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The present work is a contribution to description and understanding of the distribution and 

movement of water in swelling soils. In order to investigate the moisture distribution in swelling soils a 

detailed knowledge of volume change properties, flow characteristics and total potential of water in the 

soil is essential. Therefore, a possible volume change mechanism is first described by dividing the 

swelling soils into four categories and volume change of a swelling soil is measured under different 

overburden pressures. The measured and calculated (from volume change data) overburden potential 

components are used to check the validity of the derivation of a load factor, 01. Moisture diffusivity in 

swelling soil under different overburden pressures is measured using Gardner's (1956) outflow method. 

Behaviour of equilibrium moisture profiles in swelling soils is theoretically explained, solving the 

differential equation by considering the physical variation of individual soil properties with moisture 

content and overburden pressure. Using the measured volume change data and moisture potentials 

under various overburden pressures, the behaviour of possible moisture profiles are described at 

equilibrium and under steady vertical flows in swelling soils. It is shown that high overburden pressures 

lead to soil water behaviour quite different from any previously reported. 
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Chapter 1 

Introduction 

The efforts made by early soil researchers to discover and improve the nature of soil must be highly 

valued. As the demand for more food and the engineering requirements of society have increased, 

studies of soil science have become more essential than ever before. More time has recently been 

allocated to explore the nature of soil types which have not drawn much attention from soil scientists in 

the past. 

The major part of terrestrial soil is rigid whose pore geometry does not change with physical changes 

of the soil moisture. The nature of electric, van derWaalsand surface tension forces, together with 

complex pore geometry, ensures inhomogeneous and anisotropic distribution of properties and forces in 

the soil/liquid/gas system. In spite of this complexity, much progress has been made in this century 

(after the pioneering work of Buckingham (1907), Edlefson and Anderson (1943) and many other 

researchers, see Iwata et al. (1988» to establish the theory of distribution and movement of water in rigid 

soils. There may still be many properties yet to be found for efficient utilization of the soil in agriculture 

and for engineering purposes. 

Unlike rigid soil, the pore geometry of swelling soil tends to change with varying moisture content 

and the overburden soil pressure. Also,its role in agriculture is entirely different from that of rigid soil. 

Due to this distinctive nature, studies of swelling soil have drawn special attention from soil researchers 

during the past four decades. 

Swelling clays occur in most countries in different proportions and compositions. They may be 

found among different land forms such as level alluvial pans, gently sloping fans, floodplains, low 

tablelands and hilly lands. Although several types of clay occur in nature, the major concern of the 

present study is the moisture distribution in swelling clay soils which exhibit extensive volume change 

properties. A high proportion of clay size «O.002mm) particles is the most common property of all 

swelling clays. The size and the distribution of the clays is determined mainly by the type of parent 

material and climatic changes combined with various drainage mechanisms. 

Swelling clay soils belong to the 2: 1 layer minerals (one octahedral sheet sandwiched between two 

tetrahedral sheets) known as Montmorillonite. The swelling properties of these clays are mainly 

determined by the type and the amount of exchangeable cation adsorbed on the clay plates which satisfy 

the net negative surface charge resulting from the isomorphous replacement of Si+4 by Al+3 in the 

tetrahedral layer and of Al+3 by Mg+2 in the octahedral layer. The volume change and swelling of the 

clay results from the absorption of water molecules to form hydration cells by the exchangeable cations 

around the clay plates. 

Is the study of water distribution in swelling soils important? I have dealt with disastrous seepage 

problems encountered with large earth dam reservoirs and farm distribution canals during my work with 

the Mahaweli Development Board in Sri Lanka (1979-1983). Although those problems were controlled 
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at high cost, they would have been completely eliminated during the construction or even after the 

completion of the work, if the understanding of swelling soils had been efficiently used. Some of the 

reservoirs and the field canals were built on clay pans more than five metres in thickness. Severe 

seepage was observed continuously during the irrigation season due to cracks formed in the well

compacted earth dams. It was a surprise to discover that the cracks occurred in the earth dams when the 

canals and the reservoirs were full but not when they were empty and dry. Even though the cracks were 

grouted with bentonite, similar seepage was observed during the next seasons due to the uneven swelling 

of the subsoil layer. 

Such volume change in field soil is a major problem to civil engineering structures. Time and money 

can be saved if sufficient knowledge of volume change in the field soils is available. I also had the 

opportunity to study more appropriate methods of sealing earth dam reservoirs using bentonite with 

different surface mulches to reduce crack formation of sealing clay layers prior to this thesis research. I 

was astonished by the high rates and the massive scales of earth flows at Mangatu forest (north of 

Gisborne, east coast, North Island, New Zealand). Usually these earth flows are associated with swelling 

clays and greatly influenced by the reducing shear strength due to volume change of clay against 

overburden soil pressure. Such mass movements indicate that the pore water pressure which reduces the 

effective soil stress is greater than the values predicted using conventional potential components of the 

soil water and highlight the necessity of the study of moisture movement in swelling soils. 

Better understanding of the behaviour of the moisture profiles in swelling soils is important for 

efficient irrigation when cultivating land with high swelling soil content and also to control the water 

table which could lead to salt accumulation on or near the soil surface. The permeability of swelling 

soils is considerably lower than rigid soils and retain considerable amounts of water even under large 

tensions. They also have the ability to retain most of the ions which are beneficial to plant growth. These 

properties indicate the desirability of clay in agricultural applications. 

The property of variable geometry of a swelling soil structure makes it hard for soil researchers to 

apply to swelling soil the existing theory which is applicable to rigid soil. Since the work of Coleman 

and Croney (1952), Smiles and Rosenthal (1968), Philip (1969a,b,c).Philips and SQ1iles(1969), 

Groenevelt and Bolt (1972), Sposito (1972,1973,1975), Talsma (1974" 1977a, 1977b), Talsma and Lelij 

(1976) and many other researchers the distribution and movement of water in swelling soils have been 

better understood. A comprehensive review of this history and these concepts is recently given by Yong 

and Warkentin (1975) and Iwata, Tabuchi and Warkentin (1988). It may not be easy to develop a 

satisfactory theory and test methods to describe the hydrology of a swelling soil without simplification 

of the actual field problems. Special types of flow equations have been used to study water movement 

in field soils with appropriate assumptions to simplify the complicated actual flow problems (see 

Smiles 1984). 

To avoid the problems in working with a physical Eulerian coordinate system which arise from the 

varying geometry of swelling soils, Smiles and Rosenthal (1968) introduced the material coordinate 

system (referred to which the solids are at rest). Philip (1969a) introduced a new potential component of 

the soil water similar to the one proposed by Coleman and Croney (1952, see Philip 1969a and Youngs 

and Towner 1970), which arises due to the volume change against the overburden pressure. 
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Employing the mathematical techniques developed to analyse the moisture distribution of rigid soil, 

and the material coordinate system, the theory of moisture movement in swelling soil has been 

investigated by Philip (1969a,1969b,1969c,1969d,1970a,1970b, 1971,1972) and Philip and Smiles 

(1969). The flow characteristic (moisture diffusivity), which is important in the diffusion equation in 

swelling soil, has been measured by several soil scientists, including Smiles and Rosenthal(1968), 

Smiles (1972,1973,1974,1976,1978), Smiles et al.(1985), Perroux and Zegelin (1984) Nakano et 

a1.(1986) and Kirby and Smiles (1988). Measured profiles of moisture, and moisture potentials in the 

field- swelling soils of Talsma (1974) Talsma and Lelij (1976) and Talsma(1977a, 1977b), showed 

approximate agreement between Philip's proposed theory and the actual moisture distribution in field

swelling soils. 

Although all of this pioneering work was developed considering the volume change and its effect on 

the moisture potential of the soil water, the effect of overburden pressure on the volume change and 

therefore on the new overburden potential component has been assumed to be negligible. If the effects of 

overburden pressure on the volume change are considered, diffusivity and the void ratio (volume of 

voids /volume of solids) become functions of both moisture ratio and the overburden pressure leading to 

a complicated diffusion equation without a definite solution. An attempt has been made in this study to 

explore the effect of overburden pressure on volume change, moisture potential and moisture diffusivity 

of swelling soils and their influence on the equilibrium and steady state moisture distribution in 

swelling soils. It extends theoretical work such as that of Philip (1969a,1969b,1969c) relating to the 

overburden component of total potential in swelling soils - a component not considered for rigid soils. It. 

is shown that high overburden pressures lead to soil water behaviour quite different from any previously 

reported. 

1.1 Volume change of swelling soils 

The most distinctive engineering properties of a swelling soil arise due to its volume change 

characteristic with changing water content and overburden pressure. Therefore in Chapter 2 various 

volume change mechanisms previously proposed are briefly mentioned. A general volume change 

mechanism with overburden pressure is explained by dividing swelling soils into four different 

categories from an ideal clay/water system to real mixed field soils. Using a specially designed 

experimental method to measure the volume change only under desorption conditions, volume change 

of the four swelling soil systems is measured under different overburden pressures. The effect of ionic 

concentration on the volume change is also tested for an ideal clay/water system for two different ionic 

concentrations. These volume change results are used to plot a family of experimental e(8,p) curves 

which are compared with earlier results (see definitions of e,8,p Chapter 2). 

1.2 Total potential and its components for soil water in swelling soils 

There exists some confusion on the various potential components of soil water in swelling soils. The 

new potential component which was introduced by Coleman and Croney (1952) and Philip (1969a) was 

based on the volume change of swelling soils 'Yithout the effects of overburden pressures. Although this 

has been corrected by Philip(1970a) and Groenevelt and Bolt(I972), no experiments have been 

performed to test the validity of the relation (load factor,O/) between the overburden pressure, p, 

moisture ratio, 8, and the void ratio, e.(Overburden potential component is given by 0/(8,p)*p). In 

Chapter 3 earlier definitions of the water potential components are briefly discussed and the load factor 
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is rederived using basic principles of thermodynamics. Experiments have been performed to test the 

validity of the derived relationship. The experimental results for volume change from Chapter 2 are 

also used in testing the derived relationship. 

1.3 Measurement of moisture diffusivity in swelling soils 

Measured values of moisture diffusivity are required to use the flow equation for swelling soils. 

Most of the moisture diffusivities measured by earlier researchers were limited to two-component 

(saturated) pure clay/water systems without the effects of overburden pressures. Such data may not be 

applicable to the moisture flow behaviour in unsaturated mixed field-swelling soils subjected to various 

overburden pressures. In Chapter 4 various methods which have been used to determine the moisture 

diffusivity of swelling soils by previous workers are discussed. Gardner's (1956) outflow method, which 

has been refined by Miller and Elrick (1958) and Kunze andKirkham(l962~ is selected to measure 

moisture diffusivity of swelling soils under overburden pressures. Possible reasons for obtaining the 

results, which were entirely different to the earlier results, are presented. 

1.4 Equilibrium moisture profiles in swelling soils 

Introducing the new overburden potential component of soil water, Philip (1969a,1970a) described 

three types of equilibrium moisture profiles in swelling soil. He also showed that the hydrology of a 

swelling soil is entirely different from that of a rigid soil due to increase of overburden potential 

component with decreasing gravitational potential component. In these analyses, the effect of 

overburden pressure was assumed to have negligible effect on the volume change. Therefore the void 

ratio was taken as a unique function of moisture ratio and this gave rise to some uncertainties in 

prediction of a zone of air under the water table. In Chapter 5 Philip's work has been extended to explore 

the equilibrium moisture profiles in swelling soils with the effect of overburden pressure included. 

Volume change properties obtained in Chapter 2 are used to plot several theoretical equilibrium moisture 

profiles for selected surface moisture ratios and a simplified experimental model is used to test the 

validity of the theory. 

1.5 Steady vertical flows in swelling soils 

Philip(1969c,1969d,1971,1972) and Sposito (1975) showed that moisture flow in swelling soils is 

possible from drier regions to wetter regions due to the new potential component arising from the 

volume change against the overburden pressure. The overburden pressure was not considered in the 

development of the theory. Philip described possible types of steady moisture flows for relevant 

moisture ratios at the surface and at large depths. Employing the general volume change and hydraulic 

conductivity characteristics of swelling soils subjected to overburden pressures and a simplified 

theoretical model, possible types of steady vertical flows are shown for moisture ratios at the surface and 

at large depths. Present theoretical predictions are compared with Philip's work. 

1.6 Conclusion 

Chapter 7 discusses the outcome of the present study and suggests possible future developments of 

the present experimental work. 
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Chapter 2 

Volume change of swelling soils 

2.1 Introduction. 

The phenomenon of volume change in cracking clay soils during change of moisture content has long been 
recognized and was subjected to careful investigations by soil scientists during the nineteenth century (see 
Tempany (1917». Different mechanisms have been proposed to describe the volume change of swelling soil in 
the past (Tempany (1917),Hains (1923), Lauritzen & Stewart (1941), Warkentin and Bozozuk (1961), Yule & 

Ritchie (1980a,1980b». Many soil researchers showed that swelling soils change their volume in three 
different stages from saturation to air dry. These three stages have been called normal, residual and zero 
shrinkage phases respectively (Tempany (1917), Hains (1923), Lauritzen & Stewart (1941), Stirk (1954), 
Warkentin and Bozozuk (1961), Fox(1964), Philip (1969), Groenevelt and Bolt (1972), Talsma (1977), and 
Giraldez (1983a,1983b); see also Yong and Warkentin (1975 Chapter 6». Some workers observed that the 
actual volume change occurred only in the normal volume change phase (Yule and Ritchie (1980a,1980b». 
Several attempts have also been made to develop theoretical relationships between volume change and the 
water loss by Aitchison and Holmes (1953), Fox (1964), Groenevelt and Bolt (1972), Yule and 
Ritchie(1980a), Yule (1981), Mcintyre (1981) and Giraldez (1983a,1983b). Volume change ofa swelling soil 
column at different depths can be effected by varying overburden pressure. Such influences have been studied 
by Groenevelt and Bolt (1972), Talsma(1977b) and Giraldez (1983b). 

The effect of volume change on total soil water potential was investigated by Coleman & Croney(1952) 
(see Philip (1969a), Youngs and Towner (1970), Philip (1969a,1970b,1971 ,1972), Groenevelt & Bolt (1972), 
Sposito (1972,1974) and Talsm<;l (1977b». Philip described different types of moisture profiles in swelling 
soils during steady vertical flows and under equilibrium conditions. In his calculations the effects of 
overburden pressure on volume change have been assumed to be negligible. But it is evident that the 
overburden pressure consolidates plastic soils. As the early work which has been carried out to investigate 
properties of volume change of swelling soils has always been limited either to experiments without 
overburden pressure or with small overburden pressures (Talsma (1977b», it is the purpose of the present 
work to investigate the effect of overburden pressures on the volume change of swelling soil. Although more 
realistic volume change/water content data can be obtained using in situ measurements, difficulties may arise 

in measuring these properties for large overburden pressures in the field (see Jayawardane et al. (1987». 
However, knowledge of volume change properties of swelling soils subjected to overburden pressures is 
essential in calculating total soil water potentials and evaluating different moisture profiles in swelling soils 
under equilibrium and steady state conditions (see Chapters 5 and 6). 

2.1.1 Summary 

General mechanisms of volume change of different soils are explained here by dividing swelling soils into 
four categories ranging from ideal clay/water systems to real mixed field-swelling soil systems. The effect of 
overburden pressure on the volume change of such swelling soils is also discussed. In order to test the theory, 
volume change accompanied by the water loss of different soils during drying is measured under a range of 
overburden pressures by introducing a special experimental method. The three shrinkage phases were clearly 
recognized. Air entry point, final void ratio and the range of residual shrinkage phase decreased as the 
overburden pressure increased. The shrinkage lines obtained for real mixed swelling soils under different 
overburden pressures were not parallel to each other. This indicated that the load factor is significantly 
influenced by the overburden pressure, and the latter cannot be neglected in calculating the overburden 
potential component of the soil water. 
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These data are employed to evaluate the variation of load factor (0/) with moisture ratio (9) ofremoulded 
swelling field soils for different overburden pressures. 

2.2 Literature review. 

Tempany (1917) attempted to investigate the basic mechanisms of volume change of clay and the 
relationship between shrinkage and water loss. As a result he recognized the linear volume change property of 
clay, where the decrease in the volume of the soil is equal to the volume of water loss, during the early stage of 
the drying process from high moisture content. He also reported two other stages of the drying process, where 
the decrease in moisture is accompanied by a smaller reduction in the volume of soil than the volume of water 
loss, and the final stage where there is no volume change during further reduction of water content. The three 
shrinkage phases described above are known as "normal", "residual" and "zero" shrinkage phases 
respectively (see Groenevelt and Bolt (1972) and Yong and Warkentin (1975 p. 199». 

The results obtained from shrinkage measurements on remoulded soil blocks enabled Hains (1923) to 
confirm Tempany's results. He also observed a zero shrinkage phase even before the normal shrinkage phase 
begins. A volume change similar in behaviour to this has been recognized by Lauritzen & Stewart (1941), Stirk 
(1954) and Yule & Ritchie (1980a,1980b). This initial zero shrinkage phase has been called the structural water 
loss phase. The relationships of normal and residual phases to their soil moisture tensions have been studied by 
Holmes(1955) using remoulded and natural aggregates; they agreed with the early results of Tempany (1917) & 

Hains (1923). The effects of mineralogical composition, adsorbed organic materials, exchangeable cations and 
ion content on volume change have been reported by Davidson & Page (1956). The experimental work of Fox 
(1964) described one-dimensional normal shrinkage over the higher moisture range and normal, three
dimensional and equidimensional volume change over the lower moisture range. Detailed work by Berndt & 

Caughlan (1977) on undisturbed soil cores showed little support for Fox's hypothesis. Warkentin and Bozozuk 
(1961) observed a three-dimensional volume change of two Canadian clays at the beginning of the drying 
process from saturation. Their results also indicated that particle arrangement has a strong influence on the 
volume change of swelling soils and showed that remoulding of soil improves the parallel particle orientation 
which leads to low volume regain on wetting. Repeated drying and wetting cycles will improve the reversiblity 
of volume change (Warkentin and Bozozuk (1961». The influence of the type of soil structure on the volume 
change has been explored, measuring the volume change of undisturbed soil cores and compacted samples 
during repeated wetting and drying cycles, by Parker, Amos and Zelazny (1982). They reported that expansion 
due to double layers and variations of the soil structure have major importance for the volume change of 
swelling soils. 

Summarizing these results, a general description of the shrinkage curve can be produced. Usually a 
shrinkage curve is one which shows the relation between the void ratio (e) and the moisture ratio (9). 

Vv 
Void ratio (e) = 

Where 
Vs 

Vv = volume of voids 
V s = volume of solids 
Vw = volume of soil water 

Moisture ratio (9) = 

(pore fluid is considered as pure water with negligible salt concentration) 

Vw 

Vs 
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The general shape of the shrinkage curve presents four well- defined parts, starting from saturated 

conditions (e=esat) when the soil is in a highly swollen state. The gradual loss of moisture from this saturated 

state will cause a decrease in total volume of the system. The change of total volume is approximately equal to 

the volume of water loss as long as the system remains saturated. This stage has been tenned the "normal 

shrinkage phase" (e>eR and de/de=1); it produces a straight line with unit slope when (e) is plotted against 

(e). This nonnal shrinkage line will not extend to the origin as in the solid line of Fig 2.1, for soil with 

irreducible structural voids. For ideal clay/water systems where there are no irreducible voids, the nonnal 

range extends to the origin from saturation with unit slope (Groenevelt and Bolt(1972) and Sposito (1973». 

The nonnal shrinkage line for such ideal clay/water systems is known as the "load line", Figs 2.1 and 2.4. The 

soil water system will reach a point (8=eR) where air begins to enter into the pore spaces. Thereafter the 

volume of the system does not reduce by as much as the volume of water loss, during further decrease of water 

content. This stage is known as the "residual shrinkage phase" (aB>e>e* and de/de <1). It has a curvilinear 

fonn which extends to the "e" axis and intersects it either at zero gradient (de/de = 0) or with a positive 

gradient depending on the microstructure of the system. If the gradient of the residual phase at zero moisture 

ratio is zero (de/de = 0), then the zero range is known as the "zero shrinkage phase" (9* >e>o and de/de=O), 

where there is no apparent volume change of the soil water system accompanying further reduction of water 

content (Hains (1923), Philip (1969a,1971,1972), Groenevelt and Bolt (1972), Talsma (1977b), Giraldez 

(1983a,1983b». 

Void ratio, e 

Shrinkage water loss phase Structural water loss phase 

1-- ---=::=--=_1 ----!...\ ----+-' ~! I :: = 0 .-- .. 1_ L. 

Zero shrin~age or residuaL 
water loss phase. 

de 
_ .. 0 

/. __ ---'------.---Air entry point (ea , e a ) 

... : ... _---'--..... ___ .-- Normal shrinkage phase 
de 
- = 1 

, de 

t-----___ , .... ..--_--=--__ -,-___ Residual shrinkage phase 
, de 

eO< 

I - < 1 
I de 
I 

ea 

Moisture ratio, 9 

Figure 2.1 
Volume change diagaram (Shrinkage diagram) of swelling soils 

Dashed path is according to Yule and Ritchie(1980a) 
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Yule & Ritchie (1980a),presenting a different approach to describe the volume change behaviour, 
suggested that the actual volume change occurs only during the normal shrinkage phases. They proposed 
three water loss phases, instead of three shrinkage phases. Initial water loss from the soil may not effect 
the total volume of the system if the water is expelled from rigid structural voids (Hains (1923), 
Laurtizen & Stewart (1941) and Yule & Ritchie (1980a,1980b». This stage, which is known as the 
"structural water loss" (8sat>8>eS and de/d8=0) phase may continue until the moisture ratio 
approaches 8=8s ,as in the dashed line of Fig 2.1. Further water may be expelled from the variable voids 
where the volume of water loss is equal to the volume of void reduced. Cracks formed during this stage 
are considered as the void volume of the system. This stage, which is similar to the normal volume 
change phase is called the "shrinkage water loss phase" (eS>8>8* and de/de=1) and may extend to 
8=8* with a slope of de/d8= 1. Beyond this point there is no apparent void volume change with removal 
of water from the system. This stage is similar to the zero shrinkage phase and is called the "residual 
water loss phase" (e* >8>0 and de/d8=0) and may extend to the 'e' axis with a slope of de/d8=O. 

The marked difference between the two theories is the broad transition phase (curvilinear shape) of 
the residual shrinkage phase of the early theory, instead of a "zero gradient residual water loss phase" of 
Yule & Ritchie's theory. Yule & Ritchie suggested that the reason for curvilinear shapes of the residual 
shrinkage phase of the early theory is non-homogeneous moisture content across the clay/water system 
resulting from excessive drying rates. 

The early work carried out to investigate the properties of shrinkage curves for swelling soils has 
always been limited to experiments without overburden pressures. Although Coleman & Croney (1952) . 
and Philip (1969a) formally considered the influence of volume change on total moisture potential of 
soil water, the effect of overburden pressure on volume change has been ignored or assumed to have 
negligible effect. 

Several relationships have been presented in the literature to predict physical properties of swelling 
soils in terms of moisture ratio, void ratio, vertical shrinkage and bulk density of the soil and they have 
been well-supported by experimental work conducted in the laboratory and the field (Aitchison and 
Holmes (1953), Fox (1964), Berndt and Coughlan (1977), Yule and Ritchie (1980a,1980b), Yule (1981), 
McIntyre (1981) and McIntyre et al.(1982a». Groenevelt and Bolt (1972) derived a semiempirical 
equation with three parameters to describe the shrinkage behaviour of pure clay under various 
overburden pressures. A universal function which describes the properties of the shrinkage curve for 
common swelling soils for which three parameters are known has been developed by Giraldez 
(1983a,1983b). His work has been extended to propose a physically-based equation with two adjustable 
parameters to describe the shrinkage behaviour of swelling soils under very small overburden pressures. 
The two parameters are the slope of the load line and the air entry value. The only available 
experimental data to test these theories appear to be those of Talsma (1977b). These data are not 
sufficent to evaluate the overburden potential component arising from the localized volume changes 
against the respective overburden pressures. 

By measuring the vertical shrinkage and water loss from clay paste under different overburden 
pressures from 0.02 kPa to 11.2 kPa, Talsma (1977b) reported that properties like gradient of the 
shrinkage curve (de/d8) do not strongly depend on the overburden pressure. Giraldez (1983b) attempted 
to fit these results to Groenevelt and Bolt's (1972) model with little success. These experimental results 
may not be sufficient to confirm either Groenevelt and Bolt's semiempirical equations or Philip's 
(1969a,1972) examples of equilibrium moisture profiles in swelling soils. 
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With increasing compaction -Chang and Warkentin (1968) observed an increase in the total volume 

change for large aggregates and a decrease in the total volume change for smaller aggregates. Volume 

change limits (Sa and S*) decreased with increase in compaction level. However the volume change 

measurements were taken after removing the compacting loads and therefore samples were not subjected 

to continous overburden pressures. 

Experimental results of Berndt & Caughlan (1977) on large and small cores of undisturbed field 

soils showed that the volume change of field soils is mostly three-dimensional and normal. The reason 

for obtaining normal and uni-dimensional volume change results for field soils was given as the use of 

small core samples extracted within vertical cracks which reduces further horizontal shrinkage of the 

small cores at larger moisture ranges. McIntyre et al's (1982a) results showed that some water absorbed 

by structural pores during ponding does not contribute to the volume change behaviour of field soil. 

After examination of previous work to derive bulk density and water content relations, and using insitu 

swelling measurement techniques in different layers of moderately swelling, transitional, red-brown 

earth, Jayawardane and Greacen (1987) suggested that the swelling was less than normal over the entire 

range of measured moisture content. 

It is evident that the measured volume change properties of swelling soil varied according to the 

methods adopted, composition of soils, dimensions of the samples and the sampling moisture range. It 

may be difficult to propose a universal volume change mechanism common to all swelling soils for the 

entire moisture range from saturation to air-dry due to the complicated nature of volume change. In 

order to calculate the overburden potential components at different soil depths (different overburden 

pressures) sufficent data of e-S-p must be available for the soil concerned. Therefore measurements of 

the properties of volume change of individual swelling soils subjected to varying overburden pressures 

may be essential in studying the flow characteristics of the soils concerned. 

2.3 Theory 

In the present work possible volume change mechanisms are proposed to represent most commonly

occurring terresLrial swelling soils after carefully considering the available theories and experimental 

results of volume change of swelling soils. Before going into the details, it is of interest to recall the 

basics of swelling mechanisms of clays. The study of soil volume change started in the nineteenth 

century. During the past three decades, tile use of DLVO theory (sec Iwata et al. (1988 Chapter 3» has 

become of major importance in describing the swelling and shrinkage mechanisms of clay. 

Most of the expanding-type clays are made up of one sheet of alumina octahedra (AI2(OH)6) 

sandwiched between two silica teLrahedra (Si40 lO) sheets. Due to isomorphous substitution of Sif4 by 

Al+3 and AI+3 by Mg+2, the surface of the clay plate carries extra negative charges which are 

compensated by an equal number of positive charges of cations such as Na+,K+,W,Mg+2,Ca+2, 

etc.These are either adsorbed at the clay surface or swarm in the surrounding soil solution. Upon wetting 

a dry clay mass, polar water molecules penetrate between the clay plates and the cations dissociate, 

diffusing away from the clay surface. Some of the dissociated cations are electrically atLracted to the clay 

surface due to its negatively charged surface. The final result is a minimum free energy condition with 

higher cation concentration closer to the clay surface and gradually decreasing cation concentration with 

distance away from the surface. The layer of cations more or less fixed to the surface is called the 'stem' 

layer while the swarm of cations is called the 'diffuse' layer. Together, the surface acting as anions and 
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the swann of cations fonn the electrostatic double layers. Usually the double layers of adjacent clay 
plates overlap. At low moisture content, the double layers are prevented from extending to their full 
potential, and are known as truncated double layers. So the cation concentration in the double layers 
increases and it exhibits the capacity to absorb water from the external soil solution, if available, by 
osmosis. 

In a real pure clay/water mass, at the lower moisture range the clay plates are usually supported by 
the adjacent clay particles. These exert randomly oriented resistive forces against any movement of the 
clay plates. If free water is available in the soil mass, the clay plates will expand by absorbing the water 
and increasing the double layer thickness until the repulsive forces exerted by the surrounding grains 
equal the swelling pressure developed in the double layers at equilibrium. Such a phenomenon is known 
as 'swelling'. It has been shown ( Schofield (1946), Bolt (1955), Warkentin et al.(1957) see Yong and 
Warkentin (1975 p.207-212) and Iwata et al. (1988 p.155-165» that the degree of swelling (swelling 
pressure) depends strongly on factors such as type of cation, orientation of the clay plates, concentration 
of the pore fluid, surface charge density, dielectric constant, and temperature. The process opposite to 
this, when removing water from the double layers during drying a clay/water mass, will cause the clay 
plates to approach each other by quasi-rigid water structures surrounding the clay crystals; this is known 
as 'shrinkage'. This volume change behaviour arising from the physico-chemical interactions in the 
double layers is reversible if the physical,structuniIand chemical conditions remain unchanged. 

There is no evidence to show that coarse-grain soil particles either fonn electric double layers or 
carry excess surface charges and so they are not subject to volume change with varying moisture 
content. 

To investigate the volume change behaviour of swelling soils in general, swelling soil is divided into 
four major categories: 

1. Ideal clay/water systems 
2. Real clay/water systems 
3. Ideal mixed systems 
4. Real mixed systems 

The theories of shrinkage for each system will be discussed using fluid mechanical tenns and 
subjected to tests individually. The term "clay/water system" is used to represent cases when the soil 
system is either saturated or unsaturated. The clay used in the present study mainly belongs to the 
montmorillonite group (expanding lattice type) which shows extensive volume change properties with 
change of moisture content. 

2.3.1 Ideal clay water systems. 

We consider a clay/water system which consists of thin clay mineral sheets of expanding lattice type, 
oriented in a perfectly parallel array. In such clay/water systems an infinite number of sheets with 
uniform thickness are equally spaced with overlapped and interacting double layers, Fig 2.2. The extent 
to which the clay plates separate depends on several factors such as the type of cations present, ionic 
concentration of the soil solution, surface charge density, dielectric constant and temperature (Bolt and 
Miller (1958». There is evidence to show that the plate separation can exceed 100 ~ (10-8m.) in highly
diluted clay suspensions. The space between two clay plates, where the electric double layers are 
present, is called "Intra-micellar pores". We assume the pore volume present in such ideal clay/water 
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systems arises only from these intra-micellar pores. When saturated, this ideal clay/water system is 
considered to be free of entrapped air and double layers are extended to their total potential. During 

the early stage of drying, water will be removed from these intra-micellar pores, which may contain 

several water layers. 

The inter-particle dis Lance will decrease with removal of water from the double layers causing a 
decrease in total volume of the system. Air will not enter the pore spaces between the plates as long 
as the parallel arrangement of the plates is maintained, while decreasing the inter-particle distance. A 
linear, normal volume change will result, where the volume change is equal to the volume of water 
expelled. This volume change is more likely to be one dimensional and vertical due to perfect parallel 

orientation of clay plates (Warkentin and Bozozuk (1961». So the system will remain saturated 

throughout the entire drying process, as there is no resistance to reducing the interparticle distance 

while the pore fluid is being expelled. 

When the clay plates approach each other very closely, short range attractive forces such as 

London-van der Waals and localized chemical forces come into action. Cations intermingle to form 

a stable unified layer of positive charges sandwiched between two negatively charged clay surfaces. 
Such an ideal clay/water system may be formed into one solid unit after drying to zero moisture 
content. In the presence of divalent cations, these units are very stable and during hydration, clay 
sheets may not be separated in the presence of polar liquid. Drying an ideal clay/water system to 

lOS0C (oven dry) will remove all the water layers present between the clay plates (intra-micellar 

pores). Although the clay plates are perfectly aligned and contact each other on their plane surfaces at 

this stage, the volume of voids may not be reduced to zero due to irregularities of the clay surface and 

the voids created by the holes in the hexagonal oxygen rings of the silicon tetrahedra sheets. Some 

water molecules which do not belong to the clay structure itself, may become trapped in these voids, 

and heating beyond oven dry may remove such entrapped water. A further reduction of volume of 

voids will not result during the removal of such water present in these irreducible voids. 

r-===============~~ IlItrll IJIlcelllll' I'III"e:. 

clay plates 
=====1---

All ideal claJ/wuler sJslelll 

Figure 2-2 
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A theoretical relationship between void ratio (e) and the moisture ratio (8) for ideal clay/water 
systems during volume change can be shown as follows: 

1. Total volume of voids (V v) consists of reducible voids (Vr) (intra-micellar pores) and irreducible 
voids (Vir) due to surface irregularities of the clay surface and the pockets in the hexagonal 
oxygen rings of silicon sheets; 

[2.1] 

2. Total volume of water (V w) which is reducible, after oven drying (water in the reducible 
voids,Vr=Vrw and waterin irreducible voids, Virw) is given by; 

[2.2] 

Where 

e = Total void ratio 
er = Reducible void ratio 
eir = Irreducible void ratio 
8 = Moisture ratio 

The functions V wand V v can be written as ; 

[2.3] 

[2.4] 

The total differentials of V w and V v can be written as ; 

dVw = ~ dV ~d avrw rw +av. Virw 
1rw 

[2.5] 

dVv = ~ dV 
aVr r + ~ dV· aVir 1r [2.6] 

Until oven dry no water will be expelled from the voids, Vir 

From [2.2] 

and [2.7] 
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From [2.1] 

During saturation dVir = 0 and dVv = dVr = dVrw 

From [2.7] and [2.8] 

dVv=dVw 

de = 1 
de when saturated. 

[2.8] 

[2.9] 

After oven drying there remain no reducible void volume or water in those voids (V r = 0) dV r = 0, V rw 
= 0 and water will only be expelled from irreducible voids, Vir' At this stage dV v = dV ir = 0. The total 
differential of V w' is; 

dVirw 

dVw = dVirw;>li 0 

therefore dV yfdV w = 0 and de/de = 0 when unsaturated. 

Assuming the zero moisture ratio datum is at oven dry (105°C), we can neglect eir and draw the 
theoretical e,e relationship for an ideal clay/water system as shown in Fig 2.4 which is similar to 
Groenevelt and Bolt's (1972) load line for pure clay/water systems. 

2.3.1.1 Effect of overburden pressure on ideal clay/water systems. 

The chemical potential (total potential; see Iwata et al. (1988» of the intra-micellar pore fluid can 
be increased by imposing an overburden pressure on an ideal clay/water system. The magnitude of the 
overburden potential increase is equal to the overburden pressure applied. Subjecting such an ideal 
clay/water system to an overburden pressure, which is in equilibrium with free water, will gradually 
decrease the interparticle distance by expelling some of the intra-micellar pore fluid to the free soil 
solution until the applied overburden pressure is equal to the osmotic pressure developed in the intra
micellar pore fluid at equilibrium. The overburden pressures required to collapse the clay plates to very 
small interparticle distance (12xlO- IO m) at equilibrium conditions may be up to several bars (10 MPa) 
(Warkentin et al. (1957); Bolt (1958». Drying of such clay/water systems under overburden pressures 
will follow a process similar to this, but may not attain an equilibrium stage during the drying process. 
The final equilibrium stage will be reached by removing all the water in reducible voids at oven dryness. 
At this stage the total potential of the pore fluid disappears and the applied overburden pressure is 

entirely supported by the solids. 

Upon wetting (swelling), water molecules would penetrate between the clay plates, pushing the 
particles apart. Unlike drying, a non-uniform swelling curve can be expected due to the rapid wetting 
arising from the large potential difference between the wetting face and the dry central core of the soil 
mass. 
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Water may be absorbed into the intra-micellar pores producing irregular volume changes, due to 
releases of vectorially accumulated individual expansion stresses in the double layers between individual 
crystals. 

2.3.2 Real clay/water systems. 

Ideal clay/water systems do not occur naturally. Becoming a little more realistic I now consider a 
real clay/water system which consists of 100% pure clay of an expanding lattice type. A perfect parallel 
orientation of clay plates can not be expected even in clay water samples carefully dried from highly 
diluted suspensions. When such a system is saturated the water content can reach beyond 1500% by 
mass. At this stage it is evident that the geometry of the micro-structure of the system is complex due to 
randomly oriented quasi-crystals, which are generally in motion when saturated (Sposito & Giraldez 
(1976». 

The pore space of such highly disordered systems arises not only from intra-micellar pore volume 
but also from "Extra-micellar pore volume" which represents the spaces between the different quasi
crystals which are oriented in random directions. In the absence of a high percentage of coarse-grained 
soil particles, the total void volume arises only from those two kinds of pore volumes (Fig 2.3). The 
degree of disorder and the total pore space will again depend on the type of cations present, ionic 
concentration of the soil solution, temperature, dielectric constant and the overburden pressure applied. 
We assume that the system is free of air, and homogeneous when it is saturated with the soil solution. At 
this stage a large part of the total pore volume is occupied by extra- micellar pore spaces ( Collis-George 
(1955». 

During the first stage of drying from saturated conditions, water will first be expelled from the extra
micellar and intra-micellar pore spaces. While removing water from the extra-micellar pores, quasi
crystals approach each other as in ideal clay/water systems but reorienting in random directions, causing 
the total volume to decrease. As long as the quasi-crystals are unhindered and free to move around, the 
volume of water loss is equal to the total void volume and system volume change. Air can not enter into 
the pore spaces during a continuous decrease in pore volume, unless rigid voids are formed. As the 
rearrangement of clay particles takes place under the influence of gravity, a normal one-dimensional 
volume change can be expected while clay plates are reducing their gravitational potential energy. 
Further removal of water from the system will bring the quasi-crystals closer and closer together. At 
some stage they will be close enough to make direct contacts with each other and form a continuous 
rigid matrix enclosing the rigid extra-micellar pore spaces. These pore spaces and the quasi-crystals are 
more or less in locked positions and further removal of water volume from them will not cause a similar 
reduction of pore volumes and the total volume of the system. Removal of water from these more or less 
stable pore spaces may not impose large enough stresses to overcome the interlocking forces and change 
the geometric configuration of the soil matrix (Fig 2.3). 

With further drying, air will begin to enter into these stable rigid, extra-micellar pore volumes to 
replace part of the expelled water. Beyond this point shrinkage forces arising from the pressure 
difference across the curved air-water interface also come into action. Water in the intra-micellar pores 
may transfer into the extra-micellar pores (which have already been emptying) either as vapour or as 
liquid. Small individual quasi-crystals, which are scattered in these clay/water systems with parallel clay 
plates, can be treated as small individual ideal clay/water systems. After the air entry point, removal of 
water from these individual ideal clay/water domains will decrease the intra-micellar pore volume while 
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increasing thc surrounding sClili-rigid extra-micellar pore space resulting in a zcro nct void volume 

change. 

It is obvious that maintaining a uniform moisture content across the system is not possible. This 

depends on the size of the soil sample and the drying rate. Some of the rigid extra-micellar pore space 

inside the system may be filled with water while pores close to the drying surface are being emptied. 

This could become more marked with excessive drying rates. Therefore emptying both kinds of pores 

together will result in a non-linear residual volume change where the change of the total volume of 

the system is less than the volume of water loss (de/de < 1). 

Because the quasi-crystals are oriented in different directions, and their volume changes result 

from their respective directions, a three dimensional volume change can be expected. Gravity may 

have a small effect on changing the volume in the vertical direction due to the continuous rigid matrix 

present in the system after the air begins to cnter. This residual shrinkage phase will extcnd from the 

air entry point to the vcrtical"e" axis, intersecting it at a value equal to the final void ratio of the 

system at zero moisture content. 

2.3.2.1 The overburden potential. 

It may be necessary to consider the importance of the overburden pressure on volume change of 

soil, before its effects are briefly discussed. The concept of water potential and the capillary potential 

was first introduced by Buckingham (1907). Croney & coworkers (1952,1958 see Yongs and Towner 

(1970» presented the water potential of swelling soil as a sum of the matric potential and the 

overburden potential. In their work, overburden potential is evaluated by mUltiplying the overburden 

pressure 'p' by a compressibility factor, a', as 

o =a'p 

Where 

p = overburden pressure 

a' = compressibility factor, (see 3.2.2 and 5.2) 

In his classical theory of moisture movement in swelling soil, Philip (1969a,1971 ,1972» employed the 

term overburden potential, defining it as 

Where 

de 
o = - p(z) 

de 

p(z) = overburden pressure at depth z 

e = void ratio 

e = moisture ratio 
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After Philip(1970a) & Groenevelt and Bolt(1972), the overburden potential has been redefined as 

Where 01 is given by 

01 = fP_1 
o P [ ~: ]pdP 

9 = 9,T 

T = temperature 
p = overburden pressure 

The new definition shows that the overburden potential is a function of both void ratio and overburden 
pressure. 

2.3.2.2 Material coordinate system. 

The solids also move during unsteady moisture flow in swelling soil, and Darcy's law describes a 
flow relative to the solids. To avoid difficulties in working with a physical, Eulerian coordinate system 
for swelling soil, Smiles & Rosenthal (1968) introduced the material coordinate, m, (referred to which 
the solids are at rest) defined as, in one dimension, 

dz 
dIn = (l+e) 

Where z is the coordinate of the Eulerian (fixed reference) frame. It is very convenient to analyse 
unsteady flow problems in swelling soil using the material coordinate system, and once the analysis is 
completed it can be transformed back to the physical coordinate system. As the void ratio is a function 
of both 9 and p a detailed knowledge of shrinkage curves for soils subjected to various overburden 
pressures is essential in order to evaluate the overburden potential component of the total water potential 
and to work between the two coordinate systems. Few experiments have been performed to test the 
shrinkage process of swelling soils under overburden pressure conditions (Talsma (1977b), Giraldez 
(1983b)). 

2.3.3 Effects of overburden pressures on real clay/water systems. 

There is evidence to show that natural pure clay/water systems with (Montmorillonite) monovalent 
counterions form extra-micellar pore volume, which occupies more than 22% of of the total pore space, 
at the air entry point under zero overburden pressure conditions (Collis-George (1955)). The amount of 
these stable, extra-micellar pore volumes depends strongly on the initial moisture content when the 
drying begins. If the clay/water system is SUbjected to a drying process from a very high moisture 
content (suspension), where quasi-crystals are free to move and reorient to the minimum energy level, 
most of the crystals tend to reorder in a parallel array minimizing the extra-micellar pore spaces 
(Warkentin and Bozozuk (1961)). Therefore the value of the moisture ratio (8a) at the air entry point 
will decrease due to less volume of the extra-micellar voids. The range of the residual shrinkage phase 
also reduces and finally, if the crystals are reordered in a completely parallel array, this e-9relationship 
will coincide with that of an ideal clay/water system (load line). 
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If the drying process is begun with very low initial moisture ratio (but still saturated), a larger 
volume of extra-micellar pores may result, because there is less opportunity for crystals to reorder in 
parallel arrays. Under these conditions a continuous rigid matrix may form soon after the drying begins 
and will result in a broader residual shrinkage (transition) phase with a narrower normal shrinkage 
phase. Drying of a clay/water system is entirely dynamic in nature. It will not attain an equilibrium state 
during the drying process due to changing physico-chemical interactions in the double layers, and 
varying chemical potential of the pore fluid with removal of water leaving the salt behind. The final 
equilibrium state may reach oven-dry once all the pore water is expelled. 

Application of an overburden pressure to an ideal clay/water system will increase the chemical 
potential of the intra-micellar pore water by an equal amount as the system is saturated throu,ghout the 
drying process ( Philip(1969a), Groenvelt and Bolt(1972) and Talsma(1977a». This overburden 
pressure may increase the drying rate, due to the increased potential difference between the equilibrium 
soil solution and the intra-micellar pore fluid. On the other hand, application of an overburden pressure 
to a real clay/water system may increase the chemical potential of the pore fluid by an equal amount 
when saturated, but by a factor of less than one when unsaturated. The applied overburden pressure may 
force the crystals to reorder in parallel arrays or consolidate the soil reducing the extra-micellar pore 
volume, resulting in a lower moisture ratio at the air entry point (Fig 2.5). Therefore at this stage 
shrinkage is one-dimensional and vertical (see Yong and Warkentin (1975 p. 203-205». 

The most important influence of the overburden pressure will become evident when the real 
clay/water system begins to form a continuous rigid matrix at the air entry point. After the air entry 
point, part of the overburden pressure will be taken by the solid matrix, causing otherwise stable extra
micellar pores to collapse. The reduction in volume of these pores will depend strongly on the 
magnitude of the applied overburden pressure. Thin water films present between the crystals facilitate 
sliding of the clay crystals over each other and reorientation, reducing the large extra-micellar pore 
volumes. 

Reduction of these pore volumes under pressure after air entry may be less than the volume of 
water expelled, because of the resistive forces exerted by the rigid structure against change in extra pore 
space, formed after the air entry. However the maximum reduction in these pore volumes in using 
external energy, is approximately proportional to the amount of reducible extra-micellar pore volume 
present at the air entry value, because only part of these extra-micellar pores are going to be reduced in 
volume. The final void ratio at zero moisture content will depend on the magnitude of the applied 
overburden pressure. This void ratio can be called the "Irreducible void ratio" (eir) for the particular 
overburden pressure applied. Therefore the volume of extra-micellar pores at air entry (Ve> can be 
divided into two parts; 

1. Pore volume, V~r that could be reducible under an overburden pressure. 

2. Pore volume, V~ir which is irreducible under the same overburden pressure. 

After forming a rigid matrix at the air entry point, the effect of overburden pressure on reordering the clay 
crystals may reduce, due to low moisture content. Further decrease of volume can be caused by shrinking of 
both extra- and intra- pores in random directions resulting in a three-dimensional volume change. A higher 
air entry point could result in the absence of an overburden pressure to force the clay crystals to reorder in 
parallel arrays. In drying a real clay/water system in a laboratory, under an overburden pressure and with 
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laterally restrained conditions, a one-dimensional volume change can be expected due to forced reordering of 
the clay crystals, even although they are initially oriented in different directions, producing a narrower residual 
shrinkage phase than in the case without overburden pressure. ( Drying under zero overburden pressure, a higher 
air entry point and afterwards a three-dimensional shrinkage will soon begin even with laterally restrained 

conditions.) 

During a second drying cycle a similar e,a curve to the first drying cycle may result if the clay crystals are 

rearranged back to their original positions which change in a regular manner during wetting and drying cycles. 

The clay/water system may have to go through repeated drying and wetting cycles in order to form a 
dynamically stable microstructure of clay crystals, which thereafter change in a regular manner during further 
drying and wetting cycles under an applied overburden pressure (see Warkentin and Bozouk (1961)). These last 
systems will show reversible volume change properties. In ideal clay/water systems, the question of reversibility 

does not arise due to perfectly parallel ordered structures (moving like an accordion) during the whole drying or 

wetting processes. In real clay/water systems, it is not necessary to have crystals reordered in a perfectly 

parallel array (Warkentin et a1. (1957)) to exhibit reversibility of volume change. Reorientation of the particles 

will depend on the applied overburden pressure and also they may not rearrange below a threhold overburden 

pressure (see Chang and Warkentin (1968)). They can be rearranged in different permanent directions beyond 
such threshold pressure, which change their positions in a regular manner during the drying and wetting cycles. 

During wetting, the clay crystals will expand, due to osmosis, increasing the total volume against the 
resisting forces and developing overburden potential of the pore fluid. However it may be impracticable to 
observe and measure a reversible e-a relationship during a wetting process, because the micro-structure which 

obtains at the end of the drying process tends to be destroyed during wetting due to excessive uneven swelling 

forming internal cracks. The relationship between e,a and p for real clay/water systems can be presented by 

arbitrarily taking the zero moisture content to be at oven-dry (1050C). The irreducible void ratio arising from 

surface irregularities and holes in the hexagonal silicon tetrahedra sheets is ignored. 

1. Total volume of voids (V v) consisting of intra-micellar pores, Vi and extra-micellars pores 

(V e) is given by ; 

Vv = Vi + Ve [2.10] 

Part of the void volume, (vgr) of extra-micellar pores (V e) can be reduced by applying an overburden 

pressure 'p' during the drying process. 

The other part of the void volume, (vgir) of extra-micellar pore volume (Ve) may not be reducible under 
the overburden pressure 'p'. The volume change of intra-micellar pores,Vi, is independent of the 

overburden pressure. 

[2.11] 

[2.12] 

Vv 
I 

Vi Ve 
I 

V~r V~ir 



The void volume occupied by the surface irregularities and pockets of the hexagonal oxygen rings 
of silicon tetrahedra sheets is ignored ( irreducible void volume in ideal clay/water systems, Vir = 
0). 

2. The total volume of water (V w) is given by ; 

[2.13] 

V iw is the volume of water occupied by the intra-micellar pores and equal to Vi under all drying 
conditions. Because they act like small ideal clay/water systems all the time during drying, dViw = dVi' 
But after forming the rigid matrix, due to the interlocked clay crystals in different directions (formation 
of semi rigid extra micellar pores), reduction of intra-micellar pore volume may increase the size of 
extra-micellar pore spaces and may result in a zero net local void volume change and (avylaVi)=O. 

vgirw is the volume of water occupied by the irreducible extra-micellar pores under the 
overburden pressure p. Water occupied by the voids,Vgir will not begin to be expelled until the air entry 
point. Therefore dVgirw=O when saturated. This water will be removed after the air entry point, without 
reducing the void volume and dVgir = 0 but dVgirw ;o! 0 , when unsaturated. 

vgrw is the volume of water occupied by reducible extra-micellar pores under the overburden 
pressure p. This is equal to the vgr under saturated conditions until the air entry value. 

After the air entry point, there will be more resistance to pore space reduction due to interlocking 
of clay crystals, but water may be expelled from such semi-rigid voids in the form of vapour or liquid 
under a potential gradient. This expelled water volume will always be larger than the reduced volume of 
semi-rigid extra-micellar pores. 

Therefore after air entry dVgrw > dVgr, and at the beginning of the zero range, the volume of 
reducible extra-micellar pores is reduced to zero, vgr = 0, and dVgr = O. 

Vw 
I 

Viw V~w 
I 

V~rw vP. 
e~rw 

Functions V w and V v can be written as ; 

[2.14] 

[2.15] 
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Total differentials of V wand V v can be written as ; 

avw 
dVw = --- dViw + 

aViw 

From [2.13] 

avv 
dVv = --- dVi + 

aVi 

From [2.12] 

When saturated, 

avw 
--- dV~rw + 
aV~rw 

dVP. - dVP. - 0 ell"w - ell"-

then dV v = dV wand d(V vlV s) = d(V w'V s) 

V s = volume of solids is a constant, therefore de/de=1 when saturated 

After the air entry point, 

(a v vi a Vi) = 0 (net change of the void volume=O) 

dV~rw > dV~r' dV~irw '#- 0 and dV~ir = 0 

Therefore 

dV v < dV wand d(V,)V s) < d(V wIY s) 

and de/de < 1 when unsaturated. 

During the zero shrinkage phase no reducible void volume is left 

[2.16] 

[2.17] 

[2.18] 

[2.19] 

V~r = 0, dV~r = 0, but water in the irreducible voids may begin to disappear, dV~irw '#- O. 

Therefore 

dV v = 0 and dV w ~ 0 and de/de = 0 in zero shrinkage phase. 
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Philip (1969a,1971) assumed that the void ratio (e) is a unique function of moisture ratio (8), or, if 

there is any effect of overburden pressure on (e), then it is negligible. His hypothesis has been indirectly 

supported by Talsma (1977b), but insufficient data have been obtained to demonstrate its accuracy 
conclusively. The theory explained so far only shows the likelihood of an effect of overburden pressure 

on the e-8 relationship and the overburden potential at lower moisture content (below air entry value eg) 
but insufficient evidence has been found to relate eg to overburden pressure, p. 

2.3.4 Ideal mixed clay/water systems. 

Neither ideal clay/water systems nor real clay/water systems exist in nature. Natural soil is 
composed of soil grains with different sizes. The degree of volume change also depends on the 

proportion of clay belonging to the expanding lattice type present in the soil. We consider an ideal mixed 
clay/water system which consists of coarse-grained soil particles of different sizes, and a large enough 

percentage of clay to isolate the coarse-grained soil particles from direct contact with each other. 

Obviously the clay plates in such systems do not have a perfect parallel ordered structure similar to ideal 

clay/water systems. Preventing the direct contact between large soil grains, we expect the system to be 

free of a continuous rigid matrix at the beginning of the drying process. In these ideal mixed systems, 
large soil particles are uniformly scattered throughout the system and surrounded by randomly oriented 

quasi-crystals. We also assume the ideal mixed system is homogeneous and the coarse grained soil 
particles are capable of moving together with surrounding clay crystals without any relative movement 
between them, during the volume change process. 

Initially we consider that the system is saturated with soil solution, but the moisture content is not large 

enough to disturb the homogeneity of the system by sedimentation of coarse soil grains. Due to low initial 

moisture content (less chance for reordering the clay crystals) and large soil grains surrounded by 

randomly oriented clay crystals, the volume of extra-micellar pores at the beginning of the drying process 

can be higher than for the clay/water systems previously discussed. Therefore these clay/water systems 
tend to form a larger volume of reducible voids and higher moisture content at air entry, which is 

reducible under externally applied overburden pressures. The high initial air entry point will result in a 
broader residual shrinkage phase. 

2.3.5 Real mixed clay water/systems. 

Most naturally occurring swelling soils belong to this category. Real mixed systems are composed of 

various sizes of soil particles from clay minerals to large stones. Such systems can be considered as a 
mixture of 

I. Ideal clay/water systems 

2. Real clay/water systems 

3. Ideal mixed systems 

4. Coarse grained non-swelling soil systems. 

Coarse-grained soil particles may be scattered throughout the soil mass in different proportions. Some 

regions of the system could consist of large soil grains only, forming either reducible or irreducible rigid 

voids under overburden pressures. Pure clay without larger soil particles may occupy certain regions, 
which could be considered as small, isolated, ideal clay/water systems arranged in random directions. 
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Such pure clay/water colonies may occupy partially reducible rigid void spaces which are formed by the 
coarser soil grains. The double layer volume (intra-micellar pores) changes of the clay particles which 
occupy these voids mayor may not tend to alter the geometry of the matrix, as follows. 

These isolated clay masses inside the rigid voids will change their volumes similarly to ideal 
clay/water systems, discussed in 2.3.1. The effect of these individual volume changes on the surrounding 
soil matrix will depend on the amount of clay present inside the rigid voids, and physico-chemical 
interactions in the intra-micellar pore fluid. When the amount of clay present inside the rigid voids is 
small and randomly orientated, the swelling pressure developed by change of volume upon wetting may 
not be large enough to disturb the geometry of the voids. 

On the other hand, if the amount of clay present is large enough to exert swelling pressure, upon 
wetting to overcome the surrounding overburden pressure, the geometry of the voids as well as the soil 
matrix may change. These small local volume changes which take place at different places in the soil 
mass may contribute to the total volume change of the soil mass, by a factor equal to or less than 1 
depending on the amount of clay present in partially reducible voids (magnitude of the expansion). During 

drying, the volume of these small clay/water masses reduces, exerting stresses on the surrounding soil 
particles by the quasi-rigid water structure around the soil particles and cohesive forces between the 
particles. These stresses will bring soil particles closer together to form either the original soil matrix or a 
modified soil structure. If the soil particles are moved back to their original positions, making the same 
original matrix upon drying, the process can be considered as a reversible one. 

Once a rigid matrix has begun to form and the stresses imposed by the reducing curved clay/water 
interfaces are not large enough to change the pore geometry any further, these void volumes remain 
unchanged. The total volume change in such real mixed systems is complex due to unequal volume 
change in different parts of the system. During the first stage of the drying process of a real mixed 
clay/water system under zero overburden pressure from saturation, water in the rigid irreducible voids, 
which are formed by direct contacts of coarse grained soils, is the first to be drained without changing the 
total or void volume of the system. A tension of less than 1.0 m of water may be adequate to drain water 
in structural pores larger than 100 A 0 (10 micro metres) radius. This stage has been reported by several 
workers (Hains (1923), Lauritzen & Stewart (1941), Yule & Ritchie (1980a» and is known as the 
'structural water loss' phase, Fig 2.1. 

Further decrease of water content will remove water from both intra-micellar and the extra-micellar 
pores of small ideal and real clay/water masses together, causing an uneven volume change in different 
parts of the soil mass. Some of the water in reducible voids may begin to be replaced by air during a 
further decrease of water content due to the resistance force imposed against the volume reduction, by the 
rigid matrix. As the pure clay masses which are responsible for the volume change are randomly 
distributed in the real mixed system, with clay crystals oriented in different directions, a three
dimensional and equidimensional non-linear volume change could be expected. When unsaturated, 
removal of water from different parts of the system may exhibit volume change behaviour similar to that 
discussed in 2.3.2 and 2.3.3. 

Therefore a non-linear residual shrinkage will occur soon after drying begins from saturation 
conditions producing a broader residual range and a higher air entry value. So the volume change of 
individual clods and peds in the laboratory can essentially be three-dimensional and equi-dimensional if 
all the surfaces are exposed to similar drying conditions. However it is quite clear that a normal shrinkage 
(de/dE> = 1) is not possible in the real mixed system unless part of the rigid pores is forced to reduce its 
volume by means of an external force during drying (overburden soil pressure in the field). 
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A certain degree of reversibility can be expected in such systems, once the geometry of the microstructure 
of the soil mass begins to vary in a regular manner during drying and wetting after several repeated cycles. The 
moisture range over which the reversibility is maintained depends on the soil type. 

2.3.5.1 Effect of overburden pressure on real mixed clay/water systems. 

Part of the structural voids present in these real mixed systems tends to reduce in size when an overburden 
pressure is applied during the drying process. Therefore a wider normal volume change phase could be 
expected, when drying a real mixed clay/water mass under overburden pressures, depending on their 
magnitude. These volume changes may occur by slipping, bending, or breaking the particles. Such 
deformations may take place in different ways in different parts of the system. For example, round quartz 
particles may deform by rotational displacements and flaky material may deform by bending or breaking. If 
these permanent deformations are taking place in the system under an externally applied overburden pressure, 
and this process can be treated as an irreversible process. 

During the flrst stage of drying a real mixed system, under an overburden pressure, water in the reducible 
part of the structural voids will be drained causing an equal reduction in void and total system volume. 
Therefore a normal linear volume change may be observed instead of a zero volume change under a zero 
overburden pressure. This normal range may be extended to lower moisture ratios with further drying by 
expelling water from both reducible extra-micellar and reducible structural voids with equal reduction of void 
volume. 

air entry point of rea1 mixed clay/water systems 
under zero overburden pressure (e8,88) 

( . . ti 1 . de ~n~ a structural water 10ss phase -- = 0) 
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The system becomes unsaturated soon after the volume of the reducible structural voids (which are 
reducible under a particular overburden pressure) disappears. Afterwards water may be expelled from 
the irreducible part of the rigid structural voids, by replacing the voids with air. Volume change 

behaviour in different parts of the system can be varied according to the composition of the soil 

structure as discussed in sections 2.3.1, 2.3.2 and 2.3.4. During this unsaturated stage, the volume of 

the water expelled from the partially reducible voids is always less than the reduction of the void 

volume. A zero volume change may be observed once all the reducible voids have disappeared. 

Once the permanent deformations are completed after several drying and wetting cycles, the 
geometric configuration of the microstructure will attain a dynamic equilibrium state which will vary in 
a regular manner during subsequent drying and wetting cycles. The value of moisture ratio at the air 
entry point will decrease with increase of the overburden pressure, reducing the residual shrinkage range. 

The final irreducible void ratio for a particular overburden pressure obviously depends on the applied 

overburden pressure. A final stable micro-structure, resulting under a particular overburden pressure, 

may be changed for any other overburden pressures to form a different micro-structure to suit the new 

overburden pressure (Fig 2.5). 

The theoretical relationship between e and 9 is the same as that in a real clay/water system but with a 
higher irreducible void ratio at zero moisture ratio. 

Where . 

1. The total void volume of the real mixed clay/water system can be found by adding two 

new void volumes formed by the semi-rigid structural voids to the void volume of the . 

real clay/water system: 

vp -sr -
VP. = SIr 

reducible rigid structural voids under overburden pressure,p 
irreducible void volume under the same overburden pressure 

vgr, vgir and Vi are similar to the real clay/water systems. 

2. Total water volume is equal to the total void volume when the system is saturated and 

less than the void volume when unsaturated. 

When saturated V~r = V~rw' V~ir = V~irw 

Vp -VP VP. -VP. er - erw ' en - elrw 

Water in the rigid structural voids will be drained under very low moisture tensions for zero 

overburden pressures, without reducing the void volume (no reducible structural void volume present 
during this stage) and no water will be expelled from the other voids of the system under such low 

moisture tension. 
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Therefore. 

Vp -VP -0 sr - er- and dV v = 0, dV w pi! 0 

de/de = 0 (structural water loss) 

26 

Afterwards water in the reducible extra-micellar and intra-micellar pores volume may begin to disappear with 

less void volume change, similar to that of a real clay/water system discussed before, resulting in a nonlinear 

volume change (de/de < 1). 

When drying under an overburden pressure 'p', water from the reducible part of the rigid structural voids 

(V~r) will be drained with an equal void volume reduction during the first stage. 

Vp -VP sr - srw 

At this first stage no water will be removed from the other voids, 

therefore dVw=dVv 

and de/de = 1 (normal volume change) 

This normal range may be extended to lower moisture ratios by removing water from both reducible parts of 

structural voids and extra-micellar voids and intra-micellar voids with equal void volume reduction. 

and de/de =1 

When unsaturated, the volume of water loss from all the voids will be less than the reduction of the void 

volume as described previously ( and de/de <1). A zero shrinkage phase may begin as soon as all the reducible 

voids under the overburden pressure have disappeared. 

2.4 Experimental Methods and Materials. 

In situ field measurements of volume change/water content relationships related to different overburden 

pressures are important for studying the moisture distribution in field swelling soils. Data obtained by bulk 

density and water content measurements may provide more realistic information (McIntyre et al. (1982a), 

McIntyre (1984)). However, it may be difficult to measure the volume change of a field soil under an 

overburden pressure of 1000 kPa which requires a soil depth of about 4S m. Also, at such large depths the entire 

moisture range from saturation to air dry might not occur. Therefore a suitable experimental method must be 

designed in the laboratory to provide all the experimental requirements to meet possible field conditions, such 

as: 

1. Lateral confinement of the soil and one-dimensional vertical volume change under 

overburden pressure. 

2. Single horizontal drying surface of the soil. 

3. Identical drying rates to field conditions. 

4. Appropriate overburden pressures. 

S. Identical soil structure, chemical and mineral composition to those in the field soil 

profile. 



The first four conditions are considered to be universal for all swelling field soils but the 5th 

condition changes with the place and the depth of the soil profile. Therefore under these circumstances it 
may be convenient to perform tests for only one type offield soil (real mixed swelling soils) with a 
unique soil composition meeting the first four field conditions. Several experiments need to be 
performed also to study shrinkage curves of ideal,real and ideal mixed clay/water systems, which usually 
do not occur in the field. 

2.4.1 Drying method and measuring the moisture removed. 

In these experiments the soil sample must be continuously subjected to the applied overburden 
pressure without disturbances while the soil moisture is being removed. Therefore a suitable method of 
drying and a method to measure the water being removed from the soil without disturbing either the soil 
sample or the overburden pressure must be found. Several shrinkage measuring methods for similar 
purposes are reviewed in Yong and Warkentin (1975 p.206). One method is to impose gas pressure as in 
the out-flow method using a pressure membrane apparatus, where the outflow is conveniently 
measurable but it is difficult to reduce the moisture ratio of the soil to very low values. Another method 
is air drying; moisture in the soil transfers to the air in the form of vapour. The rate of evaporation is 
governed mainly by the total potential difference of the water component between the soil solution and 
the vapour phase. When the moisture transfer takes place through the vapour phase the osmotic potential 
component also affects the total potential difference and this reduces the drying rate considerably due to 

the increased solute concentration. The difference in total potential of the water component between the 
soil solution and the vapour phase, aifl, is affected mainly by four factors: 

(taking the reference potential as zero in pure water) 

1. Matric potential of the soil water (moisture potential of unloaded swelling soils; sec. 
3.2.2) exerted by the capillary forces, lJrm, can vary from zero at saturation to very low, 
(-50,000 kPa.) when air dry. 

2. Osmotic potential component, lJr 0' changes with the concentration of the particular 
solutes (e.g. -480,000 kPa for NaCIIM.) 

3. Overburden potential component,lJrn > 0, varies depending on the moisture content 
and the overburden pressure. 

4. Relative humidity of the air,lJrv.(This is the total potential of the water component of 
the vapour phase, which could decrease to -924,000 kPa at 50% R.H.) 

When the soil water system is unsaturated the matric potential, 'I'm' of the water in soil solution 
increases by 2u/r due to the curved air-water interfaces therefore the potential difference to be imposed 
in order to remove the water from the soil solution increases (u is the surface tension and "r" is the 
radius of the curved air water interface). At very low moisture contents the difference in total potential 
of the water component between the soil solution and water vapour increases considerably due to the 
increased solute concentration of the soil solution. As the reduction in potential of the water component 
of the soil solution due to this high solute concentration is very high, the necessary potential difference 
to be imposed on the soil in order to remove moisture must also be increased. Thus the most suitable 
method to reduce the moisture content of a soil water system to a very low value is by changing the R.H. 
of the air over the surface of the soil sample. 
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Consider the soil water sample contained in the middle section (c2) of the pressure cell of Fig 2.7a. 
The soil sample lies over a 2 mm thick porous plate with pore size 9x10-7 m which is placed over a 
stainless steel wire mesh. The wire mesh lies over a spiral shaped air duct. A stream of air, pwnped by 
the adjustable flow rate air pump, enters through the tube L1 and passes through the spiral shaped air 

passage. It sweeps past the bottom face of the porous plate and leaves from the tube L2 which enters 

the bottle containing a dehydrating solution, through the bubbler. The air stream then passes through the 

liquid and vapour traps to the air reservoir and back to the spiralled passage through the air pwnp which 

circulates the air within the closed system. The relative humidity of this closed air circulation system can 

be changed by changing the concentration of the dehydrating solution. The moisture which transfers 
from the soil water system passes through the porous plate to the spiral shaped air passage due to the 
potential difference created by the relative humidity of the circulating air stream and is then collected by 
the passing air stream. Collected moisture from the soil dissolves in the dehydrating solution and can be 
measured by weighing the solution bottle with the vapour traps at desired time intervals. The air 

reservoir is used to provide a uniform air stream which prevents the formation of turbulent splashes in 

the dehydrating solution. 

2.4.1.1 "2S04 as the dehydrating solution. 

Various types of anhydrous compounds were tested for this purpose and sulphuric acid was found to 

be the best dehydrating agent due to its high stability, non volatility and its powerful dehydrating action. 
The rate of drying can be controlled by changing the concentration of the acid solution. The reliability 

and accuracy of the moisture removal and measuring method was tested by recording the loss of weight. 

of the c2 and c3 sections of the pressure cell (for this test only c2 and c3 sections of the pressure cell 

were used, closing the top phase over the soil sample of c2 with impermeable acrylic sheet) containing 

the soil sample and the gain in weight of the acid bottle with the vapour traps using different acid 

concentrations and using a Sartorius analytic balance (resolution O.OOOlg). The method was found to be 

accurate up to 99.78% of a gram of water transferred from the soil system. The following drying rates 

were obtained during several test runs for different acid concentrations. The soil sample was saturated 

with water. The impedance of the porous plate was 2.4 X 107 hr.kPa/g at saturation conditions, room 

temperature was 200C and the air flow rate was 161/hr. It has been assumed that there was no effect of 
S03 vapour on the volume change mechanism of the soil system. The closed air volume was allowed to 

attain equilibrium with the acid solution before the soil sample chamber was connected. The moisture 

trapped in the porous plate at the beginning of the test was negligible. 

H2SO4 Relative Drying 

concen. humidity rate 

% % g/hr 

2.5 85.5 0.017 

50 37 0.106 

75 5.8 0.29 
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2.4.2 Pressure cell No.1. 

Pressure cell No.1 (Fig 2.6) was turned from a 76 mm dia. solid stainless steel bar. It comprised three 
sections cl,c2 and c3. A cavity of 30 mm dia. and 4.5 mm deep was formed on the inner face of section 
c3. A channel was formed in this cavity in the form of a spiral by glueing a 2 mm dia. coiled stainless 
steel wire to the bottom of the cavity surface. A porous plate with pore size 9xlO-7 m and thickness 2 mm 

was placed over a fine stainless steel wire mesh which was placed on the walls of the spiral shaped air 
passage. The centre of the spiral passage was connected to the tube L2 and the other end was connected to 
the tube L1 through 1 mm dia. holes drilled through c3. The air enters through one end, passes along the 
spiral passage sweeping the bottom surface of the porous plate and leaves through the other end. A 
cylindrical sample chamber 40 mm dia and 20 mm high was turned inside section c2 as shown. The inner 
chamber of section cl was made in the form of a conical flask and a bleeding valve was fixed to the top 
end of this chamber. Mercury was filled into the chamber cl and the capillary tube were filled with 
mercury through this bleeding valve and any air trapped in the capillary was also released through this 
valve by imposing a pressure at the other end of the capillary tube (Fig 2.7a). Two '0' rings between the 
sections provided a perfect seal and a rubber diaphragm placed between sections cl and c2 separated the 
soil sample from the mercury in chamber cl. The top inner edge of the internal bore of c2 was machined 
to give a smooth curvature to avoid damage to the rubber diaphragm while stretching over the soil sample 
due to the applied overburden pressure through the mercury-filled cl chamber. Dark medium dental dam 

was used as the rubber diaphragm for larger overburden pressures and a rubber diaphragm of 
contraceptive sheath was used for the overburden pressure 2kPa. Both rubber diaphragms were self 
adjustable to the changing shape of the top soil surface as the volume of the soil sample changed. 

2.4.3 Pressure cell No.2. 

This pressure cell was used mainly in the later experiments described in Chapters 3 and 4 , but certain 
parts of this cell were also used with cell No.1 in order to saturate the soil samples. Pressure cell number 
2 was composed of four sections,CI,C2,C3 and C4 (Fig 3.2). The top section, Cl, which was turned from 
a solid 76 mm dia stainless steel bar, was common for both pressure cells. All other sections were also 
interchangeable between two pressure cells. The sections C2,C3, and C4 were turned from a solid 76 mm 
dia perspex bar. Section C4 was identical to the base of cell number 1. In section C4, 2mm dia holes (H3) 
were drilled to join the high precision needle valves at outlets 02,03 and 04 to the spiral shaped chamber 
below the sample compartment. The idea of using a transparent material for the cell and the spiral shaped 
passage was to ensure the water in this volume was free of air bubbles while the experiment was in 
progress. Fluid which entered at 03 or 02 could pass through the spiralled passage, and leave either from 
02 or 03 when 04 was closed. 

The bore inside sections C2 and C3 was turned from a single solid bar before they were separated, in 
order to provide a perfect alignment between inner walls. The inner wall of this bore was polished and 
slightly lubricated. A piston (40 mm dia and 35 mm high) was turned from another solid perspex bar to an 
outer diameter equal to the bore diameter of C3. A cavity 2 mm high and 25 mm dia was made on the 
bottom face of the piston. The outer diameter of the piston was reduced by I mm to form two 2mm high 
and I mm deep ridges at both ends of the piston as shown in Fig 3.2. Two '0' rings (R4) were fitted into 
the grooves which were turned in the two ridges of the piston. A series of 2mm holes (HI) were drilled 
around the piston above the bottom '0' ring to join the cavity on the bottom face of the piston to the space 
AI. Another 3 mm dia hole (H4) was drilled through the piston to join the cavity on the bottom face to the 
annular space between the piston and the bore wall(Al). 
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A porous plate (PI) with negligible bubbling pressure and a No,42 filter paper was glued ( around the edge) 
to this cavity on the bottom face of the piston. The two '0' rings ensure a perfect sealing between the bore 
wall and the piston. The outlet 01 joined the space between the piston and the bore wall (AI) to the 
atmosphere through the needle valve 01. The soil sample is placed in the section C3. All the sections of the 
two cells were inter-changeable with each other. The base C4 of cell No.2 was used with cl and c2 of cell 
No.1 to saturate the soil samples. 

2.4.4 Applying an overburden pressure on the soil sample and measuring the volume change. 

2.4.4.1 Capillary system No.1. 

The soil sample placed in the pressure cell was subjected to overburden pressures through the mercury-filled 
capillary tube system while the volume change was measured by the displacement of the mercury meniscus as 
follows. Six high pressure capillary tubes with different internal diameters and equal (1 m) length were 
connected together in order to form a six metres long single continuous capillary length. The I.D. of the first 
two capillaries were 1.25 mm with a resolution of 0.0006 cm3 and the next two were of 2.5 mm. I.D. with a 
resolution of 0.0024 cm3. The last two tubes were of 3 mm. I.D. with a resolution of 0.0035 cm3. These tubes 
were connected to each other in a solid perspex block filled with special epoxy resin. The entire length of the 
capillary system was fixed in a galvanized 'U' channel with a perspex window. The capillary system was 
tested against very high pressures ( up to 2000 kPa) in order to ensure safety and sealing. One end of the 
capillary system was connected to a pressure unit (No.1 Fig 2.7a) with one high pressure cylinder, a low 
pressure cylinder, a pressure regulator with two pressure gauges and valves Vl,V2 and V3. The idea of having 
a continuous capillary tube length was to facilitate the measurement of the total volume change of the soil 
sample without disturbance. In order to impose an overburden pressure, p, on the soil sample in section c2, 
first the chamber inside cl and the capillary system No.1 were filled with mercury through the bleeding valve, 
B. Then closing the valve V2 and opening valve VI the cylinder No.2 (low pressure reservoir) was pressurized 
to 'p' using the regulator. Closing the valves V3 and VI and opening the valve V2, the adjusted pressure was 
then gently released on to the sample through the mercury in the capillary system. Note that the pressure 
regulator does not directly opemte the overburden pressure on the soil. As the system is perfectly sealed and 
also due to the large low pressure reservoir there was no change in the overburden pressure on the soil. The 
volume change of the soil sample was directly measured by the displacement of the mercury meniscus up to a 
maximum of 26.40 cm3. 

During the initial stage of drying of a soil sample from a saturation condition a higher drying rate was 
expected and larger (3 mm I.D) capillary tubes were used to measure these initial volume changes. As the 
drying moisture level of the soil sample decreases the drying rate also decreases. Therefore capillaries with 
smaller I.D. were used to measure the volume change of the soil at later stages to a better accuracy. The 
capillary tubes were calibrated as length vs volume in every 5 cm length. 

2.4.5 Preparation of samples and testing procedure. 

2.4.5.1 Ideal clay/water systems. 

The clay used in this test was supplied by Mintech (N.Z.) Ltd before processing. As mentioned in section 
2.3.1, the major task of preparing an ideal clay/water system is to obtain a clay sample which is completely 
reordered in a perfect pamllel array. A dry particle separation method was used to separate particles finer than 
2 ~m as follows. Air dried particles passing through a 100 ~m sieve were blown horizontally using a constant 
flow blower into a closed channel ( 5 m long and O.5m x O.3m cross section). 
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Samples of particles landed on the channel within every 30cm distance were analysed by using a Sedigraph 
(a commercial gamma-ray detection sedimentation analysis instrument) to find the minimum distance from 
the blower which gave particles 100% finer than 2~m. X ray diffraction analysis of these separated particles 
showed that 80% of the material was of the smectite kind. 5% of quartz and 5% of illite. The LoLal 
cation exchange capacity was found to be 83 me%. 

As the volume change behaviour of clay is a result of physico chemical interaction in the double layers, 
several shrinkage tests were performed on Na saturated clay with two different ionic concentrations to find the 
effect of ionic concentration on soil volume change. Mono-ionic Na clay samples were prepared by shaking 
the clay particles with a IN solution of Nael and washing free salt with distilled water. After each washing 
water with excess salt was filtered through a Whatrnan No.42 filter paper in a pressure membrane apparatus 
which was used as a consolidating machine under a consolidating pressure of 1500 kPa over a period of 3 days 
(Fig 2.7b). The filter paper was carefully placed in between the '0' rings under the cylindrical wall and the 
bottom plate by using silicone rubber on both sides of the filter paper along the edge. The soil suspension was 
then poured in right up Lo the Lop edge of the chamber and the apparatus was assembled after placing a rubber 
diaphragm over the suspension and the '0' ring over it, releasing any air in between the diaphragm and the 
suspension. The soil was always in contact with the free soil solution outside the filter paper throughout the 
consolidation process. 

After the final washing and consolidation (removing the excess water). the slurry at a moisture content of 
800 % was mixed with the desired ionic concentration up Lo a moisture content of 2400% and subjected Lo a 

-80 kPa for 4 days in order to remove the trapped air. Then the de-aired suspension was 
consolidated to a moisture content of about 200% under 1500 kPa for 10 days. This method was employed 
first to obtain four batches of clay slurries at 2400% m.c. and mixing together to consolidate to a moisture 
content of 200%. The idea of such a consolidating procedure from a very high moisture content to a lower 
value is to give more chance for the clay plates to reorder in parallel arrays. 

USE OF PRESSURE MEMBRANE APPARATUS 
TO CONSOLIDATE A CLAY SUSPENSION 
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Cylindrical shaped (42 mm dia. and 30 mm high) samples were extracted from the consolidated solid paste 
using a cylindrical sample extractor which has a sliding piston inside a smooth stainless steel cylinder with 
one sharpened edge. These extracted samples were carefully pushed into the section c2 of pressure cell No.1, 
and both sides were trimmed off. Remaining soil was used to determine the initial moisture content of the soil 
sample. Placing the rubber diaphragm between the '0' rings and the top surface of c2, the pressure cell was 
then assembled with the other '0' ring in between c2 and c3 and with a cellulose membrane in between the 
porous plate and the '0' ring. 

The pressure cell was then mounted to the thoroughly cleaned and dried capillary system No.1 and the 
capillary and c1 chamber filled with mercury through the bleeding valve, releasing any trapped air. The 
moisture removal system was connected to c1 through tubes L1 and L2 after the constant circulating air 

volume was stabilized with the acid solution (Fig 2.7a). A desired overburden pressure was adjusted and 
imposed on the soil sample through the mercury inside the capillary system. The initial movement of the 
mercury meniscus (for 1000 kPa, 12.4 mm) due to the compression of the trapped air in the soil system was 
ignored. After recording the weight of the acid bottle the air pump was activated. The drying process was 
carried out until the drying rate decreased below 0.001g/hr. under an acid concentration of 60%. This test was 
done for two different ionic concentrations (0.001 and 0.1 M NaCl) with two overburden pressures (100 and 
1000 kPa). 

2.4.5.2 Real clay/water systems. 

Real clay/water samples with randomly oriented clay crystals were prepared by following a method similar 
to that described for an ideal clay/water system but instead of consolidating from suspensions at higher 
moisture content, this clay was consolidated from thoroughly mixed lower moisture content slurries (moisture 
content about 400%). This test was performed on Na bentonite with water as pore fluid for two overburden 
pressures (100 and 1000 kPa). The experimental procedure was exactly similar to the previous one. 

2.4.5.3 Ideal mixed clay/water system. 

The initial moisture content of this type of soil system can not be increased as in the previous cases 
because it is important to maintain the homogeneity of the soil structure. Therefore a considerable amount of 
air could be trapped in the soil while preparing and saturating it. This type of soil sample was prepared by 
mixing the following percentages of different air dried soil particle sizes (by weight) to a moisture content of 
about 200%. 

1. 8 % of 1000 > d > 710 ("m) 
2. 10 % of 710 > d> 500 
3. 12 % of 500 > d> 250 

4. 70 % of 2"m < d 

(dis the equ'ivalent paiticle diameter) 

Although there was no standard guideline for an ideal mixed soil water system this proportion was 
selected to satisfy the proposed structural arrangement of an ideal mixed system stated in section 2.3.4. The 
prepared mixture in the state of a paste was loaded into the sample extractor in approximately 2 mm thick 
layers using a spatula, by gradually pushing the piston down to expel air which could get trapped in the soil 
sample while loading. The soil was then loaded into the sample chamber c2 and both sides of c2 were trimmed 
off. The rest of the experimental procedure was exactly similar to that in the previous two methods. 
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2.4.5.4 Real mixed clay/water systems. 

The major aim of the present study was to investigate the behaviour of moisture profiles of swelling soils 
as they occurred in the field. As discussed in section 2.3.5 most of the natural field swelling soils belong to 
this category. Therefore sufficient details of the volume change characteristics of this type of soils must be 
obtained under the maximum possible range of field conditions. 

Material used in this test was obtained from a natural bentonite deposit on the slopes of Mount Cass, North 

Canterbury, New Zealand. This material has been extensively used in sealing earth dam reservoirs constructed 
for the Glenmark Irrigation project, with great success. Soil extracted from about 2.5 metres below ground 
level was air dried, ground to smaller particles and passed through a 125 J,Lm sieve. The clay percentage was 
65%. X-ray diffraction analysis of the particles less than 2 J,Lm showed that the soil contains 67% 
montmorillonite and 15% calcite. The cation exchange capacity was found to be 48 me% and the pH was 8.3. 
The air dried soil was gently packed into the c2 sample chamber in three layers with 5 static blows (modified 
Harvard compaction apparatus) to each layer. The pressure cell was then assembled with C2 and C4 of cell 
No.2. The soil was then saturated under a' -40 kPa applied to the top outlet of cl and a de-aired 
distilled water container connected to outlet 03 until free water was ponded over the soil sample. Then the 
vacuum was released and the sample was allowed to stabilize with a water table at the top surface of the soil 
sample for 24 hrs. The pressure cell was then dismantled, and the excess material was trimmed off from the 
top surface and used to . estimate the initial moisture ratio of the soil sample. The pressure cell was then 
assembled with c 1 and c3 of cell No.1, placing a rubber diaphragm over the soil sample and in between c2 
and the '0' ring, expelling any air in between the diaphragm and top soil surface. The rest of the procedure 
was similar to that in previous methods. This test was performed to obtain shrinkage curves for overburden 
pressures 2,25,50,75 .... 250 kPa and for 500 and 1000 kPa. A contraceptive sheath rubber diaphragm for the 2 
kPa and dark medium dental dam for other higher pressures were used. Distilled water was used as the pore 
fluid and the chemical composition of the natural soil was not changed. 

2.5 Results and Discussion. 

All the shrinkage curves, drawn as moisture ratio, e, vs void ratio, e, for different overburden pressures are 
shown in Figs 2.8 and 2.10. The major disadvantage of the present experimental method is the difficulty of 
determining swelling curves under overburden pressures. However shrinkage curves can be used in analysing 
soil consolidation and water movement in swelling soils under evaporation. Polynomial regression curves 
were fitted to the experimental shrinkage lines (Fig 2.8) of real mixed swelling soils with a better accuracy 
than exponential regression curves. They have been used to calculate the load factor, OI(e,p) in Chapter 3 
after eliminating the uncertain data points (see Fig 3.8 and 3.9). An attempt has been made to find universal 
volume change equation, e(e,p) for the soil concerned, without success. 

2.5.1 Ideal clay/water system 

The following features were observed from the shrinkage curves obtained for ideal clay/water system, Fig 2.8. 

1. Although the air entry value,(ea,ea), residual shrinkage range and the void ratio at the minimum 
moisture ratio, eO, decreased with overburden pressure increase for soil solutions with the same ionic 

concentration (Fig 2.8(a» no significant changes of such features were found in soil samples with soil 
solution with different ionic concentration under the same overburden pressure (Fig 2.8(b». 

2. Residual shrinkage phases were observed in all cases, but for lower overburden pressures the range of 
the residual phase was higher than the residual phases with higher overburden pressures (Fig 2.8(b». 
This agrees with Groenevelt and Bolt's (1972) theoretical predictions. 

35 



3. Most of the a,e points were not exactly. on the load line, even over the saturated moisture range. 

4. A zero shrinkage phase was not observed in any of the cases. 

The volume change in ideal clay/water systems was expected to be normal over the entire moisture 
range from saturation to air dry under any overburden pressure, regardless of the ionic concentration 
according to the theory presented. The reduction of the air entry points with the overburden pressure 
indicates the presence of a certain percentage of partially reducible, overburden dependent, extra
micellar pore volume, vgr in the clay/water system. This might have been formed due to imperfect re
orientation of quasi crystals during the sample preparation. This may have also produced residual 
phases with different ranges for different overburden pressures. The deviation of the normal range could 
also have been due to this reason and to an excessive drying rate at the bottom drying surface of the soil 
which could have been larger than the hydraulic conductivity of the clay/water sample. Air must have 
entered into the soil once a rigid structure was formed at the bottom surface of the clay/water sample 
when the rate of moisture movement towards the drying surface could not meet the external demand of 
the moisture removal. Therefore an uneven moisture distribution as discussed by Yule and Ritchie 
(1980a) might have resulted where both the extra- and intra- micellar pores have begun to empty 
together. This must have caused the ideal clay"watersystem to undergo a nonlinear volume change not 
totally agreeing with the theory proposed. No visible vertical cracks were formed in any of the end 
samples. 

As the clay/water system was not in equilibrium with the free soil solution, the ionic concentration 
must have had only temporary resistance against volume change under the applied overburden pressures 
and showed less effect on the overall shrinkage process. On the other hand the overburden pressure has 
accelerated the drying process by increasing the moisture potential in the intra- and extra- micellar pores 
water at higher moisture range. Absence of large irregularities of the shrinkage curves compared to the 
real mixed swelling soils indicated a gradual dissipation of the increased moisture potential that 
accompanied the water loss and volume change resisting the sudden collapses of the soil structure 
under large overburden pressures. The moisture potential in the extra-micellar pores could be increased 
by OIp, where 01 is the load factor and p is the overburden pressure. 01 depends on the ionic concentration 
of the soil solution. Therefore different increments of overburden potentials have been developed under 
the same overburden pressure with different ionic concentrations resisting the collapses of the pore 
structure but dissipating the moisture potential and water in a similar manner in different time periods 
without effecting the features of the overall shrinkage curve. This could be the reason for producing 
identical shrinkage curves for different ionic concentrations with the same overburden pressure (Fig 
2.8(a». 

2.5.2 Real clay/water systems. 

Two entirely different residual shrinkage phases were observed under two different overburden 
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pressures (Fig 2.8(c». The data points were not exactly on the load line perhaps due to air entrapments in the 

clay/water system during sample preparation. The air entry point,(aa,ea), and the void ratio at the 
lowest moisture ratio, eO, were reduced with increased overburden pressure. The residual shrinkage 

phase was also reduced with increased overburden pressure. Such volume change behaviour was exactly 
as expected according to the theory. Due to the large percentage of extra-micellar pore volume created 
by randomly oriented clay crystals at the very beginning of the experiment, a void volume, vgr, which 
depends partially on the overburden pressure has been formed. 
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2.5.3 Ideal mixed clay/water systems. 

Properties of the shrinkage curve obtained for this type of soil system were almost identical to 
those in real clay/water systems except for the higher air entry value and the irregularities (Fig 
2.8(d». This might have been due to some irreversible penn anent deformations which could have 

. taken place while collapsing the solid matrix fonned by large soil grains while drying. The 

higher the disorientation of the clay and coarse particles. the higher the air entry point expected. 

2.5.4 Real mixed clay/water systems. 

Several shrinkage curves were overlapped with adjacent curves and the most appropriate of all the 
shrinkage curves obtained for different overburden pressures are shown in Fig 2.9. Although the 
shrinkage curves were not smooth for lower overburden pressures. three well defined volume change 
phases were observed in most of the curves. The initial zero volume change (structural water loss 

phase of Yule and Ritchie (1980a» was not observed in any of the shrinkage curves. The final zero 

volume change phase also was not observed as expected in some curves within the range of moisture 

ratio studied. The reduction of air entry point. ep.ep. the final void ratio, ego and the range of the 

residual shrinkage phase with the overburden pressure were well indicated. 

Irregularities of the shrinkage curves may have been due to the permanent and irreversible 

deformation taking place during the reduction of reducible extra-micellar pores. VRr. and the 
structural pore volume. VFr' at different stages of the drying under the applied overburden pressure. 
The reduction of the air entry point may have also been due to the presence of a larger percentage 

than expected of extra-micellar pore volume, Vfr. which was reducible under the applied overburden 

pressure. Although the final moisture ratio at the end of the drying curve was very low, no zero 

shrinkage phase was produced in the shrinkage curves for low overburden pressures. This indicated 

that the reducible void volume under small overburden pressure was not totally reduced within the 

moisture range employed and the residual mnge was extended to the lowest moisture ratio. However. 
zero shrinkage phases were produced under larger overburden pressures. This indicated the total 

reduction of reducible extm-micellar pore volume. Vfr. and rigid pore volume, VFr' in the vertical 
direction under larger overburden pressures. before the minimum moisture ratio was reached. Under 
lower overburden pressures and at low moisture mtios. volume change could become three

dimensional due to insufficient force to compress the soil in the vertical direction. As the rubber 

diaphragm over the soil sample can self-adjust to the shape of the top surface of the soil sample. the 

volume changes occurring in three-dimensions under such conditions must also have been measured 
by the capillary system. Therefore instead of a one-dimensional volume change a three-dimensional 

volume change has been recorded in the lower moisture range. 

Several fine vertical cracks were observed in the end sample for overburden pressures 2 and 25 kPa; 

they were too small to be measured by the method adopted. Therefore the actual volume change has 

not been recorded in the unsaturated stage where a three-dimensional volume change has taken place. 

The reason for the absence of vertical cracks in the soil samples under large overburden pressures at 

the end of drying must have been that there was sufficient force to compress the soil only in the 

vertical direction under laterally constmined conditions. At very low moisture ranges a three

dimensional and eqidimensional nonnal volume change as in Fox(1964) may not be expected due to 
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the asymmetric pressures imposed on the soil. Perhaps due to air entrapment the data points were not on the. 

load line in the normal range. 



Smoother shrinkage curves were obtained for larger overburden pressures due to the total reduction 

of structural (V~r) void volume on application of the pressure at the very beginning of the experiment 
which avoided the small sudden changes of this kind of voids during the rest of the drying process and 

therefore resulted in shrinkage curves free of irregularities. Because of this the initial structural water loss 
phase of Yule and Ritchie(1980a,1980b) did not appear. However this volume change was recorded in 

the normal shrinkage phase where most of the extra-micellar pore volume was reduced with equal 

volume of water removal. Some of the shrinkage curves obtained for intermediate overburden pressures 

with fresh samples either overlapped or coincided with the adjacent curves. Although the reproducibility 

of the shrinkage curves with the same sample was successful to a certain degree it was disappointing with 
fresh samples. 

As the shrinkage curves were not parallel to each other throughout the moisture ratio range studied, the 
assumption of the uniqueness of the void ratio with moisture ratio of Philip(1969a) and Talsma(1977b) 
was not well recognized in the present study. During the initial stage of the shrinkage curve the volume 

changes were one dimensional. This was true even after the air entry point under overburden pressure 

because the air entry point reduced when the overburden pressure increased. 

Results of an experiment on the shrinkage behaviour of a clay paste subjected to various surface 

overburden pressures reported by Talsma (1977b) are reproduced in Fig 2.11. e-9 data obtained for 
undisturbed field swelling soils using conventional ring sampling methods (Fox (1964),Dardzhimanov 

and Papisov (1973) and Perroux et al.(1974) see Talsma (1977b» are also given in Fig 2.11. They have 

used measured bulk density/water content data to determine e-erelationships. After removing uncertain. 

data points, e-e curves of the present work are also given in Fig 2.11. 

The three general volume change phases explained in 2.3 were observed in both present and published 

data. Data reported by Talsma(1977b) indicated a gradual decrease in void ratio with moisture ratio 

throughout the drying process from saturation to low moisture ratios (1.9>9>.3) but present results 

showed a higher volume change rate during the first stage of drying when the moisture content is higher. 

The total void volumes of Talsma's (1977b) samples were much higher than those ofthe samples in the 

present study and had more opportunity for paraUal particle arrangement which cause a larger volume 
change. This might have been due to the difference methods used in sample preparation. Clay crystals in 

Talsma's (1977b) clay pastes were free to expand close to their total potential but the samples used in the 

present method were first compacted to the pressure cell and then saturated resulting in a lower void ratio. 

Different clay particle arrangements might have taken place by the two preparation methods, affecting the 

magnitude and the dimensions of volume change (see Yong and Warkentin (1975 p.201». 

Samples used in the present study were small(4 cm dia,2cm high) compared to the ring samples used in 
the previous works( 7.3 cm dia. & 2.5 cm high, 37.72 cm2 & 2 cm high), resulting in a uniform moisture 

ratio across the soil sample under low drying rate. Gradual change of sample volume with moisture ratio 
in the earlier experiments might have been due to the non uniform moisture distribution across the sample. 

When the moisture distribution across the soil mass is not uniform, all three volume change stages (see 

2.3) will occur in different parts of the soil volume. Volume change close to normal volume change will 

occur in the central core where the moisture content is higher while a very low reduction of void with 

water loss will occur at the surface where the moisture ratio is lowest. Combination of all three volume 

change mechanisms might lead to a lower volume change rate throughout the shrinkage process instead of 

higher rate at the beginning and lower rate at the last stage. 
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Shrinkage curves, Talsma (1977b) for overburden pressures ~- .02 kPa, -+- .14 kPa, -8-

6.3 kPa and -%- 11.2 kPa, for zero overburden pressure, 1 - Dardzhimanov and Papisov 

(1973); 2 - Fox (1964), from regression equation; 3 - Talsma and van der Lelij (1976), from 

present study for overburden pressures, - 2kPa, -t- 50 kPa, + 75 kPa and -B

l00kPa. 



Cracks are likely to form in larger samples rather than smaller samples where the measured volume 
change is less than the actual volume change taking place. In the presence of structural voids a zero or 
very low total net volume change could result within the soil mass as explained in 2.3.2. Although the 
initial moisture ratio of Talsma's (1977b) clay paste was 1.6, one-dimensional volume change was 
measured at the lower moisture range when a three-dimensional volume change was taking place. As the 
volume changes were measured under very low overburden pressures a three-dimensional volume change 
might have occurred from the very beginning of the drying process. 

The shrinkage lines for all except Talsma(1977b) indicated dOl/de ~O over the range eB>9>0. This 
might have been the measurement of lesser volume change than the actual values. The volume change of 
the present samples under overburden pressures were truly one-dimensional and one dimensional volume 
change was measured. Therefore dOl/d9 s; 0 behaviour was never found in shrinkage curves in the 
present study. These reasons might explain the gradual decrease in void ratio with moisture ratio 
throughout the drying process reported by Talsma(1977b) and a higher volume change rate at the first 
stage of drying in the present work. As the overburden pressures used in Talsma(1977b) were very small, 
a detailed comparison is not possible. However the e-9 curves for very low overburden pressures of the 
present work and the published data vary considerably. These differences might have been due to the 
structural changes of the undisturbed and remoulded soil samples used, according to the volume change 
mechanisms explained in the theory. 

The empirical equations of Groenevelt and Bolt(1972) and Giraldez(1983b), which were based on 
pure clay/water systems, may not be valid to test the present data. Furthermore it is important that these. 
volume change data may be applied only for the particular swelling soil considered in the present study. 
The volume change results obtained in the present work may not be totally valid for surface swelling soil 
with vertic~ cracks because such void volume is not measured under low overburden pressure. 

Because of the long time period which was needed to complete a single sample (10 to 16 days), a 
considerable period of time might be needed to obtain sufficient data to produce universal volume change 
equation with several adjustable parameters as given by Groenevelt and Bolt(1972) and Giraldez(1983b). 
The experimental method is accurate and reliable for measuring the volume change and moisture expelled. 
It might be difficult to measure the swelling properties at large depths in terms of bulk density/water 
content relations to calculate the overburden potential component for large overburden pressures even if 
an accurate measuring technique were available. Therefore more realistic volume change results close to 

the field conditions might be obtained by using the same test procedure after consolidating soil samples 
to the desired overburden pressures for the relevant depth prior to beginning the shrinkage measurements, 
because it may be difficult to obtain undisturbed soil samples at large depths. The three volume change 
stages explained in the theory were clearly evident. The effect of overburden pressure on the volume 
change was found to be significant. These effects may change according to the amount of clay and the 
structural arrangement of the soil samples used. 
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3.1 Introduction 

Chapter 3 

Total potential and its components 

for soil water in swelling soils 

Since the introduction of the concept of scalar moisture potential by Buckingham (1907) much 
material has been published investigating the various components of the total potential of the soil 
water in rigid soils (Gardner et a1.(1922), Schofield (1935), Coleman and Croney (1952), Bolt and 
Miller (1958) and Bolt and Frissel (1960), (see Kirkham and Powers,(1971), Iwata (1972a,1972b», 
Sposito (1972, 1975), Mahony (1975». A comprehensive review of component potentials of the 
total potential of the soil water are given in Iwata et al. (1988). The total potential of soil water is 
considered to be the chemical potential of the soil water component which is affected by surface 
tension effects, solute concentrations, electric fields arising from the charged clay particles, van der 
Waals force fields, internal pressures, external pressures, water content, the gravitational field and 
temperature. Under isothermal conditions potential components arising from the first five are 
considered to be only a function of water content. Therefore the total moisture potential of soil 
water in a rigid soil becomes a unique function of moisture content (Iwata (1972a». Several 
methods have been invented to measure these different potential components of the total potential. 
The moisture potential recorded by tensiometers and suction plates have indicated the moisture 
potential of soil water under isothermal and isohaline conditions to a considerable accuracy. 
Richards'(1947) pressure membrane apparatus was employed to measure moisture potential below 
-80 kPa. The total potential, cfIT' of soil water in rigid soils is given as the sum of matric, 'I'm' and 
gravitational, 'l'g' potential components, ~ = 'I'm + 'l'g. 

The change of pore geometry of swelling soils with moisture content and overburden pressure 
has been recognized and attempts have been made to include overburden pressure effects in the 
total potential of swelling soils (Coleman and Croney (1952), Philip (1969a,1969b), (1971), 
Groenevelt and Bolt (1972) and Towner (1981». As the overburden potential component is derived 
by using the volume change properties (load factor) and the overburden pressure, a detailed 
knowledge of volume change behaviour of the soil concerned is essential in determining the 
overburden potential component. Many experiments have been performed to measure volume 
changes of swelling soils in the past (see Chapter 2). The total potential of the soil water in a 
swelling soil is then considered to be the sum of all the components of the potential in a rigid soil 
plus the new component arising from the volume change against overburden pressure. Therefore the 
total potential of soil water in swelling soil is given as the sum of matric, overburden, and 

gravitational potential components, ~ = 'I'm + 'l'n + 'l'g. Some confusion exists in defining and 
measuring the moisture potential in swelling soil (Youngs and Towner (1970), Philip (1970a) and 
Towner (1981). A few experiments have been reported measuring the overburden component 
potential (Talsma (1974,1977a,1977b) and Talsma and Lelij (1976». The validity of the derivation 
of overburden component potential has not been investigated in detail. 

In this chapter the component potentials of the total potential of soil water in swelling soils 
are briefly discussed. The use of tensiometers to measure the moisture potential of rigid and 
swelling soils is investigated. Using the total Gibbs' free energy of the total swelling soil mass the 
component of overburden potential of swelling soil water is rederived. The validity of this new 
component potential is tested by comparing the calculated overburden potential component from the 
volume change data of Chapter 2 with moisture potential directly measured by using tensiometers 
and pressure membrane methods. 
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3.2 Literature review. 

3.2.1 Potential of soil water in rigid soils. 

Buckingham (1907) (see Iwata et al. 1988 Chapter 1) introduced the concept of scalar moisture potential 
which suggested that the flow of moisture in soil results from the difference in capillary potential between two 
points. His equation to describe the capillary potential in a rigid soil column at a point "z" above the free water 
surface under equilibrium conditions took the form, 

'" =gz [3.1] 

This equation has been changed to, 

"'= -gz [3.2] 

in order to show that the capillary potential is always a negative quantity. However at this stage the 
definition of capillary potential was not adequate to define the state of moisture of different soils at the same 
moisture content. When a soil system is in equilibrium without a water table, capillary potential does not 

. provide a clear enough meaning to define the state of the soil water. Assuming the incompressibility of soil 
water, Gardner (1922) (see Iwata et al. 1988 Chapter 1) suggested equation [3.3] to define the capillary 
potential (basis of energy per unit mass) of soil water with pressure "P" relative to atmospheric pressure. 

Where 

"'(8) = J ~ , and for constant p, "'(8) = ~ 

P = soil water pressure relative to atmospheric pressure 
p = density of soil water 
8 = volumetric moisture content of the soil. 

[3.3] 
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The introduction of the tensiometer and suction plate apparatus to measure capillary potential were 
based on equation [3.3]. Schofield's (1935) 'pF' value, which is a logarithm to base 10 of capillary potential in 
cm of water, enables the capillary potential to be expressed over the entire moisture range in a single graph. The 
capillary potential measured by the tensiometer has been designated by terms such as 'matric potential', 
'pressure potential' or 'suction' by different investigators. (Schofield (1935), Philip(1969a), Philip (1970a), 
Youngs and Towner (1970) and Towner (1981)). According to the ISSS(1976) such potential in the soil water in 
rigid soil is measured by a tensiometer. 

Various component potentials other than the pressure potential arising from the force field of gravity 
exist in soil water. Considering the force fields that exist in the soil matrix on a microscopic scale, other 
component potentials have been discussed in detail by Bolt and Miller (1958). They suggested that the total 
potential of soil water in a mixed system can be given by the equation [3.4]. 

Where 
~ = total potential of soil water in rigid soils. 
"'g = potential component due to gravity. 
"'P = potential component due to pressure relative to atmosphere. 

[3.4] 

"'0 = potential component due to concentration difference (osmotic). 
"'a = potential component due to adsorptive forces close to the solid surfaces. 
"'c = Potential component due to surface forces (surface tensions) 



Early work of many scientists ( Schofield (1935), Edlefsen and Anderson (1943), Babock 
and Overstreet (1955) and Bolt and Frissel (1960); see Iwata et al. (1988» showed that three 
independent state variables such as 1) Temperature, T 2) Pressure, P and 3) Moisture content, 9 can 
be used to define the state of the water in the soil solution (chemical potential) in rigid soil as, 

d~w = -sw dT + Vw dP + [~]d9 [3.5] 
Where a9 ni,P,T 

~w = chemical potential of water. 

Sw = partial specific entropy of water. 

Vw = partial specific volume of water. 
9 = volumetric moisture content. 

n· 1 = number of moles of the ith constituent in soil water. 
P = absolute pressure relative to the atmosphere. 
T = absolute temperature. 

Sposito (1975) showed that the total potential of soil water can be given as the 

gravichemical potential, ~gw' given by [3.6] and used this definition to obtain an integral equation for 
the equilibrium moisture profile in swelling soils; 

Sw = 
Vw = 
~w = 
~a = 
mw = 
ms = 
~g = 
P&T 

partial specific entropy of water. 
partial specific volume of water. 
chemical potential of water. 
chemical potential of the air. 
mass of water in the phase. 
mass of solids in the phase. 
gravitational potential. 
absolute pressure and the temperature of the phase. 

In 1972 Sposito obtained an expression to relate the swelling pressure and the chemical potential of 
water in a saturated clay paste using principles of thermodynamics; the expression was verified 
experimentally. 

ISSS (1976) accepted the term' total potential' as an energy concept to define the state of soil water. 
The total potential was defined as the sum of 

1. gravitational potential, qrg. 

2. osmotic potential, 11'0' 
3. pressure potential, qrp (the pressure potential qrp here is due to the total of internal 

and external pressure registered by the tensiometer). 

[3.7] 

In the absence of an adsorptive force field (away from the solid surfaces) Bolts and Miller's (1958) 
definition of the total potential of soil water in a rigid soil [3.4] is exactly similar to [3.7]. 
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3.2.2 Potential of soil water in swelling soils. 

The concept of scalar water potential introduced by Buckingham (1907) was first used by 
Coleman and Croney (1952) to introduce a new component potential of the total potential of soil 
water known as "overburden potential" (see Youngs and Towner (1970» which was defined as, 

Where 

nee) = &(e) pee) 

0/' = compressiblity factor (see also sec. 5.2 page 100) 
p = overburden pressure 

[3.8] 

They suggested that the total potential of the soil water in swelling soils could be given as the sum 
of overburden potential, nee), and the matric potential, 1I'm(e), according to equation [3.9]. 

[3.9] 

0/ was taken as the gradient of the shrinkage curve of an unloaded soil sample. Therefore 0/ 

- becomes a unique function_of moisture ratio, .e,_ and varies from zero_at e = 0 to unity at saturation. 
Philip (1969a,1969b,1971» analysed the equilibrium moisture profiles and steady vertical flows in 
swelling soils by introducing an overburden potential component (energy per unit weight basis) 
which is similar to that of Coleman and Croney (1952), given by, 

z 
n = 0/ (e) [PO + J 'Y (e) dZ] [3.10] 

Where 
0 

nee) = overburden potential component. 

PO = surface overburden pressure 

'Y(e) = apparent wet relative density 
O/(e) = load factor = (oe/oe)p=O 
z(9) = vertical coordinate measured positive downward. 

He also suggested that the total potential of the soil water, cI>T' in swelling soil can be 
given as the sum of 

1. Matric potential component, (moisture potential in swelling soils for zero 
overburden pressure written as 1I'(e,O), 1I'(e) = 1I'm(e) = 1I'(e,O) 

2. Gravitational potential component, 1I'g(z) 
3. Overburden potential component, nee) = O/(e)p as given by, 

Youngs and Towner (1970) argued that the use of terms such as "moisture 

[3.11] 

potential" ,"pressure potential" and "matric potential" to define "1I'(e)" by Philip was misleading as 
these terms physically represent the overburden potential component as well. However 
Philip(1969a,1970a) clearly indicated that the "1I'(e)" must be the pressure potential of a swelling soil 
sample with zero overburden pressure, (page 104, Philip(1969a». They also showed that the 
assumption (void ratio, e, is a unique function of moisture ratio, e) made by Philip to define the load 
factor,O/, was not totally valid which led to uncertain predictions such as for the zone of aeration 
below water table conditions (Youngs and Towner (1970». 
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However after further discussion by Philip and Bolt, (Philip (1970a), Groenevelt and Bolt 
(1972» the load factor given by (de/d8) was corrected to include the effect of overburden pressure 
on volume change as, 

Where 

0I(8,p) 

0I(9,p) 
e(8,p) 

8 
p 

Ila 
T 

=!. ~ [ae] dp 
p oj a8 p 

= load factor 
= void ratio 

e=8,T,lla 

= moisture ratio 
= overburden pressure 
= chemical potential of air 

= absolute temperature 

[3.12] 

The "overburden potential" has been accepted by the ISSS (1976) as a component potential of the 
total potential of soil water in swelling soil and is described as "Envelope potential" given by, 

[3.13] 

Equation [3.13] is described in this way: the envelope pressure potential, O(8,p), is the increment 
of moisture potential, 'I'(8,p), due to increment of an envelope pressure, p, from an initial zero envelope 
pressure on a soil sample with a constant moisture wetness, W, on a mass basis relative to the total solid 
content, and excess gas pressure, flPa = 0 (relative to the atmospheric pressure). 

Therefore the total potential,~, of the soil water in swelling soils is considered to be given by 
[3.11] as ~'I'(8,0) + 0I(8,p)p without the component of the gravitational potential, where '1'(8,0) is the 
moisture potential of the soil water with zero overburden pressure. The load factor, 0I(8,p), could be 
derived directly or indirectly by using the equation [3.12] along with the data obtained from studying 
properties of swelling soils such as bulk density vs moisture ratio. Load factor based on de/d8 may be 
derived from the bulk density/water content relationships. Such values can be calculated from the 
previous data of Fox(1964), Dardzhimanov & Papisov (1973), Perroux et al. (1974), Talsma and Lelij 
(1976), Loveday (1974), Caughlan (1977), (see Talsma (1977a». Several experiments reported in the 
literature (Fox(1964), Caughlan(1977), Chan (1981), McIntyre et al. (1982a,1982b) and Jayawardane et 
al. (1984» were discussed by Jayawardane and Greacen (1987). Experiments to determine bulk 
density/water content relationships have been performed on undisturbed field cores in the laboratories, 
on extracted field cores at different moisture ratios under drying or wetting cycles or using insitu field 

measurements with swelling gauges. The load factor values derived from Fox's(1964) data showed that 01 

changed from 0.95 at (J g > 0.45 under one-dimensional volume change and to 0.35 in 0.25 < (J g < 0.45 
under three dimensional volume change «(J g' gravimetric moisture content). As these results were related 
to a depth of 0.152 to 0.228 m, the overburden pressure on the soil might be negligible. Higher load 
factors were obtained over a higher moisture range under one-dimensional volume change. 

Berndt and Caughlan (1977) measured the bulk density of undisturbed soil cores with varying 
moisture content in the laboratory and in the field by repeated core sampling. The load factor derived 
from these results was 0.35 under equidimensional volume change, (depth of 0.2 to 0.6 metres). Values 
of 01 derived from core samples (Chan (1981» showed low (01 = 0.39) values for the surface soil layers 
and higher values (01 .. 1) for sub-layers which implied that the load factor, 01, increases with overburden 
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pressure. The lond fnclor calculaled from direct measurcments of the shrinkage curves of Tcmpany 
(1917), Haines(1923), Holmcs(1955), Lauritzen and Stuart (1941) and Talsma(1977a and 1977b) 

showed higher (01 '" 1) values over the higher moisture range and lower values over the lower moisture 

range. 

3.2.3 Measurement of overburden potential component. 

Using tensiometers to measure the moisture potential in soil water, measuring the gravimetric 

moisture content and employing [3.8] and [3.9], Talsma (1974) examined the moisture profiles in 

swelling soils over a depth of 1.8 metres. These tensiometers registered the total soil water potential, 

q.(9,p), which also include the overburden potential component. His insitu moisture profiles indicated 

upward moisture movement along the moisture gradient where the moisture potential increases with the 

depth. Talsma and Lelij (1976) calculated the load factor, 01, at depths of 0.2 to 0.4 metres by measuring 

the variation of tensiometer reading while changing the overburden pressure on the field swelling soil. 

These results indicated a decrease of load factor, but increasing total potential with depth. Talsma 

(1977a) suggested three experimental methods to determine the load factor in swelling soil, by 

measuring, 

1. Bulk density and moisture content of undisturbed swelling soil (ring samples). 

2. Tensiometer reading with variation of surface overburden pressures in field soils. 

3. The change in the moisture potential, q.(9,p) upon removal of a surface overburden 

pressure from undisturbed soil cores in the laboratory using a null-type tensiometer. 

Within the accuracy of these methods, the load factors determined were less than 0.25 even at 

higher moisture contents for natural field swelling soils. However these methods seem to be limited to 

small overburden pressures due to sampling difficulties. 

McIntyre et al. (1982b) also used tensiometers to measure the total moisture potentials at 

different depths in swelling soils. These data indicated increasing total potential and decreasing moisture 

content with the depth. 

3.3 Theory 

First of all the methods involved in measuring various components of the total potential of soil 

water must be clearly understood. 

3.3.1 Moisture potential, (pressure or matric potential), 11'(9) in rigid soils. 

In rigid soils the total potential of the soil water is given by equation [3.7] and the moisture 

potential, 11'(9), usually varies from very high negative values under very dry conditions to zero at 

saturation. In unsaturated rigid soil a tensiometer with a ceramic cup which is permeable to bOlh solutes 

and water will register the matric potential, q.m(9)=q.(9) of the soil water which is exerted by the 

capillary forces, 'l'm(El). This is the total moisture potential of soil water if the solute concentration is 

negligible. If the ceramic cup is separated from the soil water by a gas phase then the tensiometer will 

obviously register the potential of the vapour phase which is equal to the total potential of the water 

component of the soil water at equilibrium, equal to the sum ~ = (11'(9) + 11'0); 11'0 is the potential due 

to the osmotic effect. Any external applied gas pressure relative to the atmospheric pressure will also be 

included in the tensiometer reading. This is the total potential of the soil water under isothermal 

conditions. 
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If the ceramic cup was penneable for only water but not solutes, then the tensiometer will again 

measure the matric potential, '1'(9), as well as the osmotic potential, '1'0' of the water component of 
the soil water similar to measuring the vapour potential of the gas phase. 

3.3.1.1 The pressure membrane apparatus to measure '1'(8). 

The air pressure in the pressure membrane apparatus is increased by a pressure, P e' relative 
to atmospheric pressure and at equilibrium the total potential of the soil water in the soil sample is 
equal to the total potential of the free water outside the membrane, ~O. Therefore, at equilibrium 
the total potential of the soil water in the soil sample is given by the applied air pressure relative to 
the atmospheric pressure as shown by, 

[3.14] 

where v w is the specific volume of soil water and P e is the air pressure increment relative 
to the atmospheric pressure. '1'(8) is the moisture potential of the soil water of the soil sample 
equilibrated with the free soil solution via a membrane permeable to both water and the solutes. As the 
pore geometry of the rigid soil does not change with either moisture content or the overburden 
pressure, the measured moisture potential of the soil water becomes a unique function of the moisture 
content. 

3.3.2 Moisture potential in swelling soil, 'I'(8,p). 

When the units for the potential are taken on a unit mass basis, under isothermal and isohaline 
conditions the total potential of soil water in swelling soils is given by [3.11] as ~(8,p) = '1'(8,0) 
+vwOi(8,p)p without the gravitational potential component. A tensiometer with a porous cup which 
is permeable for both water and solutes will register both '1'(8,0) and vwOi(9,p)p components of the 
total moisture potential of soil water, which equals to the total potential. This is the chemical 
potential of the soil water in swelling soils for negligible solute concentration. Any external gas 
pressure applied relative to atmospheric pressure will also be registered by the tensiometer. A 
tensiometer with a semipermeable probe wall will register the total potential of the soil water which 
also includes the osmotic potential component, ~ = ['1'(8) + Vw 0i(8,p)p + I}/O] = [qr(8,p) + 11'01. 

3.3.2.1 The pressure membrane apparatus to measure, qr(8,p). 

Moisture potential of a swelling soil sample in a pressure membrane apparatus is usually 
determined with an overburden pressure, p, applied to the soil sample in order to ensure a better 
contact between the soil and the membrane. Due to the volume change against the applied 
overburden pressure, with change of moisture content there will arise an overburden potential in the 
soil water of the soil sample. Therefore at equilibrium the applied air pressure relative to the 
atmospheric pressure, P e' is related to the water potential of the soil solution and the potential of 
free soil solution, outside the membrane. 

[3.15] 

Under these conditions one could measure the moisture potential, 1}/(8,p), which is the total 
potential of the soil water under isothennal and isohaline conditions, for the applied overburden 

pressure,p. 
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3.3.3 The tensiometer pressure potential and the chemical potential. 

The chemical potential or the total potential of the water component of the soil solution, Ilw' is defined as 
a specific free energy or partial molal free energy of the soil water (Lewis and Randall (1961), Groenevelt and 
Bolt (1972), Iwata (1972a, 1972b), Sposito (1975». Bccause the chemical potential is also a thermodynamic 
property of the system, the decrement of Ilw is given as, 

dIlW=dll~+ d~+ d~+ d~+ dllwef [3.16] 

T,p,c, (J and ef indicate the changes of Ilw due to temperature, external pressure, concentration of solutes, 
surface forces and the external force fields respectively. Under isothermal and isohaline conditions the moisture 
potential measured by the tensiometer will indicate the chemical potential of water, Ilw' because the component 
potentials due to adsorptive forces,dllw

ef close to the solids, the surface tension at the curved air water 
interfaces, d~ and solute concentration of the soil solutions, d~ (if significant) usually act as the internal 
pressure of the soil water which depends only on the moisture content under a constant overburden pressure. In 
saturated soil, as there are no partially ftIled soil pores, a potential component due the surface forces is not 
significant. On the other hand, in unsaturated soils the effect of curved water-air interfaces reflects everywhere in 
the soil water. It is important to state that in dry soil very low moisture potential is created due to the high ion 
concentration and adsorptive forces in the water ftIms on the clay surfaces and tensiometers can not be used to 
measure these potentials. 

3.3.4 The Load factor, CII(8,p). 

As the load factor, CII(8,p), plays a major role in determining the overburden potential component in 
swelling soils, an investigation into the derivation of the load factor is important. Thermodynamic principles do 
not require the details of the internal constitution of the soil water system, such as type and distribution of cations, 
surface charge density of clay particles, dimensions and arrangement of the clay particles on a microscopic scale, 
in order to define the state of the system or to study the volume change of swelling soils (Lewis and Randall 
(1961), Sposito (1972». The thermodynamic definition of the total potential of the soil water (chemical potential) 
provides more meaningful understanding than the defmition of the total potential by fluid mechanical terms 

(Iwata, (1972a,1972b), Iwata et al. (1988». Temperature, pressure and moisture content can be selected as three 
independent state variables on a macroscopic scale to describe the state of the system adequately. These 
independent state variables are directly or indirectly measurable and controllable under laboratory conditions. 
Therefore the following thermodynamic approach has been made in order to derive the load factor, 01, in swelling 
soils using the concept of Gibbs' total free energy applied to a simplified experimental model. Consider a three 
component swelling soil system composed of solids, air and soil solution in a laterally constrained container as 
shown in Fig 3.1. A porous plate, which prevents air passing but passes soil water with solutes, separates the soil 
mass from the free soil solution in the tensiometer connected to the bouom face of the container. 

Plston wlth to 

porous ple~e 

5011 solutlon 

Overburden pressure 

I 

Sollds.sol1 solutlon 
end ~lr mlx~ure 

Porous pl.,te 

Tenslome"ter 

Figure 3-1 SIMPLIFIED MODEL FOR DERIVATION OF THE 

LOAD FACTOR IN S~ELLING SOIL FOR 

OVERBURDEN PRESSURES 



This vacuum type tensiometer is calibrated to measure the pressure potential of the soil solution from 
o to -80 kPa. A piston with a porous plate slides inside the container to impose an overburden pressure 
on the soil and also to release air expelled from the soil through a thin mineral oil layer without an 
evaporation loss. Under these conditions the soil system is free to change its volume only in one 
dimension (vertically, before the three-dimensional volume change begins) under the applied vertical 
overburden pressure. This swelling soil system is then considered be an open system which is free to 
exchange matter (soil solution and air) and energy (heat) with the environment. Considering the 
macroscopic state of the individual components to relate the basic thermodynamic concept of energy, the 
effect of overburden pressure on the total soil water potential of swelling soils under one dimensional 
volume change is now investigated. 

When the soil system under consideration is under an overburden pressure, p, the chemical 
potentials of individual components, ~i' of the soil solution are uniform at equilibrium. Initially the 
chemical potential of the indi vidual components of the soil solution in the tensiometer, ~ T are unifonn 
but different to the that in the soil system (say ~T>~i)' Due to these potential differences, small amounts 
of soil solution will transfer from the tensiometer into the soil system. If the temperature is not uniform, 
transfer of energy also takes place between the soil and the surroundings. Air will also exchange through 
the porous plate. Work is done by the soil water system due to the volume change against the 
overburden pressure, p. At equilibrium the chemical potentials of all the components of the soil solution 
in both soil system and tensiometer are equal. 

The soil solution is obviously a heterogeneous system because the values of intensive properties 
such as entropy vary on a macroscopic scale. Molecules of soil water close to the charged surfaces have 
higher entropy than the molecules further away from the particles. However under equilibrium and 
isothermal conditions the entropy and the chemical potential of the individual constituents of the soil 
solution can be assumed to be unchanged with position in the soil system. Under unsaturated conditions 
air also occupies the soil system. The entropy and the chemical potential of the air can also be assumed 
to be uniform over the soil system at equilibrium. Once the equilibrium conditions are established the 
change of total Gibbs' free energy of the system may be obtained by adding the free energy changes of 
all components (solids, air and soil solution). The change of temperature, dT, is taken as uniform through 
the soil system. The applied overburden pressure is also assumed to be uniformly distributed over the 
soil system and the change of pressure, dP, is constant for all components. The work done by the change 
of curved air-water interfaces (surface forces) during the application of the overburden pressure over the 
soil may be negligible for a very small amount of soil solution transferred. Adsorptive forces are 
important when the soil solution close to the charged clay surfaces is considered, but the work done by 
these forces may be insignificant unless the soil system is very dry, when the water in the soil exists as 
adsorbed surface layers. 

3.3.4.1 The Gibbs' free energy for the total solid component. 

Generally a real mixed swelling soil system is composed of different types of solid materials with 
different physical and chemical properties. Finer soil particles (clay) carry surface charges while coarser 
material is free of charge. The state of the particles with electric charges varies depending on the amount 
of charge they carry, the type and amount of the cation adsorbed, the dimensions of the particles, 
temperature and pressure. Therefore the entropy of the solids can not be taken as a constant for all solids, 
and the solids in the system can be assumed to be composed of a large number of different types of 
solids with different compositions and thennodynamic states. The system is also not free to interchange 
solids with the environment. Solids with similar thennodynamic properties are scattered across the 
system and when the effects of gravity are neglected due to the small sample size, the total solid phase of 
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the soil system can be considered to be composed of a large number of homogenous portions with different 
states. The pressure change, dp and temperature change, dT are uniform for all solid homogenous portions, so 
the total Gibbs' free energy change of the solids can be written as, 

Where 
Si 

S 
VI s 

= 

= 
Entropy of the ith type of solids of the solid portion 
Volume of the ith type of solids of the solid portion. 

[3.17] 

Similarly neglecting the effects of the gravitational force field, for air, 

Where 

Sa = 

Va = 
J.la = 
dma = 

And for the soil solution, 

Where 

Ssl = 

Vsl = 

J.li = 
dmi = 

Entropy of air 
Volume of air in the soil system. 
Chemical potential of the air 

[3.18] 

Mass of air expelled from the system upon the overburden pressure change. 

Entropy of the soil solution 
Vol ume of the soil solution 
Chemical potential of the ith constitute of the soil solution 

[3.19] 

Transfer of mass of ith constituent of the soil solution to the tensiometer. 

The Gibbs' total free energy change of the system, dF can be written as (assuming the 
change of air mass is negligible) 

[3.20] 
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For thermal equilibrium the change of temperature, (dT=O) must be zero for all phases and the total volume of 

the system is given by, V T = [~V~+ V a+ V sl]' 

then equation [3.20] is written as, 

[3.21] 

The first term of the right side indicates the total work done on the soil system. In a dilute soil solution 

where the concentrations of solutes are considered to be negligible, ~J.lidmi can be approximated by J.lwdmw 
where dmw is the change of the pure water component of the soil solution, and also under isothermal and 
equilibrium conditions the chemical potential of the water component of the soil solution must be uniform 
throughout the soil system. Therefore equation [3.21] is written as, 

dF = V T dp + J.lw dmw [3.22] 

Where dmw is the total mass of water transfered through the bottom porous plate to the tensiometer. 



If dF is a perfect differential of the free energy function, F, of the system, which defines the state of the soil 

system as a function of two independent state variables, p and mw' under isothermal and isohaline conditions 

at equilibrium and also within the accuracy of the assumptions made, using Maxwells relation (Lane and 

Mansfield (1971)). 

[~] ap Illw,T 
[3.23] 

The total volume of the soil system is given by, VT = [1+e]I:V~ where 'e' is the void ratio given 

by e = V vlI:V~, and V v is the total void volume. The moisture ratio, e = V w/I:V~ = mw v w/I:V~ and if 
Vw is a constant e is a unique function of mw.(Usually the specific volume of soil solution depends on 
the concentration and the pressure of the soil water and it is accurate enough to assume that is equal to 
the specific volume of pure water under diluted conditions). Therefore, 

[~] _ [~] [ae] _ rae] 
aIllw p - ae p aIllw p- Vw ae p [3.24] 

As discussed in 3.3.3, the tensiometer pressure potential, lJr(e,p) (on an energy per unit mass 

basis) is the chemical potential of the soil water IJ.w = lJr(e,p). Therefore equation [3.24] can be written 

using [3.23] as, 

[3.25] 

and can also be written as, 

[3.26] 

which reduces to, 

lJr(e,p) = lJr(e,O) + Vw r [~:] dp 
o p,e,T 

[3.27] 

lJr(e,O) is the tensiometer potential under zero overburden pressure and lJr(e,p) is the tensiometer 

potential after the overburden pressure increment, p, relative to the atmospheric pressure at the same 

moisture ratio, e. Therefore the total potential, ~ of the soil water in a swelling vertical soil can be 

written as, 

~T = lJr(e, 0) + lJrq for zero overburden pressure. 
and 

~T = lJr(e,p) + lJrq for overburden pressure, p. 
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If the overburden potential is given by vwO/(9,p)p then the load factor, O/(e,p) is given by, 

O/(e,p) = 1 JP [ae] - - dp 
P 0 ae p,9,T 

[3.29] 

The validity of equations [3.28] and [3.29] is examined by 

1. Deriving the load factor, O/T(9,p) from the measured moisture potentials of swelling soil 

samples subjected to different overburden pressures, using tensiometers and equations 

[3.28] and [3.29].(Superscript "T" indicates the load factor derived from the tensiometer 
potential data) 

2. Calculating aY(9,p) from the volume change experiments with overburden pressures 

e(e,p) (Chapter 2), and comparing these results with the 0/ values derived from 

I.(Superscript "v" indicates the O/(e,p) id derived from e(e,p) results). 

3. Measuring the moisture potential of swelling soil samples under overburden pressures 
directly using the pressure membrane technique and comparing them with the calculated 

values of overburden potential using the 0/(9,p) values from 1 and 2. 

3.4 Experimental methods and material. 
3.4.1 Determination of O/T(e,p) from the measured moisture potential using equation [3.28], 

Experiment 1. 

As seen in the literature review, several attempts have been made to determine the load factor for 
different overburden pressures. The work of Talsma (1977b) to determine O/(e,p) was limited to very 

low overburden pressures (0.02 kPa to 11.2 kPa). His other work (Talsma(1977a)) was performed only 

for very low moisture tension (20 cm water) at which the soil could still have been in a structural water 
loss phase where significant volume change has not even begun (Yule and Ritchie (1980a, 1980b). The 
present work is designed to determine 0/(9,p) for overburden pressures from 0 to 100 kPa and moisture 

potential from 0 to -80 kPa. In order to evaluate 0/ T (9,p) from equation [3.28] it is necessary to measure 

the moisture potential of the unloaded swelling soil, 1JI(9,0), and 1JI(e,p) after the overburden pressure, 

p, is applied over the soil sample at equilibrium. If any moisture ratio change occurrs after equilibrium 

conditions are attained, then the amount of water change must also be measured so that a correction to 

the final equilibrium moisture ratio can be made. 

3.4.1.1 Apparatus. 

Similar apparatus to that in Chapter 2 with slight changes was used in these experiments 1 and 2. 

Pressure unit 1 was used to impose an overburden pressure on the sample while another pressure unit 2 

with apredsionBunderburg pressure gauge was used to apply air pressure equivalent to the moisture 

potential 1JI(e,p) to the soil sample. The high pressure air reservoir of unit 2 was half-filled with water in 

order to keep the air volume saturated with water vapour so that the evaporation loss from the soil 

sample was minimized. 
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Pressure cell No.2; 

Pressure cell number 2 was composed of four sections,CI,C2,C3 and C4. The top section, CI, 
was turned from a solid 76 mm dia stainless steel bar and was common for both pressure cells in 
Chapter 2 and cell number 2. All other sections were also interchangeable between the two pressure 
cells. Sections C2,C3 and C4 were turned from a solid 76 mm dia perspex bar. Section C4 was 
identical to that of the base of cell number 1. In section C4, Imm dia holes (H3) were drilled to join 
the high precision needle valves at outlets 02,03 and 04 to the spiral shaped chamber below the 
sample compartment, Fig 3.2. The idea of using a transparent material for the cell and the spiral 
shaped passage was to ensure the water in this volume was free of large air bubbles while the 
experiment was in progress. Fluid which entered at 03 or 02 could pass through the spiral passage 
and leave either from 02 or 03 when 04 was closed. 

Similarly to the experiment described in Chapter 2, pressure can be connected to the capillary 
system 1 and mercury can be introduced through the bleeding valve B. The overburden pressure 
could be adjusted in the pressure unit 1 at the other end of the capillary system and imposed on the 
soil sample in the cell through the mercury inside capillary system (1) as shown in Fig 3.4. 

Calibrated capillary system No.2. 

Another set of capillary tubes (2 meters long and 2 mm internal dia.) was calibrated to measure 
the volume of water adsorbed or expelled by the soil sample once an air pressure is released during 
the adsorption process or desorption process. This is connected to valve 04 of the pressure cell as 
shown in Fig 3.4. The resolution of these measurements was 0.0015 cm3. 

Vacuum type mercury Tensiometer. 

Two perspex blocks Al and A2 were glued on to both ends of a capillary tube of internal dia. 1.5 
mm. as shown in Fig 3.3a and firmly connected to an aluminum angle section. A conical cavity and 
two outlets joining two high precision needle valves VAl and V A2 and the cavity were made in 
block AI. The capillary tube was glued to the block Al aligning the capillary hole of the tube with 
the hole joining the bottom of the conical cavity. The other end of the capillary tube was simply 
glued to the block A2 with a similar precision needle valve V A3 at the other end. Mercury was 
placed in the capillary tube and 1/4 of the conical cavity through the valve V AI. The purpose of the 
conical cavity was to expel any air tending to be trapped in the system. The expanding volume at 
the other end of the capillary in block A2 could be adjusted by opening the valve V A3 and lifting 
the appropriate side. A special type of epoxy resin prepared by Expandite Research Laboratory was 
used in gluing all the valves,tubes and blocks. 

The tensiometer was based on the principle of an expanding constant mass of air and was 
calibrated at room temperature (20 DC) using a vacuum tank and a vacuum pump. Fig 3.3b shows a 
pressure/displacement relationship obtained for a selected constant mass of air. The advantage of 
this type of tensiometer was the ability to measure the small amount of water transferred between 
the soil and the tensiometer (1 mm = 0.0008 cm3) during pressure changes. Once the tensiometer 
was connected to the pressure cell 'C4' at the outlet 02 the space above the mercury in the conical 
cavity was filled with deaired water through VAl, expelling any air entrapped through V A2. 
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3.4.1.2 Experimental procedure. 

Saturating the soil samples. 

Prepared Mt. Cass Bentonite soil mix belonging to the real mixed swelling soil systems developed in 
Chapler 2 was placed in sample chamber C3 following the method used in Chapter 2, with three equal layers 
using five static blows to each (modified Harvard compaction apparatus). The pressure cell was then 
assembled without the piston and the rubber diaphragm. A vacuum tank and a distilled water reservoir were 
connected to the inlet of section Cl and to the outlet 03 of the cell respectively. Opening 02 and 04, air was 
expelled from 02 - 03 - 04 and the spiral shaped passage. Imposing a vacuum of -40 kPa, the soil sample was 
allowed to saturate until free water was ponded over the sample. Then the vacuum was released and the 
sample was allowed to equilibrate with the free water table at the top surface of the sample for 24 hrs. The 
pressure cell was then dismantled and excess swelled material was removed, using it to estimate: the initial 
moisture ratio. Then the top and bottom faces of the C3 section were levelled and the cell was reassembled 
placing the rubber diaphragm over the C3 section. The cell was connected to capillary system 1 and the 
tensiometer connected to outlet 02. Capillary system 2 was connected to the outlet 04 at the base of the 
pressure cell. Mercury was filled into capillary system 1 and section CI through the bleeding valve, removing 
any entrapped air (Fig 3.4). 

Opening valves 02, VAl, V A2 and 04, passages from 03 to V A2 and from 03 to the end of capillary 

system 2 were filled with distilled water by lifting the distilled deaired water reservoir connected to outlet 03. 
Once all the air inside the base of C4 was expelled valves V A2 and 02 were closed and the water meniscus 
inside capillary system 2 was brought back to the beginning of the capillary by lowering the water reservoir. 

Then valve 03 was closed and the reservoir was removed. Pressure unit 2 was then connected to the outlet 01 
of section C2. 
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Step 1, moisture potential, 1JI(8,0) under zero overburden pressure 

The first air pressure, equivalent to the unloaded moisture potentiallJl(e,O) of equation qr(8,p) = 

'1'(8,0) +VWOlP, was adjusted in pressure unit 2 and imposed on the sample through 01. The valve V2 of 
capillary 2 was closed. At equilibrium the total movement of the water meniscus of the capillary system 
2, M (cm3), was recorded. Then closing valve 04 and releasing the air pressure, valve 02 was opened. 
The tensiometer reading qrT (8,0) was recorded from the calibration graph. The amount of water 
adsorbed t:a (cm3) by the sample was also determined. The overburden pressure exerted by the mercury 
was negligible. The valve connected to outlet 01 was kept closed in order to minimize the evaporation 
loss from the soil top surface. 

Step 2, moisture potential, 1JI(8,p) under overburden pressure ,p 

The overburden pressure p was adjusted in pressure unit 1 and imposed on the soil through the 
mercury filled capillary and section C1. At equilibrium the movement of the tensiometer meniscus was 
recorded and used to calculate the volume of water expelled, 113 (cm3), from the soil sample and the 
loaded moisture potential, 1JI(8,p) (use calibration curve, Fig 3.3b). Using the measured volumes of water 
expelled from the soil sample at equilibrium after applying the air pressure, M, adsorbed by the soil 
upon releasing the air pressure, 112, and expelled upon applying the overburden pressure, 113, the average 
moisture ratio of the sample was calculated according to the equation [3.30]. From the equation, qr(8,p) 
= '1'(8,0) + vwOl(8,p)p, 0I(8,p) was calculated for the applied overburden pressure, p, and the average 
moisture ratio of the soil sample. 

Where 

8 = (Vwj -111+112-113) 
Vs 

v s = Volume of solids in the sample 
V wi = Initial volume of water in the soil sample 

[3.30] 

3.4.2 Experiment to determine the moisture potential, qr(8,p), of loaded soil samples using 
Richard's (1947) method, Experiment 2. 

The moisture potential of a soil sample under overburden pressure is given by [3.15] as -P eVw = 

qr(8,p) = 1JI(8) + vwOl(8,p)p which is equivalent to the applied air pressure on the sample multiplied by 
the specific volume of water, vW' under the overburden pressure, p, at equilibrium. Values of 0I(8,p) are 
calculated from the experimental data for e(8,p) of Chapter 2 by employing the relationship [3.29]. 
Using [3.28], qr(e,p) was evaluated and compared with the measured 1JI(E>,p) of this experiment A 
similar method and apparatus can be used to measure load factors up to 500 kPa of overburden pressure 
with moisture potential up to several bars (depending on the strength of the material of the pressure cell 
and high pressure capillary tubes). 

3.4.2.1 Experimental method 

Loading and saturating the samples were exactly similar to the previous experiment. After allowing 
the soil sample to equilibrate with a water table at the top surface of the soil sample for 24 hrs the cell 
was dismantled and excess material was removed to determine the initial moisture ratio. Mter trimming 
both sides of the sample chamber C3, weight of the sample was determined. The cell was then 
assembled with the piston and the rubber diaphragm over it. Then the cell was connected to capillary 
system 1, and the capillary and the Cl chamber of the cell were filled with mercury through the bleeding 
valve. 
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The capillary system 2 to the outlet 04 and the tube 'L' to 02 were connected, Fig 3.5, opening the 
valves 04 and 02 and lifting the water reservoir connected to 03, so that the tubes and spiral passage 
were filled with distilled deaired water. Mter releasing all the air bubbles in the system, valves 04 -
03 - and 02 were closed. The meniscus in capillary system 2 and that in tube L were initially at the 
end of their tubes. 

Step 1, desorption cycle 

Pressure unit 2 was then connected to the outlet 01 and a pressure of 100 kPa was adjusted and 
imposed on the sample while opening the outlet 02. The valve V2 of capillary system 1 was closed. 
The total outflow was measured at equilibrium in order to calculate the final moisture ratio at q.(9,O) 

= 100 kPa, using a Sartorius analytic balance (resolution O.Ooolg) connected to an HPIL computer 
system. 

Step 2, 1st adsorption cycle(no overburden pressure) 

Closing the valve 02 and opening the valve 04, the air pressure in unit 2 was gradually released in 
steps of 20 kPa,30 kPa,30 kPa and 20 kPa, finally to zero pressure. The amount of water adsorbed by 
the soil sample at the end of each pressure decrement at equilibrium was recorded by monitoring the 
water meniscus in the capillary system connected to the 04 outlet. 

Step 3, 2nd desorption cycle 

Increasing the air pressure in unit 2 in steps of 20, 30, 30 and 20 kPa the moisture ratio at each 
moisture potential q.(S,O) was determined. 

Moisture potential for loaded samples "(S,p) 

After the second desorption cycle was completed (under zero overburden pressure) air pressure of 
p' = (p + P) kPa was adjusted in pressure unit 1 and gradually imposed on the soil sample via the 
piston and mercury in capillary system 1. p' is the air pressure in pressure unit 1, p is the required 
overburden pressure which is a constant and P is the air pressure in pressure unit 2. Initially for an 
overburden pressure 50 kPa in unit 1, p' was adjusted to ( 50 + 100) kPa, and was released on to the 
sample by opening valve V2. After recording the water meniscus of capillary system 2 at equilibrium 
the valve V2 was closed and the next pressure in unit 1 was adjusted as p' = (50 + 80) kPa while the 
pressure in unit 2 was reduced to 80 kPa. Both adjusted pressures were gradually imposed on the soil 
sample and the amount of water released by the sample was recorded at equilibrium.A similar 
procedure was carried out until P = 0 and p'= p = 50 kPa in pressure decrements of 20,20,and 40 kPa. 
The water meniscus in capillary system 2 at equilibrium after each pressure step was recorded. 

The initial high pressure in the capillary of the loading system (pressure unit 1) had no effect on 
changing the adjusted pressure due to the large air reservoir. Equilibrium moisture ratios were 
calculated at the end of each adsorption step. A second desorption cycle was carried out in a similar 
. way for the same overburden pressure. Mter the second desorption cycle was completed, the same 
test was performed for a 100 kPa overburden pressure following the same procedure. q.(S,p) curves 
determined for three overburden pressures (0,50 and 100 kPa) are shown in Fig 3.7. 
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3.5 Results and discussion 

The results obtained from experiment 1 are given in Table 3.1. The load factors 0I(9,p) which were 
calculated from the volume change data for 2,50,75 and 100 kPa, [OIV(9,p)] using [3.29] are given in the 
last column of the Table 3-1 and Fig 3.6 and Fig 3.10. These load factors were calculated by fitting 
smooth e-9-p curves to the experimental curves omitting doubtful points (see Fig 3.8 and 3.9). The load 
factors calculated from the tensiometer readings for 50,75 and 100 kPa of experiment 1 [ OIT(9,p)]are 
given in column nine of the Table 3.1 and Fig 3.10. The load factors, OIT(e,p), are calculated from the 
measured 11' T (9,0) and q.T (9,0) according to [3.28]. The final equilibrium moisture ratio is calculated from 
the initial volume of water in the soil, Ai, the volume of water, .6.l, expelled upon applying the air 
pressure; the volume of water expelled, A2, upon loading the soil; and volume of water adsorbed upon 
releasing the air pressure. 

Moisture potentials measured from experiment 2 are shown in Fig 3.7. Six moisture potentials q.(9,p) at 
six different moisture ratios for two overburden pressures were directly read from these moisture retention 
curves and are given in the third and sixth rows of Table 3.2. The values of q.(e,p) calculated using 1Jr(9,O) 
of experiment 2 and the load factor OIV(9,p) (for overburden pressures, 50 and 100 kPa read from the Fig 
3.7) calculated from volume change data of Chapter 2 are given in rows 5 and 8 of Table 3-3. The values 
of moisture potentials q.(9,p) read directly from the moisture retention curves of experiment 2 and 
calculated values of q.(9,p) using 11'(9,0) from experiment 2 and OIT(9,p) obtained from experiment 1 at 
different moisture ratios for two overburden pressures are given in Table 3.3. 

The validity of equation [3.28] was tested by determining the moisture potential of loaded and 
unloaded soil samples in experiment 2. Table 3.2 shows q.(9,p) and q.(e,O) directly measured and 
calculated using [3.28] by employing the OIV(9,p) from experimental results of Chapter 2. Within the 
accuracy of the experimental methods used, the values of measured q.(e,p) and calculated q.(9,p) are the 
same. Results shown in Table 3.3 indicate q.(9,p) calculated employing OIT(e,p) from the tensiometer 
measurements. Both methods indicate the reliability of the equation [3.29] to a certain degree even though 
some calculated and measured values vary significantly due to experimental errors. 

During the adsorption process, the amount of water adsorbed at zero air pressure decreased with 
increase of overburden pressure. This could have been due to the rearrangement of soil particles either 
reversibly or irreversibly. Original moisture ratios under the previous lower overburden pressures at zero 
air pressure were not reproduced upon unloading the sample, which indicated possible irreversible 
structural changes. Although the change of moisture ratio during the change of overburden pressure was 
negligible, it invalidates the assumption of constant moisture ratio in the derivation of load factor [3.29] to 
a certain extent, depending on the amount of water expelled. This could be avoided by using capillary 
tubes with smaller diameters to build the mercury tensiometer. It will therefore be necessary to perform 
more experiments in order to investigate the behaviour of the function OI(e,p) using the same apparatus 
with suitable improvements. However it is clear that the load factor determined by [3.28] and the 
overburden potential calculated from [3.29] are acceptable within the accuracy of the experimental 

methods adopted. 

The values of OIT(9,p) obtained from the tensiometer potentials did not totally agree with the values of 
OIV(9,p) obtained from volume change data of Chapter 2 (Table 3-1). The reproducibility of 0I(9,p) from 
the second method (measuring moisture potentials, q.(9,p» was successful, if the same samples were used, 
but for fresh samples reproducibility was a bit dissapointing. This could be due to the variation of pore 
geometry upon loading the soil sample into the sample chamber. 
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Table 3-1 

Load factor and Moisture ratio for different Overburden pressures 

Calculated from Tensiometer readings and volume change data 

p 9· 1 
11'(9,0) M qrT(9,0) A2 .63 9 qrT(8,p) (l!T(8,p) (l!V(9,p) 

1.65 20 4.80 19.27 0.053 0.035 1.245 9.5 0.195 0.188 

50 1.67 50 7.52 48.20 0.242 0.071 1.046 40.34 0.155 0.112 

1.63 80 10.75 77.68 0.597 0.295 0.778 71.41 0.124 0.112 

1.66 20 4.713 19.20 0.057 0.053 1.261 0.97 0.243 0.298 

75 1.65 50 7.726 48.0 0.243 0.085 1.012 38.01 0.133 0.126 

1.67 80 11.387 77.29 0.936 0.332 0.754 68.48 0.117 0.110 

1.65 20 6.290 19.29 0.053 * * * * 0.236 

100 1.67 50 8.389 47.02 0.243 0.124 0.968 32.52 0.154 0.147 

1.67 80 11.970 77.49 0.940 0.220 0.716 65.06 0.123 0.1 

11'(9,0) = Equivalent potential of applied air pressure kPa. 

qrT(9,0) = Tensiometer potential at equilibrium after the overburden pressure is released kPa. 

qrT(9,p) = Tensiometer potential at equilibrium with the overburden pressure, p, kPa. 

.61 = Volume of water expelled, cm3, from the sample at equlibrium after applying the air 
pressure. 

.62 = Volume of water, cm3, adsorbed by the sample upon releasing the air pressure . 

.63 = Volume of water expelled, cm3 from the soil at equilibrium after imposing the 
overburden pressure on the soil sample. 

(l!T(9,p) = Load factor determined from the tensiometer potential results. 

(l!V(9,p) = Load factor derived from the volume change results from Chapter 2 

9 = Moisture ratio 

9· 1 = Initial moisture mtio at saturation 

p = Overburden pressure, kPa. 



Table 3-2 

Moisture potential of swelling soil under overburden pressures from 
direct measurements of experiment 2 (Fig 3.7) and derived using 

O/V(S,p) for overburden pressures 50,75 & 100 kPa of Chapter 2 Fig 3.6. 

P 
(9) 1.2 1.1 1.0 0.9 0.8 0.7 

0 1JI(S,0) 24.78 39.77 53.88 68.28 82.29 92.67 

1JI(S,p) 17.04 33.30 47.71 62.99 78.08 89.73 
50 O/V(S,p) 0.176 0.135 0.112 0.112 0.112 0.095 

1JI(S,0)+0/ vp 15.96 32.91 48.20 62.60 76.61 87.78 

1JI(S,p) * 16.94 36.05 53.88 68.28 83.56 
100 O/V(S,p) 0.339 0.205 0.162 0.137 0.114 0.098 

1JI(S,0)+0/ vp 33.60 19.20 37.62 54.56 70.83 83.86 

p 

50 

100 

p 
S 
1JI(9,0) 

1JI(9,p) 
O/V(S,p) 
1JI(S,0)+O/vp 

O/T(S,p) 
1JI(S,0)+O/Tp 

Table 3-3 
Moisture potentials derived using load factors calculated from 

tensiometer readings Table 3-1 and directly measured from 
experiment 2, Fig 3.7 

= 
= 
= 

= 
= 
= 

= 

= 

9 1.245 1.046 0.778 
O/T(S,p) 0.195 0.155 0.124 
1JI(S,0) 18.61 46.43 84.84 
1JI(9,p) 5.19 39.38 82.19 
1JI(9,0)+O/Tp 8.91 38.79 78.66 

S * 0.968 0.716 
O/T(S,p) * 0.154 0.123 
1JI(9,0) * 58.97 91.60 
IJI(S,p) * 43.59 80.82 
IJI(S,O)+O/Tp * 43.49 78.3 

Overburden pressure kPa. 
Moisture ratio 
Measured moisture potential of soil water under zero overburden pressure' kPa. 

from experiment 2. 
Measured moisture potential of soil under overburden pressure, p, experiment 2 
Load factor for a overburden pressure, p,from volume change of Chapter 2. 
Moisture potential of soil water under overburden pressure, p, derived using 
O/V(S,p) and IJI(S,O). 
Load factor derived from the tensiometer potentials, Table 3-1. 
Moisture potential under overburden pressure, p, derived from O/T(S,p) of 
experiment 1 and 1JI(S,0) of experiment 2. 
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Load factor otV(8,p) derived from the volume change data, e-8-p of Chapter 2, and according to equation 
[3.29] varied significantly with the overburden pressures within the range from air entry point (8=1.2) of an 
unloaded soil to 8 = 0.8. Although the e-8-p curves obtained in Chapter 2 were parallel to each other, otV(8,p) 
calculated from those data varied considerably with overburden pressure. These results suggested that ot(8,p) 

depends strongly on the applied overburden pressure. According to Fig 3.6 calculated otV(8,p) increases with 
overburden pressure, which is opposite to the results of McIntyre (1982a, 1982b), who suggested that load 
factor is likely to decrease with overburden pressure. He used the relation de/d8 = ot to calculate the load factor 
from bulk density moisture content data obtained from in situ measurements with swelling gauges. 
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Insufficient data has been published to compare ot(8,p) for higher overburden pressure ranges. Talsma's 
(1977b) research to evaluate ot(8,p) for small overburden pressures from 0.02 kPa to 11.2 kPa seems to be the 
only available data to compare with the present results. ot values derived using Talsma(1977b) according to 
[3.29] and values of ot published in Talsma(1977a) are reproduced in Fig 3.10 and compared with the present 
results. Results obtained are mutually consistent with all previously published data except Talsma(1977b), as far 
as the behaviour of dot/d8 is concerned (see Fig 3.10). Possible reasons for the behaviour of dot/d8~0 for 8>0 in 
the present study are given in 2.5.4. The difference between the ot values determined by these methods is 
significant. The reason for having larger values of ot over the range 8> 1.3 in this experiment compared to the 
previous values might have been the difference in the total void volume resulting from loading the soil into the 
sample chamber, which might have been reduced irreversibly upon loading at the beginning of the experiment. 
Non-uniform moisture distribution across the soil mass might have reduced the volume change rate as discussed 
in 2.5.4. 

Most of the previous reported research to determine load factors was performed on undisturbed soil cores 
which showed low values even at large moisture content. Talsma's(1976) results showed ot < 0.25 at depth 
from 0.2 to 0.4 meters and his 1977b results showed a mean value of ot for black earth clay was 0.29, even at a 
mean moisture ratio 1.15. Load factors measured by Berndt and Coughlan (1977) indicated that ot < 0.35 for 
normal shrinkage of black earth. Some of the previous methods (Talsma(1977a), Talsma (1977b), and Berndt & 

Coughlan (1977» to measure the volume change were carried out by recording movements of marked 
positions of soil cores during the shrinkage process. 

Undisturbed soil cores extracted from the field soil profile usually exhibit non-uniform and three
dimensional volume changes at lower moisture mnges. Such lateml volume change might not have been 
recorded by the measurements of vertical movements of the soil core. Therefore a lower load factor might have 
resulted. In field subsoils, a one-dimensional flow accompanied by a one-dimensional volume change can be 
expected, because field soil is considered as one unit of soil mass. But close to the soil surface, three
dimensional volume change is obvious due to formation of vertical cracks resulting from excess drying rates. 
Load factors determined using soil samples extracted between these cracks may show a value close to those 
expected for one-dimensional volume change. Since the method used in measuring the volume change in 
Chapter 2 was more accurate than the methods used in the previous work, true and higher values of volume 
change must have been obtained and therefore a higher value of ot than expected might have occurred. 

However higher values of ot ( ot = 0.95 ) for a similar soil have been observed by Fox (1964) for a 
gravimetric moisture content of 9g > 0.459. And also higher values of ot, which varied from 0.39 at the 
surface to 1.0 at sublayers, have been observed by Chan(1981). ot obtained for most of the remoulded 
swelling soils has varied from 1.0 at saturation to low values at lower moisture ranges under one
dimensional volume change. 
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overburden pressures, - .2 kPa, -t- .14 kPa, --*- 6.3 kPa and -8- 11.2 kPa. 

Load factor derived for zero overburden pressure, 1 - Dardzhimanov and Papisov (1973); 2 - Fox 

(1964); 3 - Talsma and van der Lelij (1976); 4 - Perroux et aI. (1974). Load factor, Q'V(9,p), 

derived from the shrinkage curves of Chapter 2 and equation [3.29] for overburden pressures, -7(-

2 kPu, -<>~ 50 kPa, -8-- 75 kPa and -E-- 100 kPa. Load factor, Q'T(8,p), obtained 

from tensiometer readings according to equation [3.28] (Table 3.1) for overburden pressures, 5 -

50 kPa, 6 - 75 kPa and 7 - 100 kPa. 



According to the present results the range of the normal volume change [(de/d8)p = 1] appears to increase 
with the overburden pressure. 
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Measured values of 0/ using tensiometers in situ by Talsma(1977a) were found to be not reliable due to the 
tensiometer errors. His laboratory method to determine the 0/(8,p) which was based on a similar principle to that 
used in the present work showed results better than the field method. Those field results showed increasing 0/ 
with moisture content and low (0/<.25) load factor even close to saturating point of the field soil. But O/V(8,p) 
and O/T(8,p) determined from the present experiment were close to unity as 8 ..... e. He also concluded that 0/ 
does not depend strongly on low overburden pressures (l-10 kPa). This difference must have mainly been due 
to the partially saturated soil with larger amount of structural voids in the undisturbed field soil. It might be 
difficult to obtain accurate bulk density and moisture content of undisturbed field soil. 

The load factor measured by both present methods suggests that 0/ depended significantly on higher 
overburden pressure. But 0/ did not vary significantly with lower overburden pressures over the lower moisture 
range (see Fig 3.10 and Table 3.1) which agrees with what Philip(1971) assumed and with measured 0/ values of 
Talsma(1977) for low overburden pressures. Present results (O/V(e,p» showed that 0/ approaches 1 as e 

".~ 

approaches e at higher moisture ratios (e;e}.7) for all overburden pressures. This was not measured in the field 
as it isnot likely to fill all the voids with water (see Talsma (1977a», but 0/ close to 1 (01=0.97) was measured in 
a slurried earth sample at higher moisture ratio (8=2.7). 

3.6 Conclusion, 

Although, from these results it is still difficult to determine the rate of change of load factor with overburden 
pressure at a given moisture ratio for a wider range of moisture content, it is concluded that the methods 
employed to measure 0/ and overburden potential component of swelling soils in the laboratory are satisfactory 
within the accuracy of the experimental methods adopted. Values of 0/ measured for different swelling soils 
cannot be compared because volume changes of different soils vary considerably with many factors. Similar 
experimental methods may be used to predict 0/ and O(8,p) for field swelling soils at deep layers where one 
dimensional volume change is taking place but not near the surface layers. 

Overburden potential component can either be evaluated using measured O/V(e,p) for required overburden 
pressure (soil depth) and moisture content or measured using instruments which register both positive and 
negative pressures. Values of O/(e,p) obtained from the present method and the O(8,p) and total potential 
calculated using such values may not be totally applicable to the whole field soil depth. Three-dimensional 
volume changes close to the surface and a one-dimensional volume changes at large depths are possible due to 
the increase in overburden pressure with depth. More reliable results might be obtained by performing similar 
experiments under a series of overburden pressures for undisturbed field soil cores obtained from required 
depths using the same apparatus. It is advisable to carry out further investigations to measure O/(e,p) and O(e,p) 
for various swelling soils in order to provide a universal relationship between overburden pressure, load factor 
and the overburden potential. 

Theory was developed to evaluate the overburden potential component of the total potential of soil water in 
swelling soil for one-dimensional volume change and these requirements were almost met during the 
experiment. Present experiments were conducted on artificially prepared soil samples to a desired particle 
proportion in the laboratory and precise measurements were made under a temperature controlled environment. 
Present results showed that [3.29] is accurate enough to calculate the overburden potential component, O(8,p) 
for the soil used in the test. 



Chapter 4 

Measurement of moisture difTusivity in swelling soil 
under overburden pressures. 

4.1 Introduction 

The extent of use of the non-linear diffusion equation to investigate the behaviour of moisture flow 
in porous media depends mainly on the availability of measured flow characteristics such as moisture 
diffusivity, D, and hydraulic conductivity, K, of the media concerned. Any solution to a boundary value 
problem with this governing differential equation may be used as the main criterion for measuring D and 
K. In rigid soil such flow properties are considered to be unique functions of moisture content because 
the pore geometry of the soil does not change with either a varying moisture content or overburden 
pressure. Countless experiments have been performed on various types of rigid soils to determine D and 
K using a variety of methods. 

In swelling soils the pore geometry tends to change with both moisture content and overburden 
pressure. Therefore flow properties like D and K may become functions of moisture content as well as 
overburden pressure. Few experiments have been reported in the literature to measure D and K in 
swelling media (Smiles & Rosenthal (1968), Smiles & Harvey (1973), Smiles (1974,1976,1978), 
Nakano et. al.(1986) and Kirby and Smiles (1988)). The exact flow mechanisms in field soils are 
complex due to the variable solid matrix of the soil. Therefore experimental models to determine flow 
properties must be set up with an appropriate simplification of the real problems. Most of the early 
experiments were limited only to very wet, two-component, pure clay/water systems where the 
overburden pressure has no significant effect on the flow properties. Effects of overburden pressure on D 
and K of swelling soils have never been investigated. 

4.1.1 Summary 

Due to its convenient adaptability, Gardner's (1956) outflow method as refined by Miller and Elrick 
(1958), Kunze and Kirkham (1962) to avoid several drawbacks of the original method, is selected to 
determine moisture diffusivity of swelling soil. A general flow equation is developed by defining a new 
diffusivity term, Dmn' which is a unique function of moisture ratio, 9, for an overburden pressure, Pn' in 
terms of the material coordinates defined by Smiles & Rosenthal (1968). The governing flow equation 
is then rewritten in terms of driving potential, "'d(9), moisture ratio, 9 ,material depth, m, and time, t. A 
solution to this governing flow equation which is subjected to suitable assumptions is obtained for 
fractional outflow (QJQT) in terms of time, t, and a single variable parameter, ~. Qt is the outflow at 
time t and QT is the total outflow. This solution is rewritten in terms of reduced time, (DmnwI~)" to 
obtain a family of theoretical curves of (QJQT) vs (DmnwI~) for a series of ~ parameters to 
represent possible outflow curves to the extent that the assumptions are valid. WI is the first root of 
w~=cot(w) and Lm is the length of the soil sample in material coordinates. A family of theoretical curves 
of transient fractional outflow vs reduced time is plotted on A3 log-log paper for 35 values of the ~ 
parameter from 0.0001 to 1000. 

A carefully designed experimental method is proposed to obtain outflow curves from a swelling soil 
sample with finite height under a constant overburden pressure following a small step change of gas 
pressure. The experimental curves of (QJQT) vs (t) are plotted on log-log paper similarly to the 
theoretical plots where the X axes of both plots are co-linear. Superimposing experimental curves over 
the theoretical curves and making only horizontal displacements, the most appropriate theoretical curve 
is picked up to obtain (WI) and the reference time, trp=~/wrDmn' 
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Using these values in the equation which relates Dmn to lcp and cur, a value of Dmn is calculated for 
the overburden pressure applied at the average moisture ratio evaluated from the total outflow, QT' and 
the initial moisture ratio of the soil sample. 

4.2 Literature review 

4.2.1 The flow equation in rigid soils 

The non-linear diffusion equation, which describes the flow of moisture in rigid soil, was derived 
from Darcy's law and the continuity equation in one dimension as: 

a8 _a_[D(8)~] 
at - az az 

aK(8) 
az-

where D (8) = K(8) aqr(8) 
a8 

8 

z 
= 

= 
= 

Volumetric moisture content = volume of water/volume of soil. 
vertical coordinate measured positive downward 
Moisture potential of soil water (see 3.3.1) 

[4.1] 

[4.2] 

As K( e) and 11'( e) are unique functions of volumetric moisture content, e, in rigid soils the 
moisture diffusivity, D( e), also becomes a unique function of e. The term D( e), first introduced by 
Buckingham (1907), was recognized as the diffusion coefficient by Child and Collis-George (1948). 
One of the most popular methods to measure D( e) in rigid soil was proposed by Bruce and Klute (1956), 
who employed the Boltzman transformation (see Swartzendruber (1969)) to obtain a relation between 
D( e) and e to solve equation [4.1] in a horizontal soil column. They solved equation [4.1] subject to the 
boundary conditions, 

e(x,t)=ei' t=O, x>O 
e(x,t)=es' bO, x=O 

with the Boltzman relation e=f(A), A=Xr 1/2 to obtain the relation, 

1 1 J e D(e)=- (--) Ade 
de 2e. 
dA 1 

[4.3] 

D( e) was determined by differentiating the measured curves of A=XC 1/2 vs e while water was 
entering into a homogenous horizontal soil column. This method has also been used to determine the 
moisture diffusivity of two-component swelling soils by Smiles and Rosenthal (1968) and three
component swelling soils by Nakano et al.(1986). Clothier (1983) proposed a method to improve Bruce 
and Klute's method by approximating the experimental curve of A( e) with a mathematical function to 

. avoid differentiation of the experimental data. This improved the accuracy of D( e) calculated at higher 

moisture ranges. 

4.2.2 Outflow method to measure D( e) in rigid soils. 

Gardner (1956) proposed a method to measure capillary conductivity, K(e), by measuring the 
transient outflow from a soil slab caused by a small change of pressure in a pressure membrane 
apparatus. 
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In order to obtain a relation between D(9),outflow, Q, and time, t, [4.4] he solved equation [4.1] 
assuming: 

Where 

(a) a linear relationship between the moisture potential,q.(9), and moisture content,9 
(b) a constant diffusivity across the small soil sample depth during the outflow resulting from a 

very small pressure increment. 
(d) a negligible membmne impedance. 

In(QrQt) = In(8QT/1I'2)-0I2Dt [4.4] 

QT = total outflow 

Qt = outflow at time t 
01 = constant 
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Accounting for non-negligible membrane impedance, Miller and Elrick (1958) proposed a theoretical 
and experimental procedure to measure D( 9) and K( 9) from Gardner's (1956) outflow method. Kunze and 
Kirkham (1962) used the method proposed by Miller and Elrick to introduce a simpler procedure to determine 
D( 9) and K( 9) without measuring the membrane impedance. This method accounted not only for the membrane 
impedance but also the contact and the total impedance which vary with time due to accumulation of air 

bubbles, bacterial growth and tempemture changes. L.A Richards and P.L Richards (1962) and Klute et 
al.(1964) used radial flow cells to measure D( 9) in order to avoid flow disturbance caused by soil shrinkage and 
gas diffusion through the membrane. They also used Miller and Elrick's(1958) theoretical method to solve the 
radial flow diffusion equation. Bruce and Klute (1963) examined the outflow methods proposed by Gardner 
(1956) and Miller and Elrick (1958) using a newly designed tension plate apparatus. The uncertainties of the 

measured D( 0) from both methods increased over the lower moisture potential range. However Miller and 
Elrick's method was found to be more suitable to measure D(9) and K(9) from outflow data. Although the one
step outflow methods proposed by Doering (1965), Gupta (1974) and Passioura (1976) did not require assuming 
a constant diffusivity over the pressure increment, it was required to know the approximate behaviour of the 
function D( 9) to develop the mathematical solution to the governing equation. Instead of measuring the 
transient outflow, Scotter and Clothier (1983) proposed a method to determine D(9) in rigid soil by measuring 
the transient moisture potential, '1'( 9), of one end of the soil sample while varying the moisture potential of the 
other end in small steps. This method also required knowledge of the approximate behaviour of the function 
D(9). 

4.2.3 Moisture diffusivity of swelling soils. 

The moisture diffusivity in swelling soil depends on both moisture ratio, 9, and overburden pressure, p. 
Development of moisture flow equations in such media with a changing pore geometry are mathematically 
complicated. Two principal methods were considered by early researchers in developing a suitable flow 
equation in swelling soils. The physical space coordinate (Eulerian analysis) which was used to describe the 
flow of moisture in swelling soil by Philip(1968) was complicated. Smiles and Rosenthal (1968) and Philip and 
Smiles (1969) used Lagrangian analysis to introduce the material coordinate, "m", by describing a variable 
length scale for distribution of mass of the swelling soil system. The material coordinate, m, was defined as, 

dm = (1+e)"1 dz [4.5] 

where e is the void ratio 



For saturated swelling soils, e=e(8), 8=e and for unsaturated swelling soils e=e(8,p), 8 < e. 

They obtained the general flow equation in saturated swelling soil in terms of the material coordinate as, 

where 

~ is the moisture potential for unloaded soil 

Smiles and Rosenthal(1968) solved equation [4.7] subject to the boundary conditions, 

(a) e=en, m~O, t=O 

(b) e=eO' m=O, bO 

[4.6] 

[4.7] 

[4.8] 

by employing the Boltzman transformation to obtain a relationship for Dm(e) similar to those of Bruce 

and Klute(1956) as given in [4.9]: 

e 
- ~ dA(e) J A(e) de 

2 de 
en 

[4.9] 

The relation [4.9] was then used to measure Dm(e) from the experimental data of A(e) for saturated 
pure clay systems. The overburden pressure had no significant effect on the volume change as the 

system was always saturated. Smiles and Poulos (1969) used the Dm(8) determined from [4.9] in a one

dimensional consolidation analysis of a saturated clay paste using the flow equation [4.6]. Smiles and 
Harvey (1973) used the flux concentration relation defined by Philip (1973) and a relationship between 

sorptivity and diffusivity to determine the Dm(8) of two-component swelling soils from the outflow 
data. Further to those tests, Smiles (1976) performed experiments based on the same theory to show that 
reorientation of particles during the consolidation process had no effect on computing Dm(8) from the 
physically based theory applied to outflow data. Smiles (1974) used vertical infiltration into two
component swelling soils to determine Dm(8) by considering the sorptivity and the infiltration time 
scale. Gardner's (1956) outflow method was used to examine the effect of compaction on the hydraulic 

conductivity properties of swelling soil by Douglas and McKyes (1978). In that work a linear 
relationship between In(K/(I+e)) and total porosity and a decreasing hydraulic conductivity with 
overburden pressure was observed. Smiles (1978) showed that flow properties such as the relationships 
of hydraulic conductivity and moisture potential to water content determined by using Darcy's law in 
swelling soils are well defined. Considering a relationship between the potential gradient of water and 
the spatial gradient of potential which ca~ses the movement of clay particles during infiltration of water 
into saturated and unsaturated pure clay~ater systems, Nakano et al.(1986) determined Dm(8) from the 
measured water and clay content profiles. He also used Bruce and Klute's (1956) and Smiles and 
Rosenthal's (1968) methods to compare the determined Dm(8) values. In this work, the effect of 
overburden pressure on the volume change was not considered and Dm(8) was found to decrease as the 

moisture ratio increased. Perroux and Zegelin (1984) used the material diffusivity determined using the 
Bruce and Klute method with considerable success to test the process of constant flux infiltration into 
unsaturated mixed swelling soils based on Philip's (1973) flux concentration relation. 
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4.3 Theory 

4.3.1 Identification of the problem. 

Early experiments to determine diffusivity of swelling soils as a unique function of moisture 
ratio were based on equation [4.7] and the moisture potential, q., of this equation was determined for 

- unloaded swelling soil systems. This diffusivity term was considered to be applicable only to two
component swelling systems. However, the moisture potential of swelling soils is affected by 
overburden pressure due to its influence on volume change, accompanied by moisture change, even 
when the soil is saturated, 9 > 9~ ( ar-1 for 9 > eB and 0/ < 1 for 9 < 98 and 0/ is a function of 9 and 
overburden pressure, ~ is the air entry point for overburden pressure Pn and eB is for overburden 
pressure PO=O, refer to the derivation of the load factor in 3.3.4). Therefore the moisture diffusivity 
determined by equation [4.7] may not be a unique function of moisture ratio even in two-component 
saturated swelling soils below eB (see 2.3.5.1) for different overburden pressures. Therefore such data 
may not be adequate for studying the behaviour of transient moisture profiles in saturated and 
unsaturated swelling soil systems. Also, knowledge of the moisture diffusivity of saturated swelling 
soils under overburden pressures with the diffusivity equation may provide better solutions to the 
nonlinear consolidation analysis of swelling soil (see Smiles and Poulos (1969)). Once families of 
diffusivity and hydraulic conductivity are obtained as functions of moisture ratio for a sufficient number 
of overburden pressures, the transient moisture distribution in a deep swelling, field soil may be 
analysed by considering the soil column to be made out of large numbers of soil slabs with finite 
thickness. The diffusion equation of Philip (1969c), with diffusivity as a unique function of moisture 
ratio for the overburden pressure corresponding to the respective depth (across the corresponding soil 
slab), may be applied to each soil slab employing a suitable iterative procedure in order to find the 
transient moisture profiles in saturated and unsaturated swelling soils. Philip's (1969c) diffusion 
equation for unsaturated swelling soils is: 

~: = ~m[D(9)~:] [4.10] 

where 
1 aq. (9) 

D(9) = (1+e(9» a9 [4.11] 

This equation may be applied only for a single soil slab under constant overburden pressure. 
D(9) and q.(9) are measured only for the particular overburden pressure. In this study moisture 
diffusivity of swelling soil was measured from saturated to unsaturated conditions (q.=0 to -100 kPa) 
under different overburden pressures (from 2 to 225 kPa) as a function of moisture ratio. 

First of all a suitable governing moisture flow equation and its solution in swelling soil must be 
found giving consideration to the overburden pressure effects. 

4.3.2 The flow equation in unsaturated swelling soils. 

Although remoulded swelling soil in the laboratory exhibits three-dimensional volume change 
the volume change of swelling field soils is mostly one-dimensional and takes place in the direction of 
moisture flow (vertical). Consider a swelling soil element with finite thickness, L, and cross-sectional 
area, A, subjected to a constant overburden pressure, Pn' The length, L, changes with a change in 
moisture ratio of the sample. 
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The cross-sectional area begins to change once three-dimensional volume change begins at lower 
moisture ratios. However, under overburden pressures, the soil is forced to change its volume in a 
vertical direction only, reducing the moisture ratio at which the three-dimensional volume change begins 
to occur. The flux density relative to the solids can be written using Darcy's Law as, 

v = - K(9 p) a~T(9,p) 
z ' az [4.12a] 

Although the hydraulic conductivity, K(9,p), and the total moisture potential, ~(9,p), also vary 
with the overburden potential, p, (see 3.3.2) for a given constant overburden pressure, Pn' such terms can 
be considered to be a unique function of moisture ratio, e. Therefore, assuming the self-weight of the 
small soil slab has negligible effect on PO' equation [4.12a] is written as, 

[4.12] 

az 

In equation [4.12], ~Tn(8) is the total potential of the soil water and Kn(8) is the hydraulic 
conductivity of the soil for the constant overburden pressure, Pn' The total potential can be written from 
[3.28] as, 

Where 

C\!n(8) = 

Vw = 
1}I(9,O)= 

I}Ig = 

load factor defined by [3.29] for overburden pressure'Pn 
specific volume of water. 
moisture potential of the unloaded soil. 

potential component due to gravity. 

[4.13] 

The component of potential due to the osmotic effect, l}Io' is ignored due to the low ionic 
concentration of the soil solution. This expression, which is also a unique function of moisture ratio 
across the soil element, is valid only for the soil element subjected to an overburden pressure, Pn' If the 
tensiometer potential I}In(9) = I}IT(9) is equal to [1}I(e,O) + vwC\!n(9)Pn] (see 3.3.2) then equation [4.12] 

may be written in terms of material coordinates as, 

[4.14] 

ae 
V = - D (8) - + K (e) q ron ron am --n [4.15] 

where Dmn(9) is the material diffusivity term for the overburden pressure, Pn' given by, 

D (9) = [ Kx, (9) ] al}ln (9) 
ron 1+en (9) a9 

[4.16] 
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Using the continuity equation, (as/aOm = -(aV molam)t the general flow equation in swelling soils 

can be written as, 

as a [D (S) as ] _ aRD(S) 
at - am mn am am q [4.17] 

The major difference between the diffusivity term in [4.16] and that of Philip (1969c) is the 
moisture potentiallJln(S) of the new term which includes the overburden potential component. Any 
suitable solution to equation [4.17] which meets the appropriate boundary conditions may be used to 

determine Dmn(S) and Kn(S). As there is no general solution to equation [4.17] an approximate 

solution may be obtained to a special case. 

The outflow method has been used with success to determine sorptivity and diffusivity of saturated 
swelling soils by Smiles and Harvey (1973), Smiles (1976,1978) and Esther et al.(1978) in order to 

study the effect of soil compaction on flow characteristics of swelling soils. Gardner's (1956) outflow 
method appears to be capable of satisfying most of the experimental requirements in the present study. 
For example, the soil sample is required to be subjected to a constant overburden pressure until the 

experiment is completed. Setting up such an arrangement seems to be practicable if the outflow method 
is used. The more reliable versions of the outflow method suggested by Gupta (1974), Passioura (1976) 

or Clothier (1983) could not be used in the present study as they require the approximate behaviour of 

Dmn(S) with S to develop the theoretical background. No statistical data of Dmn(9) of swelling media 
as defined by equation [4.16] are available in the literature to produce an approximate relation between 

Dmn(S) and S. 

The outflow method which was refined by Miller and Elrick (1958) and made computationally easier 

by Kunze and Kirkham (1962) was selected to determine Dmn(S) of swelling soils in the present study 

for the following reasons: 

(a) The assumption of negligible membrane impedance, which was one of the major drawbacks of 

the original Gardner (1956) method, was rectified by accounting for the membrane and contact 

impedance in the theoretical solution. 

(b) In Kunze and Kirkham's (1962) method the impedance, which could vary with time due to the 

accumulation of air bubbles and bacterial growth during the outflow, did not need to be 

measured. 

(c) The computational procedure appeared to be simpler than the other outflow methods. 

(d) The possibility existed of providing for all the practical requirements to determine Dmn(9) 

under a constant overburden pressure. 

4.3.3 Solution to the equation [4.17] (see Appendix A for details) 

A solution must be obtained providing a relationship for Dmn(9) in terms of outflow and time. 

Consider a swelling soil element with finite thickness, L and cross-sectional area, A, subjected to a 

constant overburden pressure, Pn. 
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The soil slab, which sits on a porous plate, is laterally constrained and allowed to change volume only 
in the direction of soil water flow. The porous plate has a bubbling pressure to prevent passing air within 
the range of gas pressure to be employed in the test. Due to the finite length, the gravity force is 
neglected and the overburden pressure is assumed to be unchanged with the depth. Initially the soil 

sample is in equilibrium with a gas pressure of PO' Increase of the gas pressure by an increment AP 
causes water to flow under the driving potential tlrd(9) given by, 

[4.18] 

where 'l'n(9) is the moisture potential of soil water under the overburden pressure, Pn' which is a 
unique function of 9 and Vw is the specific volume of water. The moisture ratio, 9, can be linearly 
related to 'l'n(9) by assuming AP is too small to make a considerable change in the moisture ratio. 

where a and b are constants only for the overburden pressure considered. With the pressure 
increment, AP, from [4.19], equation [4.17] becomes, 

[ [~ (9) ]!. a'l'n (9) ] 
Hen (9) b am 

[4.19] 

[4.20] 

where the term [ RD(9) ]~ is equivalent to the Dmn(9) and the general 
Hen (9) b 

flow equation is written as, 

a'l'n (9) = 
at 

a [ _a'l' ...... n'"-'("-9"-) ] am Dmn (9) am [4.21] 

Assuming the change in Dmn(9) arising from the small change in 9 due to the small pressure 
increment AP to be negligible, equation [4.21] is written as, 

--- = Dmn ----
am2 

[4.22] 
at 

This is a special case of equation [4.17] and the validity of [4.22] depends on the magnitude of the 
pressure increment AP. The driving potential, 'l'd(9), which causes the water to flow from the sample, 
tends to vary with the soil depth depending on 9 and is given by [4.18]. The flow equation [4.22] can 
then be written in terms of 'l'd(9), m and t in total differentials as, 

[4.23] 
dt 

4.3.4 The boundary conditions 

(1) During the entire outflow there is no flow across the top surface of the soil sample and 

[4.24] 
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(2) Matching the flow across the the porous plate to that in the soil just inside the soil 

sample at L = Lm' Lm is given by, 

J
L dz 

InL =0 (1+en (8) ) 
[4.25] 

and RD(8) d~d(8) = ~d(e) 
1+en (8) dm Z t > 0, m = InL [4.26] 

where Z is the plate and contact impedance. 

(3) Initially the driving potential is ~d(8) = Vw tJ> and the third boundary condition becomes, 

[4.27] 

Using the separation of variables method, 

~d(m,t) = M(m)T(t) [4.28] 

The general solution to equation [4.23] is written as 

[RcOS(pm) + QSin(pm)] [4.29] 

The boundary condition [4.24] in [4.29] gives Q = 0 and using the boundary condition [4.26] in [4.29], 

[4.30] 

where PLm = w (constant) [4.31] 

Then equation [4.30] is written as, 

WA = cot(w) [4.32] 

where A = (Kn(8)Z~), which is also assumed to be a constant for a small pressure increment. Equation 

[4.32] implies that there are infinite numbers of roots, wI ,w2'w3 ...... wO) to satisfy the equation [4.32] for 

a given value of A. Squares of the first root of [4.32] are given in Table 4-1. Therefore [4.29] is reduced 

to, 

[4.33] 

using the boundary condition [4.27] in [4.23] 

[4.34] 
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Ri may be found from the quality of orthonormality of the function cos(wim/Lm) over the soil slab 
(Lm ~ m ~ 0) and from the boundary condition [4.27] as, 

[4.35] 

Therefore the general solution of the equation [4.23] becomes 

[4.36] 

This gives the general solution to the governing equation [4.23] which meets the boundary 

conditions given by [4.24], [4.26] and [4.27] for driving poten,tial1{rd as functions of material depth,m 
and time,t to the extent that the assumptions are valid. Using the relations [4.18] and [4.19] with [4.36] 
the moisture ratio, 9, may be written in terms of m and t as, 

where 9f is the equilibrium moisture ratio for the final gas pressure (PO+fJ» and b = (90-9f)/i1Pvw' 

90 is the initial equilibrium moisture ratio under the gas pressure PO' Integrating [4.37] over the soil 

column length to obtain the amount of water, Qt' remaining in the soil at time t, an expression can be 
written to relate Qt to the final outflow,QT as, 

-Dmn <Wi/Lzn)2t 

Ot co 2e 
-= 1 - I: [4.38] 

°T i=l w~[~+csc2<wi)] 

The equation [4.38] describes a family of theoretical fractional outflow curves of (Qt/QT) vs reduced 

time (Dmn(Wl/Lm)2t) for a single variable parameter, ~, which provides all possible transient outflow 
curves for different values of A. WI is the first root of the equation [4.32]. A relationship between Dmn,t 
and WI can be written according to Miller and Elrick (1958) and Kunze and Kirkham (1962) as, 

t = [ ~ 
rp 2 

wlDmn 

[4.39] 

trp is the reference time when the reduced time becomes unity. When ~ is large (membrane 

impedance is high) only a few roots of [4.32] are sufficient to calculate Qt/QT' For low ~ values, 

sufficient numbers of roots must be included to calculate Qt/QT to the desired accuracy. 

4.3.5 Calculation procedure for Dmn(e) 

Such a family of theoretical outflow curves are calculated using fifty roots (which is more than 
required) and plotted on Log-Log axes as (Qt/QT) vs Dmn(wl/Lm

2t) in Fig 4.2. Kunze and Kirkham's 
(1962) computational procedure was used to calculate Dmn from the measured Qt/QT vs t data as 
follows. 
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(I) A family of theoretical fractional outflow curves of Qt/QT vs reduced time, 

Dmn(wl/Lm)2t was plotted on A3 Log-Log paper for 35 A values. 

(2) On the bottom left end of the same plot where the theoretical outflow curves intersect the 

'y' axis, the curve WI vs A was plotted. 

(3) Actual fractional outflow curves of Qt/QT obtained from the experiment were plotted 
against actual time on Log-Log paper similar to the theoretical plot keeping the 'X' axes of 
both plots colinear. 

(4) By superimposing the experimental outflow curves over the theoretical curves, making 

only horizontal displacements, the best matched theoretical curve was chosen. If the 

experimental curve lies between two theoretical curves a correct one was picked up by 

using a linear proportion to obtain wI from the wI vs A curves. 

(5) The reference time can be found from the actual time scale where the unity reference time 

(wIDmn~)=1 of the theoretical plot coincides with the actual time value. 

(6) By employing wi and 1rp in equation [4.39] the Dmn for the applied overburden pressure 
Pn' and the average moisture ratio were calculated from the total outflow and the initial 

moisture ratio, eO' 

1000.0 0.00100 
2.5 0.35194 
1.5 0.54170 
0.92 0.78603 
0.758 0.89833 
0.540 1.10996 
0.389 1.32276 
0.300 1.48828 
0.250 1.59919 
0.200 1.72617 
0.170 1.81187 
0.136 1.91893 

Table 4-1 
The square of the first root of 
equation [4.32] for different A 

0.1180 1.97781 0.0170 
0.0950 2.06003 0.0140 
0.0800 2.11860 0.0115 
0.0667 2.16953 0.0090 
0.0585 2.20282 0.0073 
0.0475 2.24904 0.0050 
0.0400 2.28146 0.0035 
0.0450 2.30349 0.0025 
0.0300 2.32586 0.0014 
0.0270 2.33944 0.0005 
0.0230 2.35774 0.0001 
0.0205 2.36930 0.0000 

2.38562 
2.39975 
2.41162 
2.42358 
2.43177 
2.44291 
2.45022 
2.45511 
2.46051 
2.46494 
2.46691 
2.46740 
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4.4 Experimental methods and equipment. 

4.4.1 Pressure cell 

The pressure cell used in this test was made using both parts of cell No.1, Fig 2.6 and cell No.2, Fig 
3.2 as shown in Fig 4.1 All the parts except the top part cl were turned from a solid perspex bar, so that 
whatever took place in the cell was clearly visible (lateral volume change). The inside of the stainless 
steel section, c 1, was turned to a diameter equal to the inner diameter of C2 and C3 with a conical shape 
at the top as shown in Fig 4.1. The porous plate on the top face of the base, C4, over the spiral-shaped 
passage was of a bubbling pressure 1.5 bar. Overburden pressure was applied through the capillary 
system 1 at the top of c1. Negative gas pressure during saturation and positive gas pressure during 

desorption was applied through 01. 

4.4.2 Pressure units 

Both pressure units used in the previous experiments were also used in these tests. Pressure unit No.1 
was used to apply gas pressure during the desorption process with a linear pressure scale made by 
joining 3 lengths of one meter long, 3 mm dia. high pressure capillary tube, together with a variable 
volume at the end of the capillary. This pressure scale was calibrated by compressing a trapped constant 

mass of air (250 cm variable capillary length and 15 cm3 constant volume at the end) using a 3 cm long 

mercury column with a known pressure supply at a constant temperature of 20 0C. Such an arrangement 
provided pressure measurements with a resolution of 0.025 KPa to 0.12 KPa. Pressure unit No.2 was 

used to apply overburden pressure over the sample. 

4.4.3 The vacuum tank 

A negative pressure up to 85 KPa could be generated in this tank which was used to saturate the soil 
sample. This tank was made from a one meter length of 8 cm. dia. P.V.C pipe by closing the two ends. A 

'U' tube mercury manometer was used to read the negative pressure and a vacuum pump was connected 

to the tank with a one-way valve. This pressure unit was connected to the 01 outlet of C2. 

4.4.4 The capillary systems 

Both capillary systems used in the previous tests were used in this test without alterations. The 
capillary system No.1 was used to measure the volume change under the overburden pressure applied 
and the capillary system No.2 was used to measure the amount of water taken up by the soil during 

saturation. 

4.4.5 Outflow measuring system. 

A Sartorius analytic balance with a resolution of,O.OOOlg coupled to an IIP-IL computer was used to 

measure the outflow in predetermined time intervals. As the outflow was very small (QT < 3 to 4 cm3) a 
special collecting device was made by packing Whatman filter paper into a small sealed measuring 
cylinder exposing a small tip of the filter paper which passes through a small tube, Fig 4.1. This device 
was arranged in such a way that the filter tip was 0.5 mm below the end of the outflow tube as shown in 
Fig 4.1. This arrangement enabled the filter tip to collect a very small fraction (0.0007g) of the water 
drop which begins to develop at the end of the outflow tube. The collecting device was kept in a closed 

chamber over the balance. 
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APPARATUS TO DETERMINE MOISTURE DIFFUSIVITY 

OF SWELLING SOILS UNDER OVERBURDEN PRESSURES 
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4.4.6 Low pressure distilled water supply 

A suitable method of removing air bubbles which could diffuse into the water passage in C5 due to 
the applied gas pressure was required to minimize the errors which could have been caused by lengthy 
outflow time periods. A distilled water reservoir with a small air pump to act as a low pressure water 
supply was connected to the outlet 03. Any air bubbles formed in the passage were able to be flushed 
out by pumping distilled water through 03 by closing the outlet 02 and opening 04. This water supply 
was also used to refill capillary system No.2 once the water meniscus reached the end of the capillary 
tube during saturation of the soil sample. 

4.4.7 Experimental procedure 

The same Mt.Cass bentonite which was prepared for the tests in Chapter 2 and Chapter 3 (real mixed 
swelling soils) was used in this test. The basic procedure involved in this test was; pack a fresh soil 
sample into the sample chamber and saturate under the desired overburden pressure (except for 
overburden pressure 2 kPa) and subject to pressure increment!:!.P. The outflow was then measured and 
once the equilibrium conditions were established the next pressure increment was imposed. 

4.4.7.1 Overburden pressures 

The experiment was originally designed to measure Dmn for a series of overburden pressures from 2 
kPa to 225 kPa in nine steps to simulate ten soil slabs up to a depth of about 12 meters of field soil. Due . 
to the lengthy time periods required to complete a single pressure increment it was decided to perform 
this test only for five overburden pressures: 2,25,75,125 and 225 kPa. 

4.4.7.2 Gas pressures 

The validity of the entire theory depends on the magnitude of the gas pressure increment applied. As 
the theory was also developed on the basis of one-dimensional volume change, the moisture ratio must 
not be reduced below the value at which three-dimensional volume change begins. It was noticed 
(through the transparent sample chamber) that the moisture ratio at which three-dimensional volume 
change begins reduces as overburden pressure increases and at a moisture ratio well below the 
equilibrium moisture ratio for gas pressure of 100 kPa for an overburden pressure 2kPa. Therefore these 
tests were made only up to a gas pressure of 100 kPa for all overburden pressures. The magnitude of the 
pressure increments was increased from 5 kPa to 20 kPa in order to measure a sufficient quantity of 
outflow as the moisture tension of the soil slab increased. 

4.4.7.3 Experimental procedure for overburden pressure 2kPa. 

(1) All the capillary systems were cleaned with hydrochloric acid, washed with distilled water and 
thoroughly dried by passing a clean air stream. 

(2) Thoroughly mixed, air-dried soil mixture was packed into the sample chamber in five equal 
layers with five static blows of the modified Harvard miniature compaction apparatus and both 
ends were trimmed off. 

(3) The pressure cell was then assembled without the rubber diaphragm and the piston placing '0' 
rings in between sections. The cell was then connected to capillary system No.1 and all other 
apparatus was connected to the cell as shown in Fig 4.1. 
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(4) Opening outlets 02 and 03 and closing 04 passage from 03 to 05, closing 02 and opening 04, 
capillary system No.2 was filled with deaired and distilled water using the low pressure water 

supply at the 03 outlet. 

(5) Closing V2 and V6 valves a negative pressure of 40 kPa was adjusted in the vacuum tank. 

Opening V5 and V6 the vacuum was applied to the soil. Opening valve 04, the displacement of 
the water meniscus was measured. Once the water meniscus reached the end of the capillary it 
was refilled by using the low pressure distilled water supply at 03. 

(6) Once the free water was ponded over the soil the vacuum was released and the soil sample was 
allowed to equilibrate with the water in the capillary system for 2 days. The final position of the 
water meniscus was then recorded and the cell was dismantled. Then the swelled soil over the 
chamber was trimmed off and used to determine the initial moisture ratio, eO of the soil sample. 
This value was cross-checked against the moisture ratio calculated by the total outflow from 
capillary system No.2 and the initial moisture ratio at air dry. 

(7) The cell was then reassembled placing the rubber diaphragm over the piston with section C2. 
The capillary system Nol and the chamber of section cl were filled with mercury through the 
bleeding valve. 

(8) A pressure of (2 + AP1)kPa, equivalent to the first overburden pressure, 2kPa, in pressure unit 2 
and a gas pressure of API in pressure unit 1, were adjusted. After filling the passages from 03-
02-05 with deaired, distilled water, removing any air trapped and making sure that the water 
meniscus of the outflow tube was at the end of the tube, both pressures were gradually imposed 
on the soil sample. The outflow was recorded in predetermined time intervals; half an hour 
intervals for the first day, one-hour intervals for the next 2 days and five-hour intervals until the 
outflow ceased. 

(9) Once the outflow ceased the final position of the mercury meniscus was recorded. Then closing 
V2 and V 4, the pressures equivalent to the next gas pressure increment, pressure unit 1 

(API +AP2)kPa and pressure unit 2 (2+API +AP2) kPa were adjusted. After checking for air 
bubbles in the passages in C5, the two pressures were gradually imposed on the soil and the 
measurements begun. 

(10) The gas pressures in this test were increased by steps of 5,5,5,5,20,20 and 20 kPa respectively. 
Once the final step was completed, the cell was dismantled and the final moisture ratio was 
gravimetrically determined and checked with the final moisture ratio obtained from the outflow 
measurements. 

The soil samples for other overburden pressures were saturated under their respective overburden 
pressures as follows: 

4.4.7.4 Overburden pressure 25 kPa 

(1) After packing air-dried soil into the sample chamber as in the previous section, the cell was 
assembled placing the rubber diaphragm over section C2 with the smoothly sliding piston. 
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(2) Then the passages in C5 and the capillary system No.2 were filled with deaired, distilled water 
as in the previous case. The capillary system No.1 and the chamber in section cl were then 
filled with mercury through the bleeding valve. 

(3) A vacuum of 25 kPa was adjusted in the vacuum tank and imposed on the soil after opening the 
valves V5 and V6. The initial positions of the mercury in capillary system No.1 and water 
meniscus in capillary system 2 were recorded. Capillary system No.2 was refilled when the 
meniscus reached the end of the capillary. 

(4) Once free water was ponded over the top soil surface, the vacuum was released and the soil 
was allowed to equilibrate with water in capillary system No.2 for 2 days and the final 
displacements of the two menisci were recorded. 

(5) The initial moisture ratio and the initial height of the soil sample were determined from the 
total displacements of the water meniscus and the mercury meniscus without dismantling the 
pressure cell before the outflow was begun. 

(6) Application of the overburden pressure, gas pressure and taking outflow measurements were 
exactly similar to steps (8), (9) and (10) in 4.4.7.3. 

4.4.7.5 Overburden pressure 75 kPa 

All the steps taken in this test were exactly similar to those in 4.4.7.3 except that a vacuum of 
75 kpa was applied with the valve V5 open to saturate the soil. Gas pressure increments of 
10,10,20,20,20 and 20 kPa were used in the outflow measurements. 

4.4.7.6 Overburden pressure 125 kPa. 

In this test an additional pressure of 50 kPa to the vacuum of 75 kPa at 01 was applied from 
pressure unit 2 during the saturation process in order to saturate the soil under the required 125 
kPa overburden pressure. The gas pressure increments used in the outflow measurements were 
20,20,20 and 20 kPa. 

4.4.7.7 Overburden pressure 225 kPa. 

Additional overburden pressure of 150 kPa to the vacuum of75 kPa at 01 was imposed on the 
soil using pressure unit 2 during saturation. Five equal gas pressure increments of 20 kPa were 
used in measurement of the outflow. 

4.5 Results and discussion 

4.5.1 Specimen calculation 

The experimental outflow curve for overburden pressure 25 kPa and pressure increment 0-10 kPa is 
matched with the family of theoretical fractional outflow curves and the best fit was chosen as shown in 
Fig 4-2. A mean wr (mean theoretical curve) value was selected to calculate the Dmn for Pn=25 kPa and 
f1p= 1 0 kPa and several theoretical fractional curves are also selected to comput Dmn for comparison. 
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If ). = 0.3 curve is selected, 

From [4.39], 

wy = 1,488, trp = 960 min, Dmn = 37.1 x 10-10 m2/sec 

If ). = 0.25 curve is selected, 

wy = 1.599, trp = 1000 min, Dmn = 33,4 x 10-10 m2/sec 

If ). = 0.20 curve is selected, 

WI = 1.726, trp = 1050 min, Dmn = 29.3 x 10-10 m2/sec 

A mean value of wI = 1.72 and reference time of 1020 min for the best fit of the experimental curve P n 
= 25 kPa and lJl = 10 kPa are selected and Dmn = 30.17 x 10-10 m2/sec. 

The curves of experimental fractional outflow (Q~QT) vs actual time(t) in minutes were plotted on 
A3 Log-Log paper for five overburden pressures and are shown in Fig 4.3 to fig 4.7. The material 

diffusivity was calculated by matching the experimental and theoretical curves according to the 
procedure described in section 4.3.5 are given in Fig 4.8 and Table 4.2. 

4.5.2 Comparison with previously reported results. 

Although no other experimental results for material diffusivity of a three-component swelling soil 
under overburden pressure are available at present, the general behaviour of the flow property Dm(9) of 
the present work has been compared with early results which determined it for satumted pure clay 
systems under zero overburden pressures. The difference between the present results and the early 
results (Smiles and Harvey (1973) Smiles (1974,1976,1978), Nakano et al.(1986) and Kirby and Smiles 

(1988)) appeared to be marked (the present being opposite to the early data) even for low overburden 
pressures. However, the present results agree slightly with the results of Smiles and Rosenthal(1968) and 
Smiles (1972), for saturated pure clays (which were suspected by those authorsto be spurious) at low 
moisture ranges. The general properties of the material diffusivity measured using the Bruce and Klute 
(1956) method (perroux and Zegelin (1984)) also seemed to agree with the present results. A material 
similar to the real mixed swelling soil (65% clay) which has been used in the present work was 
employed in the Perroux and Zegelin research. Early experiments showed a decreasing material 
diffusivity, Dmn' with moisture ratio, 9, due to the introduction of material coordinates. Present data 
show an increasing Dmn with 8, and decreasing Dmn with overburden pressure increase. Convincing 
explanation seems to be required to explain the discrepancies between the two entirely different 

diffusivity results. 

One of the major reasons for such discrepancies between the early and the present results may have 
been the different compositions of the material which have been used. In the present case, unsaturated 
real mixed swelling soil (8<1.8) has been used and in the early experiments of Smiles and Rosenthal 
(1968), Smiles and Harvey (1973), Smiles (1974,1976,1978) and Kirby and Smiles (1988), two
component (saturated very wet) pure clay with zero overburden pressure was used. As shown later in 
this discussion, the different influences of double layer interactions on the flow properties in different 
materials may be given as one major reason for the large difference between the present results and the 
early works. 
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Table 4-2 

Material diffusivity calculated by matching experimental 

and theoretical fractional outflow curves 

Overburden Pressure Average wi Reference Material 

pressure,p increment moisture time diffusivity 

Pn kPa tJ> kPa 9av tmin Dmn(cm2/sec) 

X 106 

Pn=2 0.0 - 5.0 1.565 1.75 650 50.98 

L=5.0 5.0 - 10.0 1.501 1.85 980 31.81 

9s=1.682 10.0 - 15.0 1.401 1.93 1400 22.14 

15.0 - 20.0 1.296 2.03 1950 14.58 

20.0 - 40.0 1.173 2.12 2900 9.431 

40.0 - 60.0 1.035 2.15 3750 7.196 

60.0 - 80.0 0.917 2.19 4400 6.019 

80.0 - 100.0 0.816 2.25 6800 3.790 

P -25 n- 0.0 - 10.0 1.554 1.72 1020 30.17 

L=4.68cm. 10.0 - 20.0 1.429 1.98 1800 14.91 

9s=1.621 20.0 - 40.0 1.300 1.98 2200 12.14 

40.0 - 60.0 1.165 2.08 2800 9.128 

60.0 - 80.0 1.046 2.17 4800 5.104 

Pn=75 0.0 - 10.0 1.440 2.06 1850 13.73 

L=4.45 10.0 - 20.0 1.308 2.09 2950 8.488 

9s=1.50 20.0 - 40.0 1.192 2.12 5000 4.937 

40.0 - 60.0 1.085 2.27 7200 3.187 

60.0 - 80.0 0.989 2.27 8800 2.595 

80.0 - 100.0 0.902 2.31 9700 2.335 

Pn=125 0.0 - 20.0 1.384 2.11 3000 8.414 

L=4.38 20.0 - 40.0 1.258 2.19 4200 5.782 

9s=1.449 40.0 - 60.0 1.146 2.24 6400 4.026 

60.0 - 80.0 1.028 2.26 8200 2.801 

80.0 - 100.0 0.962 2.31 9000 2.578 

Pn=225 0.0 - 20.0 1.318 2.20 5400 4.472 

L=4.23 20.0 - 40.0 1.204 2.22 7200 3.315 

9s=1.377 40.0 - 60.0 1.109 2.25 8100 2.906 

60.0 - 80.0 1.028 2.28 8800 2.642 

80.0 - 100.0 0.962 2.30 9900 2.325 

9s = Moisture ratio after saturation 

L = Length of the soil slab at saturation 

9av = Average moisture ratio of the soil slab for a pressure increment 
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By employing Philip's (1968) approximation to the diffusivity of saturated pure clays given by 
D=D*/(1-9), where D* is a constant and 9 is the volumetric moisture content [e=9/(1-9)], it is clear that for 
saturated pure clay systems d(Dm)/d9 < 0, (Dm is the material diffusivity of pure saturated clay given by 
D/[(1+e)3J). Therefore the diffusivity properties determined by Smiles' results undoubtedly agreed with the 
approximate theoretical behaviour. However the outflow data obtained from unsaturated real mixed 
swelling soil could be different from the outflow data of saturated pure clays for the following reasons. 

(1) The influence of gravity on reorientation of the clay particles in saturated pure clay/water 
systems is more significant than in unsaturated mixed swelling systems. Flow properties such as 
Dm(9) determined from the solution to the governing equation [4.1] without considering gravity 
may produce results somewhat different from the actual values, particularly in saturated pure 
clay/water systems. If the moisture ratio is too large (suspension) the clay crystals are even able 
to settle under gravity and Brownian motion (see Philip (1970b». 

(2) The actual reduction of void ratio in unsaturated mixed soils under overburden pressures is 
mostly irreversible with large instantaneous, irregular void volume changes. This volume change 
behaviour is quite different to that assumed in the present theory which is based on a reversible 
and smooth volume change process. Also, the reduction of hydraulic conductivity with moisture 
ratio in mixed soils may be largely effected by the migration of clay crystals which close the 
larger semi-rigid extra-micellar and structural pore spaces. This may invalidate the application 
of Darcy's law to a certain extent. Such rigid matrices are not present in saturated pure clay/water 
systems. 

In saturated pure clay/water systems the soil water moves along the saturated extra- and intra
micellar voids in the form of liquid. But in unsaturated mixed swelling soil/water systems the 
moisture movement takes place between saturated intra-micellar, unsaturated extra-micellar and 
structural pores in the form of vapour, and partially in liquid fonn along the adsorbed water 
layers on the solid surface. These may not obey Darcy's law entirely. One could question such 
deviation from Darcian.flow behaviour in unsaturated mixed systems, and also in saturated pure 
clay systems, where the flow of soil water has non-Newtonian effects. (see Swartzendruber 
(1962,1968), Hillel (1980 p.1S1) and Iwata et a1. (1988 p.296-303». 

(3) As the moisture ratio of the mixed swelling soils is reduced, the volume change gradually 
follows the shrinkage curve; finally to the zero volume change( deJd9=O). But the hydraulic 
conductivity may still be reducing significantly (dKJd9>0) in the zero shrinkage phase 
(den/d9=O), which could result in a negative d(Dmn)/d9=d[Kn dlJrn/d9/(1+en)]d9 depending on 
the gradient of the moisture characteristic curve (dlJrn(9)/d9). But in saturated pure clay/water 
systems den/d9 is always nonzero. 

(4) The total moisture potential,~(9) of saturated pure clay/water systems (without the gravity 
component) can be related to the swelling pressure, '11", arising from the physico-chemical 
interaction in the double layers under zero overburden pressures without gas pressures by 
cl>T(9)=-vw'll". (Groenevelt and Bolt (1972». When a gas pressure, P, is applied over the 
clay/water system the total moisture potential is given by ~vw(P-'II"). At equilibrium, after the 
outflow has ceased, the total moisture potential of the soil moisture is zero, the swelling pressure 
is given by'll" =P and the particle distribution across the clay system is uniform. 
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This indicates that the moisture flow in these saturated pure clay/water systems is affected 

directly by the physico-chemical interactions in the double layers, Philip (1970b), Smiles et.al 

(1985) .. 

In saturated pure clay/water systems, clay plates are usually supported mostly by the intra

micellar (interacting double layers) pore fluid but not by direct solid contacts as in real mixed 

swelling systems. There are no partially-filled voids with curved air/water interfaces which 

could influence the moisture potential.The total moisture potential (or the tensiometer potential 

without the gravity component), ~(8), of the soil water in the middle plane of the interacting 

double layer during the outflow process can be given by ~8)=vw(P-71) (unloaded moisture 

potential in the middle plane of the double layer between two clay plates is zero for flat air/water 

interface, Bolt and Miller (1958», which changes from a positive value at the top surface to zero 

at the bottom face of the clay system where the free water is in contact. Then the swelling 

pressure, 71, must also increase towards the bottom of the clay/water system with the maximum 

swelling pressure at the bottom face. (Blackmore and Marshall (1964), Smiles (1968». 

Since the clay plate separation of such clay/water systems decreases as swelling pressure 

increases, ( Bolt (1956» the smallest inter-particle distance will be at the bottom of the clay 

system. This interparticle distance at the bottom face of the clay system depends only on the 

swelling pressure 71=P at the bottom face as long as it contacts with free water, (<I>T(8)=O), and 

may remain constant while the moisture ratio of the other parts of the clay system change under 

constant gas pressure,P. Therefore the hydraulic conductivity of the saturated pure clay /water 

systems during the early stages of the desorption process is dominated by the inter-particle 

distance at the bottom part of the clay system, which seems to be unchanged during outflow 

caused by a gas pressure change. The sorptivity measured by the outflow data from such clay 

systems at the early.stages may mainly indicate the flow characteristics dominating at the 

bottom surface of the clay system. This could result in a lower hydraulic conductivity than the 

actual values, leading to lower Dm(8) at the higher moisture ratios in saturated pure clay/water 

systems examined by Smiles and Harvey (1973) and Smiles(1974,1976,1978). At equilibrium, 

once the outflow due to the increased gas pressure has ceased, a swelling pressure, 71, which is 

equal to the gas pressure, P, will result with a uniform particle spacing (corresponding to 71=P 

swelling pressure at the bottom face of the clay sample) across the clay system at the end of the 

desorption process. Any outflow data obtained at this stage may indicate results close to the the 

actual flow characteristics of the clay system. If the moisture ratio is very large (suspension) in 

the saturated pure clay/water systems, clay plate separation is also large and the double layer 

interactions may not have a significant influence on the moisture potential of the soil water. 

(6) On the other hand in real, mixed, unsaturated swelling systems solids are supported by direct 

contacts of adjacent coarse grains and also some solids by interacting double layers of the 

surrounding clay crystals. Physico-chemical interaction in the double layers has an indirect 

influence on the moisture potential of the soil water by increasing the overburden potential 

component, OIn(8)Pn' caused by changing the volume against the overburden pressure, Pn' Any 

applied gas pressure, P, will increase the moisture potential of the soil water by vwp. Under a 

constant overburden pressure, Pn' the outflow will be the result of the gradient of total moisture 

potential, where the total moisture potential is given by ~n=('I'(8)+vwP+OIn(8)pn)' '1'(8) is the 

nOll-zero negative unloaded soil moisture potential which is now effected by the curvcd air/water 

interfaces (unsaturated soil). 
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At equilibrium after each gas pressure increment, the equilibrium moisture potential, 1Jr(8), is 
equivalent to the sum of vwP and the overburden component potential, OIn(8)Pn' with uniform 
void size distribution across the sample. As the total potential, ~8), at the bottom of the soil 
mass is zero and at the top face otrn(8»O during the desorption process, the unloaded moisture 
potential,IJI(8) (negative), increases toward the bottom face during the outflow (if the load factor, 
OIn• is taken as a constant for a small pressure increment). otrn(8) also decreases to zero at the 
bottom face of the soil system. Variation of the total moisture potential, otrn(8), across the soil 
mass will change the void size of the soil system according to the shrinkage curve determined for 
the soil system under the particular overburden pressure, Pn' but not according the relationship 
between 7r, otr(8) and P in saturated pure clay /water systems. 

For a given shrinkage curve under the overburden pressure, Pn' the void ratio, en' will be 
determined solely by the moisture ratio,8. For a higher moisture ratio there will be a higher void 
ratio. Because the soil is unsaturated and the bottom face is in contact with free water, the 
moisture ratio at the bottom of the soil system is higher than the rest of the soil mass and a higher 
void ratio may result at the bottom face of the soil. Therefore, unlike the situation in saturated 
pure clay systems, the hydraulic conductivity at the bottom face of the soil is higher than in the 
rest of the soil system and the flow may not be dominated by this part as it is in saturated pure 
clay systems so that actual flow properties can be measured. 

The outflow mechanisms in saturated pure clay/water systems may be different from those in 
unsaturated mixed swelling systems for these reasons and may produce two entirely different 
outcomes from the outflow data. These reasons show some possible causes for the significant 
difference between the early and present results. However, further concl~sions depend on 
sufficient experiments performed on unsaturated real mixed swelling soils. 

Computational method. 

The assumptions made to linearize the diffusion equation may not be totally realized by the pressure 
increments employed in the later parts of the experiments. Lower pressure increments can be used to 
obtain better results if larger soil samples are used but a long time duration may be required to complete 
one set of outflows. It has also been noticed that matching experimental curves with theoretical curves 
was extremely tedious because the entire length of the experimental curves did not match with the total 
length of the theoretical curves. This problem was avoided by matching the early part of the curves as 
indicated by Kunze and Kirkham (1962), which was considered to be adequate to obtain satisfactory 
results. 

This early part of the fractional outflow curves showed a linear relationship between Q~QT and time 
on Log-Log paper. When the experimental curves are matched with the theoretical curves over low ~ 
values the computation of Dmn was not critical. As an example, if a wrong outflow curve is picked up 
(say wr=2.29 instead of wr=2.31), the calculated Dmn would be 11 % too large. And also if an incorrect 
reference time is picked up (say ~=9700 instead of the actual value ~=8800), the calculated Dmn may 
be changed by 2%. Therefore the uncertainty of the computed Dmn may not be critical over the lower 
range of ~ where the membrane impedance is low and soil impedance is high. 
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For larger X values, where the porous plate impedance is high, the computed Dmn could be changed 
by a factor of 350 times if an incorrect (say X=lOOO, and wr=O.OOl) outflow curve was chosen instead of 
the correct one ( X=2.5 and wr=0.0351) because from X=1000 to X=2.5 all outflow curves coincide.In 
the present experiments this uncertainty was not critical, because the gas pressure used was below 100 
kPa where the porous plate has a low impedance. It was also noted that the hydraulic conductivity of the 
soil was reduced considerably, compared to the porous plate hydraulic conductivity, by shifting the 
outflow curves to the right of the plot and matching with lower X values as the moisture potential of the 
soil water decreased. The decrease of the soil slab height, instead of swelling, during saturation must 
have been due to an irreversible volume change caused by collapse of semi-rigid voids (formed by 
imperfect compaction) under the applied overburden pressure. Such forced volume change must have 
been substantially increased by the magnitude of the applied overburden pressure and the lubricating 
action of the water layers between the soil particles. Decrease of the saturation moisture ratio with 
increase of overburden pressure also indicated reduction of the unstable extra-micellar and rigid 
volumes upon saturating. Also, the final equilibrium moisture ratio at the final gas pressure (100 kPa) 
decreased with overburden pressure increase. This clearly indicated a larger reduction of pore volume 
under larger overburden pressure. 

This experimental procedure may be used to determine the Dmn of undisturbed swelling field soil 
cores in order to study unsaturated moisture flow in swelling field soils once the reliability of the method 
is confirmed. Although the computational method seems to be simple, the uncertainty of the calculated 
Dmn increases with increasing X value. Therefore this outflow method may not be suitable to measure 
Dmn over a higher moisture tension range because a membrane with higher impedance is required for 
higher gas pressures. Undisturbed field soil cores can be used in this work with slight alteration to the 
sample extraction and loading methods. As the moisture extraction and overburden pressure application 
methods are accurate and reliable better results may be obtained by increasing the pressure cell size to 
hold larger soil samples. The major disadvantage found was the lengthy time period required to perform 
the experiment. 
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ChapterS 

Equilibrium Moisture Profiles in Swelling Soils 

5.1 Introduction 

A detailed knowledge of equilibrium moisture profiles in field soil is essential in determining 
irrigation requirements. The theory of moisture distribution in rigid soil is well established and numerous 
methods to evaluate moisture profiles at equilibrium have been published. Generally the moisture content in 
a rigid soil increases towards the water table. At the water table the soil becomes saturated and below the 
water table saturation moisture content remains unchanged with depth at equilibrium. Philip 
(1969a,1969b,1969c,1970a,1971,1972) and Philip and Smiles (1969) (see also Smiles 1984) showed that the 
theory of the hydrology of swelling soils is entirely different from that of rigid soils due to the manifestation 
of volume change with moisture content. 

Introducing an additional potential to the conventional total potential of soil water, Philip (1969a) 
described three types of equilibrium moisture profiles in a swelling soil. The new potential, which is also a 
component of the total potential of soil water, was called the "overburden potential" 'n' given by; 

Where 

n(8) = [ :: ] p [5.1] 

Overburden pressure p = 
de/d8 = Slope of the shrinkage curve for zero overburden pressure (load factor) 

Using early experimental data of volume change in swelling soils, Philip suggested that all three types of 
moisture profiles reach a unique moisture ratio, 8p, at great depths, where the apparent wet relative density 
of the soil reaches its maximum. In developing his theory of equilibrium moisture profiles in swelling soils, 
he assumed that the overburden pressure has only a small effect on volume change. Therefore the term 
de/d8 was considered to be the slope of the shrinkage curve belonging to an unloaded, swelling soil. So 
de/d8 becomes a unique function of moisture ratio (8). 

Such assumptions created uncertainties about the existence of unsaturated zones below shallow water 
tables (Youngs & Towner (1970». However the importance of the influence of the overburden pressure on 
the characteristics of swelling soils was established (see Chapter 3) and the load factor de/d8 has been 
corrected to include the overburden pressure effect, by Philip (1970a) and Groenevelt and Bolt(1972) as 

given by 

Where 

P 
~(8,p) = p-1 J [ ~: ]p dp 

0 8 = 8 

~ = load factor 
p = overburden pressure 

e = void ratio 
8 = moisture ratio 

[5.2] 
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The purpose of the present study is to investigate the behaviour of the moisture distribution at equilibrium in 
swelling soils, considering the effect of overburden pressure on volume change. 

5.1.1 Summary 

Assuming the load factor, an' and the apparent wet relative density, 1n' across a small soil element subjected 
to an overburden pressure, Pn' of a long swelling soil column made out of a large number of finite soil slabs, only 
varying with the moisture ratio, 8, an expression is obtained for the moisture gradient, d8/dz~, across the soil 
slab. 

a"" 
d8/dz' has complex behaviour based on the normal, residual and zero shrinkage phases on"e-9-p diagram. A 

moisture ratio, 8g, is defined at which the apparent wet relative density, 1n' becomes maximum. It is shown that 
o < 8g < eli < 8~ ( at eli dz' Id8 -+ co and ~ is the air entry point of the shrinkage curve for the overburden 
pressure, Pn)' The shape,intercepts and asymptotes can be deduced from the behaviour of the terms within it and 
in this way a family of dz'/d9 vs 8 can be drawn for all overburden pressures representing a deep soil column. 

Two functions, p(8I,e) and p(8a,e), created by all the points of eli and ~ for overburden pressures, Pn' n= 
1,2;3 ... n .. m on the surface of e-8-p are described. Behaviour of the moisture gradient at these boundaries on the p 
vs 8 plane are examined to plot the equilibrium moisture profiles for three different equilibrium conditions given 
by surface moisture ratio, 80' and surface overburden pressures, PO' These equilibrium moisture profiles are 
most conveniently described on the p vs 8 plane using the relationship between dz'/d8 vs 8 and dp/d8 vs 9 
which take explicit values if measurements of e-8-p, 11'(8) and 1 s are available (1 s is the relative density of 
solids). These equilibrium moisture profiles are compared with Philip(1969a & 1969b) for similar equilibrium 

conditions. 

Theoretical equilibrium moisture profiles are calculated for the three different equilibrium conditions using the 
measured shrinkage curves for overburden pressures 2 kPa to 225 kPa and 11'(8). These moisture profiles are 
evaluated by calculating the moisture gradient across each soil segment beginning from the surface moisture 
ratio, 80 and surface overburden pressure, PO' The theory was tested by measuring the average moisture ratio of a 
swelling soil column which was made out of ten soil segments loaded separately to approximate 15 metres of 
soil. The theoretical curves of z vs 8 of the simplified experimental model are compared with the measured 

moisture profile. 

5.2 Literature review 

Philip's (1969a) new overburden potential, which arises from the volume change against the overburden 
pressure, is given in equation [5.1]. Coleman and Croney (1952) had earlier suggested that the water potential of 
a compressible soil was a sum of the matric potential (!/1m) (pressure potential) and the overburden pressure (P) 

multiplied by the compressibility factor (a'). Their overburden potential component was given by [5.3]: 

n = a' p(z) 

Where a' was defined as the compressibility factor given by, 

a'= ~ 
dp 

~ = Total soil water potential and 
p(z) = Overburden pressure at depth z. 

[5.3] 

[5.4] 



In fact, these two definitions can be shown to be identical. Using the new overburden potential, 'n', 
Philip (1969a) wrote the total potential (~) of soil water in a swelling soil as given by [5.5]. Units for 
potential are on the basis of energy per unit weight (and therefore in length 'metres'). The reference state 
for potential is taken as a free surface of pure water at atmospheric pressure at a datum position (z=O) 

with the distance measured positive downwards. 

Where 

-H = ~T = ~(9) - z + ~: [P(O) + IZ
l dZ ] 

o 

~ = Total potential of soil water 

[5.5] 

~(9) = Pressure potential (moisture potential of swelling soil water with 
zero overburden pressure) 

z = 
H = 
1(9) = 

Gravitational potential measured positive downwards 

Water table depth 

Apparent wet relative density 

The units of equation [5.5] are length (m) 

For a constant water table depth, differentiating equation [5.5] with respect to z, Philip obtained a 
differential equation for the moisture gradient (d9/dz) in terms of moisture mtio (9) for soils exhibiting 
one-dimensional volume change, as in equation [5.6]. 

dz _ 
~ - - M(9) - N(9)z [5.6] 

where M(9) and N(9) are given by, 

d~ d~ 

~ -- - (H + ~) 
d9 d9 

M(9) = -----------

d~ 

d9 
N(9) = 

de 
~(9) = 

d9 
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Philip and Smiles (1969) used the early experimental results of volume change of swelling soils of 
Hains (1923), Keen(1931), Lauritzen(l941), Croney & Coleman(1954), Holmes(1955) and Fox(1964) to 
describe the general characteristics of volume change. They divided the entire volume change range into 

three phases known as: 

1. Normal volume change phase de/de = I, e = e 
2. Residual shrinkage phase de/de < I, e> 8 
3. Zero shrinkage phase de/de = 0, e constant. 

(Behaviour of these three shrinkage phases was discussed in section (2.3)). They suggested that e is a 
non-decreasing function of 8. A solution based on such volume change properties was obtained to 
equation [5.6] in order to describe three different types of equilibrium moisture profiles in swelling soils. 
Describing his equilibrium moisture profiles, Philip showed that if the surface moisture ratio has a 

certain value (8p), the moisture gradient becomes zero and the moisture ratio below the surface and the 
water table, remains at 8p (d8/dz = 0, for z ~ 0); this type of moisture profile was called a "pycnotatic 
profile". "Hydric":ype equilibrium moisture profiles indicate a negative moisture gradient for shallow 
water tables, where the surface moisture ratio is higher than 8p, ( d8/dz < 0 for z < 0, z measured 
positive downward). In "xeric" type moisture profiles the moisture gradient is positive, (d8/dz > 0 for z 
> 0) where the surface moisture ratio is less than ep' 

Youngs and Towner (1970) argued the impossibility of the existence of an unsaturated zone below 
the water table, because the void ratio and the moisture ratio at air entry tend to decrease with 
overburden pressure increase. However, the significance of the effect of overburden pressure on volume 
change will depend on properties such as: chemical composition; moisture content; temperature; and the 
amount, type, and orientation of clay particles in the soil. In order to include the overburden effect in 
volume change properties, Philip (1970a) and Groenevelt and Bolt (1972) corrected the load factor, C':;! as 
defined by [5.2]. 

Experimental results for volume change under small overburden pressures (0.02 kPa to 11.2 kPa), 
(Talsma(1977b» showed that overburden pressure had a very small influence on C':, because all the 

shrinkage lines seemed to be parallel to each other. The load factor ,C':, obtained from measurements of 
tensiometer readings, while changing overburden pressure (Talsma (1977b», also showed the small 
influence of the overburden pressure on the load factor. The overburden pressure used in these 
experiments was limited to very small values. The measured in situ equilibrium moisture profiles of 
Talsma (1974) showed that the moisture profiles obtained for shallow water tables were close to Philip's 
hydric type moisture profiles where the moisture ratio above the water table is higher than that below the 
water table. He also reported that the soil was not saturated even below the water table, which does not 
necessarily prove that the theory of hydric type profiles is correct, but could indicate an air entrapment in 
soil below the water table. 

5.3 Theory 

5.3.1 General properties of swelling soils 

Different types of swelIing soil systems were discussed in Chapter 2. In this section, soil of the 
homogeneous, real, mixed, systems type is considered. Volume change behaviour of this type of soil was 
discussed in detail in (2.3.5). Due to the complex nature of the pore geometry of real, mixed, swelling soil, a 
three-dimensional volume change could occur during drying, even from a higher moisture ratio (see Yong 
and Warkentin (1975). 
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Real field soil, which can be considered as a large mass of real, mixed soil with an identical pore geometry, 
undergoes a one-dimensional volume change (vertical) due to its lateral confinement and under its own. 
overburden pressure. Therefore, in this study, one-dimensional volume change of soil is considered. The 
possible influence of a hysteresis effect cannot be neglected. The errors which could be caused by the hysteresis 
phenomena can be minimized by employing the appropriate curves of pressure potential, "'(8), and volume 
change, e(8,p), determined for either adsorption or desorption processes. Using the methods described in 
Chapter 2, volume change curves (function e(8,p» could be obtained only for the desorption process. 
Considerable errors could be expected when such data are used to plot equilibrium moisture profiles for an 
adsorption process (equilibrium conditions attained by increased water table). 

Irreversible volume changes that could take place during application of the overburden pressures (during the 
experiment) could also cause uncertainties in the calculated equilibrium moisture profiles. Such uncertainties 
can be minimized by using remoulded soil samples which have been subjected to several drying and wetting 
cycles under the desired overburden pressure, before the actual volume change measurements are taken. This 
will improve the reversibility of the volume change to a certain extent. Our major concern in this study is soil 
which shows one-dimensional and reversible volume change accompanied by varying moisture ratio. 

5.3.2 The shrinkage diagram 

According to the theoretical and experimental results of volume change of swelling soil ( Tempany (1917), 
Hains (1923), Lauritzen (1941), Holmes (1955), Warkentin and Bozozuk (1961), Fox (1964), Philip & Smiles 
(1969), Philip (1969a,1971,1972), Groenevelt and Bolt (1972), Talsma (1977b) and Giraldez (1983a,1983b» 
and from the results of Chapter 2, the following description of volume change of swelling soils is considered to 
be valid and applicable for any swelling soils which exhibit one-dimensional and reversible volume changes. 

As mentioned in section 2.3, the volume change of a real mixed system is divided into three shrinkage 
phases (normal, residual and zero) when dried under overburden pressures, Fig 5.1a. 

1. 8~ and e~ are respectively moisture ratio and void ratio at the air entry point for overburden 

pressure Pn' 

2. 88 and e8 are moisture ratio and the void ratio at air entry point for zero overburden pressure 

(PO=O). 

3. e8 and e~ are void ratios at zero moisture ratio for overburden pressures PO and Pn' 

4. 80 are 8~ are zero shrinkage limits for overburden pressures Po and Pn' 

5. 'PO' is the surface overburden pressure (PO is the zero surface overburden pressure unless 
otherwise stated) and 'Pm' is the maximum overburden pressure required to reduce the void ratio 
at zero moisture ratio to the minimum value given by e£ = eir' 

6. Normal shrinkage phase. 

-- - 1, for Pn [5.7] 
d8 



7. Residual shrinkage phase. 

o ;:!; ;:!; 1, 8~ ;:!; 8 ;:!; 8~ for Pn [5.8] 
d8 

8. Zero shrinkage phase. 

den 
-- = 0, for Pn [5.9] 
d8 

9. Irreducible void ratio (eir = e!! ) [5.10] 

When the overburden pressure reaches the maximum pressure 'Pm' the void ratio at zero 

moisture ratio reaches the minimum value that can occur. Beyond this point the shrinkage 

curve does not change with any overburden pressure for p > Pm' Therefore the air entry 

point, (~,~) remains unchanged for p > Pm' but in ideal clay/water systems the final 

void ratio approaches zero as p approaches Pm (load line, Groenevelt and Bolt (1972», see 

Fig 5.1a. 

10. The gradient (den/d8) at a given moisture ratio for any overburden pressure is always 

greater than the load factor' O!', (see 5.3.4.2). 

den 
-- > O!n(8) , 88 > 8 > 0 , P ~ 0 [5.11] 
d8 

11. When 8 > 88, all shrinkage curves lie on the load surface for any overburden pressure P > 
0, therefore 

O!n(e) = 1 , P ~ 0 [5.12] 
de 

(in den/d8 and O!n' the subscript 'n' indicates that the de/d8 and O! of the shrinkage curve 

are determined for Pn overburden pressure) 

12. Although the experimental curves of en(8) show high instantaneous changes of gradients 

(deride) due to experimental errors, for smooth and continuous en(e) (removing all 

uncertain data points, see Fig 3.8 and Fig3.9), 

d 2e n 
--> 0, 
de2 

e~ > 8 > 8~, P ~ 0 [5.13] 

d 2e n 
--= 0, 
d82 

o ;:!; e < 8~ and 8 ~ 8~, P ~ 0 [5.14] 
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The experimental results of Talsma (1977b), the theoretical approaches of Groenevelt and Bolt 
(1972) and Giraldez(1983a & 1983b), Chang and Warkentin (1968) and the present work (Chapter 2 and 
also see Y ong and Warkentin (1975) Chapter 6) indicate that the void ratio 'e' is reduced by increased 
overburden pressure. At higher moisture ratios the reduction in void sizes is even more marked due to 

the lubricating behaviour of water layers between soil particles. 

Therefore, 

[~] < 0 for 9 ~ 0, 
3p 9 

[5.15] 

This indicates that the ranges of the three shrinkage phases decrease with increasing overburden 
pressure. 

5.3.3 Total and component potentials of soil water in swelling soils 

It has been assumed that no potential differences arising from temperature differences (isothermal) 
and ionic concentration differences (isohaline) exist in the soil water. 

5.3.3.1 The moisture potential "'(9) = "'(9,0) 

This is known either as matric potential or moisture potential under zero envelope pressure (zero 
overburden pressure); it arises from the interaction between soil and water. This component of potential . 
is determined by using pressure plate or suction plate apparatus (Richards (1947». The "'(9) values 
obtained from the pressure plate apparatus could be in error if an extra pressure is used over the soil 
sample in order to ensure a better contact between the membrane and the soil. Such values are not 
determined for zero overburden pressure but for an overburden pressure exerted by the rubber diaphragm 
over the soil sample. It should also be noted that "'(9) is a unique function of the moisture ratio for a 
given overburden pressure on a particular soil (see 3.3). 

5.3.3.2 Overburden potential 

The overburden potential n(9,p) is given by Philip(1970a) and Groenevelt & Bolt(1972) 

z 
n(9,p) = 0!(9,p) [ p (0) + J 'Y(9,p) dz ] [5.16] 

0 

Where 
n(9,p) = Overburden potential 
0!(9,p) = Load factor given by equation [5.2] 

'Y(9,p) = Apparent wet relative density of the soil 
p(O) = Overburden pressure on the surface (at z=O) 

z = Depth measured positive downwards 

e = Void ratio 

9 = Moisture ratio 

p = Overburden pressure 
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5.3.3.3 Gravitational potential (z) 

This is measured positive downwards from the surface (z = 0) where the total gravitational potential 

is equal to zero. 

5.3.3.4 Simplified totnl potentinl of soil water In a small soil slab of a vertical swelling soli column 

Consider a long, swelling soil column composed of a large number of soil slabs with equal 

thickness and a single soil slab (slab number 'n') subjected to Ib overburden pressure due to the soil 

over it. The total potential of soil water z' below the top surface of the nth soil slab is given by [5.18J. 

z=o 

II 
dz' 

, 
Po 

z'=o 

z' 
J 'Yn(9) dZ'] 

o 
[5.18] 

Writing equation [5.18] we assumed that ''Y' and 'a' vary only with the moisture ratio across the 

small soil slab ( negligible effect from the small self-weight of the soil slab), For equilibrium conditions 

(rIT constant). the moisture gradient across the small soil slab is obtained by differentiating l5.l8J with 

respect to z'. 

z, 

[ 

:: + :;0 (p~ + ['Yn dz' )] 
dz'· 0 

-as- = ( 1 - an'Yn> 
[5.19] 

The moisture path is evaluated by obtaining the moisture gradient (dz'/dS) across each and 

every finite soil slab in the soil column. Approximating the term, 

z' 

f 'Yn dz 
o 

by 
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Where i\L is the thickness of the finite soil slab, equation [5.19] is written (compare [S.6]) as, 

where Pn = 

dqr ~ 
"""df) + d8 pn] 

( 1 - ~n~n) = Hn(8) 

P~ + ~~ ~) 2 

[5.20] 

[5.21] 

In equations [S.19] and [S.20], ~n and ~n are calculated for p~ and moisture ratio, 8n-l' of the soil 

slab. Pn is calculated as ( Ib + ~~ i\L(2). ~~ is obtained for <Ib+~1 i\Lfl) and moisture ratio 8n-1· ~i is 

calculated for Ib and 8n_l (see also S.3.lO). 

The validity of the approximation depends on the thickness of the soil slab. At great depths Itt is a 

much larger quantity than the (~A i\Lfl) and the latter can be ignored. It is reasonable to assume that ~n 
and ~n are functions only of '8' for a small soil element because the effect due to self-weight of the 

small soil slab on ~n and ~n is negligible. If a sufficient number of e(8,p) shrinkage curves are obtained 

for a sufficient number of overburden pressures to cover the required soil depths, different types of 

equilibrium moisture profiles can be investigated by calculating the moisture gradients across each and 

every small soil slab in the soil column. 

5.3.4 The behaviour of the function Mn(8) 

In order to trace the equilibrium moisture profiles the calculation procedure may begin by evaluating 

the moisture gradient across the surface soil slab with known surface moisture ratio (80) and the 

surface overburden pressure (PO) and continuing towards the water table. To achieve this, the properties 

of the function Mn(8) in equation [S.20] must be well understood; ~n' ~n' d'l'/d8, and ~n~n will now 

be examined separately and then together. 

5.3.4.1 The function ~n(8) (apparent wet relative density) 

The apparent wet relative density for an overburden pressure, Pn' is given by, 

[5.22] 

Where 

~s = relative density of solids 

en(8) = void ratio for overburden pressure 'Pn' 

8 = moisture ratio 

When the moisture ratio approaches the maximum, 8 m, where 8 m » 88, the apparent wet relative 

density ~m(8m) approaches 1 (see Fig S.la,S.lb) and from the results of Berndt & Caughlan(1977), 

Philip (1969a) and Jayawardane et.al.(1987), the apparent wet relative density of the soil is taken as 

greater than 1 for 8 ~ O. 

107 



If em is a large quantity, 

and [5.23] 

in the range of [5.24] 

Differentiating [5.22] with respect to e, 

~~n = [ 1 - In ] ( 1 + en )-1 

It follows from [5.9] 

-- - 0, 
de 

in o < e < e* n 

In > 1 in o < e < ~, and 

From [5.13] 

in 

and from [5.9] 

~=o 
de 

then ~> 
de 0 

and from [5.7] 

~= 1 then ~< 0 
de de 

From [5.7] and [5.24] 

den d1n 
--- 1, In > 1, and --< 

de de 

and from [5.23 & 5.24], 

In ~ 1 as e ~ em 

at e = e* n 

[5.25] 

at e = e a 
n 

0 in em > e ~ e a 
n 

[5.26] 

[5.25] and [5.26] imply that I n(e) increases towards ~ as e decreases from em and e increases from 
9=0. 
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From [5.23],[5.24],[5.25] and [5.26] 

~ 
de 

if ~= 
de 

can be equal to zero at e = ed 
n 

1 --, 
'Yn 

where e* < ed < ea 
n n n 

The second derivative of [5.22] with respect to e is, 
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[5.27] 

[5.28] 

From [5.27] d'Yn/de = 0 and from [5.13] d2e/de2 > 0 at eg where e~ < eg < ~ then from [5.28] d'Y2/de2 < 
Oat ego 

This means that 'Yn(e) has a maximum at eg in the range 0 < e < ~ because d'Yn/de;o!O and d2'Yn/de2 
cannot be negative in 0 < e < e~ ( from [5.9] and [S.14],den/d9=0, d2en/de2 = 0 and d'YJde > 0 for 9 :!i: 9~) 
for smooth and continuous functions of en(e) and 'Yn(e) 'Yn can have one and only one maximum equal to 'Yg 
at eg, in the range of e~ < e <e~ (see Philip (1969a). 

As the overburden pressure increases, the void ratio (en) at any moisture ratio decreases and the apPlU'ent 
wet relative density increases (a'Y/ap)e > 0, for e > O. The wet apparent relative density curve approaches the 

final curve 'Ym(e,Pm) as the shrinkage curve approaches the final curve em(e,Pm) when p .... Pm; the general 
characteristics of the shrinkage curve and the apparent wet relative density curves 'Y(e) remain unchanged. Both 
functions, 'Yn(e) and en(e), will produce curves with identical features for p ~ Pm' 

Therefore, 

[ ;: ]e < 0, 
aed 

]e< 0, aea 
]9 < 0, P < Pm ap ap 

[ ~: ] e 
aed 

]e 
aea 

]9 = 
[5.29] 

ap ap 0, p > Pm 

where ea and ed are the void ratios at air entry and the maximum apparent wet relative density points. 

5.3.4.2.1 Variation of void ratio at zero moisture ratio <e:!) with overburden pressure. 

It is unlikely that the void ratio at e = 0 will decrease with increased overburden pressure without causing 

permanent irreversible structural changes, because at zero moisture ratio (after forming the stable solid matrix) 
the clay crystals are bound to each other by strong, short-range forces like van der Waals and electrostatic forces 
and large soil grains interlocked by the stable solid matrix formed by the clay crystals. This solid matrix may 
be disturbed on applying large external forces at 9 = 0, only by breaking stable bonds which leads to a different 
structural arrangement. If the desorption process is carried out from higher moisture ratios under different 
overburden pressures separately, the void ratios at zero moisture ratio will decrease with increasing overburden 
pressure due to gradual change of void ratio with moisture ratio beginning from the high initial moisture ratio 
under the applied overburden pressure Fig S.1a. 
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Real field swelling soils are generally subjected to this type of volume change unless sudden overburden 

pressure changes are applied on the surface at zero moisture ratio. Void ratio may not be decreased after eg 
approaches the final irreducible void ratio ~ under the maximum overburden pressure, Pm' 

Therefore 

From [5.22] 

[ :: ]. < 0, 
= 0 

1 + ~ 

for e > ~ 

For ideal clay/water systems ( 8 = e for 8 > 0 ) 

8 ... 0, e ... 0, 'Yn ... 'Y8 

for 8 ~ 0 
d8 

and, 

[5.30] 

[5.31] 

Therefore for ideal clay/water systems at 8 = 0 the wet apparent relative density becomes the relative· 

density of the solids and decreases to 1 as the moisture ratio increases to 8 m, 

5.3.4.2 The function 01
0

(8) (Load factor) 

The load factor, 01 is given by [5.2] 

In the zero shrinkage phase ( e; > 8 ~ 0), from [5.9] 

[ :n]= 0 for n =0,1,2,3 ..... n 

8 

Therefore 

and ---= ° [5.32] 
d8 

In residual shrinkage phase (8~ ~ 8 ~ 8: ) from [5.8] 

[
den] 1 ~ ---- ~ 0 and 
d8 8 

for n =0,1,2,3 .... n 



Therefore from [5.2] 

and ~ 0 [5.33] 
de 

In the first stage of the nonnal shrinkage phase of the shrinkage curve for overburden pressure PO' ( ~ > 
e ~ e~), from [5.7] 

[ den] ~ 1 for n = 0, 1,2,3, ........ n and, 
de e 

[ den] = 1 for n = n, n+l, ... m 
de e 

Therefore 

dCl!n (e) 
Cl!n (e) < 1 and > 0 [5.34] 

de 

For e ~ eB from [5.12] (in the second stage of the normal shrinkage phase) 

[
den] _ 
-- -1 

de e 
for n = 0, 1,2,3 .. n ... m 

Cl!n = 1 and ---- = 0 when 9 ~ 98 [5.35] 
d9 

For ideal clay/water systems, (e = 9) for 9> 0, 

[

den] _ 
-- -1 

d9 9 
for p > 0 

Therefore Cl!n(9) = 1 and --= 0 
d9 

It is clearly seen from the shrinkage diagram, e(9,p), that de/d9 at a given moisture ratio increases 
with p. (Compressibility of swelling soils increases with increase of overburden pressure). 

[~] > 0 
ap 9 

for 9 > 9* and n p ~ 0 [5.36] 
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5.3.4.3 The function Ct'n'Yn(e) 

At zero moisture ratio, e = 0, from [5.24] and [5.32] 

'Yn > 1, Ct'n = 0, so Ct'n 'Yn = 0, for p ~ ° [5.37] 

d(Ct'n'Yn) - [ ~ + (1 - ~ ) ( 1 + en ) -1 ] de - 'Yn de Ct'n 'Yn d9 

For the zero shrinkage phase (e~ > e ~ 0), from [5.9] and [5.32] 

---- = 0 , ---- = 0 , then ------- > 0 [5.38] 
de de d9 

At e = 9g ( where the maximum apparent wet relative density occurs in 0* < e < 9~), from [5.24] 

[5.27] and [5.33] 

d'Yn dCt'n d(Ct'n'Yn) 
'Yn > 0, ---- - 0, ---- > 0 then > 0 [5.39] 

de d9 d9 

When 9 ... eB (air entry point for p = 0), from [5.12], [5.24] and [5.35] 

~=1 
d9 ' 'Yn > 1, and ~ 0 d9 ... 

Therefore 

at 9 ~ 93 [5.40] 

Beyond this point Ct'n'Yn is decreasing towards 9m but always greater than 1. 

When [5.41] 

For smooth and continuous properties of the functions ~p(9), 'Yn(9) and en(9) the curve Ct'n'Yn(9) is 

now drawn. (see Fig 5.1 a,b,c,d). Notice that the point 80,( where Ct'n'Yn = 1, ~(9) ... 00) is such that eli 
> eg as shown below. 

The maximum of 'Yn occurs at 9 = 9g and the condition to be satisfied is, 

1 
---, 

de 'Yn 
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From [5.11], [5.13] and [5.33] in 8~ < 8 < 8~ 

From [5.9], [5.24] and [5.32] 

1 

-- - 0, -- < 1 
d8 'Yn 

dOin 
-- > 0, 

d8 

in 0 < 8 < 8* n 

and 

From [5.7], [5.35] when 8 .... 8~ 

and 

--- .... 1 and 
d8 

OIn .... 1 and --.... 1 for 8 .... 8m 
'Yn 

1 

[5.42] 

Therefore the condition --= is satisfied before the 
d8 'Yn 

1 
condition Q'n = is satisfied. 

'Yn 

and [5.43] 

It will be shown later ( sec 5.3.8) that eJ lies in the range 8g < 8 < ~ 

5.3.4.4 The function 1JI(8) 

1JI(8,0) = 1JI(8) is the moisture potential (pressure potential of soil water under a zero overburden 
pressure), which is a unique and smooth function of moisture ratio. Generally the moisture potential of 
soil water increases with the moisture ratio from very large negative values at zero moisture ratio to zero 
at saturation (8m) Fig 3.7. 

Therefore ~>o 
d8 

for 

Finally the function Mn(8) given by [5.20] 

~+~ 
[ 

d8 d8 Pn 
~ (8) = ---=-1-----

OIn'Yn 

[5.44] 

114 



at zero moisture ratio a = O. from [5.24].[5.32], and [5.44] 

~n > 0 , ~n = 0, ~;n Pn = 0 
dlJr 

and ""d9 > 0 

Therefore a = 0, ~(O) > 0 

When ~n~n = 1, 

( because 0 < aI < aa ) n n 

I Therefore a = an' 

IF 6a is a small quantity. 

~(a~) .... 00 

~>o 
da ' 

dlJr 
""d9 > 0 

e = a I 
n + 6a ) , ~n~n > 1, ~(a) .... -00 

a = eI -n 6a 

o < a < a~, 

e > e~, 

) , ~n~n < 1, 

~n~n < 1 and 

~n~n > 1 and 

~(e) .... +00 

~(a) > 0 

~(e) < 0 

When e .... a8 from [5.35]. [5.41] and [5.44] 

~ 0 da .... , ~ >0 and M (a) < 0 de -"ll 

When a .... em from [5.41] and [5.35] 

~n .... 1, ~n = 1, ~ = 0 but > 1 da ~n~n 

Therefore ~(a) .... -00 

[5.45] 

[5.46] 

[5.47] 

[5.48] 

[5.49] 

[5.50] 

[5.51] 

[5.52] 

For smooth and continuous functions of lJr(a). ~n(9) and ~n(9) the family of Mu(a) for n = O.1.2.3 ..... m is 

now drawn as in Fig 5.2b.5.6b and 5.7b. 

Further to the function Mn(a). two other functions defined by p(eaea) and p(SI.eI) are also examined in 

order to simplify the behaviour of moisture profiles at equilibrium. 

5.3.5 The function p(e3,ea) 
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This is the path of all the air entry points of all the shrinkage curves on the surface p(S.e). Vertical projection 

of all of these air entry points on an e = 0 plane (p vs a plane) generates the function p(ea). Fig(5.2c). 

fig 5-2 
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For Pn = 0, projections of the air entry point lie on the '9' axis (p = 0 line) at a = aB. As discussed in 

sections 5.3.2 an$ 5.3.4, the air entry value (~,~) decreases with increase of overburden pressure, and p 

reaches Pm asy"!.totically at a = ~. a remains at ~ with further increase of p and p(aa) becomes a straight 

line parallel to 'p' axis (Fig 5.2c,Fig 5.5 and Fig 5.6). 

5.3.6 The function p(eI,eI ) 

This is the path of all (pl,el) points of all the shrinkage curves on the surface of p(a,e). Vertical 

projections of these points on the e = 0 plane mark the function p(eI) with a behaviour exactly similar to the 

function p(aa). Note that the p = Pr' line intersects the p(eI) at (~"Pr') and the p(aa) at (a~"Pr')' respectively 

Fig 5.2c. For Pn = 0, the projection of the point 9 = eb lies on the '9' axis (p = 0 line ). When Pn -+ Pm ' ~ -+ 

% and % remains constant for p ~ Pm' p(al) also, like p(ea), becomes a straight line parallel to the 'p' axis 

for p > Pm' Idealized diagrams of these two functions are shown in Fig 5.2c, 5.3, 5.4, 5.5, 5.6c and 5.7c. 

5.3.7 The relationship between [ ddPa] and [ dda
Z
'] 

The theory is most conveniently used to describe the behaviour of the equilibrium moisture profiles by 

establishing a relationship (across a single soil slab) between 

dz' 
""de and [:~]e ( on a p vs a plane), 

The moisture gradient (dz'/da) for given moisture mtio a and an overburden pressure Pfl' is 

obtained at equilibrium using the relationship [5.20], 

dz' = M (a) 
da --n 

The aim of obtaining this relationship is to show that dz'/d9 is qualitatively identical to 

(ap/aa)e for a ~ 0 and to use the diagrams of e-9-p, p-9 in order to trace and describe the 

behaviour of equilibrium moisture paths which can then be shown as 9(z) profiles. 

Overburden pressure p at a point z' within a small soil slab is given by, 

p = [ p~ + 

where I\t is the constant overburden pressure on the surface of the nth slab considered. 

Assuming 'Yn(a) and z'(a) across a small soil slab depend on 'a' only, 

p = P(-Yn'z'), and 'Yn = 'Yn(a), z' = z'(a) 

\ 



, 
dp dz ---dz d9 [5.53] 

[5.54] 

[ ap J ---ae e - 'Yn (9) ~ (9) [5.55] 

All the tenus of [5.54], 'Yn and dz'/d9 are detennined for average overburden pressure, Pn 
given by [5.21] and the average moisture ratio of the nth soil slab. Equation [5.s5] indicates that 
dp/d9 or (ap/a9)e on p vs 9 plane behave similarly to dz' Id9 on z vs 9 plane. 

5.3.8 The location of the point rJ. 
In section (5.3.4.3) e!. was considered to be in 9g< e!. < ~, but that has not been proved. It 

has already been shown that 9g < e!.. Now e!. can be shown to be less than 9~. 

This position is located on the load surface where the soil is saturated (e = 9) point 11 of Fig 5.3. At 
this point,from [5.46] and [5.55], 

dz 
"""'de -+ ± 00 [5.57] 

Because the depth increases ( dz ;d 0, dp pi 0 ), d9 must be equal to zero (d9 = 0) to satisfy the conditions 
[5.57]. This implies that the depth and the overburden pressure continue to increase to the next value 
(Pn+ 1) while the moisture ratio remains unchanged. The only possible way to satisfy the conditions 

0, is to have a path parallel 

to the 'p' axis on the load surface (where d9 = 0) but also making de = O. (This is because on the load 
surface (9=e) any path parallel to the p axis gives de = 0). However, increase of overburden pressure 
always tends to reduce the void ratio ( (ae/ap)9 < 0 sec (5.3.2» therefore 'de' can not be equal to zero 
and e!. can not lie on the load surface ( 9 > 9~). 

This point is located at the point 12 of Fig 5.3, where the soil is unsaturated and in the 'residual' 
shrinkage phase. 
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Conditions of, 

[~] ~ m da = 0 and 
aa e ' [ ae ] ap a < 0 

are easily satisfied anywhere in the residual phase, because when da = 0, (ae/ap)a < 0 is possible 

with de "#- O. Therefore ~ must be less than ~. 

void ratio (e) 

e a - - - - - - - - - __ - __ 
n 

(a) 

a1 
n 

aa 
n a1 

n 

overburden 
pressure (p) 

Pn+l 

de=Oj 
d9"#-O Pn 
dp"#-O 

at 12 

(b) 

aI 
n 

aa 
n a1 

n 

moisture ratio (a) 

Figure 5·3 The location of tlle point (91) 
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5.3.9 Equilibrium moisture profiles in swelling soils 

Four different cases of equilibrium moisture proftles are now described according to the given 

surface conditions (surface moisture ratio (90) and the surface overburden pressure (PO> ) at equilibrium. 

5.3.9.1 Case (a) when ~ > 90 > 0 and PO = 0 

The idealized diagrams of e(9,p), M(9) and p(9) are used to simplify the explanation of equilibrium 

moisture profiles. The surface equilibrium moisture ratio for this condition is located at point' Ao' Fig 

5.2a,c,d and Fig 5.8. 

From [5.45] and [5.48] 

MO(9) > 0, =~' > a and [ :: leo> a in (0 < 9 < 95) 

Therefore the path of the moisture profile begins towards p(eI) and can be drawn on a p vs 9 

diagram using [5.5], see Fig 5.2c. As the depth (z) increases (p increases), moisture ratio (9) also 

increases. This path will continue until it intersects the boundary p(eI) at point' AI', (9~) on an er(9,Pr) 

curve belonging to the overburden pressure, PC' 

At overburden pressure, Pr 

At this point depth continues to increase (dz > 0, dp > 0) and to satisfy the conditions 

=~' ~ +~ and [ ~: ]er~ +~, d9 must be equal to 0 

at the point 'Al~' 

Therefore crossing the boundary p(9I), the moisture path is always parallel to the 'p' axis and 

afterwards 

p(9) > p(9I ), M(9) < 0, =~' < 0 and [ :: ]en< a 

Therefore the moisture path will continue towards the 'p' axis but away from the p(eI) boundary, 

because for a given overburden pressure, Pn' 

for 9 >~, from [5.47],[5.52] and [5.53] 

I dZ'1 """d8 9« I dZ'1 
"""d8 9~ 

[5.58] 

[5.59] 
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This implies that the moisture path continues towards the p(ell) away from the p(eI) boundary with a negative 
moisture gradient until it intersects it at a point, , A2', (e~,,~,) on an er,(e,Pr') curve belonging to an 
overburden pressure Pr" At this point the soil becomes saturated. Further increase of depth will extend the path 
on the load surface to maximum overburden pressure (Pm) at great depths where the soil remains saturated 
throughout the depth, a2. of Fig 5.2a,c,d. and Fig 5.8. 

If the path from Al (e < e~) does not intersect the p(ell) boundary at any stage for p ~ Pm the soil remains 
unsaturated throughout the depth for any overburden pressure p> 0 and reaches p(el) boundary with further 
increase of p for p ~ Pm ( because for p ~ Pm only one unique e-e-p curve exists and p(el) is parallel to the 'p' 
axis, see Fig 5.5 and al of Fig 5.2a,c,d and Fig 5.8. 

The equilibrium moisture paths of Philip(1969a, 1969b) for similar equilibrium conditions are shown as 
dashed lines, a3 of Fig 5.2c,d. 

5.3.9.2 Case (b) when e8 > eO > e3 and Po = O. 

This point corresponding to the given surface equilibrium state (PO,eO) is located at 'BO' in Fig 5.6a,c~d and 
Fig 5.8. 

From [5.50] and [5.53] 

~;' < 0 and [~~]o < 0 

Therefore the moisture path continues towards the 'p' axis but away from the peel) boundary as shown in Fig 5.4. 
This path will either continue to meet the p(ea) boundary for p ~ Pm or the p(el) boundary for p ~ Pm at greater 
depth, as described in the previous section, path bl of Fig 5.6a,c,d and Fig 5.8; see also Fig 5.5. If the moisture path 
meets the p(ea) boundary at point B I (e~"e~,), at an overburden pressure Pr" the soil becomes saturated and 
remains saturated with further increase of depth, e and e remaining on the load surface. The minimum moisture ratio 
that it could reach is ~ at great depth in order that the soil remains saturated; see path b2 of Fig 5.6a,c,d and Fig 
5.8. If the moisture path does not meet the p(ea) boundary, for (Pm> P > 0) the soil will remain unsaturated with 
further increase of depth, and reach e = % at p ~ Pm' Fig 5.5. 

Equilibrium moisture paths according to Philip(1969a, 1969b) for similar conditions are shown as dashed lines, 
b3 of Fig 5.6c,d and Fig 5.8. 

5.3.9.3 Case (c) when eO = e1) and p = 0 

This point is located at 'CO' of Fig 5.7,c,d and Fig 5.8. At this point from [5.46] and [5.53] 

dz' 
""'Ci8 .... CD and 
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and the depth increases to the next value while de = O. Now the moisture path begins to travel normal to the 'e' 
axis at eb and enters the region p > p(eI). Almost similar behaviour to the previous case ( eO> aIo > 0) 
will be expected for further increases of depth (overburden pressure), paths cl and c2 of Fig 5.7a,c,d and Fig 
5.8. Dashed paths c3 of Fig 5.7c,d and Fig 5.8 show the equilibrium moisture path for similar conditions 
according to Philip(1969a, 1969b) 

5.3.9.4 Case (d) when eO > e8 and Po = 0 

This equilibrium state indicates that the surface soil is saturated and the point 'DO' is located on the load 
surface, Fig 5.7a,c,d and Fig 5.8 from [5.50] and [5.53], 

For e > eI , 

~ < 0 and de [~] < 0 ae eO 

Therefore the moisture ratio decreases with depth, but remains saturated and on the load surface. Such 
behaviour seems to be logical, because as the overburden pressure increases the air entry value (~,e~) 
decreases and it is more possible for the system to remain saturated under larger overburden pressures than 
under PO' where it had already been saturated. The moisture path continues towards the 'p' axis and coincides 
with p(ea) at large depths for p ~ Pm' at e =~, and the moisture ratio remains at ~ and saturated with 
further increase of overburden pressure, see dl of Fig 5.7a,c,d and Fig 5.8 Under no circumstances will the 
moisture path cross the boundary p(ea) by becoming unsaturated,see Fig 5.4 and [5.58]. 

Moisture profiles ofPhilip(1969a,1969b) for similar conditions are shown as dashed lines, d2 of Fig 5.7c,d 
and Fig 5.8. 

For any other surface equilibrium conditions, the relevant point can be located on the p, e plane for given Po 

and eo' 

5.3.10 Calculation of equilibrium moisture profiles in swelling soils 

The moisture gradient across a small soil slab subjected to an overburden pressure, Pn' and with an average 
moisture ratio, en' is given by, 

:' = [---:~""':-_-:-n-'Y-:_:_n 1 = .... (e) 

The equilibrium moisture profile of a long swelling soil column which is made from a large number of soil slabs 
with finite thickness can be evaluated in several steps as follows; 

1. A family of shrinkage curves (e-e-p) for a sufficient number of overburden pressures to represent the 
different overburden pressures of the total length of the soil column; and, a moisture tension curve for an 
unloaded soil sample, 'q,(e)" are experimentally obtained. 

2. Using the experimental values, the family of Mn(e) for n=1,2,3 ... n .. m is calculated. 
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3. The first moisture ratio difference between the first soil slab, ~91' is calculated as follows, 

First approximation to wet relative density, 'r!, of the soil slab No.1 is obtained as, 

The second approximated wet relative density, 'Yr, for the slab No.1 is obtained as, 

M 1 (90) is calculated for, 

pr = [PO + 'YrM-ll] and 90 

4. First approximated wet relative density, 'Y~' of the slab No.2 is obtained as, 

'Y~ for P~ = [PO + 'Y1 M-] and 91 where 'Y1 is calculated for Pt and 91av= (90+81)/2. 

The second approximated wet relative density, 'Y~ of the slab No.2 is obtained as, 

5. First approximated wet relative density, 'YA, of the nth slab is obtained as, 

'Yr''Yi-... 'Y~-l are calculated as, 

Second approximated wet relative density, 'Y~' of the nth slab is obtained as, 

M- is the equal slab thickness and superscript of 'Y and p indicates the step of approximation and subscript 
indicates the number of the soil slab. 



Required values of Mn(9) for overburden pressures other than the measured values are calculated by 
interpolating linearly between two known overburden pressures. 

5.3.11 Calculated equilibrium moisture profiles 

In order to calculate the theoretical equilibrium moisture profiles for desired surface equilibrium 
conditions, values of e(9) for 10 overburden pressures from 2 kPa to 225 kPa and 1JI(9) for zero 
overburden pressure were measured in Chapter 2 and Chapter 4 and are shown in Fig 2.8 and 3.7. 
Functions of a:{9), 1(9), M(9), p(9I) and p(9a) also calculated by employing those experimental results 
are shown in ]Fig 3.6, 5.9, 5.10, and 5.11. 

Five theoretical moisture profiles are calculated using these experimental values for five different 

equilibrium conditions given as surface moisture ratio, 90' and surface overburden pressure, PO' 

1. Surface equilibrium condition; 90 = 1.3 and PO = 2 kPa 

The moisture ratio, ~, at which Mo(~) .... CD and changes the sign of the moisture gradient for 
this surface overburden pressure, Po = 2 kPa is found from the function ( 1 - 01.1) vs 9 to be equal to 
1.53. Because 90 = 1.3 < ~ = 1.53, this type of surface equilibrium condition represents the case (a) 
type moisture profiles. The calculated equilibrium moisture profile under these conditions is given in 
Table 5-1 and plotted in Fig 5.11 and Fig 5.12. Note that the moisture gradient is always positive for p < 
10.31 kPa ( z < 6.2 m). At 9 = 1.429 and p = Pr = 10.31 kPa the moisture path crosses the boundary 
p(91) and the moisture gradient becomes negative for p > 10.31 kPa (z > 6.2 m). It seems that the soil 
becomes saturated when the overburden pressure (depth) increases to p = Pr' = 112 kPa (z = zr' = 6.7 
m) Fig 5.11, at the boundary p(e8). Beyond this point the negative moisture gradient increases with the 
depth, which indicates that the moisture path converges towards the p(9a) boundary to the value of ~ 
at a great depth ( p ~ Pm) while the soil remains saturated. 

2. Surface equilibrium condition; 90 = 1.6 Po = 2 kPa, ~ = 1.53. 

Such a surface equilibrium condition indicates an equilibrium moisture profile belonging to case 
(d) where 9B> 90 >~. The calculated equilibrium moisture profile under such conditions is shown in 
Table 5-2, and plotted in Fig 5.11 and Fig 5.12. As discussed under case (d), the moisture gradient of the 
moisture path seems to be negative throughout the entire moisture path (p > 0 , z > 0) and also the soil 
becomes saturated at an overburden pressure p = Pr = 38 kPa ( z = zr = 2.36 m). This type of moisture 
profile may reach the p(e8) boundary for much larger overburden pressures than 225 kPa at great 
depths due to the the negative moisture gradient for p > p(e8). 

3. Surface equilibrium condition 90 = 0.7 Po = 2 kPa ~ = 1.53. 

Because the surface moisture ratio, 90 < ~ (£i = 1.53 for Po = 2kPa) this type of surface 
equilibrium condition also belongs to the type described under case(a). Theoretical values of such an 
equilibrium moisture profile are given in Table 5-3 and are plotted in Fig 5.12. Note that the moisture 
gradient is positive within the entire range of the available overburden pressure data employed in 
calculation and also the moisture profile does not seem to be reaching either the boundary p(eI) or 
p(9a) in the overburden pressure range considered. 
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Function M(9) calculated from the measured e(9,p) for ten values of overburden pressure. 



Such "dry type" moisture profiles may become saturated under very large overburden pressures 
(depth), which may be much larger than the final overburden pressure (225 kPa) considered in the 
present study. 

4. Surface equilibrium condition, eO = 1.3 Po = 100 kPa 

As eo < eb (~= 1.42 for p = 100 kPa) this surface condition also belongs to case (a). 
The moisture gradient of this moisture path changes from positive for p = Pr < 14.47 kPa (z = Zr < 
2.8 m ) to negative for p > Pr' as it crosses the boundary p(eI) at e = 1.312. At a depth of Z = zr' = 
3.04 m (p = Pr' = 148.5 kPa) it crosses the boundary p(ea) and the soil becomes saturated. This 
moisture path may reach p(ea) at a moisture ratio of ~ with further increase of depth as the 
negative moisture gradient increases with the depth for p > p(ea), Table 5-4 and Fig 5.12. 

5. Surface equilibrium condition eO = 0.7 Po = 100 kPa ~ = 1.42 

This surface equilibrium condition also indicates the type of moisture profile belonging to 
case (a) and does not seem to reach either the boundary p(eI) or p(ea) in the range of the available 
overburden pressure data employed, Table 5-5 and Fig 5.12. 

5.3.12 Simplified experimental model 

The final task of this work is to provide satisfactory evidence to show that the overburden 

pressure has a considerable effect on volume change, and therefore the equilibrium moisture profiles 

in swelling soils behave in an entirely different way from those of non-swelling soils, according to 
the theory discussed.This could be achieved by measuring the moisture profiles of a long, 
swelling, field soil column which meets the required equilibrium conditions. (Disregarding the 
need for constant water table depth). It is clear that these measurements would need to be made 
beyond a depth of 50 metres (overburden pressure - 1000 kPa) to observe the total behaviour of the 
moisture profiles as they are affected by overburden pressure. These theoretical equilibrium 
moisture profiles extend over a large overburden pressure range before the soil reaches its final 

moisture ratio, ~, at p = Pm ( Z = zm) due to the small variation of the negative moisture gradient 
with depth. Although this is not practically impossible, to save time and reduce the expenditure, 
instead of measuring a moisture profile of a long, field-swelling soil depth, a moisture profile of an 
artificially loaded, swelling soil column which provides an overburden pressure approximately 
equivalent to a depth of 15 meters was determined in the laboratory at equilibrium conditions in 
order to test the theory presented. The idea is only to show the effect of overburden pressure on 
volume change, which changes the behaviour compared to classical moisture distributions in non
swelling soils. 

According to Chapter 2, different types of swelling/shrinkage behaviour can be expected from 
the different types of swelling soil systems considered. Use of different soil systems will change the 
shapes of the shrinkage curves by changing the ranges of the different shrinkage phases. In this 

experiment, only soil systems belonging to real mixed systems with montmorillonite clays are 
considered. These show extensive volume change properties. 
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5.4 Experimental metbod 

A 500 mm long. 40 mm diameter brass tube was made by connecting ten 50 mm long 40 mm 
diameter threaded brass tube segments together with nine sockets. Each segment is separated by a 2 
mm thick stainless steel porous plate connected to 0.5 mm dia stainless steel wires at the centre. 
Each steel plate is adjacent to a high flow nylon porous plate: Fig 5.13. Each pair of plates can move 
inside the brass tube without rubbing on the walls. Soil compacted in between two steel plates can 
be loaded separately by adding the appropriate weights to the end of the steel wires as shown in Fig 
5.13. Six 2 mm diameter holes were drilled around each brass tube segment to facilitate the wetting 
of soil slabs during the saturation process. 

Air-dried soil ( similar soil to that prepared for the experiment in Chapter 2 'volume change 
of real mixed soil') was compacted into each segment in four layers to a uniform void ratio using a 
miniature compaction device. Calibrated soil moisture blocks were placed inside each soil segment 
during compaction with sufficient length of wire to allow soil expansion. 

These cylindrical shaped ( 15 mm diameter 18 mm high) moisture blocks were made out of 
dental plaster with concentric electrodes with a straight solid stainless steel wire as the central 
electrode. 10 mm long segments turned from a 10 mm diameter stainless steel tube were used as 
the outer electrodes. These moisture blocks were constructed according to the method described by 
Closs el. al. (1955) and calibrated in a pressure plate apparatus with an identical soil to that used in 
the present experiment. Resisumces of twenty moisture blocks were recorded using a soil moisture 
meter (Model 59l0-A Soil Moisture Co. U.S.A.) at equilibrium under different gas pressures while 
the moisture content of the soil was measured gravimetrically and twenty different calibration 
curves were obtained. The approximate variation of the moisture content of each segment was 
determined using the calibrated values during the saturation of the soil column. 



Porous steel plates with steel wires attached around the 4 mm dia. hole at the middle of the 
plates were placed in between every soil segment and the wires were carefully brought through the 
centre hole of each steel plate and finally through the hole in the bottom steel plate and under the 
set of pullies, as shown in Fig 5.13. The soil column was assembled and fixed on to the base of a 
200 litre drum: Fig 5.13. The steel wires which pass under the set of smooth pullies on the base 
were passed over another set of smooth pullies around the drum edge. 5 kg of mass ( which 
produces an overburden pressure of 39.7 kPa in the absence of wire friction, approximately 2 m of 
soil for 'Y - 2) was hung on the free end of each wire. Allowing the soil column to stabilize under 
these loads for 48 hours, the water level inside the drum was then raised 20 mm a day, in order to 
expel any air entrapped during saturation. Resistance of the soil moisture blocks was monitored at 
regular intervals (1 day) using the soil moisture meter. The experiment was conducted at a 
controlled temperature of 20 ± 2 CO. Water level inside the drum was increased until the water 
surface reached the top surface of the soil column. Equilibrium conditions at saturation were 
determined from the constant moisture block readings. Then the water level in the drum was 
lowered to the bottom level of the soil column, while the top surface (leaving several fine holes for 
air entry with negligible evaporation) and the holes around the segments were sealed with silicon 
rubber. Then the soil column was left to equilibrate under desorption conditions. The moisture 
block readings were recorded at regular intervals (1 day) in order to determine the final equilibrium 
condition at the end of the desorption cycle. 

Equilibrium conditions were recognized by the non-varying moisture block readings. At this 
stage, the friction of the longest steel wire was determined by pulling a steel hook connected to the 
top most steel plate with zero hanging mass at the loading end until the wire began to move. After 
several measurements, the average friction force between the wire and the soil was determined: 
friction forces for each wire were calculated as proportional to the contact length and subtracted from the 
force due to the 5 kg mass in order to find the effective overburden pressure on each soil slab. After 
the equilibrium conditions were determined once again, the column was dismantled and the average 
moisture ratio of each soil segment was determined gravimetrically. 

5.4.1 Computation of the theoretical equilibrium moisture profile of the experimental model 

The moisture profile of the simplified experimental model may be obtained by assuming the self 
weight of the 50 mm.( - IkPa) long soil segment does not have a significant effect on a single 
overburden pressure increment (39.5 kPa) between two soil segments. The term dp/dz' can then be 
calculated using the known values of l1Pn and M.. Load factor, a'n' and the depth, z', within a soil 
segment were also assumed to be functions of e only for the overburden pressure applied. 
Differentiating equation [5.18] with respect to z', moisture gradient across a soil segment can then be 
obtained as 

de 

dz' dll' + 
de 

~ 
do' 1 

da'n 
de Pn 

[5.60] 
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Using the measured values of en(9), "'(9) and calculated values of O/n(9), the theoretical moisture 
profile of the experimental model is obtained for surface moisture ratio, 9 = 1.51 and surface 
overburden pressure of 2 kPa, which were found to be the surface conditions of the soil column at 
equilibrium. The limiting friction force between the wire and the soil was found to be equivalent to a 
mass of 0.346 kg/segment. Measured and calculated moisture profiles z(9) of the experimental soil 
column are plotted on Fig 5.14. 

5.5 Discussion 

It is clearly seen from the plotted moisture profiles and the tables of different equilibrium moisture 
profiles, that the change of moisture gradient with the depth ( overburden pressure) is small, so the 
behaviour of the entire moisture profile may be completed at a very large overburden pressure, Pm 
(large depth, zm) where the moisture ratio reaches its final constant value ( ~ or ~ ) . Therefore it 
may be necessary to obtain functions of en(9) for a wider range of overburden pressures from zero to 

large values in order to study the behaviour of the total equilibrium moisture profile. However, the 
importance of the effects of overburden pressure on volume change and the change of total moisture 
potential are clearer when the possibility of changes in soil conditions from unsaturated to saturated and 
change of the sign of moisture gradient at certain depths are considered. The following differences 
between the present theory and that of Philip (1969a) have been noticed (,xeric, hydric and pycnotatic' 
descriptions are due to Philip (1969a»:. 

1. Case (a) 0 < 90 < el) ('xeric' type moisture profile) 

Philip's theory describes an equilibrium moisture distribution where the moisture ratio increases 
with the depth to a unique moisture ratio, 9p = ~, which is an unsaturated condition at large 
depths even below the water table, which seems unlikely to happen. It describes a positive 
moisture gradient throughout the soil depth from the surface; see dashed curves, a3, Fig 5.2c,d 
and curve a3 in Fig 5.8. This is in marked contrast to the equilibrium moisture profiles according 
to the present theory for similar equilibrium conditions; see curves al,a2 in Fig 5.2a,b,c,d and 
Fig 5.8. 

2. Case (b) 98 > 90 > el) ( 'hydric' type moisture profile) 

According to his theory, such moisture paths reach the same moisture ratio, 9p' at great depth at 
equilibrium. As 98 is larger than 9p' the moisture ratio decreases throughout the depth and 
never becomes saturated at any stage even below the water table; see curves b3 in Fig 5.6c,d and 
Fig 58. The present theory, however, produces equilibrium moisture profiles quite different to 
those ofPhilip(1969a) for similar equilibrium conditions; see curves b1,b2 in Fig 5.6a,c,d and 
Fig 5.8. 

3. Case (c) 90 = el) = 9p (PO = 0) ('pycnotatic' type moisture profile) 

Philip describes a zero moisture gradient for such equilibrium conditions and this is at the unique 
moisture ratio, 9p = ~, which all types of his equilibrium moisture profiles reach at great 
depths. Therefore the moisture ratio below the soil surface remains unchanged at 9p at 
equilibrium; see curves c3 in Fig 5.7c,5.9d and Fig 5.8. Again there is a marked contrast between 
the present equilibrium moisture profiles and Philip(1969a); see curves cl,c2 in Fig 5.6c,d and 

Fig 5.8. 

133 



0,6 0.7 0,8 

o 

1 

2 

3 -

4 -

5 
_ 80=0.7 

PO=100 kPa' 
6 -

7 -

8 

9 

10 -

11 -

0,9 

MOISTURE RATIO (8) 

1.0 1.1 1.2 1.3 

eb=I.S3 I 83=1.66 

1ft 1S \ 1.6 /1.7 1H 

80=1.3 
PO=100 kPa 

90=0.7 
PO=2kPa 

80=1.3 
PO=2 kPa 

Figure 5-12 

90=1.6 
PO=2 kPa -

COlllpuled equilibriullI lIIoislure profiles lor live equilibriulII cOIllJiliollS 
givell as t..hc swfacc Illoislwc raLio (8U) wid ovclbuldcll JHCSSUIC U'U> 

134 



~ em DIA 5 em HIGH 
THREADED BRASS TUBES 

SOIL SAMPLES 
---...~ 

PERFORATED 
STEEL PLATES 

POROUS PLATES 

/ 
STAINLESS STEEL \.IIRES 
ATTACHED TO STEEL PLATES 

",TO OHM METER 

MOISTURE BLOCKS 

STEEL STAND • 

SIMPLIFIED EXPERIMENTAL MODEL FOR MEASURING 
EQUILIBRIUM MOISTURE PROFILES OF A S\.IELLING 

SOIL COLUMN UNDER OVERBURDEN PRESSURES 

A 

PLAN VIE\.I 

SECTION ON AA 

\.lATER TABLE 

LOADING 

\.lATER CONTAINERS 

~ 

200 1 DRUM -
SMOOTH PULLIES 

A 

Figure 5-13 

-lJ) 
Ul 



1.20 

50 

100 

150 

200 

250 

300 

350 

400 

DEPTH (mm) 

MOISTURE RATIO, 9 

1.25 1.30 1.35 1.40 1.45 

Theoretical (Nol,calculaled from (5.60)) and expcrlmenlal (Nu2) 
equilibrium moislure profiles of Ihe experlmenlal model 

, Figure 5-14 

136 

1.50 



137 

4. Case (d) 90 ~ 98 ('hydric' type moisture profile) 

With this type of equilibrium condition, Philip(1969a) indicates a saturated condition over the soil 
surface and the moisture ratio decreases with depth to the unique moisture ratio ( 9p = ~ ) at great 
depth, where the soil becomes unsaturated; see curves d2 in Fig 5.7c,d and Fig 5.8. This is also not 
possible. Equilibrium moisture profiles according to the present theory show a marked contrast to those 
of Philip(1969a); see curves dl in Fig 5.7c,d and Fig 5.8. 

The major discrepancy between the final moisture ratio of the equilibrium moisture paths at great depths 
of the present theory and of the Philip (1969a,1969b, 1970a,1971) theory depend on two differences: 

between % and 9p =~; and between ~ and 9p' However, Philip (1970a) agreed that the 
predictions of his equilibrium moisture profiles at large depths ( p -+ co ) are not possible and suggested 
that all types of equilibrium moisture profiles reach a value at an irreducible void ratio, emin' as p -+ co. 

Details of the behaviour of the moisture paths were not reported. He suggested that at this point the 
apparent wet relative density of the soil becomes its maximum, which it is also not possible to predict if 
the exact state of the soil is not known. It is also important to find out whether the soil changes its 
unsaturated condition or changes the sign of the moisture gradient as the moisture path propagates 
through the soil depth. The major difference between the two approaches is the difference between final 

moisture ratios % and 9p=~ which the soil reaches at Pm' From the experimental values obtained for 
Mt.Cass bentonite (real mixed swelling soil) ~ = 1.31 and ~ = 1.1 for an overburden pressure of 225 
kPa and eb = 9p = 1.53 for p = 2 kPa). Those seem significant differences even for this comparatively 
low value of overburden pressure, p = 225 kPa ( Pm must be a much larger value than 225 kPa, see Fig 
5.11). 

The experimental moisture profile 9 vs z of the soil column described in section 5.4 is plotted on Fig 
5.14; it differs significantly from the theoretical equilibrium moisture profile (section 5.4.1). As the surface 
moisture ratio of the equilibrium moisture profile is much closer to the type described in 5.3.9.3 (case (c», the 
measured and calculated moisture distributions indicate an equilibrium moisture profile much closer to the 
pycnotatic type explained in case (c), section 5.3.9.3. The measured values are different from the theoretical 
values but the moisture gradient is negative throughout the soil column, which indicates behaviour as expected 
for case (c). The major reasons for the observed discrepancies could have been: 

1. Variation of the initial void ratio ( soil packing) between the soil samples used in this and in the other 
earlier experiments to determine the volume change properties. 

2. Small errors from the volume change experiments may reflect very seriously on the calculated moisture 
profiles from the term dot/d9. It was evident that variation in this term could entirely change the path 
of the calculated moisture profile. The measured e(9,p) curves seemed to be very irregular in many parts 
and must have caused considerable variation in dOl/d9. 

3. The assumptions (that the functions 'Y(9) and 01(9) depend on '9' only within a small soil slab) which 
were made in order to simplify the expression obtained for moisture gradient, M(9), across a small soil 

slab, section 5.3.3.4. 

4. Air entrapment during the saturation process, which could leave compressed air pockets causing more 
resistance against volume change. 



There are many factors in this experiment to be improved in order to obtain satisfactory results. The 
main disadvantage is the long time taken ( 73 days) to saturate the soil column due to insufficient holes 
around the segments for wetting purposes. However, for other equilibrium conditions, like having the 
water table well below the soil surface, the soil column may have to be saturated by imposing a negative 
potential over the top surface and letting the soil column equilibrate with the desired surface moisture 
ratio and surface overburden pressure. This type of procedure may take a considerable time for 
completion. The present method could be improved by providing a larger area for wetting the soil, 
saturating without overburden pressure and applying the overburden pressure before the equilibrium 
condition is determined. 

The diameter of the column may have a significant effect on the results due to poor overburden 
pressure transmission and wall friction acting against volume change, which could change the 
overburden potential of the soil water. Collis-George (1961) reported that column diameters less than 30 
mm are too small to transmit overburden pressure through the soil column. R. Lal et al. (1969) suggested 
using columns with diameters larger than 100 mm in order to obtain satisfactory results during 
infiltration results, which would lead to difficulties applying overburden pressures. For applying 
overburden pressure, instead of steel wires, concentric tubes may be used to reduce the friction between 
wires. 

It may not after all be reliable to use laboratory methods to test the theory of the hydrology of field
swelling soils due to the demands of real field requirements. Insitu measurements would become more 
feasible if accurate methods become available to measure field moisture profiles up to large depths, 
covering the entire moisture range from saturation to minimum void ratio at the maximum overburden 
pressure. 
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Tab1e 5-1 

Calculated Equilibrium Moisture Profile for 

Surface moisture ratio (90 ) 1.30 
Surface overburden pressure (PO) - 0.2 m of water ( 2 kPa) 

P 91 (l-a1') da/d9 M(E» 69 z 92 

m water III m 

0.200 1.300 0.869 1.5652 0.381 5.50 0.036 0.20 1.3 
0.525 1.318 0.848 1.5767 0.410 5.79 0.035 0.40 1.353 
0.845 1.335 0.825 1.5880 0.522 6.23 0.032 0.60 1.368 
1.169 1.351 0.800 1.5988 0.767 6.99 0.029 0.80 ] .380. 
1.497 1.366 0.767 1.6089 1.473 8.98 0.022 1.00 ].388 
1.828 1.377 0.732 1.6181 1.981 11.35 0.018 1.20 1.395 
2.162 1.386 0.694 1.6265 2.349 14.05 0.0]4 1.40 1.400. I 

2.498 1.393 0.655 1.6345 2.613 17.09 0.0]2 1.60 1.405 
2.834 1.399 0.611 1.6403 2.727 20.29 0.010 1.80 1.409 . 
3.171 1.404 0.561 1.6452 2.845 24.42 0.008 2.00 1.4]2 
3.509 1.408 0.512 1.6497 2.950 29.33 0.007 2.20 1.415 
3.848 1.411 0.467 1.6538 3.030 34.95 0.006 2.40 ] .4]7 
4.189 1.414 0.425 1.6578 3.089 4 ].40 0.005 2.60 1.419 
4.530 1.416 0.386 1.6615 3.131 48.89 0.004 2.80 1.421 
4.872 1.418 0.348 1.6651 3.159 57.69 0.003 3.00 1.422 
5.212 1.420 0.316 1.6672 3.171 67.]8 0.003 3.20 ].423 
5.549 1.422 0.288 1.6683 3.170 77.39 0.003 3.40 1.424 
5.885 1.423 0.261 1.6693 3.163 89.14 0.002 3.60 1.425 
6.223 1.424 0.236 1.6702 3.148 102.94 0.002 3.80 1.426 
6.560 1.425 0.211 1.6710 3.]27 ] 19.43 0.002 4.00 ].427 
6.897 1.426 0.187 1.6719 3.10] 139.54 0.001 4.20 ].427 
7.235 1.427 0.163 1.6727 3.069 ]64.72 0.001 4.40 1.428 
7.574 1.427 0.141 1.6736 3.033 196.73 0.001 4.60 1.428 
7.916 1.428 0.120 1.6751 2.993 236.56 0.001 4.80 1.429 
8.258 1.428 0.099 1.6766 2.948 291.94 " 0.001 5.00 1.429 
8.601 1.429 0.079 1.6781 2.899 374.04 0.001 5.20 1.429 
8.944 1.429 0.059 1.6797 2.847 509.41 0.000 5.40 1.429 
9.288 1.429 0.039 1.6812 2.792 777.41 0.000 5.60 1.429 
9.633 1.429 0.020 1.6827 2.734 ] 570.51 0.000 5.80 1.429 
9.979 1.429 0.000 1.6843 2.672 120775.69 0.000 6.00 1.429 
lO.31 1.429 -0.Ql5 1.6845 2.614 -2054.11 0.000 6.20 1.429 
lO.654 1.429 -0.030 1.6845 2.556 -1054.42 0.000 6.40 ].429 
lO.992 1.429 -0.045 1.6846 2.496 -713.75 0.000 6.60 ].429 
11.329 1.429 -0.060 1.6847 2.434 -540.91 0.000 6.80 1.429 
11.667 1.429 -0.074 1.6848 2.371 -435.89 0.000 7.00 1.428 
12.005 1.428 -0.089 1.6849 2.307 -364.97 -O.(X)I 7.20 ].428 
12.343 1.428 -0.103 1.6851 2.242 -313.61 -0.001 7.40 1.428 
12.680 1.428 -0.115 1.6851 2.184 -280.73 -0.001 7.60 1.427 
13.017 1.428 -0.125 U,~51 2.131 -258.58 -0.00] 7.80 1.427 
13.353 1.427 -0.135 1.6H51 2.078 -239.5] -0.00 1 8.!X) l.o12() 
13.690 1.427 -0.145 1.6850 2.025 -222.83 -0.001 8.20 1.426 
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14.027 1.426 -0.155 1.6850 1.971 -208.07 -0.001 8.40 1.425 
14.364 1.426 -0.165 1.6850 1.917 -194.86 -0.001 8.60 1.425 
14.701 1.425 -0.175 1.6850 1.863 -182.95 .. -0.001 8.80 1.424 
15.039 1.425 -0.185 1.6851 1.809 -172.44 -0.001 9.00 1.424 
15.378 1.424 -0.193 1.6853 1.762 -165.12 -0.001 9.20 1.423 
15.717 1.424 -0.200 1.6855 1.715. -158.15 -0.001 9.40 1.422 
16.056 1.423 -0.208 1.6858 1.668 -151.52 -0.001 9.60 1.422 
16.396 1.422 -0.215 1.6860 1.620 -145.20 -0.001 9.80 1.421 
16.735 1.422 -0.223 1.6863 1.573 -139.17 -0.001 10.00 1.420 
17.075 1.421 -0.230 1.6865 1.525 -133.38 -0.001 10.20 1.41 
17.415 1.420 -0.238 1.6868 1.478 -127.82 -0.002 10.40 1.419 
17.754 1.419 -0.244 1.6869 1.436 -123.64 -0.002 10.60 1.418 
18.093 1.419 -0.250 1.6871 1.396 -119.95 -0.002 10.80 1.4171 
18.433 1.418 -0.255 1.6873 1.156 -116.31 -0.002 11.00 1.416 
18.772 1.417 -0.261 1.6875 1.316 -112.72 -0.002 11.20 1.415 
19.112 1.416 -0.266 1.6877 1.276 -109.17 -0.002 11.40 1.414 
19.452 1.415 -0.272 1.6879 1,236 -105.66 -0.002 11.60 1.413 
19.792 1.414 -0.277 1.6881 1.196 -102.20 -0.002 11.80 1.412 
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Table 5-2 

Calculated Equilibrium Moisture Profile for 

Surface moisture ratio (90 ) ... 1.6 
Surface overburden pressure (PO) - 0.2 m of water ( 2 Kpa) 

p 91 (1- otl) 1 der/d9 M(9) /19 z ~ 
m water m 

I· 
m 

0.200 1.600 -0.443 1.6360 1.557 -11.34 -0.018 0.20 1.582 
0.537 1.591 -0.401 1.6372 1.837 -14.18 -0.014 0.40 1.577 
0.865 1.584 -0.375 1.6386 2.005 -17.16 -0.012 0.60 1.572 
1.194 1.578 -0.360 1.6403 2.093 -19.98 -0.010 0.80 1.568 
1.524 1.573 -0.354 1.6421 2.125 -22.43 -0.009 1.00 1.564 
1.854 1.569 -0.353 1.6441 2.115 -24.38 -0.008 1.20 1.561 
2.185 1.565 -0.358 1.6462 2.072 -25.78 -0.008 1.40 1.557 
2.518 1.561 -0.365 1.6484 2.008 -26.68 -0.007 1.60 1.553 
2.849 1.557 -0.359 1.6493 2.021 -29.13 -0.007 1.80 1.550 
3.180 1.554 -0.355 1.6501 2.018 -31.35 -0.006 2.00 1.547 
3.512 1.550 -0.352 1.6509 2.001 -33.29 -0.006 2.20 1.544 
3.843 1.547 -0.345 1.6514 1.987 -35.77 -0.006 2.40 1.542 
4.175 1.545 -0.339 1.6520 1.965 -38.06 -0.005 2.60 1.539 
4.507 1.542 -0.335 1.6526 1.932 -39.97 -0.005 2.80 1.537 
4.839 1.540 -0.334 1.6532 1.890 -41.49 -0.005 3.00 1.535 
5.174 1.537 -0.332 1.6547 1.868 -43.21 -0.005 3.20 1.533 
5.511 1.535 -0.331 1.6567 1.863 -45.24 -0.004 3.40 1.530 
5.849 1.533 -0.330 1.6586 1.851 -47.00 -0.004 3.60 1.528 
6.187 1.530 -0.331 1.6603 1.833 -48.49 -0.004 3.80 1.526 
6.526 1.528 -0.332 1.6620 1.809 -49.70 -0.004 4.(X) 1.524 
6.864 1.526 -0.334 1.6635 1.781 -50.65 -0.004 4.20 1.522 
7.202 1.524 -0.337 1.6649 1.748 -51.32 -0.004 4.40 1.521 
7.540 1.522 -0.340 1.6659 1.714 -51.86 -0.004 4.60 1.519 
7.869 1.521 -0.340 1.6649 1.706 -53.28 -0.004 4.80 1.517 
8.198 1.519 -0.341 1.6641 1.697 -54.53 -0.004 5.00 1.515 
8.527 1.517 -0.343 1.6634 1.684 -55.58 -0.004 5.20 1.513 
8.856 1.515 -0.345 1.6628 1.669 -56.44 -0.004 5.40 1.512 
9.186 1.513 -0.348 1.6623 1.652 -57.11 -0.004 5.60 1.510 
9.517 1.512 -0.351 1.6620 1.632 -57.59 -0.003 5.80 1.508 
9.848 1.510 -0.355 1.6617 { .. bIO -57.89 -0.003 6.00 1.506 
10.182 1.508 -0.358 1.6620 1.594 -58.42 -0.003 6.20 1.505 
10.518 1.506 -0.361 1.6626 1.583 -59.15 -0.003 6.40 1.503 
10.854 1.505 -0.364 1.6631 1.570 -59.75 -0.003 6.60 1.501 
11.190 1.503 -0.367 1.6637 1.555 -60.23 -0.003 6.80 1.500 
11.527 1.501 -0.370 1.6643 1.539 -60.58 -O.(X)3 7.00 1.498 
11.864 1.500 , -0.373 1.6648 1.521 -61.12 -0.003 7.20 1.496 
12.201 1.498 -0.373 1.6654 1.536 -62.87 -0.003 7.40 1.495 

12.538 1.496 -0.373 1.6660 1.543 -64.49 -0.003 7.60 1.493 

12.875 1.495 -0.371 1.6664 1.560 -66.75 -0.(X)3 7.80 1.492 
13.211 1.493 -0.370 1.66GR 1.513 -68.85 -0.003 R.OO 1.'191 

13.547 1.492 -0.369 1.6672 1.583 -70.77 -0.003 8.20 1.489 
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13.884 1.491 -0.369 1.6675 1.590 -72.53 -0.003 8,40 1,488 
14.220 1.489 -0.369 1.6679 1.595 -74.12 -0.003 8.60 1.486 
14.557 1,488 -0.370 1.6682 1.597 -75.54 -0.003 8.80 1,485 
14.893 1.486 -0.371 1.6685 1.597 -76.80 -0.003 9.00 1.484 
15.230 1,485 -0.371 1.6689 1.600 -78.29 -0.003 9.20 1,483 
15.569 1.484 -0.372 1.6694 1.604 -79.85 -0.003 9.40 1.481 
15.907 1.483 -0.372 1.6699 1.606 -81.27 -0.002 9.60 1.480 
16.245 1.481 -0.373 1.6703 1.606 -82.57 -0.002 9.80 1.479 
16.584 1.480 -0.374 1.6708 1.605 -83.74 -0.002 to.OO 1,478 
16.922 1.479 -0.375 1.6712 1.603 -84.78 -0.002 to.20 1.477 
17.261 1.478 -0.377 1.6717 1.599 -85.70 -0.002 10.40 1.476 
17.599 1.477 -0.378 1.6720 1.596 -86.70 -0.002 to.60 1.474 
17.935 1.476 -0.378 1.6722 1.597 -88.11 -0.002 to.80 1.473 
18.271 1.474 -0.379 1.6724 1.598 -89.43 -0.002 11.00 1.472 
18.608 1.473 -0.380 1.6725 1.597 -90.65 -0.002 11.20 1.471 
18.944 1.472 -0.381 1.6727 1.596 -91.77 -0.002 11.40 1.470 
19.280 1.471 -0.382 1.6728 1.593 -92.79 -0.002 11.60 1.469 
19.616 1.470 -0.383 1.6730 1.590 -93.71 -0.002 11.80 1.469 

I 
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'l'abl.e 5-3 

Calculated Equilibrium Moisture Profile for 

Surface moisture ratio (90 ) - 0.7 

Surface overburden pressure (PO) - 0.2 m of water (2 kPa) 

p (l-a 'Y) 'Y dew/d9 M(9) z 

m (water) m m 

0.200 0.700 0.887 1.3482 0.000 12.53 0.016 0.20 0.716 
0.482 0.708 0.882 1.3579 0.000 12.59 0.016 0.40 0.724 
0.757 0.716 0.877 1.3675 0.000 12.66 0.016 0.60 0.732 
1.036 0.724 0.873 1.3769 0.000 12.73 0.016 0.80 0.740 
1.319 0.732 0.868 1.3864 0.000 12.80 0.016 1.00 0.747 
1.606 0.739 0.863 1.3957 0.000 12.87 0.016 1.20 0.755 
1.896 0.747 0.858 1.4049 0.000 12.95 0.015 1.40 0.763 
2.190 0.755 0.853 1.4142 0.000 13.34 0.015 1.60 0.770 
2.487 0.762 0.848 1.4234 0.000 13.91 0.014 1.80 0.777 
2.787 0.770 0.846 1.4315 0.000 14.40 0.014 2.00 0.784 
3.089 0.777 0.844 1.4395 0.000 14.88 0.013 2.20 0.790 
3.395 0.783 0.842 1.4475 0.000 15.35 0.013 2.40 0.796 
3.703 0.790 0.841 1.4555 0.000 15.80 0.013 2.60 0.802 
4.015 0.796 0.839 1.4635 0.000 16.25 0.012 2.80 0.808 
4.330 0.802 0.837 1.4715 0.000 16.53 0,012 3.00 0.814 
4.649 0.808 0.835 1.4796 0.000 16.57 0.012 3.20 0.820 
4.971 0.814 0.834 1.4878 0.000 16.60 0.012 3.40 0.826 
5.301 0.820 0.832 1.4975 0.005 16.67 0.012 3.60 0.832 
5.638 0.826 0.831 1.5U11 0.015 16.77 0.012 3.80 0.838 
5.979 0.832 0.829 1.5182 0.029 16.91 0.012 4.00 0.844 
6.325 0.838 0.827 1.5289 0.047 17.09 0.012 4.20 0.850 
6.677 0.844 0.826 1.5398 0.069 17.32 0.012 4.40 0.856 
7.034 0.850 0.824 1.5510 0.095 17.60 0.011 4.60 0.861 
7.395 0.856 0.821 1.5620 0.102 17.76 0.011 4.80 0.867 
7.763 0.861 0.818 1.5735 0.116 18.02 0.011 5.00 0.872 
8.137 0.867 0.813 1.5854 0.137 18.39 0,011 5.20 0.878 
8.517 0.872 0.807 1.5975 0.157 18.79 0.011 5.40 0.883 
8.903 0.878 0.801 1.6097 0.176 19.22 0.010 5.60 0.888 
9.293 0.883 0.794 1.6220 0.193 19.67 0.010 5.80 0.893 
9.690 0.888 0.787 1.6345 0.209 20.15 0.010 6.00 0.898 
10.091 0.893 0.778 1.6469 0.224 20.66 0.010 6.20 0.902 
10.483 0.898 0.771 1.6570 0.237 21.15 0.009 6.40 0.907 
10.876 0.902 0.764 1.6666 0.262 21.81 0.(X)9 6.60 0.912 
11.272 0.907 0.758 1.6761 0.293 22.60 0.009 6.80 0.916 
11.672 0.911 0.751 1.6856 0.321 23.40 0.009 7.00 0.920 
12.075 0.916 0.743 1.6950 0.346 24.20 0.008 7.20 0.924 
12.482 0.920 0.736 1.7044 0.368 25.02 0'(X)8 7.40 0.928 
12.882 0.924 0.728 l. 7125 0.384 25.77 0.008 7.60 0.932 
13.283 0.928 0.720 1.7201 0.397 26.50 0.008 7.80 0.935 
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13.688 0.931 0.712 1.7279 0.408 27.23 0.007 8.00 0.939 
14.096 0.935 0.704 1.7358 0.417 27.98 0.007 8.20 0.942 
14.509 0.939 0.695 1.7438 0.425 28.73 0.007 8.40 0.946 
14.926 0.942 0.686 1.7519 0.432 29.50 0.007 8.60 0.949 
15.325 0.946 0.676 1.7575 0.435 30.31 0.007 8.80 0.952 
15.711 0.949 0.665 1.7615 0.438 31.14 0.006 9.00 0.955 
16.096 0.952 0.655 1.7651 0.486 33.06 0.006 9.20 0.958 
16.480 0.955 0.645 1.7685 0.555 35.63 0.006 9.40 0.961 
16.864 0.958 0.635 1.7718 0.622 38.29 0.005 9.60 0.963 

4 17.249 0.961 0.625 1.7749 0.686 41.04 0.005 9.80 0.965 
17.635 0.963 0.615 1.7780 0.753 44.05 0.005 0.00 0.967 
18.019 0.965 0.606 1.7809 0.834 47.64 0.004 10.20 0.969 
18.404 0.967 0.596 1.7837 0.913 51.40 0.004 10.40 0.971 
18.789 0.969 0.586 1.7865 0.991 55.34 0.004 10.60 0.973 
19.175 0.971 0.576 1.7892 1.067 59.48 0.003 10.80 0.974 
19.562 0.973 0.566 1.7918 1.142 63.84 0.003 11.00 0.976 
19.949 0.974 0.556 1.7944 1.216 68.41 0.003 11.20 0.977 
20.341 0.976 0.547 1.7974 1.297 73.41 0.003 11.40 0.979 
20.735 0.977 0.538 1.8004 1.378 78.76 0.003 11.60 0.980 
21.130 0.978 0.528 1.8035 1.458 84.41 0.002 11.80 0.980 
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Table 5-" 

Calculated Equilibrium Moisture Profile for 

Surface moisture ratio (60 ) - 1.3 

Surface overburden pressure (PO) - 10 m of water ( 100 kPa) 


p 91 (I-a,.) ,. da/d9 M(8) fl8 z 82 

m water m m 

10.000 1.300 0.267 1.7050 0.840 49.06 0.00408 0.2 1.304 
10.341 1.302 0.242 1.7068 0.850 55.80 0.00358 0.4 1.306 
10.683 1.304 0.217 1.7085 0.856 63.75 0.00314 0.6 1.307 
11.026 1.305 0.193 1.7101 0.857 73.36 0.00273 0.8 1.308 
11.369 1.307 0.169 1.7116 0.855 85.30 0.00234 1.0 1.309 
11.713 1.308 0.145 1.7131 0.849 100.67 0.00199 1.2 1.310 
12.057 1.309 0.122 1.7146 0.839 121.36 0.00165 1.4 1.311 
12.402 1.310 0.099 1.7160 0.827 151.03 0.00132 1.6 1.311 
12.747 1.310 0.081 1.7166 0.817 187.56 0.00107 1.8 1.311 
13.091 1.311 0.064 1.7170 0.807 238.05 0.00084 2.0 1.312 
13.435 1.311 0.048 1.7174 0.795 321.78 0.0(X)62 . 2.2 1.312 
13.779 1.312 0.032 1.7178 0.7R2 489.53 0.00041 2.4 1.312 
14.124 1.312 0.016 1.7182 0.7d1 1001.26 0.00020 2.6 1.312 
14.469 1.312 0.000 1.7187 O.1S1 -32163.54 -.00001 2.8 1.312 
14.814 1.312 -0.016 1.7191 0.734 -949.55 -.00021 3.0 1.312 
15.158 1.312 -0.030 1.7193 0.718 ·512.20 -.00039 3.2 1.3Jl 
15.501 1.312 -0.042 1.7191 0.703 -369.94 -.00054 3.4 1.311 
15.844 1.311 -0.054 1.7189 0.687 -289.77 -.00069 3.6 1.311 
16.187 1.311 -0.065 1.7187 0.671 -237.97 -.00084 3.8 1.31 () 
16.531 1.311 -0.077 1.7186 0.654 -201.61 -.00099 4.0 1.310 
16.874 1.310 -0.088 1.7185 0.636 -174.58 -.00115 4.2 1.309 
17.217 1.310 -0.100 1.7184 0.618 -153.62 -.00130 4.4 1.308 
17.561 1.309 -0.111 1.7183 0.600 -137.42 -.()OI46 4.6 1.307 
17.906 1.308 -0.120 1.7187 0.584 -126.42 -.00158 4.8 1.307 
18.252 1.307 -0.129 1.7191 0.567 -116.80 -.00171 5.0 1.306 
18.597 1.307 -0.138 1.7195 0.551 -108.31 -.00185 5.2 1.305 
18.943 1.306 -0.147 1.7199 0.533 -100.75 -.00199 5.4 1.304 
19.290 1.305 -0.156 1.7203 0.516 -93.96 -.00213 5.6 1.303 
19.636 1.304 -0.165 1.7208 0.498 -87.80 -.00228 5.8 1.301 
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Tab1e 5-5 

Calculated Equilibrium Moisture Profile for 

Surface moisture ratio (90 ) - 0.7 


Surface overburden pressure (PO) ... 10 m of water (100 kPa) 


p 91 (I-OtT) '1 da/d9 M(9) A9 z 92 

m water m m 

10.000 0.700 0.821 1.5730 0.000 13.53 0.015 0.20 0.715 
10.316 0.707 0.819 1.5822 0022 13.83 0.014 0040 0.722 
lO,637 0.715 0.818 1.5914 004-1 14.13 0.014 0.60 0.729 
10.961 0.722 0.816 1.6008 00613 14.42 0.014 0.80 0.736 
11.288 0.729 0.813 1.6104 O.07b 14.71 0.014 1.00 0.742 
11.620 0.735 0.811 1.6200 0.091 15.00 0.013 1.20 0.749 
11.956 0.742 0.808 1.6298 0.105 15.29 0.013 lAO 0.755 
12.296 0.749 0.806 1.6398 0.117 15.57 0.013 1.60 0.761 
12.639 0.755 0.802 1.6491 0.111 15.95 0.013 1.80 0.768 
12.983 0.761 0.798 1.6573 0.104 16.39 0.012 2.00 0.774 
13.331 0.767 0.794 1.6653 0.095 16.78 0.012 2.20 0.779 
13.681 0.773 0.790 1.6733 0.084 17.13 0.012 2.40 0.785 
14.035 0.779 0.785 1.6811 0.070 17.43 0.011 2.60 0.791 
14.391 0.785 0.781 1.6888 0.054 17.67 0.011 2.80 0.796 
14.750 0.791 0.776 1.6965 0.036 17.86 0.011 3.00 0.802 
15.111 0.796 0.771 1.7038 0.019 18.06 0.011 3.20 0.807 
15.471 0.802 0.766 1.7098 0.035 18.77 0.011 3.40 0.812 
15.834 0.807 0.762 1.7158 0.100 20.25 0.010 3.60 0.817 
16.197 0.812 0.758 1.7215 0.164 21.78 0.009 3.80 0.821 
16.563 0.817 0.753 1.7271 0.227 23.35 0.009 4.00 0.825 
16.930 0.821 0.749 1.7326 0.288 24.98 0.008 4.20 0.829 
17.299 0.825 0.744 1.7380 0.347 26.67 0.007 4.40 0.832 
17.668 0.829 0.739 1.7427 00404 28.36 0.007 4.60 0.836 
18.034 0.832 0.734 1.7466 0.454 29.99 0.007 4.80 0.839 
18.402 0.836 0.729 1.7504 0.502 31.62 0.006 5.00 0.812 
18.771 0.839 0.724 1.7541 0.547 33.27 0.006 5.20 0.845 
19.141 0.842 0.719 1.7578 0.590 34.93 0.006 5.40 0.847 
19.512 0.845 0.713 1.7615 0.630 36.62 0.005 5.60 0.850 
19.885 0.847 0.708 1.7652 0.669 38.34 0.005 5.80 0.852 



Chapter 6 

Steady vertical flows in swelling soils 

6.1 Introduction. 

In rigid soil, steady downward flows occur with either a positive moisture gradient, da/dz > 0, or a 
negative moisture gradient, da/dz < O. Steady upward flows are possible only with positive moisture 
gradients, da/dz > 0 (z measured positive downward). The hydraulic conductivity of rigid soil is a unique 
function of moisture content, (for absorption or desorption process) if the temperature and the composition 
of the soil moisture remain unchanged. 

On the other hand, the pore geometry of swelling soils changes with varying moisture ratio, a, and the 
overburden pressure,p. Therefore the hydraulic conductivity, K, of swelling soils is a function of both 9 and 
p if the other parameters are not altered. For this reason, the behaviour of the moisture distribution in 
swelling soils during steady vertical flows could become different from that in rigid soils. The most marked 
difference is that steady upward flows are possible with a negative moisture gradient (z measured positive 
downward). This indicates the possibility of moisture flow from a dry region to a wetter region in swelling 
soil, due to the positive potential gradient caused by the overburden potential on the water. Such a 
phenomenon is never expected in rigid soil unless an external gas pressure is applied. 

The theory of steady, vertical flow in swelling soil has been studied by Philip(1969c,1971 ,1972) and 
Sposito(1975). Philip assumed that the overburden pressure has no significant influence on the volume 
change of swelling soils. He also explained the reasons for steady upward flows with negative moisture· 
gradients. Sposito used a thermodynamic method to derive possible types of steady vertical flows which 
was similar to that of Philip's theory, but attempted to include the effect of overburden pressure on volume 
change. However, the behaviour of soil moisture profIles during steady vertical flows which are affected by 
the overburden pressure in swelling soils has not been described in detail in the literature. 

Therefore an attempt has been made to explore the propagation of moisture during steady vertical flows 
in swelling soil by using a simplified model, similar to that in 5.3, in order to obtain dz'/da as a function of 
a for different overburden pressures. Behaviour of these moisture profIles under possible, steady, vertical 
flows is described as a function of a and p with possible surface moisture ratios and moisture ratios at Z-+co, 

by employing the general volume change and hydraulic conductivity properties of swelling soils subjected 
to varying overburden pressures. The units of potential in this section are taken on a weight basis for 
direct comparison with Philip's work. 

6.1.1 Summary. 

Assuming the void ratio, ell' and hydraulic conductivity, Kn' vary only with moisture ratio, a, across a 
small soil slab under a constant overburden pressure, Pn' an expression is obtained for the moisture 
gradient, dz'/da for a possible steady vertical flow, V. The behaviour of moisture paths for such a steady 

vertical flow, V, is determined by the function Ln(a)=!rl-OIn'Yn]Kn-V], The complex behaviour of Ln(a) is 
analysed by considering the characteristics of functions 'Yn,OIn,en and Kn separately and then together. The 
function [l-OIn'Yn]Kn has one positive maximum and one negative minimum where the maximum 
downward flow and maximum upward flow could occur. Singular functions created by intersection points 
of steady velocity planes, V, with [1-OIn'Yn]Kn are drawn on the common base, p vs a, to e(a,p) and L(a,p). 
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Similarly to the case in Chapter 5, p(aI) and p(ea) functions on the p vs a plane are described in order to 

identify the points where the moisture gradient becomes singular. Idealized functions of OIn,1n and Kn are 

employed to explain the behaviour of the moisture gradient with overburden pressures. Defining necessary 

conditions for the existence of steady vertical flows in swelling soils, possible moisture profiles are 

described on the p vs e plane by examining the behaviour of moisture gradients. Several possible moisture 

paths for steady vertical flows are drawn for different surface moisture ratios. Predictions of the present 
study are compared with Philip's(1969c & 1971) and reasons for the differences between the two theories 

are discussed. 

6.2 Literature review. 

Philip (1969c) used his new overburden potential component, n [5.16], of the total soil water potential to 

obtain equation [6.1] for a steady vertical flow in swelling soil: 

Where 

v = -K [ [ -::- + ] 

da 
dz) - + 1 

dz 

V = steady vertical flow velocity (Ltn 

'I' = moisture potential with zero overburden pressure (L) 

1 = apparent wet relative density 

e = void ratio 

K = hydraulic conductivity of the soil (Ltn 

a = moisture ratio 

PO = surface overburden pressure (L) 

de _ 1] 
da 

[6.1] 

Using the general properties of swelling soils (see 2.2 of Chapter 2), he showed the possibility of one 

minimum upward flow and one maximum downward flow under steady state conditions depending on the 

state of the soil at z = 0) (moisture ratio ,aO), at z=O). Such possible steady-state moisture profiles were given 

for possible combinations of moisture ratios at large depths (a~ and surface moisture ratios (aO' z = 0). The 
effect of overburden pressure on volume change was assumed to be negligible in both Philip's theory and 

Sposito's hypothetical example and therefore, similarly to the case in Chapter 5, the functions e, K, and 1 

become unique functions of moisture ratio, a, throughout the entire soil depth. 

Experimental results for in situ moisture profiles during steady, vertical flows reported by Talsma (1974), 

observations by Collis-George (1963), Dimitriew (1962), Hallaire (1963), Abramova (1968)and McIntyre 

(1982c) (see Philip 1969c) seemed to have confirmed the possibility of such upward moisture movement in 

swelling soils, as shown by Philip (1969c). 

6.3 Theory. 

In order to make the mathematics simpler and soluble the following simplified model is developed, 
attempting to protect the direct relation between the mathematics and the physical flow problem. A single 
soil slab of a long swelling soil column composed of an infinite number of soil segments with small 
thickness is considered. Assuming that apparent wet relative density, 1n, and load factor, OlD' depend only on 
moisture ratio within the small soil segment subjected to a constant overburden pressure, Pn' the total 
potential of the soil water is written similarly to equation [5.18]. Units of all parameters are the same as 
those in Chapter 5. 
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z, 

41 = ",(e) - z'+ C/n(e) [Pn' + J 'Yn(e) dZ'] 
o 

Under steady-state conditions, the moisture gradient across the soil slab is obtained using Darcy's law 
as(solids remain stationary): 

d41 
V = - ~ dZ' and 

dz' 
de -

d'" + 
de 

Approximating the term, 

z, 

Z' 

,~ ~ J (e) Pn de + de 'Yn 
o 

dz' 

[6.2] 

f 'Yn(e) dz' by 
o 

'Y~ (e) (as in section 5.3.3.4) 

equation [6.2] is written as, 

Where 

dz' d'" + ~ 

[
de de Pn 1 

de = [-"-:(l'---C/n-'Y-n""")=~---v~'] ~ = 

Pn = 

hydraulic conductivity p = Pn 
steady vertical flow velocity 
overburden pressure of the nth soil slab ( ref [5.21]) 

C/n and 'Yn are determined for the overburden pressure Pn' 

[6.3] 

If a family of Sn(e) curves is obtained for a sufficient range of overburden pressure to evaluate the 
moisture gradient across all the soil slabs in the soil column, the behaviour of moisture profiles during 
steady flow conditions can be investigated. 

6.3.1 The hydraulic conductivity, K, of swelling soil. 

It is weII understood that the intrinsic permeability of soil increases with porosity which then depends 
on the size and number of moisture conducting pores. Many attempts have been made to obtain 
universal equations to relate permeability to the pore geometry of the soil. 
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Some of the well-recognized theories were proposed by Kozeny(1927), Carman(1937), Lutze and 
Leamer(1939), Childs and Collis-George(l950), Budagovskii (1955), Marshall(1958), Millington and 
Quirk(1959), Jackson(1972), Mualem(1976) and many other researchers, see Hillel(1980) and Iwata et 
al. (1988 p.234-246). It has been the practice of many soil researchers to predict the permeability of soil 
by its texture ~nd structure. It may be possible to predict the flow characteristics in such a way as long as 
the pore geometry of the soil does not vary with the moisture ratio and the overburden pressure (rigid 
soils). If the composition and the temperature of the soil moisture remain unchanged the hydraulic 
conductivity, K, of a rigid soil becomes a unique function of the moisture ratio, 9, (either in a 
desorption or adsorption process). 

Soils which exhibit geometrical changes in pore structure with varying moisture content and 
overburden pressures may have flow characteristics which are influenced by both. Talsma and Flint 
(1958) noted that the hydraulic conductivity, K, decreased with soil depth due to the compressing effect 
of overburden pressure. Marshall and Blackmore (1964) and Smiles(1968) also reported that the 
hydraulic conductivity of pure, saturated clay decreased with the applied pressure gradient due to 
decrease in interparticle distance. Douglass and McKyes(1977) studied compaction of soil showing 
decreases in hydraulic conductivity due to reduction of pore size. Tada (1965, see Iwata et a1. (1988 
p.237» observed low K values in compacted Kant) loam due to reduction of large pores, but showed a 
high porosity. Some of the empirical relationships obtained to relate hydraulic conductivity to moisture 
content and moisture tension are given below (see Hillel (1980 Chapter 9) and Iwata (1988 p.234-246»: 

K(q.) = a/q.n 

K(q.) = a/(b+q.D) 
K(q.) = Ksf[l +('1'/'1' c)m] 
K(8) = a8m 

K(8) = Kssm = KS< 8/f)m 

Where 

Ks = saturated hydraulic conductivity 

'I' = moisture potential (zero overburden pressure) 

8 = volumetric moisture content 

s = degree of saturation 
a,b,m empirical constants. 

According to this earlier research, it is obvious that for a soil with a fixed pore geometry, at zero 
moisture ratio the hydraulic conductivity must be a very small value, and at large moisture ratios at 
saturation the hydraulic conductivity must reach a constant. When swelling soil is considered, 
behaviour similar to this is applicable if the swelling soil sample is subjected to a constant overburden 
pressure. Therefore the hydraulic conductivity of swelling soil is taken as a unique function of moisture 
ratio for a constant overburden pressure, increasing monotonically from a finite value at 9 = 0 to a 
constant value at 9 > 9m, where at 9m the soil is saturated with a fixed pore structure (not a 
suspension). 

Similarly to the other functions, en(9),'Yn(9) and OIn(9), the function Kn(9) also becomes 
unchanged with overburden pressure p > Pm (once the pore geometry reaches the irreducible void ratio, 

eir under Pm)' 
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Therefore it is reasonable to assume that, 

~ > 0 in 8m > 8 ~ 0 for P ~ 0 
de 

[ ~:Je < 0 in 8m ~ 8 ~ 0 for pm>p>O 
- [6.4] 

~ = 0 in 8 ~ 8m for P ~ 0 
de 

From [5.44], [5.33] and [5.34] dq,/de> 0 and dOln/d9 > 0 for 0 < 9 < ea, the sign of the moisture 

gradient, dz'/d8, equation [6.3], and therefore the direction of the moisture path is entirely determined 

by the intersection points of, 

Ln(8) = (1- an'Yn )Kn = V for n=O,1,2,3 .. n .. m 

6.3.2 The function Ln(8) = (1- an'Yn) Kn [6.5a] 

Using the general properties of real, mixed, swelling soils discussed in 2.3.5, 5.3.2 and the 

characteristics of the function an'Yn(e) in 5.3.4.3 and Kn(8) from 6.3.1, the behaviour of Ln(e) is now 

shown. 

[6.5] 

At 8 = 0, from [5.37], an 'Yn = 0 and from 6.3.1 Kn has a finite value and dKn/d8 > 0 and from 5.3.4.2 

dan/d9=O, a=O. 

[6.6] 

At 8 = 8g, ( the maximum 'Yn point) from [5.49] 

[6.7] 

At 8 = sit ,from 5.3.4.3 an'Yn = 1 ,(8g < sit < ~) 

[6.8] 
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When e .... em from [S,40] and [S,41] 

~n1n .... 1 and then Ln(e) .... 0 

but in e~ < e < em' ~n1n > 1 and ~(e) < 0 [6.9] 

Where em is a large quantity, see. [S.24] 

According to the smooth, continuous shapes of the functions ~n(e),1n(e) and Kn(e) the function 

Ln(e) must have one positive maximum value(say at e = eAd) in ~ > e> 0 and one negative minimum 

value (say at e = eAU) in the range of em> e >~. As discussed in S.3,4, shrinkage curves shift towards 

the 'p' axis with increase of overburden pressure, keeping the general features (zero,residual and normal) 

unaltered, but reducing the ranges of individual phases. Therefore all the values of~, eg, e~, eAd and 

eA u decrease with overburden pressure increase. . 

6.3.2.1 Use of multi-scripted symbols, I, u and d. 

The superscript 'I' is used to distinguish the maximum wet relative density point ,eg, from maximum 

and minimum points of Ln(e), and 'd' and 'u' are used to indicate the downward and upward flows as 
will be explained at the end of this section. Therefore eg is the moisture ratio where the wet relative 

density is maximum (see. [S,49]) and eAd is the moisture ratio where Ln(e) is positive maximum ('d' 

for downward flows). eAu is the negative minimum of Ln(e) ('u' for upward flows). 

6.3.2.2 (3L/3p)e for e> o. 

Because the larger the overburden pressure the smaller the pore size and also, from 2.3.3, [S.29], 

[S.36] and 6.3.1 

therefore 

[~;]e > 0 and from 6.3.1 [~:]e < 0 

3 [( 1 - ~1 ) K] 
3p 

< 0, for e > 0 

[6.10] 

[6.11] 

A family of Ln(e) curves for n=O,l,2, .. m can now be drawn if en(e) , en(e) and Kn(e) are measured 

experimentally for a sufficient range of overburden pressures. Four idealized curves ofL(e) for 

overburden pressures, Pm (the maximum overburden pressure required to reduce the void ratio to the 

minimum irreducible value, 2.3.S.1), PO (surface overburden pressure, PO is zero unless otherwise 

stated), Pq and Pr (Pm> Pq > Pr> PO) are drawn as shown in Fig 6.1. 
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6.3.2.3 Maximum and minimum of Ln(9) (see Fig 6.1). 

1. LO(~d) and LO(~U) are the maximum and minimum of LO(9) for Po =0 at ~d and ~u 

2. Lq(9~d) and Lq(9~U) are the maximum and minimum of Lq(9) for Pq at 9~d and ~U2. 

4. Lm(flh d) and Lm(flhU) are the maximum and the minimum of Lm(9) for Pm at flh d and flh u 

4. ~,9~,9~ and % are the points where O/O'YO =1'O/r'Yr = l'O/q'Yq =1 and O/m'Ym = 1. (see.5.3.6) 

For p > Pm all the L(9) curves will have identical shapes. 

The two functions L(9,p) and e(9,p) form two different surfaces as functions of '9' and 'p' over 
the common base of 9-p. The behaviour of the moisture paths under steady vertical flows are most 
conveniently explained on this common L(9,p)=e(9,p)=0 plane using the dz'/d8 calculated from 
equation [6.3] for each and every soil slab in the soil column to evaluate the relation (ap/a9)e as 
described in 5.3.7. In order to trace the moisture paths on L(9,p)=e(9,p)=0, it is important to know 
the singular points (at these points (Ln(9)-V) .... O and dz'/d9 changes its sign) of equation [6.3] on 

L(9,p)=0. Such singular points are formed by intersection of constant flow planes, Vd and VU with 
the surface L(9,p). Projection of these intersection points on L(9,p)=0 will generate singular 
functions p(9). These singular functions are used to find the necessary conditions for the existence of 
steady vertical flows (see 6.3.4 and 6.3.6.2), and the behaviour and moisture ratio of the profiles at 

Pm (z.... co). 

v = Vd is steady downward flow 

V = -VU is steady upward flow 

6.3.3 The singular functions and variation of the moisture gradient with overburden pressure 
on the L(9,p)=O plane for steady downward flows, Vdr,Vdm,Vdx and vdy (see Fig 6.2, 6.3,6.4a,6.4b) 

In this section singUlar functions for four different, downward flows are described. Suppose "d is a 
possible steady downward flow, and Vd is such that Lm(flhd) < Vd < LO(~d). Then Vdcan be given 
as a maximum of one of the functions Ln(9), say Lr(9), as Vd = Vdr = Lr(8~d), for a particular 
overburden pressure, Pr, where Pm > Pr > 0 (Fig 6.2). 

The plane of this steady downward flow, Vdr, will intersect a Lq(9) function for p = Pq' where Pr< 

Pq < Pm' at, 

9 = 9qr l and 9 = 9qr2 (see Fig 6.2) 

and it intersects another function LO(9) for p = Po at, 

8 = 90r l and 9 = 90r2 
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Then for 

9 < 9qrl and 9 > 9qr2 

and for 

L (9) < Vdr 
q 

L (9) > Vdr 
q 

Vertical projections of these points are located on the plane ofL{9,p)=O, as shown in Fig 6.2. 

It is not necessary for every downward velocity plane to intersect aU Ln(9) curves at two 

points. For example, if Vd < L~{O), this velocity plane intersects only one point of the LO(9) 

curve in the range ~d > 9> % and if Vd > LO{O) then the yd velocity plane intersects aU the 

Ln(9) curves at two points Fig 6.2. (note that when p .... Pm depth z .... , co). 

Following the procedure described in 6.3.3 the singular functions of the intersection points 
for four possible steady downward flows are located on L{9,p)=0 as follows: 

When LO{~d) > Vdr > Lm{% d), then as shown before the ydr plane does not intersect the 

surface L{9,p) for p > Pr but they join together at e!-d on Lr(9) forming a continuous singular 

function, say Pr(9), as seen in Fig 6.2. Vdr intersects the LO(9) at 90rl and 90r2 for Po = O. ydr 
intersects Lq(9) at 9qrl and 9qr2 as shown in Fig 6.2. 

when p(9) < p(er) using the relationship between dz'/d9 and (3p/a9)e from 5.3.7 and [6.3], 

L(e,p) > vdr [6.12] 

(Note that, (L(e,p) - ydr) > 0 and from [6.3] dz'/d9> 0) 

When p(9) > Pr{e) 

L(e,p) < vdr and dz' 
de < 0, p > 0 [6.13] 

Along the singular function, p(e) = Pr(9), (L{9,p)-Vdr)=O and dz'/d9=co 

6.3.3.2 Steady downward flow,Vdm, (Vdm = Lm{~ d). 

vdm = Lm(% d) is the maximum value of Lm(9) for p = Pm' ydm may not necessarily intersect aU 

Ln{e) curves at two points as in the case of Vdr. These intersection points will depend on the values of 

Ln{e) at e = O. Vdm intersects the LO(9) curve at 9 = 90m~ because any positive downward flow 
plane, Vd = Ln{e.\d) ~O must intersect all Ln(9) curves in % > 9> eAd (see Figs 6.1,6.2 and 6.3). 
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It intersects the Lm,(9) curve for p = Ih. at 9 = 0 Fig 6.2. The two singular paths, Pcoml (9) and 
Pcom2(9) made by these intersection points will coincide with each other at 9 = % don Lm(9) and 

. become a straight line, p(% d), parallel to the 'p' axis at the asymptote, % d for p ~ Pm as seen in (Fig 

6.2). 

This straight line is formed by the tangent of the ydm plane on the maximum points of the Lm(9,Pm) 
surface Fig 6.2 and 6.4a. . 

When Pcomi (9) > p(9) < Pcom2(9) 

L(9,p) > vdm [6.14] 

and for Pmml(9) < p(9) > pmm2(9) 

L(9,p) < vdm and 

, 
dz < 0 
d9 ' [a

p ] < 0 
a9 e 

[6.15] 

On the singular functions p(9)=PcomI(9) and p(9)=Pcom2(9), dz'/d9=co 

6.3.3.3 Steady downward flow, ydx, (Lm(EIh d) > ydx > 0). 

If ydx is a possible steady downward flow, where 0 < ydx < Lm(% d) and ydx > Lm(O) then the 
plane of ydx intersects the L(9,p) surface as shown in Fig 6.3 and forms two singular functions, 

Pcoxl (9) and Pcox2(9), which extend for p > Pm as two straight lines, p(9coxI) and p(9cox2)' parallel to 
the 'p' axis as the moisture ratio approaches 9coxl and 9cox2 asymptotically. 9coxJx and 9cox2 are the 
two moisture ratios where the ydx plane intersects the Lm(9) curve for p = Pm' y does not intersect 
LO(9) at two moisture ratios as in the case of ydr but will intersect only at a higher moisture ratio, 

90x2' in ~d > 9> % forp = 0 Fig 6.3. 

When Pcoxl (9) < p(9) > Pcox2(9) for p < pm 

L(9,p) < v<Dt and 
dz' 
d9 < 0, [ ap] < 0 

a9 e 
[6.16] 

L(9,p) > v<Dt and dz' [ap ] d9 > 0, a9 e> 0 [6.17] 

After these two functions, Pcoxl (9) and Pcox2(9) become parallel to 'p' axis, at 9coxl and 9cox2' for 

P~Pm 
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then for 8cox1 > 8> 8 cox2 and p > pm 

vdX > ~(8) dz' 
and de < 0, [a

p
] < 0 

a8 e 
[6.18] 

for p> Pm' L(8,p) ... Lm(8) (a surface independent of p) 

When 8cox1 < 8 < 8cox2 and p > Pm 

vdX < ~(8) and dz' 
de > 0, [a

p
] > 0 

a8 e 
[6.19] 

On the singular function, p(8)=Pcoxl (8), p(8)=Pcox2(8), p(8)=p(8cox1) and p(8)=p(8cox2)' dz'/d8=co 

6.3.3.4 Steady downward flow, ydy, (Lm(O) > ydy = Ly(~d) > 0). 

ydy will intersect each Ln(8), n=1,2 ... m curve at a single point in ~d > 8> % and form only one 

singular function, pcoy2(e), for Pm > p ~ O. This path becomes a straight line, p(ecoy2) parallel to the 'p' 

axis for p > Pm as shown in Fig 6.3 because Lm(8) curve does not change with further increase of 

overburden pressure. 

When p(8) < Pcoy2(8) 

vdy < L(8,p) 
dz' 
d8 < 0, [a

p
] < 0 

a8 e 
[6.20] 

When p(8) > Pcoy2(8) 

vdy > L(8,p) 
dz' 
d8 > 0, [a

p
] > 0 

ae e 
[6.21] 

On the singular function, p(8) = Pcoy2(8) and p(8)=p(8coy2)' dz'/d8=co 

Note that these singular functions always lie below the function p(el) on the L(8,p)=0 plane. The 

function p(81) is the same path of the points OIn'Yn = 1 on the plane of e(e,p)=o, for Pn' 

n=0,1,2 ... m.(when Y = 0) for 8> O.(see 5.3.6) 

6.3.4 The conditions for possible steady downward flows 

Any possible steady, non-zero downward moisture flow must be unchanged with depth ( constant 

yd) and continue for p> Pm (z ... co). Also, the moisture ratio must be non-zero at any overburden 

pressure (p > 0, z > 0 ).It is seen from 6.3.3 that the sign of the moisture gradient (ap/a8)e provides a 

clear indication of the behaviour of the moisture profile on the L(e,p)=o (or e(8,p)=0) plane under a 

possible steady vertical flow. If we consider a particular steady downward flow, yd = ydr > Lm(flh d), 

from [6.13] (ap/a8)e < 0, for p(8) > Pr(8). This implies that all possible moisture paths under this flow 

condition must reach the 'p' axis as P"'Pm' 
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This cannot be true because at the 'p' axis the moisture ratio approaches zero and such a flow cannot 
exist. If the steady flow Vd < Lm(% d), then the steady flow plane, Vd, intersects the entire surface of 
L(9,p) for p > 0 and produces two singular functions (for example consider Vdx ) Pcoxl (9) and Pcox2(9) 
which become two lines p(9cox1) and p(9cox2) parallel to the 'p' axis when p > Pm' Under these 
conditions the moisture path may not necessarily reach the 'p' axis for P>Pm' but wiII reach either one of 
these !!ingular functions parallel to the 'p' axis either at (asymptotes) 9

cocf1 
or9co~2instead, where the 

moisture ratio at p > Pm is non-zero. Therefore only downward flows V < Lm(% d) can exist. They 
can be given by: 

[6.22] 

[6.23] 

[6.24] 

6.3.5 Surface moisture ratio, 90' and moisture ratio at Pm(z-+co),9co' for possible steady 
downward flows. 

Four different types of possible steady downward flows are selected to explain the behaviour of such 
moisture profiles. It has been shown that any possible steady flow condition must be in accord with the 
moisture ratio at p ~ Pm (z -+ co),[6.22],[6.23] and [6.24]. If a steady downward flow, Vdx, is measured, 
then the moisture ratio, 9cox1 or 9cox2 at p > p can be obtained from the experimental values of Lm(9). 
Possible surface moisture ratios relevant to vdr, 9cox1 and 9cox2 can be predicted by employing the 
singular functions on the L(9,p)=0 plane as follows. 

6.3.5.1 Case (a) The measured steady downward flow, V~Vmd=Lm(%d) and 9co=% ~9com forp 

> Pm' Fig 6.4a. 

This is the maximum of Lm(9) at % d. The condition to be satisfied is, 9co -+ 9com = %d when p ~ 
P~. This is the only possible moisture ratio at Pm that could be attained under this steady downward flow, 
V m' The shaded area of Fig 6.4a indicates where the moisture gradient is positive (Pcom2(9) > p(9) < 
Pcoml (9» see [6.14] and [6.15]. At the boundaries, Pcoml(9) and Pcom2(9), the sign of the moisture 
gradient changes from positive to negative. Any moisture path which reaches the boundary, Pcoml (9) will 
diverge towards the 'p' axis once it crosses it and may not reach % d when P~Pm' Moisture paths which 
reach the boundary, Pcom2(9), can reach % d when P~Pm once they cross it because the moisture gradient 
changes from positive to negative as shown in Fig 6.4a. Therefore in order to satisfy these requirements the 
surface moisture ratio must be in the mnge of, 

90 is the surface moisture ratio and 9 is the moisture ratio at any depth. 
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6.3.5.2 Case (b) The measured steady velocity, Vdx<Lm(% d) and the moisture ratio at p > Pm' 

eClO=eClOxl ' Fig 6.4. 

The condition to be satisfied is e ClO ... e ClOxl as p ... Pm' Similarly to case (a), a moisture path which 
crosses the boundary, PClOxl (e) will not reach e ClOx1 but will reach the 'p' axis when p ~ Pm instead. Within 
the shaded area of Fig 6.4b the moisture gradient is positive and if a moisture path crosses the boundary 

PClO2xCe) it will not reach the e ClOx1 but approaches e ClOx2 when p ~ Pm' Therefore tosatisfy the required 
conditions moisture paths must lie within the shaded area. 

from [6.16], [6.17] and [6.3.3.3] 

p(e) < PCIOxl (e) ] dz' [OP] > p(e) PCIOx2 (e) for P < Pm de > o and 0 
< oe e 

p(e) > PQ)xl (e) ] dz' 
o and [~~]e< 0 For p(e) > PCIOx2 (e) for P < Pm de < 

p(e) = PooXl (e) 
] for P > 0 

dz' 
110 and [OP] = 110 -= P (e) = PooX2 (e) de oe e 

Therefore in order that e ClO ... e ClOxl for p > Pm the surface moisture ratio, eO must be in the range of, 

0< eO < eQ)xl and provided pee) < PQ)xl (e) in eO < e < eQ)xl for p ~ Pm 

where e Q)xl is the lesser of the points of Vdx = Lm(e), ref. Fig 6.4b 

6.3.5.3 Case (c) The measured steady downward flow, Vdx<Lm(flh d) and e ClO=eQ)x2' 

In order to satisfy the condition that e ClO ... e ClOx2 at p > Pm' using similar arguments to that in case (a) and 
(b), the surface moisture ratio, eO' can be shown to be in the range of, 

6.3.5.4 Case (d) Lm(O) > Vd = vdy < Vdx and 8(1)'" 8C1Oy2 when p ~ Pm 
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This is the only possible e 110 at p ~ Pm under such a steady downward flow. Possible surface moisture ratios 
for this conditions can be shown as follows. 

For pce) < PClOy2ce) (op/oe)e> 0 and for pce) > PII)y2(8) (op/o8)e <0 

Therefore eO must lie in em > eO> 0 for p~O (see Fig 6.4b) 

6.3.5.5 Case (e) If there is no downward or upward flow, Vd=O and eQ) = ~ for p > Pm' 

When the surface, Ln(e,p) is intersected by the Vd = 0 plane it intersects each of Ln(e) at one point (For 
example e~, e~, ~ and ~ for n=0,1,2 ... m, see Fig 6.1) and forms the p(el) function on theL(e,p)=O plane. 
p(el) becomes a straight line parallel to the 'p' axis for P~Pm' In order to satisfy this condition, the surface 



moisture ratio can be anywhere within the region, 9m > 9> 0 for p> 0, which is exactly similar to the 
typical equilibrium moisture profiles discussed in 5.3.9. The moisture ratio at P~Pm can either be saturated or 
unsaturated depending on the surface moisture ratio, 90' and the surface overburden pressure, PO' as shown 
in 5.3.9. 

6.3.6 Moisture profiles under steady upward flows 

Steady upward flows occur when the flow velocity, V, in equation [6.2] becomes negative. Similarly to 

the cases in section 6.3.3, the moisture gradient across a soil slab given by equation [6.3] is entirely 
determined by the function [(l-OIn'Yn)Kn + Y] (upward flows,-V). Such turning (singular) points can be 
located on the plane ofL(9,p)=0 as follows, 

6.3.6.1 Singular functions pcoO(9), p(~ u), Peoj1(9), Peoj2(9), Peotl (9) and pcot2(9) and variation of 
moisture gradient with overburden pressure on the L(9,p)=O plane for steady upward flows, 
VuO,yum,vuj and Vut (see Fig 6.5 to 6.8). 

Considering the family of Ln(9) curves for 9 > ~ (where L(9,p) < 0) according to Fig 6.1 and 6.2 the 
points mentioned in [6.3.2.3] must be noted. Four steady upward flows, vum,vuj,vuO and Vum are 
considered in explaining the behaviour of these moisture profiles (Fig 6.5). In addition: 

6.3.6.1.1 When V = ,yU, > 'Lm(~ U) , 

When the steady upward flow,Yu, 'VU, > 'Lm(~ U)' the plane of VU will not intersect the surface of 
L(9,p) under any circumstances and there will be no singular function because Lm(% U) is the minimum of 
the surface L(El,p) Fig 6.5. 

for p > 0 [6.25] 

6.3.6.1.2 When V = ,yuO 1= , LO(~U), 

LO(~U) is the minimum point of LO(9) for Po and the singular function created by the intersection points 

is shown as pcoO(El) in Fig 6.5. pcoO(9) will extend for P~Pm' becoming two lines p(9coOl) and p(9coO~ 
parallel to 'p' axis at ElcoOl and Elc002' 

When p(El) > Pcoa(El) 

, L(El,p)' > ,vuO , dz' 
dEl < o and [;~]e< 0 [6.26a] 

When p(El) < pcoO(9) 

'L(9,p)' < 'VuO , 
dz' o and [a

p
] > 0 dEl > a9 e [6.26b] 
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Idealized singular functions on the L(9,p)=O plane for four possible steady upward flows, 
Vut,VuO,Vuj and Vum. p(eH) Is the path of air entry points of e(9,p) and p(9ul) Is the 

path of maximum points of L(9,p) on the L(9,p)=O plane. 



On the singular function p(8) = pcoQ(8) dz'/d8 = 00 

6.3.6.1.3 When Y = I yum I = I Lm(% U) I 

If Y = I yum I = I Lm(% U) I , the intersection points of the yum plane and the surface L(8,p) will fonn a 

straight line p(% U), parallel to the 'p' axis at the asymptote % U for p > Pm as seen in Fig 6.5. 

Everywhere on p>O except on the singular function, p(8)=p(800m) dz'/d8>0 and on the singular function 

dz'/dE>=oo 
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As explained in section 6.3.3, yuj can be given as a max~um of one of the L(8,p), say I Lj(81U) I = I yuj I, 

where Pm> Pj > O. The intersection points ofL(8,p) and yUJ fonn a function, Pooj(8), and extend for p > Pm as 

two lines p(800jl) and p(800j2) parallel to the 'p' axis as the moisture ratio approaches, 8 00ji and 8 00j2 

asymptotically as seen in Fig 6.5. 

When p(8) > PoojC8), p < Pm 

I L(8,p) I > Ivuj I [6.26] 

When p(8) < pooj(8), p < Pm 

I L (8, p) I < I VU j I [6.27] 

When p > pm for 8 '2 > 8> 8 'I ooJ ooJ 

I L (8, p) I > I VU j I 
dz' 

0 and [a
p

] < 0 d8 < a8 e 
[6.28] 

When p> Pm for 8 'I < 8> 8 '2 OOJ OOJ 

IL(8,p) I < Ivuj I 
dz' 

0 and [a
p

] > 0 d8 > a8 e 
[6.29] 

6.3.6.1.5 When Y = -yut, 0 < I yut I < I LO(~U) I 

LO(~U) is the minimum of the surface L(8,p) then the plane of yut will intersect the entire surface ofL(8,p) 

forming two functions, Pootl (8) and poot2(8) for p < Pm and becoming two lines, p(800tl) and p(800t2) parallel to 

the 'p' axis for p > Pm at the asymptotes, 8 00t1 and 8 00t2. Also note that points 80t! and 80t2 are fanned by the 

intersection of LO(8) and yut as seen in Fig 6.5. The plane yut intersects LjC8) where Pm > Pj >0, at 8jt1 and 

8jt2 as shown in Fig 6.10. 

for Pootl (8) > p(8) < poot2(8), p < Pm 

[6.30] 



When PCl)tl (S) < p(S) > pCl)dS), P<Pm 

IL(S,p) I > Ivutl dz' 
0 and [ap

] < 0 dS < as e 
[6.31] 

When P > Pm and for SCI)tl < S < Scoa 

IL(S,p) I > IVutl dz' 
0 and [ap

] < 0 dS < as e 
[6.32] 

When P> Pm and for SCI)tl > S> SCI)a 

I L (S, p) I < Ivutl dz' 
0 and [ap

] > 0 dS > as e 
[6.33] 

dz'/dS -+ co as the moisture path reaches any of the singular functions shown above. 

6.3.6.2 Conditions for possible steady upward flow. 

6.3.6.2.1 The function p(Sa). (The path of air entry points of e(8,p) on the L(S,p)=O plane. 

It was shown in 5.3.8 that S~ > 9A, because it is not possible to have singular points on the load surface, 
p(S) > p(Sa), (at 9A Cl!n'Yn=l and from [6.5] and [5.10] dz'/dS = co). At this stage it is not possible to say 
whether p(Sul»p(Sa) or p(Sul)<p(Sa) without sufficient experimental or theoretical evidence. p(Sul) is the 

path of all the minimum points of Ln(8) on the L(8,p)=0 plane for n=l,2,3 ... m. Because SCI) < % for all 

downward flows and S~ > 9A for p~O, the location of p(ea) does not affect the range of possible moisture 

ratios, So and SCI) under steady, downward flows previously described. This also implies that SCI) are 

unsaturated for any steady, downward flows (9A < ~ for p~O). However it can be shown that identical 
ranges of So and SCI) are possible for the both locations of p(ea), (p(Sa)~p(Sul». For detailed analysis the 

location p(Sul) < p(Sa) is chosen and possible moisture ratio ranges for p(Sul) > p(Sa) are given in the 

summary diagram, Fig 6.11. 

A necessary condition for the existence of steady upward flow is that the flow velocity is unchanged 
with the depth and must continue for p > Pm ( z -+ co). Suppose VU is a possible, steady, upward flow and VU 

is such that I VU I> I Lm(flh U) I. Because Lm(% U) are the minimum points on the L(S,p) surface there will 
be no intersection points and from [6.25] dz'/d8>0 for p~O.This implies that moisture ratio increases 

indefinitely with depth and soil water suspensions are possible at great overburden pressures. This is not 
possible, however, because overburden" pressure reduces the void ratio of swelling soils. If a possible steady 

upward flow, Vut, is such that 0 < I Vut I < I Lm(% U) I, then the moisture paths for possible upward flows 

do no necessarily reach large moisture ratios, for p > Pm. They can reach either one of the singular functions, 

p(SCI)tl) and p(SCI)t2) instead (see 6.3.6.1.5). Therefore such steady upward flows are possible and can be 

given by, 

[6.34] 

[6.35] 

166 



167 

6.3.6.3 Possible surface moisture ratio,90' and the moisture ratio at Pm (z-+IX» for possible steady upward 

flows. 

Possible combinations of surface moisture ratio, 90' and the moisture ratios, 91X)' at p > Pm ( Z -+ IX» can be 
predicted for different types of steady upward flows. Seven possible cases are examined by employing the 
characteristics in section 6.3.6.1, as follows. 

6.3.6.3.1 When V=Vum = Lm(% u) and 91X) = % u 

This is the negative minimum of the L(9,p) surface.Intersection points under this condition fonn a straight 

line, p(9IX)m)' parallel to the 'p' axis beginning from Pm as shown in Fig 6.5. The function p(9ul) (points of 
minimum Ln(9» joins p(9IX)m) at (% U,Pm)' There is no effect from the p(eR) function because p(9ul) < p(eR); 
see Fig 6.5. In order that 91X) -+ % u when p ~ Pm' the surface moisture ratio, 90' must be in the range, 

[6.36] 

As shown in Fig 6.6 the boundary of intersection points on the p vs 9 plane does not extend to the '9' axis 

because Pj > PO' (Lj(9JU) > LO(~ U», Lj(9JU) is the negative minimum of the Lj(9». The flow plane vuj must 

intersect one air entry point on the surface L(9,p), say 9f+l belongs to Lj+1(9) for Pj+l where Pj+l > Pj. This 
intersection point can be located on the L(9,p)=O plane as eJ+ I' as shown in Fig 6.6. All possible moisture paths 
must not cross p(Sa) because it is not possible to have singular points for p(9) > p(eR). Therefore the possible 
surface moisture ratio, SQ' must be in the range, 

OVERBURD~m~~ -j _ -J ___ _ 
. I /\ 

dz' 
de>O 

I \ p(eB) 

dz' / a 

I ~, ;;O<'j \ \ k' I 

[6.37] 

-- -I dz>'O 3p 0 

I 
1,-d9 . as> ,-- - -
I ' MOISTURE RAllO (e) 

ecaj! 

Figure 6·6 

Id~lized sin~ular function on the plane L(e,p)=o for a possible steady upward flow, 
VUJ, (0 < vUJ < VuO). p(ea) is the path of air entry points ofe(9,p) on the L(9,p)=0 plane. 



6.3.6.3.3 When Y = yuj and ea) = 8a)j2 

As shown in Fig 6.6 these intersection points fonn a continuous boundary, pa)/8), on the p vs 8 plane. The 

possible surface moisture ratio, eO must be in the range, 

o ~ 80 < 8Q)j2 provided 80 < ~Ju for Pj > p> PO and p(8) < Pa)j(8) for eJu < 8 < 8a)j2' where Pj is 
the overburden pressure for yUJ = Lj (8JU) [6.38] 

6.3.6.3.4 When Y = yuO = LO(~U) < yuj and 8a) = 8 ma} 

p 
Intersection points of yuO = L(8,p) fonn the continuous function Pma(8) on .. vs 8 plane as shown in 

Fig 6.7. Using arguments similar to the case in 6.3.6.3.2, the possible surface moisture ratio, eO' is in the 

range of, 

e8+} > 80 ~ 0 provided that 8 < 8ma2 for p>O (z>0) [6.39] 

(Note that yuO flow plane intersects Lo+ 1 (8) at the air entry point, E>B+ l' where Po+ 1> PO) 

6.3.6.3.5 When Y = VuO = LO(~U) and 8a) = 8ma2 

As the moisture paths must not reach pooa(8) in p(8) > p(e3). the possible surface moisture ratio, eO' 

must be in the range of; see Fig 6.7 

, 
80 > ~u, provided that p(8) < pooa(8) for p > 0 (z>O) [6.40 

Under no circumstances may the moisture paths reach the load surface and they must lie in p(e) < 
p(e3). 

OVERBURDEN :~S_SUR_B _(p) _ -l---- J ________ _ 
. Iq 

dz' 
dS>O 

, \ I 

11 p(") 
I 1.(/ 

~~~ol I \E.:o dB aB , 
\ 

Figure 6-7 

MorS'JURE RATIO (9) 

Idealized singular function on the plane L(9,p)=O for a possible steady upward flow, 

VuO, (VUO = LO(f\\U». p(9a) is the path of air entry points ofe(9,p) on the L(9,p)=O 
plane. 
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6.3.6.3.6 When Y = yut, (LO(~U) > yut > 0) and eco = e cot1 

It is possible for a moisture path to reach e cotl when P~Pm if it crosses the boundary pcoU(e) because 
(ap/aS)<o for p(S) > pcoU(S). see Fig 6.8. No moisture paths can reach pcot2(e) and diverge to e""U at 
P~Pm as Pcot2(S) > p(ea). Therefore for this condition the possible surface moisture ratio, 90, must be in 
the range, 

[6.41] 

6.3.6.3.7 When LO(~U) > yut > 0 and e"" = e""t2 

Similarly to the case [6.3.6.1.5] no moisture path in the boundary p""t2(e) < p(e) > P""tl (e) can 
converge to S""t2 at P~Pm because (ap/a9)e < 0 within this boundary. Therefore the possible surface 
moisture ratio, SO, must be in !lIe range, 

[6.421 

It must be noted that as the possible steady upward flow decreases from Lm(% u) at e"" = ~~ U to 

zero (Vu=O) at S"" = ~ the surface moisture ratio range varies linearly from 0 < eO < % u to 0 < eo < 

El~ and from 0 < So < ~ to 0 < eO < eB according to the function p(eB) and fmaIIy from 0 < eO < e8 
to 0 < So < fl~ according to LO(9). When eco increases from % U to em the surface moisture raLio 

range varies linearly from 0 ~ So < e""m2 to 0 < eO < ~u at e co=eco02' From this point the surface 
moisture ratio range does not extend Lo eO = O. Finally at e"" = em the surface moisture ratio range 

becomes 9002 < 90 < em (9002 is the larger of 4>(e) = YU=O. see summary diagram Fig 6.11). 

ov ... _," 'RES'UR~ ""! __ _ 
.. rm ' 

dz' 
Ciij>o 

dij<O dr' I 
I 

I 

,~~<O 
\ , 

\ , 

Figure 6-8 

---- ----

MOISlunll U/llIO(O) 

Idealized singular function on the L(9,p) plane for a possible steady upward f)ow, vut, 

(0 < vut < LO(~U». p(e3) Is the path of air entry points of e(9,p) on the L(9,p)=0 plane. 
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Figure 6-9 Idealized moisture profiles for possible steady downward flows, 
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6.3.7 Theoretical moisture profiles for steady vertical flows. 

Theoretical moisture profiles for any possible, steady, vertical flows can be evaluated using a method similar 
to that in section 5.3.11 if en(9) and Kn(9) are measured for sufficient overburden pressures, Pn' Such 
moisture profiles are shown for four different steady vertical flows in idealized diagrams of p Y s 9 in Fig 6.9. 

6.3.7.1 Steady downward flow ydx, ydx < Lm(~ d) and 9co = 9cox1 

From 6.3.5.2 the range of possible surface moisture ratios is (0 < 90 < 9coxl) and a possible moisture 
profile under this condition is shown for a possible surface moisture ratio, 90 I' curve No 1 in Fig 6.9b and 6.9c. 
As 9 co = 9 coX 1 < eA d < ~, 9 coX I and 901 are both seen to be unsaturated, and the soil is unsaturated for p > 0 . 
(z> 0). 

6.3.7.2 Steady downward flow, ydx < Lm(~ d) and 9co = 9cox2 

From 6.3.5.3 the range of the surface moisture ratio, 90' is given as (0 < 90 < 9m) and different types of 
possible moisture profiles are shown for three surface moisture ratios, 902,903 and 904 as Nos.2,3 and 4 of 
Figs 6.9b and 6.9c. The moisture path (No.3) may change the sign of its moisture gradient as it crosses Pcox2(9) 
at (9rx2,Pr) [as seen in Fig 6.9c and d. (9rx2,zr)] where z.. is the depth corresponding to the overburden pressure 
Pr As discussed in 5.3.9.1 crossing the singular function p(9cox2) is always parall.el to the 'p' axis. Thereafter 
the moisture paths converge toward 9 = 9cox2 as p ... Pm (z ... co). The surface moisture, 90' can either be 
saturated (if 90> 98» or unsaturated (90<98) but as 9cox2 <~, 9cox2 is always unsaturated for all downward 
flows. 

6.3.7.3 Steady upward flow, Vut < LO(~U) and 9co = 9cotl 

From 6.3.6.3.6 the range of possible surface moisture ratios, 90' is given by ( 90t2 > 90 > 0) and possible 
moisture profiles are shown for surface moisture ratios 905' 906' 907 and 908 as No.5,6,7 and 8 of Fig 6.10. 
The moisture gradient of moisture path No.6 may change its sign as it crosses the singular boundary, p cot! (9), 

say at (9jt1'Pj)' «9jtl,Zj»' Both moisture ratios, 90 and 9co' can be either saturated or unsaturated under such 
upward flows. 

6.3.7.4 Steady upward flow, Vut < LO(~U) and 9co = 9cocot2. 

From 6.3.6.3.7 the possible surface moisture ratio 90 is given by ( 90t2 < 90 < 900t2) and a possible 
moisture path is shown as No.9 of Fig 6.lOc and 6.IOd. 

6.4 Discussion 

The differences between the theory for vertical flux in swelling soils in this study and that of Philip 
(1969c,1971,1972) are shown in the schematic representation of Fig 6.1la and 6.11b as possible surface 
moisture ratios, 90' and possible moisture ratios at great depths, 8 co' for possible steady upward and downward 
flows. The moisture ratio at 9co is unsaturated (~ < ~ see 5.3.8) for all downward flows. Philip's 
(1969c,1971) maximum upward and downward flows occur at much lower 900 than the present study. 8m in 
the present theory is a large value where the soil is saturated and much larger than Philip's maximum moisture 
ratio, 9max' where the maximum upward flow occurs. According to the present study Philip's 9max = ~u «< 

9m· 

Philip showed that steady downward flows for 9co < ~d are necessarily singular where (ap/a9)e = co forp > 
0, which is shown as the diagonal of Fig 6.11b up to 9co=90=~d. 
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p(eB) is the path of air entry points ofe(9,p) on the L(9,p)=0 plane. 
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Although this is a possible case due to the unsaturated condition of the soil. according to the present 
theory it has been shown. (Fig 6.10) that the (ap/ae)e can either be singular or non-singular for p > 0 for 
all possible steady downward flows. The moisture profile may change from high surface moisture ratios 
under saturated conditions to low unsaturated moisture ratios. 8co' for % > 8co > % d, shown as No.4 
of Fig 6.9c. No steady vertical flows are possible for 8co < % d and 80 > 8co (see Fig 6.4). The 
maximum downward flow, ydm ,occurs at 8 co = % d with saturated or unsaturated surface moisture 

ratio, 80' Philip's maximum downward flow, Ymax' occurs at 8co=~d > % d (Fig 6.l1b). This 
maximum steady downward flow, Y max is much larger than ydm of the present study as given by 
[6.22],[6.23] and [6.24]. The present study shows the possibility of steady downward flow in the range 

80 < 8co for 8co < % d and 8m > 80> 0 for % d < 8co < % which is quite different to Philip's 
prediction. The present theory shows a possible steady downward flow at lower range of 8

00 
than 

Philip's. This difference is mainly due to the effect of overburden pressure on the volume change. The 
range of possible surface moisture ratios for steady downward flows are: 

According to Philip's theory it is not possible to explain whether steady upward flows along the 
diagonal of Fig 6.11a and 6.11b are possible or not for 8co < 8m, From Fig 6.6 to 6.10, it is quite clear 
that steady upward flows are possible with 8

00
=80 (along the diagonal) for eO < % u either with 

(ap/a8)e ~ 00 or (ap/a8)e = 00 for p > O. In the case ofp(e8) > p(8ul) the maximum upward flow, Vum, 
occurs with unsaturated 8co ( 8 00

=% U) and unsaturated 80 (note that any moisture ratio, 8 < ~ is 
unsaturated under any overburden pressure). The magnitude of Philip's maximum steady upward flow is 
much less than the yum as given by [6.34] and [6.35]. Steady upward flows are possible along the 

diagonal only for eO < e8 because for 80~e8 and 8
00

=80' the soil is saturated everywhere in the profile 
and moisture paths have to cross singular boundaries «ap/ae)e =00) in order that e oo -+ eO' Such 
behaviour does not satisfy the characteristics of e(8,p) on the load surface (see 5.3.8). Note that the 
surface moisture ratio,aO' and a 00 for any possible steady upward flow can be saturated or unsaturated. 
When the surface moisture ratio 80> 8co and 8co > %, steady upward moisture flow along the 
moisture gradient is possible which could not be expected in rigid soil. Possible moisture ranges for 
steady upward flows under this condition are shown as solid lines in Fig 6.11a. {31 is a nonlinear 
function of 8

00 
increasing from eB to 8m, (32 is a non-linear function of 8

00 
depending on p(8a), 

increasing from ~ to eB and {33 is a non-linear function of 8co increasing from % u at 8
00
=% u to ~ 

at a value of 8
00 

less than % u. {34 is a linear function of 8
00 

increasing from % u to 80002' (35 is a non
linear function of 8co depending on p(e8) and (36 is a nonlinear function of e oo increasing from ~u to 

em' 

In the case of p(e8) < p(8ul) the maximum steady upward flow occurs with saturated 8
00 

(8
00 

= 
% U) and either saturated or unsaturated 80' The possible moisture range for this condition is shown as 
a broken line in Fig 6.11a. The surface moisture range reduces to point 'c' (80=~' eoo=~) on the 
diagonal as shown in Fig 6.11a. A procedure similar to that used in the case of P(ea) > p(8ul) can be 
employed to describe the singUlar boundaries and possible moisture ranges for the case p(ea) < p(8ul). 
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Steady downward flows are not affected by the position of p(e8) as 8co always occur in unsaturated 
conditions (p(8I) < p(e8». The possible steady upward flows for 80> 88 and 8co>% u along the 
diagonal must be purely singular (see Fig 6.5), which does not agree with the characteristics of the 
function e(8,p), because under saturation conditions (ap/a8);I!O (see 5.3.8.). Therefore no steady upward 
flows are possible for all 8 co ~ % U and 80 > eB along the diagonal of Fig 6.11a. The moisture ratios, 
80' and 8 co under all possible steady upward flows can be saturated or unsaturated but the moisture ratio 
everywhere in the profile can not be the same when saturated. 

Sposito (1975) showed that the maximum possible upward flow occurred at a moisture ratio slightly 
greater than that of Philip' s ~ d, but the differences between of the values of 8 ex) at which the maximum 
upward and downward flows occur between the present and two previous methods seems to be 
significant. This is evident from the experimental results of en(8) in this study where the eli = 1.31 for 

Pn = 2 kPa and eli= 1.53 for Pn' = 225 kPa which indicates the moisture ratio, 8co' for zero vertical 
flow. The difference between moisture ratio ranges for possible steady vertical flows in the present and 
previous theories is due to the decreasing moisture ratios of eg,eli etc. with increasing overburden 
pressure. This shows the effect of overburden pressure on the volume change and steady vertical flows 
in swelling soils. 
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Chapter 7 

Conclusion 

7.1 Experimental difficulties and suggestions for possible modifications. 

Considerable time was spent searching for and developing a suitable experimental method 
to measure volume changes of swelling soils subjected to overburden pressures. About thirty metres of 
capillary tubes were destroyed during testing at high gas pressures. Various types of joining methods 
were tested to form a continuous length of calibrated high pressure capillary tube. This volume change 
method is much more accurate than any other methods previously used. The use of sulphuric acid to 
collect the moisture transferred from the soil sample was tested and found to be very reliable and 
accurate. However there were also some difficulties in measuring the shrinkage curves using this 
method. The overburden pressure increments used in the test were too small and allowed adjacent 
shrinkage curves to overlap. Only the best formed shrinkage curves were selected to calculate the load 
factor, ~n ' under an overburden pressure, Pn' Doubtful data points were removed to obtain smooth 
curves. This was disappointing and no other alternative was available except repeating the total 
experiment which was too time-consuming. The next critical factor is the excessive time : needed to 
complete a single shrinkage curve. Apart from these two difficulties the method described in Chapter 2 
is probably the best for measuring shrinkage curves of swelling soils under overburden pressures under 
laboratory conditions. 

However suitable future modifications can be suggested to avoid these problems. The moisture 

transfer area can be extended from the base to the cylindrical walls to improve the uniformity of the 
moisture content of the sample under a faster drying rate. Larger soil samples with higher overburden 
pressure increments can be used to avoid shrinkage curve overlapping. This will require a larger length 
of high pressure capillary tubes to measure larger total volume changes and an even longer time period 
to dry the sample to low moisture content. With these modifications this method will provide more 
accurate shrinkage curves for swelling soil under overburden pressures if sufficient time is available. If 

several shrinkage curves are required (say 20 numbers for different overburden pressures) a minimum 
of 200 days must be available to complete the test for the size of soil sample used in Chapter 2. 

A lot of time and money were spent to develop laboratory instruments to measure load factor and 
overburden potential components in swelling soils in Chapter 3. Precise needle valves, pressure 
regulators and pressure gauges had to be purchased at very high cost. Even with maximum care several 
test runs had to be repeated due to diffusion of air bubbles through the porous plate caused by a 
malfunctioning air regulator. The disadvantage of this method is the difficulty in obtaining load factors 
for moisture tensions larger than 80 kPa. Again, the time factor is very important in this experiment, 
because a large time period was taken during desorption processes. Larger soil samples will provide 
more reliable results but the time required to complete a single test will increase. 

Although the original experiment described in Chapter 4 was planned to measure Dnm(8) for a large 
number of overburden pressures, the time involved in the desorption process forced tests to be limited 

(). 

to few overburden pressures. 
" 
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Small gas pressure increments were necessary during the desorption process in order to keep the 
assumptions valid but this increased the difficulty of matching the outflow curves over the larger 
overburden pressures and at higher moisture tension range. The calculation procedure was not as easy as 
it appears and was very tedious. However at lower moisture tension and lower overburden pressures the 
outflow curves are much clearer and there was no difficulty in evaluating moisture diffusivity. 
Instrumentation in this experiment was very accurate but needs further improvements to obtain more 
reliable results at higher moisture tensions and high overburden pressures. The size of the soil sample 
could be increased to obtain larger outflow but this increases the time required for desorption. To my 
knowledge there is no better experimental method than the present one to measure diffusivity of 
swelling soils under overburden pressures if larger samples with higher pressure increments are used. 

The method described to measure equilibrium moisture profile in a swelling soil in the laboratory 
took a very long time to come to equilibrium. This was due to insufficient access holes around the tube 
and the large overburden pressure applied on the small soil sections. However this method will not 
produce the equilibrium conditions exactly similar to those in the field because the gravitational 
potential is scaled down. Measured moisture profiles only indicate the effects of overburden potential on 
the equilibrium moisture profiles in swelling soils. 

7.2 Differences from Philip's predictions. 

7.2.1 Equilibrium moisture profiles. 

When the effect of overburden pressure on the volume change is neglected as in Philip (1969a), all 

the equilibrium moisture profiles reached a constant moisture ratio (~, always unsaturated) at a large 
depth called pycnotatic point. Those moisture profiles reach this point without changing the sign of the 
moisture gradient along the entire profile;( for z > 0, xeric profiles; d9/dz>0, hydric profiles; d9/dz<0 
and pycnotatic profiles; d9/dz=0). Also the soil conditions can be changed from saturated to unsaturated 
along the moisture profile which is unlikely to happen ("hydric" profiles). , 

If the effect of overburden pressure on volume change is considered as in the present study, 
equilibrium moisture profiles can either reach a moisture ratio, €ffi (saturated) or % (unsaturated) at a 
large depth. The sign of the moisture gradient can vary along the moisture profile depending on the 
surface conditions at equilibrium. However the condition of the soil will never change from saturated to 
unsaturated along the moisture profile under any circumstances as in the case of Philip's hydric 
profiles. The magnitudes of the values of (~ - ~) and (~ - ~) seems to be significant and indicate 
the differences between the two predictions. 

7.2.2 Steady vertical flows in swelling soils. 

The possible steady vertical flows described in Chapter 6 were quite different to those of Philip. 
The possible maximum steady upward and downward flows occur in the present study at lower moisture 
ratios, 9 ,than Philip's predictions. Also the ranges of moisture ratio at the surface and at z in which 

~ ~ 

steady downward and upward flow occur are much larger than Philip's ranges. This highlights the effect 
of overburden pressure on volume change of swelling soils. The exact location of the function p(9a) 
was not given due to lack of sufficient experimental data. 
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To my knowledge this location could not be predicted theoretically, but the moisture ranges for both 
possible locations were shown in Fig 6.11. The location ofp(ell) did not effectively vary the possible 
moisture ranges for possible steady vertical flows in either case; similar behaviour was observed. 

7.3 Suggestions for future work. 

As many soil researchers believe, the behaviour ofremoulded soil samples in the laboratory is quite 
different to that in the field soil. Seasonal prediction of the volume change and pore water pressure 
development in field soil is important for civil and other engineers and such predictions are best made if 
natural volume change data is available. This could be achieved either by testing undisturbed soil 
samples in the laboratory or by in situ testing in the field. Once the theoretical background is verified 
under the laboratory conditions, future experiments must be carried out in the field in order to use those 
in situ experimental data to solve real field problems with a better confidence. 

7.3.1 A universal volume change equation. 

The method described in Chapter 2 may be used with undisturbed soil samples to gather sufficient data 
to generate a universal volume change equation. Larger pressure cells can be made to the dimensions of 
the available soil samplers. Such data is useful to predict the equilibrium moisture profiles and calculate 
the load factors. More reliable and safer nuclear density and moisture gauges are now available for use 
up to 60 metres. They can be used to measure bulk density and moisture content for different overburden 
pressures of real field soil profiles and evaluate shrinkage curves and load factors. Such data measured in· 
field soils can be used to calculate the settlements of engineering structures due to both primary and 
secondary consolidation. As the present laboratory method was only used to measure volume change 
under desorption a suitable method must be found to measure e(8,p) data under adsorption. 

7.3.2 Measurement of overburden potential in field soils. 

Measurement of overburden potential component or the total potential of soil water in swelling soils 

is more important than it appears to be, because development of the overburden potential could be 
localized and could become larger than that calculated using the terms available for rigid soils. Although 
the swelling is not an instantaneous process, water seeping through vertical cracks in swelling soils 
could develop localized overburden potential which increases the total potential of the soil water. This 
tends to reduce the effective strength of the soil which causes rapid and massive slope failures. On the 
other hand if calculated load factors such as in 7.3.1 are available, possible developments of the 
overburden potential component at critical depths of the earth slopes can be predicted using the 
measured moisture content with nuclear moisture gauges if the moisture characteristic curve for an 
unloaded soil is known. Sensitive transducers, which do not require water movement to induce a 
response, must be used to register such localized pressure development in swelling soils. Although 
tensiometers are capable of recording the overburden potential component they cannot be used at large 
depths as transducers can. 
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7.3.3 Moisture diffusivity in swelling soils 

o.vf.. 

Sufficient data for DmnCS) _ required to analyse the moisture distribution during unsteady moisture 
flow in unsaturated swelling ~oil. The same experimental procedure described in Chapter 4 can be used 
with larger undisturbed soil samples and smaller pressure increments to obtain more reliable data, but 
will require considerable time. The measured DmnCS) data can be used to evaluate hydraulic 
conductivity, Kmn(S), as a function of moisture ratio and overburden pressure. Once sufficient Dmn(S) 
and Km(S) data are obtained they can be used to analyse non steady vertical flows in swelling soils. 

7.3.4 Moisture profiles under equilibrium and steady vertical flows 

It is of interest to extend the laboratory work to real field soils by comparing the measured and 
calculated moisture profiles in the field soil under these conditions. Nuclear moisture gauges can 
conveniently be used to measure moisture content to large depths and the moisture profiles can be 
calculated using the load factors calculated from in situ experimental data as given in 7.3.1. Equilibrium 
and steady state conditions can easily be realized by controlling the surface evaporation with a controlled 
water table; This will probably require a considerable time. A suitable numerical procedure must be 
employed to calculate these moisture profiles. 

7.4 Conclusions 

(a) The observed behaviour of moisture profiles under equilibrium and steady vertical flows in . 
swelling soils was entirely different to that in rigid soils and quite different to any previously reported. 
This variation from the previous theory was found to be due to the effect of overburden pressure on the 
volume change, and a more complete theory has been developed ,to predict the observed behaviour. 

(b) The three shrinkage phases, normal,residual and zero} were clearly evident during the 
laboratory tests of volume change of real mixed swelling soils under different overburden pressures. The 
load factor calculated using shrinkage curves varied with the moisture ratio and overburden pressure; the 

calculatitlKaccurate enough to evaluate the overburden potential component in the soil water under Cl ,.. 
desorption process. 

(c) Although the measurement of moisture diffusivity using the method described in Chapter 
4 was not totally successful, it indicated the effect of overburden pressure on the moisture diffusivity in 
swelling soils. The moisture diffusivity decreased with the overburden pressure and increased with the 
moisture ratio. However further experiments are desirable for a definite conclusion. 

~ 
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Appendix (A) 

The general flow equation in a swelling soil slab under a constant overburden pressure, Pn is given in a 

material co-ordinate system from [4.17] as, 

a9 ~[D (9) a9] + aKD(9) q 
at = am mn am am [A.l] 

where Dmn is the moisture diffusivity which is a function of moisture ratio, 9 for the overburden 

pressure Pn' 

The driving potential, "'d(9) due to the gas pressure increment IlP is given from [4.18] as, 

Where 

Po is the initial equilibrium gas pressure 

"'n(9) is the moisture potential of the soil water under a overburden pressure Pn 

IlP is the gas pressure increment 

Vw is the specific volume of soil water. 

Assuming that the 6.P is small enough to relate "'n(9) linearly to 9 as, 

From [A.3] equation [AJ] becomes, 

a"'n(9)= 
at 

a [[ KD (9) ] 1 
am l+en (9) b 

[A.2] 

[A.3] 

[A.4] 

Where Dmn(9)= (Kn(9)/(I+en(9»1b and can be assumed to be a constant for a small enough pressure 

increment which causes a small moisture change in the sample. Then the equation [AA] is written as, 

--- = Dmn ----
am2 

[A.S] 
at 
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Using the relation [A.2], equation [A,5] is written as 

---= Dmn ---
dm2 

[A.6] 
dt 

The boundary conditions to solve [A.6] are 

(1) During the entire outflow there is no flow across the top surface of the soil sample 

and, 

Vm = 0, dlJld(9)/dm = 0, m = 0 and t ~ 0 [A,7] 

(2) Matching the flow across the porous plate to that soil just inside the soil sample at 

L=Lm where Lm is given by [4.25], 

t > 0 and m = ~ [A.8] 

(3) The driving potential at t = 0, m > 0 is given by 

IJId(9) = Vw l1P [A.9] 

Using the separation of variable method, 

[A.tO] 

the general solution to the equation [A,6] is written as, 

-D ~2t 
IJId(m,t) = e mn [Rcos(~m) + Qsin(~m)] [A. 11] 

where ~,Q and R are constants and the boundary condition [A,7] in [A.Il] gives Q=O and using 

the boundary condition [A,8] in [A.Il] gives, 

w [~ (9) ] _ 
(~) 1+e

n
(9) Z - cot(w) [A.12] 

where ~Lm = w and the equation [A,12] is written as, 

wX = cot(w) [A.13] 
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where X = (Kn(e) Z{L) which is a constant for the small pressure increment AP.Equation [A.13] 

implies that there is an infinite number of roots "'1''''2''''3 ......... '''0) to satisfy the equation [A.13] for a 

given value of X. Therefore the general solution of the equation [A.6] may be reduced to, 

[A.14] 

Using the boundary condition [A.9] in [A.I4], 

[A. is] 

Although cos("'im{Lm) for a calculated set of roots ("'i) for a given X is anharmonic, the term 

cos("'im{Lm) can be shown to be orthonormal over the column depth (Lm ~ m ~ 0) so that Qi may be 

found as follows: 

for i;o! r 

and [A.16] is not equal to zero for, i = r 
First for i ;o! r, equation [A.16] is written as, 

and from the boundary condition "'iX=cot("'i) at L=Lm, 

~"'i"'rsin("'i)sin("'r) 
= 

(",? - ",2) 
1 r 

If i r, then equation [A.16] becomes, 

[A.16] 

[A.17] 

[A.18] 

[A.19] 

[A.20] 

Therefore the series of cos("'jm{Lm) is orthonormal over the slab thickness. In order to find Qn 
multiply both sides of [A. 15] by cos("'im{Lm) which gives 
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[A.21] 

Using [A.20] in [A.21], 

[A.22] 

The general solution to the equation [A.G] then becomes, 

[A.23] 

By using the relations [A,2] and [A,3] the moisture ratio, 9 may be written as, 

[A.24] 

where Pf is the final equilibrium gas pressure given by (PO+M') and this is the final equilibrium 

moisture potential,1JIn(9f)=-vwPf (refer 3.3.2.1); and 9f is the final equilibrium moisture ratio under the 

gas pressure Pf once the outflow has ceased and b=(9r90)/vwM'. 

The moisture ratio, e may be written as a function of m and t by using [A, 24 ] in [A,23] as, 

9(m, t) 

Equation [A.25] can be integrated over the soil slab in order to obtain the amount of water, W(t) 

remaining in the soil at time t as 

~ 
W(t) = JA9(m,t)dm 

o 

Where A is the cross section area (for only one dimensional volume change) Equation [A,27] reduces to, 

W(T) = total volume of water remaining in the sample after time T 
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~ 
r 

WeT) = IAElfdm 
J 

o 

Wet) = WeT) + 

and from [A.13] 

-Dmn(Wi/~)2t 
co QT e 
1: [A.28] 

i=l w~[X + CSC2 (Wi)] 

Qr(Elo-Elf)LmA is the total outflow under the pressure increment and W(T) is the amount of 

water remaining in the soil at t=T(once the outflow is ceased) The final solution is rewritten for the 

fractional outflow in terms of time which provides a relation to measure Dmn from an outflow 

experiment as, 

-Dmn(Wi/~)2t 
Qt co 2 e 
-- 1 - 1: [A.29] 
QT i=l w~(X+CSC2(wi» 
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