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ABSTRACT

Some of the problems associated with sutistying the scaling eriteria of the
Brooks-Corey modeling theory for partially saturated porous media are examined
critically.

The effect of the porosity of disturbed medin on the hydraulic properties
which are significant in the modeling theory is determined experimentally by varying
porosity. The results indicate that the pore-size distribution index {s chianged only
slightly over a wide range of porosities but permeability and bubhling presaure may
be changed several fold over the same range. Evidently, bubbling pressure and
permeability may be adjusted to suit the size of the model by chunging the porosity
without appreciably changing the pore-size distribution,

A functional relationship among the hydraulic properties which are signifi-
cant in the modeling theory is developed, beginning with the fundamental eqguations
used in the Burdine approach for relating permeability, saturation and capillary
pressure, The relationship, involving saturated permeability, effective porosity,
bubbling pressure and pore-size distribution index, is substantiated experimentally
for three media. The relationship can be used to estimate permeability as a function
of either capillary pressure or saturation, the only information required being
capillary pressure-desaturation data.

A study was made to determine if disturbed materials are suitable for
modeling undisturbed porous media. The results indicate that a medium obtained
by pulverizing the material at the site of the prototype would usually not be suitable
for a model because of changes in the pore-size distribution during pulverization,
Unconsolidated media are available, however, which have the range of properties
necessary for modeling any of the undisturbed media found in this study. The most
difficult problem may be to simulate the transition from saturated conditions to par-
tially saturated conditions which evidently is characteristic of some undisturbed
media,
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PREFACE

Colorado State University's contribution to W-51 Regional Research Project
entitled "Factors Influencing the Flow of Subsoil Water in the Immediate Proximity
of and into Drainage Facilities' includes a study of the possibility of using physical
models of field drainge systems. Work presented in Hydrology Paper No, 9 indicated
that the theory of similitude proposed by Brooks and Corey in Hydrology Paper No. 3
was valid and could be used as a basis for constructing models of subsoil drains.

The study presented herein was conducted to delincate and help solve some of
the obvious practical problems encountered in modeling actual field systems involving
flow in partially saturated porous media. Additional details of this study have been
presented in the senior author's dissertation with the same title, presented at
Colorado State University in August 1966.

The authors are grateful to Dr. Arnold Klute, Professor of Soil Physies,

Department of Agronomy, University of lllinois for his critical review of this paper
and his many helpful suggestions.

iv



TABLY OF CONTENTH

Puge

LIST OF FIGURES - ::.:.:. w8 G g SR KN R R -
LIST OF TABLES (TEXT) « oo vove v oas s 25T S R SR e vii
LIST OF TABLES (APPENDICES) « ¢« v v s s s vt s o & THENY 6 e o C eV
LIST OF SYMBOLS i S 4 e st % wdin ulh R e N E PG
INTRODUCTION ; 5 cniwn ¢ owa % wa G e @ v w RN Tt SR G Yy 1A A X !
BACKGROUND AND THEORY . . .. .. v v v v v o v v PR R R e T U 3
EXPERIMENTAL TECHNIQUES ... .... w o G0 6 e B A 3 RN e b

Fluidsand Media , ., ... ...0c00ovvues o SR R e D

Capillary Pressure -Permeability Measurement for tiw

Porosity Experiment . .. ........ N a v i w1

Capillary Pressure - Saturation Measurement Inr the

Porosity Experiment . . ... R R G SRR B R B 6

Capillary Pressure -Permeability Measuremcm for the

Undisturbed Media Experiment .. ... . Ta e RPN | A [}
RESULTS AND DISCUSSION .. ..o sv s an s 1AL N RS AL e .. .10

Porosity Experiment . .. ... R SN TR SRR e PR L 1

Undisturbed Media Experiment .. .. .. N ST R AT 5 B 24

CORCLTHIEIE © v v 66059 80830 § S5 E B e R R DI » saie % acam s msca Bl

BIBLIOGRAPHY sica o o amwrn a0 ssere o avsie visow & sodid 8 6 G000 & sienn ¢ e@s & i 32
APPENDIX A. Properties of Wetting Fluid and Media. . « «+ « oo« - - won e R
APPENDIX B. Capillary Pressure-Permeability Data. . . .+« v vcvvve v 34
APPENDIX C. Capillary Pressure-Desaturation Data. « v« o0 v vvv o <+ 039



Figure

10

11

12

13

14

15

16

17

18

19

20

LIST OF FIGURES

Schematic diagram of saturation-capillary pressure apparatus. . 7
Sleeve -type sampler (ready for assembly) . .. .. GEE e SR 8

Undisturbed soil sample during test showing inflow and
outflow pressure controllers and tensiometers ., .. .. wime m e A

Relative permeability as a function of capillary pressure for
Touchet silt loam (GE 3) packed at five different porosities. . . . 11

Relative permeability as a function of capillary pressure for
Columbia sandy loam packed at five different porosities . . . . - A1

Relative permeability as a function of capillary pressure for
an unconsolidated sand packed at five different porosities . . . . 12

Saturation and effective saturation as functions of capillary
pressure for Touchet silt loam (GE 3) . .. .. ...... Rl A AT 13

Saturation and effective saturation as functions of capillary
pressure for Touchet silt loam (GE 3) « « + « v v v v v v v o v v .13

Saturation and effective saturation as functions of capillary
pressure for Touchet silt loam (GE 3) v+« v v v v v v v v v v v v vas 14

Saturation and effective saturation as functions of capillary
pressure for Columbia sandy loam ......... W e g

Saturation and effective saturation as functions of capillary
pressure for Columbia sandy loam . .. .. Goaas v aies e ¥ dELB

Saturation and effective saturation as functions of capillary
pressure for Columbia sandy loam . . ... .. .. ... 15

Saturation and effective saturation as functions of capillary
pressure for Columbia sandy loam , .. .. G SR T DN 16

Saturation and effective saturation as functions of capillary
pressure for an unconsolidatedsand . ... ............. .. 18

Saturation and effective saturation as functions of capillary
pressure for an unconsolidatedsand . ... ............... 17

Saturation and effective saturation as functions of capillary
pressure for an unconsolidated sand .. ... ... .. .. ... ... 17

Saturation and effective saturation as functions of capillary
pressure for an unconsolidated sand - .« .« v oo oo cee 18

Saturated permeability as a function of porosity for three
disturbed media ¢ iw v e v s s AR e A S R RN R .18

Bubbling pressure as a function of porosity for three
disturbed media . ......... SR T M e e 19

Pore-size distribution index as a function of porosity for
three disturbed media ........ 8 TN D S P A 19

vi



23

24

25

26

27

Table

LIST OF FIGURES - continucd

Permeability as a function of capillary pressure for

Fort Collins ¢lay 1oam ..o v « vio v s vnv & sin W P e e Wi

Permeability as a function of capillary pressure for

WRTA DTN viousn 0 w0 by w9 (0 KN 7K B e o R R R R §

Permeability as a function of capillary pressurc for

Cass sandy loam (5-inch depth) . .......... S N T 0 5

Permeability as a function of capillary pressure for

Cass sandy loam (12-inchdepth) .. .. ..o v nn

Permeability as a function of capillary pressure for

Cass sandy loam (20-inch depth) . ... ...... SR e

Permeability as a function of capillary pressure for

Valentine Toamy sand « vov e vov o v v up wnvian sa ey by v

Permeability as a function of capillary pressure for

a semi-congolidated @and viv e v an s i he e be e BeeE

LIST OF TABLES (TEXT)

POROSITY, SATURATED PERMEABILITY, BUBBLING
PRESSURE AND PORE-SIZE DISTRIBUTION INDEX AS
FUNCTIONS OF BULK DENSITY FOR THREE DISTURBED

MEDIA « o v vs o sinwie s o 00 i 0 o' wa R T T SR -

POROSITY, BUBBLING PRESSURE, PORE-SIZE DISTRI-
BUTION INDEX, RESIDUAL SATURATION AND EFFECTIVE
POROSITY AS FUNCTIONS OF BULK DENSITY FOR THREE

DISTURBED MEDTA « « « v ¢ o s v a4 v s s 0 0 v s 50 o T LR

COMFPARISON OF BUBBLING PRESSURE AND PORE-SIZE
DISTRIBUTION INDEX DETERMINED FROM K(p AND S(p )

DATA FOR THREE DISTURBED MEDIA .« « + «« oo v v o v 0 ae

SUMMARY OF HYDRAULIC PROPERaT]ES USED IN

é o
CALCULATING THE PRODUCT —— — FOR
K pb A+

THREE DISTURBED MEDIA (¢ = 22.9 DYNES/CM) « - + + <« .« .

POROSITY, SATURATED PERMEABILITY, BUBBLING
PRESSURE AND PORE-SIZE DISTRIBUTION INDEX FOR

SEVERAL MEDIA i ¢ o/ aie o vt o o/als ¢ weini oeies 3 el o4

POROSITY, SATURATED PERMEABILITY, BUBBLING
PRESSURE AND PORE-SIZE DISTRIBUTION INDEX FOR

CASS SBANDY LOAM . vseseriosss R PR S SCO e

vii

Page

- 23

. 29



Table

A-1

A-2

B-15

H=-16

B-t7

LIST OF TABLES (APPENDICES)

Page
DYNAMIC VISCOSITY AND DENSITY OF SOLTROL "C"
OIL USED IN EXPERIMENTS 0 s « o0 0 o v s os s v & sonie s ss 33
GRAIN-SIZE ANALYSIS OF MATERIALLS USED. . . . ....... R
PARTICLE DENSITY OF MATERIALS USED. . . ... ... ... 33
CAPILLARY PRESSURE-PERMEABILITY DATA FOR
TOUCHET SILT LOAM(GE 3 ... o0 v v SR ENEE R B TR 34
CAPILLARY PRESSURE-PERMEABILITY DATA FOR
TOUCHET SILT LOAM (GE! ) voes v sy 8 wbwies soa e o 5 @ e 34
CAPILLARY PRESSURE-PERMEABILITY DATA FOR
TOUCHET SILT LOAM (GE 3} v o v o walwe v s ARSI LB .
CAPILLARY PRESSURE-PERMEABILITY DATA FOR
TOUSHRT ST IOAM MGEE 3 cis o s £ s o b bbus 5 bubes © s 34
CAPILLARY PRESSUHE-PERMEABILITY DATA FOR
TOUCHET SILT LOAMIOE 3) . o v mvin v v mimis o ome a wome = rn 34
CAPILLARY PRESSURE-PERMEABILITY DATA FOR
COLUMBIN SANDY GEOAM.. v o woee 0 sy s vomonis s soss & soass s s 34
CAPILLARY PPRESSURE-PERMEABILITY DATA FOR
COLUMBIA SANDY LOAM .. ..... b1 b SR e c.. 34
CAPILLARY PRESSURE-PERMEABILITY DATA FOR
COLUMBIASARDY BOAM: & & vmow w swive w wowem wemes o s . s
CAPILLARY PRESSURE-PERMEABILITY DATA FOR
COLUMBIA:SEKNDY BOAM: & o a0 ofia 0w cms o i § i & o 35
CAPILIARY PRESSURE-PERMEABILITY DATA FOR
COLPMBIA SANDY LOAM. . .. ... .. O GE R RE B eEE B 35
CAPILIARY PRESSURE-PERMEABILITY DATA FOR
AN HNCONSOLIDATED SAND -« -« =0 0 - - G e wle e v s 35
CAPHLLARY PRESSURE-PERMEABILITY DATA FOR
AN TINCONSOLIDATED SAND' i o seivd 8 olals & 44 6 & T B w30
CAPILLARY PRESSURE-PERMEABILITY DATA FOR
AN UNCONSOLIDATED SAND & v v v v v v v v i e n v enae o ons .35
CAPILIARY PRESSURE-PERMEABILITY DATA FOR
AN UNCONSOLIDATED SAND . v v v v e v e i e e e e e e e e v e 35
CAPILLARY PRESSURE-PERMEABILITY DATA FOR
AN UNCONOLIDATED SAND .+ 4 v v v v v v e e e e e e e e 35
CAIMLLARY PRESSURE-PERMEABILITY DATA FOR
FORT COLLINS CLAY LOAM (UNDISTURBED SAMPLE
PAREN WETEICALTE o want v s 8 ot o o st & Bped os bl 4w 35
CAPILIARY PRESSURE-PERMEABILITY DATA FOR
FORT CO1LLINS CLAY LOAM (UNDISTURBED SAMPLE
PAKEN HORTZONTALLY) oo o 6 e vave s svan o va b o saa i i 36

viii



Table

B-18

B-20

B-21

B-22

B-23

B-24

B-25

B-26

B-27

B-28

B-29

B-30

B-31

LIST OF TABLES (APPENDICES) - continued

CAPILLARY PRESSURE-PERMEABILITY DATA FOR
FORT COLLINS CLAY LOAM (DISTURBED SAMPLF
PASSED THROUGH A NO. {4 SIEVE) . v 2o o avinaanaainn

CAPILLARY PRESSURE-PERMEABILITY DATA FOR
FORT COLLINS CLAY LOAM (DISTURBED SAMPLI
PASSED THROUGH A NO, 48 SIEVE) « + v cv v v vv v b vt o0 o s

CAPILLARY PRESSURE-PERMEABILITY DATA FOR
WELD LOAM (UNDISTURBED SAMPLE TAKEN
VERTICALLY) s0 000 snei0 s % ae wo o8 e nmin s xans s s e

CAPILLARY PRESSURE-PERMEABILITY DATA FOR
WELD LOAM (UNDISTURBED SAMPLE TAKEN
BORIZONTALLYS i fovir & 5765 Hoalh & & 406 5 31806 & 5% ¥ wiin

CAPILLARY PRESSURE-PERMEABILITY DATA FOR
WELD LOAM (DISTURBED SAMPLE PASSED THROUGH
ANO. 14 SIEVE) v e s o v o s o i s 0o s e A B

CAPILLARY PRESSURE-PERMEABILITY DATA FOR
WELD LOAM (DISTURBED SAMPLE PASSED THROUGH
A NO. 48 SIEVE) . .. .. VIS eV T

CAPILLARY PRESSURE-PERMEABILITY DATA FOR
CASS SANDY LOAM (UNDISTURBED SAMPLE TAKEN
VERTICALLY AT 5-INCHDEPTH) « + - « ¢ v v v s v v v e o o

CAPILLARY PRESSURE-PERMEABILITY DATA FOR
CASS SANDY LOAM (UNDISTURBED SAMPLE TAKEN
HORIZONTALLY AT 5-INCHDEPTH). . . .. ..« o v v o v s e

CAPILLARY PRESSURE-PERMEABILITY DATA FOR
CASS SANDY LOAM (UNDISTURBED SAMPLE TAKEN
VERTICALLY AT 12-INCHDEPTH) . - -+ -+ ¢ o v v 0 v v e v s v -

CAPILLARY PRESSURE-PERMEABILITY DATA FOR
TASS SANDY LOAM (UNDISTURBED SAMPLE TAKEN
HORIZONTALLY AT 12-INCH DEPTH) + .+ .+« .. .. oh W vl e 0

CAPILLARY PRESSURE-PERMEABILITY DATA FOR

CASS SANDY LOAM (DISTURBED SAMPLE TAKEN AT
12-INCH DEPTH AND PASSED THROUGH A NO. 14
SIEVE) s « « sose v woes o

CAPILLARY PRESSURE-PERMEABILITY DATA FOR

CASS SANDY LOAM (DISTURBED SAMPLE TAKEN AT
12-INCH DEPTH AND PASSED THROUGH A NO. 48
BOOVIY 1.0 sivut & REFE B0 NEGS Giaia s B § R G T

CAPILLARY PRESSURE-PERMEABILITY DATA FOR
CASS SANDY LOAM (UNDISTURBED SAMPLE TAKEN
VERTICALLY AT 20-INCHDEPTH) -+ v v o v s v v e v oo n v oo

CAPILLARY PRESSURE-PERMEABILITY DATA FOR

CASS SANDY LOAM (UNDISTURBED SAMPLE TAKEN
HORIZONTALLY AT 20-INCHDEPTH) . . -+ s - -t s v v v n v v

ix

36

.38

36

36

37

37

37

37

37

37



Table

B-32

B-34

B-35

B-37

B-38

LIST OF TABLES (APPENDICES) - continued

CAPILLARY PRESSURE-PERMEABILITY DATA FOR
VALENTINE LOAMY SAND (UNDISTURBED SAMPLE
TAKEN VERTICALLY AT 12-INCHDEPTH . . . « « v v v v v 0 a s s 38

CAPILLARY PRESSURE-PERMEABILITY DATA FOR
VALENTINE LOAMY SAND (UNDISTURBED SAMPLE
TAKEN HORIZONTALLY AT 12-INCHDEPTH). . . . .. ... ... 38

CAPILLA RY PRESSURE-PERMEABILITY DATA FOR
VALENTINE LOAMY SAND (DISTURBED SAMPLE

TAKEN AT 12-INCH DEPTH AND PASSED THROUGH

A NO. 14 SIEVE) . T I TrTTTTTTTTTY 38

CAPILLARY PRESSURE-PERMEABILITY DATA FOR

VALENTINE LOAMY SAND (DISTURBED SAMPLE

TAKEN AT 12-INCH DEPTH AND PASSED THROUGH

A NO. 48 SIEVE) ., . .... o R o AN W R W TS e 38

CAPILLARY PRESSURE-PERMEABILITY DATA FOR
A SEMI-CONSOLIDATED SAND (UNDISTURBED CORE) « - - .« . . 38

CAPILLARY PRESSURE-PERMEABILITY DATA FOR
A SEMI-CONSOLIDATED SAND (DISTURBED SAMPLE
PASSED THROUGH A NO, 14 SIEVE). « « « « v v v v v s v v v vy 38

CAPILLARY PRESSURE-PERMEABILITY DATA FOR
A SEMI-CONOLIDATED SAND (DISTURBED SAMPLE
PASSED THROUGH A NO, 35 SIEVE) . ..« ¢ vu i i 38

CAPILLA RY PRESSURE-DESATURATION DATA FOR
TOUCHET SILT LOAM (GE 3} « v v v avew w wwie s v abioe o s & 39

CAPILLARY PRESSURE-DESATURATION DATA FOR
TOUCHET AT LORMIGE 3) « v o 2 ovs & weove s 5o 5 w5 39

CAPILLARY PRESSURE-DESATURATION DATA FOR
TOUCHET SILT LOAM (GE 3) « ¢ cos & wste v doiors & sieri & aain s 39

CAPILLARY PRESSURE-DESATURATION DATA FOR
COLUMBIA SANDY LOAM - ¢ ¢ v s o s v o s c v o et v aa oo 39

CAPILLARY PRESSURE-DESATURATION DATA FOR
COLUMBIA SANDY LOAM : « « v v v v v v vnens SEY B @ Ve B 38

CAPILLARY PRESSURE-DESATURATION DATA FOR
COLUMBIA SANDY LOAN . coows » sueis o sumimas & s 3 s 5 goeia s 40

CAPILLARY PRESSURE-DESATURATION DATA FOR
COLUMBIA SANDY LOAM -+ ¢ v ov v v v m s u v onoasonn R 11]

CAPILLARY PRESSURE-DESATURATION DATA FOR
AN UNCONSOLIDATED SANDY & o scats o s 5 wisn w wwis s ¥ £w0e 40

CAPILLARY PRESSURE-DESATURATION DATA FOR
AN UNCONSOLIDATED SAND v v viwn o wad & o el @ aiwis & woeis 10

CAPILLARY PRESSURE-DESATURATION DATA FOR
AN UNCONSOLIDATED SAND v v v oo v o v s v s s oa s s v aaaan 40

CAPILLARY PRESSURE-DESATURATION DATA FOR
AN UNCONSOLIDATED SAND v s s v v caio v o s sa a0 o Ve R 4D

X



Symbol

LIST OF SYMBOL.S

Definition Dimension
Constant in Gardner's equation for permeability . ., . .. . .. varies
Constant in Gardner's equation for permeability ... .. ... viries

Subscript meaning "bubbling' . . ... ... ... ... ... none

Subseript meaning "BUIk™ . cvon s i v e 5 8 Tws Vs E E none
Subscript meaning "ecapillary”. . ¢ . o i e e ey none
Degrees centigrade . . . ... GEE RS B RGR 3 RIS R S s # none
Differential operalor .. 55 Ve s s v % UNE G § DR e § dRE g none
Subscript meaning "effective - . ..o a oL none
Acceleration due to gravity. ... .. S ERRT W B B . LT‘_Z
Shape factor in the Kozeny-Carman equation . . ... ... ... none
Permeability - the permeability to the wetting fluid when 2
the medium is occupied by more than one fluid phase .. ... L
Saturated permeability - the permeability to the 2
wetting fluid at complete saturation . ... .. .. ... ... ... L
Relative permeability - KJ’KO ..................... . none
General subsceript « v v v v v s e e e e e e e e e e e none
Millibar, a unit of Pressure . .. .. .o« s oo s u v v oo v o . FL-Z
Positive constant for a medium in Gardner's

equation for permeability . . . . . ..o 0o 3G wieE, R none
Number of determinations of capillary pressure and

relative permeability used in calculating n . . . ... oo o none

Number of determinations of capillary pressure and
effective saturation used in calculating X . ............ none

Subscript meaning "at complete saturation” .. ......... none
Bubbling pressure - approximately the minimum
capillary pressure on the drainage cycle at which

the non-wetting fluid is continuous . .. .. v vo s v o v v o v s FL

Capillary pressure - the difference in pressure across the
interface between the wetting fluid and the non-wetting fluid . FL

VOlumer st . ... - s & 1052 5 6 P 7 e % 5480 38w I_,’I‘“1
Saturation - the ratio of the volume of the wetting

fluid to the volume of the voids .. v o ccd v o v s v g vme o aa none
Effective saturation - (S - Sr} /(1 - Sr) ............. . . none

xi



LIST OF SYMBOLS - continued

Definition Dimension

Residual saturation - the saturation at which
K approaches zero...........¢...

TR o 5 wowsew & SR e TR 6 R A
Tortuosity (Le,!L)‘ at complete saturation . ...... W
Denotes a difference .. .. .. I P FE Iy R O
Pore-size distribution index, -d(log K ) /d(log pc) -------

Contact angle of interface between wetting and
non-wetting fluid at the medium solids ... ... T A

Pore-size distribution index, -d(log Se)Id(log pc) L e
Dynamic viscosity of wetting fluid . .. ............ a0k
Square microns, a unit of permeability. . .. .. @ B e
Density of wetting fluid .... .. &R SR e SR R e BN AR
Bulk density of the porous medium . . . . . .. ... ... .. ...
Particle density - specific weight of the medium solids . . - .
Surface tension (interfacial tension) of the wetting fluid . . . .
SUIATAARION, .os o wiws w0 e ocs @imone s e N AT N W .

Porosity - the volume of the pore space expressed as a

decimal fraction of the bulk volume of the medium . ... ...
Effectiveporoaity{l-sr)qs ........
Gradient operator .. .. .. S A e e e

xii

none

none
none

none

none

none

FL T
FL 12
FL T
3

nomne

none

none
-1



PROPERTIES OF UNSATURATED POROUS MEFDIA

G. E. Laliberte, A. T. Corey and H. H. Hrooks
INTRODUC TION

In 1931, Richards (18) introduced an equation The exact method of determination of bubbling pres-
combining Darcy's law and the continuity condition. sure is discusscd in the section on experimental
This second order non-linear differential equation techniques. The length paurameter selected was the
describes steady and unsteady flow in both saturated bubbling pressure divided by the difference o th
and partially saturated media. Because of the com- specific weights of the wetting and non-wetting fuid,
plexity of the mathematical analysis involved, Apg . The time parameter necessary to comnplelr

Richards'equation has remained unsolved except for
simple cases.

When physical phenomena do not yield to
mathematical analysis, the use of models often per-
mits an insight into them., At present, however, the
use of models for solving particular problems that
deal with partially saturated media is practically non-
existent. Many investigators interested in the solu-
tion of groundwater problems have used sand tanks
and Hele-Shaw models that do not adequately take into
consideration partially saturated conditions. In 1956,
Miller and Miller (14) presented a theory describing
the criteria of similitude for flow in partially satu-
rated porous media., Their theory and analagous
theories developed by investigators in the petroleum
industry have been reviewed by Corey et al. (8).

Recently, similitude requirements have been
specified by Brooks and Corey (3) for modeling un-
steady flow in partially saturated systems. They
developed the theory by scaling the Richards equation
with system parameters of length, pressure and time.
The permeability of the fully saturated medium, K, ,
was chosen as the parameter for scaling permeability,
K . The bubbling pressure, p, , of the particular
medium and fluid was proposed for scaling capillary
pressure, p,. . Bubbling pressure was found by
Brooks and (_gorey to be closely related to the largest
pores forming a continuous network within a porous

medium. It is a constant for a given fluid and medium,

the scaling theory is given by the expression
pb.ud>e;'Ko(&pg]z . In this expression, p ik the
dynamic viscosity of the wetting fluid, ¢ ix th
"effective' or "'drainable'’ porosity of the medium
and the other terms are as previously defined.  For
systems in which air is the non~wetling fluid, the
specific weight of air may be neglected and App
may be replaced by pg , the specific weight of the
wetting fluid.

In order for the model and protolype to hehave
similarly, the following scaling criteria must be met:

1. The functional relationships among scaled
permeability, saturation and capillary pressurc
must be identical for both systems;

2, The macroscopic boundaries of the model
must have a shape and orientation similar to those
of the prototype:

3, The size of the model defined by a charac-
teristic macroscopic dimension, L, must be such
that pgl/p, is the same as for the prototype;

4, The initial conditions in terms of scaled
variables are identical in both systems, the scaling
factor for time, t, being pb.udaefKo(pg}z .

The last of these requirements can be
eliminated for steady-state systems. Scott and

e
Drainage Engineer, Canada Agriculture Research Station, Lethbridge, Alberta, formerly graduate student
at Colorado State University: Professor of Agricultural Engineering, Colorado State University:

Agricultural Research Engineer, USDA, respectively.



Corey (20) used these criteria for modeling steady
flow in sand columns. Their results established the
validity of the theory for steady flow systems. Excel-
lent verification of the theory for unsteady flow was
obtained by Corey et al. (8) using drainage from two
similar sand columns.

However, there are still many problems
agsociated with satisfying these criteria that need to
be overcome before the use of models for partially
saturated media can be made practical. This study
was initiated to resolve some of these difficulties.

The first criterion, that the functional rela-
tionships among scaled permeability, saturation and
capillary pressure be identical in both systems, has
been found by Brooks and Corey to be satisfed by
media having similar pore-size distributions. They
found that if two materials have similar scaled capil -
lary pressure-permeability relationships they also
will have similar scaled capillary pressure-saturation
relationships. In fact, the absolute value of the nega-
tive slope of the straight line on a log=log plot of
effective saturation as a function of capillary pressure,
symbolized by A , was called the pore-size distri-
bution index. Evidently, the pore-size distribution
index is a parameter of considerable significance in
modeling partially saturated media.

According to the Brooks-Corey theory,
significant porous medium properties (in addition to
the bubbling pressure and pore-size distribution
index) are the effective porosity and the saturated
permeability. In fact, Corey (7) suggested that there
must be some functional relationship among the para-
meters ¢, , KO, Py and X . Such a relationship
must exist in a given medium at least, if bulk density
is the only parameter which varies. Knowledge of
such a relationship would permit calculation of un-
scaled permeability as a function of capillary pressure
from only the capillary pressure-desaturation function
for a medium. It also would provide an insight into
probable effects of disturbing porous media insofar
as disturbance changes the parameters indicated
above,

In order to employ the modeling techniques of
Brooks and Corey for studying prototype systems, it
is necessary to measure the pertinent properties of
the material as it exists undisturbed at the site. It
is also necessary to locate a suitable medium for a
model having a pore-size distribution similar to the
medium at the site. In this connection, it would be
desirable to determine whether or not the pore -size
distribution of undisturbed earth materials can be
characterized by the index proposed by Brooks and
Corey.

This paper reports the results of a study
designed to:

1. Develop theory for the purpose of
defining a functional relationship among effective
porosity, saturated permeability, bubbling pressure
and pore-size distribution index;

2. Experimentally test the validity of this
relationship over a wide range of soil textures by
changing the bulk density;

3. Determine whether undisturbed earth
materials have properties that can be modeled using
disturbed earth materials and, in particular, to de-
termine if the pore-size distribution of undisturbed
materials can be characterized by a single dimen-
sionless number as is the case for most disturbed
materials;

4. Determine the range of effective porosity,
saturated permeability, bubbling pressure and pore-
size distribution index that can be encountered at
field sites, providing undisturbed media can be
characterized by these parameters.

Hopefully, this information will permit the
construction of valid models of partially saturated
systems or at least yield a better understanding of
the hydraulic properties of porous media and their
interrelationship.



BACKGROUND AND THEORY

In a previous publication of this series,
Hydrology Paper No. 3, Brooks and Corey have re-
viewed theory published in the petroleum engineering
literature which relates permeability of homogeneous
and isotropic porous media to pore-size distribution.
Critical portions of the theory were contributed by
Kozeny (12), Purcell (17) and Burdine (4). Brooks
and Corey demonstrated that the theory was valid for
the calculation of relative permeability K/K_  from
a capillary pressure-saturation curve.

Recently, several other schemes have been
proposed for the calculation of permeability values
for flow in partially saturated media from pore-size
distribution data. A method specifically pertinent o
soils was proposed first by Childs and Collis-
George (6) and was later modified by Marshall (13)
and Millington and Quirk (15). In each case, infor-
mation on pore-gize distribution is deduced from
capillary pressure-desaturation data. Jackson et
al, (11) compared the latter methods of calculating
relative permeability with direct measurements and
found that the method proposed by Millington and
Quirk gave the best results.

Each of the latter methods requires that the
permeability of the fully saturated medium, K, ,
be measured in order to calculate the permeability
at other saturations. The method developed in the
petroleum industry provides the possibility of cal-
culating K. from pore-size distribution data alone.
In order to accomplish this, simplifying assumptions
are made concerning the length of the actual flow path,
the pore shape factor and the functional relationship
between saturation and capillary pressure., The fol-
lowing development shows how this can be done and
also provides a theoretical relationship among the
parameters ¢, , K, , p, and .

The equation for permeability of a fully
saturated medium as presented by Wyllie and
Spangler (21) is

i
z 2
Z}
K =¢crcos J

o kT 0 (1)

S |

in which ¢ 1is the porosity; ¢ is the interfacial
tension of the wetting and non-weiting fluids; 6 is
the angle of contact of the interfaces with the solid;
'k is a pore shape factor; T is tortuosity and § is
saturation, All of these terms are defined in the
List of Symbols on page x.

According to Brooks and Corey (3), the
relationship between effective saturation and capil -
lary pressure is given by

A
S = p_b1i f >
& qp. ] v E By Ry
c
and (2)
2 <
SE L8, for P, = Py
where Se is related to S by
S - Sr
Se i (3)
r

in which the residual saturation, S, is that value
of S for whichequations 2 hold. It is a value of
S atwhich p. is very large and K is very small.

For some media, Sr has been found to be zero,

From equation 3, it follows that

48 = (1 - s)ds, . (4)

and from equation

) e

Py = Py S, , for p 2 p, - (5)

A drainable porosity, qbe is defined such that

¢ =

e

$(1-5) . (6)

Equations 4, 5 and 6 are substituted into
eguation 1. Neglecting values of S < Sr , the indi-
cated integration gives

. ¢ 0°cos®0 | 5 .
o R |x+z) (7

This assumes that K = KO when Pe < Py -



Assuming further that the product kT is
approximately 5, as was found by Carman (5), and
that cos 6 is nearly unity,

¢ u_2 JI F
e Al 8
Kpp +2 b (8)

In the approximate form, the relationship
contains only the properties L P Pp » A and the
easily measurable fluid property o . Apparently,
equation § represents the relationship satisfying the
first objective of this study.

For media having very uniform pores,
very large and the ratio X /(X +2) approaches
unity. In this case, equation 8 reduces to a form
analagous to an equation which, according to Wyllie
and Spangler (21), was first proposed in 1949 by
Rose and Bruce (18), Evidently, the ratio /() + 2)
can be regarded as a correction factor accounting for
the non-uniformity of pores.

A is

Brooks and Corey (3) found that their
measured curves of K, as a function of p, could
be approximated by the empirical equations

= <
K Ko,for A

and
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b
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where n is an exponent characteristic of particular
media. By reasoning similar to that by which equa-
tion 8 was deduced, they showed that n is related
to X by

n o= 2+3). (10)

Data obtained by Brooks and Corey showed that
equation 10 is valid within experimental error.

In practice, it has been found that with
presently available experimental techniques, n can
be measured with more precision than X . Conge-
quently, it is sometimes desirable to calculate X
from measured values of n .

The most serious defect of equations 7 and 8
results from the assumption that K equals K/
when p, < Py - In certain cases, a significant

transition exists from the range of invariant per-
meability to the range for which permeability is a
power function of capillary pressure. This fact was
pointed out by Gardner (9) who represented the
functional relationship of permeability to capillary
pressure by the equation

where n is a positive dimensionless constant and

a and b are also constants having units dependent
on the units of permeability and capillary pressure
and on the value of n . This equation represents
permeability as a smooth function of capillary
pressure and may often approximate the actual rela-
tionship very closely for many structured materials.

In a study of the Brooks-Corey modeling
theory for unsaturated flow, Corey (7) observed
changes in pore-size distribution with changes in
the packing density of disturbed soils. The trend
was for n to decrease as porosity increased, but
no conclusive data were obtained.

Practically no information is available on the
range of pore-size distribution index and bubbling
pressure that can be expected under field conditions.
However, in a study of volumetric moisture content
as a function of suction, Perrier and Evans (16)
noted displacement of the moisture curves toward
moisture contents that were higher for disturbed
soils than for undisturbed soils. They concluded
that the effect was due to the greater compaction of
the undisturbed samples., Variability of the data for
the undisturbed samples was attributed to structural
effects.

A device developed recently by Bouwer (2)
for measuring the "air entry value' of agricultural
soils in situ may be of some practical value in
determining the range of bubbling pressures en-
countered under field conditions. Additional
research is needed to determine whether or not the
"air entry value' determined with Bouwer's device
can be consistently related to the bubbling pressure
as defined by Brooks and Corey.
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EXPERIMENTAL TECHNIQUES

The validity of the functional relationship
expressed by equation f was tested by measuring
experimentally the values of K, p, and X for
different values of ¢_ . The effective porosity was
varied by altering the bulk density of three disturbed
earth materials. For convenience, this portion of
the study will be referred to as the porosity
experiment.

The parameters K, Pp and n were
determined from capillary pressure-permeability
curves. Utilizing equation 11 relating n and X ,
values of X were calculated from the experimentally
determined values of n . Values of Sr were ob-
tained from capillary pressure-desaturation curves
using a method suggested by Brooks and Corey (3).

In addition, these curves yielded a second set of
values for and » . However, because of the
greater reproducibility possible in the capillary
pregsure-permeability experiments, the values of

Pp and of A calculated from n were used to check
equation 8. Effective porosity, ¢, , was calculated
from measured values of bulk density, Py » particle
density, pg . and residual saturation, S, .

Capillary pressure-permeability curves were
also obtained for several undisturbed media to deter-
mine whether or not the pore-size distribution of
undisturbed earth materials can be characterized by
the index of Brooks and Corey and, if applicable, the
range of the hydrauli¢ properties that can be encoun-
tered at field sites, This portion of the study is
referred to as the undisturbed media experiment.

Fluids and Media

The wetting fluid used was a light hydrocarbon
oil called Soltrol '"C". Soltrol "C" is a core test
fluid of a type commonly employed in the petroleum
industry for laboratory model studies. This oil was
obtained from the Special Products Division, Phillips
Petroleum Company, Bartlesville, Oklahoma. It was
selected instead of water primarily because soil
structure is much more stable in the presence of a
hydrocarbon than in water. The oil has more con-
sistent wetting and interfacial properties in the
presence of contaminants than water, Another very
important advantage is that the model size can be
reduced to one-half that required when oil is used as
the wetting fluid instead of water, This effect is
attributable primarily to the low (approximately 22, 9
dynes/cm) surface tension of Soltrol "C". The
dynamic viscosity, the density and the ratio of dyna-
mic viscosity to specific weight are tabulated in
Table A-1, Appendix A, for the range of tempera-
tures encountered,

The non=wetting fluid in this study was air.
For all measurements, the disteibution of the non-
wetting phase was stutic, Consequently, viscosity

of the non-wetting fluid was not relevant. Moreover,
because the density of air is small compared to that
of Soltrol "C", the specific weight of the wetting
fluid was neglected in this investigation,

Ten media were used in this study. For the
porosity experiment, disturbed samples of
three earth materials ranging in texture rrom silt
loam to sand were used. @'or the undisturbed media
experiment, seven undisturbed samples were taken
at five locations. Six of the media consist of goil
materials and another came from an outerop of
semi-consolidated sand. The six soils include a
wide range of textures from clay loam to loamy sand.
The semi-consolidated sand is fine in texture and
has a relatively uniform pore-gize distribution, The
grain-size analyses obtained with a hydrometer and
particle densities obtained with a pycnometer are
presented in Tables A-2 and A-3 of Appendix A.

Capillary Pressure-Permeability Measurement
for the Porosity Experiment

All capillary pressure -permeability tests on
disturbed media were made with columns of the
material packed into acrylic tubes. The experimen-
tal equipment was similar to that used by Anat et
al. (1).

For the Touchet silt loam(GE 3), the
Columbia sandy loam and the unconsolidated sand,
used in the porosity study, a soil column packer of
the type designed by Jackson et al. (10) was used.

To eliminate heterogeneity in horizontal planes
caused by filling and vibrating simultaneously, the
columns were first filled and later vibrated according
to the method described by Anat et al, (1), Even
this procedure resulted in large particles and aggre-
gates being concentrated at the wall of the column
near the upper end of the columns. This problem
was resolved by making the columns extra long and
then removing the extra length after the filling and
vibrating operations as described by Corey et al. (8).
In order to obtain the desired porosities, further
packing was usually necessary. This was accom-
plished by gently tapping the side and top of the
columns with a rubber mallet. Experiments later
showed that this procedure resulted in a uniform
porosity throughout the column.

The porosity, ¢ , of each material was
determined using measured values of the bulk den-
sity, Py and particle density, P’ in the equation



The bulk density was measured by weighing the
amount of air-dry soil in a known volume of the
column. It was realized that the use of air-dry soil
regulted in calculated values of bulk density which
were slightly high. However, if the small amount of
hygroscopic moisture (less than one percent by weight)
which adsorbs on the soil particles is considered as
part of the porous matrix, the use of air-dry soil is
justifiable. The particle density was measured using
a pycnometer bottle.

The procedure used in vacuum-saturating the
column and in obtaining the capillary pressure-
permeability data for the porosity study was the same
as that employed by Corey et al. (8). The method of
measuring permeability is identical in principle to
that originally employed by Richards (18).

After the data had been collected and relative
permeability, Kr , had been calculated, the values
of 7 and p,, were calculated using a least squares
analysis. The equation for n is
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where N is the number of determinations of p, and
K, , inthe range p, > py , for which the relation-
ship approximates a straight line on a log-log plot.
The bubbling pressure, py , was determined from
the same values of p, and K, using the equation
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Capillary Pressure-Saturation Measurement
for the Porosity Experiment

Initially, the capillary pressure-desaturation
curve determinations for the bulk density experiment
were made using columns of soil packed into the

pressure controllers used previously in the perme-
ability determinations and converted for use in this
study, These controllers, consisting of capillary
barriers fitted inside 4-cm. sections of machined
acrylic tubing, served the triple purpose of pressure
control, pressure measurement and removal of the
wetting fluid. A detailed diagram of the pressure
controller was presented by Anat et al, (1) in

Figure 10 of Hydrology Paper No, 7. Later, when
it was discovered that the affect of column height in
this static system was critical for the unconsolidated
sand, it became necessary to use different equipment.

The difficulty arises with the linear pressure
distribution associated with static conditions. For
media having relatively uniform pore-size distribu-
tions and low bubbling pressures, the deviation from
a linear distribution of saturation is appreciable.
Consequently, if the measured saturation is a mean
or weighted value for the entire sample, as in this
experiment, the saturation value does not correspond
to the capillary pressure at the midpoint of the
sample. For materials having relatively wide distri-
butions of pore size and high bubbling pressures, the
error is negligible if the column height is small.

In this experiment, no difficulty was
encountered for the Touchet silt loam (GE 3) or the
Columbia sandy loam. However, for the unconsoli-
dated sand, the error became apparent during the
analysis, making it necessary to repeat the experi-
ment using a smaller column height. For the repeat
run, a column height of approximately 1 cm. was
used instead of 4 cm. as in the original run.

The media in this study were packed manually.
The filling operation was accomplished using a fun-
nel with a long spout. The funnel was first filled
with the lower end of the spout resting on the bottom
of the container. As the funnel was slowly withdrawn,
a random motion was imparted to its lower end such
that a minimum of segregation of particles or aggre-
gates would occur. Final adjustment of the bulk den-
sity was achieved by gentle tapping with a rubber
mallet as previously described. It was found that
using this manual procedure, homogeneous packing
was attained more consistently than if the mechanical
packer was used.

After vacuum saturation, each pressure
controller was encased in clear plastic wrap in order
to minimize the occurrence of hydraulic gradients in
response to evaporation. The wrap remained around
the controller for the remainder of the experiment.
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In all measurements, capillary pressures
were controlled and measured by systems of leveling
tanks connected to the pressure controllers con-
taining the media as shown in Figure 1. The satu-
rations were determined by weighing the entire
controller containing the medium after clamping off
the pressure control lead and disconnecting it from
the pressure regulation system.

The capillary pressures were changed in
increments by adjusting the elevations of the leveling
tanks. The advance of the meniscus in a horizontal
indicator tube connected to the pressure controller
provided a measure of the response of saturation to
change in capillary pressure. When the advance of
the meniscus ceased following each incremental
change in capillary pressure, the system was con-
sidered to be in equilibrium and capillary pressure
and saturation measurements were made. Before
weighing the sample each time, any air in the pres-
sure control lead was removed. Corrections to the
capillary pressure were made for difference in
pressure across the meniscus in the indicator tube
and for difference in elevation between the meniscus
and the midpoint of the column.

Porous Barrier

Oil

(Soil Sample Prassure

Controller

Desaturation Tube

The analytical procedure used in determining
the residual saturation involved a trial and error
technique that is outlined by Brooks and Corey (3).
After the effective saturation, Se , had been calcu-
lated, the value of X and pj were calculated using
a least squares analysis. The equation for A is
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where N is the number of determinations of p, and
Sg . inthe range p. > py, , for which the relationship
approximates a straight line on a log-log plot. The
bubbling pressure was determined from the same

values of p, and S, using the equation
™
N 1l
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Leveling
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Figure |. Schematic diogram of saturation- capillary pressure apparatus



Capillary Pressure-Permeability Measurement
for the Undisturbed Media Experiment

For this experiment, undisturbed samples
were taken at five locations. At one location, samples
were taken at three depths resulting in a total of seven
materials being included in this experiment. Six of
the materials consist of soil material and another
came from an outerop of semi-consolidated sand.

The soils include a wide range of textures from clay
loam to loamy sand. The semi-consolidated sand is
fine in texture and has a relatively uniform pore-size
distribution.

The undisturbed soil samples were obtained
using a sleeve-type sampler, a photograph of which
is shown in Figure 2. At each site, samples were
obtained 1n both horizontal and vertical directions.
The horizontal samples were taken such that the cen-
tral axis was at the 12-inch depth and the vertical
sample extended from 10 to 14 inches below the soil
surface. At one site, horizontal and vertical samples
were also taken at the 5-inch and 20-inch depths.

Samples were obtained by forcing the sampler
(with its sleeve insert) into the soil during a period
when the soil was relatively dry, at which time com-
paction of the sample was slight. The inner acrylic
sleeve containing the sample was removed from the
sampler at the site and protected from disturbance
during transportation to the laboratory.

Figure 2.

Sleeve-type sampler (ready
for assembly).

All permeability measurements on the
undisturbed material were made in the laboratory
without removing the soil from the sleeve. A photo-
graph of the apparatus used is shown in Figure 3.
The methods of determining the capillary pressure -
permeability relations and bulk density were identi-
cal in principle to that used for the disturbed
materials. The procedure and equipment used have
been described by Anat et al. (1) in Hydrology Paper
No. 7. However, there were two significant innova-
tions in equipment and technique that may be worthy
of mention.

Figure 3,

Undisturbed soil sample during test
showing inflow and outflow pressure
controllers and tensiometers.

The tensiometers, for measuring capillary
pressures, and the hydraulic gradients during flow
were not an integral part of the acrylic sleeve con-
fining the sample. They were independently detach-
able and this feature proved to be a convenience of
some importance. Openings in the sleeve of appro-
priate size permitted the tensiometers to be placed
in contact with the soil flush with the inside wall of
the acrylic sleeve. In the event of any malfunction
of the tensiometer, such as air entrapment, the
tensiometer could be quite conveniently removed and
either restored or replaced.

The second innovation involved a change of
technique, In the procedure described by Corey
et al. (8), the capillary pressure is changed in incre-
ments by changing the elevations of the supply and
the outflow siphon, keeping the elevation of the sam-
ple constant. In this experiment, however, the
capillary pressure was changed by raising the eleva-
tion of the sample after pinching off the manometer
leads, keeping the elevation of the supply and the
outflow approximately constant except for minor



adjustments necessary to compensate for change in
head loss in the system. The manometer leads were
reopened after a sufficient time had lapsed to permit
the fluid in the sample to equilibriate under its new
regime. This procedure requires a much shorter
time for the manometers to reach equilibrium since
the level in the manometers is controlled by the
elevation of the inflow and outflow siphons and these
were changed only slightly.

The procedure used for the case of the semi-
consolidated sand differed from that of the soil
materials in detail but not in principle. A block of
the outcrop was removed and transported to the
laboratory where a specimen was obtained with a
diamond core drill. Measurements of permeability
of the semi-consolidated sand were made using an
apparatus operating on the same principle as that
used for unconsolidated soils.

After completing permeability measurements
on the undisturbed carth materials, five were crush-
ed sufficiently to pass through a number 14 gieve and
the measurc ments were repeated. They were later
crushed to pass through a number 48 sieve and the
measurements were repeated again,  The packing in
this phase of the study was performed manually.

In each case, an attempt was made 1o reproduce the
original porosity of the undigturbed material,

Determination of bulk density and particle
density in the determination of porosity for the un-
disturbed media was accomplished at the completion
of the permeability measurements. Caleculation of
¢, n, and Pp was carried out using equations 12,
{3and 14 as in the case of the disturbed soils.



RESULTS AND DISC USSION

The experimental results are discussed in
terms of how well the hydraulic properties of dis-
turbed media satisfy equation 8, and whether the
measured properties of undisturbed earth materials
permit the hydraulic behavior of soils and rocks under
field conditions to be modeled using a scaling theory
developed from equations describing the hydraulic
behavior of undisturbed media.

Porosity Experiment

The capillary pressure-permeability data for
this experiment are tabulated in Tables B-1 to B-15,
Appendix B. The data are presented graphically in
Figures 4, 5 and 6. The capillary pressure-
desaturation data are tabulated in Tables C-1 to
C-11, Appendix C. These data are presented graphi-
cally in Figures 7to 17.

For the three media studied, it was found
generally that saturated permeability increased,
bubbling pressure decreased, and pore-size distri-
bution index decreased slightly as porosity increased,
or what amounts to the same, as bulk density de-
creased. Table | summarizes the data obtained in
the capillary pressure -permeability determinations.
Figures 18 to 20 demonstrate the dependence of these
parameters on porosity for the three media studied.

Definite relationships were indicated for
saturated permeability and bubbling pressure. For
pore-size distribution index, however, the relation-
ship was not so obvious. In fact, the results indicate
that pore-size distribution index is changed only
slightly over a range of porosities. For modeling
purposes, one requirement of similitude is identical
values of n. Evidently, bubbling pressure and
permeability may be adjusted to suit the size of the
model by changing the packing density without
appreciably changing the pore-size distribution index.

The results from the capillary pressure-
desaturation data, which are summarized in Table 2,
were indicative of the same general relationships
obtained from the capillary pressure-permeability
data for bubbling pressure and pore-size distribution
index. The results also disclosed that, in this experi-
ment, residual saturation showed only a slight depen-
dence on bulk density or porosity for a particular
material.

10

Values of A obtained from capillary pressure-
desaturation data were compared with corresponding
values obtained from capillary pressure -permeability
data. The value of X from the permeability data
were calculated using values of n taken from
Figure 20 for the appropriate porosity value substi-
tuted into equation 10, Similar comparisons were
made for bubbling pressure using the curves of
Figure 19. The results of the comparisons are
tabulated in Table 3,

For the Touchet silt loam (GE 3) and the
Columbia sandy loam, the bubbling pressure values
differ in each case by less than 4 percent and the
agreement for pore-size distribution index is within
3 percent in all cases but one. Evidently, equation
10 relating A and n is valid. Such a statement
substantiates the findings of Brooks and Corey ( 3),
that if two materials have similar scaled capillary
pressure -permeability relationships, they also will
have similar scaled capillary pressure -effective
saturation relationships. The limited variation in
corresponding values of p,, and A is also indicative
of the magnitude of the analytical and experimental
error involved in the determination of these
parameters.

For the unconsolidated sand, however, the
difference in bubbling pressure is almost 8 percent
in one case and for pore-size distribution index the
difference approached 6 percent. Although these
differences are not great, they are slightly higher
than the corresponding differences measured for the
Touchet silt loam. The values of A obtained from
the capillary pressure-desaturation data are
generally lower than the values calculated from the
capillary pressure -permeability data. Since dif-
ferences of much larger magnitude but in the same
direction were obsgerved for the columns of 4-cm
height, it is quite probable that the differences
observed for this material using a column of 1-cm
height reflect the errors associated with column
height discussed in the section dealing with experi-
mental techniques. Tt was concluded that an im-
proved method of determining capillary pressure-
desaturation curves for materials having low bubbling
pressures and high values of the pore-size distribu-
tion index is needed.

In order to check the validity of equation 8,

¢ o |
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TABLE i{. POROSITY, SATURATED PERMEABILITY, BUBBLING
PRESSURE AND PORE-SIZE DISTRIBUTION INDEX
AS FUNCTIONS OF BULK DENSITY FOR THREE
DISTURBED MEDIA

Py 4 Ko Py X
gms/cm? e mb L Eq. 12
Touchet silt loam (GE 3)
1.57 0. 395 0.177 89.5 i o | 1.70
1.50 0. 423 0,257 5.8 6.9 1.64
1.43 0. 449 0,328 63.5 6.8 1.58
1. 36 0.478 0.563 50.7 6. 4 1.47
1.29 0.503 0.695 41.3 5.1 1.02
Columbia sandy loam
1.47 0. 449 0,405 58.17  gilh | 1,70
1.41 0.471 0.630 50. 7 7.4 1.81
1..37 0. 485 0.811 45,2 6.9 1.50
1.26 0.527 1.60 33,4 6.4 1.49
1.18 0.558 2.47 26.5 5.8 4,27
Unconsolidated sand
1.58 0,417 91,0 5.9 16, 2 4.75
1,53 0, 434 103, 6 5.8 15,4 4,37
1:/51 0. 444 113.5 5.4 15.6 4,48
1.48 0, 452 124.2 5.2 14, 4 4,13
1,46 0, 460 139.2 4.9 14,1 4,02
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TABLE 2. POROSITY, BUBBLING PRESSURE, PORE-SIZE
DISTRIBUTION INDEX, RESIDUAL SATURATION
AND EFFECTIVE POROSITY AS FUNCTIONS OF
BULK DENSITY FOR THREE DISTURBED MEDIA

Py Pb
gms/cm?® mb r e

Touchet silt loam (GE 3)

1.48 0.430 72.8 1.67 0.22 0.335
1.40 0.463 59.2 1.47 0.22 0. 361
1.32 0.493 45. 8 1.23 0.19 0. 399

Columbia sandy loam

1.44 0. 458 55.6 1.76 0,22 0, 357
1. 34 0.496 42.5 1.63 0,22 0. 387
1.28 0.518 34.1 1.:57 0.22 0.404
i.22 0. 544 29,2 1,52 0.19 0. 441
Unconsolidated sand
1.56 0,424 5.7 4, 38 0,080 0,386
1,53 0.435 5.4 4,26 0,088 0.397
1.52 0.439 5.7 4.3 0,087 0,401
1.50 0. 445 4.9 4.16 0. 086 0,407
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TABLE 3.

COMPARISON OF BUBBLING PRESSURE AND PORE-

SIZE DISTRIBUTION INDEX DETERMINED FROM
K(p.) AND S(pc) DATA FOR THREE DISTURBED

MEDIA
® py (mb)
K(p,) Se) K(p) + Eq. 12 Sp.)
Touchet gilt loam (GE 3)

0.430 2.1 72.8 1.63 1.67
0.463 57.0 59,2 1.52 1.47
0.483 44 .9 45.8 1.26 1.23

Columbia sandy loam
0,458 55,2 55.6 Iy £ | 1.76
0.496 42.2 42.5 1.64 1.63
0.518 35.5 34.1 1..58 1.57
0.544 29.4 29.2 1,41 1.52

Unconsolidated sand
0,424 5.8 - T | 4. 87 4,38
0,435 5.6 5.4 4,50 4.26
0,439 8., BT 4,43 4, 31
0. 445 5.3 4.9 4,33 4.16
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calculated. Inspection of the calculated values
indicates that the error introduced by substituting a
value of 5 for kT/cos®0 is less than 25 percent for
the three soils studied. Accepting this level of ac-
curacy, it is possible to write an equation for satur-
rated permeability, that is,

2
o

[}

o .
KOS-SFE- \7\-"'2} (17)

A summary of the hydraulic properties used in the
calculations along with computed values of this
product is presented in Table 4. The values of resi-
dual saturation, S., used in computing effective
porosity, ¢, , were obtained by interpolation of
values of S, in Table 2.

In equation 17, values for all of the unknown
quantities in the right-hand member can be obtained
from capillary pressure-desaturation data. If a
direct measurement of K, is not available, equation

TABLE 4.

¢ o®
CALCULATING THE PRODUCT ——s *

17 provides a means of calculating saturated perme-
ability from capillary pressure -desaturation data

alone, The capillary pressure-permeability relation-
ship of equations 9.

K = <
Ko, for pc__ pb'
and
K= K [— >
olp, s; fop Po =By

is defined completely by capillary pressure -
desaturation data if K, is calculated using equation
17, n is calculated using equation 10, that is,

i a4+ 3

and A in this equation and Pp are obtained directly
from the capillary pressure-desaturation data. Of

SUMMARY OF HYDRAULIC PROPERTIES USED IN

=N
A+ 2

&
Kcnpl::

FOR THREE DISTURBED MEDIA (¢ = 22. 8 DYNES/CM)

b Sr ¢e K0 pl:: A ¢ev B
gms/em? pe mb Eq. 12 Kﬂpbz A+ 2
Touchet silt loam (GE 3)
£, 67 0,22 0. 308 0,177 89.5 1,70 5.2
1.50 0,22 0,330 0,257 75.6 1,64 5.3
1,43 0,22 0, 349 0,328 63.5 1,59 6.1
1,36 0,20 0, 382 0,563 50,7 1,47 5.8
1,29 0,18 0.412 0,695 41,3 1,02 6.2
Columbia sandy loam
1.47 0, 22 0, 350 0, 405 58. 7 1,70 6.0
1,41 0,22 0. 367 0,630 50.7 1. 81 5.6
1,37 0,22 0, 379 0,811 45.2 1,50 S.1
1.26 0,21 0,416 1, 60 33,4 1,49 5.2
138 0,18 0.458 2,47 26.5 1.27 5.4
Uncongolidated sand
1.58 0, 091 0,379 91.0 5.9 4,75 4.4
1,53 0, 088 0,395 103, 6 5.6 4, 37 4,3
1.51 0, 086 0,405 113.5 5.4 4,49 4.4
1,48 0. 085 0.413 124.2 5e2 4,13 4.4
1,46 0, 084 0,422 139,2 4,9 4, 02 4,4
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course, it is necessary to know the values of ¢ and
to determine ¢, for calculation of K, inequation 17.

The use of equation 8, along with the equations
of Brooks and Corey, could be used as a method of
predicting permeability as a function of capillary
pressure (or of such related variables as saturation
and volumetric moisture content) from pore -size
distribution data. The calculations required are much
simpler than in the existing methods of Childs and
Collis-George (6), Marshall (13) and Millington and
Quirk (15). This technique needs to be tested to de-
termine its general applicability to other media.

A consideration of equation 7 and closer

$.0°

examination of the measured values of -Ki-z (L},

opb A+ 2
suggests that, for a particular soil, there is a
characteristic relationship between the quantity
kT /cos® and porosity. For the unconsolidated sand,
kT /cos®6, deduced from equation 7, remained almost
invariant about a mean value of 4.4 for the range of
porosities studied. For the Columbia sandy loam,
the quantity first decreased with increasing porosity
and then increased slightly about a mean of 5.5. For
the Touchet silt loam, the values of kT/cos?6 in-
creased about a mean of 5.7 as porosity increased.
This trend was consistent for this soil, with the
exception of one value, Upon inspection of Figure 18,
it is apparent that the measured value of saturated
permeability for this porosity was unusually low.
Accepting the possibility that the value of saturated
permeability obtained was lower than the true value,
unique relationships between kT/cos?8 and porosity
were observed for each of three soils.

Isolation of the variation within the quantity
kT/cos6 can not be made with certainty. However,
it is possible to conjecture with some degree of
confidence that neither k nor # should vary appre-
ciably with porosity for a particular soil, The
value of shape factor, k , probably varies within
narrow limits in most cases. In any case, it is
doubtful that much variation in k could be attributed
to variation in porosity. The value of contact angle
is a function of the wetting and non-wetting fluid pro-
perties and of the chemistry of the surface of the
solid particles. Since these factors are also inde-
pendent of porosity, the value of contact angle should
also be independent of porosity. On this basis, most
if not all of the variation can be attributed either to
tortuosity or to the transition from the range of in-
variant permeability to the range for which perme-
ability is a power function of capillary pressure.

24

Undisturbed Media Experiment

The capillary pressure -permeability
relationship has been represented by Brooks and
Corey (3) by the equations 9,

= <
K Ko’ for Po= Py »

and

-

Py
—-—, for p. 2 p
i e = Pp o

Pe

(o]

as previously stated. Equations 9 describe two
straight lines on a log-log plot intersecting at the
coordinates K = K, and Pg = P In the range
Pa £ Py » permeability is invariant with capillary
pressure while in the range p, > , perme-
ability is a power function of capillary pressure,
plotting as a straight line having a slope of minus n
on a log-log plot.

Capillary pressure-permeability curves for
this experiment are included in Figures 21 to 27.
For undisturbed materials having large pores between
large aggregates or in cracks or holes, the relation-
ship between permeability and capillary pressure (s
not well described by equations 9. In these cases,
there is a gradual transition from the invariant per-
meability to that represented by a straight line of
slope minus n . In all cases, however, the curves
approach a straight line at the higher capillary
pressures.

Samples having a much larger ratio of
volume to boundary area might have a less signifi-
cant transition. The probability that large pores
associated with structure, worm holes, cracks and
root cavities will drain at capillary pressures less
than py, might be decreased with samples having a
much larger volume,

The properties of the materials studied are
tabulated in Tables 5 and 6. A somewhat surprising
result for the soil materials is that, with the excep-
tion of the saturated permeabilities, the properties
of the undisturbed horizontal and vertical samples
differed only slightly. The vertical samples for
some soils had larger permeabilities when fully satu-
rated than did the corresponding horizontal samples.
This could result from a preponderance of vertical
over horizontal cracks in these soils.

- e
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TABLE 5. POROSITY, SATURATED PERMEABILITY, BUBBLING

FPRESSURE AND PORE-SIZE DISTRIBUTION INDEX

FOR SEVERAL MEDIA

Treatment (orientation)

¢ Ko Py n
uz mb
Fort Collins Undisturbed (vertical) 0.454 27.6 3.4 3.5
clay loam Undisturbed (horizontal) 0,463 13,1 4.2 2:7
Passed No, 14 sieve 0,472 3,89 20.0 6.8
Passed No. 48 sieve 0,469 188 Al 9.4
Weld loam Undisturbed (vertical) 0.504 18.9 15.4 7.9
Undisturbed (horizontal) 0.486 10.3 19.8 8.2
Passed No. 14 sieve 0,483 6.08 27.1 12.8
Passed No. 48 sieve 0.502 4. 81 27.2 120
Valentine Undisturbed (vertical) 0. 398 13.2 13.8 10.3
loamy sand Undisturbed (horizontal) 0,383 13,3 13.8 11.0
Passed No. 14 sieve 0, 396 9,56 19.0 15.6
Pagsed No. 48 sieve 0, 382 6,79 21,3 15,3
Semi- Undisturbed 0, 304 0.24 59.3 16.4
consolidated Passed No. 14 sieve 0.505 7.87 18.9 8.2
sand Passed No. 35 gieve 0.543 9,30 20.3 11.4

TABLE 6. POROSITY, SATURATED PERMEABILITY, BUBBLING

PRESSURE AND PORE-SIZE DISTRIBUTION INDEX

FOR CASS SANDY LOAM

Depth Treatment (orientation)

] Ko Py n
inches u? mb

5 Undisturbed (vertical) 0,446 8,08 17.2 6.8
Undisturbed (horizontal) 0.477 16.0 - O

12 Undisturbed (vertical) 0,463 27.1 9.1 5.8
Undisturbed (horizontal) 0.471 26.2 8.1 5.8

Passed No. 14 sieve 0.473 14,9 10.0 6.5

Passed No. 48 gieve 0,469 5,66 18.1 7.6

20 Undisturbed (vertical) 0.520 70.2 6.0 5.3
Undisturbed (horizontal) 0.496 40.3 8.7 7.5
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The samples of the material reported in
Table 5 were taken just below the plowed layer. In
order to determine if greater isotropy might exist
at other depths, samples of the Cass sandy loam
taken from three depths were studied. In this phase
of the study, heterogeneity between horizontal and
vertical samples camouflaged whatever isotropy may
have been observed. Unusually large differences in
porosity between horizontal and vertical samples
were obtained and, although the measured values of
Ko, Pp and n were consistent with the porosity
values, the effect of porosity differences undoubtedly
was largely responsible for the variation in the
properties.

In each case, the saturated permeability was
lower for the disturbed soil samples than for the
corresponding undisturbed material, The bubbling
pressure was higher and the value of the n was

higher, indicating a more limited range of pore sizes.

For the Fort Collins clay loam and the Cass sandy
loam, pp and n increased the finer the scil was
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pulverized. For the Weld loam and the Valentine
loamy sand, little change was observed. For all four
soils, permeability decreased the finer the soil was
pulverized, as was expected. Again, failure to obtain
exactly the same porosity in some cases probably
masked whatever effect the finer sieve might have
produced.

In the case of the semi~-consolidated sand,
pulverization produced a large increase in K, and a
large decrease in p,, and n . This is no doubt, a
result of the fact that the pulverization did not break
down the weak cementation of the sandstone com-
pletely, so that the pulverized material had more
gsecondary porosity than the original material in the
outerop. The resulting porosity and average pore-
size, therefore, was greater in the disturbed mate-
rial. Since the sand studied had an unusually uniform
pore size in the undisturbed state, conlusions can not
be made from this study concerning the effect of
pulverizing sandstones in general.



CONCLUSIONS

Some of the problems associated with
satisfying the scaling criteria for modeling partially
saturated porous media were examined critically.
The findings should resolve some of the problems
encountered in making practical use of models. The
theory developed describes how the hydraulic proper-
ties of porous media are related to each other.

Significant properties in a theory developed by
Brooks and Corey (3) for modeling flow in partially
saturated porous media are saturated permeability,
effective porosity, bubbling pressure and pore-size
distribution index. In the present study, a relation-
ship was developed relating these hydraulic proper-
ties to each other. The relationship is given by
equation 8, that is,

@ecrz
g |
Kopb

>

—_—
B

+

|

The validity of this relationship was tested
experimentally by determining the dependence of
these hydraulic properties on porosity. By varying
the bulk density, it was found that as porosity in-
creased for a particular soil, saturated permeability
increased, bubbling pressure decreased and pore-
size distribution index and residual saturation
decreased only slightly over a wide range of porosi-
ties. Moreover, the relationship was valid within
acceptable limits for estimating saturated perme -
ability from values of the other hydraulic properties
obtained from capillary pressure-desaturation data,
The use of this relationship, combined with equations
described previously by Brooks and Corey (3), was
proposed as a simplified procedure for determining
permeability as a function of capillary pressurc for
partially saturated media. The only data required
can be obtained from capillary pressure -desaturation
data.

In addition, some definite trends were ob-
served in the dependence of the product kT .-"coszﬂ
on porosity. On the basis of these trends, the
general equation was proposed as a tool of deter-
mining tortuosity.

In testing the validity of this relationship, it
was necessary to obtain both capillary pressure-
permeability data and capillary pressure -
desaturation data. Comparisons were made of
bubbling pressure and pore-size distribution index
values obtained separately from each set of data.
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The pore=size distribution index A was calculated
from the capillary pressure-desaturation data using
equation 10,

n = 2+ 3

For two soils having high bubbling pressures and
intermediate values of A, the bubbling pressures
differed by less than 4 percent and, except for one
caste, the pore-size distribution indexes differed by
less than 3 percent over a wide range of porosities.
I'or an unconsolidated sand, the bubbling pressures
differed by about 8 percent and the pore-size distri-
bution indexes by 6 percent. The larger differences
in the case of the sand were attributed to errors
introduced by the non-uniformity of capillary pres-
sure (and therefore saturation) which exists under
static conditions.

In order to apply the modeling theory of
RBrooks and Corey (3) for studying prototype systems,
il is necessary to measure the pertinent properties
of the material as it exists undisturbed at the site.
In this phase of the study, it was found that undis-
turbed earth materials have properties producing a
wide range of hydraulic behavior. Although distur-
bance by pulverization may produce very large
changes in the properties of materials from a parti-
cular site, the range of properties observed is not
wider than that previously observed by Brooks and
Corey, for disturbed materials.

It appears, therefore, that it usually will be
poussible to find a suitable medium for use in a
laboratory model for most naturally occurring earth
materials. If the prototype is an aggregated soil,
however, unconsolidated sands should not be used in
the model since the latter have a much narrower
range of pore sizes than structured soils.

The most difficult problem might be to simu-
late the portion of the relationship between perme-
ability and capillary pressure occurring at low
capillary pressures. Brooks and Corey, however,
previously have observed somewhat similar behavior
for ecrushed (but not pulverized) clays. It is possible
that the transition in the capillary pressure-
permeability function is affected by the ratio of
sample volume to boundary area. Until the signifi-
cance of this effect has been determined, it is not
possible to conclude whether or not the capillary
pressure -permeability function for undisturbed soils
with structure can be characterized adequately by
the pore-size distribution index alone.
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APPENDIX A
Froperties of Wetting Fluid and Media

TABLE A«1. DYNAMIC VISCOSITY AND DENSITY OF SOLTROL "C"
OfL. USED IN EXPERIMENTS

Temp. Visvcosily, p Dennity, p wlog
C grams fmi cm-geconds

20 0 L1 L 0 7502 2127
205 1.571 0D 7578 Z.108
21.0 1.555 0. 7576 2. 089
2L, 5 1.539 D, 7571 2.070
22.0 1524 0 THED 2051
225 1.500 0. 7506 2.032
23.0 1.484 0, 7562 2,014
23.5 1. 481 0, 7860 1, 896
24.0 1. 460 0, 7856 1.078
24.5 1.454 0. 7554 1. 862
25.0 1,440 0 7544 1. 045
25.5 1,427 0, 7540 1, 827
26.0 1.414 0, 7542 1,810
26.5 1.401 0, 7538 1,880
27.0 1. 388 0,756 1877
27.5 1,375 0, 7633 1, BEt
28.0 1,362 0,7528 1. Bah
28.5 1.349 0, 7526 1. 824
28.0 1,337 0, 7522 1,814
28.5 1,326 0,7519 1,180
30.0 1.315 0.7515% 1,782

TABLE A-2. GRAIN-SIZE ANALYSIS OF MATERIALS USED

Sample Description Sand (d>30u)  Silt (5u<d<50u) Clay (d<5u)

percent percent percent
Touchet silt loam (GE 3) 3z 53 15
Columbia sandy loam 54 kL] 11
Uneonsolidated sand 80 [ 4
Fort Collins clay loam 44 26 10
Weld loam 55 24 21
Cass sandy leam (5 in.) 64 20 16
Cass sandy leam (12 in,) 66 18 16
Casg sandy loam (20 in,) 64 18 18
Valentine loamy sand 80 4 16
Semi-consclidated sand 73 14 13

TABLE A-3. PARTICLE DENSITY OF MATERIALS USED

Sample Description Run No. 1 Run No. 2 Mean
gms/em? gms/em? gms/cm’
Touchet silt loam (GE3) 2. 601 2.587 2,599
Columbia sandy loam 2. 667 2. 660 2, 664
Unconsolidated sand 2.707 2.705 2. 706
Fort Collins clay loam 2, 568 2. 568 2,568
Weld loam 2.601 2,580 2,596
Cass sandy leam (5 in.) 2.622 2.628 2.628
Cass sandy loam (12 in.) 2,662 2,664 2,663
Cass sandy loam (20 in.}) 2,673 2,660 2,671
Valentine loamy sand 2.632 2.632 2. 632
Semi-consolidated sand 2,589 2,613 2,601
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APPENDIX B

Capillary Pressure-Permeability Date

TRARL Moy AR AAY PHEOSERE o EEIMEBEABILITY DATA FOR
Ve EE L L T OAM (Gl )Y
= cruiogm:
Tertag opo g 4 40 st q w10t K K Pz .
‘ [T R B o f e ul mb
o Tt (ST ] 1. NoYsS 0,177 1, 000 5.3
1F [QETS (BRI 0, 0hu40 0,172 0.9¢68 20,6
(] 1o 1,04t 0, 0neT1 0. 156 0, 880 43,6
" Lot (LTI 0, noTHY 0.147 0.828 G6. 6
* 1 1o a7y 0, 00671 0,126 0.713 88,4
G T 1oHh4 0973 0, 00268 0.0520 0,293 106. 1
L} 1017 1,148 0. 00114 0. 0185 0, 104 124.1
fibid 1T 0, 480 0, 000466 0, 0101 0, 0568 133.2

" oot pms fee, L 2,00 gms jee, ¢ = 0, 395, Ku = 0,177 ud,

. FLIL A RTTY PP TR e |

YARLE B-2, CAPILLARY PRESSURE - PERMEABILITY DATA FOR
TOUCHET SILT LOAM (GE3)*

Pemp. ufpg x 100 4H qx10f K K Pe
Yer meARe AL om/gee ut £ mh
241 1.975 0. 580 0.0123 0, 248 0,965 4.7
FLON | 1,475 0,853 0, 0122 0,252 Q, 882 11,3
L 1,475 0. 820 0. 0128 0,257 1,000 34,2
L 1. 962 0. 802 0.0115 0,250 0.974 38,6
.6 1,958 0. 943 00111 0. 231 0,900 87.6
4,4 1,869 0,043 00111 0,231 0,899 76.7
4.5 1,982 0,893 000758 0,148 0.577 A5, 4
4.3 1.934 0,067 000264  0,0529  0.208 95.8
5.4 1.831 0,897 000141 0.0273  0.:08 104.4
23.5 1, 996 1 020 0000721 0.0141 0 0348 1153

®
f, " 150 gms fee, Bk 2,60 gmsfee, ¢ = 0,423, K =0 257t
ph T8, 4 mb, n* 6,9

TABLE B-3. CAPILLARY FRESSURE - PERMEABILITY DATA FOR
TOUCHET SILT LOAM (GE3)*

Temp. u/egx10°  AH qx 10 K K Pe

0 B 3 r

£ cm-gec AL cmfsec L mb
27.0 1,877 0, 939 0, 0156 0. 302 0,920 2.2
27. 3 1.868 0,874 0, 0164 0. 305 0,831 T
2.5 1, B61 1,023 a9, 01&0 0. 328 1. 000 14: 8
26,3 1. 800 0. 905 0, 0152 0, 308 0, 942 t8.5
26. 4 1,897 0,937 0, 0162 0. 37 0, 966 48, 0
6.3 1. 800 0, 60 0. 0128 0.2921 0,488 83,5
3.8 1. 886 a, 856 0, 00822 0. 165 @, 504 0.5
2.2 1,871 0, 947 0, D05E5 0.108 0, 330 4.9
27.5 1,861 0, 355 0, D0169 0.0514 [R0 ] 89,0
F 2 i 1,388 1,000 0000524  0.0101 0.0208 106, 6

. P 2
¥ p = 1,42 gmsjee, P, < 2.60 gmsjee, ¢ ° 0,448, K= v, 3284%,
=63, 5mb, n= 6.8

TABLE B-4. CAPILLARY PRESSURE - PERMEABILITY DATA FOR
TOUCHET SILT LOAM (GE3}*

Temp. wipgx10°  AH qx10? K K Pa
e “m-sec AL em /ser ut ! mib
26,1 1.907 0,978 0.0287 0,559  0.993 4,3
26,4 1,897 0,978 0,0290 0,563  1.000 13,8
6.9 1,880 0,008 0, 0284 0,560 0,394 17,4
26,0 1,880 0,967  0.0274 0,533 0,847 48,8
27,0 1,877 1150 0.0199 0,321 6,571 55,7
275 1,861 0,993 0,00407 G, 0763  0.138 68,5
274 1,864 1,082 0.00180 0,038 0. 05A8 9.8
27,8 1,858  0.875  0.000307 000651 0.011H 161.8

i, * b0 gmafen, poo DGO gma g, @ 0,470, K, 0,563 Wk,

Py = 50,7 mb, 1 - G+
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TABLE B-5. CAFILLARY PRESSURE - PERMEARBILITY DATA FOR
TOUCHET SILT LOAM (GE*

Temp. u/pgx 107 AH qx10% K K P
o] cm-sec At om faee e j mh
2.0 1. 845 0,340 0, 0334 0. 654 ;999 2.4
25 7 1,820 9,917 0 0ire 0.695 1,000 g
27.8 1. 451 1. 002 0, 0371 0, 686 0,987 24, 3
28.0 1, 845 0. 837 0, 0549 0. 688 J, 990 35.8
26,0 1.910 0,345 9. 0168 0, 362 0.520 47. 8
231 1. 9414 1,283 0, 0117 0,176 0 253 53,6
28,7 1.920 1. 040 0,00483  0.0811 0. 11 60,8
26,0 1.910 1.083 a, 00228 a, 4402 0. 0378 Te. 2
26, 4 i_8ev G.978 Q. 000778 0. 0151 D.o02:7 8.8

"
fy = 1,24 gms fee, p

_ * .60 gmssee, §2 0,503, K_ = 0,695 42,

pb=4l.3mh, n=19.1

TABLE B-6. CAPILLARY PRESSURE - PERMEABILITY DATA FOR
COLUMBIA SANDY LOAM*

Temp. u/pg ¥ to* AH qx10? b H'r P,
L (M=RR al. I8 T u” mh
25,0 1, 845 0,456 N.0159 0,405 1,009 14,2
26 4 1 847 Q.857 G019y 0. 4495 0574 2HUB
21,8 1, R31 1,006 0. 0201 Q. 572 0,817 7.6
28, @ 1. 545 374 0, ared 0. 161 0. Ang b1
26. 40 1.810 0, 434 o055 0,284 0T RO, &
7.9 1, 444 1023 0. 0106 0,19 0471 fif, 1
J8.0 1,814 g, hiay 0 00400 0 a7i4 n i T4, 6
20..40 1,814 1,413 0, ana924 00162 0. 0400 uy G
27.8 1, B4 G, 5448 O, onogEg 0, 00471 000915 1149

‘ oy ® 1,47 gms fee, B3 &, 86 gmy fee, & = 0,449, Ko = 0,405 g,

p.=38.Tmb, n=T.1
L}

TABLE B-7. CAPILLARY PRESSURE - PERMEABILITY DATA IFOR
COLUMBIA SANDY LOAM*

Tgmp, WipE % 107 AH qx10f K K:- P
o cm-sec Al cm/ses et mh
25,1 I, 207 o, ano 0,037 0,81t 0,470 b4
28,2 1. 004 1. 007 0, 0327 0,618 Q, 082 4.0
25,4 1,231 1, G20 0.0333 0. R30 1,000 29
6.2 t, 04 1,033 0, 03356 0. 620 0,084 21,5
26,8 1. BBd 0,870 0, 0512 0, Hok 0. Hed .2
N | 1. 874 6.077 0, 0302 a a 0,821 47.4
28,10 1. 845 1,015 G, 0184 et ] 0,330 282
28,4 10632 L0133 O, 00423 G, 0740 o.tey 67,4
28 1. 794 0, 857 G, 000807 0, 0168 0, DERE A3.3
27. 0 1.877 0.545 0, 0000589 0, 00209 0,00322 104, 6

‘PLu L4l gmsjoc, p, 2,66 gmatee, o % 0,470 K 0,630 u

5
= 30 Tmb, n= 7.4

TABLE B-§. CAFILLARY PRESSURE - PERMEABILITY DATA FOR
COLUMBIA SANDY LOAM*

Temp. uipgx 107 AH g x 10 e K P,
{4 om-gec ai. im/sec wl mb
26.8 1. 817 Q, 015 o, 0387 0,811 1. 000 .
25. 8 1.914 0,855 0,.03493 0, 783 0,572 16. 4
22,13 2, 040 Q.843 0, 0304 0, 726 0. 607 24,0
24.2 1. b2 0, 743 4, 0328 0, G486 0. 5645 KT
25.8 Lot 7? 0. 983 0, b2z 0,231 1,555 48,4
252 1,938 1,063 0, D0R4T 0. 118 0. 143 1,0
26,8 1. 684 1,025 G, 00102 0. 01ES 09,0234 40,5

Ty, T 1,37 gmsjec, p® 2,66 gmajoo, ¢ 7 0,485, K+ 0,411 k¥,

ph= 45,2 mb, ne 8.5



TABLE B-9, CAPLLLARY PRESSURE - PERMEARBILITY DATA FOR
COLTMEBIA SANDY LOAM*

Tsmp. wlog » 10% At g s 10’ K b i

(o g Al e ey ut i b
27.8 1. B85 0, 408 0, O8s0 i i | B
27.h 1. 861 0. 900 0. 0851 1, bl [} o 1
27.2 L. 871 0, 854 0, 0817 L HU i 1L
ETiE8 £ 871 0, 954 0. 0798 | 11} o, ol
a4, 0 1,979 1,017 0,.0774 1.582 0.} vl
25. B 1. 817 1,012 0, 0321 0, /07 a, Vel
A | 1, 82% 0, 825 LU 1} B3] 0. 415 0 !
e ] 1.4895 1.038 O, 0958% 0. 130 a
26,4 1. 887 1027 0, 00251 0, 0464 a,
23,3 1.003 0, 898 0, 000472 0.0105 0,006k

N 0" 1,26 gmy fee, Py 2,66 gmelee, o= 0,047, l{u RN P01 118

P, - 33,4 mh, n= 6.3

TABLE B-10, CAPMLLARY PRESSURE - PERMEABILITY DATA FOR
COLTMBIA SANDY LOAM®

"l'ﬂrru'r. uilpg 10" al q % Lot K K_ P,

{15 CH=ge 1. cmfses ut ! ik
ab, & 1, bod 0,083 0,124 .40 0,971 1.8
28 6 1,800 0,893 0,130 2,47 1,000 4.4
2f, B 1. BA4 1.012 o, 1352 2,47 o, 290 10,2
26,0 1, 803 0, /40 0,108 2,45 0,690 15.8
26,4 t, BT 0,837 0,123 2,43 0, 980 22.6
24.3 1. 06D LI 0, 0847 1.50 0. 807 30.2
255 §.027T 1,043 0, 0159 0. 340 o141 37.0
F5 e 1. BR2 1,037 0, 00566 0, 10f 0, 0430 45,8
26,7 1, BET 1,048 0, 00145 0, 0262 0.0106 57.2
24.5 1. 862 1,220 Q. 004708 0.0114 0. 00461 0.2
23;3 2,003 1,433 0. 000119 0.00177 0.000717 .4
“pb = L8 pmsfee, po= 2,06 gmslee, & -+ 0,550, K= 247 ud,

L
Py " 26,0 mb, n = 5,8
4}

TABLE B-11. CAPILLARY PRESSURE - PERMEABILITY DATA FOR
AN UNCONSOLIDATED SAND*

Tgmp. u.’ng‘xID; AH qx1t0? I Kr P
CMeERC al. cm|sec u? b
it
23,3 2. 003 0, 865 3.93 21,0 1,000 1:8
23. 3 2,003 0. 810 3,60 89,0 D, 8978 3.8
23 4 2,000 1,017 3,36 66. 0 0,728 6.1
23,4 2, 000 0,873 1,17 24,0 0, 264 6.4
23.4 2.000 D.987 0. popT2d 0.0131 0. 00034 10,2
* Py Ladgmsfee, p = 870 gmsiee, 40 0417, K = =162
By - 5.9mb, n= 16.2

TABLE B-12, CAPILLARY PRESSURE - PERMEABILIT ATA FOR
AN UNCONSOLIDATED SAND*

Temp. ufpg v 10% aH gx10* K K Pu

° em-gee BT omisec uf mb
26. 8 1. BEO 0. 830 G, 11 103 3 0,887 1.4
26.9 1, 880 0,865 5.3 t03.6 1, 0G0 T
27.0 1,877 0, 880 .18 8.2 0. 946 5.8
27,1 1. 874 0:973 4 16 80,2 0,774 5.5
27,0 1.877 0,050 2.49 48, 4 0. 460 6.0
27,0 1,877 0,853 0,201 3,96 0, 0386 6.3
26. 9 1,880 0,858 0, 00603 0,132 0. 00128 8.9
26.1 1,907 Q. 787 0.000582 0.0143% 0. 0001 38 10,1
*. pb = 1,53 gms fec, r-" = 2.7 gmsfea, o= 0,454, F‘{. » 1036wt

By, = 5.6 mb, ne 13,1
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TABLE B-13i. CAPILLARY PRESSURE - PERMEABILITY DATA
AN UNCONSOLIDATED SAND*

FOR

gxto? K K

Temp, wfpg o 107 ot P,
e emeger L em/{set ut 2 mb
it 1.8 0,505 2,88 113, 2 0,987 1.8
ahh 1,827 0,457 2,68 113.5 1,000 3.6
dhon 1,014 0. 943 2,29 4f. 5 B 0,410 5.8
ah ot 1.810 0. 933 0.885 18,3 0,161 6.1
FALTS | 1,874 0, 872 0111 2,38 0, 0210 6.8
27,1 1. BT 0. 900 0. 0281 0. 586 0.00516 7.8
.y | 1, B74 0, 890 0. 00766 0.161 0.00142 8.3
I 1, 807 0, B55 0.00145 0.0324  0.000285 9.3

Tu, o tobpmefee, pos 2,71 gmsjee, ¢ = 0,444, K- 113.5 4%,
Iy, 4y, v 15,5
PABLE Iv 14 CAPILLARY PRESSURE - PERMEABILITY DATA FOR
AN UNCONSOLIDATED SAND*

T whon v 100 an g% 10¢ K K Pe
Y Vohy e Al emfsec u? £ mb
2h. 0 [ A 1. nax 6.5l 124, 2 1,000 0.8
Lo [ LT 1. onn 6, 30 123.0 ¢. 990 2.4
20 R [ 1, o7 4,87 54,0 0.435 5.5
Zh 1 oy 1o 1,18 22.5 0,181 6.0
0 b I b 0, 141 2.66 0, 0214 6.8
A 1. BTV 1ooan o, D1os 0.198 0. 00160 8.2
25, 8 187 1.6y 0. 00146 00276 0, 000222 2.1
P A IR T [t 0, o0U46H 0, 00BBH 0,0000700 10.2
BN 1. B ([T O,000101 0, 00365 0,0000294 11.0

¥ By Ledlgme e, pc 2 TE g ee, 0 0,452, K0 124,2 u?,

) Jodmby, oy 144
by .

TABLE B-15. CAPILLARY PR
AN UNCONSOHIDATED SAND®

UHE-PERMFABILITY DATA FOR

Temp. p/pgx 107 sl gx10f K K Pe
° cm-gec at, em e ut mb
23.4 2, 000 0,804 R Va2 i, 000 1.8
23,4 2. 000 1, 048 4,00 w8 0. 661 4.9
234 Z, 000 1,015 3,54 G 6 0, 500 B, 2
23,4 2, hoo 0,87 L. 2H a4 0,180 5.5
23.4 2,000 1.041% 0. 00360 0, D690 0, 000486 8.4

- . 8
jlh © 1,46 gms fee, ps =T ogmefee, @ 0,400, I\“ = 13h,2 H=|

pb= 4.9 mb, n= 141

TABLE B-16. CAPILLARY PRESSURE - PERMEARILITY DATA FOR
FORT COLLINS CLAY LOAM (UNDISTURBELD
SAMPLE TAKEN VERTICATLY)Y
Temp., wpipg x 105 AH g s 10 K K P,
e G —gEe Bls e fEe ut : mh
237 1. 88 0,484 1. 38 27.6 1. 000 0.5
237 1, 984 1,000 14 22,3 0.808 2.6
23.7 1 98y 1, 000 0, 322 . 41 0,232 4.9
28T 1. BER 0.975 0, 0250 0,511 0, 0185 1.5
23,8 1,943 1,038 0, 0146 0. 280 0. 010! 13,8
23. 8 1.603 0,975 0, 00380 0, 0776 0, 00280 18,7

o, e 1.40 gmefee, p = 2.57 gmsice, § - 0,454, K - 27607,

Poc RTmb,ne 30

b



FANLE B-17. CAPILLARY PRESSURE - PERMEABILITY DATA FOR
FORT COLLINS CLAY LOAM (UNDISTURBED
SAMPLE TAKEN HORIZONTALLY)"

temp, wipgx 105 aH qx10® K K
s cm-sec 3 cm/sec ut % Pnsb

4.8 1.852 1.095 0.738 13.1 1.000 2.0
24.8 1.952 0,968 0485 9.78 0.745 3.2
4.8 1.852 1,026 0,395 7.52 0,574 4.1
24,7 1,085 1,038  0.208 3,95 0, 301 6.3
24,9 1.948 0,851 0. 0604 1,24 0.0943 9.9
24,0 I1._s_1a 1.012 0, 0196 0, 377 0, 0287 15.2
2.9 1,948 0,060  0.00686 0, 141 0.0108 22,1
24.8 1,952 0,039  0,00208  0,0433  0.00330 33.7

p* 1. 38 gma fee, L™ 2,57 gmsfec, ¢ = 0,46), Ko. 13,1 2,
pb “4.2mb, n=2.7

TABLE B-18, CAPILLARY PRESSURE - PERMEA BILITY DATA FOR
FORT COLLINS CLAY LOAM (DISTURBED SAMPLE
PASSED THROUGH A NO. 14 SIEVE)*

Temp, wipgx 10 aH x 10 K K
sC cm-sec ar gm.p'sel: ul L5 gncb

5.1 1. 944 0,850 0.175 3,08 1. 000 5.8
25.0 1,945 1,017 0,178 3.40 0,853 p.5
25.0 1. 945 0. 868 0.154 310 0,778 13.0
25,0 1,845 0,857 0. 111 2, 26 0,568 18.5
25. 0 1, 945 1,060 0, 0423 0,783 0,198 25.8
24.9 1048 0. 0887 00114 0. 228 0, 05686 36,3
25.0 1, 945 0,900 0, 00333 0.0719 0.0180 35.9
25.0 1,545 0,958 0, 00§27 0. 0257 0, 00645 42.7

.pb *1.36 gmsfce, p_ = 2.57 gmsfec, ¢ = 0.472, K_ = 3.89,%,
Ph « 20,0mb, n~ 6.8

TABLE B-18. CAPILLARY PRESSURE - PERMEABILITY DATA FOR
FORT COLLINS CLAY LOAM (DISTURBED SAMFLE
PASSED THROUGH A NO. 48 SIEVE)*

Temp. wipgx 107  AH qx10% K K
SC cm-gec ryn cm/sec ut X Iptncb

8.7 1,889 1,010 0, 0TH4 1,54 0,878 1.8
23,2 2,007 1,000 D. 0787 1,58 1, 000 8.1
23.2 2,007 0,980 0. 0766 1.87 0.894 10.3
231 2,011 0,867 0, 0740 1,54 0,874 16.8
FE 0 | 2,011 0.983 0. 0725 1.51 0. 958 2i.4
23,2 2.007 1,012 0.0721 1,43 0.90% 30.5
23,1 2. 011 1,008 0.0479 0. 955 0.605 3.0
23.0 2.014 0, 847 0. 0137 0,292 0,185 45.8
232 2,007 0,982 0. 00342 0, 0682 0, 0438 52.7
23.§ 1,896 i.100 0. 00125 0. 0227 0.0144 60.2

‘ Ph = 1,36 gma fee, p. = 2,57 gmasfee, ¢ = 0,468, Ko . 1.58;..‘,

P " 38.1 mb, n= 8.4

TABLE B-20. CAPILLARY PRESSURE - PERMEABILITY DATA FOR
WELD LOAM (UNDISTURBED SAMPLE TAKEN

VERTICALLY)*
Temp. ulpgx 10*  aH qx10® K K. P
C em-gec AL cm/sec ut mb

4.7 1,856 0.078 0, 046 18,8 1,000 1.3
24, 6 1,359 0,898 0. 884 17. 4 0.517 3.2
24.6 1.058 1. 0t0 0. 806 15. 6 0, 526 5.4
25,0 1,045 0. 072 0,287 5,83 0.3123 10,2
5.0 1. 045 0. 185 0. 143 2,83 0. 149 15.8
5.1 1.841 0, 481 0. 0807 1.680 0,.0843 19.2
5.1 1,841 1.038 0, 0150 0. 356 D, 0188 23,7
6.2 1,504 1,048 0, 00316 0, 0579 0, 00208 n.7
4.8 1.952 L. 0iA 0. 000224 0.00431 0,000228 44.8
2 My, = 1a 28 gma foe, n, Aol jma fen, 4o 0,504, K, =189 ut,

"h 15, 4mb, y T4
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TABLE B-21, CAPILLARY PRESSURE - PERMEABILITY DATA FOR
WELD LOAM (UNDISTURBED SAMPLE TAKEN
HORIZONTALLY)*

Tgmp. ulpg x 105 aH qx10° K K, B

.~ cm-sec At cmisec wt mb
25.5 1.927 1.8 0. 543 10.3 1. 000 L1
25.8 1,017 1.027 0, 528 9.83 0, 957 2.4
26,0 1.810 1,008 0,510 f. 66 0, 8940 4.0
26,5 1,883 1,030 0,473 B, 68 0. 846 6.4
26,7 1, BBT 1. 105 0. 458 7,83 0. 762 8.4
a6, 1 1, BBT 1,030 O, 344 8, 30 0,614 10, 4
28,1 1, B4t 1,000 0,255 4. 95 0,482 12,8
24,1 1,878 0,835 0,136 2,88 0,281 18,8
24.0 1.479 1.030 0. 0340 0,654 a.0637 27.6
24,3 1,968 0, 967 0, 00170 0. 0346 0.00336 8.8
24,1 1,978 1.082 0. 000722 0.0132 0.00128 46,1
24.7 1,955 G, 995 0.000154 0.00382 0.000371 51.8

-

oy * 1. 34 gms fee, Py ™ 2 60 gms fcc, ¢ * 0,486, KO v 10, 3ut,

p, = 18.8mb, n= 8.2

b

TABLE B-22, CAPILLARY PRESSURE - PERMEABILITY DATA FOR

WELD LOAM (DISTURBED SAMPLE FPASSED
THROUGH A NO. 14 SIEVE)*

Temp. ufpgx10¥ aH  gx10? K K_ P
‘e cm-sec AL cm/sec 7 b
25. 7 1,620 1.017 D, 321 6,07 0. 4u7 c.8
25.9 1,614 0,985 0, 315 6. 08 1,000 2.0
26.5 1,883 1,010 0, 321 A, 02 0. 388 5.8
26. 58 1,883 0,888 0, 106 5,02 0, 857 10,1
26.6 1,880 0,883 0,280 5,51 0, 606 13.1
26. 4 1,887 0,882 0.289 4. 95 0.813 16.5
221 2. 047 0,953 0.108 4.28 0, 704 2.0
2.8 2.029 0.578 0.170 1.52 0,578 27.7
24.6 1. 859 1.075 0, 0483 0. 880 0,145 1.6
24.7 1.955 1.029 0. 0157 0.298 0. 0489 4.2
25.1 1.941 1.114 0, 00400 0. 0697 D.0114 38.3
24,7 1,955 1. 064 0, 00113 0. 0z08 0. 00342 42,3

'ph * 134 gmajee, p, = 2,60 gmafee, ¢ 7 0,483, K ¢ 6,087,
Py * 2T.1mb, o120
TABLE B-23, CAPILLARY PRESSURE - PERMEABILITY DATA FOR

WELD LOAM (DISTURBED SAMPLE PASSED
THROUGH A NO. 48 SIEVE)*

Tgme. ulpg x 10 AH qx10% K K, P

(S cm-sec AL om [ gec ut mb

2.2 2,007 0,533 0, 224 4, B1 1,000 3vd
233 2,003 0,823 0,220 4. 78 0. 904 8.2
24,0 1.97% 0,773 0,181 4,62 0,865 16,7
23,9 1,982 1.033 0, 0243 0,504 0,105 2.8
24,3 1, 968 1.117 0, 00305 0, 0538 0.0112 3.4
23.13 2.003 1.132 0.000826 0.0164 0, 00341 43,8
23,3 2,003 0.388 0,.000243 0©,00548 0,00114 49.1

= By, * 1.30 gmsjec, p_ = 2.60 gmajee, ¢ = 0.502, K = 4.81 ul,
P27, 2mb, n=12,0

b

TABLE B-24, CAPILLARY PRESSURE - PERMEABILITY DATA FOR
CASS SANDY LOAM (UNDISTURBED SAMPLE TAKEN

VERTICALLY AT 5-INCH DEPTH)®

Temp. ulpgx 105 AH qx 10t K K P
s'l: cm-sec AL ~m/sec u® E b
25.0 1,945 0. 959 0,397 .06 0. 987 2.2
25,1 1, 841 0.948 0. 394 .08 1. 000 5.6
25,0 1,045 1.042 0,292 5. 45 0,875 10,7
25.6 1.924 0.965 0. 124 2.47 0. 308 14.9
26.0 1.910 1.002 0. 0441 0.838  0.104 21,9
24.8 1,948 0.931 0.00420 0.0878  0.0109 33.7
25.0 1.945 1.054 0.00102  ©0.0183  0.00233 41.5
24.8 1.959 1.072 0.000264 0, 00482 0.000898  S1.4
25.2 1,938 1,031 0.0000638 0.00120 0,000148  63.4

by = 1,45 gmajoc, p = 2.62 gma /o, é = 0,445, K= 8.08 "

Py

=17.2mb, n= 6.7



TABLE B-25. CAPILLARY PRESSUHE - PERMEABILITY DATA FOR
CASS BANDY LOAM (UNDISTURBED SAMPLE TAKEN
HORIZONTALLY AT 5-INCH DEFTH}*

Temp. ulpgx 10% Al qx10? K 3 "
cm-sec Bar, e faee ut : Wl
25.2 1.938 0.9901 0. B0a 16,48 0, g 10
25.1 1.941 0, 968 0.786 16,0 1. ong 1 18 1
25.1 1,941 1,005 0.787 15.2 0, Bis G.b
24. 8 1.952 1,081 0, 606 10,9 0, 685 oLt
24,7 1.955 1,005 0, 368 7.74 0. 4b4 1
24.6 1,958 1.025 0,164 3.13 0. 186 5.0
24,3 1,959 1. 008 0,0974 1,90 0,119 16, 1t
24.0 1. 870 1,032 0. 0165 0,316 0, 0198 22.1
25,2 1,838 1,001 0.00304 00586 0, 00360 28,4
24.7 1.855 0. 985 0.000584  0.0416 0. 000726 35,1
24,9 1. 948 1,024 0,000020 0.00229 0, 000144 43,4

*pb = 1.37 gmsjee, p_ = 2.62 gms/ee, §= 0.477, K_= 16,0 4"
Pb = 13,5 mb, n= 7.5

TABLE B-26. CAFPILLARY PRESSURE - PERMEABILITY DATA FOR
CASS SANDY LOAM (UNDISTURBED SAMFLE TAKEN
VERTICALLY AT 12-INCH DEPTH}*

Temp. uflpgx 10% AH x 10° K K
& em-gec AT :mfsec u® & I’;‘ch

25.1 1. 941 0. B6L 1.20 27.1 1, 000 2.8
25.2 1.838 1,008 1,05 20.2 0. 746 4.0
258.1 1,941 1,000 0,796 15.4 0,568 5.0
25,1 1. 841 1.015 0,262 5,00 0, 184 8.2
24.8 1,948 1.018 0.120 Z,30 0. 0847 12,3
25.1 1,844 0. 961 0. 0450 0. 909 0. 0335 16.2
25.0 1.945 0,872 0, 00851 0,145 0, 00535 22.2
25.1 1, 841 0,812 0, 00155 0, 0330 0, 00121 20,1
25.0 1. 8945 0. 688 0, 000184 0,00513 0, 000489 3a.8

.pb * 143 gmsjee, p - 2.66 gmsfoc, ¢+ 0.464, K+ 27.1 4%,

By * 8.1 mb, ne 5.8

TABLE BE-27. CAPILLARY PRESSURE - PERMEABILITY DATA FOR
CASS SANDY LOAM (UNDISTUREED 5A MPLE TAKEN
HORIZONTALLY AT t2-INCH DEPTH)*

Temp, wlpgx 10°  AH gxio? K X P
c em-sec AL em/sec pt % mb

24,0 1,979 1,000 1,32 26,2 1, 000 1.4
24.0 1,879 0,985 1,28 25.9 0. 981 3,0
23.8 1. 886 0,084 0. 658 13.2 0,502 5.8
24.0 1.979 1.102 0,235 4.59 0.176 9.8
24.3 1. 868 1.028 0, 0583 1.12 0, 0425 15.3
23,2 2,007 1,104 0, 00824 0. 150 0, 00872 22,5
23,7 1. 088 1.045 0,00224  0,0427 0, 00163 27,9
24.4 1. 965 1,034  0.000884 ©.0187 0.000713 32,2
25,9 1,914 0,901 0,000208 0,00403 0,000154 42,2

fE grns,h::c,'pa = 2.66 gms/fee, ¢ = 0,471, K = 26.2 u°
o

Py 7 9. 0mb, n=5.7

TABLE B-28, CAPILLARY PRESSURE - PERMEABILITY DATA FOR
CASS SANDY LOAM (DISTURBED SAMPLE TAKEN AT
12-INCH DEPTH AND PASSED THROUGH & NO. 14

SIEVE)*
Tgmp. ulpg x 10% AH gqxi0® K Kr Pe
G em-sec & cm/sec u? mh
25.0 1,845 0.983 0. 748 14.8 0,993 P
25.0 1,945 0, 850 0,728 14.9 1,000 4.2
25,0 1, 045 0,885 0,587 1.6 0.717 8.9
25,0 i, B4s 1, b2z 0.131 2.50 0. 168 13.2
25,0 1, 945 0, 888 0, 00771 0,152 0,102 20.8
25.0 1,845 1.017 0, 00247 0, 0473 0, 00317 24.3
25.8 1.017 0. 987 0, 000888 0. 0180 0,00128 28.3
25.0 1.945 0,877 0.000318 0,00634 0, 000425 332
“p, = 1.40 gms/ce, p_ = 2.66 gma/ec,, ¢ = 0.473, K = 14,85,
P " 13,6 mh, n= 6.0
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TABLFE B-28, CAPILLARY PRESSURE - PERMEABILITY DATA FOR
CASS SANDY LOAM (DISTURBED SAMPLE TAKEN AT
12-INCH DEPTH AND FPASSED THROUGH A NO, 48

SIEVE)*

Temp. wlop x 107 AH qx10* K K_ P

(& [ AL cm/sec ut mhb
i 1,982 0. 985 n. 284 5.66 1.000 2.1
ann 1. 086 0.983 0.277 5. 60 0, 981 4,3
2 1, 886 0,950 0. 266 5,87 0. 985 10,3
PRI 1. 986 0,897 0.224 5.00 0. 884 15,9
23,4 2.000 0.970 0,137 2,82 0.500 19.3
2.4 2. 000 1. 062 0. 0308 0.570 0,101 24,8
zh4 2. 000 1,033 0.00591 0,114 0. 0202 30,0
240 1. 906 0.975 0.00169  0,0346  0.00611 4.9
2.7 1. 989 0,998 0.000557 0.0111 0,009 41,4
“1.]‘ 1.41 gmsfee, p = 2.66 gms/ec, ¢ = 0,469, K = 5,66 ut,

F‘I iR 1 mh, ne 7.6
)

TABLE B-30, CAPILLARY PRESSURE - PERMEABILITY DATA FOR
CASS SANDY LOAM (UNDISTURBED SAMPLE TAKEN
VERTICALLY AT 20-INCH DEPTH)*

Tymp. ulpgx 10® AL qx10% K K, P,
< cIn-gec Al emfsec u? mh
26,1 1.807 0.552 2,04 70.2 1,000 3l
25.2 1.838 1.038 1.84 34.3 0. 489 4.5
25, 6 1.924 1.040 1. 60 30.5 0.434 4.7
25,2 1,938 1,085 0,874 16.1 0,228 5.8
25.13 1. 834 0. 964 0. 452 6,08 0,129 i1
25.7 1.920 1,015 0. 207 3.9 0. 0557 9.2
25,0 1,845 0. 8961 0. 162 3. 28 0. 0467 8.8
25,2 1,838 1.008 0.105 2,02 0, 0288 1.2
25,1 1. 941 0,926 0, D424 0, 888 0.0126 13.6
26.1 1,807 0,990 0. 00852 0.183 0, 00261 18.6
2hi3 1,934 1,046 0, 00174 0.0322 0, 000456 25.5
25.9 1.014 1.051 0,000375 0, 00683 0, 0000872 34, 4
26.0 1.810 0.879 0.000030 0,00253 0.0000361 41.5

Py = 1.28 gmsjcc, p_ * 2.67 gmsjoc, ¢+ 0.520, K« 70.2 4%,
pb=E,Dmb,r|=5.3

TABLE B-31. CAPILLARY PRESSURE - PERMEABILITY DATA FOR
CASS SANDY LOAM (UNDISTURBED SAMPLE TAKEN
HORIZONTALLY AT 20-INCH DEPTH)"

Tgmp. w/pgx 10°  AH qx10? K K. P

c cmesee AL cm/sec ut b
26,2 1,604 1.011 2,14 40,3 1,000 1.7
25. 4 1.9831 0,988 2, 05 8.8 0,884 2.0
25.7 1,820 0. 981 2. 02 39, 4 0.878 2.8
25,3 1,934 0,938 1,92 349.6 0,982 3.0
25,0 1,045 0.929 1,87 g2 0,974 5.2
25. 7 1,820 0,908 1.06 3.8 0. 837 5.8
25.0 1,845 1.035 0. 9831 17.5 0,434 6.9
26,0 1,810 1,088 0,481 8. 44 0,208 B.7
2583 1,834 1,028 0,145 2.74 0. 0678 11.8
2.8 1.824 1.068 0.0278 0.502 0.0125 15.5
24,8 1.548 1.025 0. 0129 0, 245 0. 00608 b iy
25. 3 1,834 i.021 0, 00328 0, 0623 0, 00155 20,6
25. 6 1,924 1,144 0, 00205 0, 0344 0, 000855 22,
25.9 1.814 1,038 0. 000385 0,00702 0,000176 28.2
26.0 1,810 0. 888 0, 0000485 ©O.000238 0.0000Z233 35.6

e T
P, = 1.35 gmsfee, p = 2.67 gmsfcc, ¢+ 0.496, K_= 40,3 i,

By - B, 7Tmb, n="15



TABLE B-32. CAPILLARY PRESSURE - PERMEABILITY DATA FOR TABLE B-35, CAPILLARY PRESSURE - PERMEABILITY DATA FOR
VALENTINE LOAMY SAND (UNDISTURBED SAMPLE VALENTINE LOAMY SAND (DISTURBED SAMPLE
TAKEN VERTICALLY AT 12-INCH DEPTH)* TAKEN AT 12-INCH DEPTH AND PASSED THROUGH

A NO. 48 SIEVE)*
Temp. ulpg x 10%  AH qx 10* K K D
C cm-sec A cm/sec u? L mcb 'rgmp, ulpg % 10%  AH qx 10* K K P
Fm-sec ar rm/sec ut £ mb

5.7 1. 820 0. 885 0.679 13.2 1. 000 0.9

25.6 1.924 1,000 0,663 12.8 0,563 2.6 23,5 1.996 1. 005 0. 338 .66 0,887 2.7

25.6 1,924 0,875 0,573 11.3 0, 854 6,7 23,4 2. 000 0. 468 0. 127 6.78 1. 000 8.2

210 1,982 0, 957 0,330 6.83 0,516 1.8 23.68 1.083 0.R3Z n 218 5,25 0.778 19,2

24,0 1.979 0,863 0,113 2.3 0,175 16,2 23.6 1,883 0,715 0, 0368 1,03 0.152 23.6

24,5 1,962 1,104 0, 0188 0, 321 0, 0243 20,4 233 2,003 0,647 0, 0100 0,310 0, 0460 26,0

24. 9 1. 948 0,835 0. 00241 0, 0862 0, 00425 23.0 235 1. 0u6 0,883 0. 00163 0, 0468 0, 00685 29.5

24.9 1,948 0, 882 0.000750 ©0.0170 0.00128 26.1 3.3 2. 003 0.827 0.000396 0.00960 0.00142 2.6

26, 1 1.907 0,953 0.000203 0,.00406 0,000307 30.4

pb= 13,8mb,n=10,3

TABLE B-33. CAPILLARY PRESSURE - PERMEABILITY DATA [FOR
VALENTINE LOAMY SAND (UNDISTURBED SAMPLE
TAKEN HORIZONTALLY AT 12-INCH DEFTH)*

[ 1. 58 gms/ce, " 2.63gmsjfce, ¢= 0,398, K_=13.2 u?,

"b; 21.3mb, n=15.3

TABLE B-36,

* B, ¢ 1.0 gms/ce, p_ = 2.63 gms/cc, ¢ * 0,381, K, *6.70 ul.

CAPILLARY PRESSURE - PERMEABILITY DATA FOR
A SEMI-CONSOLIDATED SAND (UNDISTURBED CORE)*

Temp. ulpg % 10 an qx10* K K P
Tsmp. ulpg x 107 aH qx 10* K K P, [ cmegec AL cm/sec u? ¥ trlch
(o] cm-gec 2l cm/sec n* i mb
26,2 1,804 1.07 0.0138 0. 245 1.00 7.1
25.0 1. 945 1.026 0. 683 13.3 1. 000 1.7 24.8 1,852 1.02 0,0128 0,245 1,00 19.8
25.0 1,845 1,038 0. 642 12.3 0. 928 5.1 24.8 1.952 1,10 0, 0138 0. 245 1,00 4.0
256.2 1,938 1.018 0, 445 B.67 0.653 9.7 i4. 6 1. 958 1.04 0, 0124 0. 240 0.88 45,8
25.3 1.934 1. 015 0, 378 7.4 0, 558 10,9 26.1 1, 07 1.01 0, 0127 D, 241 0, b8 31.5
25.5 1,827 1,067 0,217 4,02 0, 302 14,8 24. 6 1. 059 1,01 0, 0121 0.236 0,987 54,6
26.7 1,920 1,024 o, 0781 1,46 0,110 17.8 24,5 1,662 1,08 0, 0115 0,214 0,87 50.¢
23,8 1. 6882 1.129 0, 00876 0,119 0, 00883 22.8 25. 0 1,945 1,00 0. 0108 0.183 0.78 60,0
25.0 1. 045 1.078 0, 00122 0, 0227 0, 00171 25.8 28,0 1. 845 1.02 0, 00425 0. 0808 0,33 64,2
25.0 1.945 0,872 0, DOOZBY 0. 00624 0.000472 25. 4 24.5 1,862 2% 1 0, 00363 0, 0627 D, 26 64.7
25.3 1.934 0.815 0, 000103 0,00217 0,000163 32.4 24,5 1. 862 AT 0.00121 0. 0201 0, 082 67.8
25.0 1, 045 1.10 0, 000870 0, 0100 0. 044 72,0
- = 25.0 1. 545 1.10 0, 000337 0.005%4 0,024 T4.6
Py t.62 gms fee, o 2.63 gms/fcc, ¢ = 0, 383, Ko =13, 3uf,
Pp = 13.8mb, n=11.0 “ 9, * 1,81 gme/ee, p_ = 2,60 gmajec, ¢+ 0,304, K+ 0,248 u*,

TABLE B-34,

A NO. 14 SIEVE)*

CAPILLARY PRESSURE - PERMEABILITY DATA FOR
VALENTINE LOAMY SAND (DISTURBED SAMPLE
TAKEN AT 12-INCH DEPTH AND PASSED THROUGH

pb 58,3 mb, n=16.4

TABLE B-37,

CAPILLARY PRESSURE - PERMEABILITY DATA FOR
A SEMI-CONSOLIDATED SAND (DISTURBED SAMPLE,
PASSED THROUGH A NO. 14 SIEVE)®

Temp. ulpgx 10  AH qx10* K K. P

Tsmp. wipgx 10% e_l-l_ qx 10? 1.4 K P [ o cm-sec AL cm/sec fras mch
(+ cm-sec L em/sec ut g b

25.0 1,945 0.97 0. 370 7.44 1.00 6.5
25.0 1,845 0.8698 0. 454 8.85% 0.823 1.5 25.0 1,045 0.97 0. 369 7. 42 1.00 10.9
24,8 1.852 0,835 0. 458 9,88 1,000 4.7 28,0 1. 045 0.83 a, 349 7.27 0,08 17. 6
28.0 1. 945 0. 940 0,462 8,67 0,868 8.1 T 280 1. D45 0.88 0, 329 6, 51 0.87 20,1
25,8 1,017 0,858 0,473 8. 46 0. 086 14,3 28,0 1. 045 0.87 0,226 5.07 0.68 20,86
25. 8 1,917 0. 887 a. 3a8 7.51 0.783 17.7 25.0 1,945 0.85 0,168 3. 84 0.52 21.8
26.0 1,810 1,032 0. 194 3.58 0,374 19. 8 25.0 1. 0645 0.75 0. 0759 1.97 0.26 24.4
25.0 1. 845 0. 583 0, 0284 0. 56t 0, 0585 22.8 25,0 1.945 0.95 0, 0220 0. 450 0.060 27.6
5.0 1. 845 1.040 0.0106 0. 168 0. 0207 24. 4
25.5 1,927 1.082 0. 00241 0. 0428 0. 00447 26.9
25.1 1. 841 1.085 0.000421 0.00754 0,000786 30.1

=19.9mb, n= 8.2

* P, = 1.59 gmsfee, p. = 2.63 gms/ee, ¢ = 0.396, K = 9.594%,

Py " 19.0mb, n= 15,6

Py

TABLE B-38. CAPILLARY PRESSURE - PERMEABILITY DATA FOR
SEMI-CONSOLIDATED SAND (DISTURBED SAMFLE
PASSED THROUGH A NO. 35 SIEVE)*

Tgmp. wlegx 10° AH qx 10% K K P
al:: cm-sec ar cm/sec u? 4 b
25,0 1,945 0,99 0. 450 A, 82 0. 96 8.0
25,0 1. 045 0,98 0,470 8.2 1.00 16,5
25.0 1. 045 1.00 0, 337 6,55 0,71 20,9
25,0 1. 945 £;:07 0.138 2.51 0,27 22.8
25.0 1. 945 0.08 0, 0428 0. 840 0. 001 24.7
25.0 1. 945 1.00 0. 00718 0.138 0,015 28.1
25.0 1. 945 1.10 0, 002114 0. 0372 0. 0040 33.0

LN 1.18 gms/ec, By " 2.60 gmejce, ¢ = 0.543, IC° w 9,21 ut,
P, * 20.3mb, n=11.4

38

e oy . 1.20 gms/fcc, P = 2,60 gms fec, ¢ = 0.305, K_ = 7,44 4%,



APHENDIN ¢

Capillary Prossure «Dvsaturation Dols

TABLE C-t, CAPILLARY PRESSURE - DESATURATION DATA FOR

TOUCHET SILT LOAM (GE 5)°

Pe 5 h‘l
mb
14 . 000 L. 0ne
15.0 0, 890 0,
36.9 0,893 0,9
59.8 0,878 0,971
71.0 0.964 0, 954
82,1 0.877 0,842
#i.0 0,731 0. 655
104, 1 0,638 0.537
120.8 0,645 0,417
142. 0 0,472 0.324
160, 1 0,429 0. 268
181. 6 0, 397 0,227
202,2 0, 366 0,187
240, 3 0, 322 013
276. 6 0, 308 0,113
307, 9 0,287 0, 0856

‘pb = 1.48 gmsfce, p_* 2.60 gmsfec, ¢ = 0.430, 5 = 0.22,

phurz.a mb, A= 1,67

TABLE C-2. CAPILLARY PRESSURE - DESATURATION DATA FOR
TOUCHET SILT LOAM (GE3)*

mb *
6.4 1,000 1. 000
17.1 1. 000 L. 000
3.4 0. 954 0,883
49 3 0,986 0.982
62.6 0.835 0. 917
.3 0. 824 0.774
81,4 0.711 0.630
4.3 0.605 0,493
104.1 0.556 0,434
116.4 0. 500 0. 366
131.8 0,462 0. 310
1491 0.428 0.267
166.7 0, 388 0.217
201, 7 0. 346 0.162
236.2 0,324 0,134
271.0 0. 300 0,103

“p, = 1.40 gms/co, p, = 2.60 gms/ee, ¢ = 0.483, 5 _« 0.22,

b
Py = 50,2 mbh, A= 1,47

TABLE C-3,

CAPILLARY PRESSURE - DESATURATION DATA FOR

TOUCHET SILT LOAM (GE3)*

TABLE -4

Ah. 0 mby A

1,24

P -1 s

llllli .
hB 1,000 1. 000
16,5 0,998 0, 888
.8 0.982 0.978
1.6 0.878 0.974
a4 0.946 0.934
Sl 2 0,754 0. 745
LS 0.724 0. 660
T, 2 0.601 0.507
i, & 0.516 0. 402
ERN TR 0. 446 0. 317
ta 0,402 0.262
10 N 0,372 0.225
1,7 0, 348 0.19%
AN | 0,308 0. 146
24n 0,250 0.124
P T 0,281 0.112

3 ", 1,40 pmig e, P® 4,60 gmsfce, ¢ = 0,483, Sr = 0,18,

CAPLLLARY PRESSURE - DESATURATION DATA

COLUMBIA SANDY LOAM®*

FOR

Pe 5 s
b L]
4.6 1. 000 1.000
.8 0,997 0. 986
1.5 0. 997 0,996
16,8 0, 995 0,695
25.6 0, 888 0, BBS
W 0,980 0. 981
.6 0,984 o 87y
42.0 0,983 0. 078
45. 86 0,876 0. 868
49,8 0, BEG 0,887
54.4 0, 957 0, 944
58.2 0,815 0. 891
62.0 0, 864 0. 827
0.9 0,724 0. 646
78,1 0, 640 O, 538
90,2 0.552 0, 426

-
Py
Py

= .44 gmg,‘ec, p. = 2,66 gmsfec, ¢ = 0,434, Sr= 0.2z, 3
« B5, 6 mb, A v 1,76

TABLE C-5. CAPILLARY PRESSURE - DESATURATION DATA FOR

COLUMBIA SANDY 1L.OAM®

P, S 8,

o '
6.7 1. oo 1.000
12.4 0, 8RB 0,997
15.8 0. 900 0. 087
24.0 0.978 0.872
e 0,975 0.966
3.1 0. 970 0, 962
35.4 0. 068 0,850
39,8 0. 855 0. 842
438 0.916 0. R92
36.6 0.873 0.837
50.5 0. 808 0. 754
57.6 0, 702 0,618
65.6 0. 608 0.497
76.1 0.524 0. ae
B3. 1 0,471 0.322
25,2 0. 427 0, 266
102, 4 0,407 0. 240
116.2 0,374 0187
127.1 0. 350 0,167
137.8 0. 335 0, 148
152.% 0,316 0,123
167.2 0, 302 0,105

b
P 42,40 th, A= 1,083

39

Tpow 1.4 gus/ee, £ L, B0 gme oo, & ¢ 0406, Sr = 0,22,



TABLE C-6, CAPILLARY PRESSURE - DESATURATION DATA FOR TABLE C-9. CAPILLARY PRESSURE - DESATURATION DATA FOR

COLUMBIA SANDY LOAM" AN UNCONSOLIDATED SAND*
P 5 8, P 5 5
S i3 .
2.8 1. 000 1, 000 5.1 0. 451 0,946
6.4 0,809 0, uny 5.4 0, 541 : 0.487
13,8 0, 887 0. b4 7.0 0, 402 0. 345
Z1. 0 0,998 i, hns B. L 0,252 0,178
Z8.1 0, 985 11, g a9, 2 i, 180 0,101
32,4 0, 881 0. 4R 11.3 0. 135 0.0519
39,1 0,853 0,811 38 0. 109 0.0230
43.0 0, 775 0,712 17,3 0, 0940 0, 00658
44.8 a, 734 U, 854
46. 3 0. 708 . B26
#9.6 0,657 0,561 po- 1.0 gmsfee, p. - 2,71 gmsfee, ¢ = 0. 435, Sr = 0, 088,
52,9 0.608 0. 447 SR S
57.9 0,562 0.438 BNty '
64, 7 0.508 0,350
70,1 0, 480 0,33
85.6 0. 410 0,243
103, 1 0. 359 0179
120, 3 0, 328 0.139
131.2 0,318 0.126
143.0 0,303 0. 108
153, 4 0,204 0. 08ag0
167, 7 d.280 i, 0THS
* Py = 1.28 gmsfec, ps = 2,68 gmsfee, ¢ = 0.518, Sr = 0,22,
P * 34,1 mb, A= 1,57
TABLE C-7. CAPILLARY PRESSURE - DESATURATION DATA FOR TABLE C-10. CAPILLARY PRESSURE - DESATURATION DATA FOR
COLUMBIA SANDY LOAM* AN UNCONSOLIDATED SAND*
P s 5 P 5 s
mcb ¢ r:b ®.
4.6 1,000 1. 4.1 0. 855 0,851
11,6 0, 8ay 0. 5.5 0. 804 ' 0,884
18.8 0, 985 0, 6.1 0. 829 0.813
29, 2 0,835 0. 6.6 0. 588 0,550
2.5 0,875 a. 7.3 0, 364 0,337
6.8 0,763 i, 8.0 0,203 0,228
+1.9 0,657 Q, 8.0 0.220 0,145
49,8 0.548 0.4 11.5 D130 0, 0472
fil, 0 0, 455 Q, 15.0 0,102 Q. 9160
76,0 0, 384 0,
94.2 0, 328 0,
119, 3 0.284 {196 = |:1h = 1.52 gms fec, Py = 2.71 gmsfce, &= 0.438, Sr = O, 087,
Py © 5,7mb, A * 4,31
* P 1,22 gmafce, p = 2.86 gmafee, 4= 0,544, § = 0,49,
Py ® 28,2 mb, A= 1,52
TABLE C-8. CAPILLARY PRESSURE - DESATURATION DATA FOR TABLE C-11. CAPILLARY PRESSURE - DESATURATION DATA FOR
AN UNCONSOLIDATED SAND* AN UNCONSOLIDATED SAND*
P g 5 [} 5 s
b . ::b »
3.4 0,569 0. 966 5.2 0,781 0,760
3.1 0,802 0,862 6.2 0. 438 0,385
5.7 0,843 0,828 8.8 0,336 0.273
6.2 0,729 0,703 8.0 0,196 0.121
6.8 0.514 0, 466 8.8 0. 140 0. 05686
T.4 0, 353 0. 288 12,2 0.108 0. 0256
8.7 0,235 0,160 15,1 0, 0843 ©, 00808
12.0 0,126 0. 0380
15.3 0,102 0.0132
%
= 1,50 ’ w2, , 6= 0, 3 = 0,
Py 50 gms fee Py 71 gms fec, ¢ = 0,445 sr 0, 086,
.pb= 1. 56 gms/ee, ps= 2. 71 gms fec, ¢ = 0,424, Sr_= a, 090, phi‘l.me_ A =416
=5, 7mb, A 4,38 40

Py
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Abstract: Some of the problems associated with satis{ying the scaling criteria of
the Brooks-Corey modeling theory for partially saturated porous media are
examined critically. The effect of the porosity of digturbed media on the hydraulic
properties which are significant in the modeling theory is determined experimen-
tally by varying porosity. The results indicate that the pore-size distribution index
is changed only slightly over a wide range of porosities but permeability and bub-
bling pressure may be changed several fold over the same range. Evidently,
bubbling pressure and permeability may be adjusted to suit the size of the model
by changing the porosity without appreciably changing the pore-size distribution,

A functional relationship among the hydraulic properties which are significant in
the modeling thoery is developed, beginning with the fundamental equations used in
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