

weights. 
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Table B.I Hydrauli c conducti vity results for specimens No. I2 and No.I 5 of supreme clay. 
I D A V W Bulk Drv S k Ave. k k Ave. k k ,,", ' "t: . Ii 

S pecime n No . E FS 
(mon) ( mm) ( em "! (e m ' ) (e) 

w e e n 
de ns itv d e ns it)' ( % ) 

HG 
(C F) (C F) 

HG 
( FH) ( H I ) (C Ii ) (C Ii ) 

fnlial 100.5 102.5 82 .5 829 .3 1411.6 0.48 1.26 0.56 1.7 1.16 98.1 

50 100.6 102.2 82 .0 824 .5 1.27 0 .56 2 .7 1.0 7E-09 

4.7 1. I SE-09 

9 .2 I. IOE-09 

17.1 I.IOE-09 

34.2 1.06E-09 

50 I.IOE-09 

S upreme 100 100.3 101.7 81.2 8 13.1 1.24 0 .5 5 2 .8 9 .8 5E-10 

C L A Y 5.8 9.50E- 10 
S p ec_ 12 11.2 9 .29E-10 

2 1.1 9 .3 I E-10 

29. 1 9 .24E-10 

100 9,44 E- 10 

200 100.0 100 .8 79 .8 795 .4 1.1 9 0 .5 4 3 .7 8 .87E- 10 

6 .5 8.72 E- 10 

12 .6 S.75E- 10 

200 25.5 S.36E- 10 S.68 E- 10 

fnlla l 100 .5 102 .3 82 .2 8 26. 1 1389 0 .5 2 1.38 0.58 1.7 1.11 99.7 

50 100 .7 102.4 82 .3 827.5 1.39 0.58 2.4 1.22E-09 

4,4 1. I SE-09 

8 .4 I.IIE-09 

15.7 I 16E-09 

27 .4 1.24E-09 

50 I ISE-09 

100 100 .3 10 1.8 8 1.3 8 14 .27 1.35 0 .57 2.7 1. 17E-09 
S upr em e 

4 .9 1.03E-09 
C LAY 

S pec. 15 9 .6 I OSE-09 

18 .2 1.03E-09 

34 .5 I 07F -09 

100 I 081' -09 

200 999 100.5 79 .4 7907 1.28 0 .56 3 7 985f - 10 

5 7 889E- 10 

116 9261'- 10 109 I ~0 1'-O9 I '01 ()9 

22 .2 953[- 10 277 I 1 ~ 1 ·· 09 I 17 1 09 

200 400 I 02 1 -09 9~ 5 F - I O I 14 ' (}I) I 2·11 (}9 

(kh) y y, ( que , ( g q q 



Table B.2 Hydrauli c conductivity resu lts for specimens No.17 and No .21 of supreme clay 
I D A V W Bulk Dry S k Ave. k k An'. k k An'. k 

Specim~ n No. EFS 
( mm) ( mm) (em' ) (e m ' ) (~) 

we e n 
densirv ( % ) 

HG (CFJ lCn 
HG 

(f H") (F H) (C H) (C H) dens ity 

Jnual 100 102.5 82.5 825.2 1408 .7 0.49 1.29 0 .5 6 1.7 1.15 99.5 

50 100.2 102.6 82.7 826.9 1.30 0.57 2.5 I 17E·09 

4.5 I. IOE-09 

8.6 I 13E-09 

15.8 I 17E-09 

29 .0 I 16E-09 

50 1. 15E-09 

100 99 .8 102 . 1 8 1.9 8 16.6 1.27 0.56 2 .7 1.0 1E-09 
S upreme 100 5.2 9.59E- 10 9 .85E- 10 

C LAY 
S pec. J 7 10 .5 1.40E-09 1.4 2 E-09 

21.4 1.32E-09 1.3 71'-09 

29 .7 1.34E-09 1.391'-09 

100 1.351'-09 1.40F-09 

200 99.5 100 .9 79 .9 793.4 1.20 0.55 5.9 1.39E-09 1.25E-09 

10 .5 1.25E-09 1. 22E-09 

21. 1 1.061'-09 1.14E-09 

31.2 1.021'-09 1. 13E-09 

200 1.1 SF -09 I 19 1-·09 

fntial 100 103 83 .3 833.2 1421. 5 0.5 1 1.35 0.57 L7 1.12 100.1 

50 100.2 103 .0 83.3 833. 0 1.33 0.57 6.7 2.9 7E-09 I 431'-09 

10 .3 1.52E-09 I 671'-09 

19 .4 1.22 E-09 I 44 1'-09 

JOA 1.35 1' -09 1.55 1'-09 

50 I 7651 -09 I "21 OQ 

100 99 8 102 .2 82. 0 8 17.8 1.28 0.56 5.2 I 1·11' ·09 
S upre me 109 6001' -09 I 65 l' -09 

C LAY 
S pcc . 2 1 

196 978 1'- 10 I 171,-09 

29 4 I 111' -09 1 22 [ ·09 

100 I 04 1 09 I '01 09 

200 994 10 1.1 80 .3 795 .6 1.22 0 .55 5 3 I 051'-09 

10 I 983 1'- 10 9 NH I 10 

19 1 8801'- 10 I 001 09 

295 988 1'- 10 <) 6<> 1 · 10 

200 9 S2 1·· 10 1001 ()'I 

(kh) y y, ( q g q q 



Table B.3 Hydraulic conductivity results for specimens No.13 and No. 14 of si lty clay. 
I D A V \V Bu lk Dry S k Ave. "'-

Specime n No. EFS 
( mm) ( mm) fern '] fern ' ) (g) 

we e n 
densirv de nsity ( ''/0 ) 

HG 
(C F) (CF) 

Intial 100 101.8 81.4 813.9 1440.7 0.41 1.11 0.53 1.8 1.25 99.9 

50 100 101.7 81.2 812 .2 1.09 0.52 1.0 3 . I 5E-09 

1.6 3 .54E-09 

3.5 3 . I3E-09 

7. 1 2.99E-09 

12.6 3.21 E-09 

27.6 3.I3E-09 

50 3. 19E-09 

100 99.8 101.2 80.4 801.81 1.06 0.51 1.2 2.46E-09 
Silty 2.5 2.35 E-09 

CLAY 
Spec. 13 4.8 2.35E-09 

9.0 2.43E-09 

12.7 2.39E-09 

25 .0 2.26E-09 

100 2.37E-09 

200 99 .5 100.4 79.2 786 .8 1.03 0.5 1 1.5 2. 19E-09 

2.9 2.05E-09 

5 .5 2. IIE-09 

10.5 2. I 8E-09 

200 20.7 2. IOE-09 2. I3E-09 

Ln tial 100.5 102 81.7 821 .2 14 59.4 0.41 1. 10 0.52 1.8 I 25 99.2 

50 100.5 102.2 82 .0 824 . 1 1.09 0 .5 2 1.3 3.27E-09 

I 8 333E-09 

3 4 3 16E-09 

69 3 12E-09 

133 307E-09 

244 302E-09 

50 3 16E·09 

100 1003 101.7 8 1.2 8 14 .05 1 07 0 .52 20 306E·09 
Silt y 38 297E-09 

C L AY 

S pec. 14 
74 296E·09 

144 296E·09 

276 2 92E-09 

100 297E-09 

200 100 I 1008 798 7972 I 02 050 I 2 286F-09 

23 260E·09 

J J 1 701::-09 

87 256E·09 

170 260l ·()<) 

200 '\27 2591:-.-09 2 65~·09 

(kh) y y 



Table BA Hydraulic conductivity results for specimen' s No. 16 and No. 20 of si lty clay 
I D A V W Bul k Dry S k Ave. k k Ave. k k An'. k 

S pecime n No. EfS 
( m m ) (mm) (em ') (em' ) (e) 

we e n 
density ( % ) 

HG 
(C f) (C f ) 

HG 
(FH) (fH) (C H) (C H) density 

Intial 100.4 102.5 82.5 828.5 1470.3 0.42 1.11 0.53 1.8 1.25 99 .9 

50 100.5 102.4 82.4 827.5 1.1 0 0.52 0.8 4.0 1 E-09 

1.5 3.82E-09 

3.0 3.72E-09 

5.8 3.69E-09 

11 .4 3.62E-09 

2 1.5 3.55E-09 

Silty 50 3.74E-09 

CLA Y 100 100.3 102 .0 81.7 8 18 1.07 0.52 0.9 3.47E-09 
Spec. 16 1.8 3. I 6E-09 

3.3 3.37E-09 

6.5 3.32 E-09 

12.5 3.39 E-09 

25.0 3.23 E-09 

100 3.32 E-09 

200 100 101.2 80. 4 80 1.9 1.03 0.5 1 1.0 3.05E-09 

200 2. 1 2.75E-09 2.90E-09 

Intia l 100 103 83.3 833.2 1481 0.42 1. 12 0.53 1.8 1.24 100.5 

50 100 .1 103. 1 83 .4 834.2 1.10 0.52 5. 1 4.78E-09 ) 7 ~l' -09 

11.3 2.62E-09 4 06 L'-O'l 

19.3 2.65E-09 1.64 1' -09 

29 .5 3.7E-09 ) 991' -09 

) 4) 75L·-09 J S6 1··09 

100 99 .9 102.5 82.5 822 .89 1.08 0.52 5.2 4 71'-09 1061'-09 
Silty 9 .5 2621' ·09 2 94 1'·09 

C LAY 
188 2 . ~9 L -09 1 OO [ ·09 

Spec. 20 
279 2 11' ·09 1021'·09 

10275 1,· 09 lOl l (1) 

200 99 .5 101 4 80.8 802.7 1.02 0.50 49 5.281' ·09 2 66 1- 09 

10 I 2 061'·09 2 S4 1 09 

19 I I 99 1,·09 2 ,2 1' 09 

288 2.2 >1 ·09 2.\7 1 0'1 

2.H9S1 09 1 <'7 1 09 

(kh) y y, ( q g q q 



Table B.S Hydrau lic conductivity results for specimen 's No. 18 of fine sand 
I 0 A V W Bul k Dry S k Ave. k 

Specimen '-'0. EFS we e n H G 
(mm) (mm) (e m') (e m' ) (g) density density (% ) (FH) (FH) 

Intial 100 100 78 .54 785.4 1548.9 0.22 0.647 0393 1.97 1.61 99.2 

50 100 999 78 .44 784.4 0.647 0393 10 2ASE-05 

20 2.07E-05 

30 I .S6E-05 

50 2. 14E-05 

100 99.92 99.9 78 .40 783.4 0.645 0392 10 2.39E-05 

20 2.01E-05 

30 1.93E-05 

40 1.72E-05 

100 2.01E-05 

200 99.87 99.8 78.27 78 1.7 0.642 0391 10 2.33E-05 
20 2.03E-05 

30 J.76E-05 

40 1.SOE-05 

200 1.9SE-05 
Fine SAN D 

300 99.8 99 .8 78 .21 780.5 0.639 0.390 10 2.28E-05 

20 2. 14 E-05 

30 1.83E-05 

40 1.62E-05 

300 I. 97E-05 

400 99.75 99 .7 78 .12 779.2 0636 0389 10 2.3 6E-05 

20 205E-05 

30 I.SSE-05 
40 1.52E-05 

400 1.95E-05 

500 9969 99 .7 78. 10 778 6 0 635 0 388 10 2.25E-05 
20 2.00E-05 

30 1.76E-05 
40 1.7 1 E-05 

500 1. 93E-05 
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C-I Photograph of the meter elec tronic box 
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Table D- l Comparison between the measured and predicted thermal conductivities ofreconstituted Soils. 

Conduction Models 

k 
k k 

k k 
k 

k 
k 

No. Soil Type ka lew ks 
Measured 

Series Parallel 
Geometric Maxwell 

Woodside 
Krupiczka 

Zehner & k Johansen 
(Min.) (Max) & Messmer Schlunder 

1 Dry Fine SAND 0.0257 0.6 8 0.15 0.06 4.83 0.82 0. 14 0.30 0.32 0.3 1 0.24 

2 Dry Medium SAND 0.0257 0.6 8 0.27 0.07 5.14 1.02 0.16 0.34 0.39 0.36 0.27 

3 Dry Coarse SAND 0.0257 0.6 8 0.25 0.08 5.45 1.28 0. 18 0.38 0.49 0.43 0.3 1 
4 Dry Silty CLAY 0.0257 0.6 2 0.25 0.05 1.06 0.25 0.10 0.20 0. 16 0.17 0.18 

5 Sat. Fine SAND 0.0257 0.6 8 2.75 1.38 5. 11 2.9 1 2.33 3.15 2.34 2.56 2.9 1 
6 Sat. Medium SAND 0.0257 0.6 8 3.34 1.57 5.53 3.37 2.68 3.5 1 2.68 2.92 3.37 
7 Sat. Coarse SAND 0.0257 0.6 8 3.72 1.57 5.53 3.3 7 2.68 3.5 1 2.68 2.92 3.37 
8 Sat. Silty CLAY 0.0257 0.6 2 1.52 0.88 1. 23 1.03 1. 04 1.05 1. 03 1. 03 1.03 

Conduction Models Factor 

k k k 
k 

No. Soil Type ka kw ks 
Campbell 

Numerical F B 
Kersten DeVries 

Simulation 
1 Dry Fine SAND 0.0257 0.6 8 N/A 0.29 0.16 2.73 0.008 1. 983 

2 Dry Medi um SAND 0.0257 0.6 8 N/A 0.3 2 0.18 2.98 0.008 2.38 1 

3 Dry Coarse SAND 0.0257 0.6 8 N/A 0.35 0.2 1 3.24 0.008 2.892 

4 Dry Silty CLA Y 0.0257 0.6 2 N/A 0.22 0. 12 0.74 0.03 1 1.405 

5 Sa l. Fine SAND 0.0257 0.6 8 2.01 1.24 1. 86 3.20 0. 13 1 2052 

6 Sat. Medi um SAND 0.0257 0.6 8 2.28 1.1 8 2. 14 3.52 0.13 1 2.700 

7 Sal. Coa rse SAND 0.0257 0.6 8 2.28 1.1 8 2. 14 3.52 0.13 1 2.700 

8 Sa l. Silty CLA Y 0.0257 0.6 2 1.28 1. 25 0.84 1.1 4 0.258 1.002 

F DeVri es model's fac tor, B= Zehner & Schlun der model' s fac tor 



Table D-2 Compariso n between the measured and predicted thermal conductivities of natural Soils. 

Conduction Models 

k k 
k 

No. Sample No. Soil Type ka kw ks 
k 

Series Parallel 
k k Woodside 

Measured Geometric Maxwell & 
(Min.) (Max) 

Messmer 
1 BH9T nO.51 Sandy Sil ty CLAY 0.0257 0.5 6 2.45 1.52 4.22 2.81 2.42 2.96 
2 BH9T no.70 Sandy SILT 0.0257 0.6 4 1.61 1.17 2.54 1.77 1.95 1.93 
3 BH C13 88 Silty SAN D 0.0257 0.6 8 2.89 1.36 5.06 2.86 2.29 3.11 
4 BH C13 84 Silty SAND 0.0257 0.6 6 2.66 1.28 3.80 2.78 2.23 3.04 
5 BH C13 108 Sil ty SAND 0.0257 0.6 6 2.08 1.21 3.62 2.55 2.07 2.84 
6 BH C13 106 Silty SAN D 0.0257 0.6 6 2.29 1.19 3.58 2.51 2.04 2.81 
7 BH 11TB1 5 Coarse SAN D 0.0257 0.6 6 2.35 1.35 3.93 2.97 2.38 3.20 
8 BH 11T B10 Coarse SAN D 0.0257 0.6 6 1.64 1.58 4.32 3.58 2.84 3. 65 
9 BH 11T B1 2 Sandy GRAVEL 0.0257 0.6 6 0.72 1.42 4.06 2.63 2.52 2. 81 
10 BH 11T B1 4 Sandy GRAVEL 0.0257 0.6 6 1.00 1.60 4.35 2.97 2.88 3.07 
11 BH11T Grout1 GROUT (1-1) 0.0257 0.6 6 0.64 0.71 1.54 0.74 0.75 0.69 
12 BH 11T Grout2 GROUT (1 -2) 0.0257 0.6 6 0.61 0.70 1.49 0.73 0.74 0.68 
13 BH24 Grout1 GROUT (2-1) 0.0257 0.6 6 0.71 0.70 1.43 0.72 0.73 0.67 
14 BH24 Grout2 GROUT (2-2) 0.0257 0.6 6 0.77 _ '---- 0 .70 _ "---- 1.46 0.73 0.73 0.67 



Table D-3 Continue of table D-2 

Conduct ion Models Factor 

k 
k 

k k k 
k 

No. Sample No. Soil Type 
Krupiczka 

Zehner & 
Johansen Kersten Campbell 

k DeVries Numerical Fs Fa 8 
Schlunder Simulation 

1 BH9T nO.61 Sandy Silty CLAY 2.33 2.54 2.81 2.17 1.25 2.09 3.57 0.131 2.761 
2 BH9T nO.70 Sandy SI LT 1.58 1.70 1.72 1.67 1.20 1.76 2.12 0.131 1.721 
3 BH C13 88 Silty SAND 2.30 2.20 2.67 2.33 1 .11 2.72 3.11 0. 295 1.509 1.983 
4 BH C13 84 Silty SAND 2.25 2. 15 2.63 2.28 1.12 2.65 3.05 0.295 1.509 1.888 
5 BH C13108 Silty SAND 2.11 2.00 2.45 2.09 1.16 2.47 2.87 0.295 1.507 1.624 
6 BH C1 3106 Silty SAND 2.08 1.98 2.36 2.03 1. 12 2.39 2.81 0.295 1.513 1.580 
7 BH 11T B15 Coarse SAND 2.38 2.27 2.21 2.21 0.75 2.27 3.04 0.295 1.709 2.126 
8 BH11TB10 Coarse SAND 2.84 2.64 1.79 2.16 0.58 2.21 3.40 0.295 2.140 3.035 
9 BH 11T B1 2 Sandy GRAVEL 2.51 2.38 0.53 1.15 0.41 1.28 3.03 0.295 3.128 2.381 
10 BH 11T B14 Sandy GRAVEL 2.88 2.67 0.59 1.24 0.46 1.59 3.38 0.295 3.048 3.11 2 
11 BH11 T Grout1 GROUT (1-1) 0.87 0.73 0.72 0.64 1.21 0.64 0.70 0.131 0.221 
12 BH11T Grout2 GROUT (1-2) 0.87 0.72 0.70 0.61 1.22 0.63 0.73 0.131 0. 205 
13 BH24 Grout1 GROUT (2-1) 0.87 0. 71 0.71 0.61 1.23 0.63 0.67 0.131 0.187 
14 BH24 Grout2 GROUT (2-2) 0.87 0.71 0.71 0.62 1.14 0.64 0.62 0.131 0.196 

Fs & Fa = DeVri es model's factors, B= Zehner & Sch lunder model's factor 
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