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Capillary pressure-saturation data obtained for

unconsolidated porous media with different liquids are

examined to investigate the effects of clay-liquid

interactions on liquid retention. Liquid retention

functions are assumed to reflect the effective pore-size

distributions. The hydraulic variables, capillary

pressure and saturation, are transformed to account for



changes in liquid retention that could be attributed to

differences in contact angle, density, and surface

tension of the liquids.

The non-linear Su-Brooks (1976) retention function was

linearized so that standard statistical programs can be

used on the experimental capillary pressure-saturation

data to obtain the retention parameters. The method

developed is more rapid than the original method and

takes all of the data into consideration.

Capillary pressure-saturation data were collected on

samples containing 40% montmorillonite as a function of

total electrolyte concentration and sodium adsorption

ratio. The latter affects measured values only at

electrolyte concentrations below 0.5N. Three empirical

retention functions were fit to the experimental data to

determine the respective retention parameters. The

retention functions fit the experimental data very well,

with an average of R2 of 0.9961. The average R 2

obtained from a multivariate regression model of

retention parameters as a function of electrolyte

concentration and sodium adsorption ratio was 0.948. The

changes in capillary pressure-saturation relationships



are explained by swelling.

Retention curves for different clay minerals are compared

when the wetting fluids are polar (water) or non-polar

(soltrol) liquids. The retention curves for water in

illite can be accurately predicted from the soltrol

curves by assuming an adsorbed water layer up to 1580

molecular layers in thickness. This correction does not

predict the measured curves for montmorillonite,

apparently because of swelling of the clays in water.
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EFFECTS OF CLAY-WATER INTERACTIONS

ON WATER RETENTION IN POROUS MEDIA

CHAPTER I



INTRODUCTION

The flow and retention of fluids in porous earth

materials is affected by interactions of the fluids with

clay minerals. The changes in hydraulic behavior brought

about by these interactions are most pronounced with clay

minerals of the expanding type such as montmorillonite.

Effects include an increase in water retention and a

decrease in hydraulic conductivity. Some researchers

have proposed a long-range ordering of water molecules

from clay surfaces to account for their experimental

results. Other researchers have discounted the theory of

long-range order. They have asserted that any ordering

of water molecules would be confined to a distance of

only a few molecular diameters from the mineral surface.

Other researchers have investigated the effects of

electrolyte concentration and sodium adsorption ratio

(SAR) on hydraulic properties.

This thesis investigates the changes in the retention of

liquids in unconsolidated porous media brought about by

clay-liquid interactions. Liquid retention functions

obtained on samples containing different types of clay

minerals with different liquids are compared to evaluate
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the effects clay-liquid interactions have on liquid

retention. It is assumed that the liquid retention

function for a particular sample reflects the effective

pore-size distribution of that sample.

A method of linearizing the Su-Brooks (1976) retention

function is outlined in Chapter II. The resulting form

of the retention function permits the parameters of the

function to be umambiguously determined from a linear

multiple regression analysis. The original method of

determining the retention parameters proposed by Su and

Brooks (1976) involved simultaneously solving a system of

four equations from four arbitrarily chosen data points.

The technique proposed utilizes all the data and provides

a quantitative measure of how well the retention function

fits the experimental data.

Changes in liquid retention curves as a function of total

electrolyte concentration and SAR of the wetting fluid

are investigated in Chapter III. Three different

retention functions are fit to the experimental data and

the resulting coefficients of determination (R2) are

compared. In addition, the parameters of the three

retention functions are regressed against electrolyte
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concentration and SAR by the use of a multivariate

regression model to determine if capillary

pressure-saturation functions can be estimated from

variables which affect clay-water interactions. The

change in retention curves is explained by clay

swelling. At electrolyte concentrations less than 0.5N,

the SAR affected the retention curves. At higher

electrolyte concentrations, the curves are similar for

the different SARs. It appears that montmorillonite

swells appreciably in solutions with an electrolyte

concentration as high as 3N.

Differences in liquid retention curves for porous media

containing different types of clay minerals when the

wetting fluids are polar (water) and non-polar (soltrol)

liquids are investigated in Chapter IV. The retention

functions with water and soltrol for kaolinite samples

are statistically similar and for Ca-montmorillonite and

illite samples are statistically different. Swelling of

the clays in water is the explanation for the difference

in retention curves for montmorillonite samples. For

illite samples the difference in curves can be explained

by an adsorbed water layer up to 1580 molecular layers in

thickness. This is based on the absence of swelling of

illite with water and the fact that measured water



retention curves can be prredicted from measured soltrol

retention curves by assuming an adsorbed layer of water.

The appendix contains the computer program used in

Chapter IV to predict water retention functions from

measured soltrol retention curves and all of the

laboratory data used in Chapters III and IV.
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CHAPTER II

LINEARIZATION OF THE SU-BROOKS

RETENTION FUNCTION
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ABSTRACT

The non-linear Su and Brooks (1976) retention function

was linearized so that a standard statistical model can

be used on the capillary pressure-saturation data to

obtain the retention parameters. The method developed is

considerably more rapid than the original method proposed

by Su and Brooks (1976) and takes all of the experimental

data into consideration.

1
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INTRODUCTION

In the fields of drainage engineering and soil physics,

investigators have sought to mathematically describe the

capillary pressure-saturation relationship. Several

functions have been presented, but the function with the

greatest utility will be the one in which the parameters

have physical significance and can be easily determined.

A method is developed to obtain the parameters of the

Su-Brooks retention function which is more rapid than the

original method proposed by Su and Brooks (1976) and

takes all of the experimental data into consideration.
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BACKGROUND

Su and Brooks (1976) derived a mathematical expression

for soil-water retention curves based on common features

of such curves which they observed from analyzing

capillary pressure-saturation experimental data. The

features were a vertical asymptote at low and high

saturations and an inflection point between the two

asymptotes. They used the concept of residual satura-

tion. Sr, to identify the lower saturation value where

the retention curve approached a vertical asymptote. For

the upper saturation value where the retention curve

approached a vertical asymptote, they used the notation.

Sm. This maximum saturation value would be equal to one

if the poroua medium was vacuum saturated and less than

one if any entrapped air was present. Their expression

was:

Pc = pf(S-Sryin Sm-S bm/a
a

where Pc = capillary pressure;

Pf = capillary pressure at the fictitious
inflection point;

S = saturation;

= residual saturation;

(1)
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= maximum saturation;

m = shape factor of retention curve;

a = domain of saturation values from the fictitious
inflection point to Sr;

b = domain of saturation values from the fictitious
inflection point to Sm.

It can be seen from Figure II.1 that the sum of a,

b, and Sr must equal Sm.

Since at saturation values less than the residual satura-

tion the water was believed to be hydraulically insignifi-

cant, the domain of saturation between Sr and Sm was of

greatest concern and could be scaled from zero to one.

The scaling process produced a term referred to by Corey

(1954) as the effective saturation, S.

s. = S - Sr
1 - Sr (2)

The Su-Brooks retention function can now be transformed.

-m bm/a
PC = Pf(D°) (1

a. b. ) (3)

where a. = a

a + b

b. = b
a + ID
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SATURATION

FIGURE 11.1 Relationship of Su-Brooks Retention Parameters

to the Liquid Retention Curve
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For scaling the capillary pressure values, Su and Brooks

used the actual inflection point, Pi, of the retention

function instead of what was called the "fictitious

inflection point". They believed that the actual inflec-

tion point was a more suitable scaling unit than the fic-

titious inflection point, Pf, particularly when consider-

ing the retention function as a pore-size distribution

function. Therefore, by dividing both sides of equation

(3) by the value of the actual inflection point, the

resulting expression becomes

P. = Pf bm/ a

Pi a. C b. (4)

where P. = Pc/Pi

The actual inflection point of the retention function can

be calculated from the values of the parameters of the

retention function, Pf, a, b, and m. From equation (4),

any two porous media samples can be considered to act

hydraulically identically if they have the same values of

m, b/a, and Pf/Pi.

In order to obtain the retention parameters, Su and

Brooks solved a system of four simultaneous equations by

using four pairs of Pc-S values. The success of solving



13

this system of equations was highly dependent on the

amount of experimental error in the data and the value

established for convergence in solving the system of

equations. Su and Brooks realized that the method

developed for obtaining the retention parameters was not

the best because it required only four arbitrary points

and did not include all of the data. However, they found

no efficient method of nonlinear regression analysis to

replace the forcing method of simultaneous equations they

developed.
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PROCEDURES

A method of obtaining the retention parameters was deve-

loped which is rapid and includes all of the experimental

data. The Su and Brooks retention function was linear-

ized by transforming the function into logarithmic form.

Ln(Pc) = Ln(Pf) - (m)Ln(S- Sr + (bm/a)Ln Sm-S
a (5)

Two independent variables were created and a number of

terms were grouped together to represent the intercept

term. The following equation was formed;

Ln(Pc) = Ln(Pf) + mLn(a) - (bm/a)Ln(b) - mLn(S-Sr)

+(bm/a)Ln(Sm-S)

which yielded the linear multiple regression model

Y = 101 132X2

where y = Ln(Pc)

60 = Ln(Pf) + mLn(a) + (bm/a)Ln(b)

=

32 = bm/a

X1 = Ln(S-Sr)

X2 = Ln(Sm-S)

(6)
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This form could be used in standard statistical programs

to best fit all experimental data to obtain the reten-

tion parameters. The data were input into files as Pc-S

pairs and transformed into the independent variables

Ln(S-Sr) and Ln(Sm-S) so a regression analysis could be

performed.

Once the $1 and regression coefficients were deter-

mined, the intercept term was decomposed to yield the

remaining retention parameters.

Since

and

a + b + Sr = Sm (8)

(_2). b
a

the value, a, could be determined from

a Sm-Sr

(-82 1

and the value, b, from

(10)

(9)

b = Sm Sr - a (8)

The only retention parameter remaining was the



16

fictitious inflection point, Pf, and that could be

determined by

Ln(Pf) (30 + 32Ln(b) + 311An(a) (11)

The above procedure yields all four retention parameters

by fitting all experimental data through a linear

multiple regression analysis. The scaled equations. (3)

and (4), were also transformed so a regression analysis

could be conducted.
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DISCUSSION

The above technique of obtaining the parameters for the

Su-Brooks retention function is far superior to the

forcing method of simultaneous equations proposed by Su

and Brooks. It is considerably more rapid, includes all

of the experimental data, and statistical methods can be

applied to the results. In particular, confidence inter-

vals for m and (bm/a) can be established and a measure of

how well the retention function fits the experimental

data can be calculated (i.e.,R 2 ).

With the method of Su and Brooks, if the four selected

data pairs did not converge under the specified conver-

gence criterion, the investigator had to manipulate the

data to achieve convergence. In addition, the data had

to be manipulated so that the derived retention curve

would best fit all of the experimental data. This

required considerable skill and sometimes a great deal of

time and computer expense. The method developed has none

of the shortcomings of the original method proposed by Su

and Brooks.
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In addition, computer programs can be developed that can

maximize the goodness of fit (R2 value) by varying the

Sr and Sm components of the independent variables.

However, if standard statistical methods are to be used,

there exists the possibility that the power terms, m and

bm/a may both be positive or negative. If both are

positive, the curve would be convex, which would indicate

that the range of Pc used was not wide enough for the

actual inflection point to be reached. If both were

negative, the curve would be concave and again no actual

inflection point would be encountered. The retention

function for this case would appear like a power curve of

the form originally described by Brooks and Corey

(1964). However, if the investigator uses correct

experimental techniques. there should be no problem in

obtaining the correct retention parameters. The maximum

saturation, Sm, is very critical in determining the

retention parameters.
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SUMMARY

The Su-Brooks retention function was linearized by trans-

forming the function into logarithmic form. A number of

the Su-Brooks retention parameters were combined in this

process. The resulting equation had a form for which

linear multiple regression techniques can be used on the

experimental capillary pressure-saturation data. The

intercept term from the regression analysis can be decom-

posed, yielding the remaining retention parameters. This

procedure also yields a quantitative measure, the coeffi-

cient of determination, of how well the Su-Brooks reten-

tion function fits the experimental capillary pressure-

saturation values. The method developed makes it con-

siderably easier to obtain the parameters of the Su-Brooks

retention function than the method originally proposed by

Su and Brooks and takes all of the experimental data into

consideration.
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CHAPTER III

CHANGES IN LIQUID RETENTION FUNCTIONS

BROUGHT ABOUT BY CLAY- WATER INTERACTIONS



ai

ABSTRACT

Capillary pressure-saturation data were collected on

unconsolidated porous media containing 40%

montmorillonite as a function of total electrolyte

concentration and sodium adsorption ratio (SAR) of the

wetting fluid. Three different empirical retention

functions were fit to the experimental data to determine

the values of the respective retention parameters. In

addition, an evaluation of how well the retention

parameters could be estimated as a function of

electrolyte concentration and SAR was conducted by the

use of a multivariate regression model developed from the

experimental design. The empirical retention functions

fit the experimental data very well and the average R2

from regressing the retention parameters against

electrolyte concentration and SAR was 0.948.

The change in liquid retention curves due to changes in

electrolyte concentration and SAR is explained by clay

swelling. At electrolyte concentrations less than 0.5N,

the SAR affected the retention curves. At higher

electrolyte concentrations, the curves are similar for

the different SARs. In addition, judging from the gap
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between retention curves for a 3N CaC12 solution and a

light hydrocarbon, which does not cause swelling, it

appears that montmorillonite swells appreciably in

solutions with an electrolyte concentration as high as

3N. It is assumed that the change in retention curves

with electrolyte concentration and SAR resulted from

clay-water interactions which, for montmorillonite,

result in swelling of the clays.
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INTRODUCTION

The flow and retention of fluids in earth materials is

affected by interactions of the fluids with clay

minerals. The changes in hydraulic behavior brought

about by these interactions are most pronounced with clay

minerals of the expanding type such as montmorillonite.

Effects include an increase in water retention and a

decrease in hydraulic conductivity.

Clay-water interactions are known to be influenced by

electrolyte content of the fluid and by the types of

counter-ions associated with the clay surfaces. To

account for the effects of clay-water interactions in

mathematical simulations or other models, hydraulic

behavior must be described as a function of the variables

which affect clay-water interaction. Specifically, a

method is needed to mathematically describe and predict

the capillary pressure-saturation and hydraulic

conductivity-saturation functions with solutions of

varying electrolyte concentrations and SAR values.

The lack of convenient methods for accomplishing this has
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led many investigators to ignore clay-water interactions

in their models. Dane and Klute (1977) have stated that

"in most of these models, little or no consideration has

been given to the effect of salts on the hydraulic

conductivity-saturation and capillary pressure-saturation

relationships." Their study indicated, however, that

ignoring such effects might result in substantial errors.

The development of computer technology has made

mathematical simulation of water-air displacement

processes a promising technique (Hillel, 1977). The

input of functional relationships among hydraulic

variables in such simulations is accomplished most

conveniently by expressing the relationships as equations

rather than as sets of discrete data.

The main purpose of this study is to evaluate changes in

the capillary pressure-saturation function (i.e., in the

liquid retention function), brought about by clay-water

interactions. Other objectives include the determination

of how well empirical functions represent the liquid

retention data and to investigate whether changes in

these parameters induced by clay-water interactions can

be predicted from electrolyte concentration and sodium
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absorption ratio (SAR) of the liquid for a particular

type and content of clay mineral.

The liquid retention curves of 30 samples of porous media

were determined with solutions of differing electrolyte

concentrations and SAR values, and with a non-polar

hydrocarbon liquid, soltrol. Three retention functions

taken from the literature are evaluated from a regression

model involving electrolyte concentrations and SAR values.
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LITERATURE REVIEW

Most studies investigating the effects of clay-water

interactions have been concerned with the hydraulic

conductivity of saturated porous media. McNeal et al.

(1966), Dane and Klute (1977), and Pupisky and Shainberg

(1979) are among numerous investigators reporting a

decrease in hydraulic conductivity of earth materials due

to swelling of clay minerals. Some workers (Purcell

(1949), Burdine (1953), Brooks and Corey (1966), and

Wyllie and Spangler (1952) have avoided the problem of

clay-water interactions by using mercury injection to

obtain capillary pressure-saturation data or by using a

non-polar hydrocarbon as the wetting liquid.

McNeal and Coleman (1966) observed a decrease in

hydraulic conductivity of soils when the liquid

electrolyte concentration was decreased. The change in

the hydraulic conductivity for soils containing

montmorillonite was more pronounced than for those with

only kaolinite. They also reported that calcium ions

usually stabilized the conductivity. They found that

effects of exchangeable sodium on hydraulic conductivity

could be repressed by salt concentrations above 0.8N.
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Dane and Kiute (1977) investigated the effect of varying

solution composition on the conductivity-water content

and capillary pressure-water content functions. They

used electrolyte concentration and sodium absorption

ratio, SAR, to characterize the solution composition.

They found, at particular water pressures and SAR values,

that water content was decreased and conductivity

increased by increasing the electrolyte concentration.

Russo and Bresler (1977a) and Jamil (1976) also

investigated the changes in the capillary pressure-water

content functions brough about by clay-water

interactions. Russo and Bresler (1977a) observed that an

increase in the sodium to calcium ratio and a decrease in

electrolyte concentration greatly affected soil water

diffusivity, soil hydraulic conductivity, and capillary

pressure-water content relationships. They further

reported that these effects became smaller as water

content decreased. Jamil (1976) studied changes in the

capillary pressure-water content relationship brought

about by clay-water interactions in semi-consolidated

earth materials.

Russo and Bresler (1977b) and Bresler (1978) have

developed theoretical models based on diffuse double-

layer theory to predict changes in the functional
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relationships among conductivity, water content, and

water pressure. By comparing results from their model

with measured data, they found that with a given specific

surface area, hydraulic conductivity, and capillary

pressure-water content relationships in equilibrium with

concentrated calcium solutions, they could compute the

hydraulic conductivity function, K(0), for various

solution compositions. Their model is restricted to

soils in which the clay fraction is dominated by

montmorillonite.



29

MATERIALS AND METHODS

The unconsolidated porous material was created by

homogeneously mixing Ca-montmorillonite, purchased from

the Clay Minerals BOoiety (source clay SAz-1), with sand-

and silt-sized mineral particles obtained from a mixture

of loamy sand soils. The sand and silt mineral particles

were treated with 20% hydrogen peroxide before they were

mixed with the montmorillonite to oxidize organic

compounds that might react with water and produce effects

that could be confused with clay-water interactions. The

mixture contained approximately 40% clay by weight. An

aggregate distribution was fashioned by passing the

porous media through a series of sieves. The aggregate

distribution was operationally defined as 100%, 93 %, 85 %,

and 65% by weight passing through Tyler Standard sieves

8, 10, 14, and 28, respectively.

A light hydrocarbon (soltrol) and five electrolyte

concentrations of mixed Na-Ca solutions were used as

wetting fluids. The five electrolyte concentrations were

0.05, 0.1, 0.5, 1 and 3N and the three SAR values were 0,

15, and 30. Before each data set was obtained, the

samples were placed in a large container with a
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concentrated solution at the appropriate SAR overnight.

This allowed ample time for the exchangeable ions to

equilibrate with the applied SAR solutions. The excess

salts were leached out with distilled water. The samples

were than re-aggregated and the same aggregate

distribution was formed as before.

An effort was made to ensure that the initial pore-size

distribution for all samples was essentially similar.

Liquid retention curves were measured with soltrol as the

wetting fluid to check whether or not the curves were the

same for the different SAR treatments. Soltrol was

assumed not to promote any significant swelling of the

clays or alteration of pore-size distributions. The

retention curves in Figure III.1 show that the procedure

for creating the aggregate distribution yielded media for

which the retention curves are statistically similar at

the 95% confidence level. It was assumed that if the

retention curves are similar, the pore-size distributions

are also similar.

Liquid retention curves were determined by the method of

Su and Brooks (1980) for the drainage cycle. Their

method employs a pressure-balancing technique which
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reduces the time required to collect retention data. The

retention cells were approximately 35 cm3 and uniformly

packed to a sample bulk density of 1.05 g/cm 3
. The

retention cells were constructed so they would confine

the porous media to a constant volume while allowing free

movement of fluids. Seven capillary pressure-saturation

points were measured on the main drainage branch for each

retention curve, and the range of capillary pressure head

was 0 to 450 cm water.

Three empirical retention functions were investigated to

see how the parameters would vary with electrolyte

concentration and SAR. The retention functions were:

Su and Brooks (1976);

Pc = Pf (S-Srin(Sm-Sr
a

a

Pc = capillary pressure

S = Saturation

m, a,b, Pf = hydraulic parameters

Sm = maximum saturation

Sr = redisual saturation
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multivariate regression procedures. The retention

parameters were used as the dependent variables and

electrolyte concentration and SAR terms as the

independent variables. The full model for this

investigation with a 3 X 5 factorial design with two

quantitative variables, according to Mendenhall (1968),

consists of four electrolyte content terms, two SAR

terms, eight interactions terms and a constant (see

below). The multivariate regression model takes the form:

y = +

where y is a vector of i dependent variables (i

equals the number of retention parameters) and X is a

vector of 15 independent variables

,2 v3 v4(1,X ,4,1 f 11 f 1, X
1
X2/X

1
X2

2
, X12X2,

where X
1

electrolyte concentration, and

X
2

SAR.

f3 is an i X 15 matrix of regression coefficients and E is

a vector of errors.
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Capillary pressure and saturation values were scaled by

methods of Su and Brooks (1976) for purposes of comparing

similar media where disimilarities may be caused by

different wetting fluids (such as differences in surface

tension, liquid density, and contact angle). The

capillary pressure at the inflection point of the

retention curve was the scaling unit for capillary

pressure. White et al. (1970) have found that the

capillary pressure at this point corresponds to the

"bubbling pressure" of the porous medium. The saturation

values were normalized by using the effective saturation,

S., as described by Corey (1977):

S. = S - Sr
Sr

Sm = maximum saturation with entrapped air

Sr = residual saturation

Two porous media are assumed to be hydraulically similar

if the relationship between scaled capillary pressure and

effective saturation are identical. All graphical

presentations of retention functions in this paper are in

terms of scaled capillary pressure and effective

saturation.
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In obtaining liquid retention data, an attempt was made

to measure data at points which would permit the

parameters of the retention functions to be unambiguously

established using a computer program. This required

measuring capillary pressures at various points on the

drainage cycle depending on the particular sample and

wetting fluid. The Brooks-Corey and Gardner et al.

retention functions describe the data only where the

curve has an upward concave shape. Consequently, only

data in this region of the curve were used for the

determination of the parameters for their functions. The

Su-Brooks function fits data on both sides of the

inflection point so that an attempt was made to obtain

two points below the inflection point and five or more

above the inflection point.

The reason for the greater number of points above the

inflection point is that it has been found by White et

al. (1972) that only this part of the curve can be

assumed to represent the pore geometry. The curve below

the inflection point is a function of the fraction of the

sample boundary which is exposed to the air.
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RESULTS AND DISCUSSION

Clay-Water Interactions

The liquid retention data for media having wetting

solutions with a SAR of 30 and varying electrolyte

concentration were plotted using scaled variables (Figure

111.2). The Figure also shows one curve obtained using

soltrol. Corresponding sets of curves for a SAR of 15

and a SAR of 0 are shown in Figures 111.3 and 111.4.

respectively. Each individual curve was calculated with

a computer program designed to select the best fit

parameters for the Su-Brooks function by the method of

least squares. Data for the two replicates were

combined, so that a total of 14 data points were used in

the development of each curve.

The individual retention curves for electrolyte

concentration less than 0.5N are grouped closer together

with a SAR of 0 (Figure 111.4) compared to the curves

with a SAR of 15 (Figure 111.3) or 30 (Figure 111.2).

probable reason for this phenomenon is the absence of

sodium when a calcium dominated clay mineral is in
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equilibrium with a solution with a SAR of 0. This

suggests that the type and amount of exchangeable ions on

the clay complex has a more dominating influence on clay

swelling than does electrolyte concentration for

electrolyte concentrations less than 0.5N. However, for

all SAR values, the direction of change of the retention

curves with increasing electrolyte concentration is the

same. Note that although the curves with higher

electrolyte concentrations move progressively toward the

curve with soltrol as the wetting fluid, they remain

separated from this curve by a substantial amount even

with a CaC1
2

concentration of 3N.

Figure 111.5 compares the retention curves for media

having various SAR values for which the electrolyte

concentrations are 0.05N and 0.1N. Figure 111.6 presents

corresponding sets of retention curves for electrolyte

concentrations of 0.5N and 3N. Note that at the lower

wetting fluid electrolyte concentrations (Figure 111.5)

the retention curves depend on the SAR of the solutions

whereas at the higher concentrations (Figure 111.6) the

retention curves appear to be independent of SAR.

Evidently, the value of the wetting fluid concentration

where this transition takes place is between 0.1N and

0.5N as reflected in Figures 111.5 and 111.6. McNeal and
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Coleman (1966) reported that a salt concentration of 0.814

was sufficient to repress any appreciable effects of

exchangeable sodium on soil water conductivity.

Change in Pore-Size Distributions

By comparing liquid retention curves with different

wetting fluid electrolyte concentrations and SARs, a

change in the pore-size distribution can be observed.

The relationship between pore-size distributions and

liquid retention curves has long been described in the

literature and is widely accepted (see Collis-George

(1950) and Purcell (1949). Figures 111.2, 111.3, and

111.4 show that at a particular scaled capillary pressure

the effective saturation decreases with increasing

electrolyte concentration for all SAR values

investigated. This suggests that porous media containing

expandable clay minerals will have a pore-size distribu-

tion with a greater volume of larger pores at a parti-

cular scaled capillary pressure when the wetting fluid

electrolyte concentration is greater. The difference in

the volume of pores is greater at lower scaled capillary

pressures. In particular, the retention curve produced

by using a 0.05N solution with a SAR of 15 (Figure 111.3)
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indicated only 3 percent of the pore volume is drained at

a scaled capillary pressure of unity, whereas a 3N

solution with the same SAR resulted in 7 percent of the

pore volume being drained at the same scaled capillary

pressure. Assuming that the reduction in volume of

larger pores is associated with swelling of the

montmorillonite particles, the retention curves in

Figures 111.2 and 111.3 are consistent with the

occurrence of less swelling of the clays with higher

electrolyte concentrations. However, a substantial

degree of swelling of the clay minerals apparently occur

even with 3N solutions, judging from the location of

retention curves obtained with these solutions and that

for soltrol.

An explanation for the behavior noted in Figures 111.2,

111.3, and 111.4 is based on theory presented by van

Olphen (1977). Van Olphen describes two ranges of

interaction between water and montmorillonite. The

short-range interaction is interlayer swelling and is due

to the separation of the layers of a clay by monolayers

of water molecules. The principal driving force is that

due to the adsorption energy of the water layers on the

clay surface. The long-range interaction is attributed

primarily to osmotic swelling or electrical double-layer
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repulsion. Van Olphen further states that at plate

distances equivalent to about four monolayers of water

molecules the electrical double-layer repulsion becomes

the major repulsive force between the plates. The

thickness of the electrical double-layer and, hence, the

repulsive force is affected by the concentration and

valence of counter-ions. The higher the concentration of

the wetting fluid and the higher the valence of the

counter-ions, the more the electrical double-layer will

be compressed. This influences the amount of swelling

the clay particles will undergo.

For wetting fluid electrolyte concentrations less than

0.5N, Figures 111.2, 111.3, and 111.4 show that the

higher the SAR of the wetting fluid the fewer will be the

number of flow channels corresponding to a given scaled

capillary pressure (Figure 111.5). This suggests that a

greater amount of clay swelling occurs when the SAR is

higher for these electrolyte concentrations. However,

when Ca is the dominant ion present (SAR 0) the total

swelling of the clay minerals is restricted. This can be

inferred from the close grouping of retention curves

shown in Figure 111.4 at the lower electrolyte

concentrations. A possible mechanism that could restrict

total swelling is the formation of edge to face cross
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links of the clay particles at these electrolyte

concentrations (van Olphen, 1977). When the solutions

contain an appreciable amount of exchangeable sodium ions

the close grouping of retention curves does not occur at

the electrolyte concentrations investigated. At

electrolyte concentrations greater than 0.5N the

electrical double-layer appears to be compressed

sufficiently to allow a similar configuration of clay

particles, regardless of the SAR (Figure 111.6).

Some workers investigating salt effects on the hydraulic

conductivity of porous media have presumed that a

concentrated wetting fluid would totally repress swelling

of clay minerals. Pupisky and Shainberg (1979) found

that when using a iN solution as the wetting fluid, the

hydraulic conductivity has the same value irrespective of

the solution's SAR. They felt that the 1N solution had a

high enough salt concentration to prevent either swelling

or disperson processes and used it as a reference

solution. Dane and Kiute (1977) also assumed that a iN

solution of CaC1
2
would suppress all swelling and

therefore yield the maximum possible values for hydraulic

conductivity as a function of liquid content. The

results of this study agree with the observations of

Pupisky and Sheinberg (1979) in that the retention curves
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for wetting liquids at salt concentrations greater than

0.5N for various SAR values are statistically similar

(see Figure 111.6). This suggests that the hydraulic

conductivity should have the same value when comparing

the conductivities resulting from wetting fluids with

different SAR solutions at a particular total salt

concentration above 0.5N. However, according to the

relative pore-size distributions indicated by the

retention curves in Figures 111.2, 111.3, and 111.4, the

hydraulic conductivity should be different when comparing

wetting fluids with different electrolyte concentrations

above 0.5N. In addition, the retention curves with salt

concentrations of the wetting fluids higher than 1N

indicate that clay-water interactions are not totally

supressed with 1N solutions. To eliminate all swelling.

the liquid used as the wetting fluid would have to

prevent swelling due to the short-range and long-range

interactions as described by van Olphen (1977).

Parameters in Retention Functions

The parameters of the Su-Brooks retention function

determined from multiple linear regression analyses based

on the method of least squares are shown in Table 111.1.
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in Table 111.1. The parameters and resulting R2

values, indicating the amount of variability accounted

for by the retention function, were obtained by assuming

a residual saturation. Sr. of zero. This procedure was

followed because it was found that using a variable value

of Sr did not substantially increase the R2 values.

Judging from the R2 values obtained (the average for

all curves being 0.9967) the Su-Brooks function fits the

experimental data quite well with a Sr of zero. Some

trends indicated by the data in Table 111.1 include:

1. parameter a decreases with increasing SAR;

2. parameter -m generally becomes more negative with

increasing SAR and less negative with increasing

electrolyte concentration;

3. parameter Pf increases with increasing SAR at lower

electrolyte concentrations and decrease with increasing

SAR at higher electrolyte concentrations.

Parameters for the Brooks-Corey and Gardner et al.

retention functions obtained by linear regression are

shown in Tables 111.2 and 111.3, respectively. The

parameters of the Brooks-Corey retention function were

determined by adjusting the residual saturation until the

R
2
value of the regression analysis was maximized. The

Gardner et al. retention function is similar to the
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TABLE III.1 Parameters of the Su-Brooks Retention Function

SOLUTION

B

PARAMETERS

-M BM/A Pf

SAR 0

0.05N 0.931 0.069 -5.199 0.388 37.004 0.9995
0.057 0.925 0.075 -5.024 0.406 41.501 0.9981
0.1N 0.919 0.081 -4.753 0.420 45.353 0.9976
0.1N 0.920 0.080 -4.773 0.418 45.592 0.9975
0.5N 0.917 0.083 -4.754 0.432 48.576 0.9977
0.5N 0.917 0.083 -4.783 0.430 48.378 0.9991
IN 0.902 0.098 -4.219 0.459 57.266 0.9970
1N 0.903 0.097 -4.278 0.460 57.372 0.9973
3N 0.869 0.131 -2.856 0.431 48.846 0.9960
3-2,1 0.862 0.138 -2.766 0.442 52.842 0.9969
soltrol 0.885 0.115 -1.354 0.176 4.888 0.9958
soltrol 0.885 0.115 -1.372 0.232 4.932 0.9965

SAR 15

0.05N 0.921 0.079 -5.804 0.501 64.175 0.9988
0.05N 0.909 0.091 -5.265 0.528 81.071 0.9982
0.1N 0.920 0.080 -5.531 0.480 58.890 0.9994
0.1N 0.887 0.113 -4.419 0.563 116.916 0.9958
0.5N 0.929 0.071 -4.993 0.380 34.822 0.9980
0.5N 0.924 0.076 -4.769 0.390 36.380 0.9951
1N 4.914 0.086 -3.923 0.369 29.866 0.9929
1N 0.908 0.092 -3.687 0.375 31.827 0.9949
3N 0.893 0.107 -3.083 0.370 31.364 0.9949
3N 0.892 0.108 -2.997 0.364 31.252 0.9936
soltrol 0.862 0.138 -1.366 0.219 4.923 0.9961
soltrol 0.844 0.156 -1.252 0.231 5.061 0.9956

SAR 30

0.05N 0.881 0.119 -4.759 0.640 179.541 0.9991
0.OSN 0.900 0.100 -5.504 0.613 140.613 0.9989
0.1N 0 :913 0.087 -5.902 0.560 96.106 0.9995
0.1N 0.916 0.084 -5.998 0.551 94.255 0.9990
0.5K 0.931 0.069 -5.172 0.383 34.911 0.9979
0.5N 0.935 0.065 -5.273 0.364 31.861 0.9951
1N 0.928 0.072 -4.418 0.343 26.189 0.9935
117 0.925 0.075 -4.267 0.346 27.649 0.9946
3N 0.901 0.099 -3.192 0.353 28.439 0.9933
3N 0.905 0.095 -3.242 0.342 27.663 0.9920
soltrol 0.867 0.133 -1.301 0.200 4.520 0.9959
soltrol 0.876 0.124 -1.366 0.194 3.931 0.9981
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TABLE 111.2

SOLUTIONS

Parameters of the Brooks-Corey Retention Function

PARAMETERS

Pd X

SAR 0

0.OSN 23.76 0.143 0.0 0.9965

0.05N 24.56 0.142 0.0 0.9982
0.1N 24.01 0.142 0.0 0.9959
0.1N 24.05 0.141 0.0 0.9968
o.sK 24.78 0.139 0.0 0.9976
o..s&T 24.71 0.139 0.0 0.9939
1N 31.64 0.226 0.21 0.9991

17 30.01 0.173 0.07 0.9988

37 29.53 0.402 0.26 0.9989
3N 30.75 0.386 0.24 0.9997

SAR 15

0.05N 28.33 0.109 0.0 0.9931

0.OSN 30.78 0.111 0.0 0.9927

0.1N 27.72 0.117 0.0 0.9943

0.1N 40.08 0.123 0.0 0.9975

0.5N 23.18 0.151 0.0 0.9998

0.5N 24.16 0.209 0.18 0.9984

1N 21.10 0.274 0.19 0.9992

1N 22.36 0.334 0.25 0.9969

3N 20.90 0.327 0.16 0.9982

3N 21.64 0.387 0.21 0.9972

SAR 30

0.05N 52.02 0.111 0.0 0.9930

0.05T; 38.13 0.093 0.0 0.9869

0.1N 31.87 0.093 0.0 0.9823

0.1N 40.59 0.104 0.0 0.9912

0.5N 22.05 0.143 0.0 0.9975

0.57 22.83 0.239 0.28 0.9984
1N 20.97 0.308 0.31 0.9992

1N 20.97 0.339 0.27 0.9993

3N 26.03 0.634 0.36 0.9996
37 23.36 0.493 0.31 1.0000
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TABLE 111.3 Parameters of the Gardner et al. Retention Function

SOLUTION

A

PARAMETERS

SAR 0

0.05N 0.35 -6.985 0.9965
0.057 0.36 -7.012 0.9982
0.1N 0.35 -7.027 0.9959
0.1N 0.34 -7.067 0.9968
0.5R 0.32 -7.161 0.9976
0.517 0.34 -7.148 0.9939
IN 0.60 -6.360 0.9987
1171 0.58 -6.433 0.9987
3N 1.47 -4.411 0.9977
3N 1.79 -4.283 0.9983

SAR 15

0.05N 0.12 -9.149 0.9931
0.05R 0.15 -8.956 0.9927
0.1N 0.19 -8.493 0.9943
0.1R 0.35 -8.084 0.9975
0.5N 0.42 -6.620 0.9998
0.5R 0.45 -6.459 0.9979
1N 0.79 -5.198 0.9982
IN 0.94 -4.959 0.9944
3N 1.39 -4.183 0.9972
3N 1.49 - 4.050 0.9951

SAR 30

0.05N 0.39 -8.985 0.9930
0.00 0.09 -10.576 0.9869
0.1N 0.08 -10.546 0.9823
0.IR 0.18 -9.494 0.9912
0.SN 0.30 -6.989 0.9975
0.37 0.28 -7.000 0.9970
IN 0.50 -5.700 0.9957
1N

3N
0.60
1.15

-5.564
-4.302

0.9971
0.9884

3N 1.02 -4.431 0.9941
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Brooks-Corey function except that it does not contain Sr,

and the parameter b. in this function is the reciprocal

of the parameter X in the Brooks-Corey function when Sr

is zero.

The results show that Sr changes with electrolyte

concentration. For concentrations below 0.5N, R2 was

maximized with a Sr of zero. At higher concentrations,

R 2
was maximized with Sr values up to 0.36. Judging

from the R 2
values, the Brooks-Corey and Gardner et al.

functions fit the data well. The average R2 for all

curves with the Brooks-Corey function is 0.9963 and with

the Gardner et al. function is 0.9952.

Trends for the parameters in the Brooks-Corey function

include:

1. the "displacement pressure", Pd (i.e. the air-entry

pressure head). increases with increasing SAR at lower

electrolyte concentrations;

2. the pore-size distribution index,X increases with

increasing electrolyte concentration for all SAR values;

3. the value of X increases with increasing SAR at

electrolyte concentrations greater than 0.5N but

decreases with increasing SAR at lower electrolyte

concentrations.
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Trends with the Gardner et al. function include an

increase in the parameter a and a decrease in the

parameter b with increasing electrolyte concentration.

An explanation of why the R2 values in both the

Su-Brooks and the Brooks-Corey functions are maximized

with zero values of Sr for electrolyte concentrations

less than 0.5N may be that the medium investigated does

not have a distinct discontinuity in pore dimensions.

According to a theory presented by Corey (1977), Sr

represents a liquid content at which the liquid is

retained only in pores significantly smaller than any

which have already been drained. According to this

concept, if there is not a discontinuity in the pore-size

distribution, the value of Sr is zero. Apparently, this

is the case for unconsolidated media containing

montmorillonite when subjected to wetting fluids with an

electrolyte concentration less than 0.5N.

Parameters Related to Electrolyte Concentration and SAR

The results of the regression analyses used to relate

retention parameters to electrolyte concentration and SAR
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values are shown in Table 111.4. The regression model

was developed from the experimental design and accounted

for 90.77% of the variability that was contained in the

parameters a and b of the Su-Brooks function due to

variability in electrolyte concentration and SAR terms.

For the parameters m and Pf, the regression model

accounted for 95.52% and 95.92% of the variability,

respectively. The parameters of the Brooks-Corey

retention function regressed were Pd and . The amount

of variability accounted for in Pd was 89.34% and in

was 96.39%. This same regression model accounted for

97.68% and 98.06% of the variability in the parameters a

and b of the Gardner et al. function. For all retention

functions, the parameters can be estimated quite well

judging from the R2 values of the full regression

model. The results of these regression analyses suggest

that parameters of retention functions can be

mathematically described from electrolyte concentration

and SAR, and can be incorporated into mathematical

simulations of water-air displacement processes.

The variability contained in the regression parameters

explained by the full regression model is the highest for

the Gardner et al. retention function followed by the

Brooks-Corey and the Su-Brooks retention functions. This
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suggests that one would have more confidence using the

regression model to estimate the Gardner et al. retention

parameters as a function of electrolyte concentration and

SAR. However, the fit to the capillary pressure-

saturation data as determined by the R 2
values is not

as good for this function as for the others

investigated. Consequently, it is difficult to ascertain

which function permits the best prediction of retention

curves for varying electrolyte concentration and SAR.

any case, the confidence in the predicted parameters

using the regression function should be relatively high.



58

SUMMARY

Liquid retention curves on the drying cycle for

unconsolidated porous media containing 40%

montmorillonite were examined to determine changes

brought about by varying the electrolyte content and SAR

value of the wetting solution. The magnitude of the

changes in the retention curves is compared to the curves

obtained for soltrol, a non-polar hydrocarbon liquid.

At lower electrolyte concentrations, solutions with a

higher SAR resulted in greater water retention indicating

a greater degree of clay swelling. At higher electrolyte

concentrations, retention curves for solutions with

differing SAR values were similar. However, liquid

retention curves with all water solutions, including

those with CaC1
2 concentrations up to 3N, were

significantly different from the liquid retention curve

when the wetting fluid was soltrol. This suggests that

montmorillonite-water interactions affect liquid

retention characteristics even when the wetting solution

has a high electrolyte concentration of a bivalent cation.
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The three retention functions fit the experimental liquid

retention data very well. The Su-Brooks (1976) retention

function provided an R2 value (0.9967) which was

slightly higher than that of the other two functions when

fitting the capillary pressure-saturation data to the

retention functions. For low electrolyte concentrations,

the best fit to the Su-Brooks and Brooks-Corey retention

functions were obtained with a residual saturation equal

to zero.

With higher electrolyte concentrations, the best fit to

the Brooks-Corey retention function was obtained with a

residual saturation greater than zero and ranging up to

0.36. However, the assumption of a zero residual

saturation did not seriously affect the R2 value for

the Su-Brooks retention function at any electrolyte

concentration for the porous media investigated.

A regression model accounted for a large amount of the

variation in all of the retention parameters due to

changes in electrolyte concentration and SAR values. The

average coefficient of determination, R2, for all the

retention parameters examined was 0.948. This implies a

relatively high level of confidence in estimating the
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retention parameters. The level of confidence in

estimating the parameters appearing in the Gardner et al.

(1970) retention function is somewhat higher than for the

other two functions examined.
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CHAPTER IV

EFFECTS OF ADSORBED WATER

ON WATER RETENTION
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ABSTRACT

Capillary pressure-saturation data obtained on

unconsolidated porous media containing different types of

clay minerals with different liquids are compared to

evaluate the effect of clay-water interactions on liquid

retention characteristics. The clay minerals used were a

well-crystallized kaolinite, an illite, and a

Ca-montmorillonite. The wetting fluids were distilled

water and a light hydrocarbon, soltrol, which is assumed

not to cause any clay-liquid interactions. The hydraulic

variables, capillary pressure and saturation, are

transformed to account for any differences in liquid

retention characteristics that could be attributed to

differences in contact angle, density, and surface

tension of the liquids. Retention curves in terms of the

transformed hydraulic variables are compared to

investigate the effects of clay-water interactions on

liquid retention characteristics.

The liquid retention functions with water and soltrol for

the kaolinite samples are statistically similar. For

Ca-montmorillonite and illite, the retention functions

obtained with water and soltrol are statistically
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different. The explanation for the difference in

retention functions for montmorillonite samples is the

swelling that occurs with water. The difference in

retention functions for illite samples can be explained

by an adsorbed water up to 1580 molecular layers in

thickness. Evidence that such layers exist is the

absence of swelling of illite with water and that

measured water retention curves can be predicted from

measured soltrol retention curves by assuming such an

adsorbed layer of water. However, such predictions for

Ca-montmorillonite samples do not agree with measured

data.
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INTRODUCTION

The interaction of water with clay particles can have a

significant effect on the hydraulic properties of soils.

Some researchers have proposed a long-range ordering of

water molecules from clay mineral surfaces to account for

their experimental results. Other researchers have

discounted the theory of long-range order. They have

asserted that any ordering of water molecules would be

confined to a distance of only a few molecular diameters

from the mineral surface.

This study investigates the changes in liquid retention

characteristics brought about by clay-water

interactions. Three different types of clay minerals and

two liquids are used. Liquid retention functions

obtained with distilled water are compared with liquid

retention functions obtained when the wetting fluid is a

non-polar liquid, soltrol. This procedure provides a

measure of the degree to which clay -water interactions

affect liquid retention characteristics for soils

containing different clay minerals. It is assumed that

there are no significant clay-water interactions with

non-polar liquids.
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LITERATURE REVIEW

The properties of water have been systematically studied

for approximately a century. However, even with all the

available experimental information, there still exist

differences of opinion on the structure of water near a

solid interface. Although the majority of researchers

agree that water immediately adjacent to charged solid

surfaces, such as clay minerals, is more structured

(ordered) than water in bulk solution, they disagree

about the thickness of this layer.

One school of thought contends that there is not a

thermodynamic justification for long-range ordering of

water from an aqueous-solid interface. It is felt that

significant structure will arise only if the energy of

particles in the force field is greater than the product

of Boltzmann constant and absolute temperature (kT).

This school states that although the intergrated Van der

Waals interaction from a surface has a force field which

diminishes less rapidly than does that for individual

molecules, it would not have any particular directing

effect in enhancing H-bonded structure in water at

distances more than 1-2 monlayers of water molecules from
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the solid surface.

The other school of thought cites considerable

experimental evidence for the existance of ordered

elements of water structure extending beyond 1-2 water

molecules from certain aqueous-solid interfaces. Some

researchers attach particular importance to the thermal

anomalies in the properties of water adjacent to

aqueous-solid interfaces. Also, studies investigating

density and viscosity of this anomalous water suggest

that the ordered structure extends beyond 1-2 molecular

monolayers of water. Anomalous water, according to the

"long-range" school of thought, consists of a layer of

ordered water existing near the solid surface with the

degree of ordering decreasing as a function of distance

from the aqueous-solid interface. At sufficiently large

distances, the water structure is identical to the bulk

water structure.

Evidence of Modified Water Structure

Demontis et al. (1983) did a molecular dynamics study of

the interlayer water of Na-saturated montmorillonite.

Their purpose was to clarify some structural and dynamic
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properties of interlayer water. The computed frequency

distribution functions revealed that the O-H bond

distance was 9.6 nm and the H-O-H angle was about

113o . This compares with an O-H bond distance of 9.58

nm and a H-O-H angle of 104.45° reported in the

"Handbook of Chemistry and Physics (61st ed.)". They

made no comment about the thickness of this anomalous

water.

Mestik and Aidanoda (1966) measured the heat conductivity

of water between consecutive layers of mica and water and

found the thermal conductivity of water between the mica

sheets higher than the thermal conductivity of bulk water

by an order of magnitude. Water films between the mica

sheets were over 300 molecular water layers thick. Their

results suggested that structural changes in water occur

at significant distances from mica surfaces. Braun and

Drost-Hansen (1976) used differential scanning

calorimetry to measure the heat capacity of water

adjacent to different porous materials. Their

measurements suggest that the heat capacity of water in

porous materials adjacent to solids is significantly

larger than that for bulk water. Therefore, they assumed

that the water in the region where they observed the

elevated heat capacities has a modified structure.



68

Research Supporting a Thin Anomalous Water Layer

Van Olphen (1977), in his text "Clay Colloid Chemistry",

asserts that the ability of clay particles to orient the

water dipoles is significant to a distance of only a few

monolayers of water molecules from the clay surface.

This orientation is thought to be one mechanism by which

water molecules become more ordered. Van Olphen (1977)

claims that the energies involved in orienting water

dipoles are not large enough to affect the balance of the

double-layer and van der Waals interaction energies at

distances greater than a few molecular water diameters.

However, he states that the properties of water in the

first few monolayers may be significantly different from

the properties of water in the bulk solution and may be

strongly adsorbed at the clay surface.

Stigter (1982) determined the distance between the

water-solid interface and the hydrodynamic shear surface

from diffusion data of Olejnik and White (1972) for

montmorillonite and vermiculite clay systems. The change

in viscosity with distance from the clay platelet was

assumed to behave as a step function and the hydrodynamic

shear surface was located where the viscosity changed

from the value for bulk water to an infinite value. The
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distance between the hydrodynamic shear surface and the

clay platelet was considered to reflect the rate of

change in viscosity with distance from the clay

platelet. If the distance was small an abrupt change of

the viscosity occurred in the liquid layer adjacent to

the interface. Stigter (1982) applied corrections to

Olejnik and White's (1972) diffusion data for a wall

effect and for the hydration of the exchangeable, slow

moving cations. The location of the shear surface was

determined to be at 0.1 + 0.1 nm from the water-clay

interface after the corrections were completed. From

this, Stigter concluded that effects on water mobility

induced by a charged interface are small and do not reach

beyond the first layer of water molecules.

Conway (1977) believes that the evidence for long-range

ordering of water molecules by surfaces is nebulous and

thermodynamically non-rigorous. His objection to a thick

structured water zone is that the magnitude of the force

field required to maintain an ordered structure over an

appreciable distance is greater than that which actually

exists. He asserts that maintaining an oriented

structure against thermal fluctuations in a fluid

requires energy that is large compared to kT. In

addition, the magnitude of the Coulomb force,
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, hat would contribute to orienting the

water dipole is negligible after two water molecules

distance from the clay platelet due to the large

permittivity, e , associated with water. However, Conway

(1977) agrees that the evidence for some kind of local

structure in water adjacent to macromolecule side-chains

and hydrophobic ions is well established.

Research Supporting A Thick Anomalous Water Layer

A number of models have been proposed for the structure

of bulk water [Bernal and Fowler (1933), Lennard-Jones

and Pople (1951), Frank and Wen (1957), Frank (1958)],

each of which can explain experimental data and which

accept as a premise that there is a high degree of

hydrogen bonding in water. Low (1961) believes that

water molecules adjacent to the clay-water interface are

bonded to the oxygen atoms of the clay mineral surface by

covalent hydrogen bonds. He feels that the covalent

bonds alter the electron distribution in the water

molecule thus making it easier to form additional

covalent hydrogen bonds with the next layer of water

molecules. In this manner more structurally stable water

can develop outward from the clay mineral surface.

However, with each successive layer the degree of
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covalency in the bonds decreases. The bonded water

molecules should be arranged in a tetrahedral order

because of the directional properties of the bonds.

Therefore, Low (1961) believes that it is possible for a

tetrahedral structure of water molecules to be propagated

from and attached to the clay-water interface. Low

(1970) considers that although hydrogen bonds in

clay-adsorbed water may be weak, this does not indicate a

relatively disordered structure.

Walter Drost-Hansen (1971) summarized available evidence

for long-range ordering of water near various

liquid-solid interfaces. He also presented some

conceptual models of anomalous water. He was convinced

that the thermal anomalies frequently found in the

properties of water near liquid-solid interfaces

supported the existence of structured water near solid

interfaces. He also concluded that a different water

structure apparently is propagated over considerable

distances from the solid surface. This water structure

may not be as rigid as the structure adjacent to solids

but may extend from tens to thousands of molecular water

diameters from the solid surface.
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Roberts and Zunden (1980) used infrared and

electrochemical diffusion measurements to investigate the

long-range structuring of water molecules. They proposed

that the lowering of the absorbance of the infrared

continuum of 1M HCL absorbed in porous quartz was

probably due to long-range structuring of dipolar water

molecules by the large surface area of quartz. They

contended that the structuring was not of the strong

short-range electrostatic type. but is a weak long-range

structuring of H bonded water molecules. They also

believed that the long-range structuring was initiated by

the quartz surface. They felt a slight reorientation of

the dipolar water molecules can produce a field large

enough to reduce the continuum significantly for

distances up to 1000 molecular diameters of water from

the surface.

Anderson and Low (1958) showed that the partial specific

volume of water within 6 nm of the clays surfaces is

different from that of bulk water. At approximately 1 nm

from the clay surface, the densities of water adjacent to

lithium, sodium, and potassium bentonities were 975, 972,

and 981 kg/m3, respectively. This showed that the

adsorbed water (anomalous water) is less dense than bulk

water and that exchangeable ions associated with the
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different clays affect the partial specific volume.

Differences in viscosity between bulk water and water

close to clay surfaces should be very useful in

determining whether or not anomalous water is structured

differently from bulk water. Viscosity is a

structure-sensitive property of a fluid. Kemper et al.

(1964) concluded that the first molecular layer of

adsorbed water had a reduced mobility of approximately

30% for Na bentonite and 5% for Ca bentonite. There were

indications of reduced mobilities extending as far as 4.0

nm from the Na bentonite-water interface. Peschel and

Adlfinger (1970) determined the viscosity of water at

different shearing forces. The surfaces of the device

they used were fused silica which was completely covered

with hydroxyl groups. They found that for small shearing

forces the viscosity was increased up to plate distances

of 160 nm or approximately 250 molecular layers of water

molecules on each surface. Derjaguin and Krylov (1944),

as reported by Peschel and Adlfinger (1970). observed

that the flow of water through pores having diameters of

approximately 107m followed Poiseuille's Law only at

high pressure gradients. At lower pressure gradients.

there was a marked non-Newtonian character.
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A review of the literature reveals two different

approaches of researchers investigating the ordering of

water molecules from clay surfaces. Researchers who

propose a long-range ordering of water molecules base

their beliefs largely from expeirmental measurements.

Those that oppose the "long-range" concept base their

conclusions on what they believe to be the physical

chemistry of the clay-water system.
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METHODS AND MATERIALS

Liquid Retention Curves

Liquid retention curves with soltrol and distilled water

were compared to investigate the effects of clay-water

interactions on the retention of water in porous media.

Soltrol is a petroleum liquid consisting of non-polar

molecules, mainly hydrocarbons, whereas water is a polar

molecule. The retention curves were determined from

capillary pressure-saturation data points obtained during

drainage using the method of Su and Brooks (1980). Their

method employs a pressure-balancing technique to

determine the capillary pressure of the liquid contained

in the porous medium.

The Su and Brooks (1976) retention function was used to

mathematically describe the liquid retention curves. The

Su- Brooks retention function is:

Pc = Pf f S-Sr)-mCm_s)bm/a
a

where S = saturation

Sr = residual saturation
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Sm = maximum saturation

Pc = capillary pressure

m, b, & Pf = hydraulic parameters

Their function was linearized by Lenhard and Brooks

(1982) so that linear multiple regression procedures

could be used to determine the retention parameters for

each sample by the method of least squares. Capillary

pressure was the dependent variable and two terms

involving saturation were the independent variables.

This method provided a quantitative measure, the

coefficient of determination (R 2
), of how well the

Su-Brooks retention function fits the experimental

capillary pressure- saturation data. Each retention curve

was developed from seven capillary pressure-saturation

points ranging in capillary pressure head from 0 to 0.5 m

water.

Sample Preparation

Three different clay minerals, purchased from the Clay

Minerals Society, were used: a well crystallized kaolin

from Washington County, Georgia (KGa-1);

Ca-montmorillonite from Apache County, Arizona (SAz-1 );
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and an illite from Silver Hill. Montana (IMt-1). Known

amounts of clay were mixed homogeneously with a known

amount of sand- and silt-sized soil particles obtained

from a mixture of loamy sand soils. The resulting

mixtures were 18% and 36% Ca-montmorillonite, 18% and 36%

illite, and 18% kaolinite. The pipette method for

determining particle sizes revealed that the amount of

clay-sized particles in the sand and silt mixture was

0.2%. The sand and silt mineral particles were treated

with 20% hydrogen peroxide before they were mixed with

the clays to oxidize any organic compounds that might

react with water or soltrol and produce effects that

could be confused with clay-liquid interactions.

The samples were packed air-dry into porous retention

cells that were constructed especially for the Su-Brooks

(1980) method and had a bubbling pressure of

approximately 7.1x104 Pa. The volume of the retention

cells were 3.5x10-5 m3
. The samples were packed to

bulk densities such that upon addition of the wetting

liquid and subsequent removal during the test, the volume

of the sample would not change. These bulk densities,

determined for the different clay minerals by earlier

experimentation, were 1.60x103, 1.60x103, 1.45x10 3

and 1.10x10 3
kg/m

3
for the 18% kaolinite, 18% illite,
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36% illite, and 18% and 36% Ca-montmorillonite samples,

respectively. The retention data for each clay mineral

and clay content was replicated. The samples were packed

in the same manner and replicate retention curves with

soltrol revealed that the packing produced media with

similar pore-size distributions.

Free Swelling Tests

Free swelling tests were conducted on samples of 54%

illite and 36% montmorillonite by weight. The porous

media were packed at approximately the same bulk density

and volume that was used for measuring the liquid

retention curves. The boundaries of the samples were

marked after the porous media were packed air-dry so that

any change in volume could be recorded as the porous

media imbided water. The sample container was

constructed to allow free exchange of fluids with the

surrounding environment. Volume changes were recorded as

the porous media became saturated with water. The free

swelling tests were replicated.
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Scaling

The effects of differences in liquid properties (surface

tension, liquid density, contact angle, etc.) on

capillary pressure must be accounted for when comParing

liquid retention curves with different wetting fluids.

The capillary pressures were scaled by methods of Su and

Brooks (1976) to account for these differences. A

measurable scaling factor which accounts for such liquid

properties is the capillary pressure at the inflection

point of the retention curve. Therefore, by dividing the

capillary pressure values by the respective capillary

pressures at the inflection point, scaled capillary

pressures, P., are produced which are dimensionless and

comparable for different liquids.

The saturation values were normalized by a method

described by Corey (1977).

S. = S - Sr
Sm -Sr

where S. = effective saturation;

Sm = maximum saturation;

Sr = residual saturation.

S = saturation
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The Su-Brooks retention function using scaled capillary

pressure and effective saturation is

where P. = scaled capillary pressure;

S. = effective saturation;

a. = a

a + b

b.

a + b

m. a, b, Pf = hydraulic parameters:

Pi = capillary pressure at the inflection
point.

Two porous media are assumed to be hydraulically similar

if the relationship between scaled capillary pressure and

effective saturation are identical. All liquid retention

curves presented in this paper are in terms of scaled

capillary pressure and effective saturation. Also, a

value of zero is assumed for the residual saturation for

all samples of porous media. This did not significantly

2reduce the R values when fitting the data to the

Su-Brooks retention function.
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RESULTS AND DISCUSSION

Figure IV.1 shows the retention curves for the sand- and

silt-sized particles with the different wetting fluids.

The curves are not significantly different from each

other at the 99.5% confidence level. This implies that

the pore geometries of the samples are essentially the

same when the wetting fluids are water and soltrol.

Figure IV.1 indicates that in the absence of clay-fluid

interactions with media that are packed similarly, the

relationships between the scaled capillary pressures and

saturation are similar.

The best fit retention curves for water and soltrol for

18% kaolinite are shown in Figure IV.2. The retention

curves in Figure IV.2 also are not statistically

different from each other at the 95% confidence level.

Figures IV.3 and IV.4 show the retention curves for 18%

and 36% illite, respectively. The hydraulic parameters

describing the retention curves for soltrol are

significantly different at the 95% confidence level from

the hydraulic parameters describing the water retention
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curve. The same result was found for 18% and 36%

montmorillnite (Figures IV.5 and IV.6). In all these

figures the data from both replicates were used to

construct each liquid retention curve. The confidence

intervals of the hydraulic parameters were established

using a t value with 11 degrees of freedom. Table IV.1

shows the confidence intervals of the regression

coefficients that were determined from multiple

regression procedures on the scaled capillary

pressure-saturation data. The hydraulic parameters a.,

b., and Pf are determined from the constant term.

The change in pore-size distributions of porous media can

be observed by comparing liquid retention curves. The

relationship between pore-size distributions and liquid

retention curves has long been described in the

literature and is widely accepted [see Collis-George

(1950) and Purcell (1949)]. Different liquid retention

curves are an indication of different pore-size

distributions. The scaled retention curves for

montmorillonite and illite indicate that the pore space

consists of a larger volume of smaller pores when the

wetting fluid was water. This suggests that these clay

particles interact differently with the two wetting

fluids.
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TABLE IV.1 Confidence Intervals of Regression Coefficients

REGRESSION CONFIDENCE
POROUS MEDIA WETTING FLUID COEFFICIENT INTERVAL

constant 1.208 - 0.222
soltrol -m -1.134 - -0.398

bm/a 0.646 - 0.412
BULK SAMPLE

constant 1.298 - 0.536
water -m -1.088 - -0.438

bm/a 0.710 - 0.530

constant 0.996 - 0.648
soltrol -m -3.116 - -2.248

bm/a 0.436 - 0.362
18%

KAOLINITE constant 0.987 - 0.269
water -m -2.890 - -1.794

bm/a 0.413- 0.259

constant 0.778 - 0.632
soltrol -m -1.667 - -1.081

bm/a 0.465 - 0.395
18%

ILLITE constant 1.414 - 0.714
water -m -3.963 - -2.171

bm/a 0.525 - 0.379

constant 1.769 - 1.021
soltrol -m -2.817 - -1.754

bm/a 0.664 - 0.546
36%

ILLITE constant 1.633 - 1.149
water -m -6.034 - -4.124

bm/a 0.528 - 0.448

constant 0.558 - 0.032
soltrol -m -2.002 - -1.540

bm/a 0.281 - 0.145
18%

MONTMORILLONITE constant 0.856 - 0.238
water -m -3.307 - -2.475

bm/a 0.368 - 0.232

constant 0.609 - 0.067
soltrol -m -2.163 - -1.631

bm/a 0.305 - 0.181
36%

MONTMORILLONITE constant 0.725 - 0.015
water -m -5.062 - -2.910

bm/a 0.288 - 0.200

2.201t
.05,11df
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When soltrol was the wetting fluid, there was no visual

indication that the pore geometry resulting from packing

the samples changed because of clay-fluid interactions.

Furthermore, there is no theoretical reason for such a

change. Therefore, the scaled liquid retention curves

obtained with soltrol are assumed to reflect the initial

pore geometry.

Kaolinite

For the combined replicates of 18% kaolinite, the liquid

retention functions for water and soltrol were not

significantly different from each other. Any clay-water

interactions which may be present did not significantly

affect the pore-size distributions. Kaolinite particles

do not expand in the presence of water.

Montmorillonite

The different pore-size distributions produced by the

interaction of montmorillonite with water as compared to

soltrol can be explained by the swelling properties of

montmorillonite. In the presence of water

montmorillonite swells creating a different pore
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geometry. The retention cells were constructed so that

the total volume of the porous media remained constant.

Swelling resulted in a change from larger to smaller

pores as reflected in the scaled liquid retention curves

(Figures IV.5 and IV.6). The differences shown indicate

that the larger pores (as reflected by the capillary

pressure at the inflection point) were decreased

relatively more than the smaller pores, as would be

expected.

Illite

With 18% and 36% illite (Figures IV.3 and IV.4), the

scaled retention curves for the different wetting fluids

are statistically different. The illites are classified

as nonexpanding 2:1 layer silicate clays (van Olphen,

1977). They do not undergo interlayer swelling with

water although swelling pressures have been measured for

Na-illites (Bolt and Miller, 1955). The illite used in

this study was not sodium saturated. However, some

phenomenon must exist to account for the statistical

difference in the scaled liquid retention curves. It is

possible that the illite used in this study did undergo

swelling in water significant enough to produce a change

in the pore geometry, or that there is an adsorbed layer
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of water molecules of sufficient thickness surrounding

the illite particles to produce the observed

differences. Both explanations could account for

differences in the scaled liquid retention curves with

the different wetting fluids.

Free swelling tests were conducted on samples of 54%

illite by weight at approximately the same bulk density

as used in the retention cells. There was no volume

change from the air-dried to the saturated condition.

The free swelling test was also conducted on a sample of

36% montmorillonite by weight and the volume increased by

18%. The results of the free swelling tests suggest that

if swelling occurs in the illite samples, it is not of

sufficient magnitude to produce the changes observed in

the scaled retention curves. Therefore, it was concluded

that swelling of the illite samples was not the major

factor in producing the change in pore geometry.

The possibility that an adsorbed layer of water molecules

of substantial thickness would explain these effects was

investigated. A computer model was developed to predict

the hydraulic parameters of the Su-Brooks retention

function for water from the hydraulic parameters measured
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for soltrol. The model calculated a pore-radius

distribution from the hydraulic parameters obtained with

soltrol by balancing the forces across an interface.

Pc(a) =a(cosa) Wp

where Wp = wetted perimeter

A = area of plane passing through Wp

Note that A/Wp is consistent with the concept of a

hydraulic radius (Corey, 1977). The model then corrected

the mean hydraulic radius of the theoretical pores by

reducing the mean radius by an amount corresponding to

the proposed thickness of the adsorbed water layer. The

model then computed the capillary pressure-saturation

points that would theoretically exist if the absorbed

water layer existed. If the predicted hydraulic

parameters for water were within the statistical

confidence interval of the measured hydraulic parameters,

this was considered to support the theory of an adsorbed

water layer of the calculated thickness. The thickness

of the adsorbed water layer used in the model was assumed

to be constant at all capillary pressures and was taken

as that thickness which gave the best fit to the measured

data.
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Figure IV.7 shows the experimental scaled liquid

retention curves for water and soltrol and the scaled

liquid retention curve generated by the computer model.

The retention curves generated by the computer program

are very close to the measured water retention curves.

Table IV.2 lists the confidence intervals of the

experimental water hydraulic parameters of the Su-Brooks

retention function determined from the variability of the

measured capillary pressure-saturation data about the

Su-Brooks function. For both replicates the predicted

water hydraulic parameters are within the 95% confidence

interval of the hydraulic parameters determined from the

experimental capillary pressure-saturation data when

water was the wetting fluid.

A similar set of scaled liquid retention curves is shown

in Figure IV.8 for 36% illite. The predicted water

hydraulic parameters are also within the 95% confidence

interval of the measured water hydraulic parameters as

shown in Table IV.2. The average thickness of the

adsorbed water layer for both replicates of 18% illite

was 0.475 pm and for 36% illite the average thickness was

0.375 pm. This corresponds to approximately 1580

molecular diameters of water molecules for 18% illite and

1250 molecular diameters for 36% illite.
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TABLE IV.2 Confidence Intervals of Individual Water Retention Functions

with Predicted Regression Coefficients from Model

POROUS MEDIA REPLICATE

WATER
REGRESSION
COEFFICIENT

CONFIDENCE
INTERVAL

PREDICTED
REGRESSION
COEFFICIENT

constant 5.776 - 4.572 5.563
1 -m -4.516 - -1.570 -3.043

18% bm/a 0.558 - 0.304 0.431

ILLITE

2

constant 5.807 4.789
-4.633 - -1.887 -3.7563.756

bm/a 0.570 0.360 0.370

constant 5.542 - 5.096 5.530

1 -m -6.042 - -4.304 -5.371

36% bm/a 0.490 0.416 0.452

ILLITE
constant 5.749 - 5.269 5.695

2 -m -5.957 -4.043 -4.792
bm/a 0.560 0.486 0.494

constant 3.990 3.232 2.905

1 -ia -3.222 - -2.160 -3.055

18% bm/a 0:400 0.234 '0.206

MONTMORILLONITE
constant 3.778 - 2.720 2.902

2 -m -3.715 - -2.345 -3.485

bm/a 0.406 0.172 0.147

36% constant 5.246 - 4.322 3.220

MON1M0RILLONITE I -III -4.459 - -2.065 -3.772

bm/a 0.413 0.267 0.208

95% confidence intervals
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A similar analysis was conducted for the scaled liquid

retention curves for 18% and 36% montmorillonite (Figures

IV.9 and IV.10). The thickness of the adsorbed water

layer was adjusted for the best possible match with the

experimental water retention curve. From Table IV.2 it

can be seen that the predicted water hydraulic parameters

are not all within the 95% confidence interval of the

experimental water hydraulic parameters. This was true

for all montmorillonite samples analyzed. This means

that the scaled water retention curve developed from the

model is statistically different (at a =0.05) from the

curve obtained from the experimental data. The lack of

agreement between the predicted and experimental

hydraulic parameters can be explained by the swelling

properties of montmorillonite, particularly at the lower

scaled capillary pressures.

The results from the free swelling tests conducted on the

illite samples, the agreement between predicted and

experimental hydraulic parameters for illite, and the

statistical difference of these parameters for porous

media which undergo significant swelling all support the

theory of an adsorbed water layer. The thickness of the

apparent layer is much larger than the 1-2 molecular

layers proposed by some investigators and is more in
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agreement with the thinking of Drost-Hansen (1971) and

Derjaguin and Krylor (1944) as reported by Peschel and

Adlfinger (1970).

The adsorbed water layer could exist for all the clay

minerals investigated. For kaolinite, an absorbed water

layer could exist which is too thin to have a significant

effect on the retention curves. For montmorillonite, the

effect of an adsorbed water layer on the retention curves

may be masked by the effect of swelling at the higher

water saturations. It is significant, however, that at

lower water saturations the water retention curves for

media containing montmorillonite seem to be predicted

closely by the assumption of an adsorbed water layer.
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SUMMARY

Evidence indicating the existance of an adsorbed water

layer in porous media containing illite was obtained by

comparing liquid retention curves using different wetting

fluids. The probable thickness of such a layer was

inferred from the differences in the liquid retention

curves obtained with water fom those obtained with a

non-polar fluid (soltrol). Comparison of the retention

curves with the two liquids was facilitated by scaling

the measured capillary pressures using the capillary

pressure at the inflection point of the corresponding

retention curve. It was found that retention curves for

media containing illite with water can be predicted from

the curves with soltrol by assuming an adsorbed water

layer of an appropriate thickness. The thickness

inferred for the illite samples was as much as 1580

molecular diameters of water.

Comparisons of liquid retention curves for samples of

sand- and silt-sized mineral particles and 18% kaolinite

indicated no significant differences between the curves.

It was inferred that any adsorbed water on kaolinite is

too thin to affect the liquid retention curves
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significantly. For media containing montmorillonite,

significant differences in the retention curves were

found. However, the parameters of the Su-Brooks

retention function with water could not be predicted from

the retention curve obtained with soltrol by assuming an

adsorbed water layer. It is inferred that the observed

differences in this case are caused by swelling of the

montmorillonite particles with water as well as an

adsorbed water layer.
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ADSORBED WATER PROGRAM

PROGRAM WRITTEN FOR AN APPLE II

10 PRINT
15 DIM AV(1001)
20 DIM PC(11)
25 DIM S(11),SS(11)
26 DIM X(11),R(11),T(11)
27 DIM A(11,12)
30 PRINT "INPUT RETENTION PARAMETERS FOR SOLTROL"
35 PRINT
40 INPUT " A. = ";AA
45 INPUT " . B. = ";BB
50 INPUT " -M = ";XM
55 INPUT " BM/A = ";BMA
60 INPUT " PF = ";PF
65 PRINT
66 PRINT
70 PRINT "WHAT ADSORBED WATER THICKNESS TO USE"
75 INPUT " IN CENTIMETERS ";DA
88 V = 0.0
85 Z1 = 3.1416
90 Z2 = 22.9
91 REM Z2 =SURFACE TENSION FACTOR-SOLTROL
95 Z3 = 60
96 REM Z3 =SURFACE TENSION FACTOR-WATER
100 Z4 = 980.062
101 REM 24.(GRAVITY)(DENSITY-WATER)
105 25 = 739.847
106 REM Z5.(GRAVITY)(DENSITY-SOLTROL)
107 PRINT
108 PRINT "LOWER LIMIT OF SATURATION WANT TO INVESTIGATE FROM SOLTROL CURVE"
109 INPUT " ? = ";Y
115 FOR XX = 0.999 TO Y STEP - 0.001
120 P1 = PF * ((XX / AA) XM) * (((1.0 - XX) / BB) BMA)
125 P2 = PF * (((XX - 0.001) / AA) XM) * (((1.001 - XX) / BB) BMA)
126 REM P1 & P2 ARE CAPILLARY PESSSURES
127 REM RO=AVG. RADIUS WITH SOLTROL
130 RO = ((22 / (P1 * 25)) t (22 / (P2 * 25))) / 2
131 REM CAPILLARY PRESSURE CAN BE RELATED TO A DIMENSION OF LENGTH
132 REM BY A BALANCE OF FORCES ACROSS AN INTERFACE
133 REM (CAP.PRES.)(AREA)=(SURFACE TENSION FACTOR)(WETTED PERIMETER)
134 REM NOW (AREA/WETTED PERIMETER) IS SIMILAR TO HYDRAULIC RADIUS
135 W = 0.001 / (Z1 * (RO * RO))
136 REM A MEASURE OF THE SURFACE AREA ASSOCIATED WITH DIFFERENT RADII
137 REM LENGTH=VOL.WATER/(PI)(RADIUS"2)
140 RW = RO - DA
141 REM RW-HYDRAULIC RADIUS FOR WATER AFTER ASSUMING AN ADSORBED WATER LAYER
145 IF (DA > RO) THEN RW = RO
146 REM AT A CERTAIN POINT A PORE WILL NOT DRAIN
147 REM BECAUSE IT IS ALL ADSORBED WATER
150 VOL = 21 * W * ((RO * RO) - (RW * RW))
151 REM VOL= VOLUME OF ADSORBED WATER
155 AV(XX * 1000) = VOL
160 NEXT XX
165 PRINT
170 PRINT "WHAT SIZE OF SATURATION INCREMENT TO USE BETWEEN POINTS"
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175 INPUT " (O.XX) = ";C
176 PRINT
180 FOR J = 1 to 10
185 FOR D = 0.999 - C * (J - 1) TO 0.9995 - C * J STEP - 0.001

190 IF CD < Y) THEN GOTO 565
200 VW = V + AV(D * 1000)
205 V . VW
210 NEXT D
215 VW = VW + (1.0 - C * J)
216 REM ADDS UP VOL. OF ADSORBED WATER RETAINED IN PORES
217 REM STARTS WITH THE LARGEST PORES GOES TO THE SMALLEST ONES
220 RO = Z2 / (PF * ((1.0 - C * J) / AA) XM * ((C * J) / BB) BMA * Z5)
221 REM DETERMINES HYDRAULIC RADIUS AT A GIVEN SATURATION FOR SOLTROL
225 RW = RO - DA
230 PP = Z3 / (RW * Z4)
231 REM PP=CAP. PRESS. THAT WOULD EXIT IF THE PORE DRAINED ASSUMING ADSORBED

WATER
235 PC(J) = PP
240 S(J) = VW
245 NEXT J
246 FOR K = 1 to 3
247 FOR L = 1 to 4
248 A(K,L) = 0.0
249 NEXT
250 NEXT K
258 PRINT
259 PRINT
260 PRINT "PC-S POINTS FROM THE SOLTROL PARAMETERS"
265 PRINT "WITH ASSUMING AN ADSORBED WATER LAYER OF ";DA
270 PRINT
275 PRINT " PC"," S"
280 FOR J = 1 TO.10
285 PRINT PC(J),S(J)
290 NEXT J
291 REM TRANSFORMS DATA FOR REGRESSION ANALYSIS
295 FOR I = 1 TO 10
300 PC(I) = LOG (PC(I))
305 SS(I) = LOG (1.0 - S(I))
310 S(I) = LOG (S(I))
315 NEXT I
316 REM POPULATE MATRIX TO BE USED IN CURVE FITTING
319 X(1) = 1
320 FOR I = 1 to 10
325 X(2) = S(I)
330 X(3) = SS(I)
335 X(4) = PC(I)
340 FORK= 1 TO 3
345 FOR I = 1 TO 4
350 A(K,L) = A(K,L) + (X(K) * X(L))
355 NEXT L
360 R(K) = A(K,4)
365 NEXT K
375 NEXT I
376 FREM SOLVING A SYSTEM OF LINEAR EQUATIONS FOR REGRESSION ANALYSIS
330 FOR I = 2 TO 3
385 T(I)
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390 NEXT I
395 FOR I = 1 TO 3
400 J = I
405 IF A(J,I) < > 0 THEN 430
410 J = J + 1
415 IF J < = 3 THEN 405
420 PRINT "NO UNIQUE SOLUTION"; CHR$(7)
425 GOTO 555
430 FOR K = 1 TO 4
435 B = A(I,K)
440 A(I,K) = A(J,K)
445 A(J,K) = B
450 NEXT K
455 Z = 1 / A(I,I)
460 FOR K = 1 TO 4
465 A(I,K) = A(I,K)
470 NEXT K
475 FOR J = 1 TO 3
480 IF J = I THEN 505
485 Z = -A(J,I)
490 FOR K = 1 TO 4
495 A(J,K) = A(J,K) Z * A(I,K)
500 NEXT K
505 NEXT J
506 NEXT I
510 PRINT
511 PRINT
512 PRINT
513 PRINT " PREDICTED REGRESSION COEFF. WITH ASSUMING AN ADSORBED WATER LAYER

ARE:"
514 PRINT
515 PRINT " CONSTANT ";A(1,4)
516 PRINT " -M = ";A(2,4)
517 PRINT " BM/A = ";A(3,4)
518 PRINT
519 PRINT
520 PRINT "PREDICTED SU-BROOKS RETENTION PARAMETERS ARE:"
521 PRINT
522 U = 1.0 / (( - A(3,4) / A(2,4)) 1)
523 F = A(1,4) + A(3,4) * LOG (1.0 - U) + A(2,4) * LOG (U)
524 UU = EXP (F)
525 G = 1.0 - A(2,4) - A(3,4)
527 H = (((GG * G) 0.5) - (GG * G)) / ((1.0 - GG) * G)
528 HH = UU * (((1.0 + GG) * (1.0 - H)) A(2,4)) * (((1.0 + (1 / GG)) *

H) " A(3,4))
529 PRINT " A. = ";U
530 PRINT " B. = ";1.0 - U
531 PRINT " -M = ";A(2,4)
532 PRINT " BM/A = ";A(3,4)
533 PRINT " PF = ";UU
534 PRINT " PI = ";HH
535 PRINT
536 PRINT " PF/PI = ";UU / HH
537 PRINT
538 PRINT
539 PRINT
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548 PRINT " ENTER 1 IF WANT TO TRY ANOTHER WATER LAYER THICKNESS"
549 PRINT "OR ANOTHER NUMBER IF liar,
550 PRINT
551 INPUT " 7 = ";E
552 IF E = 1 THEN GOTO 65
553 END
555 PRINT CHR$ (7): PRINT "INVALID DATA - DIVISION BY ZERO"

560 END
565 PRINT
570 PRINT "ERROR - SATURATION INCREMENT TOO LARGE"
575 GOTO 165
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CAPILLARY PRESSURE-SATURATION DATA
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SAMPLE: 18% Kaolinite

LIQUID: Oil

REPLICATE 1 REPLICATE 2

Capillary Pressure

(cm. of water)

Saturation Capillary Pressure

(cm. of water)

Saturation

7.8 0.923 9.3 0.917

39.5 0.89 39.7 0.89

61.8 0.85 62.6 0.85

91.6 0.78 94.9 0.78

132.0 0.71 132.6 0.72

211.1 0.64 194.9 0.65

322.8 0.58 326.2 0.59

Vol. of Container = 26.35 cm3

Vol. of Voids = 10.3953 cm'

Bulk Density = 1.6046 g/cm3

Vol. of Container = 26.35 cm
3

Vol. of Voids = 10.4066 cm
3

Bulk Density = 1.6034 g/cm3

Su-Brooks Retention Parameters Su-Brooks Retention Parameters

a. = 0.865 a. = 0.876

b. = 0.135 b. = 0.124

-m = -2.640 -m = -2.727

bm/a = 0.412 bm/a 0.385

Pf = 84.999 Pf = 84.501

Pi = 56.196 Pi = 60.025

Sm = 0.924 Sm = 0.918

Sr = 0 Sr = 0

coefficient of determination coefficient of determination

2

R = 0.9975
2

0.9966
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SAMPLE: 18% Kaolinite

LIQUID: Water

REPLICATE 1 REPLICATE 2

Capillary Pressure

(cm. of water)

Saturation Capillary Pressure

(cm. of water)

Saturation

8.1 0.910 8.6 0.868

35.3 0.84 35.7 0.80

75.7 0.77 78.0 0.74

118.4 0.59 136.7 0.63

202.3 0.50 199.6 0.51

304.5 0.45 310.6 0.46

449.4 0.40 445,3 0.42

Vol. of Container = 35.11 cm
3

Vol. of Container = 35.11 cm
3

Vol. of Voids = 13.9742 cm3 Vol. of Voids = 13.7553 cm
3

Bulk Density = 1.5953 g/cm3 Bulk Density = 1.6118 g/cm3

Su-Brooks Retention Parameters Su-Brooks Retention Parameters

a. = 0.877 a. = 0.881

b. = 0.123 b. = 0,119

-m = -2.300 -m = -2.506
bm/a = 0.322 bm/a = 0.339

Pf = 50.262 Pf = 55.885

Pi = 41.595 Pi = 44.523

Sm = 0,911 Sm = 0.869

Sr = 0 Sr = 0

coefficient of determination coefficient of determination

2

R = 0.9889
2

R 0.9894
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SAMPLE: 18% Illite

LIQUID: Oil

REPLICATE 1 REPLICATE 2

Capillary Pressure

(cm. of water)

Saturation Capillary Pressure

(cm. of water)

Saturation

7.3 0.949 7.9 0.918

38.8 0.92 36.9 0.89

59.2 0.86 74.0 0.80

90.9 0.76 106.3 0.72

130.6 0.67 157.1 0.62

199.6 0.56 208.5 0.56

301.8 0.45 294.5 0.47

Vol. of Container = 26.35 cm
3

Vol. of Container = 26.35 cm
3

Vol. of Voids = 10.4368 cm
3

Vol. of Voids = 10.4066 cm
3

Bulk Density = 1.6004 g/cm
3

Bulk Density = 1.6034 g/cm
3

Su-Brooks Retention Parameters Su-Brooks Retention Parameters

a. = 0.751 a. = 0.770

b. = 0.249 b. = 0.221

-m = -1.301 -m = -1.494

bm/a = 0.432 bm/a = 0.424

Pf = 116.435 Pf = 111.040

Pi = 73.960 Pi = 71.619

Sm = 0.950 Sm = 0.919

Sr = 0 Sr = 0

coefficient of determination coefficient of determination

2

R = 0.9973
2

R = 0.9994
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SAMPLE: 18% Illite

LIQUID: Water

REPLICATE I REPLICATE 2

Capillary Pressure

(cm. of water)

Saturation Capillary Pressure

(cm. of water)

Saturation

10.1 0.858 9.1 0.845

35.4 0.83 36.0 0.82

80.9 0.80 91.5 0.78

142.1 0.73 145.6 0.72

192.2 0.67 205.1 0.67

312.0 0.60 305.3 0.62

461.5 0.54 443.4 0.56

Vol. of Container = 35.11 cm
3

Vol. of Container = 35.11 cm3

Vol. of Voids = 14.0609 cm
3

Vol. of Voids = 13.9591 cm3

Bulk Density = 1.5887 g/cm3 Bulk Density = 1.5964 g/cm3

Su-Brooks Retention Parameters Su-Brooks Retention Parameters

a. = 0.876 a. = 0.875

b. = 0.124 b. = 0.125

-m = -3.043 -m -3.260

bm/a = 0.431 bm/a 0.465

pf = 107.551 Pf 117.376

Pi = 67.235 Pi = 65.952

Sm = 0.859 Sm = 0.826

Sr = 0 Sr = 0

coefficient of determination coefficient of determination

2 2
R = 0.9903 R = 0.9941
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SAMPLE: 36% Illite

LIQUID: Oil

REPLICATE 1 REPLICATE 2

Capillary Pressure

(cm. of water)

Saturation Capillary Pressure

(cm. of water)

Saturation

1.0 0.953 0.9 0.962

7.3 0.95 5.6 0.96

26.6 0.93 38.7 0.91

65.1 0.87 93.4 0.85

106.9 0.77 144.2 0.77

166.9 0.72 198.4 0.72

262.5 0.60 278.3 0.62

Vol. of Container = 26.35 cm
3

Vol. of Container = 26.35 cm
3

Vol. of Voids = 11.9092 cm
3

Vol. of Voids = 11.9134 cm
3

Bulk Density = 1.4523 g/cm
3

Bulk Density = 1.4519 g/cm
3

Su-Brooks Retention Parameters Su-Brooks Retention Parameters

a. = 0.727 a. = 0.788

b. . 0.273 b. = 0.212

-m = -1.585 -m = -2.251

bm/a = 0.594 bm/a = 0.605

Pf . 174.817 Pf = 132.666

Pi = 65.751 Pi = 52.758

Sm . 0.9521 Sm = 0.9621

Sr = 0 Sr = 0

coefficient of determination coefficient of determination

2

R 0.9989
2

R = 0.9985
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SAMPLE: 36% Illite

LIQUID: Water

REPLICATE 1 REPLICATE 2

Capillary Pressure

(cm. of water)

Saturation Capillary Pressure

(cm. of water)

Saturation

3.3 0.942 2.1 0.948

28.5 0.93 20.1 0.94

71.8 0.89 76.7 0.89

131.2 0.85 137.4 0.85

213.6 0.80 222.0 0.80

335.1 0.74 342.4 0.76

510.7 0.70 472.3 0.71

Vol. of Container = 35.11 cm
3

Vol. of Container = 35.11 cm
3

Vol. of Voids = 15.2656 cm
3

Vol. of Voids = 16.0724 cm
3

Bulk Density = 1.4978 g/cm3 Bulk Density = 1.4369 g/cm3

Su-Brooks Retention Parameters Su-Brooks Retention Parameters

a. = 0.920 a. = 0.905

b. = 0.080 b. = 0.095

-m = -5.173 -m = -5.000

bm /a = 0.453 bm/a = 0.523

Pf = 100.67 Pf = 118.318

Pi = 58.348 Pi = 53.687

Sm = 0.9421 Sm = 0.9481

Sr = 0 Sr = 0

coefficient of determination

2

0.9990

coefficient of determination

2
0.9992
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SAMPLE: 18% Montmorillonite

LIQUID: Oil

REPLICATE 1 REPLICATE 2

Capillary Pressure

(cm. of water)

Saturation Capillary Pressure

(cm. of water)

Saturation

1.6 0.919 2.2 0.923

3.0 0.88 4.0 0.87

6.8 0.78 7.4 0.80

17.2 0.58 17.7 0.58

42.9 0.30 33.8 0.36

90.6 0.21 80.3 0.22

173.2 0.16 180.0 0.16

Vol. of Container = 26.35 cm
3

Vol. of Voids = 15.3726 cm
3

Vol. of Container = 26.35 cm
3

Vol. of Voids = 15.3575 cm
3

Bulk Density = 1.1040 g/cm3 Bulk Density = 1.1055 g/cm3

Su-Brooks Retention Parameters Su-Brooks Retention Parameters

a. = 0.882 a. = 0.903

b. = 0.118 b. = 0.097

-m = -1.774 -m = -1.763

bm/a = 0.237 bm/a = 0.190

Pf = 5.631 Pf = 5.907

Pi = 5.471 Pi = 6.169

Sm = 0.920 Sm = 0.924

Sr = 0 Sr = 0

coefficient of determination coefficient of determination

2 2

R = 0.9910 R = 0.9913
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SAMPLE: 18% Montmorillonite

LIQUID: Water

REPLICATE 1 REPLICATE 2

Capillary Pressure

(cm. of water)

Saturation Capillary Pressure

(cm. of water)

Saturation

4.4 0.904 3.8 0.897

18.8 0.82 12.2 0.83

39.2 0.74 23.3 0.77

69.9 0.65 59.5 0.65

127.2 0.52 148.9 0.48

221.3 0.43 263.9 0.39

390.4 0.35 395.2 0.34

Vol. of Container = 35.11 cm
3

Vol. of Voids = 20.5666 cm
3

Bulk Density = 1.0977 g/cm
3

Vol. of Container = 35.11 cm
3

Vol. of Voids = 20.5326 cm
3

Bulk Density = 1.1003 g/cm
3

Su-Brooks Retention Parameters Su-Brooks Retention Parameters

a. = 0.895 a. = 0.913

b. = 0.105 b. = 0.087

-m = -2.691 -m = -3.030

bm/a = 0.317 bm/a = 0.289

Pf = 24.459 Pf = 16.771

Pi = 20.531 Pi = 15.001

Sm = 0.905 Sm = 0.898

Sr = 0 Sr = 0

coefficient of determination coefficient of determination

2 2

R = 0.9954 = 0.9928
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SAMPLE: 36% Montmorillonite

LIQUID: Oil

REPLICATE 1 REPLICATE 2

Capillary Pressure

(cm. of water)

Saturation Capillary Pressure

(cm. of water)

Saturation

2.3 0.917 2.9 0.923

7.3 0.88 5.5 0.90

14.1 0.78 12.7 0.78

22.3 0.63 21.6 0.64

39.2 0.44 39.1 0.45

90.8 0.30 91.9 0.30

230.8 0.23 196.3 0.23

Vol. of Container = 26.35 cm
3

Vol. of Container . 26.35 cm
3

Vol. of Voids = 15.3462 cm3

Bulk Density = 1.1066 g/cm3

Vol. of Voids = 15.3425 cm
3

Bulk Density = 1.1070 g/cm
3

Su-Brooks Retention Parameters Su-Brooks Retention Parameters

a. = 0.874 a. = 0.899

b. = 0.126 b. = 0.101

-m = -1.857 -m = -1.938

bm/a = 0.269 bm/a = 0.218

Pf = 11.075 Pf = 9.387

Pi = 10.179 Pi = 9.440

Sm = 0.918 Sm = 0.924

Sr = 0 Sr = 0

coefficient of determination

2

R = 0.9984

coefficient of determination

2

= 0.9956
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SAMPLE: 36% Montmorillonite

LIQUID: Water

REPLICATE 1 REPLICATE 2

Capillary Pressure

(cm. of water)

Saturation Capillary Pressure

(cm. of water)

Saturation

4.4 0.907 2.3 0.908

26.6 0.89 27.5 0.90

71.9 0.85 74.4 0.84

125.2 0.75 126.5 0.75

180.7 0.68 168.5 0.70

293.8 0.61 270.0 0.63

423.6 0.56 418.2 0.57

Vol. of Container = 35.11 cm
3

Vol. of Voids = 20.5817 cm
3

Bulk Density = 1.0966 g/cm
3

Vol. of Container = 35.11 cm
3

Vol. of Voids = 20.5742 cm
3

Bulk Density = 1.0971 g/cm3

Su-Brooks Retention Parameters Su-Brooks Retention Parameters

a. = 0.906 a. = 0.944

b. = 0.094 b. = 0.056

-m = -3.262 -m = -3.827

bm/a = 0.340 bm/a = 0.229

Pf = 74.097 Pf = 57.401

Pi = 59.158 Pi = 57.967

Sm = .90705 Sm = .908000

Sr = 0 Sr =

coefficient of determination

2

= 0.9934

coefficient of determination

2

R = 0.9984
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SAMPLE: 40% Ca-Montmorillonite

LIQUID: Water Solution

SODIUM ADSORPTION RATIO: SAR 30

ELECTROLYTE CONTENT: 3N

REPLICATE 1 REPLICATE 2

Capillary Pressure

(cm. of water)

Saturation Capillary Pressure

(cm. of water)

Saturation

4.1 0.862 4.2 0.867

21.5 0.82 21.5 0.83

41.6 0.73 41.0 0.73

63.5 0.65 63.0 0.65

95.4 0.58 93.4 0.59

157.7 0.52 166.5 0.52

285.5 0.47 291.0 0.47

Vol. of Container - 33.61 cm
3

Vol. of Voids = 20.2928 cm
3

Bulk Density = A.05 g/cm3

Vol. of Container = 35.11 cm3

Vol. of Voids = 21.1985 cm
3

Bulk Density = 1.05 g/cm
3

Su-Brooks Retention Parameters Su-Brooks Retention Parameters

a. 0.901 a. = 0.905

b. = 0.099 b. . 0.095

-m -3.192 -m -3.242

bm/a = 0.353 bm/a 0.342

Pf = 28.439 Pf 27.663

Pi = 22.004 Pi = 21.968

Sm = 0.863 Sm = 0.868

Sr = 0 Sr = 0

coefficient of determination coefficient of determination

2 2

R = 0.9933 R = 0.9920
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SAMPLE: 40% Ca-Montmorillonite

LIQUID: Water Solution

SODIUM ADSORPTION RATIO: SAR 30

ELECTROLYTE CONTENT: 1N

REPLICATE 1 REPLICATE 2

Capillary Pressure

(cm. of water)

Saturation Capillary Pressure

(cm. of water)

Saturation

4.4 0.879 4.5 0.888

26.9 0.83 26.7 0.84

50.5 0.74 50.5 0.75

95.6 0.65 101.3 0.65

166.5 0.59 174.6 0.59

270.7 0.55 276.7 0.55

404.0 0.52 403.3 0.52

Vol. of Container =

Vol. of Voids =

Bulk Density =

33.61 cm
3

20.2928 cm
3

1.05 g/cm
3

Vol. of Container . 35.11 cm
3

Vol. of Voids = 21.1985 cm3

Bulk Density = 1.05 g/cm
3

Su-Brooks Retention Parameters Su-Brooks Retention Parameters

a. = 0.928 a. = 0.925

b. = 0.072 b. = 0.075

-m = -4.418 -m = -4.267

bm/a = 0.343 bm/a = 0.346

Pf = 26.189 Pf = 27.649

Pi = 20.824 Pi = 21.798

Sm = 0.880 Sm = 0.889

Sr = 0 Sr = 0

coefficient of determination coefficient of determination

2 2
0.9935 0.9946
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SAMPLE: 40% Ca-Montmorillonite

LIQUID: Water Solution

SODIUM ADSORPTION RATIO: SAR 30

ELECTROLYTE CONTENT: 0.5N

REPLICATE 1 REPLICATE 2

Capillary Pressure

(cm. of water)

Saturation Capillary Pressure

(cm. of water)

Saturation

4.9 0.094 5.0 0.892

30.5 0.85 30.4 0.85

74.9 0.76 74.0 0.75

121.8 0.70 129.3 0.68

197.6 0.65 209.1 0.64

301.2 0.62 311.3 0.61

450.7 0.58 453.4 0.58

Vol. of Container = 33.61 cm
3

Vol. of Container = 35.11 cm
3

Vol. of Voids = 20.2928 cm
3

Vol. of Voids = 21.1985 cm
3

Bulk Density = J.05 g/cm3 Bulk Density = 1.05 g/cm3

Su-Brooks Retention Parameters Su-Brooks Retention Parameters

a. 0.931 a. = 0.935

b. = 0.069 b. = 0.065

-m = -5.172 -m - -5.273

bm/a = 0.383 bm/a = 0.364

Pf = 34.911 Pf = 31.861

Pi = 24.947 Pi = 24.032

Sm = 0.895 Sm = 0.893

Sr = 0 Sr - 0

coefficient of determination

2

R . 0.9979

coefficient of determination

2

R 0.9951
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SAMPLE: 40% Ca-Montmorillonite

LIQUID: Water Solution

SODIUM ADSORPTION RATIO:

ELECTROLYTE CONTENT: 0.1N

SAR 30

REPLICATE 1 REPLICATE 2

Capillary Pressure

(cm. of water)

Saturation Capillary Pressure

(cm. of water)

Saturation

4.8 0.936 5.0 0.935

37.7 0.91 37.8 0.91

89.4 0.86 89.7 0.86

130.6 0.83 140.1 0.82

206.4 0.79 215.9 0.79

316.7 0.76 322.2 0.76

460.4 0.72 463.8 0.72

Vol. of Container = 33.61 cm
3

20.2963 cm
3

Vol. of Voids =

Bulk Density = ;1.0497 g/cm3

Vol. of Container = 35.11 cm
3

Vol. of Voids = 21.1985 cm
3

Bulk Density = 1.05 g/cm
3

Su-Brooks Retention Parameters Su-Brooks Retention Parameters

a. = 0.913 a. = 0.916

b. = 0.087 b. . 0.084

-m = -5.902 -m = -5.998

bm/a = 0.560 bm/a ,_ 0.551

Pf = 96.106 Pf = 94.255

Pi = 37.551 Pi = 38.151

Sm = 0.937 Sm = 0.936

Sr = 0 Sr = 0

coefficient of determination coefficient of determination

2 2

R = 0.9995 R = 0.9990
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SAMPLE: 40% Ca-Montmorillonite

LIQUID: Water Solution

SODIUM ADSORPTION RATIO: SAR 30

ELECTROLYTE CONTENT: 0.05N

REPLICATE 1 REPLICATE 2

Capillary Pressure

(cm. of water)

Saturation Capillary Pressure

(cm. of water)

Saturation

4.7 0.958 4.8 0.935

44.4 0.935 44.9 0.91

93.4 0.895 94.5 0.87

156.3 0.85 166.5 0.82

289.7 0.80 300.5 0.78

442.0 0.76 450.7 0.74

566.1 0.73 571.5 0.72

Vol. of Container = 33.61 cm
3

20.3270 cm
3

Vol. of Voids =

Bulk Density 1.0473 g/cm
3

Vol. of Container = 35.11 cm
3

Vol. of Voids = 21.2194 cm
3

Bulk Density 7- 1.0484 g/cm
3

Su-Brooks Retention Parameters

a. = 0.881

b. = 0.119.

Su-Brooks Retention Parameters

a. 0.900

b. = 0.100

-m = -4.759 -m = -5.504

bm/a = 0.640 bm/a -,-
0.613

Pf = 179.541 Pf = 140.613

Pi = 49.613 pi = 43.651

Sm = 0.959 Sm . 0.936

Sr = 0 Sr . 0

coefficient of determination coefficient of determination

2 2

R = 0.9991 R = 0.9989



SAMPLE: 40% Ca-Montmorillonite

LIQUID: Water

SODIUM ADSORPTION RATIO: SAR 30

ELECTROLYTE CONTENT: 0

REPLICATE 1 REPLICATE 2

Capillary Pressure Saturation

130

Capillary Pressure Saturation

(cm. of water) (cm. of water)

5.0 0.991 5.1 0.979

77.7 0.965 77.8 0.96

169.1 0.935 175.9 0.92

251.6 0.91 263.8 0.90

356.5 0.88 364.0 0.87

455.5 0.86 462.3 0.85

593.3 0.82 596.7 0.82

Vol. of Container = 33.61 cm
3

Vol. of Container . 35.11 cm
3

Vol. of Voids = 20.3685 cm
3

Vol. of Voids = 21.2496 cm
3

Bulk Density = 1.0440 g /cm3 Bulk Density = 1.0461 g/cm
3

Su-Brooks Retention Parameters Su-Brooks Retention Parameters

a. = 0.787 a. = 0.722

b. = 0.213 b. = 0.278

-m ,

bm/a =

-3.053

0.827

-m =

bm/a =

-2.213

0.852

Pf = 860.499 Pf = 1274.339

Pi = 78.284 Pi = 100.888

Sm = 0.992 Sm = 0.980

Sr = 0 Sr . 0

coefficient of determination coefficient of determination

2 2

= 0.9995 R 0.9984
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SAMPLE: 40% Ca-Montmorillonite

LIQUID: Oil-Soltrol

SODIUM ADSORPTION RATIO: SAR 30

ELECTROLYTE CONTENT: N/A

REPLICATE 1 REPLICATE 2

Capillary Pressure

(cm. of water)

Saturation Capillary Pressure

(cm. of water)

Saturation

1.4 0.941 1.3 0.922

3.8 0.88 3.1 0.87

5.6 0.76 5.4 0.72

7.6 0.62 6.9 0.61

11.2 0.47 10.8 0.46

21.2 0.30 19.6 0.30

39.0 0.22 35.4 0.22

Vol. of Container = 26.35 cm
3

Vol. of Container _ 26.35 cm
3

Vol. of Voids = 15.8707 cm
3

Vol. of Voids = 15.8632 cm
3

Bulk Density 1.0539 g/cm3 Bulk Density . 1.0546 g/cm
3

Su-Brooks Retention Parameters Su-Brooks Retention Parameters

a. = 0.867 a. = 0.876

b. = 0.133 b. = 0.124

-m = -1.301 -m = -1.366

bm/a = 0.200 bm/a = 0.194

Pf = 4.520 Pf = 3.391

Pi = 4.587 Pi = 4.033

Sm 0.942 Sm = 0.923

Sr = 0 Sr = 0

coefficient of determination coefficient of determination

2 2

R = 0.9959 0.9981
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SAMPLE: 40% Ca-Montmorillonite

LIQUID: Water Solution

SODIUM ADSORPTION RATIO: SAR 15

ELECTROLYTE CONTENT: 3N

REPLICATE 1 REPLICATE 2

Capillary Pressure

(cm. of water)

Saturation Capillary Pressure

(cm. of water)

Saturation

4.0 0.878 4.1 0.873

25.2 0.825 25.7 0.82

49.9 0.715 49.4 0.71

98.5 0.59 96.1 0.58

168.5 0.52 174.6 0.50

245.0 0.48 250.4 0.47

379.6 0.44 378.3 0.43

Vol. of Container 33.61 cm
3

Vol. of Container = 35.11 cm
3

Vol. of Voids = 20.2928 cm
3

Vol. of Voids = 21.1985 cm
3

Bulk Density - J.05 g/cm3 Bulk Density = 1.05 g/cm
3

Su-Brooks Retention Parameters Su-Brooks Retention Parameters

a. 0.893 a. = 0.892

b. = 0.107 b. = 0.108

-m = -3.083 -m = -2.997

bm/a 0.370 bm/a = 0.364

Pf 31.364 Pf = 31.252

Pi = 23.234 Pi 23.504

Sm = 0.879 Sm = 0.874

Sr = 0 Sr = 0

coefficient of determination coefficient of determination

2 2

0.9949 R = 0.9936
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SAMPLE: 40% Ca-Montmorillonite

LIQUID: Water Solution

SODIUM ADSORPTION RATIO: SAR 15

ELECTROLYTE CONTENT: 1N

REPLICATE 1 REPLICATE 2

Capillary Pressure

(cm. of water)

Saturation Capillary Pressure

(cm. of water)

Saturation

4.1 0.892 4.1 0.891

27.7 0.84 28.1 0.84

61.3 0.72 60.7 0.72

99.3 0.65 106.7 0.63

173.0 0.58 181.0 0.56

274.9 0.54 283.4 0.53

419.6 0.50 423.6 0.49

Vol. of Container = 33.61 cm
3

Vol. of Voids = 20.2928 cm
3

Bulk Density = 1.05 g/cm3

Vol. of Container = 35.11 cm
3

Vol. of Voids = 21.1985 cm
3

Bulk Density = 1.05 cm
3

Su-Brooks Retention Parameters Su-Brooks Retention Parameters

a. = 0.914 a. = 0.908

b. = 0.086 b. = 0.092

-m = -3.923 -m = -3.687

bm/a = 0.369 bm/a = 0.375

Pf = 29.866 Pf = 31.827

Pi = 22.179 Pi = 23.233

Sm = 0.893 Sm = 0.892

sr = 0 Sr = 0

coefficient of determination coefficient of determination

2

R = 0.9949
2

R = 0.9929
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SAMPLE: 40% Ca-Montmorillonite

LIQUID: Water Solution

SODIUM ADSORPTION RATIO: SAR 15

ELECTROLYTE CONTENT: 0.5N

REPLICATE 1 REPLICATE 2

Capillary Pressure

(cm. of water)

Saturation Capillary Pressure

(cm. of water)

Saturation

4.9 0.904 4.7 0.899

34.8 0.85 34.5 0.85

74.7 0.76 73.8 0.75

106.2 0.72 118.4 0.69

184.0 0.66 194.9 0.65

284.8 0.62 290.8 0.61

441.2 0.58 443.2 0.57

Vol. of Container = 33.61 cm
3

Vol. of Container = 35.11 cm
3

Vol. of Voids = 20.2928 cm
3

Vol. of Voids = 21.1985 cm
3

Bulk Density = 1.05 g/cm3 Bulk Density = 1.05 g/cm
3

Su-Brooks Retention Parameters Su-Brooks Retention Parameters

a. = 0.929 a. = 0.924

b. = 0.071 b. = 0.076

-m = -4.993 -m = -4.769

bm/a = 0.380 bm/a = 0.390

Pf = 34.822 Pt = 36.380

Pi = 25.097 Pi = 25.517

Sm = 0.905 Sm = 0.900

Sr = 0 Sr = 0

coefficient of determination coefficient of determination

2 2
R = 0.9980 R = 0.9951
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SAMPLE: 40% Ca-Montmorillonite

LIQUID: Water Solution

SODIUM ADSORPTION RATIO:

ELECTROLYTE CONTENT: 0.1N

SAR 15

REPLICATE 1 REPLICATE 2

Capillary Pressure

(cm. of water)

Saturation Capillary Pressure

(cm. of water)

Saturation

4.7 0.921 4.8 0.920

36.0 0.885 37.2 0.90

79.2 0.82 82.2 0.84

112.3 0.79 126.5 0.80

211.8 0.73 217.9 0.75

292.3 0.70 303.8 0.72

444.6 0.66 447.9 0.68

Vol. of Container = 33.61 cm
3

Vol. of Container = 35.11 cm
3

Vol. of Voids = 20.3872 cm
3

Vol. of Voids = 21.1985 cm
3

Bulk Density = 1.0425 g/cm
3

Bulk Density = 1.05 g/cm
3

Su-Brooks Retention Parameters Su-Brooks Retention Parameters

a. = 0.920 a. = 0.887

b. = 0.080 b. = 0.113

-m = -5.531 -m = -4.419

bm/a = 0.480 bm/a = 0.563

Pf = 58.890 Pf = 116.916

Pi = 31.159 Pi = 45.571

Sm = 0.922 Sm = 0.921

Sr = 0 Sr = 0

coefficient of determination coefficient of determination

2 2

0.9994 R 0.9958
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SAMPLE: 40% Ca-Montmorillonite

LIQUID: Water Solution

SODIUM ADSORPTION RATIO: SAR 15

ELECTROLYTE CONTENT: 0.05N

REPLICATE 1 REPLICATE 2

Capillary Pressure

(cm. of water)

Saturation Capillary Pressure

(cm. of water)

Saturation

4.6 0.913 4.7 0.910

37.0 0.88 38.1 0.88

79.7 0.82 80.1 0.83

113.7 0.79 126.6 0.78

192.9 0.75 204.4 0.74

290.3 0.71 299.8 0.71

450.0 0.67 456.1 0.67

Vol. of Container = 33.61 cm
3

Vol. of Container . 35.11 cm
3

Vol. of Voids = 20.2829 cm
3

Vol. of Voids = 21.1985 cm
3

Bulk Density = 1.05 g/cm Bulk Density = 1.05 g/cm
3

Su-Brooks Retention Parameters Su-Brooks Retention Parameters

a. = 0.921 a. = 0.909

b. = 0.079 b. = 0.091

-m = -5.804 -m = -5.265

bm/a = 0.501 bm/a = 0.529

Pf = 64.175 pf = 81.071

Pi = 31.474 Pi = 36.095

Sm = 0.914 Sm = 0.911

Sr = 0 Sr = 0

coefficient of determination coefficient of determination

2

R = 0.9988
2

R = 0.9982
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SAMPLE: 40% Ca-Montmorillonite

LIQUID: Water

SODIUM ADSORPTION RATIO: SAR 15

ELECTROLYTE CONTENT: 0

REPLICATE 1 REPLICATE 2

Capillary Pressure

(cm. of water)

Saturation Capillary Pressure

(cm. of water)

Saturation

4.9 0.963 5.1 0.953

67.0 0.94 66.5 0.925

137.4 0.88 161.0 0.87

219.2 0.84 228.7 0.83

326.8 0.80 336.3 0.79

456.1 0.76 462.8 0.76

576.3 0.72 579.7 0.72

Vol. of Container = 33.61 cm
3

Vol. of Voids = 20.3270 cm
3

Bulk Density = 1.0473 g/cm3

Vol. of Container = 35.11 cm
3

Vol. of Voids = 21.2270 cm
3

Bulk Density = 1.0478 g/cm
3

Su-Brooks Retention Parameters Su-Brooks Retention Parameters

a. = 0.768 a. = 0.800

b. = 0.232 b. = 0.200

-m = -2.404 -m = -2.868

bm/a = 0.727 bm/a = 0.719

Pf = 508.862 Pf = 425.800

Pi = 97.027 Pi = 82.530

Sm = 0.964 Sm = 0.954

Sr = 0 Sr = 0

coefficient of determination coefficient of determination

2 2
R . 0.9954 R = 0.9993
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SAMPLE: 40% Ca-Montmorillonite

LIQUID: Oil-Soltrol

SODIUM ADSORPTION RATIO: SAR 15

ELECTROLYTE CONTENT: N/A

REPLICATE 1 REPLICATE 2

Capillary Pressure

(cm. of water)

Saturation Capillary Pressure

(cm. of water)

Saturation

1.4 0.933 1.3 0.927

3.4 0.88 3.3 0.88

6.3 0.75 5.8 0.76

8.5 0.63 7.7 0.65

11.1 0.53 10.5 0.51

21.7 0.32 18.5 0.33

40.3 0.24 33.2 0.25

Vol. of Container . 26.35 cm
3

Vol. of Container = 26.35 cm
3

Vol. of Voids = 15.8896 cm3 Vol. of Voids = 15.8896 cm
3

Bulk Density . 1.0520 g/cm
3

Bulk Density = 1.0520 g/cm
3

Su-Brooks Retention Parameters Su-Brooks Retention Parameters

a. 0.862 a. = 0.844

b. = 0.138 b. 0.156

-m = -1.366 -m -1.252

bm/a = 0.219 bm/a = 0.231

Pf = 4.923 Pf 5.061

Pi = 4.867 Pi . 4.891

Sm = 0.934 Sm = 0.928

Sr = 0 Sr = 0

coefficient of determination coefficient of determination

2 2

R = 0.9961 R = 0.9956
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SAMPLE: 40% Ca-Montmorillonite

LIQUID: Water Solution

SODIUM ADSORPTION RATIO:

ELECTROLYTE CONTENT: 3N

0

REPLICATE 1 REPLICATE 2

Capillary Pressure

(cm. of water)

Saturation Capillary Pressure

(cm. of water)

Saturation

4.1 0.868 4.1 0.878

27.1 0.83 27.2 0.84

62.3 0.71 61.4 0.73

96.8 0.64 109.0 0.63

148.2 0.58 157.7 0.58

198.3 0.54 202.4 0.55

274.8 0.51 284.2 0.51

Vol. of Container =

Vol. of Voids =

33.61 cm
3

20.2928 cm
3

Bulk Density = 1.05 g/cm3

Vol. of Container = 35.11 cm
3

Vol. of Voids = 21.1985 cm
3

Bulk Density = 1.05 g/cm
3

Su-Brooks Retention Parameters Su-Brooks Retention Parameters

a. = 0.869 a. - 0.862

b. - 0.131 b. = 0.138

-m = -2.856 -m = -2.766

bm/a 0.431 bm/a = 0.442

Pf = 48.846 Pf = 52.842

Pi = 30.504 Pi = 32.018

Sm = 0.869 Sm = 0.879

Sr = 0 Sr = 0

coefficient of determination coefficient of determination

2 2

R = 0.9960 = 0.9969
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SAMPLE: 40% Ca-Montmorillonite

LIQUID: Water Solution

SODIUM ADSORPTION RATIO: 0

ELECTROLYTE CONTENT: 1N

REPLICATE 1 REPLICATE 2

Capillary Pressure

(cm. of water)

Saturation Capillary Pressure

(cm. of water)

Saturation

4.6 0.898 4.6 0.898

29.1 0.87 29.1 0.87

68.3 0.79 68.7 0.79

108.3 0.73 119.1 0.72

185.5 0.67 194.9 0.67

262.6 0.64 270.8 0.64

385.8 0.60 392.6 0.60

Vol. of Container = 33.61 cm
3

Vol. of Voids = 20.2928 cm
3

Bulk Density = 1.05 g/cm3

Vol. of Container - 35.11 cm3

Vol. of Voids = 21.1985 cm
3

Bulk Density = 1.05 g/cm
3

Su-Brooks Retention Parameters Su-Brooks Retention Parameters

a. 0.902 a. = 0.903

b. = 0.098 b. = 0.097

-m -4.219 -m = -4.278

bm/a = 0.459 bm/a = 0.460

Pf = 57.266 Pf = 57.372

Pi = 32.643 Pi = 32.543

Sm = 0.899 Sm = 0.899

Sr = 0 Sr = 0

coefficient of determination coefficient of determination

2 2

0.9970 = 0.9973
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SAMPLE: 40% Ca-Montmorillonite

LIQUID: Water Solution

SODIUM ADSORPTION RATIO: 0

ELECTROLYTE CONTENT: 0.5N

REPLICATE 1 REPLICATE 2

Capillary Pressure

(cm. of water)

Saturation Capillary Pressure

(cm. of water)

Saturation

4.9 0.902 4.9 0.906

30.5 0.87 30.3 0.87

68.7 0.79 68.5 0.80

107.6 0.74 121.8 0.73

187.5 0.68 194.9 0.68

265.3 0.65 275.4 0.65

397.9 0.61 402.6 0.61

Vol. of Container = 33.61 cm
3

Vol. of Container . 35.11 cm
3

Vol. of Voids = 20.2928 cm
3

Vol. of Voids = 21.1985 cm
3

Bulk Density = 1.05 g/cm
3

Bulk Density = 1.05 g/cm3

Su-Brooks Retention Parameters Su-Brooks Retention Parameters

a. e 0.917 a. . 0.917

b. . 0.083 b. = 0.083

-m = -4.754 -m . -4.783

bm/a . 0.430 bm/a = 0.432

Pf = 48.576 Pf . 48.378

Pi . 30.244 Pi . 29.939

Sm = 0.903 Sm . 0.907

Sr = 0 Sr ....
0

coefficient of determination coefficient of determination

2 2
= 0.9977 = 0.9991
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SAMPLE: 40% Ca-Montmorillonite

LIQUID: Water Solution

SODIUM ADSORPTION RATIO: 0

ELECTROLYTE CONTENT: 0.1N

REPLICATE 1 REPLICATE 2

Capillary Pressure

(cm. of water)

Saturation Capillary Pressure

(cm. of water)

Saturation

4.9 0.905 5.0 0.904

30.0 0.87 30.1 0.87

70.2 0.79 69.4 0.79

109.6 0.73 122.5 0.72

184.0 0.68 195.5 0.67

264.6 0.64 274.0 0.64

393.1 0.61 398.5 0.61

Vol. of Container = 33.61 cm
3

Vol. of Container = 35.11 cm
3

Vol. of Voids = 20.2928 cm3 Vol. of Voids = 21.1985 cm
3

Bulk Density = 1.05 g/cm3 Bulk Density = 1.05 g/cm
3

Su-Brooks Retention Parameters Su-Brooks Retention Parameters

a. = 0.919 a. = 0.920

b. = 0.081 b. = 0.80

-m = -4.753 -m = -4.773

bm/a = 0.420 bm/a = 0.418

Pf = 45.353 pf = 45.592

Pi = 29.157 Pi . 29.521

Sm - 0.906 Sm = 0.905

Sr . 0 Sr = 0

coefficient of determination coefficient of determination

2 2

= 0.9976 R = 0.9975
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SAMPLE: 40% Ca-Montmorillonite

LIQUID: Water Solution

SODIUM ADSORPTION RATIO: 0

ELECTROLYTE CONTENT: 0.05N

REPLICATE 1 REPLICATE 2

Capillary Pressure

(cm. of water)

Saturation Capillary Pressure

(cm. of water)

Saturation

5.1 0.905 5.0 0.906

34.5 0.85 34.7 0.86

67.6 0.79 67.8 0.79

123.1 0.72 133.3 0.71

197.5 0.67 207.0 0.67

291.5 0.63 299.0 0.64

423.5 0.60 428.9 0.60

Vol. of Container = 33.61 cm
3

Vol. of Container . 35.11 cm
3

Vol. of Voids , 20.2928 cm
3

Vol. of Voids = 21.1985 cm
3

Bulk Density = 1.05 g/cm3 Bulk Density = 1.05 g/cm
3

Su-Brooks Retention Parameters Su-Brooks Retention Parameters

a. = 0.931 a. = 0.925

b. = 0.069 b. = 0.075

-m = -5.199 -m = -5.024

bm/a = 0.388 bm/a 0.406

Pf - 37.004 Pf = 41.501

Pi = 26.084 Pi = 27.767

Sm = 0.906 Sm = 0.907

Sr = 0 Sr = 0

coefficient of determination coefficient of determination

2 2

g = 0.9995 R - 0.9981
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SAMPLE: 40% Ca-Montmorillonite

LIQUID: Oil-Soltrol

SODIUM ADSORPTION RATIO: 0

ELECTROLYTE CONTENT: N/A

REPLICATE 1 REPLICATE 2

Capillary Pressure

(cm. of water)

Saturation Capillary Pressure

(cm. of water)

Saturation

1.3 0.913 1.8 0.913

4.5 0.83 5.1 0.81

6.7 0.70 6.7 0.72

9.7 0.58 9.5 0.57

13.5 0.45 14.2 0.43

28.5 0.27 25.3 0.28

58.4 0.19 54.1 0.19

Vol. of Container = 26.35 cm3

Vol. of Voids = 15.8406 cm
3

Bulk Density = J.0569 g/cm3

Vol. of Container = 26.36 cm
3

Vol. of Voids = 15.8557 cm
3

Bulk Density = 1.0554 g/cm3

Su-Brooks Retention Parameters Su-Brooks Retention Parameters

a. = 0.855 a. = 0.885

b. = 0.145. b. = 0.115

-m = -1.372 -m = -1.354

bm/a = 0.232 bm/a = 0.176

Pf = 5.094 Pf = 4.888

Pi = 4.932 Pi = 5.132

Sm = 0.914 Sm = 0.914

Sr = 0 Sr = 0

coefficient of determination coefficient of determination

2

R = 0.9965
2

R = 0.9958
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SAMPLE: 40% Ca-Montmorillonite

LIQUID: Water

SODIUM ADSORPTION RATIO:

ELECTROLYTE CONTENT: 0

0

REPLICATE 1 REPLICATE 2

Capillary Pressure

(cm. of water)

Saturation Capillary Pressure

(cm. of water)

Saturation

5.0 0.911 5.1 0.906

37.0 0.88 38.0 0.88

78.9 0.80 79.2 0.80

123.8 0.74 135.3 0.73

197.6 0.69 205.7 0.69

286.9 0.65 293.0 0.65

424.7 0.61 430.1 0.62

Vol. of Container = 33.61 cm
3 Vol. of Container = 35.11 cm

3

Vol. of Voids . 20.3309 cm
3

Vol. of Voids . 21.2157 cm
3

Bulk Density . 1.0470 g/cm
3

Bulk Density . 1.0487 g/cm3

Su-Brooks Retention Parameters Su-Brooks Retention Parameters

a. = 0.891 a. = 0.886

b. = 0.109 b. 0.114

-m = -3.918 -m = -3.826

bm/a = 0.480 bm/a = 0.492

Pf = 74.337 Pf = 83.690

Pi = 39.524 Pi = 42.853

Sm = 0.912 Sm = 0.907

Sr = 0 Sr = 0

coefficient of determination coefficient of determination

2 2

R = 0.9960 R = 0.9924


