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ABSTRACT 

Measurement of water is important in soil since this is the medium in which soil 

activity takes place. Pressure-saturation curves show the extent of liquid retention in the soil 

porous medium at different tensions during drainage and sorption (hysteresis). Measurement 

of soil moisture in the laboratory is time-consuming, labor-intensive and expensive In this 

study, three methods for measuring pressure-saturation curves were employed. Hanging 

Water Column (HWC), Differential Pressure Transducer-Imbibition, and Differential 

Pressure Transducer-Natural. The standard HWC is compared to the other two methods 

which employ external manometer pressure and differential pressure tranceducers. Hysteresis 

pressure-saturation curves were determined for three liquids (water, 50% ethanol and 100% 

ethanol), in a homogeneous Vinton fine sand. Data was fit to the van Genuchten and 

Brooks Corey models and liquid capillary numbers are compared. Prediction of desorption 

pressure-saturation curves from water curves using relative surface tension ratios is 

discussed and prediction of sorption curves using relative a parameters for the drying and 

wetting curves. Scanning curves were scaled from the main drying and wetting curves. The 

capillary number-pore water velocity combination function could be another useful 

relationship for pressure-saturation curves. 

Overall, the differential pressure transducer methods were found superior to the 

FTWC because time consumption was reduced by more than 50% yet the results obtained 

were of comparable accuracy. Pressure-saturation curves for other liquids may be predicted 

by scaling pressure and van Genuchten a parameter with relative surface tension ratios. 

Hence, hysteresis curves can be obtained faster and the main disadvantages of time-
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consumption, labor and cost are eliminated. In addition, handling of hazardous liquids in 

the laboratory is minimized which is important because understanding retention of hazardous 

chemicals in soil is a prerequisite to achieving remediation of residual contamination. 

Functional relationship between the residual nonwetting phase and the capillary number or 

viscosity to surface tension ratio is briefly discussed. 
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[NTRODUCTION AND LITERATURE REVIEW 

The soil moisture characteristic (SMC) is the relationship between matric suction (,\\i) 

and volumetric water content (0). The desorption curve has been variously referred to as 'the 

soil moisture characteristic', 'the soil moisture retention curve', 'the water release 

characteristic', pressure-saturation curve, and 'pF curve'. It can be determined by draining 

a saturated soil at zero pressure in a step-wise manner. At each step, equilibrium is 

established between moisture in the soil sample (0) and water at a known potential ( a wet 

porous plate or membrane being used at the region of hydraulic contact between the soil and 

water). Under non-monotonic flow conditions the 'desorption curve" is different from the 

'sorption curve' which is obtained by rewetting an initially dry soil The area enclosed 

between the two curves is known as the 'hysteresis region' It is exhibited in the portion of 

the SMC for which the volumetric water content is relatively high. 

Because of hysteresis phenomena, the quantity of water stored in a soil at a specific 

pressure head varies depending on whether the soil is on a wetting or draining trend. For 

many land use purposes including agronomic, engineering and research, soil volumetric 

water content (0) is a significant factor. Therefore, advancement of the knowledge of 

hysteresis is a necessity. In addition, because soil is located above the ground water table, 

it has been considered a natural filter for the ground water resource below However, 

ground water contamination is now a major environmental problem, indicating that soil is 

not an efficient natural filter for many contaminant fluids (mainly hazardous chemicals). In 
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view of this, more research work needs to be done in order to better understand retention 

and transmittal of contaminant fluids through soil so as to develop efficient preventive and 

remediation technologies. This will involve simultaneous study of soil factors and fluid 

properties in conjunction with capillary p-s (where p-s is pressure-saturation) relationships. 

This again substantiates hysteresis studies. 

Because hysteresis related experiments are time consuming, tedious and expensive, 

some workers have enhanced these studies by developing formulae to elucidate relationships 

portrayed by hysteresis curves. But, in order to further hysteresis studies, methods which 

tend to counter the disadvantages of time consumption, tediousness and cost need to be 

developed to expedite measurement of the capillary p-s relationships in the soil. In addition, 

development of relationships which utilize both soil and fluid factors should be encouraged 

as they seem to better implicate the retention of fluids in the soil. Research work done here 

follows this trend. 

1.2 Literature Review 

Hysteresis in the soil has been documented by numerous workers over many 

decades, including Haines (1930), Richards and Lamb (1937), Richards (1941), Miller and 

Miller(1956), Topp and Miller (1966), Topp( 1969), Pavlakis and Barden (1972), Dane and 

Wierenga (1975), Lenhard and Parker (1987), Lenhard et al. (1991), Smith and Gillham 

(1994) and Bradford and Leij (1995). Richards and Lamb (1937) measured capillary tension 

in the field for two growing seasons and found that the soil moisture characteristic (SMC) 

curves differed according to whether the soil was drying or wetting. Later Richards (1941) 
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distinguished between the drying and wetting processes in the soil and considered this as the 

main reason why auto-irrigation could not be successfully used over a range of moisture 

tension and why dry soils do not rewet readily when water is applied under tension. 

Poulovassilis (1974) considered the soil moisture characteristic relationship in the soil 

'unique'. From the 1970's onwards, progressively more research work has been done on 

hysteresis. This will be presented here under the subtopics: 'Factors Which Cause 

Hysteresis', 'Effects of Hysteresis', Soil Moisture Hysteresis Models and 'Methods for 

Measuring Hysteresis'. 

1.2.1 Factors Which Cause Hysteresis 

Hysteresis of the soil porous medium is due to both soil factors and fluid properties 

(mainly surface tension and viscosity). The most important soil factors are texture and 

structure as reported by researchers Richards and Weaver (1944), Croney and Coleman 

(1954), Salter and Williams (1965), Sharma and Uehara (1968), Hillel (1980) and Reeve et 

al. (1973). 

Hillel (1980) cited four main factors responsible for hysteresis of the soil moisture 

characteristic; 

1 Pore irregularity 

This relates to pore size, geometry and degree of continuity. 

2. Contact angle effect: 

This angle tends to be greater in an advancing meniscus than a receding one. 

3. Entrapped air; 
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Air occupies part oftlie soil porosity, and hence, decreases the pore volume 

available for liquid to occupy. 

4. Swelling and shrinking; 

This causes volume changes and concomittant structural changes in the soil. 

In 1981, Witkowska-Walczak reported that hysteresis is affected by both soil texture 

and density. In his studies, hysteresis was much more pronounced in soils with aggregate 

sizes of 0.1-1.0 mm but was low for aggregate sizes of < 0.25 mm and 1 0-3 0 mm. 

Similarly, Chashchina (1990) reported that hysteresis was negligible in some of the soils 

he studied, e.g., the sandy loam and loamy sandy soils of Siberia. This shows that for some 

soils, with small aggregate sizes, the hysteresis effect is negligible. In 1986, Hildebrand also 

reported that soil structure affects hysteresis. The e.xtent to which soil factors affect 

hysteresis is variable, that is why DuUien (1992) reports that hysteresis can be "diminished' 

or 'eliminated' if the experiment is done very slowly. At very slow rates of operation, the 

effects of soil aberrant factors may be counteracted. 

Of the liquid factors, surface tension is of greater importance than viscosity. Surface 

tension effects on hysteresis have been documented, for example, by Desai et al. (1992), 

Demond et al. (1994), and Salehzadeh and Demond (1994) They all found that surface 

tension had a profound effect on the discrepancy between desorption and sorption curves. 

A direct correlation was reported between sorption, surface tension and pressure-saturation 

relationships by (Desai et al., 1992). Surface tension (or interfacial tension) indeed plays a 

significant role in hysteresis because it controls the size of the contact angle which is 

responsible for wettability of the system (Melrose and Brandner, 1974) Effects of interfacial 
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tension and contact angle on p-s relationships have also been examined, e.g.. Morrow and 

McCaflfery (1978), Demond and Roberts (1991). More recently, Moseley and Dhir (1996) 

developed a functional relationship between capillary pressure and contact angle in p-s 

systems and variation of this angle with saturation. 

Lu et al. (1994) studied capillary rise and hysteresis in the laboratory with the aid of 

a TV camera and a microscope. They reported that capillary rise in either an initially dry or 

partially wet porous medium, is achieved through a fluid 'jump' behavior In an initially dry 

profile, these jumps are associated with neck pores and proceed in a rather systematic 

manner, starting with the smallest diameter particles and progressively to larger diameters 

until finally equilibrium is reached, with the saturated wetting front, and at this stage, the 

hydrostatic force balances surface tensile forces. In contrast, for an initially wet profile, this 

process is seen as thickening of the water films already in the porous medium and because 

the latter are discontinuous, the wetting front does not become saturated and is irregular 

They concluded that hysteresis is due to the large surface areas of gas-liquid interface 

developed during drying which enables more water to be stored than at a comparable 

pressure during wetting. 

The overall effect of the liquid and soil factors is reflected by a discontinuous front 

during a rewetting cycle because the porous medium already has liquid films around its 

grains, and as the volume of wetting liquid increases, there is a tendency to establish 

continuity with already existing films of liquid. But this cannot be completely achieved 

because the nonwetting phase occupies the rest of the pore space and hence, "pockets' of it 

will be enclosed by the liquid. This discontinuity will be accentuated by certain soil and liquid 
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factors. At higher pressures, hysteresis is non-existent because there are only liquid films 

around grains and excess moisture drains off But at lower tensions, the porous medium can 

hold more liquid, and hence, the liquid films progressively become thicker and coalesce as 

the liquid phase tends to become more and more continuous as tension decreases. However, 

the liquid phase and front will remain discontinuous and the extent of discontinuity depends 

on the magnitude of soil and liquid factors. 

1.2.2 Soil Moisture Hysteresis Models 

Some mathematical expressions for the soil moisture characteristic include hysteresis 

phenomena while others don't. The Brooks and Corey (1964) and van Genuchten (1980), 

are two functions which have been widely used to describe the SMC The latter, a pore size 

related model, can be represented as below: 

0 -
0 = ^ = (l+lct/?!") ri) 

( 0 - 0 )  ^ sal r' 

where ot, n and m are positive constants which influence the SMC shape Often m and n are 

assumed related by m = 1 - 1/n. The residual water content (0 r) is somewhat arbitrary and 

can be taken as zero or can be best fit, but its value needs to be greater or equal to the 

smallest water content considered if effective saturation (0) is to remain non-negative. The 

other symbols are, 0 the soil volumetric water content and 0 the saturated water content. 

The van Genuchten function is a relationship which accurately represents the soil moisture 

characteristic for soils of various textural groups. 
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The Brooks and Corey (1964) relationship can be represented as below: 

0 = 0, + (0„,-0J|ahr\ |ah|>l (2) 

0 =  0 „ , ,  | a h |  5  1  

where a is an empirical parameter and its inverse is the bubbling pressure (air entry value) 

and A, is a pore size distribution index which controls the slope of the retention curve. This 

equation can also be written with effective saturation (0) as below: 

0 = lahr" |ah| > I (3) 

0 = 1 |ah| ^ 1 

when h < 0. 

The Brooks and Corey function has been widely used with unsaturated flow. It works better 

for soils with a narrow pore size distribution i.e., large A., as opposed to narrow pore size 

distribution, small X. 

The other function for the SMC which will be considered here briefly is that given 

by Kosughi (1994a, 1996). Kosugi (1994a) presented a water retention model which he 

developed by applying a three-parameter lognormal distribution law to the soil pore radius 

distribution function [G(R)]: 

G(R) = de^dr (4) 

where R is the pore radius and G(R) dR denotes the volume of tlill pores of radii (R, R + dR) 

per unit volume of porous medium. He makes use of the capillary pressure fijnction: 

h = 2<t cosY/(gpr) (5) 

where a is the surface tension of the liquid, y is the contact angle, g is acceleration due to 
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gravity, and r is the capillary radius. Kosugi transformed the distribution equation (4) into 

a new pore capillary distribution fijnction, F(v|/) given by: 

F(v|/) = G(R) dr/d\\t (6) 

By substituting equation 4 into 6 we get an equation which is similar to the water capacity 

function: 

= d9/d\\i (7) 

whereby F(v|;)fA|> denotes the volume of full pores with a capillary pressure of y\j to i|/ + d\\i 

per unit volume of porous medium. 

Kosugi (1994a) then applied a three-parameter lognormal distribution law to G(r) 

and obtained another relationship for F(vi;): 

0, - 0, 
F(l') = 77- • exp 

f -  6-^ 
t - I'o J 

26-
lli< l|; . 

(8)  

F(il;) = 0 H; > H; . 

where: 

= corresponds to maximum pore radius in capillary pressure fijnction 1.21 

vj/Q = modeofF(v|/) 

5 = standard deviation of the distribution of In - *|^)/(v|y^ - m'o)]' 5 > 0. 
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When v|; is at infinity, integrating the relationship 1.8 produces the Kosugi 

(1994a) soil moisture retention function: 

0 = — erfc 
2 

In [(tjJ, - - ^o)| - 5^ 

2° ' 6 
(9) 

S 'I' ^ 1^. 

where erfc is the complementary error function. 

Kosugi (1996), modified the above soil moisture retention function in a manner 

consistent with Mualem (1976a) and yielded an analytical expression for hydraulic 

conductivity. He derived a combined water-retention-hydraulic-conductivity model by 

applying the lognormal distribution law to the soil pore radius distribution function. He 

tested this model v^ath six soils and reports that the results were reasonably good for five out 

of the six soils. 

Apart from the above three functions, several others have been proposed to describe 

the SMC relationship as mentioned earlier, and some of them include hysteretic behavior. 

The early models for unsaturated flow used empirical equations describing the shape and 

other properties of the SMC. Good examples are Whisler and Klute (1965), Rubin (1967), 

and Hanks et al. (1969). Other models were developed from a conceptual theoretical 

background, and are based on the 'independent domain' theory of capillary hysteresis As 

Dullien (1992) explains in his book, a "domain' could be defined as a group of pores or 

capillaries which empty at a characteristic drainage pressure, hence, a porous medium can 

have an infinite number of domains. In the independent domain theory, a pore is considered 
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either full or empty. The earliest example of such a model is the one developed by 

Poulovassilis (1962), for glass beads and sand. The independent domain theory employs a 

mathematical distribution function f(hj, h,), where d stands for desorption and s for sorption, 

and soil moisture content is determined by way of integration over filled domains after 

desorption/sorption cycles. Mualem (1973) simplified this model because mathematical 

representation of independent domain theory is rather complex and many experimental 

parameters are required leading to inconsistencies when applied by different researchers. For 

example, Topp and Miller (1966) and Vachaud and Thony (1971) reported discrepancies 

when they applied the independent domain theory 

The other version of the domain theory entails the concept of 'dependent domains' 

which states that a certain pore with the volume element, 6V, can be represented as a 

function 5V = F(0^0j) 50,50j whereby, the general function F(0j,0J represents desorption 

and sorption processes within a pore. The dependent domain of capillary hysteresis is 

developed by integrating 5V over the whole domain of the porous medium Pouovassilis and 

Childs (1971) applied this concept and developed a mathematical representation for the soil 

moisture hysteresis scanning curves which was later modified by Mualem and co-workers. 

Mualem and Co-Worker Models 

In Mualem (1973), Mualem presented his first model to describe hysteresis of the 

SMC. He applied the independent domain theory in which he considered the distribution 

function f(hj, h,) to be a product of two distribution functions m(hj) and I(h,); 

flhj, h,) = m(hj )l(hj (10) 
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an innovative assumption termed the 'similarity hypothesis'. From this he developed a 

second model (Mualem 1974) which is both simpler to use and of superior performance by 

applying a different integration domain. This second model depicted the work done by 

Enderby (1955) because it employed indirect parameters to represent the radii of the 

openings of the pores in the group and the radii of the pores in the group, instead of the 

direct parameters hj and h,. In addition, a reversible input of pore contents to the hysteretic 

system was used. This extended the theory to account for entrapped air Since the scanning 

curves in this model are given as a function of the two main curves this is considered a two-

branch model. 

Mualem and Dagan (1975) advanced another generalized model for capillary 

hysteresis which accounts for blockage against entry of air to some pores because of their 

dependence on neighboring pores. Thus, this model accounts for interaction between 

domains. Hitherto, this had been a major shortcoming for all the previous models based on 

independent domain theory whereby each domain is assumed to wet at a characteristic 

potential h, and similarly desorb at a characteristic potential h/ regardless of its neighboring 

domains. This model is based on Mualem (1974) but is generalized by adding a new function, 

Pj (0) and P, (0) which represent "weight function in drainage" and "weight fianction in 

imbibition' respectively as given by Everett (1967) and Topp (1971). The generalized model 

is based on the relationship below; 

e(v|;) = J JPd(V„ vKd. *1^. 0) P, (v,- Vd 6) F(Vv Vd) d\\i^ (11) 

Where, F(v|/^ vj/J is the pore distribution fiinction of the porous medium, Pj represents the 

ratio of the volume of pores actually drained compared to the volume which would have 
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been drained if the pores were independent, and similarly, P, is the wetting fijnction of the 

wetting phase. These two functions, i.e. Pj and P„ account for the pore blockage against air-

entry and water entry respectively. 

Mualem (1977) obtained two independent domains models by extending the 

similarity hypothesis. These models represent the pore distribution function, F(v|;^ vj/J as a 

product of two independent functions as : 

This function simplifies evaluation of the integral equation (1.5) and subsequent development 

of the models. Extension of the similarity hypothesis in this paper enables prediction of the 

hysteretical relationship from only one branch of the main hysteresis loop and also yields a 

simple formula for the relationship between the main drying and wetting curves. 

There are other models by Mualem in the literature iVlualem and Morel-Seytoux 

(1978) theoretically analyzed Parlange's (1976) one-branch conceptual model which 

assumed that the distribution fianction is only a fijnction of hj as shown below: 

Mualem and Morel-Seytoux (1978) considered this a special case of Mualem's similarity 

hypothesis. They tested the model for different types of porous media and reported that it 

had common properties of the SMC. Mualem and Miller (1979) derived a quantitative 

dependent domain model employing an explicit correction factor, P*j (which represents the 

ratio between the volume of pores actually emptied to the volume of pores which could have 

emptied if all the pores had access to air from neighboring pores) to account for pore water 

blockage against air entry. Previously, this correction factor had been expressed in an implicit 

F(¥d. v|;,) = g (vi/J fi[v|/,) ( 12 )  

f(h4. hj = f(hj) (13) 
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form; as a function of the actual water content 0, which needed to be computed too. In this 

paper, this dependence factor is expressed explicitly as a function of the v|y history. 

The modified dependent-domain model presented by Mualem (1984a) is superior 

to Mualem and Miller (1979). This model utilizes the similarity approach and in addition 

corrects the moisture content changcs obtained on the basis of independent domains (due 

to effect of pore water blockage against air entry) by multiplying the changes with a 

correction factor, Pj(0). The scanning curves for desorption and sorption can be calculated 

using the formula given below: 

where Bsoc represents all secondary and higher order drying curves obtained from the main 

wetting curve (MWC) or scanning wetting curve (SWC), MSC represents the main sorption 

curve (same as MWC), SSC represents scanning sorption curve (same as SWC), and finally 

9RS represents the reversal point from a sorption curve. Superscript D indicates the drainage 

curve. 

The Pj (0,viy) is the domain dependence correction fijnction which can be determined 

from the following equation: 

®SDC QRS * Pd (0>v) {0,*^ " 0MSC (v)l { 0KS * ̂ MSC" (M^) (14) 

(15) 

in which (*1^) and 0^^(- (vj/) are the independent functions. If reversal occurs from the 
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desorption curve to the sorption curve, then the following equation describes the scanning 

curve for the sorption phase: 

0SSC ~ ®RD Pd (QRDi^I^RD)!®! " ̂ MWC (^I'RD) } { ®M\VC ( V) " ̂ MWC (^I^RD) I C^) 

where 0ssc represents scanning sorption curves for all secondary and higher order wetting 

curves. 

For the latter case, the dependent domain function is a point flinction which can be 

given as: 

0" - 0 
Pj = ,, '' ; (17) 

[0, -

These equations for scanning curves based on the dependent domain model tally with those 

developed by other workers e.g. Kool and Parker (1987) and Stauffer et al. (1992). 

Scott's model of hysteresis 

Scott et al. (1983) presented an empirical scaling model to be used in predicting 

hysteresis scanning curves. In this model, all the drainage scanning curves are obtained by 

rescaling the main drying curve in such a way that it passes through the residual moisture 

content; and the secondary wetting scanning curves from the main wetting curve. Kool and 

Parker (1987) applied these ideas and developed simpler equations for computation of the 

scanning curves. 

For hysteretic models, the volumetric moisture content of the main drying curves can 

be described by applying one of the two effective saturation relationships below: 
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©W = 
9 - 9. 

0 , - 0 .  
( 1 8 )  

which is based on Brooks Corey function, and 

0 - 0  1  
0(l|;) = 1 = ! 

9 , - 0 ,  ( 1  ^ | a / / | T  

based on van Genuchten function. 

From the above, the main desorption curve (MDC) and the main wetting curve 

(MWC) can be derived: 

0.vax- 0° + (0,"-e«)Se"(M/) (20) 

. e,' + (0,=^-0,^)Se^(v) (21) 

Where the superscripts D and S denote the main drainage curve (MDC) and the main 

sorption curve (MSC). The new saturation points for the scanning curves can then be 

computed utilizing the relationships given by Kool and Parker (1987) and Scott et al. (1993). 

Hogarth's model of Hysteresis 

Hogarth et al., (1988) presented a model based on the Brooks and Corey relationship 

(1964) in order to perform explicit integration of the Parlange (1976 and 1980) equations. 
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which they considered to be mathematically non-trivial, though it had an advantage of 

requiring only one boundary curve and the water entry pressure. 

According to Hogarth et al., (1988), the desorption and sorption scanning curves can 

be expressed following Pariange (1976 and 1980) as below: 

0d (h,h,) = 0w(h) - (h - h,) c/0,,. / ii h (22) 

where, subscript 1 denotes the point on the wetting curve where the drying curve 

commences, d represents drying and w represents wetting 

The relationship for any wetting curve is obtained by considering a wetting curve, 

0w (h,h2) issued from 0j (h,h,) at h = h, which satisfies equation 1 16 as below: 

0w (h,h;) = 0w(h) - (h - h,) re/ 0w / d h.) (23) 

where the subscript 2 refers to to the point on the drying curve where a wetting branch 

begins. Then applying the Brooks and Corey fijnction, the main wetting boundary curve can 

be written as: 

A. 

for h > h^^. (24) 

where 9 is the moisture at the air entry pressure on the main wetting curve which can be 

expressed: 

0.. 

h ac 

0.. = 
0 

1 + A -
h„ 

(25) 



31 

where is the water entry pressure. The equation ignores the residual water content. 

1.2.3 Effects of Hysteresis 

Hysteresis controls to some extent the amount of water stored in the soil at any given 

time. Richards and Weaver (1943) reported occurrence of hysteresis in ceramic sorption 

blocks used to measure soil moisture. Parkes and Cox (1988) reported that water-balance 

computations and models which include hysteretic flow yield belter estimates of water 

deficits than those which neglect hysteresis. Furthermore, Mustafa et al (1983) attributed 

the discrepancy between observed and predicted soil water profiles to hysteresis, while 

Nieber and Walter (1981) reported that a numerically simulated hydrograph lagged far 

behind the experimental when hysteresis was ignored. In addition, hysteresis has been 

considered the main reason for the onset of unsaturated flow instability or fingered flow by 

Perrens and Watson (1977), Glass et al. (1989), McCord et al. (1991), and Liu Yaping 

(1992). The latter, working on unsaturated fingered flow in sandy soils confirmed the effects 

of hysteresis on moisture content along a finger, and degree of persistence. More recently. 

Dam (1996) attributed a decrease in water storage in the field to hysteresis. 

Infiltration of soil water is also affected by hysteresis Makarenko and Berezin, 

(1986) did some experimental studies and positively confirmed their hypothesis that there 

is a relationship between infiltration anomalies and hysteretic phenomena. Izadi (1988) 

working on surge irrigation management reported that hysteresis led to a decrease in 

cumulative infiltration. Parissopoulos and Wheater (1992), however, concluded that the 
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effects of hysteresis on water movement due to infiltration from ephemeral surface water 

were generally small, but they too reported that hysteresis was sensitive to ponding depth, 

hydraulic contact between surface and ground water and initial moisture distribution. This 

implicated that the effect of hysteresis on ground water recharge could be locally significant. 

There is controversy in the literature regarding the effect of hysteresis on soil 

moisture transport. Yamada and Kobayashi (1988) working on unsaturated flow showed that 

soil moisture profiles were not as highly affected by hysteresis as the capillary potential 

because the latter advances faster vertically then the former. Zeyliger (1989) reported that 

hysteresis is important in soil moisture transport, while Smith, (1995) reported that the effect 

of hysteresis on soil moisture transport in vertical soil was insignificant over longer time 

periods. Russo et al. (1989) and Vereecken et al. (1990) have reported that hysteresis plays 

an important role in vertical water movement and transport Liu et al. (1994) concluded 

that hysteresis is relevant in "Point Source' studies; while Lenhard et al (1991) gave a 

similar report for two-phase transient fluid flow However, Smith (1995), disagrees and 

concedes that hysteresis is insignificant in vertical soil water movement and transport! 

Several models have been postulated to describe the soil moisture characteristic, 

most of them falling into either the pore size models (Brooks and Corey, 1964; King's 

Method, 1964; Laliberte's Equation, 1969; Verma and Brutsaert's Equation, 1970; Campbell 

Equation, 1974; van Genuchten Equation, 1980) or grain size models (Jamison and Kroth, 

1958; Masch and Danny, 1966; Salter et al., 1966; Hall et al., 1977; Clapp and Homberger, 

1978; Gupta and Larson, 1979; Arya and Paris, 1981; Ahuja et al., 1985; Puckett et al, 

1985; Haverkamp and Parlange, 1986; Parlange et al., 1987; Hutson and Cass, 1987). 
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Similarly, some models have been postulated to elucidate the hysteresis relationship, 

including Poulovassilis (1962), Brooks and Corey (1964), Hanks et. al. (1969), Poulovassilis 

and Childs (1971), Topp (1971), Mualem (1973 and 1974), Dane and Wierenga (1975), 

Mualemand Dagan, (1975), Parlange (1976), Scott et. al. (1983), Mualem (1984a), Jaynes 

(1984), and Hogarth (1988). For soil moisture numerical modelling, hysteresis consideration 

is a prerequisite. Several researchers have shown that ignoring hysteresis can lead to 

significant numerical errors, including Rubin (1967), Royer and Vachaud (1975), Dane and 

Wierenga (1975), Watson and Lee (1975), Beeseand van der Ploeg (1976), Tzimas (1979), 

Hoa et al. (1977), Viane et al. (1994). The impact of hysteresis on soil water modelling is 

summarized by Viaene et al. (1994) who evaluated six hysteresis models using both 

laboratory and literature data and reported that models which were calibrated using both 

drainage and sorption curves were superior in performance compared to those which were 

calibrated using the drainage curve only Other researchers have reported similar 

conclusions, for example, (Killough, 1976, Gillham et al, 1976, Hoa et al, 1977; Kool and 

Parker, 1987; Parker and Lenhard, 1987; Kaluarachchi and Parker, 1987, Payer et al., 1996). 

In ground water contamination studies, ignoring hysteresis under nonmonotonic flow 

conditions can lead to overestimation of solute velocity (Russo et al., 1989). 

Capillary pressure-saturation curves are important to land use planning. It is well 

known that big pores release water at lower suctions while smaller pores need higher 

suctions to force water out of them. Hence, the amount of water retained in the soil 

significantly depends on the pore size distribution of the soil and its wetting-drying history 

(hysteresis). Water released at lower suctions is important for agronomic purposes 
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(Veihmeyer and Hendrickson, 1949), drainage and irrigation systems (Reeve, 1986) 

including construction. For most land use projects, the moisture storage capacity of the soil 

needs to be known. 

1.2.4 Methods for Measuring Hysteresis 

Pressure-saturation curves are commonly measured in the laboratory by applying 

specified pressure head continuously until equilibrium is reached; then measuring the 

corresponding moisture content of the sample. This is done in steps through a pressure range 

of interest. Time consumption is the main disadvantage of these methods since it can take 

several days to reach equilibrium. Buckingham (1907) was the first to distinguish soil 

moisture/suction relationships in the soil and since then several techniques have evolved as 

summarized by Reeve and Carter (1991) These techniques can be grouped into those which 

operate within a potential range of 0 to -1500 Kpa and those in operation outside this range 

i.e. < - 1500 Kpa. Among the former are the "Buchner Funnel/Hanging Water Column' (0-20 

Kpa), earliest innovation of Bouyoucos (1929) which was modified by Haines (1930) to 

accommodate hysteresis effects and more recently adapted to installations with a porous 

ceramic plate (Russell, 1941; Danielson and Sutherland, 1986|. A 'porous suction plate' can 

extend the range of operation of a "Buchner Funnel,'to 70 Kpa (Loveday, 1974). Suction 

can also be applied to a 'Sandbox' or "Sand Table' instead of porous plates (Stakman et 

al., 1969). In addition, for potentials ofO to -1500, "Gas Pressure' can be applied to soil 

samples resting on a porous medium and left to equilibrate, e g , the pressure chamber 

(Richards, 1941 and 1948; Loveday, 1974; Hall et al., 1977); pressure plate extractors 
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(Gradwell, (1971); Lai, (1979); Datta and Singh (1981); Kumar et al., 1984, Puckett et al., 

1985); pressure membrane (Heinonen, 1961, Gradwell, 1971; Kuznetzova and Vinogradova, 

1982); Pressure cell (Reginato and van Bavel, 1962; Constantz and Herkelrath, 1984). 

These are the main methods for the pressure range 0 to -1500 Kpa in the laboratory. The 

methods commonly used for pressure potentials < -1500 Kpa is the 'Pressure Membrane' 

(Richards, 1949; Coleman and Marsh, 1961). The range of operation depends on the 

bubbling pressure of the membrane used. 

1.3 An Overvievv of Liquid Properties 

The important properties of the liquids used in this research work are surface tension, 

viscosity, and solubility. These properties in conjunction with soil factors determine the 

magnitude of hysteresis. Since the surface tension of a liquid varies more with concentration 

changes than viscosity, the former is a more important factor in hysteresis. Compared to 

inorganic compounds, the surface tension of organic substances is much lower, and also 

shows a lot more variation with solute concentration. This is documented in literature, for 

example, Davies and Rideal (1963), and Smith (1995) adopted a graph from his work 

shown in Fig. 1.1. 

Organic compounds are grouped according to the presence of a common "functional 

group' in their structure. Nomenclature of organic compounds is related to this characteristic 

group and chemical reactions are controlled by it so that organic substances with a similar 

'functional group' exhibit similar chemical reactions, although their physical properties 

usually follow a characteristic trend. The structural 'functional group' for alcohols 
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Figure 1.1 Variation of siirface tension with liquid aqueous concentration for three 
basic classes of chemical compounds (adopted from Smith, 1995) 
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homologous series is the hydroxyl unit (-0H) and typical physical characteristic trend of the 

alcohols organic series is shown in Table 1-1. Alcohols have higher boiling points than 

organic compounds of similar molecular weight because of hydrogen bonding. For example, 

ethanol has a boiling point of 78 °C whereas its structural isomer, dimethyl ether, has a 

boiling point of -24 "C. The boiling point is determined by the strength of the attractive 

forces between molecules and intermolecular attraction in alkanes is mainly due to induced 

dipole-induceddipole attractions (London forces or dispersion forces) Alkanes which have 

polar bonds (dipole moment) like ethanol have two other additional types of attraction 

forces, dipole-induced dipole and dipole-dipole attractions. The former being due to 

polarization of a nonpolar bond when a polar bond is within its neighborhood while the 

dipole-dipole attraction occurs between polar molecules. The boiling points of alcohols 

increase as the molecular weight increases due to hydrogen bonding between the -OH 

groups; but their solubilities decrease because the non-polar hydrocarbon portion of the 

molecule progressively increases. The first three members of the alcohol series (methanol, 

ethanol, and 1-propanol) are soluble in water in all proportions, but subsequent members 

progressively become more insoluble and those with higher molecular weights like 1-

decanol are insoluble in water. Because of the type of intermolecular forces in alcohols, their 

surface tension and viscosity increase as the molecular weight increases. 



Table 1-1. Physical Properties of Alcohols. 
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Name and Mol. Wt.* B. Pt.* Solubility S.T.* Vis.* 

Chemical Formula (°C) (g/100 g) 20 "C 

(dynes/ 

cm) 

20 "C 

(cP) 

Methanol 32 65 infinite 22.6 0.597 

CH3OH 

Ethanol 46 78 infmite 23.04 1.20 

CHjCH^OH 

1-propanol 60 97 infinite 23.8 2.26 

CH3CH2 CH, OH 

1-butanol 74 117 soluble 24.6 2.95 

CH3CH2 CH, CH, OH 8 

1-pentanoI 88 138 soluble 
— — 

CHjCH, CH, CH, CH, OH 2.3 

*Mol. Wt. = molecular weight 

*B. Pt. = boiling point 

*S.T. = surface tension 

*Vis. = viscosity 
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1.4 Capillary Number (Ca) 

The capillary number is a dimensionless ratio of viscous to capillary forces. The 

equation is; 

(Ca = q„»v/a) (26) 

where q„* is average pore water velocity before equilibrium (LT"'), v is viscosity (ML"' 

T') and a surface tension (MT"') of the liquid. Visicosity is resistance of a fluid to flow or 

change of form, whereas surface tension is a property of a liquid surface to behave as if it 

were an elastic membrane due to unbalanced cohesive forces at or near the liquid surface 

The capillary number has been used by other workers, for example, Vizika and Payatakes 

(1989) who reported that the nonweting fluid residual saturation increased as the Ca 

decreased. Koplik and Lasseter (1982), working on immiscible displacement found that the 

Ca and displacement efficiency increased simultaneously. Also, Morrow et al. (1985) 

studied residual saturation in connection with the Ca. Application of Ca to retention of 

liquids in the soil porous medium enables the velocity factor to be considered in conjunction 

with SMC and hysteresis 

The velocity is important because it controls the rate of liquid flux through the soil 

and degree of continuity of the wetting front. High velocities are sometimes associated with 

by-pass flow in the soil through areas of various mechanical cracks in the soil matrix. For 

example, rapid responses of shallow ground water-tables to heavy rainstorms of at least 30 

mm/day have been reported by Heath (1983) in Washington, North Carolina and 

Viswanathan (1984) also reported a conspicuous rise of the ground water-table on the very 

day of a heavy rainstorm, and pointed out that isolated rainstorms even though their 
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cumulative effect would produce 25-30 mm/day of rainstorm, do not Induce such rapid 

responses. In addition, Germann (1986) reported rapid responses In lyslmeters located at N. 

Appalachian Watershed, Coshocton, Ohio, at a frequency of 5-15 times a year, to storms of 

more than 15 mm/day, with 80% of the cases occurring in less than one day after the onset 

of the rainstorm. Although the cause of such rapid responses remains implicit and 

controversial, because of high flow velocity, capillary numbers would be high in such a soil. 

15 Hvpothesis and Objectives 

The purpose of this research work Is twofold First, to compare 3 

measurement of hysteresis In the laboratory; and second, to examine the effect 

number'' parameters on the soil moisture characteristic and hysteresis region. 

1.5.1 Hypothesis 

Measured capillary pressure-saturation relationships vary with 

methodology and liquid used. 

1.5.2 Objectives: 

1. Develop hysteresis curves for water and ethanol-water mi.xtures. 

2. Develop hysteresis scanning curves for soil water 

3. Test models for describing hysteresis In water and ethanol-water retention 

curves. 

methods for 

of 'capillary 

changes in 
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Compare 3 methods for determining hysteresis in the soil-water retention 

curve for disturbed soil columns. 
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CHAPTER 2 

EXPERIMENTAL STUDIES 

Introduction 

Laboratory experiments were done in order to compare 3 methods, the standard 

Hanging Water Column (HWC) method, using regular pressure tranceducer (RPT), and two 

other methods which use differential pressure transducers (DPT) Schematics for these 3 

methods are given. The two methods with ditTerential pressure transducers are similar, but 

the sorption curve is measured differently For one of them, the Differential Pressure 

Transducer-Imbibition method (DPT-I), the soil column imbibes water through a tubing 

from below the pressure cell whereas in the other method. Differential Pressure Transducer-

Natural (DPT-N), natural rainfall is simulated by pumping water to the top of the soil column 

at a low flow rate. All three methods were equipped with either regular pressure 

transducers (RPT) or differential pressure transducerl (DPT) and measurements were 

collected using a data logger. The data is utilized to assess variability of the capillary number 

with suction, effective saturation and the pressure-saturation curves for the different liquids 

2.1 Equipment Specifications 

The pressure cell is the central device used in all the three experiments described in 

this dissertation. The components of this cell are shown in Figure 2.1 and a fijlly assembled 

unit in Fig. 2.2. The numbers on Figure 2.1 represent different component parts of the 
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Figure 2.1 Pressure cell components. (Parts 1-9 are described in the text) 
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Figure 2.2 Assembled pressure cell 
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septum stopper 
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pressure cell as given below: 

Part 1: Round basal plate similar to part 9 Has 2 holes in its bottom (0.25 inch 

NPT). One for a snap valve and the other for a septum stopper to serve as 

the 'air outlet'; periodically, air bubbles in the system are removed with a 

syringe by inserting a hypodermic needle through the septum stopper. 

Part 2: Perforated aluminum plate. 

Part 3: Pressure membrane 

Part 4: Round, flat plastic o-ring. 

Part 5: O-ring, which is placed inside the dough nut plate (part # 6) 

Part 6; Dough nut plate. 

Part 7: Holes, found in all the 4 pressure cell plates. Used for screws and wing nuts 

which hold the 4 plates and accompanying accessories together 

Part 8: Soil column. Is sandwiched between the 2 pressure cell units 

2.2 Details of Some Equipment Component Parts. 

Certain appendages were employed in order to produce three experimental set-ups 

of the pressure cell as shown in Figures 2.5 and 2.6 (page 49 and 54 respectively) which 

correspond to the 'The Hanging Water Column (HWC)' and 'Differential Pressure 

Transducer-Imbibition (DPT-I)' method respectively. Detail is given below for some of the 

equipment used and its source. 
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2.2.1 Pressure Cell Components. 

These are parts 1-8 In Figure 2.1. These parts are assembled together in the order 

shown in the diagram to produce 'unit 1' The other unit (unit 2) of the Pressure cell is 

similarly assembled. The only difference between units I and 2 is that the latter does not have 

a porous membrane; instead it has a very porous nylon mesh material with the same 

dimensions as the porous membrane (part 3) in unit I. A packed soil column is sandwiched 

between these 2 units and the whole cell is held together by screws and wing nuts. The 

pressure cells used with water were madeofPIexiglas and those used with ethanol solutions 

were made of aluminum. 

2.2.2 Micro tensiometer 

This part is shown in Fig. 2 3 It is installed at the center of each soil column in 

order to measure tension which is representative of the soil column. It consists of a 

'compression fitting' (central piece), a glass tube (1" long, 0 25" 0 D ) and a porous stainless 

steel microcup (1" long, 0.25" O.D., 0.5 microns) bubbling pressure about 300 cm, glued to 

the compression fitting. The compression fitting was purchased from Harrington Industrial 

Plastics Inc., Tucson, Arizona, U.S.A. (catalogue U W4MC4), and the microcups were 

obtained from Mott Metallurgical, Farmington, Connecticut, U.S.A. (Catalogue # 1200-250-

.125-1,000-0.5). 'Super glue' was used to cement the microcups to the compression fitting. 
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glass tube compression fitting microcup 

Figure 2.3 Micro tensiometer 
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2.2.3 Tubing 

Nalgene 489 tubing was selected because it is resistant to ethanoi (and many other 

Oacids and bases) in order to avoid interfering with the surface tension of the solutions used.. 

This tubing is also translucent which makes it easy to monitor liquid flow. It was purchased 

from Harrington Industrial Plastics Inc., Tucson, Arizona, U.S A. 

2.2.4 Differential Pressure Transducer (DPT) 

Differential pressure transducers were used to measure the pressure difference 

between the applied pressure and the pressure in the soil. Equilibrium was assumed if the 

applied pressure was equal to the soil measured pressure, and the differential pressure was 

equal to zero. A DPT was connected to the glass tubing at the outer end of the micro 

tensiometer and a short thick tubing was used at this junction to ensure stability All the 

DPTs were calibrated through a pressure range of 0-120 cm using linear regression, and 

tension data was collected via a data logger (21x Micrologger, Campbell Scientific Co., 

Logan, Utah). The DPTs were obtained from LCOMP, Inc., Arizona (catalogue U 

176PC28HD2) 

2.2.5 Y-Junction Unit 

This arrangement is shown in Fig. 2.4, aY-unit was needed at the top of the core to 

be able to deliver water to the core, and to measure the pressure. Moisture was added by 

inserting a hypodermic needle through the septum stopper at the top of this unit while a snap 
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Figure 2.4 Assembled pressure cell with a Y -junction unit on top 
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valve at its side was used as the pressure inlet. 

50 

2.2.6 Pump 

The pump used in these experiments was a regular laboratory pump, 'FMI Lab. 

Pump'( Model QG 50, Fluid Metering, Inc., Oyster Bay, New York) 

2.2.7 Soil Columns 

Plexiglas soil columns when water was used in the cores and aluminum was used 

when ethanol solutions were used. Table 2-1 shows dimensions of the 9 columns used 

2.3 Soil Samples and Solutions Used in the Experiments 

2.3.1 Soil Samples 

Vinton fine sand with a textural composition of 90% sand, 7% silt and 3% clay was 

used in all experiments. The soil was air-dried and passed through a 2 mm sieve. 

2.3.2 Solutions 

Three solutions were used: 0.005M CaSOj-thymol (water ), 50% ethanol, and 100% 

ethanol. A deaired solution of0.005 M CaS04 -thymol was prepared as described by Klute 

and Dirksen (1986). Thymol is added to prevent microbial growth in the soil column. The 

surface tension and viscosity of each solution was measured in the laboratory at 25 "C 
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Table 2-1. Column Dimensions 

Column # Diameter (cm) Height (cm) Volume (cc) 

1 7.58 5.71 257.8 

2 7.59 5.72 258.9 

3 7.54 5.71 255.1 

4 7.59 5.71 258.5 

5 7.58 5.72 258.2 

6 7.59 5.71 258.5 

7 7.59 5.72 258.9 

8 7.58 5.72 258.2 

9 7.57 5.74 258.5 

Average 7.58 7.52 258.1 



52 

2.4 Measurement of Surface Tension and Viscosity 

For surface tension, samples were measured in triplicate using a Surface Tensiomat 

(Model 21, Fisher, Pittsburgh, PA, U.S.A.) at 25 "C. Viscosity was measured in triplicate for 

each solution using a calibrated Cannon-Fenske (Routine type for transparent liquids) 

Viscometer (ASTM size 50 W227, Fisher Scientific, Tustin, California, U.S.A., Catalogue 

# 13-617 B). Viscosities were measured following EPA Standard Test ASTM D 445 in a 

water bath held at 25 "C. The results obtained are shown in Table 2-2. 

2.5 Experiments 

2.5.1 Hanging Water Column 

2.5.1.1 Equipment and Materials 

The following equipment were used for the e.xperiments: Pressure cells, 

pressure cell stand, manifold, snap valves, tubing, micro tensiometer, effluent volumetric 

flasks, and regular pressure transducers (PT). Liquids were a solution of 0 005 M calcium 

sulphate, thymol, and ethanol concentrations of 50, and 100 % by mass. 

2.5.1.2 Procedure 

Equipment is set up as shown in Fig. 2.5. It is closed in order to avoid evaporation. 

Tension is controlled by lowering or raising the burette which is connected to the pressure 

cell by tubing. The latter is filled with the respective solution and its level in the burette (L) 

is used to control tension together with the level of the porous membrane (PM) in the 
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Table 2-2. Solution Surface Tensions and Viscosities (at 25 "C) 

Water Ethanol (50%) Ethanol (100%) 

Surface Tension 

25 "C (dynes/cm) 

72.8 30.1 22.1 

Viscosity 

25 "C (cP) 

0.902 2.29 1.10 
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Figure 2.5 Hanging Water Column, experimental set-up 
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pressure cell. Dry Vinton sand was packed into soil columns with a bulk density of about 

1.50. Pressure cells were assembled in triplicate for each solution. The cells were then 

saturated from below with respective solutions (as a precaution, those with ethanol solution 

were saturated under a hood). The weight of the tensiometer and the pressure transducer 

were determined separately in order to keep track of fluid mass in the soil column during 

desorption/sorption. The pressure cell with attachments was weighed. Desorption/sorption 

was achieved by lowering/raising the level of liquid (L) in the burette in 10 cm intervals. 

Every 24 hours, snap valves were disconnected and the cell weighed. Equilibrium was 

considered to have been attained if the difference between current and previous weight was 

less or equal to 0.5 g. Details of the experimental steps followed are given in appendix D 

2.5.2 Determination of Hysteresis Curves Using Differential Pressure Transducers-
Imbibition (DPT-I) 

2.5.2.1 Equipment and Materials 

The following equipment were used for the e.xperimeni: pressure cells, pressure cell 

stand, manifold, snap valves, tubing, micro tensiometer. effluent volumetric flasks, 

differential pressure transducers (DPT). Liquids used were a solution of 0 005 M calcium 

sulphate, thymol, and ethanol concentrations of 50, 100 % by mass. 

2.5.2.2 Procedure 

Equipment is set up as in Fig. 2.6. Pressure changes were measured by use of a 

manometer. A total of nine pressure cells are prepared (triplicate, for each solution) Details 

of step-wise procedure followed are given in appendix E In brief, dry Vinton sand is packed 
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into soil columns (bulk density about 1.50) and pressure cells are assembled. Next, the cells 

are saturated from below and the necessary accessories put in place including an effluent 

container at the bottom. Again the weight of the attachments on the pressure cell were 

determined and used in order to calculate weight changes for the soil column. 

Descrption/sorption is achieved through pressure increments/decrements via manometer at 

10 cm intervals like the HWC. 

2.5.3 Determination of Hysteresis Curves Using DitTereniial Pressure Transducers-
Natural (DPT-N) 

2.5.3.1 Equipment and Materials 

The following equipment were used for the experiment; pressure cells, pressure cell 

stand, manifold, snap valves, tubing, micro tensiometer, effluent volumetric flasks, 

differential pressure transducers (DPT). Liquids used were a solution of 0.005 M calcium 

sulphate, thymol, and ethanol concentrations of 50, 100 % by mass. 

2.5.3.2 Procedure 

Equipment is set-up as shown in Fig.2.6 with a Y-unit on top of the pressure cell. 

This method employs a syringe pump to effect rewetting (sorption) and a Y- unit is fixed 

at the top of the Pressure cell to hold the snap valve (to increase pressure) and a septum 

stopper (for sequential rewetting). With this method, the sorption curve is generated by 

progressively increasing tension (5 cm steps), starting from the dry range, and adding 

moisture at each step by inserting a hypodermic needle (connected to pump) through the 



septum stopper. At each step, the moisture content is raised to the same level as the 

corresponding point on the desorption curve. Because less moisture is held at the same 

tension during rewetting, some of the moisture will be lost and is collected by the effluent 

flask at the bottom of the pressure cell. The procedure is described in appendix F. It is similar 

to the DPT-I procedure except for a Y-unit on top of the pressure cell which allows 

rewetting to be accomplished on top rather than from below. 
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CHAPTER 3 

RESULTS AND DISCUSSION 

In this chapter experimental results are presented and discussed in relation to the 

objectives of this research work. Three solutions were used, water (W), 50% ethanol (E50) 

and 100% ethanol (ElOO) and three methods were applied for each solution. These are the 

Hanging Water Column method, the Differential Pressure Tranceducer-Imbibition method 

and the Differential Pressure Tranceducer-Natural method (HWC, DPT-1 AND DPT-N), 

Both desorption (DSP) and sorption (SP) curves were determined for each solution. The 

results are given as tables of data in the appendices. For HWC, refer to Appendi.x A, Tables 

A-1 to A-6 ; for the DPT-I method. Appendix B, Tables B-1 to B-6, and for the DPT-N 

refer to Appendix C, Tables C-1 to C-6. 

3 2 Capillary p-s Curves 

These curves are shown in Figures 3.1-3.6, starting with soil moisture, 50% ethanol 

and 100% ethanol solutions respectively. As mentioned earlier, triplicate samples were run 

for each solution per method. 

3.2.1 Desorption (DSP) p-s Curves 

Figure 3.1 gives desorption curves for water using different methods. The three 

methods seem to agree because same soil and cells of similar size were used The van 

Genuchten parameters (Table 3-1) may be useful for comparison. These were obtained from 
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Figure 3.4 Ethanol (50%) sorption curves 
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Figure 3.5 Ethanol (100%) desorption curves 
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'The RETC Code for Quantifying the Hydraulic Functions of Unsaturated Soils' (van 

Genuchten et al., 1991) using experimental values of 0.40 for 0, and 0.03 for 9^. The a and 

m parameters were computed by the program and m was calculated using the relationship, 

m = 1 - 1/n. Parameters a and m were about the same for all methods and the n parameter 

showed only a slight variation from 2.687-2.693. 

Figure 3.3 shows the desorption curves for ethanol (50%) liquid. The three curves 

for the different methods are not as close together as for the water case, but those for the 

two methods (DPT-I and DPT-N) seem to coincide. This is also reflected by the van 

Genuchten parameters (Table 3-1). For all the three parameters, the values for DPT-I and 

DPT-N methods are closer. The desorption curves for ethanol (100%) liquid are shown in 

Fig. 3.5. The three curves again seem to tally well and subsequently their respective van 

Genuchten parameters don't show much variation (Table 3-1). 

Overall, the a, n and m parameters for the desorption curves followed about the 

same trend. In all the curves, a was higher for the two ethanol liquids than water and the 

n parameter was conversely higher in water 

3.2.2 Sorption (SP) p-s Curves 

Sorption p-s curves for water are given in Fig. 3.2. These curves show the three 

methods to be in good agreement as supported by the van Genuchten parameters in Table 

3-2. The a parameter varied between 0.042-0.045 and the n parameter varied between 

I.668-I.685 while m parameter showed a range of 0.400-0.407. Figures 3.4 and 3.6 show 

the sorption curves for ethanol (50%) and ethanol (100%) respectively. Again there was 
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Table 3-1. Parameters for the Desorption p-s Curves 
(Van Genuchten Model with m = 1-1/n, 0,=O.4 and 0,= 0.03). 

METHOD 

SOLUTION HWC DPT-I DPT-N 

a n a n a n 

SM 0.0182 2.69 0.0182 2.69 0.0181 2.69 

E50 0.0483 2.40 0.0413 2.74 0.0423 2.72 

ElOO 0.0724 2.49 0.0693 2.50 0.0714 2.43 
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Table 3-2. Parameters for the Sorption p-s Curves 
(Van Genuchten Model with m = I-l/n, 6,=0.4 and 6^= 0.03). 

METHOD 

SOLUTION HWC DPT-I DPT-N 

a n a n a n 

SM 0.0462 1.68 0.0423 1.68 0.0452 1.67 

E50 0.0891 2.003 0.0773 2.11 0.0763 2.13 

ElOO 0.0844 2.39 0.0781 2.39 0.0792 2.37 
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limited variation between the three methods as reflected by their van Genuchten parameters 

in Table 3-2. 

3.2.3 Water Scanning Curves 

Water scanning curves were obtained using the three methods described earlier.They 

are shown in Figures 3.7 - 3.9, With each method, drainage was allowed to proceed up to 

soil tension of 60 cm. At this point, rewetting was commenced and proceeded until zero 

tension was reached. This gave the desorption scanning curve (scanning curve 1), which 

is labeled according to the method used in Fig. 3.7 and sorption scanning curve (scanning 

curve 2) which is labeled according to the method used in Fig. 3 8. As is evident from Fig. 

3.7 and 3.8, the measurements from the three methods are close as was the case with the 

main desorption and sorption curves. Figure 3.9 shows average scanning curves for the 

three methods. 

3.3 Average p-s Curves 

Since the data are very similar for all three methods, averages were computed 

for each solution, and represented as average p-s curves for desorption and sorption as 

shown in Figs. 3.10 and 3.11. In all, the three solutions are seen to behave differently due 

to their different liquid properties. The desorption curves show water with the highest 

retention capacity. El00 with the least, and E50 in the intermediate region. Because a 

homogeneous soil, Vinton fine sand was used for all the solutions, this variation in retention 

is attributable to the liquid factors. From Table 2-2, water has the highest surface tension 
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Figure 3.8 Water sorption scanning curves (60 to 0 em) 
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(72.8 dynes/cm) though it has the lowest viscosity (0.902 cP), while El00 has a surface 

tension of only 22.1 dynes/cm and its viscosity of 1.10 cP is not much different from water 

Comparatively, the surface tension of E50 is a little higher (30.1 dynes/cm) than El00 and 

in addition, its viscosity of 2.29 cP is a little more than twice as much. Another noteworthy 

point here is that although the El00 liquid has the highest viscosity (more than twice as 

much as for water ), its surface tension is less than a half the surface tension of water. This 

confirms that surface tension is a more important factor in fluid retention in the soil than 

viscosity. These differences in retention are also mimicked by their corresponding sorption 

curves. Table 3-3 shows variation of van Genuchten parameters generated by the RETC 

program for overall DSP and SP curves. 

3 4 ANOVA 

A two-way analysis of variance was performed in order to verity the effect of 

methods and liquids on the van Genuchten parameters obtained for the desorption and 

sorption p-s curves. Tables 3-4 and 3-5 show ANOVA results for desorption and sorption 

respectively. There were altogether 9 samples per liquid and 3 different liquids Hence 26 

total degrees of fi^eedom, which can be subdivided into 2 for liquids, 2 tor methods, 4 for 

liquid-method interaction and 18 for error. The F statistic at a 5% level is 3.55 (2, 18 

degrees of freedom) and 2.93 (4, 18 degrees of freedom). A model is given below for this 

2-way ANOVA: 

= n + A'/, - I; - /, - e„. 
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Table 3-3. Parameters for the Average Desorption and Sorption p-s Curves 
(van Genuchten Model with m=l-I/n, 0j=O.4 and 0^= 0.03). 

METHOD 

SOLUTION SM E50 ElOO 

a n a n a n 

DSP 0.0182 2.69 0.043 2.61 0.071 2.47 

SP 0.0446 1.68 0.080 2.081 0.081 2.38 
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where: 

Xjjk = k"** observation in the i'** level of M and j"* level of L 

i = 1,2,3 

j = 1.2,3 

H = overall mean effect 

Mj = effect due to i'" method (M) 

L; = effect due to j"' liquid (L) 

Ijj = interaction effect of Mj and L, 

^ijk = error variation 

The following hypothesis were used: 

a: for methods; H^: methods have the same van Genuchten parameters 

b: for liquids: H^: liquids have the same van Genuchten parameters 

Basically, the ANOVA helps us to attribute changes in the p-s curves for desorption and 

sorption to the liquid properties since the methodology effect was comparatively very small. 

This is further confirmed by the probability (Pr) which denotes the level of significance of 

a hypothesis test. Since the Pr-value is the actual tail region beyond the F-statistic, the null 

hypothesis is rejected so long as its value is less than than a chosen value (e.g., 5%), and the 

smaller it is , the more strongly we reject the null hypothesis (from tables 3-4 and 3-5, the 

Pr-value for liquids is very small in all cases). 

As seen fi^om the data tables, during desorption, the a parameter was significantly 



78 

Table 3-4. ANOVA for van Genuchten Parameters for Desorption p-s Curves 

a PARAMETER 

Source DF Anova SS Mean Square F Value Pr >F 

Method 2 6.785E-5 3.393E-5 3.42 0.0552 

Liquid 2 1.264E-2 6.32 lE-3 636.85 0.0001 

Method*Liquid 4 5.08 lE-5 I.270E-5 1 28 0.3146 

n PARAMETER 

Source DF Anova SS Mean Square F Value Pr>F 

Method 2 7.I60E-2 3.580E-2 3.74 0.0437 

Liquid 2 2.48 IE-1 1.241E-1 12.97 00003 

Method* Liquid 4 1.483E-1 3.707E-2 00
 

00
 

0.0192 

m PARAMETER 

Source DF Anova SS Mean Square F Value Pr >F 

Method 2 1.505E-3 7.527E-4 3 83 0.0412 

Liquid 2 4.669E-3 2.335E-4 11.87 0.0005 

Method*Liquid 4 3.575E-3 8.936E-4 4.54 0.0103 
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Table 3-5. ANOVA for van Genuchten Pararneters for Sorption p-s Curves. 

a PARAMETER 

Source DF Anova SS Mean Square F Value Pr >F 

Method 2 2.562E-4 1.281E-4 5 32 0.0153 

Liquid 2 7.849E-3 3.924E-3 163 01 0 0001 

Method*Liquid 4 1.264E-4 3.161E-5 1.31 03028 

n PARAMETER 

Source DF Anova SS Mean Square F Value Pr >F 

Method 2 9.005E-3 4.502E-3 0 93 0.4120 

Liquid 2 2.316E0 1.578E0 239 65 O.OOOl 

Method*Liquid 4 2.I54E-2 5.385E-3 I . I  1  0.3803 

m PARAMETER 

Source DF Anova SS Mean Square F Value P r > F  

Method 2 5.010E-4 2.505E-4 0.98 0.3950 

Liquid 2 1.476E-1 7.378E-2 288.21 O.OOOl 

Method*Liquid 4 1.157E-3 2.894E-4 1.13 0.3735 
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affected by the liquid type only. The other 2 parameters were also significantly affected by 

the liquid and to a relatively minute extent by the methodology. ANOVA results for the 

sorption p-s curve parameters are shown in Table 3-5. All the three parameters were 

significantly affected by the liquid type only except for the a parameter which also shows 

a small method effect. 

3.5 Average Hvsteresis Curves 

Average curves for the three methods per solution reveal the extent of discrepancy 

between DSP and SP p-s curves (Figs. 3.12 to 3 14). Soil moisture has the greatest 

hysteresis loop and ethanol (100%) the least while ethanol (50%) is intermediate Again 

these results implicate variation due to the solution properties since homogenous soil was 

usee" for all the solutions. 

3.6 van Genuchten and Brooks Corev Models 

The RETC program was am with overall DSP and SP data for all the solutions and 

the empirical p-s curve parameters were obtained with different models as shown in Tables 

3-5 and 3-7. This program utilizes a Marquardt's algorithm (1963) to produce a best 

estimate of model data from observed data. RETC program was run with three variations 

of the van Genuchten model: first with variables m and n, then with m = I- l/n, and finally 

with m = 2/n. In addition, van Genuchten model (with m = I- l/n) was also fit to the data 

using the nonlinear parameter estimation after Wraith and Or (1998) in the QuatroPro 

spreadsheet. From the tables, it can be seen that Quatro Pro spreadsheet nonlinear estimation 
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Figure 3.12 Water average hysteresis curves 



82 

0.45 

0.40 
,-. 
M s 0.35 
C) 

~ 0.30 
s 
~0.25 

'S .s 0.20 
$:l 
0 
C) 0.15 
~ ·-::s 
~0.10 ·-~ 

0.05 

0.00 

0 10 20 30 40 50 60 70 80 90 100 

Suction (-hem) 

(---- DSP ---- SP ) 

Figure 3.13 Ethanol (50%) average hysteresis curves 



.-._ 
~ 

0.45 --,--------------

0.40 

8 o.35 
C,) r o.3o 
s 
~0.25 

"E 
E 0.20 
~ 
0 
C,) 0.15 

"'0 ·-~0.10 ·-~ 
0.05 

83 

0. 00 -=F++++++++++++++++++++++++++++++++++++++-H+++-H+++H++t-H+++H++t-H+++H++t-H+++H++t-H+++H++t-H++t-++++++++++H 

0 10 20 30 40 50 60 70 80 90 100 
Suction (-hem) 

(--- DSP --- SP ) 

Figure 3.14 Ethanol (100%) average hysteresis curves 
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Table 3-6a. RETC Program Empirical Parameters for the Average Desorption 
p-s Curves (85= 0.4 and 0^= 0.03). 

SOLUTION 

MODEL W E50 ElOO 

a n a n a n 

1 0.0291 6.73 0.061 6.32 0.108 12.5 

2 0.0182 2.69 0.043 2.61 0.071 2.47 

3 0.0232 3.30 0.052 3.37 0.085 3.28 

4 0.0303 0.928 0.063 1.17 0.110 1.07 

5 0.0182 2.69 0.043 2.61 0.071 2.47 

Legend for Models: 

1. van Genuchten with m, n 

2. van Genuchten with variable m = 1-1/n 

3. van Genuchten with variable m = 1-2/n 

4. Brooks and Corey 

5. van Genuchten with variable m = l-l/n 
(Quatro Pro Spreadsheet) 
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Table 3-6b. Model 1 (van Genuchten with m, n) m Parameter for Average Desorption 
and Sorption p-s Curves (0,= 0.4 and 0^ = 0.03). 

SOLUTION 

MODEL W E50 ElOO 

DSP SP DSP SP DSP SP 

1 0.142 0.410 0.184 0.141 0.085 0.099 
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Table 3-7. Parameters for the Average Sorption p-s Curves 
(05= 0.4 and 0,= 0.03). 

SOLUTION 

MODEL W E50 El 00 

a n a n a n 

I 0.0445 1.66 0.118 6.1000 0.116 10.9 

2 0.0446 1.68 0.080 2.081 0.081 2.38 

3 0.0652 2.54 0.100 2.953 0.096 3.22 

4 0.113 0.382 0.123 0.836 0.118 1.07 

5 0.0415 1.72 0.080 2.088 0.080 2.38 

Legend for models: same as Table 3-6a legend. 
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is identical to van Genuchten model results (with m = l-l/n) from RETC program. 

Consistently, the a parameter is higher for ethanol solutions compared to water and it is also 

higher for sorption as opposed to desorption. Conversely, the n parameter in most cases is 

higher for desorption compared to sorption p-s curves. This may reflect the effect of liquid 

properties on hysteresis since the reciprocal of the bubbling pressure is approximately equal 

to l/ct, and the n parameter controls the degree of steepness of the retention curve. It follows 

that the sorption p-s curves are less steep than the desorption curves Typical fit of the data 

to the van Genuchten (VG) and Brooks and Corey models (BC) is shown in Figures 3.15-

3.20. The van Genuchten model gives a better fit. 

3.7 Capillarv Number versus Pressure and Soil Volumetric Moisture 

The Ca number was defined in chapter 1 as a ratio of viscous to surface tension 

forces. It has a velocity component, a factor which is important because it controls the rate 

of liquid flux through the soil and to some extent the degree of continuity of the wetting 

front (especially in cases where preferential flow may occur) 

The Ca is computed by taking into consideration the duration of the experiment so 

that the velocity component can be included in the Ca description. Since each desorption or 

sorption step was allowed to proceed for 6 hours at each pressure, the volume of water lost 

at each pressure step was used to calculate average Darcian velocity and subsequent pore 

water velocity over the 6 hr period. The latter velocity was then converted to pore water 

velocity and used to compute the capillary number. Table 3-8 shows typical calculations for 

the Ca for soil moisture and similar computations were done to obtain Ca for other liquids. 
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Capillary Number Calculations for the Water Data 

Volumetric 
moisture 

DSP 
Volume 

CO 

Q 
A/ater losi 
(cc/6hr) 

Q 
water lost 

cc/s 

Q/A 
Flux density 

cm/s 

Average 
Linear velocity 

Ca 

0.399 103.036 0.000 O.OOOE+00 O.OOOE+00 O.OOOE+OO O.OOOE+00 
0.392 101.356 1.680 7.777E-05 1.721E-06 4.389E-06 5.438E-10 
0.388 100.322 1.034 4.786E-05 1.059E-06 2.729E-06 3.381E-10 
0.380 98.083 2.240 1.037E-04 2.295E-06 6.048E-06 7.493E-10 
0.346 89.338 8.744 4.048E-04 8.960E-06 2.592E-05 3.211E-09 
0.277 71.634 17.704 8.196E-04 1.814E-05 6.545E-05 8.109E-09 
0.244 62.933 8.701 4.028E-04 8.915E-06 3.661 E-05 4.536E-09 
0.212 54.878 8.055 3.729E-04 8.253E-06 3.887E-05 4.816E-09 
0.195 50.484 4.394 2.034E-04 4.502E-06 2.305E-05 2.856E-09 
0.179 46.220 4.264 1.974E-04 4.369E-06 2.443E-05 3.027E-09 
0.169 43.635 2.585 1.197E-04 2.648E-06 1.568E-05 1.943E-09 

vO 
4^ 
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as given in Table 3-9 to 3-14 for desorption and sorption 

As seen from Tables 3-9 and 3-14 which show the Ca versus suction, the Ca 

decreases as pressure increases (and as effective saturation or 0 decreases). Figures 3.21 and 

3.22 show Ca versus pressure for desorption and sorption. At lower pressures (about 30 cm 

or less). El00 has the highest Ca and water the lowest while E50 is intermediate. This trend 

is due to the liquid properties. Compared to the other liquids, E100 has the lowest surface 

tension and also a low viscosity. However, at higher pressures, most of the E100 liquid has 

been lost and ESC has the highest Ca. Water consistently has the lowest Ca because of its 

high surface tension. A similar trend is exhibited in Figures 3 23 and 3 .24 for Ca versus 

effective saturation. In addition, these figures show that as pressure is progressively 

increased, the difference in Ca between the three liquids greatly diminishes, and at high 

enough pressure it seems they would coincide. 

This again shows that the lower region of the SMC is dynamic (The big differences 

between Ca in the lower pressure range are due to differences in liquid propenies since the 

same soil was used). These differences are reflected by the slopes of the regression analysis 

equations between the Ca ratio and effective saturation (section 3 .8), the slopes of the other 

liquids are multiples of the water slope. 
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Table 3-9. Desorption Capillary Numbers for Water 

-h (cm) 0 Ca 

0 0.399 — 

10 0.392 5,438 E-10 

20 0.388 3.381 E-10 

30 0.380 7.493 E-10 

40 0 346 3.211 E-09 

50 0 277 8 109 E-09 

60 0.244 4 536 E-09 

70 0.212 4 816 E-09 

80 0.195 2.856 E-09 

90 0.179 3 027 E-09 

100 0.169 1.943 E-09 
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Table 3-10. Sorption Capillary Numbers for Water 

-h (cm) 0 Ca 

0 0.366 ~ 

10 0.361 4.544 E-10 

20 0.326 3.504 E-09 

30 0.290 4.134 E-09 

40 0.252 4.954 E-09 

50 0.225 3.889 E-09 

60 0.204 3 437 E-09 

70 0.189 2.640 E-09 

80 0.183 1.079 E-09 

90 0.174 1 570 E-09 

100 0.169 1.036 E-09 
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Table 3-11. Desorption Capillary Numbers for E50. 

-h (cm) 0 Ca 

0 0.403 ~ 

10 0,397 2 962 E-09 

20 0 323 4.619 E-08 

30 0.213 1.048 E-07 

40 0.149 8.528 E-08 

50 0.113 6.404 E-08 

60 0.097 3.314 E-08 

70 0.093 1.015 E-08 

80 0.089 8 700 E-09 

90 0.086 6.642 E-09 

ICQ 0.085 3 579 E-09 



Table 3-12. Sorption Capillary Numbers for E50. 
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-h (cm) 9 Ca 

0 0.365 ~ 

10 0.343 1 295 E-08 

20 0.216 1 181 E-07 

30 0.146 9 768 E-08 

40 0.124 3 527 E-08 

50 0.103 4 000 E-08 

60 0.096 1.654 E-08 

70 0 091 1 036 E-08 

80 0.089 4 539 E-09 

90 0.085 8.680 E-09 

100 0.085 1.591 E-09 
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Table 3-13, Desorption Capillary Numbers for El00 

-h (cm) 0 Ca 

0 0.400 — 

10 0,370 1,046 E-08 

20 0.194 1.201 E-07 

30 0.116 8.979 E-08 

40 0.098 2.386 E-08 

50 0 090 1.230 E-08 

60 0,085 7,817 E-09 

70 0.080 6 852 E-09 

80 0.078 4 830 E-09 

90 0 076 2 607 E-09 

100 0.075 1 169 E-09 
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Table 3-14. Sorption Capillary Numbers for El GO. 

-h (cm) 0 Ca 

0 0.367 ~ 

10 0.351 5 834 E-09 

20 0.170 1.415 E-07 

30 0.110 7 084 E-08 

40 0095 2.132E-08 

50 0.086 1.468 E-08 

60 0.081 7.627 E-09 

70 0.079 2.781 E-09 

80 0.077 3 .717 E-09 

90 0075 3 222 E-09 

100 0.075 -2 923 E-10 
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3.8 Prediction of the Desorption and Sorption Curves for Other Liquids From the 
Water p-s Curves 
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3.8.1 Prediction of the Desorption Curves 

Once the p-s curves have been obtained for water, the p-s curves for other fluids 

with different surface tensions and viscosities can be predicted. This could be achieved by 

using effective saturation relationships and scaling with surface tensions (Demond and 

Roberts (1991), Salehzadeh and Demond (1994) and Smith (1995) These capillary p-s 

relationships relate to the Leverett (1941) function. Demond and Roberts (1991) scaled 

capillary pressure saturation relationships using ratios of interfacial tensions and effective 

saturation. Salehzadeh and Demond (1994) applied the same technique to octanoic acid 

solutions with different surface tensions and similarly. Smith (1995) scaled the drainage and 

sorption p-s curves for butanol solutions and water. 

For the three solutions used in this research, the p-s capillary curves were scaled 

using the surface tension ratios. The equation of capillary rise as given below is widely used: 

hj = 2 a cos Y /gpr (27) 

where: 

h^ = height of capillary rise 
a = surface tension 
Y = contact angle 
g = acceleration due to gravity 
p = density of the liquid 
r = capillary radius 

The liquid properties included in this equation are surface tension and density. Thus, by 

considering this function, you simultaneously take care of five other factors, namely 
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acceleration due to gravity, liquid density, capillary radius, height of capillary rise and the 

contact angle y as shown below: 

a = gprh / 2 cos y 

The pressures for the different p-s relationships are proportional to water:liquid 

surface tension ratios ) of2.419 for E50, and 3.294 for ElOO. Tables 3-15 and 3-16 

show suction versus effective saturation/volumetric water content saturation data (S^ = (0 -

0r)/(0^ - ©r) and scaled results for E50 and E100 desorption curves respectively This data 

was obtained by scaling the water data with the corresponding surface tension ratio above 

(the water pressure is divided by 2.419 or 3 294 in order to get corresponding E50 or ElOO 

pressures respectively). The pressures for ethanol liquids at the same effective saturation are 

less than the water pressure. Figures 3.25 and 3 26 show a comparison of scaled data versus 

experimental data for E50 and ElOO The curves are in good agreement with small 

differences. This is a usefiil predictive technique because once the water curve has been 

experimentally determined, then the p-s curves for any other liquids could be predicted 

theoretically. Hence, the water data could be considered the coefficient data for a specific 

soil, then the p-s curve for any other liquid with known surface tension could be predicted 

using the coefficients for that specific soil. 

These predictions, apart from being convenient, save time and minimize exposure to 

e.g. hazardous liquids in the laboratory, and in addition are cost effective This may also help 

to enhance work on remediation of residual contaminants in soil, since p-s curves of such 

chemicals could be readily obtained. It could work for other soils too but differences in soil 
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Table 3-15. Suction versus Effective Saturation Data 
(0s= 0.4 and 0,= 0.03) 

Se Water Ethanol (50%) Ethanol (100%) 

0.1 — — 66 

0.2 — 47 29 

0.3 ~ 38 24.5 

0.4 75 31 20 

0.5 60 25 16 

0.6 49 22 14.5 

0.7 44 20 12 

0.8 35 14 11 

0.9 — — ~ 
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Table 3-16. Suction versus Effective Saturation Data (Scaled) 
(0s = 0.4 and 0,= 0.03) 

Se Water Ethanol (50%) Ethanol (100%) 

0.1 ~ ~ ~ 

0.2 ~ — — 

0.3 — — — 

0.4 75 31 22.77 

0.5 60 24.8 18.21 

0.6 49 20.26 14.88 

0.7 44 18.19 13.36 

0.8 35 14.47 10.63 

0.9 ~ ~ — 
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factors e.g. porosity and permeability would need to be considered. 

Also from the Ca versus P relationships given, the capillary number seems to be 

important in the lower portion of the p-s curves where the moisture content is higher 

Hence, for this dynamic region, the combination of Ca function and pore water velocity 

relationship may be useful for some computations. The two equations can be applied 

together with flux density (q„) and pore water velocity (q^^*) as below: 

Ca = q^^v/a (28) 

which can be rewritten as 

0 = c q^yCa (29) 

where c is a constant equal to v/c (since q„« = q,y0). Thus from the basic definition, 0 and 

q,^/Ca have a linear relationship with slope c Thus the capillary number effect can be 

embedded in the relationship: 

e = cR,, (30) 

where = q^^Ca = Capillary number ratio. This combination equation may be a more 

convenient equation to use in some of the computations relating p-s curves and hysteresis. 

The average desorption and sorption data for the DPT-I and DPT-N methods given 

in Table 3-17 will be used to develop other functions related to the Ca. 

Since the slope (c) is the ratio of viscosity to surface tension, it follows that 

0= 1.239E-2R,,j for water (31) 

0 = 7.608E-2 for ethanol (50%) (32) 

0 =4.989E-2 R„a for ethanol (100%) (33) 
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where is R^, evaluated for desorption. And in a similar manner using effective saturation 

(Se with 0,= 0.4 and 0^ = 0.03), the following equations are obtained. 

Se = 3.35E-2R^ -8.11*IQ-- for water (34) 

S. = 2.058E-1 -8.11*10-- forethanol (50% (35) 

S.= 1.35E-1 -8.11* 10-- for ethanol (100) (36) 

With effective saturation, slopes of the other liquids are multiples of the water slope. The 

multiplication factor being the ratio of c in equation 29 For example, the c ratio for water 

is (1.239)(10)'' and for E50 is (7.608)( 10)"v Hence, the constant for effective saturation 

equation for E50 is (3.35)( lOy' / (Q/Qj,, ) where C„ and C,;^, are c constants for water and 

ethanol 50% respectively. Hence, we get: 

(-> JS) _ 0 2059 
(l.239)(10 -)/(7.613)(10 *) 

and similarly for El00 with a c ratio of(4.989)( lO)'', the S^. equation constant is 

(3.35) 

(1.239)(10 2)/(4.989)(10 -) 
- 0 1346 

Thus, for any other liquids, the slopes will all be similar multiples of the water slope. 

Since slopes in the above equations can readily be found, if the relationship between of 
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different liquids is icnown, this could be another alternative way to predict the desorption 

curves for other liquids from the water curves once the surface tension and viscosity is 

known. 

3.8.2 Prediction of the Sorption Curve 

This could be done using a from the van Genuchten (1980) function. Kool and 

Parker (1987) reported a mean ratio of 2.08 for a'/a** (sorption a /desorption a) with a 

standard deviation ofO.46 for the soils they used (mostly loamy) They also found the ratio 

was higher (2.29 ± 0.47) for disturbed soils and lower (1 88 0 40) for undisturbed soils 

They recommended a ratio of 2 with the same n as a rough estimate For this work, a sandy 

soil was used and Figures 3.27-3.29 show e.xperimental sorption curves for the three liquids 

together with van Genuchten (1980) fit with m = I - I/n. followed by two predicted curves, 

represented as scale I (aVa** ratio of 2 applied) and scale 2 (a'/a'' ratio of 1 43 applied). 

The latter ratio is an estimation from the Vinton fine sand used in this research for water and 

ethanol liquids. The initial n is based only on the desorption curve. Table 3-18 shows the 

fitting parameters used. The ratio aVa'' for water is closer to that estimated by Kool and 

Parker (1987) i e. 2.0, but it seems not to hold when surface tension or viscosity is 

significantly different compared to water. For all three liquids, a'/a'' ratio of 1 43 gave a 

better estimate of the sorption curve. 

Regression analysis may also be used to determine specific sorption equations for 

other liquids when the desorption curve is known Regression data for 9, (sorption water 
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Figure 3.27 Water sorption curve. Experimental versus predicted (scale 1 as/ad= 

2 and for scale 2, as/ad = 1.43) 
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Figure 3.28 Ethanol (50%) sorption curve. Experimental versus predicted (scale 
1 as/ad = 2 and for scale 2, as/ad = 1.43) 
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Figure 3.29 Ethanol (100%) sorption curve. Experimental versus predicted (scale 

1 as/ad = 2 and for scale 2, as/ad = 1.43) 
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Table 3-18. van Genuchten Fitting Parameters for Sorption Curves in Figures 3.27-3.29. 

Figure Scale a 0s 0r n 

Water VG 0.031 0.366 0.0303 1.823 

scale 1 0.036 0.366 0.0303 1.482 

scale 2 0.026 0.366 0.0303 1.739 

E50 VG 0.067 0.364 0.0303 2.148 

scale 1 0.086 0.364 0.0303 1.748 

9 9  scale 2 0.062 0.364 0.0303 1.993 

ElOO VG 0.071 0.366 0.0303 2.441 

9 9  scale 1 0.086 0.366 0.0303 1.757 

9 9  scale 2 0.102 0.366 0.0303 1.963 
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content) versus 9j (desorption water content) is of acceptable accuracy with a R" value of 

^0.90 (Table 3.19). Similar regression analysis can also be done using 0, versus instead 

of 0d and similar equations are obtained with the same degree of accuracy. 

a: 0, = 0.789 0j + 0.019 for soil moisture (37) 

b: 0, = 0.797 0j +0.009 for ethanol (50%) (38) 

c: 0, = 0.915 0j +0.004 for ethanol (100%) (39) 

The data obtained using the regression prediction equations tally well with 

experimental data as shown by the comparative figures 3 30-3 32 which show plots of 

experimental data versus predicted for the three liquids 

3 .9 Prediction of the Scanning Curves 

Scanning curves may be predicted by scaling from the main drying curve (dry 

scanning curve) and main wetting curve (wetting scanning curve) using the relationships 

introduced by Scott et al. (1983) and later expounded by Kool and Parker (1987). The latter 

set 0r= 0,j = 0„^ and discussed two cases, a closed and open main hysteresis loop (9,„ = 0^ 

and 0„^ " 0^ respectively). 

For closed hysteresis main loop, the dry scanning curves are scaled using the 

parameter vector (0,', 0,, a^, nj), where 9/ replaces 0, and is computed as: 

e: = 

U K )  

(40) 
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Table 3-19. Statistical Parameters for Prediction Equations from Regression Output. 

R- Standard Error of 
Y Estimate 

Standard Error of 
X Coefficient 

Soil moisture 0.90 0.03 0.095 

Ethanol (50%) 0.95 0.03 0.067 

Ethanol(100%) 0.998 0.005 0.014 
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Figure 3.30 Water sorption curve. Experimental versus predicted using linear fit 
of desorption curve 
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Figure 3.31 Ethanol (50%) sorption curve. Experimental versus predicted using 
linear fit of desorption curve 
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Figure 3.32 Ethanol (100%) sorption curve. Experimental versus predicted using 
linear fit of desorption curve 
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where 0.^ is water content at the reversal point, and S^.j(h^) is effective saturation at the 

reversal pressure head (hj. The wetting scanning curve is similarly scaled off the main 

wetting curve using the parameter vector (0„ 0/, n,^), and 0/ is computed as: 

Q- Q. " Qj' (41) 

Due to air entrapment, the hysteresis loop may not be closed at saturation. For such 

cases, Kool and Parker (1987) discuss implementation of functions presented by Aziz and 

Settari (1979) whereby, the saturation point (0^) for a rewetting scanning curve is calculated 

as below: 

Q ^ (42) 

where R is computed as: 

R  = - : 

A value of 28.54 was obtained for R (with 0^ = 0.399, 0,,^ = 0 367. 0,j = 03) and 

0„ = 0.37 (with 0^= 0.240). The latter value (©„ ) was substituted for 0, in the above 

equations in order to predict the dry and wet scanning curves The e.xperimental scanning 

curves were shown in section 3 2 3 (Fig.3 9) Here fitted (van Genuchten model with m =1-
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1/n) main and scanning curves are shown together in Fig. 3 33 (and van Genuchten 

parameters are given in Table 3-20), then experimental and predicted scanning curves are 

plotted in Fig. 3.34. The curves seem to be in good agreement, hence, this may be a reliable 

approach to be utilized in predicting scanning curves. 

3.10 Relationship of Capillary Number with the Residual Saturation of the Non-wetting 
Phase 

During multiphase flow in a porous medium, the nonwetting phase may get trapped 

by the displacing wetting phase. Vizika and Payatakes (1989) observed the displacing phase 

moving as a double front, composed of a primary front which fills the whole pore and a 

secondary front which moves along the pore edges They reported that the secondary front 

caused disconnections of the nonwetting fluid by "snap off (pinch off, choke otT) 

mechanisms. 

Morrow et al. (1985), plotted a linearly increasing relationship between reduced 

residual saturation and Ca using glass beads as a porous medium. The results obtained in the 

present research are overall consistent with their work. Figure 3.35 shows the relationship 

between residual nonwetting saturation and Ca for the three liquids used. A similar 

relationship is exhibited between residual nonwetting saturation and the viscosity to surface 

tension ratio. As this ratio increases, the nonwetting phase increases too Hence, water has 

the least residual nonwetting saturation and E50 has the highest Water also has the lowest 

Ca and E50 has the highest. With more data, it should be possible to develop a relationship 

between residual nonwetting phase and Ca or the v/o ratio. This would be useful in 
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Table 3-20. van Genuchten Fitting Parameters for Water Main and Scanning Curves 
Given in Figure 3.33. 

Curve a 9, e, n 

Main-DSP 0.018 0.399 0.03 2.696 

Main-SP 0.031 0.367 0.03 1.818 

Scan-DSP 0.017 0.375 0.03 3.207 

Scan-SP 0.024 0.375 0.03 1.906 
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Figure 3.34 Experimental and predicted scanning curves (0 to 60 em) 
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hysteretic computations including prediction of the sorption curve. 
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CHAPTER 4 

CONCLUSIONS 

It is well known that hysteresis is due to both porous medium and fluid factors. In 

this study, we looked at the liquid factors which were responsible for variability in 

hysteresis. Three methods were employed, to determine hysteresis in one soil. They were: 

the Hanging Water Column, Differential Pressure Tranceducer-Imbibition and Differential 

Pressure Tranceducer-Natural. We developed hysteresis curves for water and water-ethanol 

mixtures. The HWC which is considered the standard method is compared with the other 

two methods which use applied pressure (via manometer) and ditTerential pressure 

transducers to measure the e.xcess pressure. The etTect of methodology on the precision of 

the capillary p-s curves was found to be relatively negligible. All three methods performed 

well as long as equilibrium was allowed to be reached at each stage. However, there were 

differences related to time, labor cost and set up. The Hanging Water Column which is 

considered the conventional method for determination of capillary curves is more time 

consuming, and can take as long as 5 days to achieve equilibrium at one point Otherwise it 

is an inexpensive method. The Differential Pressure Transducer methods were found superior 

to the Hanging Water Column because it takes less time yet the results obtained were 

of comparable accuracy. However, in order to get good results, these two methods need to 

be set up carefully with a differential pressure transducer to evaluate pressure input into the 

soil column, otherwise, erroneous results may be obtained 

The capillary number is important especially in the lower region of the pressure-

saturation curves which has a higher water content. Capillary numbers are high in this 
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portion but as moisture content decreases, and at high pressure, they hardly show any 

differences in water content. When drainage commences, surface tension is the major liquid 

property in control. The liquid with lowest surface tension has the highest Ca initially, but 

rapidly seem to lose most of their moisture. The more viscous liquid eventually shows a 

higher Ca, probably because the latter at this point still has a higher amount of residual 

liquid. 

The results of this study showed that the desorption pressure-saturation curves for 

other liquids can be predicted from water curves by scaling pressure using the the relative 

surface tension ratio. The van Genuchten a parameter for the desorption curves may also 

be predicted by scaling with the same water liquid surface tension ratios The desorption a 

for any liquid is a product of the water desorption a and the surface tension ratio. Prediction 

of p-s curves saves time and cost and may help to promote work on remediation of residual 

contamination The sorption curve for water may be estimated using the ratio of 2 (for a' 

/ a"*', but a smaller value was found appropriate for the ethanol mi.xtures. 

Prediction of the scanning curves by scaling from the main wetting and main drying 

curves was found to work well and is recommended as a reliable approach. Also, there seems 

to be a definite relationship between the residual nonwetting phase and the capillary number 

which could be developed if adequate data are available. 
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APPENDIX A 

Hanging Water Column (HWC) Data 

Table A-1, Water desorption data 

0 0 0 Average 

(- h cnn) Column 1 Column 2 Column 3 

0 0.400 0.400 0.396 0.399 

10 0.392 0.391 0.380 0 388 

20 0.387 0.385 0.375 0 382 

30 0.377 0.377 0 368 0 374 

40 0.340 0 346 0,335 0.340 

50 0.273 0 285 0 270 0 276 

60 0.235 0.250 0.240 0.242 

70 0.202 0 218 0 212 0.211 

80 0.183 0 197 0.195 0.192 

90 0.162 0.180 0.178 0 173 

100 0.151 0.167 0.165 0.161 
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Table A-2. Water sorption data. 

\̂l 0 0 0 Average 

(- h cm) Column 1 Column 2 Column 3 

0 .362 365 368 365 

10 0.355 0.360 0 358 0 358 

20 0.323 0.327 0 317 0 322 

30 0.287 0 287 0.277 0.284 

40 0.248 0.242 0.253 0.248 

50 0.215 0 210 0.232 0.219 

60 0.188 0.194 0.207 0.196 

70 0.175 0.186 0.192 0,184 

80 0.170 0.181 0.186 0.179 

90 0.160 0.180 0 180 0.173 

100 0.151 0.167 0.165 0.161 



Table A-3. Ethanol (50%) desorption data. 
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0 0 0 Average 

(- h cm) Column 1 Column 2 Column 3 

0 0.406 0.403 0.400 0.403 

10 0.396 0.398 0.393 0.396 

20 0.298 0.297 0293 0.296 

30 0.185 0.185 0.183 0.184 

40 0.150 0.152 0.145 0.149 

50 0.126 0.120 0.122 0.123 

60 0.113 0 1 10 0 109 0.111 

70 0.100 0.101 0.100 0.100 

80 0.093 0.097 0095 0 095 

90 0.090 0.095 0.093 0 093 

100 0.088 0 091 0 090 0 090 



Table A-4. Ethanol (50%) sorption data. 
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¥ 0 0 0 Average 

(- h cm) Column I Column 2 Column 3 

0 .365 364 .360 .363 

10 0.332 0.336 0.342 0 337 

20 0.180 0.193 0.210 0 194 

30 0.137 0 127 0 145 0 136 

40 0 113 0.112 0.125 0 117 

50 0.105 0.103 0.110 0 106 

60 0.100 0.101 0.103 0 101 

70 0.099 0.100 0.100 0.100 

80 0.093 0.097 0.095 0095 

90 0.087 0.094 0.091 0 091 

100 0.088 0.091 0.090 0 090 



Table A-5, Ethanol (100%) desorption data. 
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0 0 0 Average 

(- h cm) Column 1 Column 2 Column 3 

0 .402 .401 .394 .399 

10 0.367 0.375 0.350 0.364 

20 0.177 0.197 0.175 0.183 

30 0.103 0.118 0.100 0.107 

40 0.094 0.097 0 089 0 093 

50 0 089 0.087 0 081 0 086 

60 0.087 0 078 0.076 0 080 

70 0.086 0 077 0 074 0 079 

SO 0.084 0075 0.072 0 077 

90 0 083 0 074 0.071 0 076 

100 0.080 0.069 0.070 0 073 



Table A-6. Ethanol (100%) sorption data. 
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¥ e 0 0 Average 

(- h cm) Column 1 Column 2 Column 3 

0 364 361 367 .364 

10 0 345 0 348 0.329 0 341 

20 0.156 0 170 0 142 0 156 

30 0.095 0.114 0.092 0.100 

40 0.090 0 094 0.084 0 089 

50 0.087 0.085 0.078 0 083 

60 0.084 0.077 0.074 0 078 

70 0.084 0.076 0.072 0.077 

80 0.083 0.075 0.072 0 077 

90 0.081 0.075 0.070 0.075 

100 0.080 0 069 0 070 0073 
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APPENDIX B 

Differential Pressure Transducers-Imbibition (DPT-I) Data 

Table B-1. Water desorption data. 

V|/ 9 0 0 Average 

(- h cm) Column 1 Column 2 Column 3 

0 0.398 0.401 0.395 0 398 

10 0 390 0.391 0 389 0.390 

20 0.389 0.388 0387 0.388 

30 0.384 0.383 0 375 0 381 

40 0.341 0.352 0 345 0.346 

50 0.276 0.281 0 279 0.279 

60 0.246 0.251 0 237 0.245 

70 0.208 0.213 0.216 0.212 

80 0.197 0.199 0.193 0.196 

90 0.179 0.185 0.175 0.180 

100 0.169 0.174 0.166 0.170 



Table B-2. Water sorption data. 
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0 0 0 Average 

(- h cm) Column I Column 2 Column 3 

0 0 369 0 367 0.370 0 369 

10 0.365 0 358 0 367 0 363 

20 0.331 0.325 0 328 0.328 

30 0.290 0.296 0 289 0 292 

40 0.258 0.247 0 256 0 254 

50 0.228 0.230 0.226 0.228 

60 0.201 0.210 0.199 0 203 

70 0.190 0.195 0 189 0 191 

80 0.184 0.187 0.183 0 185 

90 0.175 0.175 0.172 0 174 

100 0.169 0 174 0 166 0 170 



Table B-3. Ethanol (50%) desorption data 
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0 0 0 Average 

(- h cm) Column 1 Column 2 Column 3 

0 0.401 0.402 0.405 0.403 

10 0.395 0.399 0.397 0.397 

20 0 322 0.320 0.325 0 322 

30 0.212 0.218 0.214 0 215 

40 0 148 0 146 0 151 0 148 

50 0.111 0.1 15 0 1 14 0 113 

60 0.096 0 097 0.099 0 097 

70 0.092 0.094 0.094 0.093 

80 0.089 0.088 0 090 0.089 

90 0.087 0.086 0 085 0 086 

100 0.086 0.084 0.085 0085 



Table B-4. Ethanol (50%) sorption data. 
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0 0 0 Average 

(- h cm) Column I Column 2 Column 3 

0 0.361 0 366 0 368 0 365 

10 0.336 0 334 0.349 0 340 

20 0.225 0.207 0,222 0 218 

30 0.148 0.132 0.153 0.144 

40 0.120 0.122 0.125 0.122 

50 0.098 0.112 0.105 0 105 

60 0.093 0.096 0 097 0.095 

70 0 090 0 092 0 094 0.092 

80 0.089 0.088 0 090 0.089 

90 0.086 0.086 0 085 0 086 

100 0.086 0.084 0085 0.085 
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Table B-5. Ethanol (100%) desorption data. 

0 0 0 Average 

(- h cm) Column 1 Column 2 Column 3 

0 0.397 0.401 0.402 0.400 

10 0 374 0 380 0378 0 377 

20 0 190 0.195 0 186 0.190 

30 0 115 0 116 0 1 12 0 I 14 

40 0.097 0.100 0 098 0 098 

50 0.092 0 089 0.087 0 089 

60 0.086 0.082 0.086 0.085 

70 0 081 0079 0 082 0.081 

80 0.076 0.076 0.079 0.077 

90 0074 0.074 0.078 0.075 

100 0.073 0.074 0.078 0.075 



Table B-6. Ethanol (100%) sorption data. 
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9 0 e Average 

(- h cm) Column I Column 2 Column 3 

0 0.369 0.363 0.365 0 366 

10 0.358 0.353 0.359 0.357 

20 0.147 0.175 0.166 0.163 

30 0.110 0.112 0.106 0.109 

40 0.094 0 098 0.095 0.096 

50 0.090 0084 0 086 0.087 

60 0.083 0.081 0 084 0.083 

70 0.081 0.077 0.081 0.080 

80 0.076 0.075 0 079 0 077 

90 0.074 0074 0 078 0 075 

100 0 073 0074 0 078 0 075 
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APPENDIX C 

Differential Pressure Transducers-Natural (DPT-N) Data 

Table C-1. Water desorption data. 

e 0 0 Averag 

e 

(- h cm) Column 1 Column 2 Column 3 

0 0.397 0.400 0.401 0.399 

10 0.394 0.396 0.393 0 394 

20 0.389 0.391 0.385 0.388 

30 0.382 0.376 0.377 0 378 

40 0.348 0.342 0.346 0.345 

50 0.280 0,270 0 277 0 270 

60 0.245 0.239 0.243 0.242 

70 0.210 0 212 0.215 0 212 

80 0.197 0 191 0 195 0 194 

90 0 184 0.177 0 173 0 178 

100 0.172 0.165 0.167 0.168 
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Table C-2. Water sorption data. 

0 0 0 Average 

(- h cm) Column 1 Column 2 Column 3 

0 0.360 0.370 0.367 0.366 

10 0.350 0.365 0 361 0 359 

20 0.327 0.321 0.325 0 324 

30 0.285 0.292 0 286 0 288 

40 0.255 0.245 0.249 0 250 

50 0.220 0.228 0 218 0 222 

60 0.198 0.205 0.209 0.204 

70 0.179 0.190 0.188 0 186 

80 0.176 0.184 0.181 0.180 

90 0.174 0.173 0.176 0.174 

100 0.172 0.165 0 167 0.168 



Table C-3. Ethanol (50%) desorption data. 
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0 0 0 Average 

(- h cm) Column 1 Column 2 Column 3 

0 0,405 0.403 0.401 0 403 

10 0.398 0.397 0.396 0.397 

20 0.326 0 321 0.318 0.322 

30 0.210 0.212 0.209 0.210 

40 0.150 0.153 0.148 0 150 

50 0.1 12 0.1 15 0 113 0.113 

60 0 097 0 099 0 096 0 097 

70 0.090 0 093 0 093 0 092 

80 0 087 0 090 0.089 0 089 

90 0.085 0 086 0.087 0 086 

100 0.083 0.085 0.084 0.084 



Table C-4. Ethanol (50%) sorption data. 
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Ml  e 0 9 Average 

(- h cm) Column 1 Column 2 Column 3 

0 0.365 0.360 0.367 0 364 

10 0.350 0.345 0.340 0.345 

20 0,217 0 210 0 215 0 214 

30 0.150 0 147 0 143 0 147 

40 0.125 0.128 0 123 0 125 

50 0.100 0.101 0.104 0.102 

60 0.095 0.097 0.095 0.096 

70 0.088 0.092 0.089 0.090 

80 0.087 0.090 0.089 0 089 

90 0.084 0.085 0 085 0 085 

100 0.083 0 085 0 084 0 084 
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Column 1 Column 2 Column 3 

0.394 0.403 0.401 

0.345 0.375 0,370 

0.187 0  2 1  1  0 195 

0.1 17 0.114 0 1 19 

0.100 0.098 0 094 
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0.083 0 075 0 082 

0,082 0,074 0 078 

0 081 0 073 0,076 
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Table C-6. Ethanol (100%) sorption data. 
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0 0 0 Average 

(- h cm) Column I Column 2 Column 3 

0 0.367 0 365 0.369 0.367 

10 0.328 0 357 0.351 0 345 

20 0.168 0 185 0 176 0 176 

30 0.111 0.110 0.113 0.111 

40 0.096 0.095 0.092 0 094 

50 0.088 0.080 0.085 0.084 

60 0.082 0.073 0.082 0.079 

70 0.081 0.074 0.081 0.079 

80 0.080 0.074 0.078 0.077 

90 0.078 0072 0 075 0.075 

100 0.081 0.072 0 074 0.076 
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APPENDIX D: 

Scanning Curve Data 

Table D-1, Scanning curve data. 

HWC HWC DPT-l DPT-l DPT-N DPT-N 

(- h cm) DSP SP DSP SP DSP SP 

0 0378 0.370 0 376 0 368 0.380 0 372 

10 0.375 0.365 0.372 0 367 0.369 0.362 

20 0.368 0.345 0.370 0.342 0.365 0.346 

30 0.355 0.310 0.359 0.313 0.352 0.315 

40 0.315 0.270 0.318 0.273 0.316 0.268 

50 0.273 0.249 0.275 0.248 0.271 0 252 

60 0,242 0.242 0.240 0.239 0.244 0.241 
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APPENDIX E 

The Hanging Water Column (HWC) Procedure 

a. Dry fine sand in the oven at a temperature of 105 "C for 24-48 hrs; then 
remove, put in a desiccator and allow to equilibrate for 15-20 min, 

b. Remove from desiccator and pack soil columns. Then press with 'hydraulic 
press' in order to attain a bulk density of about 1.50 A total of 9 soil 
columns are prepared (triplicate for each solution). 

c. Assemble the Pressure cells 
d. Saturate the soil columns by pumping solution into the Pressure cell from 

below using a low flow rate (0 75 ml/min) until the whole cell is immersed 
in solution ( a period of about 24-48 hrs) 

PRECAUTION: All alcohol samples should be saturated under the hood and 
all containers used should be securely covered with ethanol non-reactive material. 

e. Put saturated pressure cells on a manifold stand and a volumetric flask 
(covered) to collect effluent at the bottom of each pressure cell. (Use 
appropriate non-reactive cover for ethanol samples) Allow to equilibrate 

under atmospheric pressure for a period of 12 hrs. 
f Weigh the pressure cells. 
g. Install tensiometer and regular pressure transducer (RPT) into each 

Pressure cell (weight of tensiometer and RPTs should be known) 
h. Connect the RPTs to a data logger 
i. Weigh each Pressure cell again. 
j Siphon respective solution into the tubing-buret system and connect this to 

the Pressure cell (avoid air entering into the system) 
k. Put the water level in the buret (L) at the same level as the porous 

membrane (PM) and leave to equilibrate for 12 hrs 
I. Weigh the cell again. 
m. Begin determination of the main drainage curve (DESORPTION). Follow 

steps below 
n. Lower L a distance X cm (10 cm) from PM and leave for 24 hrs. 
o. Every 24 hrs, disconnect snap valves and weigh the pressure cell and also 

take note of the pressure head. Equilibrium is considered to have been 
attained if the difference between current and previous weight is less or 
equal to 0.5 g. 

p. If equilibrium has been attained, weigh the cell, take note of the pressure 
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head and lower L down to the next step (i.e. 20 cm) 
q. Repeat step o 
r. Repeat steps p and o above for ail the remaining pressure levels i.e 30, 40. 

50, 60, 70,80, 90,and 100 cm Then begin SORPTION following the steps 
below. 

s. From the last desorption step (100 cm), raise L to the previous step (i e 90 
cm) and leave to equilibrate for 24 hrs. 

t. Every 24 hrs weigh the pressure cell and take note of the pressure head also 
Equilibrium is considered to have been attained if the difference between 
current and previous weight is less or equal to 0.5 g. 

u. If equilibrium has been attained, disconnect snap valves and weigh the 
pressure cell then raise L down to the next step (i e. 80 cm), 

v. Repeat steps u and t above for all the remaining pressure steps (70. 60, 50, 
40, 30, 20, 10, 0 cm). 
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APPENDIX F 

Differential Pressure Transducers-Imbibition (DPT-1) Procedure 

a. Dry fine sand in the oven at a pressure temperature of 105 "C for 24-48 hrs, 
then remove, put in a desiccator and allow to equilibrate for 15-20 min. 

b Remove from desiccator and pack soil columns Then press with 'hydraulic 
press' in order to attain a bulk density of about 1.50 A total of 9 soil 
columns are prepared (triplicate for each solution). 

c. Assemble the pressure cells. 
d. Saturate the soil columns by pumping solution into the pressure cell from 

below using a low flow rate (0.75 ml/min) until the whole cell is immersed 
in solution ( a period of about 24-48 hrs). 

PRECAUTION: All alcohol samples should be saturated under the hood and 
all containers used should be securely covered with ethanol non-reactive material. 

e. Put saturated pressure cells on a manifold stand and a volumetric flask 
(covered) to collect effluent at the bottom of each Pressure cell (Use 
appropriate non-reactive cover for ethanol samples) Allow to equilibrate 
under atmospheric pressure for a period of 12 hrs 

f Weigh the Pressure cells. 
g. Install tensiometer and a deferential pressure transducer (DPT) into each 

Pressure cell (weight of tensiometer and DPTs should be known) 

h. Connect the DPTs to a data logger. 
i. Weigh each Pressure cell again and take note of the corresponding pressure 

head 
J. Begin determination of the main drainage curve (DESORPTION). Follow 

steps below. 
k. Start desorption by applying manometer pressure of 10 cm to the system 

(correct hanging water column etTect, h cm in Fig. 2.6) 
I. Every hour, weigh each Pressure cell and take note of the tension, 

m. After 4 hrs of desorption, take the current DPT reading (x cm), 
n. Adjust pressure applied from the manometer so that it is 3 cm above "x' and 

continue desorption for 2 more hours at this new pressure 
o. Continue to weigh the Pressure cell hourly and note the tension too. Take 

equilibrium soil tension as the average tension during the latter hour (second 
hour). 

p. Increase manometer pressure to the next step i e 20 cm 
q. Repeat steps 1 - p. 
r. For the remaining pressure points (30, 40, 50, 60, 70, 80, 90 and 100 cm) 

repeat q above 



When 100 cm step has been reached, begin determination of the main 
rewetting curve (SORPTION) . Decrease pressure applied in a step-wise 
manner from 100 cm to 0 cm. At each point, allow the soil column to imbibe 
water from the effluent container for a total of 6 hrs. Follow steps below; 
Reduce pressure by 10 cm (i.e. to 90 cm) and leave the cell to imbibe 
solution for 6 hrs. (The solution level in the effluent tlask should be topped 
up as it decreases during the 6 hrs). 
Weigh the cell and take the pressure head reading hourly. 
After 6 hrs, repeat steps t and u for all the remaining pressure points (80, 
70. 60, 50, 40, 30, 20, 10, 0 cm). 



157 

APPENDIX G 

DifFerential Pressure Transducers-Natural (DPT-N) Procedure 

a. Dry fine sand in the oven at a temperature of 105 "C for 24-48 hrs; then 
remove, put in a desiccator and allow to equilibrate for 15-20 min. 

b. Remove from desiccator and pack soil columns. Then press with 'hydraulic 
press' in order to attain a bulk density of about 1.50. A total of 9 soil 
columns are prepared (triplicate for each solution). 

c. Assemble the pressure cells. 
d. Saturate the soil columns by pumping solution into the Pressure cell from 

below using a low flow rate (0 75 ml/min) until the whole cell is immersed 
in solution ( a period of about 24-48 hrs) 

PRECAUTION: All alcohol samples should be saturated under the hood and 
all containers used should be securely covered with ethanol non-reactive material 

e. Put the saturated pressure cells on a manifold stand and a volumetric tlask 
(covered) to collect effluent at the bottom of each pressure cell (Use 
appropriate non-reactive cover for ethanol samples). .Allow to equilibrate 
under atmospheric pressure for a period of 12 hrs. 

f Weigh the pressure cells. 
g. Install tensiometer and a deferential pressure transducer (DPT) into each 

Pressure cell (weight of tensiometer and DPTs should be known). 

h. Connect the DPTs to a data logger. 
i. Weigh each p ressure cell again and take note of the corresponding pressure 

head. 
j. Begin determination of the main drainage curve (DESORPTION). Follow 

steps below. 
k. Start desorption by applying manometer pressure of 5 cm to the system. 
I. Every hour, weigh each Pressure cell and take note of the pressure head, 
m. After 4 hrs of desorption, take the current DPT reading (.x cm) 
n. Adjust pressure applied from the manometer so that it is 3 cm above 'x' and 

continue desorption for 2 more hours at this new pressure 
o. Continue to weigh the Pressure cell hourly and note the tension Take 

equilibrium soil tension as the average tension during the latter hour (second 
hour). 

p. Increase manometer pressure to the next step i.e 10 cm 

q. Repeat steps 1 - p. 
r. For the remaining pressure points (15, 20, 25, 30, 35,40, 45, 50, 55, 60, 65, 

70, 75, 80, 85, 90, 95, and 100 cm) repeat q above. 
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When 100 cm step has been reached, begin determination of the main 
rewetting curve (SORPTION) Decrease pressure by 5 cm (i.e. 95 cm) and 
pump required amount of solution into the soil column through the septum 

stopper. Use a low flow rate (0 40 ml/min) 
Every hour, weigh the cell and take note of the pressure head reading 
After 6 hours, reduce the pressure by 5 cm (i.e 90 cm) and repeat step t. 
For all the remaining pressure steps (i.e. 80, 75, 70, 65, 60, 55, 50, 45, 40, 

35, 30, 25, 20, 15, 10, 5, 0 cm) repeat step u above. 
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