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Soil pore size distribution and water characteristics are important

for water storage, water movement, and soil-plant interaction studies.

Laboratory determinations of water characteristics and pore size

distribution are time consuming and costly. Investigators have

proposed many models to predict them from routinely available data.

Most of the models are related to soil particle size distribution.

However, they do not fit experiments well under different conditions.

The objectives of this study are to determine whether some relationship

between pore size distribution and particle size distribution exists

for soils with different soil properties and to evaluate the influence

of aggregation on the soil pore size distribution and water

characteristics.

After proper adjustment, the particle size, aggregate size, pore

size distribution curves and the water characteristic curves were

drawn on the same graph for each soil. Comparisons between pore size

and particle size, aggregate size, and water characteristics were then

made. A linearly transformed logistic response function was used to



evaluate the equation d
pore

= R
x
d
x
, where R

x
is the ratio coefficient

of pore diameter to the diameter of component x, x = particle,

aggregate, pore from water characteristics. Soil aggregation was

quantitively related to pore size in this study. The calculated

values are from 0.06 to 0.18; R
particle

values are 0.87 toR
aggregate

values are 0.87 to 1.75. The R
aggregate

values are3.20; and R
water

much more consistent than the R
particle

. This suggests that the

aggregate size may be a better index for predicting pore size

distribution, especially for swelling and high clay content soils.

For soils with non-swelling clay, low clay content, and low

aggregation, the shape of the pore size distribution, particle size

distribution, and aggregate size distribution curves and their density

function curves are very similar. The predicted pore size

distribution curves fit the experimental curves very well. For soils

with high swelling, high clay content and good structure, pore size

distribution and aggregate size distribution have a better relation

than the pore size and particle size. Water characteristic curves and

pore size distribution curves did not coincide because of the

different behaviors of particles and aggregates in water and in

mercury.

A systematic model was suggested to predict pore size distribution

from particle size or aggregate size. This model divides the pore size

distribution curve into six regions. After a computer program is

completed, this model will be able to calculate the packing density and

pore size distribution. The input variables are bulk density, particle

density, and particle or aggregate size distribution data.



Relationship between Pore Size, Particle Size, Aggregate Size

and Water Characteristics

by

Laosheng Wu

A THESIS

submitted to

Oregon State University

in partial fulfillment of
the requirements for the

degree of

Master of Science

Completed on June 17, 1987

Commencement June 1988



APPROVED:

Redacted for privacy
ofessor of Soil Science in Charge of Major

Redacted for privacy
ead Department of Soil Science

Redacted for privacy
Dean of Crate Schodl

Date thesis presented: June 17, 1987

Typed by Laosheng Wu for: Laosheng Wu



ACKNOWLEDGEMENTS

The author wishes to express his deep appreciation to Dr. James A.

Vomocil for his advice, guidance and encouragement given during the

period of this study.

The author is grateful to the committee members, Dr. Stuart Childs,

Dr. David Thomas, and Dr. Christopher Bell for their advice, sugges-

tions and careful review of the thesis.

Appreciation is also given to the Zhejiang Province Government in

the People's Republic of China and the Department of Soil Science at

Oregon State University for their financial support during the study.

Finally, the author is deeply appreciative for the encouragement

and assistance of his wife Qiaoping. Without her understanding, the

author could not have met the requirement for this degree in the

United States while she and their baby son were on another side of

the Pacific Ocean.



Table of Contents

INTRODUCTION

Page

1

LITERATURE REVIEW 3

The Packing of Soil Particles 4

Models of Water Characteristics 7

Influence of Aggregation and Clay Mineralogy
on Pore Size Distribution and Water Characteristics 16

MATERIALS AND METHODS 20

Soil Chemical and Clay Mineralogical Properties Analysis 20

Particle Size Analysis 24

Water Stable Aggregate Size Analysis 24

Water Characteristics 25

Pore Size Determination 26

Density Function Curves of Particle Size, Aggregate
Size, Pore Size Distribution and Water
Characteristic Curves 28

Some Notes on the Graphical Transformations 31

RESULTS AND DISCUSSION 33

Particle Size Distribution and Pore Size Distribution 33

The Effect of Soil Aggregation on Water
Characteristics and Pore Size 44

Water Characteristics and Pore Size Distribution 48

A Suggested Model of Pore Size Distribution Calculation 53

CONCLUSIONS 63

REFERENCES 65

APPENDIX 70



List of Figures

Figure

1. Assembly of penetrometer for the mercury porosimeter.

2. Linear regression between penetrometer readings and
pressure caused by mercury column.

Page

27

29

3. Pore size, particle size, and predicted pore size (from
particle size) distribution curves of soil Walla Walla. 34

4. Density function curves of pore size and particle
size distribution of soil Walla Walla. 35

5. Pore size, particle size, and predicted pore size (from
particle size) distribution curves of soil Bashaw. 42

6. Density function curves of pore size and particle size
distribution of soil Bashaw. 43

7. Pore size, aggregate size, and predicted pore size (from
aggregate size) distribution curves of soil Bashaw. 45

8. Pore size, aggregate size distribution and water
characteristic curves of soil Bashaw, 0.5-1.0 mm fraction. 46

9. Pore size, aggregate size distribution and water
characteristic curves of soil Jory, 0.5-1.0 mm fraction. 47

10. Relationship between ratio coeffecient of pore diameter to
aggregate diameter (Ra) and percent of aggregation. 49

11. Pore size, water characteristics, and predicted pore size
(from water characteristics) distribution curves of soil
Walla Walla. 51

12. Density function curves of pore size distribution and
water characteristics of soil Bashaw. 52

13. Four combinations of a 3-unit particle size packing. 55

A-1. Pore size, particle size, and predicted pore size (from
particle size) distribution curves of soil #1. 70

A-2. Pore size, aggregate size, and predicted pore size
(from aggregate size) distribution curves of soil #1. 71

A-3. Pore size, water characteristics, and predicted pore
size (from water characteristics) distribution curves
of soil #1. 72



Figure Page

A-4. Pore size, aggregate size, and water characteristics
distribution curves of soil #1, 0.5-1.0 mm fraction. 73

A-5. Pore size, aggregate size, and predicted pore size (from

aggregate size) distribution curves of soil Walla Walla. 74

A-6. Density function curves of pore size and aggregate
size distribution of soil Walla Walla. 75

A-7. Density function curves of pore size distribution and

water characteristics of soil Walla Walla. 76

A-8. Pore size, particle size, and predicted pore size (from

particle size) distribution curves of soil Newberg. 77

A-9. Pore size, aggregate size, and predicted pore size (from

aggregate size) distribution curves of soil Newberg. 78

A-10. Pore size, water characteristics, and predicted pore size

(from water characteristics) distribution curves of soil

Newberg. 79

A-11. Pore size, particle size, and predicted pore size

(from particle size) distribution curves of soil Jory. 80

A-12. Pore size, aggregate size, and predicted pore size

(from aggregate size) distribution curves of soil Jory. 81

A-13. Pore size, water characteristics, and predicted pore

size (from water characteristics) distribution curves
of soil Jory. 82

A-14. Pore size, water characteristics, and predicted pore

size (from water characteristics) distribution curves
of soil Bashaw. 83

A-15. Density function curves of pore size and aggregate

size distribution of soil Bashaw. 84

A-16. Pore size, particle size, and predicted pore size (from

particle size) distribution curves of soil Dayton. 85

A-17. Pore size, aggregate size, and predicted pore size (from

aggregate size) distribution curves of soil Dayton. 86

A-18. Pore size, water characteristics, and predicted pore

size (from water characteristics) distribution curves
of soil Dayton. 87



Figure

A-19. Pore size, particle size, and predicted pore size
(from particle size) distribution curves of soil #7.

A-20. Pore size, aggregate size, and predicted pore size
(from aggregate size) distribution curves of soil #7.

A-21. Pore size, water characteristics, and predicted pore
size (from water characteristics) distribution curves
of soil #7.

Page

88

89

90



List of Tables

Table Page

1. Void volumes, porosities, and pore radii of various
packing arrangement of uniform spherical particles
of diameter d 5

2. Some chemical properties of the soils studied 21

3. Some physical properties of the soils studied 22

4. Taxonomy, physiography and description of some soils used 23

5. Calculation of pore size distribution for Jory soil 30

6. The slopes, correlation coefficients (r), R-squared and p
values of the linearly transformed distribution curves 37

7. The ratio coefficients of pore vs particle, aggregate,
and water characteristics and MABC values 40

8. A systematic model of pore volume calculation
for six packing units 59

A-1. Experimental data of pore size, particle size, aggregate
size distribution and water characteristics of soil #1 91

A-2. Experimental data of pore size, particle size, aggregate
size distribution and water characteristics of soil Walla

Walla

A-3. Experimental data of pore size, particle size, aggregate
size distribution and water characteristics of soil
Newberg

92

93

A-4. Experimental data of pore size, particle size, aggregate
size distribution and water characteristics of soil Jory 94

A-5. Experimental data of pore size, particle size, aggregate
size distribution and water characteristics of soil Bashow 95

A-6. Experimental data of pore size, particle size, aggregate
size distribution and water characteristics of soil Dayton 96

A-7. Experimental data of pore size, particle size, aggregate
size distribution and water characteristics of soil #7 97



Symbols and Abbreviations

a: subscript for air

b: subscript for bulk

c: subscript for coarse

d: diameter (mm)

e: with subscript, void ratio

f: subscript for fine

f: porosity

f(x): function of x

G: ratio of soil water content to its saturation water content

g: percent of saturation

L: depth of soil profile

m: subscript for medium

MABC: Mean Absolute Bias Coefficient

mx: subscript for mixture

p: pressure (Kpa)

p: subscript for particle

po: subscript for pore

R
x

: coefficient to relate pore size to component x

r: radius (mm)

s: slope

s: subscript for soil

sd: subscript for sand

sl: subscript for solid

sat: subscript for saturation

t: subscript for total



v: subscript for volumetric

V: volume (m
3
)

w: weight (kg)

w: subscript for water

a: contact angle between liquids and solids (degree)

8: water content

p: density (kg/m
3

)

a: surface tension of a liquid (N/m)

u: 3.14



RELATIONSHIP BETWEEN PARTICLE SIZE, AGGREGATE SIZE,

PORE SIZE, AND WATER CHARACTERISTICS

INTRODUCTION

Of all the soil physical properties which have been used to

characterize various aspects of soil structure, the pore size

distribution is one of the most important indices. It governs water

holding capacity, water movement, aeration, and plant root growth.

Soil pore size distribution and water characteristics are

determined by the soil particle size distribution, structure

characteristics, and particle packing. Calculations of porosity of

solid rigid sphere systems in different packings have been made by

Graton and Fraser (1935), McGeary (1961) and Staple (1975). For real

soil systems, this characterization is much more complicated. Bodman

and Constantin (1965) and Gupta and Larson (1979) have developed

models for predicting soil bulk density, but both have their

limitations.Calculation of pore size distribution is far more

complicated than calculation of bulk density or total porosity.

Since laboratory determination of the water characteristic curves

for soils is a time consuming process, many models have been proposed

to predict it from simple and routinely available experimental data.

According to their forms, we can roughly divide these models into

three types: (1) physical models (Spomer, 1980); (2) empirical-

physical models (Arya and Paris, 1981; Haverkamp and Parlange, 1986);

(3) regression models (Gupta and Larson, 1979; Bache et al., 1981;

Oosterveld and Chang, 1980; Hille',1971; Campbell, 1974; Clapp and
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Hornberger, 1978; De Jong, 1982; Rawls et al., 1982). However, none

of the existing models take into account soil aggregation. No

accounting is made of the effects of particle aggregation into

secondary units aggregates. The existence or lack of a defined

stability of aggregate morphology with respect to specific stresses

generated by moving water is an additional factor not accounted for in

existing models. Regression models may have high correlation in a

particular population, but may not fit individual soils or other

populations.

Most of the models are based on particle size distribution data.

This effort is not always successful. It is well-known that certain

soil properties are related to one another. A test is necessary to

verify if certain relationships exist between particle size

distribution, aggregate size distribution, pore size distribution and

water characteristic. This was one of the objectives of this research.

Another objective of this research is to establish a model for

estimating pore size and pore volume from particle size distribution,

aggregate size distribution and bulk density. If the bulk densities

of each fraction of a mixture are known, an appropriate model may be

expected to predict the packing density of the mixture.



LITERATURE REVIEW

Soil pore size distribution and soil water characteristics are

important in agricultural practice and water movement studies. Many

researchers have tried different approaches to estimate pore size

distribution and water characteristics from bulk density, particle

size distribution and other soil properties.

The pressure differential required to maintain soil at a given

water content is the pressure difference across the air-water

interface within the soil pores. The relationship between pressure

and pore radius can be described by the familiar equation:

2 & cos a

3

[1]

r

where P is the pressure differential, r is the pore radius, Sis the

surface tension of liquid, and ais the contact angle between the

liquid and the solid. Theoretically, when the pressure is Pi liquid

in pores of radius greater than the corresponding ri will drain from

the system.

Soil water characteristic curves reflect degree of saturation as a

function of the soil water pressure deficit, and therefore, they show

the soil pore size distribution (Childs, 1940). Because of the

irregular shape of pores, the term "effective pore radius" is used to

describe the pore size. This has the same generalized arbitrary

definitional relationship as "effective particle radius". One assumes

a system of uniform bore cylindrical capillary tubes as a model to

describe the soil pore system, just as for effective particle radius,

particles of soil solids are assumed to be solid rigid spheres.
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For a natural soil system, many soil physical and chemical

properties affect pore size distribution and water characteristic.

Outside factors, like compaction, also play important roles in

changing pore size distribution and total pore volume. Compaction

processes change the arrangement of soil particles and the nature of

the packing of individual primary physical units.

The Packing of Soil Particles

There are many variables which affect the packing of the solid

particles (Gray, 1961). Theoretically, no equation can completely

describe the resulting physical properties of packings of irregularly

shaped soil particles. However, it is possible to characterize some

systematic packing of monodisperse systems of solid rigid spheres in

terms of voids. A calculation of porosity and pore cavity radii on

different types of regular arrangements of uniform spheres was made

by Graton and Fraser (1935) and Gupta and Larson (1979) respectively

(in Table 1).

Studies of the porosities and bulk densities of mixtures of

several size classes of glass beads were done by McGeary (1961) and

Staple (1975). In their experiments, particle size within one size

class was uniform. That is, the mixture of the different particle

size fractions did not have a continuous particle size distribution.

Bodman and Constantin (1965) proposed a tri-component model for

predicting density of soil mixture. They divided a soil into

"coarse", "medium", and "fine" fractions. Medium or fine particles

could occupy the pores in a coarse particle matrix; neither coarse nor



medium particles could occupy the pores in a matrix of fine particles.

Large particles could be said to float in the matrix of smaller

particles while smaller particles could be embedded in pores of

largerparticles. They suggested the following equations to calculate

the total bulk volume (V
bt

) f or a mixture of coarse, medium and fine

particle fractions:

For a coarse matrix:

For a medium matrix:

For a fine matrix:

V
bt

= V
pc

( 1 + e
c

)

V
bt

= V
pm

( 1 + e
m

) + V
pc

V
bt

= V
pf

( 1 + ef ) + V
pc

+ V
pm

Table 1. Void volumes, porosities, and pore radii of various packing
arrangement of uniform spherical particles of diameter d

Case
Arrangement

type
Volume of

void
Porosity

(%)

Pore
diameter

No. of
cavities

1 Cubical 0.48d
3

47.64 0.73d 1

2 Single-staggered 0.34d
3

39.54 0.531d 1

3 Double-staggered 0.23d
3

30.19 (a)0.225d 2

(b)0.155d 4

4 Pyramidal 0.18d
3

25.95 (a)0.414d 1

(b)0.225d 2

5 Tetrahetral 0.18d
3

25.95 (a)0.414d 1

(b)0.225d 2
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where V
pc'

V
pm'

and V
Pf

are solid volumes of coarse, medium, and fine

particles; e
c

, em, and of are void ratios of coarse, medium, and fine

particles, respectively.

The limitation of Bodman and Contantin's model is that three units

(coarse, medium, and fine) are not enough for soils. For a three units

model, the particle size difference within one unit is so great that

the particles at lower limit are small enough to be embedded into the

cavity formed by the particles at the upper limit in the same range.

Gupta and Larson (1979a) developed a computer model for predicting

soil bulk density of multi-component mixture of natural soils. They

divided a soil into 10 size ranges and the cumulative bulk volume into

about 40 units. Each unit has the same chance to act as acceptor and

donor in comparison to others. If the donor particle radius is greater

than the cavity radius of the acceptor, then the voids formed by

acceptor particles is assumed to be unfilled space. The donor unit is

returned to the pool, and another donor unit is then to be randomly

selected to compare with the acceptor unit again. If the radius of

the donor is less or equal to the cavity radius of the acceptor, then

the donor volume is subtracted by the volume of the cavity of the

acceptor unit, and the remaining donor volume serves as acceptor or

donor in a later mixing sequence step. The above process is repeated

to judge if this donor can fill the voids remaining between particles

of acceptor unit.

Upon completion, any remaining portion of voids of the acceptor

unit are assumed to be pore space. The process is repeated until all

the units have been selected as a acceptor unit. The bulk volume of



each acceptor (Vb) is calculated from:

V
b

(V
p
/p

b
)*p

p

and the bulk density of the mixture (pb ) is

Pbmx Vb/Wmx

7

[5]

[6]

where V is the solid volume, p
b

the bulk density, p the particle

density of a particular unit; W is the total weight of the mixture.
mx

The limitation of Gupta and Larson's (1979a) model is that when

the amount of the larger particle is insufficient to form a matrix,

they still count the pore volume of these parts. In fact, when the

larger particles float in the matrices of smaller particles, they can

not form pores by themselves.

Models of Water Characteristics

Some models for predicting water characteristics use soil

properties such as organic matter content and bulk density, but most

of the models are based strictly on soil texture. According to their

meaning and style, these existing models can be divided into three

types:

Physical models

A physical model is a model in which each parameter has its

physical meanings. After compacting different ratios of fine

sand/silty clay mixtures to their maximum densities, Bodman and

Constantin (1965) found a clear influence of texture on water
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characteristics. For the mixture with high sand percent, water was

mainly retained in high water potential (less negative) range, and

alternately, with high clay, water was retained in low water potential

range.

Similar to Bodman and Constantin's triangle packing model, Spomer

(1980) derived a simple physical model to predict porosity and water

characteristic in sand-soil mixtures for drained turf sites.

The idea of Spomer's model is, that for a sand and soil mixture,

the pores formed by sand are assumed to be predominately large (for

aeration) and by soil to be predominately small (for water

characteristic).

When a small amount of soil is added to sand and the added soil

bulk volume is less than the pore volume formed by the sand, then soil

particles occupy the porosity formed by the packing of sand particles,

i.e., addition of a small amount of soil particles does not change the

total volume of the mixture and results in a decrease in total

porosity. The pore volume decrease equals the added soil bulk volume.

The porosities of the mixture (f ) and soil (fs) are given by:

f (\lb
[Vbs(1:-

fs) Vbsd(1 fsd)])/Vbmi [7]

fs = [Vbs(fs)]/Vbmx

Therefore, the porosity of aeration
(fsd) is:

fsd fmx fs

[8]

[9]

When soil bulk volume is greater than or equals to pore volume of

sand, the porosities of the mixture and of the soil are:



fmx ([Vbmx Vbsd(1
fsd)I[fs])/Vbmx

9

[10]

f
sd

0 [11]

then f
s

f
mx

[12]

where fmx
'

f
s'

and f
sd

are mixture, soil and sand porosities

respectively; V
b '

V
bs'

and V
bsd

are mixture, soil and sand bulk

volumes, respectively.

Using the above equations with different ratios of sand to soil,

Spomer has accurately predicted the porosity and water characteristic

of the turf sites. However, his model only deals with sand and soil

mixtures in which the sand particle diameter is several times greater

than the soil particle diameter.

Physical-empirical models

A physical model containing empirical coefficients is called

physical-empirical model. After having divided the soil cumulative

particle size distribution curve into n fractions, and assumed

particles within each fraction together to form a domain, Arya and

Paris (1981) derived the following physical model with empirical

constant to calculate pore radius (r
po

) for each domain from the

particle radius of that domain (r ):

rpo( . r
p(1 . )

[4en.
a-1

/6]
1/2

i-1,2, ,n. [13]
1)

where a is empirically determined from experimental water

characteristic curves; ni is the number of spheres in domain i, it is

calculated by assuming that the ith domain is constituted of ni



uniform spherical particles with radius r
P

n. 3W. / 4wr
3
p

1 1 pi p

10

[14]

where, W. is the weight for fraction i, p is particle density.
1

A further assumption is that the entire pore volume formed by the

n.
1
particles of the ith fraction can be represented by a single

cylindrical pore, thus the pressure for the ith fraction is:

Pi 26cosa/r.
1 1

The volumetric water content for each domain corresponding to the

upper limit is calculated from

[15]

i

O. = E V
po(j)

/V
b

i-1,2, , n. [16]

j =1

where V
po(j)

is the pore volume, V
b

is the soil bulk volume. Finally,

the average water content value of two nearby fractions was used to

represent the larger pore radius. The water characteristic curve was

thendevelopedbyplottingeachP.and corresponding 0. for the soil.

In their model, they did not consider the influence of

aggregation. Other limitations of their model have been discussed by

Haverkamp and Parlange (1982).

Recently, Haverkamp and Parlange (1986) presented a model to predict

water characteristics of sandy soils without organic matter from their

particle size distribution curves. It also takes into account of the

influence of air entrapment and hysteresis.

They assumed that the particle diameter (d ) can be related

to the equivalent pore diameter (d ) by the equation:
po
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d
po

R
x
*d

p
[17]

where R
x

is a packing parameter. Its values lie within the range of

0.225 to 0.414 (Table 1).

Combining equation [1] and equation [17] yields:

P s 0.149*R /d
x p

[18]

This permits the calculation of water pressure directly from

particle diameter.

From equation [17], it follows that the relative pore fraction and

the relative solid fraction are equal to each other, since Rx is a

constant for a given soil. Thus, Haverkamp and Parlange set the degree

of saturation G equal to the cumulative frequency function F(d) of the

particle weight by assuming the particle density to be constant:

G a F(d) [19]

Since G 19/0
sat

, equation (19) becomes:

8
sat

F(d) [20]

This is their basic model. Their routine model for predicting water

characteristics is much more complicated than the basic model.

Empirical models

Many investigators used regression methods to relate soil texture

and water characteristics. These models have three basic functional

forms:
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a. Multiple variable linear models

Gupta and Larson (1979b) established a regression model from 43

soil materials to estimate soil moisture characteristic curve. The

model is as follows:

O. = a*sand(%) + b*silt(%) + c*clay(%) + d*organic matter(%)

+ e*bulk density(Kg/m
3

) [20]

where 8
i

is the predicted water content (m
3
/m

3
) for a given matric

potential and a, b, c, d, and e are regression coefficients under a

particular matric potential Pi. This means a number of a, b, c, d,

and e's must be estimated by experiment, one for each of a series of

dewatering pressures. Their samples include soils with a wide range

of sand, silt, clay, organic matter contents and bulk density values.

The clay minerals include both expanding and non-expanding types.

Their model had a very high correlation coefficient. However, they

used water contents from smoothed water characteristic curves at

particular water potential. This undoubtedly reduced variability

somewhat.

Rawls et al. (1982) found that the addition of either -1500 KPa or

-33 KPa and -1500 KPa values to equation [20] greatly increased the

accuracy.

By using simply a linear regression model, Bache et al. (1981)

found that volumetric water content (0v) and water potential (P) of

loamy soils can fit the model:

b*log P + a [21]
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where a and b are regression coefficients. The slope b was

significant at p < 0.001 for 97 out of 108 A horizons and 80 out of

108 B horizons. The remainders were significant at p < 0.01 except

for two B horizons where p < 0.05. They concluded the lack of

significant fit to be either variability in determination of By or the

inappropriateness of using a linear model illustrated by the B horizon

loamy sands.

Oosterveld and Chang (1980) employed maximum likelihood estimation

to develop a model that related water content to clay and sand

content, depth of soil and water potential for field soils. The

general

relationship (r =0.96, n-117) between the variables is:

0 (35.367 + 0.644(clay%) - 0.251(sand%) - 0.045*L)P
-0.190

[22]

where 8 is moisture content in percent by weight; L is the mean depth

of sample in mm (80-1000 mm); and P is water potential in KPa (10-1500

KPa). They found this model was slightly inaccurate at very high clay

content and low potential.

b. Power models

A power function relating water content (0) and water potential

(P) for limited ranges of water content was developed by Gardner et

al. (1970):

P = aB
-b

[23]

where P is the water potential and 0 is the water content; b is an

empirical constant. By plotting data on a log-log scaled paper, the

equation should produce a straight line with slope equals to -b.
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Ghosh (1980) fitted the following equation by least-square method:

P PeG
-b

[24]

where P is capillary potential, Pe is air entry value of P, G

the degree of saturation. For any value of 8/8
sat'

P can be8/8
sat'

calculated from the equation. The b value was fitted from the

following equation:

silt%
.228 0625 .

clay%
b 2.619( a

125
(5.91

+1.1).0625
[25]

sand% sand%+clay%

where a is estimated by:

silt%
)1/2 - 5.91

clay%
a 6.2(

sand% sand% + clay%
[26]

Saxton et al. (1986) employed regression method to develop three

equations to estimate generalized water characteristic curves from

texture. They divided a water characteristic curve into three

segments, each segment having a different form of empirical equation.

For <-1500 to -10 KPa, a power equation was used:

P AO

where P is the potential; 8 is water content, and

[27]

A = exp[a. + b(clay%) + c(sand%)
2
+ d(sand%)

2
(clay%)]*100.0 [28]

B = e + f(clay%)
2
+ g(sand%)

2
+ g(sand%)

2
(clay%)

For -10 KPa to air entry, a linear equation was used:

[29]
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P 10.0 - (0 - 010)(10.0 - Pe)/(0
(1

[30]sat 10)

where 0
10

exp[(2.302 lnA)/B] [31]

P
e

100.0[m + n(O
sat

)] [32]

0 [33]sat = h j(sand%) + k*log10
(clay%)

For air entry to 0 KPa, a constant was used:

0 0
sat [34]

In equations [27] to [34], a, b, c, d, e, f, g, h, j, k, m, and n

are regression coefficients.

c. Parabolic models

The use of equation [24] implies a sharp discontinuity in

potential near saturation. Since most soils, particularly medium- and

fine-textured soils, show a gradual air entry region near saturation,

Clapp and Hornberger (1978) made a modification on equation [24] to

account for this type of air entry. They assigned the coordinates

(G.,0.) as inflection point of water characteristic curve and then the

intervalG.<G <1 can be described by the parabola:

P -m(G-n)(G-1) [35]

where
1 1

and

at saturation. The parameters m and n are calculated such that

equation [35] passes through points (Gi,0i) and (1, 0) and that the

derivatives dP/dG of [24] and [35] are equal at inflection point. The

parameters m and n are calculated as follows:



m
P. P.1b

(1 - Gi)2

n 2G. -

1

P.b
1

mG.
1

G.(1-G.)
1 1

16

[36]

) - 1 [37]

They divided 1845 soils into 11 textural groups and for each group

they developed the representative values of hydraulic parameters b and

sat
. Then only an estimate of texture is needed to predict soil

water characteristics.

De Jong (1982) tested Clapp and Hornberger's model by using a

variety of Canadian soils from different geographical regions. Their

work shows that the parametric equations of Clapp and Hornberger are

in satisfactory agreement with averaged measured data from similar

textural soils, but they are less accurate when one looks at

individual soils.

Influence of Aggregation and Clay Mineralogy on Pore Size

Distribution and Water Characteristics

It has long been noted that soil structural properties such as

water stable aggregation and aggregate size and shape have pronounced

influence on the soil pore characteristics. Childs (1945) referred

the pore space formed by ultimate particles as "textural pore space"

and those formed by aggregates as "structural pore space". Bodman and

Constantin (1965) found that after the addition of 0.4 percent of

Vinyl-acetate-maleic-anhydride (VAMA) to a fine sand-silty clay

mixture, the desorption curves significantly changed after compacting
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the mixtures to a maximum density.

Woodruff (1950) and Childs (1969) pointed out that more than one

mechanisms contributed to water characteristic of clay mineral system:

(1) Adsorption of water on clay surfaces, this is associated with

swelling and shrinkage; (2) structural formation in the clay, this is

also associated with swelling and shrinkage; (3) surface tension

phenomena in the higher suction range where particles come in contact

and swelling and shrinkage cease. Water may be lost without or with

only partial air entry at low suction because of swelling and

shrinkage of soil. On the other hand, water lose may be accompanied

with equivalent air entry.

The influence of clay mineralogical composition is different at

different stages of water release. Childs (1969) showed that for a

shrinking soil, a decrease of potential may not only draw the plates

closer together, but may also reorient them into more nearly parallel

positions of lower energy, water being lost in the process. Aylmore

and Quirk (1967) found that the high degree of parallel alignment of

the plate-shaped clay crystals could result in a high proportion of

microporosity and in a relatively discrete pore size distribution

range.

Low (1968) concluded that for clay systems, the mineralogical

composition can influence particle size distribution, particle

arrangement, and swelling. Churchman (1983) showed that the pore

sizes for a soil containing halloysite is 10-30 nm, a smectitic soil

has the pore size from 100-10,000 nm. These values are equivalent to

water pressures of 30.0-0.3 MPa. Thus, clay mineralogy can obviously

affect the water characteristics and the pore size distribution.
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When the soil bulk sample is under high pressure, some structural

and particle orientation changes may occur because of the applied

pressure (Vomocil et al., 1968) and sample compressibility (Croney and

Coleman, 1954). According to their behavior under high pressure,

Croney and Coleman (1954) classified the soils into three groups: (1)

incompressible soils, which include sand chalk and lime stone; (2)

fully compressible soils, which include all heavy clays; and (3)

partially compressible soils, which include silty and sandy clays.

In summary, physical models so far can only be used for sand and

soil mixtures, where sand is several times larger than the soil

particles. Phsyical-empirical modeling seems a good approach.

However, these models have not considered the structural influence and

the embedding of small particles into the pores formed by the large

particles and the floating of large particles in a matrix formed by

small particles. That is to say, they do not consider the

interactions between small particles and large particles.

The advantage of the regression models is that they can include as

many variables as needed. If sufficient information is available,

they are very easy to develop with the help of computer software.

However, empirical models can not explain causality, and can not be

extrapolated to other populations. Aggregation and clay mineralogy

may have pronounced influence on pore size distribution and water

characteristics and should be considered in future modeling efforts.

None of the models so far have taken this into account. The

objectives of this research then were:
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1. To investigate whether any single quantifiable relationship

between soil particle size and pore size distribution exists in soils

with different soil mineralogical and physical properties.

2. To evaluate the influence of aggregation on the pore size

distribution and water characteristics.

3. To find an easier way to predict pore size distribution and

water characteristics from soil particle size or aggregate size

distributions.
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MATERIALS AND METHODS

Seven soils varying in chemical, clay mineralogical, and physical

properties were collected from the State of Oregon. In Table 2 are

-cation exchange capacity (CEC), exchangeable Na, Ca, Mg, and K

contents, extractable Na, Ca, Mg, and K contents, and some clay

mineralogical information of the soils studied. In Table 3 are the

particle size and aggregate size distributions of the samples. Some

soil classification and taxonomic information is in Table 4.

Methods used to determine these properties are as follows:

Soil Chemical and Clay Mineralogical Properties Analysis

Extractable cations were determined by the acetate method (Berg et

al., 1978). This is a modified method from Pratt (1965) to determine

extractable K. It uses a single extraction rather than the three

successive extractions specified in the original procedure. Another

modification is the dilution of the soil extract with water. A Perkin

Elmer Model 372 spectrophotometer was used to determine the

concentration of potassium, calcium and magnesium. Exchangeable

sodium and cation exchange capacity were determined by the ammonium

acetate displacement method. The same spectrophotometer was used to

determine the concentration.

Soil organic matter was determined by Walkley-Black titration

method (Berg et al., 1978).

An X-ray diffraction method was employed to determine the clay

mineralogy. Sample pretreatment included removal of soil organic

matter and separation of less than 2 microns clay fraction. Organic



Table 2. Some chemical properties of the soils studied

Soils

CEC Exch-Na
1
Extr-Na Exch-Ca Extr-Ca Exch-Mg Extr-Mg Extr-K

meq/100g

0.M.

(%)

Clay
2

mineral

#1 21.1 5.95 6.60 34.6 38.0 5.40 5.90 5.20 5.26 Cal.

Walla Walla 10.4 0.14 0.17 13.3 14.1 2.40 2.60 0.29 0.51 V.,Sm.

Newberg 24.4 0.17 0.24 12.9 13.3 5.20 5.50 1.06 2.76

Jory 16.0 0.11 0.22 5.00 5.30 0.80 0.85 0.35 5.63 Kao.,Ch.

Bashaw 33.6 0.24 0.27 20.8 21.4 14.1 14.2 1.01 4.56 Sm.

Dayton 14.6 0.13 0.18 4.60 5.10 0.93 1.10 0.49 3.36 V.,I1.

#7 24.4 10.2 13.9 23.0 23.5 4.50 5.10 0.61 2.19

1
Ex h-Na: Exchangeable sodium; Extr-Na: Extractable sodium.

2
Cal.: Calcite; V.: Vermiculite; Sm.: Smecutite; Kao.: Kaolinite; Ch.: Chlorite; Il.: Illite.



Table 3. Some physical properties of the soils studied

Soils

Particle size

.05-.002mm

(%) Aggregate Size (7)

.05-.002mm

Aggregation

(7)2-.05mm <.002mm 2-.05mm

---

<.002mm

#1 33 39 28 85 14 1 78

Walla Walla 60 38 2 64 34 2 10

Newberg 32 53 15 75 24 1 63

Jory 10 48 42 67 29 4 63

Bashaw 15 35 50 73 25 2 68

Dayton 8 74 18 37 60 3 32

#7 41 50 9 66 32 2 42

Aggregate size here was water-stable aggregates. Aggregation (7) was calculated by:

[(<0.05
mm

Z)
particle

- (<0.05 mm 7)
aggregate

) / (<0.05
mm

%)
particlel.
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Table 4. Taxonomy, physiography and description of some soils used

Soils Soil-type Taxonomy Physiography and Description

Walla Walla Coarse- Mixed, mesic Deep soil in loess on rolling

silty upland in north-central Oregon.

Newberg Loamy Mixed, mesic Deep, somewhat excessively and

well drained soil in alluvium on

floodplains of Willamette Valley.

Jory Clayey Mixed, mesic Deep, well drained soil, 50-60%

clay in colluvium weathered

mostly from basic igneous bedrock

on sloping to rolling foothills

in the Willamette Valley.

Bashaw Very fine Montmorillo- Deep, poorly drained soil in

nitic, mesic alluvium from basalt on flood-

plains and low alluvial fans

along the margins of the

Willamette Valley.

Dayton Silt-loam Fine, Mont- Deep, poorly drained soil in

morillonitic, stratified alluvium and

mesic lacustrine material on level or

slightly concave broad terraces

of Willamette Valley.

All samples used were from the Ap (surface) horizon.
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matter was removed by 30 percent H202 (Kunze, 1965) and the less than

2 microns fraction was separated as described by Jackson (1969). The

clay fraction was saturated by K and Mg. The parallel orientation

specimens were prepared by the method outlined by Jackson (1965).

After the air-dried specimens were analyzed by X-ray diffractio4n, the

K saturated specimens were heated to 110°C, 350°C, and 550°C. The Mg

saturated specimen were equilibriated with ethylene glycol to detect

the swelling minerals.

Particle Size Analysis

Soil particle size was determined by the hydrometer method on

air-dried soil passed through a 2 mm sieve as described by Gee (1986).

After organic matter was removed by 30 percent H202, the samples were

dispersed by adding 10 ml 5 percent sodium-hexametaphosphate and

shaking overnight on a horizontal shaker. The dispersed suspension

was transferred into 1000 ml cylinder and then brought to 1000 ml

volume by adding water. Hydrometer readings were taken after 0.5, 1,

3, 10, 30, 90, 120, 1440 minutes. The sand fractions were separated by

wet sieving through 0.063, 0.125, 0.25, 0.5, 1.0, and 2.0 mm sieves.

Water Stable Aggregate Size Analysis

Aggregates here actually referred to aggregates plus primary

particles in a sample. When concerned with the pore size distribution

and water characteristics, the total influence of both aggregates and

particles is probably more important than merely particles itself.

Aggregate size analysis procedure was a modified method outlined by

Richards (1954) for microaggregation analysis. Fifty grams of
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air-dried soil crushed and sieved through a 2 mm screen were put into

cylinders without dispersion. To prevent breakdown of aggregates by

the entrapped air, a small amount of water was added along the

cylinder wall to allow soil to be slowly wetted for 15 minutes. After

bringing the suspension to 1000 ml, the cylinder was inverted 20 times

in 40 seconds. Hydrometer readings were taken after the same

sedimentation intervals as particle size analysis readings rather than

one single measurement of 50 microns aggregate content. The coarse

fractions (larger than 0.063 mm fraction) were separated by a wet

sieving device which raises and lowers the sieves in water for 10

minutes with a speed of 29 strokes per minute and a vertical

displacement of 37 mm. The separated fractions were dried for 16

hours in an oven at 105°C and then weighed.

Water Characteristics

Soil samples passed through 2mm sieve and aggregates of the

0.5-1.0 mm fraction were placed into small brass cylinders with an

inner diameter of 60 mm and a height of 10 mm. The cores with less

than 2 mm soil were first put onto a tension table to saturate, then

taken out to dry in air for two days. Repeating this process twice

established a relatively stable bulk density. They were then trimmed

flat with faces parallel to the sample container ends. The bulk

volumes of each sample were recorded. Each time after the cores were

equilibrated with a given pressure, the bulk volume changes of samples

were measured.

Under different pressures, different devices were used for
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dewatering. 0 and 5 KPa were done in tension table; 10, 20, 40, 80,

150, 500, and 1500 KPa were done in a pressure chamber.

In order to compare with pore size distribution and particle size

distribution curves, the X axis is expressed in pore diameter (mm)

rather than pressure. If the surface tension of water is 0.075 N/m

and the contact angle is 0°, then relation between the pore diameter

and water pressure is

d 0.3/P [38]

where d is diameter of a cylinder pore in mm and P is pressure in KPa.

Pore Size Determination

Pore size distribution was determined on air dry samples by the

mercury intrusion method. An Aminco-Winslow porosimeter was used in

this experiment. The sample cup was designed to meet the requirements

of the penetrometer stem volume ( 0.2 ml) and the sample bulk

densities. In this experiment, a 0.33 ml cup was used to measure both

soil powder and aggregate samples. The assembly of the penetrometer

is shown in Fig. 1.

The measurement procedure followed Klock et al. (1969). After the

penetrometer assembly was inserted into the filling device and sealed

tightly, the system was evacuated to an absolute pressure of about 30

microns of mercury. The lower part of the penetrometer was then

immersed into mercury and the mercury was introduced into penetrometer

by releasing air into the filling device until the penetrometer was

completely filled (to about 5.5 microns). The lower tip of the

penetrometer was then lifted from the mercury pool, and the pressure
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Fig. 1. Assembly of penetrometer for the mercury porosimeter.
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in the penetrometer assembly was increased step by step. The

pressures and corresponding stem readings were recorded for each step.

After the pressure attained 101.0 KPa (atmospheric pressure), the

penetrometer assembly was transferred to a pressure vessel, where

penetrometer pressure and stem readings could be continued to maximum

pressure of 34.5 MPa.

Pore size calculation is based on the penetrometer stem readings

and gauge pressure readings. Total absolute pressure is obtained by

subtracting from the gauge pressure the mercury pressure exerted by

themercury column inside the stem. A relationship was established

between stem readings and mercury pressure to make this correction

(Fig. 2).

An example of the pore size distribution calculation is in Table

5. Using a surface tension value of 0.473 N/m and a contact angle of

130° (Klock et al., 1969), the pore diameter can be calculated by

Equation [39].

d 1.2075/P [39]

where d is pore diameter in mm, and P is pressure in KPa.

Density Function Curves of Particle Size, Aggregate Size,

Pore Size and Water Characteristic Curves

To simplify the calculation of displacement and the comparison

between particle size, pore size, and water characteristic curves, the

density function (frequency distribution) curves of the samples were

developed. This was done by a HIPAD/1 digitizer. The slope of each

curve was calculated from the digitizing data (X and Y coordinates):
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Table 5. Calculation of pore size distribution for Jory soil

0-15 gauge
pressure

0-5000 gauge Pressure
pressure correction

(*6.90 KPa)

Absolute
pressure

Stem

reading
(ml)

Pore
volume

Pore
volume

(%)

Diameter
(mm)

0.00 0.000 0.134 100.0
5.0 4.63 0.37 0.001 0.133 99.3 0.4730
5.6 4.51 1.09 0.010 0.123 92.5 0.1606
6.5 4.44 2.06 0.015 0.119 88.8 0.0850
7.5 4.34 3.16 0.023 0.111 82.2 0.0554
9.0 4.23 4.77 0.031 0.103 76.9 0.0367

10.0 4.18 5.82 0.035 0.099 73.9 0.0301
11.5 4.11 7.39 0.040 0.094 70.1 0.0237
13.0 4.09 8.91 0.042 0.092 68.7 0.0196
14.5 4.03 10.47 0.046 0.088 65.7 0.0167

5.0 3.85 15.65 0.060 0.074 55.2 0.0112
10.0 3.80 20.70 0.064 0.070 52.2 0.0085
20.0 3.70 30.80 0.071 0.063 47.0 0.0057
40.0 3.60 50.90 0.079 0.055 41.0 0.0034
60.0 3.53 70.97 0.084 0.050 37.3 0.0025

100.0 3.43 111.1 0.093 0.041 30.6 0.0016
150.0 3.33 161.2 0.099 0.035 26.1 0.0011
200.0 3.28 211.2 0.103 0.031 23.1 0.0008
300.0 3.20 311.3 0.110 0.024 17.9 0.0006
400.0 3.00 411.5 0.116 0.018 13.4 0.0004
600.0 611.5 0.125 0.009 6.7 0.0003
864.0 875.0 0.134 0.000 0.0 0.0002

*
Pressure numbers in table is in psi. To convert psi to KPa, each number in table
should be multiplied by 6.9.

o
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[40]

where Si is the slope at point i, Yi+1, Y. and Xi+1, X. are the Y

and X coordinates before and after point i.

Some Notes on the Graphical Transformations

To accommodate and compare particle size distribution curves, pore

size distribution curves, or water characteristic curves on one graph,

some adjustments were made.

1. Set the aggregate bulk volume to be 0 percent when the

aggregate size is equals to 0.001 mm, which is usually the lower size

limit of soil aggregate or particle size analyses. The bulk volume

percent for each particle size fraction is numerically equals to the

weight percent of the same fraction, provided each fraction has the

same bulk density.

2. It is not possible to continue the water potential or mercury

intrusion measurements to infinite high pressure. One must limit the

pressure range somewhere in order to draw the pore size, particle size,

and aggregate size distribution and water characteristic curves of a

soil into one graph. The data were adjusted by linear transformation

similar to that of Brutsaert (1966). 1.5 MPa as the selection of a

soil water potential or 6.04 MPa pore mercury intrusion pressure seemed

good choices for setting the volumetric water content and pore volume

to be 0 percent. This is arbitrary, but it will not alter the shape of

curves significantly, because:
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a. Compared with total pore volume, the pore volume at water

potential less than -1.5 MPa and mercury potential larger than 6.0375

MPa are relatively small.

b. According to Gupta and Larson (1979a), the pore radius is

0.225 to 0.414 time of the particle radius for a stable packing. 1.5

MPa of water pressure and 6.04 MPa of mercury intrusion pressure are

equivalent to the pore diameter of 0.0002 mm, this value is very close

to the value of 0.225 times the measured smallest particle diameter

(0.001 mm) specified above.
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RESULTS AND DISCUSSION

Particle Size Distribution and Pore Size Distribution

For several of the soils studied, the particle size and pore size

distribution curves (Fig. 3) are similar in shape to each other.

There are also similarities in patterns of the density function for

particle size and pore size distribution curves for some soils. This

is especially true for nearly structureless (low aggregation; see

Table 2) soils such as Walla Walla (Fig. 4).

A general form of equation [17] (Gupta and Larson, 1979a) is:

d = R *d
po x x

[41]

where d
po

is pore diameter (from mercury intrusion); d
x

is particle

oraggregate diameter, or pore diameter from water characteristics; Rx

is the ratio coefficient of pore diameter to the diameter of particle,

aggregate, or pore diameter from water characteristics, or packing

parameter. The R (ratio of pore diameter to particle diameter)

values were 0.225 and 0.414, which corresponding to the complete

stable pyramidal and tetrahedral packing. A random combination of

these two packing arrangements will have the theoretical R value

range from 0.225-0.414 (Gupta and Larson, 1979a).

Since the pore size, particle size and aggregate size distribution

curves and water characteristic curves are "S" shaped, a logistic

response function might be used to fit these curves. The evaluation

of equation [41] could be done by the linear transformation of the

logistic response function:
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a + b*log d [42]

If equation [41] holds at any particle or aggregate sizes for a

soil, then the distribution curves and water characteristics must be

parallel to each other; the slopes should be very similar.

The slopes, correlation coefficients, R-squared and p values of the

linearly transformed logistic response function are in Table 6. Some

conclusions could be drawn from the table:

1. For most of the soils, the slopes of the linearly transformed

logistic response function of the pore size, particle size and

aggregate size distribution curves were similar. It implied that it

was possible to estimate pore size from particle size or aggregate

size. The high correlation coefficients (most of them were greater

than 0.95) and low p values strongly supported that a linear relation

existed in a transformed logistic response function of a distribution

curve;

2. Soils with low clay content, or high clay content but

non-swelling clay, such as Jory, the slopes of both particle and

aggregate were similar to pore's. For a soil with high-swelling clay

content, such as Bashaw, aggregate had a closer slope to pore's;

3. Compared to pore size distribution curves, the slopes of water

characteristic curves had relatively larger difference. This might be

caused by dispersion by water when soils were wetted.

Since equation [42] fits the experimental data quite well, one can

employ it to evaluate the theoretical Rx values (0.225-0.414) obtained

by Gupta and Larson (1979a). To do this, it is necessary to assume



37

Table 6. The slopes, correlation coefficients (r), R-squared and p
values of the linearly transformed distribution curves

#1 Walla Walla Newberg Jory Bashaw Dayton #7

Pore size distribution curves

Slope 0.9169 1.5197 1.1447 0.9182 1.1532 1.1956 1.1690

0.9495 0.9746 0.9342 0.9558 0.9553 0.9695 0.9868

R-squared 0.9016 0.9498 0.8728 0.9136 0.9125 0.9399 0.9738

<0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Particle size distribution curves

Slope 0.8976 1.6497 1.0119 0.8861 0.7683 1.2002 1.1122

0.9595 0.9524 0.9487 0.9567 0.9506 0.9796 0.9769

R-squared 0.9207 0.9071 0.9000 0.9153 0.9063 0.9596 0.9543

p <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Aggregate size distribution curves

Slope 1.1987 1.6349 1.2703 1.0112 1.0966 1.0973 1.1848

0.9627 0.9556 0.9857 0.9267 0.9677 0.9770 0.9762

R-squared 0.9268 0.9132 0.9716 0.8587 0.9364 0.9545 0.9530

p <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Water characteristic curves

Slope 1.1077 1.6647 1.4718 1.6102 1.1004 1.5214 1.0327

0.9844 0.9955 0.9622 0.9764 0.9833 0.9420 0.9668

R-squared 0.9691 0.9909 0.9259 0.9533 0.9669 0.8873 0.9348

p <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001



that the slopes of pore size and particle size or aggregate size

equals to each other. Now, the pore size and particle size

distribution curves could be expressed as:

y
log a

1
+ b*log d

po
100 - y

y
log a

2
+ b*log d

100 - y

[43a]

[43b]
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If we fixed y at the distribution curves, then the left sides of

equation [42] and [43] equal each other. That is:

al + b*log dpo a2 + b*log dp [44]

Rearrange equation [44] we get:

log d
po

c + log d [45]

where c (a
2

- a
1
)/b, and c can be estimated by:

C
A

.... (log d
po

)
mean

- (log d
p

)
mean

[46]

therefore, the relation between pore diameter and particle diameter

is:

d = 10c*d [47]
po

In this event, R = 10
c

. R is the ratio coefficient between pore

diameter to particle diameter. One can calculate the ratio

coefficients between the pore diameter and aggregate diameter (Ra),

and pore diameter from mercury intrusion and pore diameter from water
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characteristics (R
w

) in a similar fashion. These values are

summarized in Table 7. Calculation of the Rp , Ra , and R
w

values are

based on the smoothed pore, particle, and aggregate size distribution

curves and water characteristic curves. This might cause some error

because of the manual fitting of the smoothed curves.

The results show that the R values from this research are greatly

different from the values given by Gupta and Larson (1979a). The

fitness of the present R values are easy to be seen on Fig. 3 and

figures in appendix. After multiplying each data point of the particle

size, aggregate size, and water characteristic by their diameter

coefficients respectively, the predicted pore size distribution curves

are obtained from the particle size distribution curves. For most low

aggregation soil, these curves match match quite well to experimental

pore size distribution curves (see Fig. 3 and appendix).

MABC (Mean Absolute Bias Coefficient) values in Table 5 are another

measurement how well the predicted pore sizes from particle size,

aggregate size, or pore size from water characteristics match the

experimental pore sizes from mercury intrusion. They were calculated

from the following equation:

MABC(%) (Eabs[log di - (log di)est]/n)/(log d)mesn *100% [48]

For most soils studied, the MABC values are not much greater than 10%.

Reasons for the difference between theoretical and experimental

R
x

values might be:

1. The pore diameters reported were the minimum pore cross

section diameter rather than the cavity diameter. For a three- or

four-uniform spherical particles of diameter D in a closing packing,



Table 7. The ratio coefficients of pore vs particle, aggregate, and water characteristics and
MABC values

Pore size vs Pore size vs Pore size vs Water charac. Water charac.
particle size aggregate size water charac. vs particle vs aggregate

Soils R MABC* R
a

MABC R
w

MABC R MARC R MABC
p wp wa

#1 0.81 13.51 0.06 14.59 0.79 8.06 1.02 14.14 0.08 8.03

Walla Walla 0.19 2.79 0.18 2.91 1.31 5.53 0.15 7.08 0.13 7.21

Newberg 0.52 10.98 0.08 5.42 1.32 6.65 0.39 13.23 0.06 5.39

Jory 1.51 8.27 0.08 12.44 1.31 13.80 1.15 10.95 0.06 14.82

Bashaw 3.13 24.81 0.09 10.76 1.69 9.64 1.85 14.48 0.05 7.98

Dayton 0.48 4.56 0.11 4.56 2.46 8.59 0.20 5.04 0.04 10.66

#7 0.27 4.60 0.09 4.69 1.32 6.55 0.17 6.92 0.05 8.77

*
MABC(%) -(2:abs[log(di)

1°g(ddesti/n) / [1°g(d)Imean
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the diameter of the pore cross section is 0.155D, not 0.225D.

Moreover, the actual controlling factor is the pore aperture rather

than pore diameter (Klock and Boersma, 1972).

2. Soil particle size is continuously distributed rather than

sets uniform particles. The relationship between the particle size

and pore size will be more complicated because of the embedding of

small particles into the voids between large particles and the the

floating of the large particles in the matrix of small particles.

3. Soil particles have irregular shape, not spherical shape. For

any stable packing, particles with the same weight and volume but

different shapes may have different pore diameters. The predicted and

experimental pore size distribution of Walla Walla fit well. Possibly

nearly uniform particle shape might be a partial explanation, since

Walla Walla consists mainly of fine sands and silts (Table 2.). If the

small particles and large particles have the same shape, the R values

can be expected as a good way to relate particle size and pore size

distribution of a soil. However, if the shapes of the small particles

and large particles are different, a single calculated R values will

not relate the pore size to particle size perfectly. This may be the

reason why some portions of the predicted and experimental distribution

curves did not match as well as others.

4. Soil aggregation also plays an important role in pore size

distribution. For soils with high aggregation, the relation between

pore size and particle size are not as good as other soils (Figs. 5

and 6). This will be further discussed in the following section.
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The Effect of Soil Aggregation on Water Characteristics and Pore Size

For a structured clay soil, the textural pore space and water which

it holds are governed by the equilibrium of the Gouy layer. Between

aggregates, the structural pore space is governed by the geometry of

the array of aggregates. At high water potential, the difference of

moisture characteristics curves between a clay crumb fraction

separated between 1 and 2 mm mesh size and the moisture

characteristics of a similar size fraction of sand grains is very

large (Childs, 1969).

Our experiment shows, for soils with high clay content like Bashaw,

the shape of the pore size distribution curve resembles the aggregate

size distribution curve (Fig. 7) more than the particle size

distribution curve (Fig. 5). This suggests that pore size distribution

of those soils could not be predicted from particle size distribution

satisfactorily.

The effects of aggregation on the pore size distribution and water

characteristic are even more obvious for the 0.5-1.0 mm aggregate

fraction than the whole soil of the highly aggregated soils like Jory

and Bashaw (Figs. 8 and 9). If we assumed that the particle size

distribution of this fraction is the the same as its whole soil, then

no relation can be seen between pore size distribution and particle

size distribution. However, the shapes of pore size distribution and

aggregate size distribution are similar. This again supports the

hypothesis that the pore size distribution is related to soil

structural characteristics.
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percentage of aggregation indicted indicate that Ra values are

significantly related to aggregation (Fig. 10). That is to say,

aggregate size distribution may be a better index to soil pore size

distribution, especially for high clay content and high aggregate

stability soils such as Jory, Bashaw and sample #1. One disadvantage

is that the aggregate size distribution does not yield any information

about the pore within aggregates. Actually, pore size distribution

depends on both the degree of aggregation and particle size

distribution. Since aggregates are formed in more than one stage

(Tisda11,1982), the relationship may be even more complex.

In soils like sample #1, Jory and Bashaw, the pore size in high

water potential range (larger pores) is determined by the aggregate

content, size and packing. At low water potential range (smaller

pores), both the pores between the aggregates and the pores within

aggregates can contribute pore space to the total volume of small

pores. This is the reason why there are two steep slope ranges on the

pore size distribution curve, whereas only one steep slope rang on the

aggregate size distribution curves (Fig. 9).

Water Characteristics and Pore Size Distribution

Pore size distribution in soil is obtained by applying equation (1)

to water characteristic curves and mercury intrusion curves. However,

because of the different properties of water and mercury, clay minerals

have different behavior when they contact each of the liquids.

Nagpal et al.(1972) compared the pore size distribution obtained

from mercury intrusion to water characteristic curve. They found that
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clay minerals have different behavior when they contact each of the

liquids.

Nagpal et al. (1972) compared the pore size distribution obtained

from mercury intrusion to water characteristic curve. They found that

when the clay content was low, these two methods agreed well. As the

clay content increased, the curves obtained by the two methods showed

similar trends but did not coincide. They concluded that the mercury

intrusion data shifted to right (to larger pore side) because of the

arbitrary setting to zero of the pore volume not intruded at maximum

pressure applied.

For a soil with low clay content and without structure, this might

be the case. After adjustment of the pore volumes of water

characteristic at 1.5 MPa and mercury intrusion curves at 6.04 MPa to

be 0 percent, distribution curves of soil Walla Walla shows only slight

difference between them (Fig. 11). However, for most soils studied

here, the relations are not that simple.

From the results in Table 4, we can see all soils have the water

pore size diameter coefficients (R
w
) greater than 1, except the

soil sample #1. Sample #1 is a soil with high organic matter, high

calcium and magnesium contents, which make the aggregates very stable

and also may have caused flocculation of soil particles in water. That

the pore size from water characteristic is smaller than the

corresponding pore size from mercury intrusion may also be seen on the

density function curves, that is, water characteristic curves are on

the left side of the pore size density function curves (Fig. 12).

Three factors may contribute to the different pore size from mercury

intrusion and from water characteristics: (1) unstability of aggregates
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fraction. On the other hand, Lawrance (1978) found no sample damage

occurred by using the mercury intrusion method. For the same soil, the

content of dry sieved coarse fractions is much higher than that of wet

sieved (Table 2). The instability of aggregates in water is one

factor which causes this difference.

For a fine-textured soil, the interactions between soil and water

is more complicated than interactions between soil and mercury, since

water is such an active polar agent. The most important effect is the

swelling and shrinkage of the clay minerals in water. A number of

investigators showed that the mineralogical composition can affect the

value of water potential at any water content (Woodruff, 1950;

Tschapeack, 1959).

It may be interesting to compare the dry aggregation level of soil

and its pore size distribution. Due to the limited technology

available to do a satisfactory dry aggregate analysis, we were unable

to do so in the present study.

A Suggested Model of Pore Size Distribuion Calculation

Pore volume calculation

Based on the results of the research, a systematic model was

suggested to describe any soil with random particle size distribution.

When particles of different sizes pack together, the smaller

particles can be embedded by larger particles when the pore volume

formed by the larger particles is greater than the bulk volume of the

smaller particles. The larger particles can only float in the matrix

of smaller particles when the bulk volume of smaller particles are
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When particles of different sizes pack together, the smaller

particles can be embedded by larger particles when the pore volume

formed by the larger particles is greater than the bulk volume of the

smaller particles. The larger particles can only float in the matrix

of smaller particles when the bulk volume of smaller particles are

greater than pore volume of larger particles. If we divided the

particle size of a soil into three units, the total combinations of

packings are 2
2

4. The four combinations of 3 units (coarse, medium

and fine) particle packing are shown in Fig. 13. The pore volume

calculation for each unit was developed.

For Fig. 13(a), the coarse particle pore volume is greater than the

total bulk volume of the fine particles and the small particle bulk

volume is greater than the pore volume formed by the medium particles.

That is, the medium and fine particles are embedded in the pore formed

by coarse particles and the medium particles float in the matrix of

fine particles. The pore volume for each unit is:

V
pof

f*[(V
bf

+ V
bm

) - V
pm

] [49]

V
pom

0 [50]

Vpoc f*Vbc (Vbf Vbm)
[51]

Fig. 13(b) differs from Fig. 13(a) in that the medium particles

formed the matrix inside the pores of the coarse particles (the bulk

volume of the fine particles are less than the medium pore volume).

The pore volumes are:
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V
pof

f*V
bf

[52]

V
pom

f*V
bm - Vbf [53]

V
poc

f*V
bc

- V
bm

[54]

For Fig. 13(c), the fine particles form the matrix and both coarse

and medium particles float in the matrix of the fine particles. The

pore volume for each unit is:

V
poc

0 [55]

V
pom

0 [56]

Vpof f*(Vbc Vbm Vbf) Vpc Vpm
[57]

For Fig. 13(d), the medium particles form the matrix. That is,

coarse particles float in the matrix of medium particles and fine

particles are inside the pore of the medium particles. Equations for

calculating pore volume of each unit is:

V
poc

0 [58]

V
pom

f*V
bm

- V
bf

[59]

V
pof

f*V
bf

[60]

In equations from (48) to (59), V
poc

, V
pom

, and V
pof

represent the

pore volumes of coarse, medium, and fine particles; Vbc, Vbm, and V
bf

the bulk volumes of the coarse, medium, and fine particles; V , V ,

and Vpf the solid particle volumes of the coarse, medium, and fine

particles; f is the porosity of the soil. If the f values are

different in each unit, what is needed is simply to substitute them

for f in each equation respectively.
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One assumption for the calculation of the pore volume of the fine

particles is that the fine particles always can form pores

independently, which leads to the conclusion that the pore volume of

smallest particle size unit never equals zero.

Pore diameter calculation

Shrazi and Boersma (1984) used the Gaussian distribution of

logarithms to describe soil particle size distribution and to

calculate the geometric mean and standard deviation. Further, after

dividing the particle size distribution curve into several units, they

found the same method could be applied to each individual unit(1987).

Since pore size is closely related to particle size, we can assume

that pore sizes in each unit have the same distribution as particle

size. The pore diameter of each unit can be calculated by the

following equation:

dgi exp (0.01 E NilnMi) [61]

where dgi is the geometric mean of the ith unit, n is the number of

soil separate units, Ni is the percent of total soil mass having

diameter equal to or less than Mi, and Mi is taken as the arithmetic

mean of two consecutive particle size.

The difficulty of pore size calculation is when pore volume of the

ith unit is partially filled by particles smaller than the ith unit,

which make the ith pore diameter smaller than the predicted pore

diameter from the packing of the ith unit particles alone. If we

assume that the pore of the ith unit as merely a cylinder with radius
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R. and length L., then the pore volume of the ith unit is pi*R
2

*L..

This volume minus the total bulk volume of the particles smaller than

ith unit gives actual pore volume of the ith unit. A correction

factor (ki) may then be developed:

(Actual pore volume)
k.
1

(Pore volume).
1

If the actual pore with radius R' has the same length Li, then the

relation between r and r' is:

that is

*r '

2
*L.

1
k.
1

*r.
2
*L.

r'.

1 1

1
.* r.

1 1

where k'= k
1/2

. If there is no smaller particles in the pore of

larger particles, then k = 1, the actual pore radius equals to

[62]

[63]

[64]

calculated pore radius. One then can calculate the actual pore radius

WippYratatiplYingtheoreticalr.1 value with k'.
1
value.

For a soil with random particle size distribution, three units may

be not enough to describe a soil system, as was discussed earlier. Six

units were chosen in the following suggested model because (1) although

the number of calculation increases exponentially, six units are not

too difficult; (2) if the largest particle in the particle size

distribution is 2 mm, and pore diameter of a stable packing of uniform

particles is .225 of the particle diameter, then six units can cover

the diameter values from 0.445 to 0.0002 mm. This value is small

enough to estimate the water characteristic for practical use; and

(3), by choosing six units, another advantage is that no particle



Table 8. A systematic model of pore volume calculation for six packing units

1 2 3 5 6

f* - f* - f*V -V f*V -V f*V -TV f*Vf *V
Vb2-6

f *V
Vb3-6 b3 b4-6 b4 b5-6 b5 b6 b6

0 f*(TV
b5

-V
p5

)

0 f(*V
b4-5

-V
p4

)-V
b6

f*V
b6

0 0 f*(V
b4-6

-V
p4-5

)

0 f*(V
b3-4

-V
p3

)-V
b6

f*V
b5

-V
b6

f*V
b6

0 0 f*(Vb5-6-Vp5)

0 0 f*(V
b3-5

-V
p3-4

)-V
b6

f*V
b6

0 0 0 f*(V
b3-6

-V
p3-5

)

f*V
bl

-V
b2-6

0 f*(V
b2-3

-V
p2

) f*V
b4

-V
b5-6

f*V
b5

-V
b6

f*V
b6

-V
b4-6

0

0

0

0 0

0

0

0 f*(V
b5-6

-V
p5

)

f*(V
b4-5

-V
p4

)-V
b6

f*V
b6

0
f*(Vb4-6-Vp4-5)

vi
f*(V

b2-4
-V
p2-3

)-V
b6

f*V
b5

-V
b6

f*V
b6



Table 8. (continued)

0 0 0 f*(V
b5-6

-V
p5

)

0 0 0 f*(V
b2-5

-V
p2-4

)-V
b6

f*V
b6

0 0 0 0 f*(V
b2-6

-V
p2-5

)

0

0

f*(V -V
pl b3 b3 b4-6

)-V f *V -V
b1-2

f*V -V
b4 b5-6

f*V -V
b5 b6

0

0 0 f*(V
b4-5

-V
p4

)-V
b6

0 0 0

0 f*(V
b1-2

-V
p
)-V

b3
0 f*(V

b3-4
-V

p3
)-V

b5-6
f*V

b5
-V
b6

0 0 0

0 0 0 f*(V
b3-5

-V
p3-4

)-V
b6

0 0 0 0

0 0 f*(V
b1-3

-V
p1-2

) f*V
b4

-V
b5-6

f*V
b5

-V
b6

-V
b4-6

0 0 0

0 0 0 f*(V
b4-5

-V
p4

)-V
b6

0 0 0

f*V
b6

f*(Vb5-6-Vp5)

f*V
b6

f*(Vb4-6-17p4-5)

f*V
b6

f*(V
b5-6

-V
p5

)

f*V
b6

f*(V
b3-6

-V
p3-5

)

f *V

f*(V
b5-6

-V
p5

)

f*V
b6

f*(V
b4-6

-V
p4-5

)
rn



Table 8. (continued)

0 0 0 f*(V
b1-4

-V
p1-3

) f*V
b5

-V
b6

f*V
b6

-V
b5-6

0 0 0 0 f*(V
b5-6

-V
p5

)

0 0 0 0 f*(V
b1-5

-V
p1-4

)-V
b6

f*V
b6

0 0 0 0 0 f*(V
b1-6

-V
p1-5

)

Symbols used in this table:

1-6: the largest unit to smallest unit; f: porosity

V
bi-j

: total bulk volume from ith unit to jth unit

V
Pi-i

: total particle volume from ith unit to jth unit

**
Each blank cell in the table is identical to its above cell.
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embedding within a unit will occur, because the diameter of each

particle in one unit is larger than the largest diameter of pore which

is formed by the largest particles in that unit. The suggested model

of six-unit packing is in Table 8.

Because of the complex features of the soil particles, the model

must be subjected to testing by experimental work. To date this has

not been done yet. Some possible application of the model are:

(1) Calculation of the packing density of a soil with random

particle size distribution. If we know the bulk densities for each

unit, we can calculate pore volume and then total packing density.

(2) Predicting pore size distribution of a packing of

multiple-size particles. We can calculate pore volume for each unit

by using this model. The calculation of the pore size for each unit

is also possible through some correction, as done in equation (64).
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CONCLUSIONS

Attempts were made to improve understanding of the relationships

between pore size and particle size, aggregate size distribution, and

water characteristics. Our results showed:

1. Both clay type and clay contents influence the water

characteristic curve and pore size distribution curve. However, the

influence of clay type on mercury intrusion is less important

because no swelling and shrinkage occur when clay minerals contact

mercury.

2. Aggregation has a significant effect on the pore size

distribution and water characteristics. This parameter has been

omitted from all previous models. Pore size distribution from water

characteristic and mercury intrusion are quite different, because of

the different behaviors of aggregate in water and in mercury. For

soils with high clay content and high aggregation, the relationship

between pore size and aggregate size is better than the relationship

between pore size and particle size. For the soils studied, the Ra

values are 0.06-0.18, which are much smaller than the Rp values.

3. For a non-swelling and non-shrinking soil 'with low

aggregation, the relationship between soil particle size and pore size

is quite good. The Rw is close to 1, that is, pore size distribution

curve and the water characteristic curve can be normalized to

superimposition. Whereas for well structured soils, pore size

distribution and water characteristic do not coincide with each other.

4. A theoretical physical model is not sufficient to describe

well structured soil. From our results, it seems a single parameter
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or constant could not relate particle size and pore size. It seems

more reasonable to combine the physical and the empirical models to

describe the relationship between particle size and the pore size or

water characteristic.

A systematic model was suggested in this work. This model can

predict both multiple units packing density and pore size

distribution. To test this model, a computer program should be

written. The input variables will be bulk density, particle density,

particle size or aggregate size data, and the R values. Weather the

model can fit the real soil system is subject to be tested by

experiment.
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Table A-1. Experimental data of pore size, particle size, aggregate

size distribution and water characteristics of soil #1

Pore Particle -
Size Weight

(mm) (7)

-- Aggregate --
Size Weight
(nun) (%)

-- Water charac.
Pressure Volume

(MPa) (7)

----
Pressure
(*6.9MPa)

Volume
(ml)

0.39 0.002 0.0010 9.0 0.0014 0.41 0.00 58.22

0.94 0.006 0.0015 11.61 0.00156 0.41 0.005 51.32

1.66 0.023 0.0029 32.29 0.00291 1.04 0.01 46.38

2.82 0.035 0.0045 37.56 0.00529 2.07 0.02 39.37

3.99 0.048 0.0052 38.40 0.00631 2.28 0.04 35.60

5.13 0.058 0.0088 47.06 0.0106 2.49 0.08 33.89

6.22 0.066 0.0151 51.27 0.0182 4.56 0.15 31.91

7.32 0.073 0.0270 57.60 0.0217 6.22 0.50 28.25

8.40 0.079 0.0455 65.41 0.0328 10.37 1.50 27.04

9.47 0.084 0.0632 70.68 0.0559 16.59

11.02 0.088 0.125 80.35 0.0781 20.74

31.26 0.106 0.25 92.54 0.125 28.52

51.40 0.117 0.5 99.22 0.25 46.54

71.44 0.120 1 100.0 0.5 66.41

111.5 0.124 2 100.0 1 89.57

161.5 0.127 2 100.0

261.5 0.131
411.5 0.137
600 0.146

875 0.155
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Table A-2. Experimental data of pore size, particle size, aggregate

size distribution and water characteristics of soil Walla

Walla

-- Particle -
Size Weight

(mm) (%)

Aggregate --
Size Weight

(mm) (7)

-- Water charac.--
Pressure Volume
(MPa) (%)

---- Pore
Pressure Volume
(116.9MPa) (ml)

0.37 0.001 0.0010 0.80 0.0016 0.41 0.00 46.93

0.91 0.004 0.0017 1.64 0.00302 1.24 0.005 46.48

1.95 0.007 0.0032 2.05 0.00528 2.49 0.01 44.90

3.48 0.009 0.0050 3.70 0.00687 5.28 0.02 40.02

5.52 0.012 0.0058 4.11 0.01042 8.29 0.04 31.10

7.54 0.014 0.0099 8.21 0.01766 16.58 0.08 24.07

10.07 0.016 0.0166 19.5 0.02242 22.79 0.15 15.06

15.45 0.045 0.0289 35.93 0.03062 35.23 0.50 11.12

21.02 0.088 0.0462 61.59 0.04902 60.09 1.50 10.15

26.22 0.103 0.0624 73.91 0.06578 74.60

31.33 0.111 0.063 74.73 0.125 93.73

41.44 0.120 0.125 89.43 0.25 99.22

51.50 0.125 0.25 98.85 0.5 99.80

71.58 0.130 0.5 99.63 1 99.90

111.6 0.135 1 99.84 2 100.0

162 0.138 2 100.0

262 0.140

412 0.143

750 0.146

875 0.147
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Table A-3. Experimental data of pore size, particle size, aggregate

size distribution and water characteristics of soil Newberg

Particle --
Size Weight
(mm) (%)

-- Aggregate --
Size Weight
(mm) (7)

-- Water charac.--
Pressure Volume

(MPa) (%)

Pore
Pressure Volume

(*6.9MPa) (ml)

0.37 0.001 0.0010 11.50 0.0016 0.43 0.00 50.49

0.90 0.003 0.0014 12.67 0.0031 1.28 0.005 50.28

1.95 0.007 0.0030 17.95 0.0053 2.56 0.01 48.85

3.52 0.012 0.0048 21.12 0.0074 4.27 0.02 39.18

5.62 0.020 0.0054 24.27 0.0106 6.40 0.04 32.47

7.76 0.030 0.0092 32.09 0.0184 10.67 0.08 29.17

8.84 0.036 0.0155 42.22 0.023 13.22 0.15 25.48

10.47 0.046 0.0272 55.53 0.0322 18.13 0.50 20.48

15.96 0.083 0.0454 65.86 0.0544 26.88 1.50 19.24

19.09 0.093 0.0627 72.83 0.0757 33.06

23.18 0.10 0.125 87.37 0.125 45.11

31.29 0.108 0.25 98.33 0.25 69.24

41.36 0.114 0.5 99.83 0.5 84.53

51.42 0.118 1 99.98 1 95.54

71.5 0.124 2 100.0 2 100.0

111.5 0.133

211.5 0.143

411.5 0.15
750 0.153
875 0.156
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Table A-4. Experimental data of pore size, particle size, aggregate

size distribution and water characteristics of soil Jory

Pore -- Particle
Size Weight
(mm) (%)

-- Aggregate --
Size Weight
(mm) (%)

-- Water charac.
Pressure Volume

(MPa) (7)

----
Pressure Volume
(*6.9MPa) (ml)

0.37 0.001 0.001 27.0 0.0014 2.0 0.00 48.19

1.09 0.010 0.0013 33.61 0.0016 2.99 0.005 48.19

2.06 0.015 0.0028 50.53 0.0031 5.99 0.01 48.19

3.16 0.023 0.0043 58.77 0.0052 10.38 0.02 44.83

4.77 0.031 0.0049 59.20 0.0073 12.98 0.04 41.99

5.82 0.035 0.0083 67.66 0.0106 13.97 0.08 39.46

7.39 0.040 0.0139 76.98 0.0175 19.96 0.15 36.47

8.91 0.042 0.0246 85.23 0.0224 22.96 0.50 31.01

10.47 0.046 0.0418 90.43 0.0314 25.95 1.5 31.01

15.65 0.060 0.0585 92.82 0.0535 30.94

20.7 0.064 0.063 93.03 0.0736 39.93

30.8 0.071 0.125 93.38 0.125 47.08

50.9 0.079 0.25 94.31 0.25 62.67

71.0 0.084 0.5 95.55 0.5 80.32

111.1 0.092 1 97.71 1 95.83

161.2 0.099 2 100.0 2 100.0

311.5 0.110

411.5 0.116

611.5 0.125
875 0.134
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Table A-5. Experimental data of pore size, particle size, aggregate

size distribution and water characteristics of soil Bashaw

Pore Particle --
Size Weight
(mm) (7)

-- Aggregate --
Size Weight
(mm) (%)

-- Water charac.--
Pressure Volume

(MPa) (7)
Pressure Volume
(*6.9MPa) (ml)

0.37 0.001 0.001 42.00 0.0014 0.22 0.00 60.80

0.93 0.005 0.0013 45.23 0.0016 1.12 0.005 58.82

1.99 0.010 0.0027 53.85 0.0032 4.04 0.01 57.65

3.03 0.013 0.0043 59.14 0.0052 6.29 0.02 52.83

4.62 0.020 0.0049 59.65 0.0074 8.09 0.04 49.93

5.86 0.030 0.0084 65.69 0.0104 8.99 0.08 46.93

6.84 0.036 0.0141 73.22 0.0178 13.48 0.15 44.06

7.89 0.040 0.0253 79.04 0.0228 17.52 0.50 40.57

9.49 0.048 0.0429 83.99 0.032 21.34 1.50 38.12

10.56 0.053 0.0599 86.15 0.0574 29.21

15.90 0.079 0.063 86.68 0.0761 32.58

21.01 0.087 0.125 91.29 0.125 40.53

31.13 0.096 0.25 95.74 0.25 56.17

51.23 0.104 0.5 98.81 0.5 74.50

71.29 0.108 1 99.96 1 94.45

111.4 0.113 2 100.0 2 100.0

211.5 0.117

411.5 0.121

750 0.124
875 0.125
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Table A-6. Experimental data of pore size, particle size, aggregate

size distribution and water characteristics of soil Dayton

Pore -- Particle --
Size Weight
(mm) (%)

-- Aggregate --
Size Weight
(mm) (%)

-- Water charac.--
Pressure Volume
(MPa)

----
Pressure Volume
(*6.9MPa) (ml)

0.47 0.001 0.0010 11.50 0.0014 0.44 0.00 45.21

0.91 0.005 0.0014 13.83 0.0016 2.20 0.005 45.21

1.99 0.010 0.0030 23.34 0.0032 5.49 0.01 45.21

3.03 0.013 0.0046 33.05 0.0052 12.53 0.02 45.21

4.57 0.016 0.0052 37.80 0.0054 12.75 0.04 45.21

6.61 0.019 0.0086 54.12 0.0073 14.29 0.08 42.84

8.65 0.022 0.0142 68.58 0.0101 23.08 0.15 34.37

10.18 0.024 0.0243 87.08 0.0162 43.96 0.50 26.03

14.21 0.034 0.0411 90.26 0.0209 50.55 1.50 20.17

18.36 0.038 0.0576 92.32 0.0292 53.85

25.44 0.044 0.063 93.46 0.0494 61.54

40.57 0.054 0.125 94.26 0.0688 65.93

71.06 0.091 0.25 95.58 0.125 72.02

111.4 0.115 0.5 97.94 0.25 82.59

161.5 0.128 1 99.98 0.5 91.07

261.5 0.143 2 100.0 1 97.53

411.5 0.151 2 100.0

611.5 0.156

875 0.159
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Table A-7. Experimental data of pore size, particle size, aggregate
size distribution and water characteristics of soil # 7

Pore -- Particle --
Size Weight
(mm) (7)

-- Aggregate --
Size Weight
(mm) (7)

-- Water charac.--
Pressure Volume
(MPa)

----
Pressure Volume
(*6.9MPa) (ml)

0.37 0.001 0.0010 5.0 0.0014 0.44 0.00 54.48

0.95 0.007 0.0015 6.68 0.0016 1.10 0.005 51.24

2.02 0.012 0.0031 12.89 0.0033 3.53 0.01 50.12

3.04 0.014 0.0048 15.59 0.0055 6.62 0.02 47.56

4.58 0.017 0.0055 18.71 0.0074 9.27 0.04 44.21

6.70 0.026 0.0094 25.57 0.0104 11.47 0.08 41.44

8.28 0.032 0.0157 35.96 0.0176 18.09 0.15 35.00

10.37 0.039 0.0278 47.19 0.0227 20.30 0.50 31.40

14.70 0.064 0.0464 57.79 0.0315 26.48 1.50 26.55

20.92 0.080 0.0643 63.82 0.0534 35.30

31.07 0.092 0.125 80.60 0.074 42.37

41.17 0.099 0.25 95.18 0.125 47.39

61.27 0.107 0.5 99.29 0.25 73.04

76.38 0.115 1 100.0 0.5 88.51

131.5 0.123 2 100.0 1 98.39

211.5 0.130 2 100.0

311.5 0.136
411.5 0.141
611.5 0.146
875 0.149


