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ABSTRACT

Saturated hydraulic conductivity and intrinsic

permeabilities were evaluated for eight soils and five

solvent combinations. The solvents were kerosine, isopro-

pyl alcohol, ethylene glycol, xylene, and water. Two hun-

dred eleven column tests were run to determine saturated

conductivity. An analysis of variance was performed to

evaluate differences between intrinsic permeability for

the different soils and solvents. A multiple regression

analysis provided a predictive model for intrinsic perme-

ability as a function of soil properties with an R
2 -value

of 0.81.

Moisture retention curves were determined using a

pressure retention procedure for three soils and two sol-

vent combinations--water and kerosine. Kerosine results

do not follow a general pattern, demonstrating changes in

procedure will sometimes become necessary when working with

organic solvents in soils.

viii



INTRODUCTION

The reliance of western society on processed prod-

ucts such as plastic and synthetic fibers has increased our

dependence on the chemical industry. As a result that

industry has grown to immense proportions since the 1950s.

Concomitantly the volume of waste has increased together

with the danger of ground-water pollution resulting from

waste disposal practices.

In January 1977 the Office of Water Supply and the

Office of Solid Waste Management of the United States

Environmental Protection Agency (Miller, 1980, p. 1) in a

report to Congress released the following findings regard-

ing the effects of ground-water contamination by hazardous

wastes:

Ground water is a high quality, low cost, readily
available source of drinking water.

-- Half of the population of the United States is
served by ground water.

-- In many areas, ground water is the only high
quality, economic source available.

-- The use of ground water is increasing at a rate
of 25-percent per decade.

Waste disposal practices have affected the safety
and availability of ground water, but the overall
usefulness has not been diminished on a national
basis.

1
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-- Current data indicate that there are at least
17 million waste disposal facilities emplacing
over 1,700 billion gal. (6.5 billion cu m) of
contaminated liquid into the ground each year.
Of these, 16.6 million are domestic septic
tanks emplacing about 800 billion gal. (3
billion cu m) of effluent.

-- Ground water has been contaminated on a local
basis in all parts of the nation and on a
regional basis in some heavily populated and
industrialized areas, precluding the develop-
ment of water wells. Serious local economic
problems have occurred because of the loss of
ground-water supplies.

-- Degree of contamination ranges from a slight
degradation of natural quality to the presence
of toxic concentrations of such substances as
heavy metals, organic compounds, and radioac-
tive materials.

-- More waste, some of which may be hazardous to
health, will be going to the land because of
increased regulation against, and the rising
costs of, disposal of potential contaminants
to the air, ocean, rivers, and lakes.

-- Removing the source of contamination does not
clean up the aquifer once contaminated. The
contamination of an aquifer can rule out its
usefulness as a drinking water source for
decades and possibly centuries.

Almost every known instance of ground-water con-
tamination has been discovered only after a
drinking-water source has been affected.

Recognizing the need to manage toxic substances from the

"cradle to the grave," the Federal government enacted the

Resource Conservation Act of 1977. Subsequently, in 1980,

regulations were enacted governing the disposal of toxic

wastes. One form of legally disposing hazardous wastes is

dumping them in clay-lined pits. The dumping procedure and

occurrences of frequent accidental spills raise several
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questions regarding mobility of wastes in soils and clay

liners.

Hazardous wastes are categorized into four groups

(U.S. Environmental Protection Agency, 1974, cited by

Anderson and Brown, 1981). Two of the four groups are

"aqueous inorganic" and "organic" where water is the sol-

vent. The solutes are either organic or inorganic and

occur in relatively small amounts. A third group, the

"sludges," consists of dewatered or residue after filtering.

Sludges consist mostly of "clay minerals, silt precipitates,

fine solids and high molecular weight hydrocarbons" (Ander-

son and Brown, 1981, p. 120). The fourth group, the

"organics," include wastes where the solvent is an organic

fluid. Most research and available literature examines the

physical properties of soil and the changing of those prop-

erties when introducing a leachate from the first two

groups of waste (e.g., water the dominant solvent).

Although all four solvent groups cause extensive pollution

problems throughout the United States, the mobility and

hazards associated with the organics will be the focus of

this study.

Most studies on the attenuation mechanisms of soils

evaluate the migration rate of metals (Fuller, 1977; Fuller

and Korte, 1976; Griffin and Shimp, 1976). Other studies

evaluate migration of specific organic solvents in a mixed

phase with water (Haxo, 1976, 1980; Dunlap et al., 1976).
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The following properties of the soil influence migration

rates for aqueous systems and several also will be relevant

for pure organic solvents:

1. Particle-size distribution. As the specific sur-

face of soil particles increases, more physical and chemi-

cal reactions can occur in the soil. As more reactions

occur, the solvent is slowed down. Finer soils with a

higher clay content have a larger specific surface area and

as such will decrease migration rates. Griffin and Shimp

(1976) ranked the three dominant clay minerals according

to their attenuating capacity--montmorillonite > illite >

kaolinite. Several other soil properties such as cation

exchange capacity, electrical conductivity, and bulk

density are related to clay content of the soil. A higher

cation exchange capacity is an indicator of possible chemi-

cal reactions between soil and solvent therefore slowing

migration of solvent.

2. Eli. Migration of organic solvents will increase or

decrease with changes in pH depending on the particular

solvent leached (Fuller, 1977).

3. Oxidation-reduction. In most cases oxidation will

decrease migration rates since precipitates can develop

under aerated conditions (Fuller, 1977).

4. Pore-size distribution. Pore-size distribution

also is interrelated with clay content. The higher the

clay content of a soil, the smaller the pores. Therefore,
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organic solvents will flow slower through a soil with high

clay content enabling more time for chemical and physical

reactions to take place between solvent and soil. Reac-

tions taking place may further slow migration rates of

solvent.

5. Organic matter. The high cation exchange capacity

of organic matter and its ability to form precipitates with

the solvent indicate that as organic matter content

increases migration rates will decrease.

6. Ions, salts, and hydrous oxides. Presence of ions,

salts, and hydrous oxides will impede migration due to

formation of precipitation and sorption.

Water movement in soil can be either for saturated

or unsaturated conditions. The hydraulic conductivity K

indicates the ability of water to flow through that soil.

The governing equation describing the flow is Darcy's

equation:

J = -K grad H	 [1]

where

J = flux density of fluid passing through a unit

cross-sectional area of soil per unit time

[L/Ti

K = hydraulic Conductivity [L/T1

grad H = hydraulic gradient [dimensionless]

H = hydraulic head [L].
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The hydraulic conductivity is a property of both soil and

fluid indicative of migration rates of a particular fluid

in a particular soil. Also, K is assumed to be constant in

saturated flow. However, in unsaturated flow the hydraulic

conductivity is a function of the moisture content or pres-

sure head. To enable comparison with flow of fluids other

than water, intrinsic permeability is defined as:

k= JL --	 [2]
Pg

where

k = intrinsic permeability, a property of the

soil only [L 2 ]

p = viscosity, an indication of fluids' resistance

to flow [M/LT}

p = density indication of effect of gravity on

fluid [M/L3 ]

g = 980 cm/sec2 , the gravitational acceleration

constant.

Several laboratory and field methods can be applied

to determine the hydraulic/organic conductivity. Both

field and laboratory methods were discussed extensively by

Klute (1965a, -b, -c) and Boersma (1965a, -b). A briefer

discussion was given by Roberts and Nichols (1981). In

most laboratory methods, a gradient is applied to a sample
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with a known cross-sectional area. By measuring the flow

rate through the sample, the hydraulic conductivity can be

determined. Field measurements call for the removal or

addition of water to shallow water tables, the monitoring

of water level changes, and using the appropriate equations.

Unsaturated hydraulic conductivity values are determined in

the laboratory by applying a known pressure gradient to a

soil sample. The soil sample can be desaturated by apply-

ing forced air or nitrogen or by using tension plates.

Flow measurements at successive levels of suction are then

made to determine unsaturated hydraulic conductivity K(1 ) .

Most field measurements of unsaturated K involve monitoring

both pressure and water contents in a controlled flow

environment.

The general purpose of this study was to examine

permeability of organic solvents in a wide variety of soils.

This is a primary factor in the spreading of wastes and

possible contamination of ground water. The objectives of

this study were to:

1. Quantify permeability of soils to organic solvents.

2. Evaluate correspondence of soil permeability to

water to that of organic solvents.

3. Verify and obtain a model to determine permeability

of liquid wastes in soils.
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Soil properties considered are: particle-size

distribution, bulk density, surface area, cation exchange

capacity, electrical conductivity of extract, and moisture

release curves. Solvent properties considered are viscos-

ity and density.

In order to achieve the objectives, 211 columns of

the various soil and solvent combinations were leached to

determine saturated conductivities. In addition, moisture

release curves were determined for water and kerosine.



SOILS AND SOLVENTS

Eight soils and five solvents were used in the

column experiments. The soils exhibit a wide range of

characteristics whereas the solvents are common organics

used frequently by many industries.

Following the movement of each solvent through the

soils provides valuable information on the behavior of many

similar organic solvents in common earth materials. It

provides necessary background information which could be

applied during future studies on the effective attenuation

of hazardous chemicals in soils.

Soils 

Selection

Eight soils representative of four major orders

(Alfisol, Aridisol, Entisol and Mollisol) were chosen from

Arizona and from out of state. Only subsurface soil samples

were obtained in order to minimize the natural organic

content, that would be prevalent close to the surface. The

soils were chosen so as to present a wide range of character-

istics. Clay content in the soils ranges from 1% in the

River Bottom Sand (Table 1) to 70% in Lake Bottom Clay.

Sand ranges from 3% in Nicholson to 97% in River Bottom Sand.

Soil surface areas, electrical conductivity of saturated

9
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extract and cation exchange capacity exhibit similar ranges

depending on type of soil and clay content (Table 2 and

Figure 1). pH values range from 5.6 in Canelo to 7.8 in

Anthony. Most soils, however, fall into the slightly

basic group between 7 and 7.8. Hopefully, future unknown

samples can be compared to the most similar soil used in

this study.

Properties

Properties of the various soils used are given in

Tables 1 and 2 and Figure 1.

Table 2. Range of properties for the eight soils used

Property Range

Clay	 (%) 1.0 .4- 70.6

Silt	 (%) 2.0 '4- 52.0

Sand	 (%) 3.0 97.0

pH 5.6 7.8

CEC	 (meq/100 g) 2.0 4- 37.0

ECe	
(umhos/cm) 210 1,111

Bulk Density (g/cm3 ) 1.48 1.87

Specific Surface Area (m2/g) 3.6 142.0
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Key:

LB = Lake Bottom Clay CA =
NI = Nicholson MO =
FA = Fanno AN =
CH = Chalmers SA =

Canelo
Mohave
Anthony
River Bottom Sand

Figure 1. Textural properties of soils
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Organic Solvents 

Selection

Solvents used extensively by the chemical industry

were chosen: Kerosine, isopropyl alcohol, xylene, and

ethylene glycol. Only noncarcinogenic compounds were used.

The solvents properties are:

1. Ethylene glycol--CH 2OH CH2OH. An aliphatic polar

glycol miscible in water.

2. Isopropyl alcohol--C 3H 2011. An aliphatic polar

alcohol miscible in water.

3. Kerosine--a mixture of C
12

-C
18 

compounds. A

nonpolar alkane with aliphatic and aromatic compounds

immiscible in water.

4. Xylene (dimethvlbenezene)--C 6H4 (CH 3 ) 2 . A mixture of

0, M, and P xylenes, an aromatic-aliphatic low polarity

alkane immiscible in water.

Properties

The properties of the organic solvent used in this

study are summarized in Table 3. Included for reference

are the properties of water.
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Table 3. Selected properties of solvents used

Solvent
Name

Chemical
Composition

p-Viscositya
(Centipoise)

p-den-
sit ay
(gm/cm3 )

Conversion
Factor
cm/hr to cm2

Kerosine C12 - C18 2.42 0.82b1c 8.37 X 10-9

Isopropyl
Alcohol

C 3	OH 2.30 0.7854 8.30 X 10 -9

Ethylene CHOHCHOH22 23.0 1.1135 5.85 X 10-3
Glycol

Xylene C 6H4 (CH 3 ) 2 0.68brc 0•8685b , c 2.28 X 10-4

Water H20 1.0050 0.99823 2.85 X 10-9

a. p,p. at 20°C

b. estimate

c . obtained data from manufacturer

Conversion factor is ratio of hydraulic
conductivity (cm/hr) to intrinsic permeability
(cm2)



SATURATED CONDUCTIVITY

Procedure

Saturated hydraulic conductivity values were found

for all eight soils, using all organic solvents and water,

following a procedure outlined by Klute (1965a). All soils

were rolled and sieved. Using a metal rod, soil was packed

to achieve uniform bulk densities. Table 4 lists mass and

volumes of soil packed. Depth of packed soil was 5 cm.

Glass cylinders 5.8 cm in diameter were used for kerosine,

isopropyl alcohol, and xylene to prevent chemical reaction

between solvent and cylinders. Water was also run in

glass cylinders to maintain uniform conditions. "Plexiglas"

cylinders were used for ethylene glycol. Since hydraulic

conductivity values were small for ethylene glycol it is

assumed that any difference due to surface contact of sol-

vent and glass or Plexiglas is negligible. Soil was

retained in cylinders by a galvanized screen that was glued

to cylinder using "Poxy Putty." In addition, a 100-mesh

brass strainer and two layers of fiberglass cloth were

used to ensure no loss of fine soil particles (Figure 2).

The falling head method was used to determine

saturated hydraulic conductivity. The experiment was

carried out in six replicates for every solvent and soil

combination. Samples were left to soak overnight in the

15
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Table 4.	 Amount of soil packed into cylinders

Soil

Weight of
Soil Packed
into Glass
Cylinder

Weight of
Soil Packed
into Plexiglas
Cylinder

Bulk
Density

Lake Bottom
Clay 201 149 1.52

Nicholson 202 150 1.53

Fanno 196 145 1.48

Chalmers 202 150 1.53

Canelo 227 169 1.72

Anthony 247 184 1.87

Mohave 235 175 1.78

River Bottom 238 177 1.80
Sand
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solvent and then were submerged by 6 cm of solvent without

disturbing the soil surface. The solvent in the cylinder

was allowed to drop within 2 cm of the initial soil sur-

faces. Experiments were repeated until a constant hydraulic

conductivity value was attained, usually within two runs.

Length of runs varied between 1.5 minutes for xylene in

Fanno soil to several weeks for ethylene glycol in Chalmers

and Nicholson soils.

The saturated hydraulic conductivity was calculated

using the equation

H1 + LK = T ln H2 + L
[3]

where

L = length of soil sample in cm (Figure 2)

H1 = initial depth of solvent in cm

H2 = final depth of solvent in cm

t = time for head to drop from H1 to H 2 in hours

K = hydraulic conductivity in cm/hr.

Samples were also run with one soil, Anthony, with

kerosine and water in larger glass cylinders, 10 cm in

diameter. The effect of a larger size sample on the vari-

ability of the results was evaluated.
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Results 

Saturated hydraulic conductivity values were

calculated as cm/hr. Using viscosity and density values

(Table 3) and an appropriate conversion factor intrinsic

permeability k was evaluated by equation 2. The intrinsic

permeability, k, depends solely on properties of the soil

matrix provided the soil and fluid do not interact (Bear,

1979). As such, it (k) should be somewhat constant for a

soil type regardless of solvent used. A one-way variance

test was applied to determine if k varies significantly

with regard to solvent. Furthermore, a multiregression

analysis between intrinsic permeability and soil properties

will be applied to determine the level of dependence of

intrinsic permeability on soil properties in these experi-

ments.

The experimental mean, standard deviation, and

coefficient of variation for intrinsic permeability for each

soil and solvent combination were evaluated for replicates

and are given in Table 5. Mean hydraulic conductivity and

mean intrinsic permeability are given in Table 6. The raw

data are given in Appendix A.

Effect of Diameter 

To determine if sample size has any effect on

results and their statistical distribution, experiments

were carried out using glass cylinders 10 cm in diameter
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(compared to 5.8 cm). All other dimensions remained the

same (Figure 2). The experiment was replicated six times

following the same procedure described earlier. The

experiment was run using one soil, Anthony, and two solvents,

water and kerosine. Mean intrinsic values, standard devia-

tions and coefficients of variation are tabulated in Table

6. Results show that values for larger cylinders are

slightly higher. Coefficients of variation also show a

slight increase. Results definitely contradict the

Table 6. Mean intrinsic permability, standard deviations,
and coefficients of variation values

Large Diameter	 Small Diameter

Kerosine R	 10.9
	

6.12

S.D.	 3.31
	

0.69

C.V.	 30.5%
	

27.6%

Water	 3.91
	

1.02

S.D.	 0.573
	

0.121

C.V.	 14.7%
	

11.8%
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assumption that the larger the sample size the smaller the

standard deviation. An explanation of the results may be

the fact that packing is more variable as sample size

increases. Since samples are disturbed, the larger areas,

of the large samples results in less uniform packing. Due

to the less uniform packing and the difficulties in main-

taining the appropriate bulk density the intrinsic perme-

abilities and coefficients of variation are higher.

Two-factor Factorial, One-way 
Variance and Scheffe Tests 

Values of intrinsic permeability are usually assumed

to be somewhat constant for each soil, regardless of

solvent, since the intrinsic permeability depends solely

on soil properties if no interaction occurred. Based on

the experimental data collected, we can evaluate whether

intrinsic permeability values are significantly different

for a particular soil depending on solvent used. Also to

be determined are the variations of intrinsic permeability

among the soils themselves.

The two-way and one-way variance analyses compare

the means of intrinsic permeability for each soil and

solvent combination, the null hypothesis being that diffe-

rences exist among groups. The tests are based on the

fact that the total sum of squares for the entire data,

SS = 	 - 7) 2
t	 i j 13

[4]
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is a combination of two variations. The total sum of

squares consists of one number (SSA) measuring the varia-

tion among groups (soils or solvents). A second number

(SS) measures variation among all experimental units

(within groups). As shown by equation [4],

SSt = SSA + SSw
	 [5]

Finally, an F value is obtained by taking the weighted

ratio of the two numbers.

SSA/v 1
F -

SSw/v 2

where

SSA = sum 
of squares among groups

SSw = sum 
of squares for units (within groups)

v 1 = 
degrees of freedom for groups (number of

groups minus 1)

V 2 = degrees of freedom for units (number of units

minus 1)

SSA/v 1 = 
mean square among groups

SSw/v2 
= mean square within groups;

therefore we can rewrite F as,

mean square among groups 
F - mean square within groups
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The F ratios follow an "F distribution." The probability of

obtaining the F ratio with the associated v l and v 2 degrees

of freedom for a specified confidence level (.05 in our

case) can be looked up in tables. If the F ratio obtained

has a smaller probability than the specified level .05

(large F ratio), we accept the null hypothesis that groups

are different or that intrinsic permeability varies with a

95% confidence level from one group to another. On the

other hand, if the F ratio has a larger probability than

.05 (small F ratio), then the differences between groups

are more likely due to measurement error only and/or

intrinsic permeability does not vary significantly between

the groups.

Two-factor Factorial Test

The two-factor factorial test was done using the

software package [the Statistical Package for the Social

Sciences (SPSS)] available at The University of Arizona

Computer Center. The results of the test indicate that

both types of soil and types of solvent have a significant

effect on variations of intrinsic permeability (Table 7).

However, results also indicate that there is a significant

interaction between soil and solvent, thus a one-way vari-

ance analysis must be used instead. Results indicate that

the effect produced by the soil and solvent interaction is

not uniform (e.g., solvents affect intrinsic permeability
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Table 7. Two-factor factorial analysis for intrinsic
permeability as the dependent variable

Degrees	 Signif-
of	 Sum of	 Mean	 F	 icance
Freedom	 Squares	 Square Ratio Level

Soil 7 681,000 97,400 316 0.001

Solvent 4 26,100 6,540 21.3 0.001

Two-way
Interaction 28 61,600 2,200 7.17 0.001

differently from one soil to another). Figure 3 shows

the mixed behavior of intrinsic permeability for all soils

due to changes in solvent. Figure 4, on the other hand,

shows uniform behavior of intrinsic permeability for sol-

vents in the different soil types.

One-way Variance Analysis and Scheffe
Test--Differences Due to Soils

Due to the significance of the interaction between

soils and solvents, a one-way test had to be applied to the

data. In a one-way test only one variable (soil first,

solvent second) is taken into account at one time. The

results of one-way analysis of variance using the intrinsic

permeability as the dependent variable for differences
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between soils was significant at the .05 level. F ratio

for 7 and 203 degrees of freedom, respectively, was 140

(Table 8).

Table 8. One-way variance analysis for intrinsic
permeability as the dependent variable
for differences among soils

Degrees	 Signifi-
of	 Sum of	 Mean	 cance
Freedom	 Squares Square F Ratio Level

Among
Soils

Within
Soils

Total

7

203

210

67,000

140,000

819,000

97,000

691

140 0

One-way variance analysis determines only whether

differences in intrinsic permeabilities exist between the

various soils. To determine the exact grouping a pairwise

comparison of the means using a post-hoc Sheffe test (Ostle,

1954) at a .05 significance level was applied. For testing

purposes define,

A = V(k-1) F
a(vl'v2)

where

k = number of groups (soils)
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Fa	 = F value from tables for a confidence level and(v
1,

v
2

)

v
1 and v2 degrees of freedom, respectively,

define

C i 	E C. .T.
i=1 13 1

where

C.. = weighting coefficient to enable matching groupsij

with different replicate numbers

T. = variation due to differences among groups.

Our null hypothesis is:

Ho : T 1 = T2 = T 3 	Tk = 0

which states that differences among groups are zero (groups

are the same).

Having	 as an estimate of C testing is for

A A

C. > A [v(C.)) 2
3

If this condition is not satisfied, we reject Ho—our null

hypothesis—stating that differences exist within our groups

at the specific level of confidence a.

The test allowed grouping according to the mean val-

ues of intrinsic permeability in four divisions (Table 9).



32

It should be pointed out that these results are obtained by

averaging intrinsic permeability values for a particular

soil for all solvents. Therefore, the results may be mis-

leading for a particular soil and particular solvent.

Results of pairwise comparisons between soils for solvents

taken individually to determine effect of soil used on

intrinsic permeability for a particular solvent are tabu-

lated in Table 9.

Table 9. Grouping of soils according to their mean
intrinsic permeability (cm2 ) X 10 -9

Solvent

Groups
Very
Large	 Large
>140	 100-140

Moderate	 Small
50-100	 10-50

Very Small
<10

All SA	 FA MO CH,CA,NI
AN,LB

Kero SA,FA	 MO - - - CH,CA,NI
AN, LB

XYL SA,FA MO CA,CH,NI
AN,LB

'SOP SA FA	 MO NI,CH,CA
AN, LB

ETGL SA FA	 MO NI,CA,CH,AN
LB (MO)

Water SA - - -
All others

Key:
LB = Lake Bottom Clay CA = Canelo
NI = Nicholson MO = Mohave
FA = Fanno AN = Anthony
CH = Chalmers Sa = River Bottom Sand



One-way Variance Analysis and Scheffe
	 3 3

Test--Differences Due to Solvents

A similar one-way analysis using intrinsic perme-

ability as the dependent variable for determining differ-

ences in intrinsic permeability between soils due to

solvents was not significant at the .05 significance level.

As stated before, these are average values for all soils.

Results for the one-way variance analysis and pairwise

comparisons for each individual soil to determine differ-

ences due to solvent are tabulated in Tables 10 and 11.

Multiple Regression 

Multiple regression techniques are used to obtain

a prediction equation for intrinsic permeability in terms

Table 10. One-way variance analysis, intrinsic permea-
bility, the dependent variable for differences
due to solvents

Degrees
of
Freedom

Sum of
Squares

Mean
Square F ratio

Signif-
icance
Level

Among
Solvent

Within
Solvent

Total

4

206

210

23,800

796,000

820,000

5,960

3,860

1.542 0.1914
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of soil properties as independent variables. The technique

provides the best prediction equation, how well the pre-

diction equation fits the measurements, and the relative

importance of each of the independent variables.

The technique (method of least squares) involves

minimizing the sum of squares about regression

SSR = E(Y. - Y1) 2

1

where

Y! = estimated value

Yi = actual value

Table 11. Qualitative division for differences in intrinsic
permeability of soils due to solvents

Soil	 Solvent

Lake Bottom
Clay	 ETGL, WATR < ISOP < KERO < XYL

Nicholson	 ISOP, ETGL, WATR < KERO, XYL

Fanno	 ISOP, ETGL, WATR < KERO, XYL

Chalmers	 ETGL, WTR < ISOP, ETGL < XYL, ISOP < KERO, XYL

Canelo	 ETGL, WATR < ISOP, ETGL < XYL, KERO

Anthony	 ISOP, ETGL, WATR < ISOP, XYL < KERO

Mohave	 WATR < ISOP, ETGL < KERO, XYL

River Bottom
Sand	 WATR < All

Key: WATR = Water
ETGL = Ethylene Glycol
ISOP = Isopropyl

KERO = Kerosine
XYL = Xylene
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By minimizing the sum of squares, optimum values for the

coefficients of a "line"

Y' = A + BX
1
 + CX 2 + '

are evaluated such that the line is "best fitted." The

X1 and X2' etc., are the soil properties in order of rela-

tive importance. To determine the accuracy of the regres-

sion equation obtained the following equality must be

totally understood:

Sum of Squares	 Sum of Squares
	Sum of Squares
	

About the	 Due to
	About the Mean
	 Regression	 Regression

E(Y. - Y) 2 	E(Y1 - Y.) 2	 E(Y! - V) 2
i

Since the regression procedure minimizes the sum of squares

about the regression (deviation of data not explained by

regression), the determination of the accuracy of the model

is achieved by observing the ratio:

E(Y! - Y) 2
2	 iR -

If R 2 = 1, the regression equation accounts for all the

deviations of data about the mean. For a perfect fit (Yi

- Y.) 2 = O. Thus the closer the values of R
2 to unity, the

E (Y . - V) 2
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closer is the fit and intuitively, also implied is the

better the accuracy of the relationship as a predictor.

A F-test similar to before is used to examine the

significance of the prediction equation. Taking as the

null hypothesis:

Ho : R
2 = 0 (no correlation)

the F ratio is:

F = mean square due to regression 
mean square about regression

where the mean square is obtained by dividing the corres-

ponding sum of squares by the corresponding degrees of

freedom. For an F ratio greater than F(v 1 ,v 21 a), the null

hypothesis is rejected and the prediction equation is

accepted as a reasonable model with a 95% confidence level.

A multiple regression analysis of the raw trans-

formed data with the logarithm of intrinsic permeability

as the dependent variable and soil properties the indepen-

dent variables (bulk density, percent clay, percent silt,

percent sand, electrical conductivity, cation exchange

capacity and surface area) provided a prediction equation

of intrinsic permeability as a function of:

% silt = silt content of the soil

B.D. = bulk density of soil (g/cm3 )

% clay = clay content of soil
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S.A. = surface area (m2/g)

E.Ce. = electrical conductivity of extract

(pmhos/cm).

C.E.C. = cation exchange capacity (meq/100 g)

The R2 for the prediction equation is .81 with a

confidence level of 0.95. Variables in order of importance

and the coefficients of the equation are tabulated in Table

12. The final prediction equation is:

Table 12. Regression analysis

Variable
in Order of	 Simple
Importance	 Coefficient	 R2 F ratio

% Silt	 5.42 x 10 -2

Bulk Density	 6.88

% Clay	 6.34 x 10
-2

Surface Area	 5.27 x 10
-3

Electrical 1.31 x 10 -3Conductivity

	0.33	 -0.57	 102.3

	

0.50	 0.035	 102.2

	

0.79	 -0.33	 256.2

	

0.81	 0.008	 213.4

	

0.81	 0.14	 170.8

Cation Exchange 5.38 x 10 -2Capacity 0.81 -0.21	 148.0
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log k = 14.3 - 5.42 x 10 -2 (% silt) - 6.88(B.D.)

- 6.34 x 10 -2
(% clay)- 5.27 x 10 -3

(S.A.)

-2+ 1.31 x 10
-3

(E.Ce) + 5.38 x 10	 (C.E.C)
[6]

Sample Numbers

Calculation of the mean value of intrinsic perme-

abilities and standard deviation from the six replicates

for each soil-solvent combination were listed in Table 5.

Using that data an approximation of sample number (number

of replicates) needed to be within a given range of the

mean can be obtained from a specific confidence level.

Assuming that our samples are independent, that the central

limit theorem applies, and that the standard deviation is

the same as the calculated standard deviation, we can obtain

the number of samples N from the following relation:

N = X
a
2
s
2
/d 2

where

Xa = obtained from table (1.96 for a = 0.05).

s = estimate of the standard deviation.

d = how close an estimate to the mean is wanted.

Table 13 presents the mean, standard deviation, coefficient

of variation and sample number. The sample number is

calculated to be within 15% of the mean at a 95% confidence
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Table 13. Experimental means, standard deviations, coeffi-
cients of variance, and number of samples for
all soil combinations

Solvent

Soil

Lake
Bottom
Clay Nicholson Fanno Chalmers Canelo Anthony Mohave

River
Bottom
Sand

Kerosine R
10.1 2.85 158. 1.16 1.70 6.12 77.9 179.

S.D. a 2.50 0.493 24.9 0.219 0.209 1.69 5.20 42.3

C.V. 24.8 17.2 15.8 18.7 12.3 27.6 6.67 23.5

11 5 4 6 3 13 1 9

Isopropyl
Alcohol i 6.40 0.682 93.2 0.696 1.05 2.84 46.6 177.

S.D. 0.833 0.117 24.5 0.129 0.160 0.588 7.55 29.5

C.V. 13.0 17.2 26.3 18.5 16.1 20.7 16.2 16.6

3 5 12 6 5 7 4

Ethylene
Glycol X 2.37 0.142 62.8 0.378 0.292 1.22 42.8 135.

S.D. 1.16 0.022 37.9 0.068 0.018 0.402 7.74 40.2

C.V. 49.0 15.5 60.3 18.0 6.16 33.0 18.1 29.7

41 4 62 6 1 19 6 15

Xylene i 14.0 2.87 146. 1.42 1.19 3.63 70.1 151.

S.D. 1.42 0.217 38.2 0.211 0.193 0.727 13.1 43.6

C.V. 10.1 7.56 26.0 14.8 16.2 20.0 18.7 28.7

N 2 1 12 4 4 7 6 14

Water 0.509 0.043 1.55 0.187 0.051 1.02 19.3 145.

S .D. 0.075 0.008 0.739 0.054 0.015 0.121 0.771 20.7

C.V. 14.7 18.6 47.5 28.9 29.4 11.8 4.0 14.3

4 6 39 14 15 2 21 3

a. i and S.D. in cm2

b. C.V. in percent

C.V. = (S.D./R x 100%
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level. Six replicates were used in this study whereas

the highest sample number calculated is 62. A total of

26 combinations, however, are less than six.

Discussion 

From Figures 3 and 4, Table 5, and from the results

of the analysis of variance several conclusions are evident.

Calculated values of intrinsic permeability vary

for the same soil depending on solvent. However, the

variation is relatively minor compared to variation due

to differences in soil properties among the several soils.

Therefore, the results of the regression analysis between

the logarithem of the intrinsic permeability and soil

properties does provide a significant model with a R2

of 0.81. Additional visual observations of results in

Figure 3 and Table 10 show that polarity of organic solvent

might be an important factor in determining intrinsic

permeability of a specific soil to an organic solvent.

Both kerosine and xylene, nonpolar and low polar respec-

tively, caused an increase in the intrinsic permeability

of the soil relative to other selected solvents.

Since intrinsic permeability values vary for the

same soil depending on solvent, the soil and solvents are

interacting. Further investigation of the role of the

polarity, miscibility, and other properties of the organic

solvents as determinants of solvent mobility through the



soil are necessary before a complete understanding of the

phenomena can be achieved.
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LIQUID RETENTION

Liquid flow takes place in the water filled pores

only. Knowing the pore size distribution of a soil and,

therefore, the volume of pores filled with water, the

unsaturated hydraulic conductivity can be evaluated using

"Millington-Quirk's" equation:

K(0). = 1.884 x 10 4 0 v
4/3 n-2 rzl (2j-1)T. -2

7=i
[7]

for

i = 1,2,3, . . . n

where

K(0) i = hydraulic conductivity as a function of

moisture content for the ith increment

[cm/min]

v = volumetric water content of soil [g/cm
3 ]

n = total number of pore intervals

T. = pressure at jth interval when equal water

content increments are used.

Thus, we sought the pore size distribution in order to

relate to future calculations of the unsaturated hydraulic

conductivity. Following the procedure outlined by Richards

(1965, pp. 131-137), liquid retention curves were obtained

42
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for three soils and two solvent combinations. The soils

used were Anthony, Chalmers, and Nicholson. Solvents were

kerosine and water. Results are tabulated in Table 14.

It is evident that results for kerosine deviate

from an absolute decline in liquid content as the matric

suction increases. For example, all of the 15 bar values

are higher than the 5 bar values, the plates were checked

and are not the source of the "inconsistencies." Several

changes in procedures were implemented and the experiment

repeated in order to "correct" the situation. Soil was

oven dried and 20 gm of soil were placed in a ring on a

filter paper, on the ceramic plate. Samples were saturated

by kerosine and were set in the pressure apparatus at the

appropriate pressure. After equilibrium was reached

(within 24 hours) soil was reweighed carefully so as not

to lose any soil. Liquid content of sample was calculated

with the following equation

net wet weight of soil - 20 e —1	 20
[7]

where

0 1 = liquid 
content on mass basis dimensionless

20 = oven dry weight of soil [g]

Weighing the dry soil before saturating the sample with

kerosine was necessary since kerosine does not evaporate

completely when the sample is dried in an oven.
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Table 15 shows results obtained with the revised

procedure. As expected, liquid contents were lower than

those shown in Table 14; however, results still deviate

from the absolute decreasing pattern mentioned above. A

possible explanation for the deviation of results from

the expected pattern may be due to different amounts of

kerosine applied to the sample. If a constant fraction

of kerosine absorbs on the soil and is not released under

pressure, then the more kerosine we add to sample the

more residue will remain in sample. A second problem

associated with this procedure is that surface tension of

kerosine is about one-third that of water. Capillary pores

in the ceramic plate are designed to conduct water only.

Table 15. Liquid retention data for kerosine measured
by pre-weighing oven-dried soil

Matric Suction (bars)

Soil 0.1 0.3 0.5 1.0 5.0 15.0

Chalmers 0.82 0.100 0.108 0.081 0.086 0.089

Nicholson 0.146 0.156 0.157 0.130 0.133 0.131

Anthony 0.038 0.045 0.043 0.036 0.035 0.034



46

However, when kerosine is the main fluid in the system, air

might also be passing through the plate causing excessive

drying of sample.

Discussion 

It is evident from the results that we cannot assume

that the procedure used to determine properties of soils

when interacting with water are applicable when water is

replaced by a different fluid. Determination of the soil

properties in cases when fluids other than water are

present may require new methodologies. Although we expect

the concepts to be similar, the methodologies to obtain the

physical properties desired might involve completely

different processes.



SUMMARY AND CONCLUSIONS

Saturated hydraulic conductivity values were mea-

sured for all combinations of eight soils and five solvents.

Experiments were done in six replicates. Experimental mean

standard deviation and coefficients of variation were

obtained for each combination. Results show no distinct

pattern in magnitude of coefficient of variation (i.e., no

specific solvent or soil yield a higher variation in

results). Intrinsic permeability values were calculated

from measurements and using an analysis of variance tech-

nique and a post hoc Scheffe test intrinsic permeability

values were grouped according to both soils and solvents.

Results indicate that some interaction definitely occurs

between solvent and soil since intrinsic permeability

values vary. Whatever interaction does occur between soil

and solvent, its effect on the intrinsic permeability is

minor compared to effect of soil properties on intrinsic

permeability. A multi-regression analysis between

intrinsic permeability and soil properties gave a predic-

tion model for intrinsic permeability with an R
2 value of

0.81. The independent soil properties are in order of

importance: percent silt, bulk density, percent clay,

surface area, electrical conductivity of extract and cation

exchange capacity.
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Liquid retention curves were determined for three

soils with water and kerosine. (The Millington Quirk equa-

tion can be applied to determine unsaturated hydraulic con-

ductivity.) Results obtained for the soils with kerosine

deviate from the general pattern indicating that method-

ology may need several changes to give meaningful results

when working with solvents other than water.

Most estimates of movement of pollutants in the

soil and into the ground water are based on permeability

values determined with water. However, as can be seen from

Table 16, most hydrocarbons give higher values of intrinsic

permeabilities than values calculated from hydraulic con-

ductivity of the soil for water. The results indicate that

hydrocarbons rate of advance would be faster than that

based on only density and viscosity differences from mea-

surements with water. Values obtained with the prediction

equation give a better estimate of the mean intrinsic per-

meability for all solvents in a particular soil. It is

therefore concluded that better estimates of migration

rates can be obtained with the prediction equation, than

when measuring hydraulic conductivity of a soil with water.

Table 16 also contains estimates of intrinsic

permeabilities obtained with a simplified form of the pre-

diction equation. For that equation only percent of silt

and clay and the bulk density of the soil need to be
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Table 16. Mean intrinsic permeability (cm2 ) for all solvent
as obtained from experiments and prediction
equations

So il

Experi-
mental
Water

Experi-
mental
All
Solvents

Six-term
Prediction
Equation

[6]

Three-term
Prediction
Equation

[7]

Lake Bottom
Soil 0.509 6.66 4.84 3.36

Nicholson 0.043 1.32 0.565 0.545

Fanno 1.56 92.5 72.8 105.

Chalmers 0.187 0.768 1.24 1.11

Canelo 0.051 0.855 0.425 1.35

Anthony 1.02 2.97 3.00 2.09

Mohave 19.3 51.4 12.1 2.23

River
Bottom 145. 158. 143. 134.
Sand



50

determined to obtain an estimate of the intrinsic permea-

bility. The simplified prediction equation is:

log k = 16.6 - 6.36 x 10 -2
(% silt) -

- 7.95 (B.D.) - 3.49 x 10 -2
(%clay)
	

[8 ]

The R
2 

for the prediction equation is 0.79 with a confi-

dence level of 0.95.



APPENDIX A

RAW DATA
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Key:

HYDKKERO -- HYDRAULIC CONDUCTIVITY OF KEROSINE

HYDKISOP -- HYDRAULIC CONDUCTIVITY OF ISOPROPYL
ALCOHOL

HYDKXYL -- HYDRAULIC

HYDKETGL -- HYDRAULIC

HYDKWATR -- INTRINSIC

INTKISOP -- INTRINSIC
ALCOHOL

INTKXYL -- INTRINSIC

INTKETGL -- INTRINSIC

INTKWATR INTRINSIC

Abbreviated soil names are:

LAKBOT -- LAKE BOTTOM CLAY

NICHOLSN -- NICHOLSON

SAND -- RIVER BOTTOM SAND
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CONDUCITIVYT OF XYLENE

CONDUCTIVITY OF ETHYLENE GLYCOL

PERMEABILITY OF KEROSINE

PERMEABILITY OF ISOPROPYL

PERMEABILITY OF XYLENE

PERMEABILITY OF ENTYLENE GLYCOL

PERMEABILITY OF WATER
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