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The dissertation describes a nodif ted apparatus, testing and analytical
technique for obtaining the re lat+onshtps between the coefficients of
hydrau 1i c conduct; <Ii ty > capill ary pressure and water content of unsaturated
soils. The apparatus and analytical t~chnique employed in the investigation
are aimed at reducing the time durat+on, and improving the accuracy of
testing.

The apparatus used has been based on the design of "The Control Outflow
Method", with somemodifications. Thfamodified analytical technique, based on
the analysis originally developed by W.R. Gardner, is presented with the
accompanying developed computer software.

A number of different soils types are tested and the relationships between
coefficients of hydraulic conductivity, cap+Tlary pressures and water- content
are determined. An analysis of various curve fitting models used for
descri bt ng the moisture retenti on lAndcoeffi ci ants of hydrau H c ccnduct ivi ty
curves using t~e test data ;s also conducted.
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CHAPTER 1

OUTLINE OF DISSERTATION

1.1 INTRODUCTION

Soi 1 i5 a mater; a1 consist i ng of weathered rock ~ air and water formi ng a three
phase system. As the ratio of water and ail' present in the soil fluctuates
with changing environmental conditions so the soil's behaviour chanqes , It is
therefore of great inportance to p.ngineers to first ly, understand what affect
certa in changes have on the 50; 11s behavi our, and secondl y to predi ct or
determine how the soil will respond to these changes and loading conditions.

One of the soil's prcpet-t ies which is highly senvi tive to any change in the
.1ater\air ratio is tk coefficient of hydr~w'lie conductivity. The coefficient
of hydraulic conduc.tivity is a "constant" which tndtcates the rate or velocity
at which a specific fluid flows through a soil. The coefficient is dependent
on a number of soil parameters besides th~ watar\air ratio, namely: size of
soi1 grains, properties of the pore flJuid, void ratio, the. shape and
arrangement of the soil grains.

A very wide spectrum of geotechn'ica~ problems require the coefficient of
hydraulic conductivity as part of the~ir solution. Amongthe problems where the
coefficient may play quite a prominent role is in:

(1) quantity of leakagl~ through and under dans

(2) rate of consolidation and related settlements

(3) infiltration into de-watering of deep excavations

(4) stability of slopes, embankments, and hydrostatic uplift
evaluation

(5) seepaoe velocity through the soi1 which may create
erosion.
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(6) movement of contaminants through the sub surface

One of the issues receiving much attention in recent years is the environment
and in particular what impact certain engineering projects have on it. It is
in this area that the coefficient of hydraul ic conductivity has a vital role
to play.

Increasing pressure is being placed on engineers to be able to calculate and
predict the movement, rate and concentration at which water and pollutants
enter the soil and l'later---table. The migration of pollutants via the soi 1 water
is particularly applicable to waste dU1l1P:Sand Iendff l ls , The migration of rain
l,'later into the soil and water-tab',e is important to hydrologists, who
determine how ground water should be "It; lized so as not to deplete the
reserves, as we11 as in agri cu1tur , ~;/here water management measures are
employed. 1:1 all the above mentioned areas the computer models used for
forecasting the migration of water and pollutants require the relationships
that ex+st; between the coefficients of hydraulic conductivity, capiilary
pressures and water cOt1t~nt as part of their input data.

,
~ The coefficient of hydraulic ~onductivity for saturated soils is regarded as

a constant and can be determine fairly oasily, us inq relatively
unsophisticated equipment and in a short period of time. The problem in using
the IIsaturated" coeffi ct ~ijtc: '.l au1ic conduct; vi ty 1n geotechni ca1 prob 1elms
is that the situation of , '> 1 being completely saturated is hardly ever
encountered. It is there . " IJr mote appropri ate to use a coeffi ci ent of
hydraulic conductivity which is mt)t'eclosely related to actual soi l conditions
encountered in geotechnical problems - namely the ilunsaturated" coefficients
of hydraulic conductivity_

i (

There are however a numbel~of practica1 problems associated with determining
the "unsaturated" coefficients of hydraulic conductivity of a soi 1. The
coefficient is no longer a constant but becomes a function of the water
content or cap; nary pressures of the soi 1. The equipment required to
determi ne these re 1at; onshi ps are very sophi sti cated and the durati on of
testing is time consuming, which makes it costly. In addition to the above
mentioned problems, the equipment and techniques used to measure the various

, J
I,
I,

~
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so; 1 vari ab'las are not always suffi ci ent ly accurate, 1eadi ng to dub;ous
results.

The research project therefore concentrated on addres s; \'1g the problem of
improving the accuracy with which the various soil variabies maybe monitored,
reducing the time duration of testing, and improving the analytical technique
-used in determining the "unsaturated" coefflci ents of permeability.

1.2 PROBLEM STATEMENT

The problem encountered with most testing procedures involved in determining
the "unsaturated" coefficients of hydY',,::.lic conductivity a, e listed below:

{1} The time duration of the test, which may vary from a couple Jf days to
a few weeks or months depending on be sni 1 type and tes:ting t~chl'i:.;;;.;e
used. - Bear' (1972) p. 455.

(2) The accuracy ~lithwhich certain soil variables are monitored is
unsatisfactory ego a measuring cy'inder or burette and a stop watch to
monitor very small flow rates.

(3) The type of technique used to determine when capi llary
equilibrium is established in the soil sample is not always
accurate, for ego establishing equilibrium by monitoring outflow
at a fixed applied pressure appears to be s lower and less
accurate when compared to monitoring capillary pressures at a
fixed saturation - Lorentz et al (1992).

There are also certain problems associated with the analytical techniques used
to calculate the coefficients of hydraulic conductivity:

(1) In most analytical techniques the ultimate outflow obtained from
applying a certain capt nz:1ry pressure to the! sample is required. This
makes the testing procedure extrenely time consuming and in some cases
may result in inaccurate data due to factors such as evaporation losses
from the system, temperature affects, leaks and in extreme cases the
breakdown of membranes or equipment resulting in no data at all.

3



(2) The technique of using the ueye ball'! approach, of superimposing
experimental outflow graphs onto a "family" of theoretical graphs
and obtaining certain required values is not accurate.

Finally there are a number of models which can be used to fit the exper inental
data, describing the moisture retention curve and the coefficients of
hydrau 1ic conduct; vity. ~lhich model best fits the experimental data is not
always very clear.

The objectives of the research project are therefore:

(1) To reduce the duration of the test to a few days or a couple of weeks
depending on the soil type being tested.

(2) To improve the accuracy with whi ch the various 5,0; 1 parameters are
monitored.

(3) To convert the analytical technique used from an lIeye ball" graphica1
approach to a computer based selection process.

(4) To determine which models best describe the experimental data, and what
the advantages and disadvantages of the various models a.re.

J.3 OUTLINE OF SUBSEQUENT CHAPTERS

(

Chapter 2 provides a brief literature survey of existing testing and
analytical techniques for determining the coefficients of hydraulic
conductivity and moisture retention curves of soils.
Chapter 3 describes the testing apparatus used in the research project and the
equipment it comprises of.
Chapter 4 details the manner in which the various equipment was calibrated.
Chapter 5 explains the testing procedure followed to obtain the moisture
retention and hydraulic conductivity dmta.
Chapter 6 deals with the analytical technique used to determine the
coefficients of hydraulic conductivity. It also details the modifications
which have been introduced to the analytical technique by the author.

4



Chapter 7 bri efly deser-t bes the computer progr'ammeswhich have been developed
for ana Iys l n9 the test data.
Chapter 8 describes the.selection process which was used to fin\la suitable
mathematical nodel for clescribing the moisture retention and coefficients of
hydraulic conductivity curves of the soil samples tested.
Chapte¥' 9 detat ls the procedures followed in prccesstnq the test data to
obtain the Tno'isture retention and coefficients of hydraulic conductivity
curveS.
Chapter 10 provides the soil parameters and properties used to describe and
classffy the sot Is used in the research P¥'oject.
Chapter 11 presents the results obtained from the tests conducted including
the mofsture retention and hydraulic conducttvi ty curves for the tested soils.
It also contains results on the curve fitting analysis performed, in which the
van Genm::hten model was fitted to the experimentally obtained moisture
retent.ion curves and the calculated coefficients or hydraulic conductivity of
the tested soils.
Chapter 12 1ists the conclusions drawtn from th() research project and
reCommendations for improving the testing apparatus and analytical technique
used to determi ne the coeff't ci ants of hyprau 1j c 'Conduct;vi :ty,. It 'ciS{)
highl~hts problem areas encountered in tIle· research project-..wtr-i.ch~
furth~ inVestigation.

(

l
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CHAPTER 2

~w OLLABJ)J~ATORY TECHNIQUES pSEQ.J:!Q, DETERMINE THE COEFFICU;NTS OF
HYDRAULIC CQ.NOUCTIVITY AND CAPILJARY PRESSURES OF SOILS.

G. 1 INTRODUCTION

The following chapter serves as a brief overview of the different laboratory
techniques available for determining the coefficients of hydraulic
conductivity and capillary pressures of a soil, as well as the relationship
that ex; st between these parameters and water content. The chapter ;s not
written with the intention of describing all the techniques available, but to
highlight those methods which are most commonly used.

The chapter is divided into three section~:

Section 2.2 : describes methods used for obtaining the "saturated"
coefficient of hydraulic conductivity.

Section 2.3 describes methods used to determine the moisture retention
relationship, (water content - capillary pressure curve), -
of a soil sample.

Section 2.4 deals with the methods used to obtain the "unsaturated"
coefficients of hydraulic conductivity.

2.2 LABORATORY TECHNIQUES USED TO DETERMINE THE SATURATED COEFFICIENTS OF
HYDRAULIC CONDUCTIVITY

2.?1 Constant Head Test

The test is suitable for soils of relatively high permeability ego sands.

(

l
A constant head of water is applied to the saturated soil sample, housed in
a cylindrical container. Water flowing out at the opposite end of the sample
is collected into a measuring cylinder over a monitored time period.
Using Darcy+s Law, the coeff icient of hydraulic conductivity is determined as

6



follows
QLk ---
hAt

2. 1

where
Q ::; total volume of water collected during time i; (en')
t ::;time period over which water is collected (sec)
h ::;constant head applied to sample {em)
A ::;cross-sectional area of sample (cml)
L = length of the sample in direction of water flow (cm)
k ::coeff iciant of hydraulic conductivity (em/s)

Refer to figure 2.1

Figure 2.1 Constant Head Permeameter

Cerniea (1982) p. 98 IIGeotechnical Engineering"
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2.2.2 FaLling_~ead Test

The test. 15 more appropr-iate for soils of lower permeability ie. fine grained
soils.

A stand-pipe is attached to the top of the sample, housed in a cylindrical
conta+ner , The water in the stand-pipe is allowed to flow through the sample,
and its level and t1me is recorded at a minimum of two points along the
stand-ripe, although three points are suggested.

Equatiol'J:

2.2

whera
ho
h

lO:: water at \, ;;~, ,7.cm}
= water head at (11;"i ~

h, = water head at tilll'a t, {Ml}

to = time at start of test ~$ec}
t = intermediate time (sec)
tf = time at end of test (sec)
A = cross~sectional area of sample (cm2)
L = length of the sample in di"'ection of water flow (cm)
a = cross-sectional area of stand-pipe (cm2

)

Refer trl, figure 2.2

e

C
jl

l
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Figure 2.2 Fall ing Head f .eaaeter

Cernica (1982) p. 99 IIGeotechnical Engineering"

2.,.3 Consolidation Test

The test is performed on a saturated soil sample submerged in water at all
times. The sample lies in a metal ring between two porous plates. A load is
applied to the sample, via a lever' arm, and its compression is monitored. The
load is doubled every 24 hours until the test is com~leted. For each load
increment the sample deformation and corresponding time is plotted on semi-
logarithmic paper, from which the consolidati,on coefficient is determined.

{~
I c

1

Consolidation Equation:

2.3.1

9



2.3.2

where
T... = time factor
C... = coefficient of consolidation (cm2/s)
H = length of average drainage path (em)
t = time {sec}

where
k = coefficient of hydraulic conductivity (em/s)

n, =, volume coefficient of compressibility (cms2/g)

Aemv - ---AP(1+e)
2.3.3

where
Ae = change of void rate for incremental loading

AP = incremental pressure applied (g/cms2
)

e = ir.itial void ratio

Refer to figures 2.3 & 2.4

(
" C
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Figure 2.3 Fixed Ring Oedometer

Ring

level

Figure 2.4 Floating Riny Oedometer

(~
I
> c

Cernica (1982) p. 216 "Geotechnical EngineeringJl
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2.3 LABORATORY TECHNIOUES USED TO DETERMINE THE MOISTURE RETENTION
RELATIONSHIP OF SOILS

Although there are numerous techniques and apparatus developed for obtaining
the moisture retention relationship, many are just modified variations of
certain basic methods. The various techniques can be classified into two main
categories:

(1) Displacement\Unstea~y Flow Method

"hese techniques are based on establishing successive states of hydrostatic
equilibrium.

{2) Oynamic\Steady Flow Method :

These techniques are based on establishing successive states of steady flow
of wetting and non-wetting fluids.

2.3.1 Oisplacemgpt Techniques

2.3.1.1 Porous Plate\Suction Plate\Pressure Plate Method

The technique is based on measuring the amount of wetting fluid displaced from
a semple at different applied capillary pressures.

A so t l samp le saturated with wetting fluid (water) is placed into a pressure
chamber containing only non-wetting flUid (air). The sample rests on a porous
disc which is also saturated with wetting fluid. The disc is manufactured so
as to be only permeab1e to the wetting fluid, up to a certain pressure, after
which non-wetting fluid penetrates into the disc.

(

The pressure of the non-wetting fluid is incl'eased, or a suction is applied
below the porous disc, resulting in a certain amount of wetting fluid draining
out of the sample, which is collected in a measuring cylinder. Once the flow
of wetting fluid ceaSes for a particular applied pressure~ equilibrium is
achieved. The pressure of the non-wetting and wetting fluids is then measured
to determine the capillary pressure. The non-wetting fluid pressure or suction

12



is then increased and the process is repeated.

Once the sample is fully saturated by non-wetting fluid, or no more wetting
fluid can be drained out of the sanp le for any significant increase in
pressure or suction, the test is terminated. I=romthe measured amounts of
wetting fluid drained out at each pressure or suction increment, the
corresponding saturation of the sample can be determined •. Plotting the
correspond; ng saturations and cap; Tlary pressures of the sample, produces the
mo·jsture retention curve.

Amajor disadvantage of this method is the time required to run the test, due
to the decreasing pressure difference that results in f low as equilibrium is
reached. The time required to obtain the entire moisture retention curve
varies from 1 week to a month or more, dependlng on the type of soil tested -
Bear (1972) p. 455, and Lorentz et al (1992).

With minor modifi cati ons to the apparatus the test can be performed for a
sample initially saturated by non-wetting fluid and gradually saturated with
wetting fluid.

Refer to figure 2.5 for an illustration of a typical Pressure Plate Apparatus.

!lIf l~ .. , ~
~-V ' I :==.:.:--.

I I

~I
i
i

rt"'~ajer . ;
i

(yw)
t ~
+ .
h ',2,

Mercury-
~;

i
(Ym) ~

-"...J1118 :
Three way:.) z::o
stopcock ! L

Figure 2.5 Pressure Plate Apparatus

Bear (1972) p. 478 "Dynamics of fluids in porous medial!
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2.3.1.2 Centrifuge Method

This is an indirect method of obtaining the moisture retention relationship
of a sample.

II

A sample saturated with wetting fluid is placed in a centrifuge and subjected
to rotations at various constant angu1ar velocities. Due to the rotationJ the
fluids in the sample are subjected to centrifugal forces which produce a
pressure gradient directed outwards from the axis of rotation. This causes
wetting fluid to drain out of the outer radius of the sample, and non-wetting
fluid to enter from the inner radius.

The drained wetting fluid is collected into a measuring cylinder for
determining the scr.turationof the sample. Once drainage ceases for a certain
angular velocity, equilibrium is established. The angular velocity is then
increased and the process is repeated until the sample is completely saturated
by the non~wetting fluid.

The total volume of wetting fluid collected at each angular velocity is used
to determi ne the saturati on of the sample. The correspond; ng capi1l ary
pressure is determined by the following equation:

2.4

where
Pc = capillary pressure (g/cms~)

= density difference of fluids (g/cm3
)

:;angular rate of t-otat ion (rad/s)

ra :;outer radius of rotation of sample (em)

:; inner radius of rotation of sample (em)

14



An advantage of thi s nethoo is the time requi red to run the enti re test ranges
from a few hours to a few days - Bear (1972) p. 456. Availability and cost
are, however, a major disadvantage.

2.3.1.3 Controlled Outflow Method

This method has recently been developed, and offers a numbe.r of advantages
over extst inq methods. Figure 2.6 illustrates the arr-anqenent of the
apparatus.

\)

Air supply

Air cressure
regulator

. \

Water Manomerer
Mercury Manometer
Pressure gauge

Figure 2.6

O-rings

Cemmfc plate
outer 7 mm and
sides epoxy coated

\ ACE GLASS no. 7
~ nylon and glass

connector
2 mm bore

vacuum
stop-cock .--_-l:I!..M::::!:::::::;-' - Brass tube

D--
~ Differential

trans u ar

Control Outflow Apparatus

Lorentz et a1 (1992) - Draft
<:

l
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The main components are a base, a retaining ring, an inner ring that houses
the sample, the cap and the outflow burette and T-piece. Additional itoms for
the system consi st of a differential null transducer to measure the difference
in pressure of air and water, and tubing.

A ceramic plate is clamped between the a-rings in the base and the retaining
ring. The sides and outer edges of the plate are covered in epoxy to form an
impervious surface. The cap clamps the inner ring to the retenticm ring and
seals the compartment in which the sample rests on the ceramic p'late,

The sample initio.;llysaturated by wetting fluid lies on the ceramic plate. The
space below the ceramic plate and tubes leading to the burette and "wet port"
of the pressure transducer are fi lIed with \<lettingfluid. The "dry por-t" of
the transducer and the inlet to the cell are connected to the non-wetting
fluid pressure source.

i)

Testing commences by increasing the non-wetting fluid pressure in the cell.
Wetting fluid is allowed to drain out of the sample and into the burette, so
as to determine the degree of saturat-ion of the sample. After a predetermined
amount of wetting fluid has drained from the sample, the outlet port leading
to the burette is closed. The capillary pressure within the sample is then -
monitored, via the transducer, until it stab; lizes , At this point equilibrium
is established in the sample for that particular saturat+on.

Additional p0ints on the moisture retention curve are obtained by increasing
the r;Qn-wetting fluid pressure and reducing the saturation of the sample.

The wetting cycle of the sample (starting with a dry sample and ending with
a wet one) can also be obtained without m(Jdifying the S;Jparatus.

c

As a result of monitoring the capillary pressure of thp sample at a fixed
saturation, instead of outflow at a fixed applied pressure, the point of
equilibrium is established more rapidly and with greater accuracy. Equilibrium
time vari es from 10 minutes to 36 hOUl~S, - Lorentz et a1 (1992), depend; ng on
the type of material, deqrea of saturation and volume of wett'ing fluid removed
during each loading step.

lE



2.3.2 Dynamic Techniques

The apparatus most commonly used by this approach is based on the Hassler
principie, - Bear (1972) p. 456, and is the saule apparatus used to determine
relative permeability. Figure 2.7 illustrates an apparatus based on Hassler's
principle.

Gas Clutlet

Poreeldin (set'Tlep.er.. icus) dise

Figure 2.7 Hassler Apparatus

Beat' (1972) p, 457 "Dynaaics of fiuids in porous media"

A test sample initially saturated by wetting fluid is placed between two
porous plates permeable to the wetting fluid only. The plates are divided into
an outer ring HAil and inner disc itS".

,(~,
I
J (

I
At the inflow end wetting fluid is introduced through ring "Alland non-wetting
fluid through disc IIB".At the outflow end wetting fluid exits through the
porous plate while the nan-wetting fluid escapes through an outlet part. The
pressures of both fluids and the capillary pressures at 'J5o'th ends of the
sample are monitored.

17



Both flui ds pass through the samp 1e at rates such that the capt 11ary pY"~:'3ure
at both ends of the sample is equal. Once this is achieved) equi librium is
attained and the sample is removed and it!s saturation determined for the
particular capilla~y pressure.

The following methods are mentioned for the sake of completeness.

(1) Gravity Method *
(2) Back Pressure Method *
(3) Field Tensiometer
(4) Rapid Method *
(5) Oedometer Test
(6) Freezing Point Depression Method
(7) Vac~um Desiccator
(8) Sorption Test

The above mentioned methods are not described in detail as, those marked with
a 11*11, are techniques based on one or another of those described previously~
while the remaining tests are not commonly used. The Back Pressure and Rapid
method are modified techniques of the Outflow method, with the aim of reducing
the duration of the test by applying a back pressure on the wetting fluid
after a pre-determined water content is reached ;n the sample. The pressura
required to stop the outflow is recorded and subtracted from the pressure of
the non-wetting fluid to determine the capillary pressure.

(

Other techni ques are more app 1icab 1e for measuri n9 the vapour cap; 11ary
pressures of a sample, which is more common in chemical applications than
geotechnical, ego Sorption and Freezing point depression methods. The Field
Tensiometer Test is more applicable for field testing.

For further information on these techniques refer to Corey et al (1961).
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Most methods are based on solving a one-dimensional continuity equation for
steady ~r unsteady flow.

2,4.1 Steady State Method

~! LABQRATORY TECHNIQUES USED TO DETERMINE THE UNSATURATED
COEFFICIENTS OF HYDRAULIC CONDUCTIVITY

The perm"!ameters used in this approach are based on the Hassler, Hafford and
Dispersed Feed principles. The techniques differ from each other mainly in the
manner in Which the wetting and non..wett;ng fluids are introduced into the
sample, and determining the degree of saturation. The permeameters used are
very simi 1ar to the apparatus descri bed in the sect; on 2.3.2 Dy''lami c
Techniques and illustrated in figure 2.7.

A sample is placed into a plexiglass tube or pressurizing chamber. The wetting
and non-wett.i rIg f'J uids are i ntraduced s;mu1taneous 1y , but through separate
openings , at a certain rati 0) into the samp1e at the infl ow end of the
apparatus. Once the same ratio is established at the outflow end of the
apparatus a steady state (equilibrium) is reached. The time duration to
establish a steady state varies between 2 and 40 hours, d Bear (l972) p, 4.i4f -

according til the method used, the degree of saturation, and permeabi1it~: of
the sample.

The pressures and rate of flow of the two fluids at either end of the sample
is measured, and the degree of saturation determined. By using the following
equation the coeff'tctant of hydraulic conductivity of the sample with regard
to either f1uid can be obtained, for the corresponding saturation:

'(
1 ( k - _gh_ApA

2.5

: (

l
19



where
q = outflow rate (cml/s)

k :::coefficient of hydraulic conductivity (em/s)

Ap = pressure drop of fluid (em)

A = cross-sectional area of sample (cm2)

L = length over which pressure drop measured (em)

The ratio at which the two fluids are introduced into the sample is then
changed, (e1ther gradually increasing or decreasinq the amount of wetting
fluid present in the sample), ar.c the procedure is repeated.

The major disadvantage of this technique is the availability of such apparatus
and the cost. The degree of saturation '1f the ::,ampleis also not easily
determined. The sample has to either be removed after each equil)brium point
is established to determine the degree of saturation, resulting in a re-
'~isturbed sample been tested "\~oreach equilibrium point, or use an altogether
new sample for the next test poi nt. A 1ternati ve ly, expens ive e1ectroni c
equipment can be used to determine the degree of saturation of the sample
during testing •

.2.4.2 Unsteady state Metbod

2.4.2.1 Outflow Method

This technique was originally developed by Richards and then further developed
by Gardner (1956), Miller and Elrick (1958), Ritjema (1959), Kunze and Kirkham
(1962) and Richards (1965).

lhe method is based on measuring the volume of outflow from a sample at a
fixed applied ail' pressure. The sample, initially saturated with wetting
fluid, rests on a porous plate inside a pressure chamber. The non-wetting
fluid pressure in the chamber is increased and the outflow of wetting fluid
is measured a:s a function of time. Once the outflow terminates for a
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The outflow data for each pressure increment is then used to solve the
unsteady, one-dimensional continuity equation. This results in determining the
coefficients of hydraulic conductivity for the corresponding degrees of
saturation of the sample. For details on the apparatus and unsteady state
equations refer to Gatdner (1956)!J Miller and Elrick (1958), Ritjema (1959),
Kunze and Kirkham (1962) and Richards (1965).

particular' applied non-wetting fluid pressure, equilibrium is attained. The
non-wetting fluid pressure is then increased and the process is repeated.
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CHAPTER 3

DESCR1e!ION OF APPARATV~

3.1 SET-UP OF APPARATUS BEFORE START OF RESEARCH PROJECT

The initial apparatus was developed by G. McPhat l , It consisted of a Triaxial
Cell (76 mmdiameter sample), base plate with a ceramic plate, Outflow Gauge~
data logger, 10 volt excitation supply, double burette volume gauge, air-water
cylinder, de-aired water supply and an air preSSljre source. Figure 3.1 shows
the set-up of the apparatus.

_-:.._
(

r---OQ-IO-L-OQ-. .: ~...., "'T
10 Ii excitution I

Air Pressure
G<luqe

IL-----------
1
Ir1

rL_'JO"Ul'~
GOllcW

to woc,te

Figure 3.1
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T Valve

Double Burette

to W03tO

Tubi",)

EJec;\rica
Wiring

Apparatus set-up at start of research
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Electrical
Wirin9

Tubing

3.2 SET-UP OF EXSISTINGAPPARATUS

Figure 3.2 shows a schematic arrangement of the apparatus used. The apparatus
cons; sts of a Tri ax; a1 Cell (76 mmdi ameter samp1el), Screw Control Cyl inder ,
modified base plate with ceramic plate, bubble trap, Outflow Gauge, Volume
Gauge, Differential Pressure Transducer, Data Loggf~r, 10 volt excitation
supply, air-water interface cyl inder , de-aired wabar supply and an air
pressure source.

r---------··------------------------I---·:-::e~-~:r~~------------l
I ..-- ..-"

! (',,',i Air Pre-ssure ')- I
G<1u\1e, I

! I
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8ubbl" Trup

Figure 3.2 Apparatus set-up
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The Triaxial Cell has four valve connections at its base. Two of the valves
lead into the interior of the Cell ~ he~~e from referred to as water-inflow and
air-inflow valves. The remaining two valves lead to the flushing channel of
base plate with the ceramic plate. These two vfllves are ref~rred to as base-
inflow and base outflow valves hereafter.

The base-inflow valve is connected to a Screw Control Cylinder which in turn
is connected to a de-aired water supply source. The base-outflow valve leads
to the wet\pClre water port of the D'ifferential Pressure Transducer and the
bubb 1e trap. An in-I ine ball valve ;s present in the tube connect; ng the base-
outflow valve to the bubble trap. The bubble trap in turn is connected to the
Outflow Gauge \'/hichleads to waste, The air-inflow valve is connected to the
air pressure source~ and to the air cap on the internal side of the cell. The
water-inflow interior valve is connected to the Volume Gauge and a de-aired
water supply source. The Volume Gauge is connected to the air-water interface
cyl indar , l"hich is connected to the air pressure source. The dry\air port of
the Differential Pressure Transducer is connected to the air pressure source.
The Outflow Gauge~ Volume Gauge and Differential Pressure Transducer are
linked to the data logger Sind the 10 volt excitation supply.

3.2.1 Desqription of equipment comprising the appc..l"atus

3.2.1.1 Differential Pressure Transducer

The Diff:erentia1 Pressure Transducer is a low cost transducer nanufactured by
Omega Engineering. Three models are currently available. All three mode1s have
a maximum mode pressure of 60 psi (413,7 kPa). The three models differ (.'l

in the differential pressure range that they can measure, which is 0..5 psi (Oa
34~5 kPa), 0-15 psi (0-103,4 kPa) and 0-30 psi (0-206,8 kPa).

The 0-30 psi transducer was used in the apparatus as it allows for a greater
range of capill ary pressures to be measured. The wet\pore watbr pressure port
of the Differential Pressure Transducer is connected to the base-outflow valve
which leads to the base plate with the ceramic plate and ultimately to the
bottom end of the soil sample. This ~~ables monitoring of the pore water
pressure in the soil sample. The dry\air pressure port of the Differential
Pressure Transducer is connected to the air supply source. In this manner the
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Differenti a 1 Pressure Transducer determi nes the capi 11ary pressure of the soi 1
sample at a fixed saturation. The Differential Pressure Transducer also
indicates when equilibrium is established in the soil sample via the
stabilization of the capillary pressure reading.

3.2.1.2 Outflow Gauge

The Outflow Gauge consists of a Bellow Diaphragm which moves vertically up and
down as water passes through the device. A Linear Variable Displacement
Transducer is attached to the bellows and monitors its vertical movement.

The Outflow Gauge is used to monitor the volume of the water discharged from
a soil sample at a cer-tain applied air pressure. It also enables the
determi nat; on of the flow rate of the water released duri n9 each step interva 1
of the test.

3.2.1.3 Volume Gauge

The Val ume Gauge cons ists of a ho 11ow cyl inder wi th Be 11owfram roll in9 seals
attached to a IIfloatingllfrictionless piston. The Volume Gauge is able to
measure a volume change of up to 25 en', A Linear Variable Displacement _
Transducer is attached externally onto the cylinder and to a leve~ which is
attached to the piston. In this manner the movement of the piston is monitored
and the amount of water entering or leaving the Volume Gauge is determined.

'j(
c

I
1

/

The Volume Gauge inflow por; +s connected to the arr-water interface cylinder.
The outflcw port is connected to the base-inflow valve which leads to the
interior of the Triaxial Cell. The Volume Gauge therefore is able to monitor
the change in volume of the soi l sample during testing, by monitoring the
amount of water passed in or out of the Triaxial Cell, so as to maintain the
applied cell pressure.

3.2.1.4 Modified Base Plate

c,l
The original base plate of the Triaxial Cell was modified so as to allow for
the flushing out of trapped air bubbles between the ceramic plate and base
plate during testing. The modification ;s a 3 mm deep and wide "SII shaped
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channel from the base-inflow to the base-outflow hole of the base plate. The
HSIIshaped pattern was selected as it allows for the maximumcoverage of the
surface area of tncl base plate and ceramic pl~ta. The pattern also restrict~
water and air bubbles to move alonq only one path and to one destination.
Refer to figure 3.3

c_. _--.

C _____

(.....___---

Figure 3.3 Modified Base Plate

3.2.1.5 Ceramic Plate

!

~

The porous ceramic plates used in the apparatus , are manufactured by
Soilmoisture Equipment Corporation. The 5 bar ceramic discs that were used
have a bubbling pressure\air entry value greater than 552 kPa, and a saturated
coeffident of hydraulic conductivity of 1.2l*10-7cm/s. - according to the
manufacturers specifications. The dimensions of the disc are as follows:
diameter = 6.668 cm, thickness of'disc = 0.714 em.

3.2.1.6 Data Logger

c

l

The Data Logger used, al lowed for up to 8 channels for monitoring. In the
apparatus set-up that was used only 3 channels were utilized. The ,.t channel
was Hnked to the Dtff'erent ial Pressure Transducer, the 2ndto the Outflow
Gauge and the 3'" to the Vo1umeGauge. The Data Logger was ab1e to manitor any
time interval requtr-ed and to record the data onto paper. The Data Logger al so
displayed the readings of the monitored channels continuously.
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3.2.1.7 Screw Control Cylinder

This device is a standard piece of equipment consisting of a hollow cylinder
containing a plunger attached to a threaded shaft and handle. The Screw
Control Cylinder was connected to a de-aired water supply sOUrce and to the
base-tnf low valve of the Tr-iaxlal Cell.

The Screw Control Cylinder was used for flushing out any air bubbles that may
become trapped during testing between the ceramic plate and base plate.

3.2.1.8 Bubble Trap

The main objective of the bubble trap is to prevent any flushed out air
bubbles from entering the Outflow Gauge. The reason for this precaution is so
as to measure only the amount of water displaced from the soil sample~ thereby
introducing no errors due to gas volume.

An air-release valve is present at the top of the bubble trap to allow trapped
air bubbles to escape at various times during testing.

o

3.2.1.9 Tubing

A 0.635 cm semi-stiff polyurethane tubing was used. Th~ tubing is transparent
to allow for the checkinq of air-bubbles in the system. The tubing is also
sufficiently stiff 50 that it does not expand under the pressures it is
subjected to.
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CHAPTER 4

CAtIBRA1l9~ OF EOUIPMENl

4.1 CALIBRATION OF DIFFERENTIAL PRESSURE TRANSDUCER

The wet\pore water pressure port of the Differential Pressure Transducer was
connected to a tube filled with de-aired water. The dry\air pressure port was
connected to a tube with an in-line ball valve. Both tubes were connected to
a common air pressure source. The Differential Pressure Transducer was linked
to the data logger and the 10 volt excitation supply.

I
\

Starting with a zero common pressure the in-line ball valve on the dry\air
pressure port side was c1osed, ensuring that the pressure on this side of the
Differential Pressure Transducer- was kept at zero. The common air pressure
source was then increased, in increments of 20 kPa, resulting in an increase
in pressure on the wet\pore water pressure port side of the Differential
Pressure Transducer, and in the differential pressure between the two ports.
The corresponding volt reading for each 20 kPa differential pressure increment
was recorded until a maximum differential pressure of 200 kPa was attained.
The common pressure source was then decreased in 20 kPa intervals unti 1 a zero _
differential pressure was re-established. At the zero differential pressure
the in-line ball valve was openeds to ensure that the differential pressure
was zero) afid the corresponding voltage reading was taken.

Thi s procedur-e was repeated three times before the zero differential pressure
was increased by 10 kPa. The calibration procedure was then repeated until a
Zero differential pressure of 210 kPa was reached.

A linear regression curve was then fitted to the corresponding voltage and
differential pressure readings for each zero differential increment. Figure
4.1 shows the linear regression curve determined for the zero differential
pressure of 20 kPa.
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Once the 5101)-.:$ for the ver+ous zero differential pressures wer'e determined,
an average ,....lope value for the entire spectrumof linear regression curves was
calculatcld. This average slope value was used to convert the differential
voltage readings during testing to capillary pressures. Table 4.1 lists the
slope values for the various zero differential pressures as well as the
average slope and the standard deviation.r• C
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'rz~ro Diff'ererrtf al Slope Zero Different 'j a1 Slope
Pres~ure (kPa) Pressure (kPa)

0 3.875398 110 3.852500
10 3.859545 120 3.856136
20 3.860341 130 3.854091
30 3.860682 140 3.857784
41') I 3.859205 150 3.855455
50 3.860455 160 3.853920
60 I 3.858409 170 3.858523
70 3.861818 180 3.854773
80 3.855000 190 3.851250
90 3.86Z:J77 200 3.856477

L 100 3.856250 210 3.855455
- - - -

Average slope
Standard Deviation

:: 3.858066
:: 0.00799

Table 4.1 Slope values determined for the differential pressure transducer

Due to the fact that the corresponding zero voltage readings for the various
zero di fferent ia1 pressures decreased s1ight ly jo 3S the zero di fferent ial
pressure was tncreased, it had to be accounted for. A linear regr.qssion curve
was fitted to the constants determined from the linear' regression curves for
the various zero differential pressures. The slope determined from the
regression was then used to correct th'" ''tero pressure volt reading dUl"ing
testing, based on the dry\air pressure side of the Differential Pressure
Transducer. Figure 4.2 shows the Hnear regression curve determined for the
adjustment to the zero pressure vo'lta-te reading. The equation for zero
pressure adjustment is as follows:

where

ZeIO Pr&ssure - -O.03S7x-4.6S21 4.1

I, c

l
x = applied air pressure (kPa)
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For tile comprehensive data on the calibration of the Differential Pressure
Transducer refer to Appendix 1.
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Figure 4.2 Calibration curve for adjusted zero pressure value

4.2 CALIBR8JION OF VOLUME GAUGE

The inlet port of the Volume Gauge was connected to the Screw control cylinder
which in turn was connected to a de-aired water SOUI'ce. The outlet port leads
to a measuring cylinder. The Linear Variable Differential Transducer which was
attached on the side of the gauge was linked to the data logger and the 10
volt excitation supply source.

c

The Volume Gauge was adjusted to the zero volume position and the
corresponding voltage reading recorded. Water was then pushed into the Volume
Gauge by the Screw control cylinder and the amount of discharge out of the
gauge was co 11ected in the measuri n9 cyl indar. Water was di scharqed out of the
Volume Gauge until a voltage reading of a multiple of a hundred was reached.
The outflow was then stopped and the mass of the water discharged was measured
to three decimal places. The cumulative mass of the water collected at each
interval was converted to a volume using the density of water (1 g = 1 cm3l,
The procedure was then continued until the maximum displacement of the Volume

31

a



Gauge was reached.

The Volume Gauge was then refilled with water from the inlet outlet port so
as to return it to its, zsro displacement position. The entire calibration
procedure was then repeated, for a total of three times.

A plot of the cumulative vo luns discharged versus volt readings indicated that
a non-linear relationship existed between the two variables. Using a least
squares curve fitting program a 4tb order polynomial was fitted (')the data.
Figure 4.3 shows the polynomial fitted to the calibration data.
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Figure 4.3 Calibration curve of Volume Gauge
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The polynomial equation is as follows

where
V = volume discharged (cm3

)

x = volt reading (volts)

For the comprehensive data regarding the calibration of the VolumeGauge refer
to Appendix 1.

4.3 CALIBRATION Of OUTFLO~GAUGE

The in 1et port of the Outflow GauHe was connected to the Screw con+ro1
cylinder which in turn was connected to a de-aired water source. The outlet
port leads to a measuring cylinder. The Linear Variable Differential
Transducer was connected to the Bellows Diaphragm of the Outflow Gaugewhich
was 1inked to the data logger' and the 10 vo1t exc'lt.at ion supp1y•

The Bellows Diaphragm of the Outflow Gauflewas adjusted to its maximum\minimum
position of displacement and the corresponding voltage reading was recorded.
Water was pushed into the Outflow Gauge, with the aid of the Screw control
cylinder, and the discharged water was collected in the measuring cylinder.
After every ten revolutions of the Screw contro1 cylinder handle the water
co11ected in the measuri ng cyl inder was weighed to three decima1 places and
the corresponding voltage reading t."as recorded. the cumulative mass of the
water discharged was then converted to a volume using the density of ';l'latelI'
(1 g = 1 cml). This procedure was repeated until the maximum\rn.;niJllum
displacement of the Outflow Gauge was reached.

The direction of movamentof the Bellows Diaphragm was then reversed and the
ca1ibration procedure was repeated. Thl-.;Outflow Gaugewas calibrated twIce in
both directions of movements of the Bellows Diaphragm.

t
\

'1 <1

il
~~
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A separate linear regress,ion curve was determined for the two directions of
movement of the Be11ows D:i aphragm. The reason for thi s was that the Be11ows
Diaphragm was moving witill or against gravity. This results in a slight
difference in the amount of water discharged out of the Outflow Gauge
depending on the direction of movementof the Diaphragm. The slopes determined
from the linear regression curves were then used to determine the amount of
water discharged from the soil sample during testing- The slopes obtained from
the linear regression were as follows:

(l) Bellows Diaphragm moving from positive to negative volt readings :
0.013218 ml/volt

(2) Bellows Diaphragm moving from negative tu positive volt readings
-0.013150 ml/volt

••

F; gures 4.4 & 4.5 showthe 1inear curves fitted to the calibrat ion data of the
Outflow Gauge.

For the comprehensive data regarding the calibration of the Outflow Gauge
refer to Appendix 1.

NB! It should be noted thai;. although all the equipment was initir~ny
calibrated at the beginning 'of' the research project. they were re-cal ibrated
periodically, although not as thoroughly as init':al1y. In all cases the
changes in the calibration constants wer!:! very small, resulting in
insignificant changes tOI the results. The calibration constants were
therefore not adjust~cl at any time during the research project.
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CALlBf~ATION CURVE FOR OUTFLOW
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Figure 4.4 Calibration curve of Outflow Gauge
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CALIBRATION CURVE FOR OUTFLOW
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CHAPTER 5

TESTING PROCEDURE

5.1 PREPARATIONS BEFORE TESTING COMMENCED

5.1.1 Preparation Of SOil Siilmpl~

Once a sample of the soil to be tested had been obtained, any clods were
broken down. A sufficient amount of so il for the test was placed into a beaker
and submerged wi th de-aired, disti11ed water. The subnerqed samp 1e was placed
into a vacuum chamber for 24 hours with an applied suction of 40 kPa. This
removed most of the air within the sample) allowing a high degree of
saturation to be obtained. Once the de-airing process was completed, any
surface water was carefully drained off.

37

5.1.2 Preparation of Ceramic Plate

The base plate and ceramic plate ~.as first cleaned of any soil or grit from
the previous test. The ceramic plate was then inspected for any defects. If
any were found, the ceramic plate was replaced, otherwise it was reused. The
ceramic plate was fixed onto the base plate with epoxy, along its
circumference. The epoxy used was manufactured by Bostik and was waterproof,
unaffected by pressure and did not shrink. Once the epoxy had set, the base
plate was immersed into a beaker of de-aired, distilled water, and placed into
a vacuum chamber for 24 hours, with an applied suction of 40 kPa.

c

Once the de-airing process was conpleted, the base plate was mounted onto the
Triaxial Cell, and the cell was fi lled with de-aired, disti lled water. Half
of the water in the cell was allowed to drain out~ through the base plate,
under a pr'essure of 200 kPa. This flushed out any ttf present in the flushing
channel or base plate connection passages. The base-outflow valve Was then
closed, isolating the cell from all other equipment, and the cell pressure
was increased to 800 kPa for 24 hours. This allowed any air still present in
the ceramic plate to dissolve into the water be'low the ceramic plate. At
random intervals the base-outflow valve W?\ opened to allow the dissolved air

!, I
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NS! Caution should be taken when draining out the cell, that the pressure used
to force the water out" must be well below the air entry level of the ceramic,
so as to prevent any air form being forced into the saturated ceramic plate.

bubbles to escape out of the cell. After the 24 hour period, the remaining
~'\Iaterand a;r bubb Iss (if any) W(lre flushed out of the ce11.

5. 1.3 Preparatj_on of Latex Membranes

The latex membranes which surround the soil sample during testing were
prepared just before testing commenced. Two membranes were used with a thin
1ayer of vase 1ine app 1ied on the outer surface of the inner membrane. The
double membrane and vaseline layer acted as additional preventative measures
against water diffusing into the soil sample~

5.2 SETTING-UP PROCEDURE

The double Rlembrane was placed around the base plate with two O-Rings around
the membranes and base plate. The O-Rings prevented water from seeping into
the sot 1 5amp 1e from the interface between the membranes and the base plate.
A hollow steel cylinder (6 em high) was slid over the membranes and base
plate, resting on the I)-Rings. Care had to be taken at this stage that the
membranes were not pinched between the hollow cylinder and the base plate or
that the membrane were not twisted by the cylinder. A helpful technique in
making the sliding of the cylinder easier and smoother, was to smear some
vaseline on the inner side of the cylinder.

Wi th the ho11ow cy1inder in pas ition the soi1 saep 1e was placed into the
membranes and tamped carefully until it stood approximately 3-5 mm below the
upper lip of the cylinder.

A circular filter paper was placed on the bottom surface of the air cap to
prevent any fine soil particles from entering into the air way and blocking
it. The air cap was then placed on top of the soil sample with the double
membrane around its circumference. Care had to be taken at this stage to
ensure that the air cap rested firmly and as far as possible evenly over the
soil sample. The air cap also had to be about 3-5 mm within the cylinder so

e
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as to ensu~e thQt it slid further into the hollow cylinder as the soil volume
decreased. Two O-Rings were placed around the double membrane and air cap. The
air cap had two grooves around its circumference into which the membranes were
c1amped fast by the O-Rings. These grooves ensured that the interface between
the air cap and membranes was sealed off and that no water could penetrate
into the soil sample.

The Triaxial Cell was then sealed and filled with deeaired water.

5.2.1 Testing Procedure

A zero voltage reading was taken of the Outflow Gauge~ Differential Pressure
Transducer and Volume Gauge. When taking the zero reading for the Differential
Pressure Transducer~ the base-outflow valve and the in line ball valve to the
bubble trap were kept open, so as to ensure atmospheric pressure below the
pressure plate.

The air pressure source was then increased to the pre-determined level. The
required time interval of recording the outflow of water and volume change of
the sample was entered into the data logger.

Once the required amount of water had drained out of the sample, or outflow
had ceased, the in-line ball valva was closed, isolating the bubble trap arid
Outflow Gauge from the Triaxial Cell. This prevented the release of any
sdd+ttonal water from the soi 1 sample. The capi llary pressure was then
monitored by the Differential Pressure Transducer on an hourly basis, as well
as the volume changes in the sample. The monitoring was continued until the
capillary pressure in the soil sample stabilized.

(
I c
I

Once the capillary pressure reading had stabilized, the in-line ball valve was
re-opened, and the area below the base plate flushed of any air bubbles. Once
this was completed a new zero volt reading was taken of the Outflow Gauge. The
air pressure source was increased and the process was repeated.

i C

l
The testing procedure was repeated until one of the following three conditions
were achieved:
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(1) no more water could be drained out of the sample for any
significant increase in air pressure.

(2) a sufficient amount of data points were obtained for
determining the required CU1~ves.

(3) the air pressure or capillary pressllr~ exceeded the
limitations of the Differential Pressure i~dll~ducer.

5.2.2 Guidelines to running the various soils tests

The follow; ng section deser-t bes the guide 1; nes that were used when perform; ng
the tests.

5.2.2.1 Testing procedure for determining only the moisture retention curve
of a soil

The testing procedure for determining the moisture retention curve of a sample
is the same as is mentioned above in section 5.2.1, with only a few
modifications :

(ll The rate of outflow from the sample did not need to
be monitored - only the total amount of water drained
out at each interval of the test was required.

(2) The ultimate outflow of water corresponding to the
applied air pressure did not need be attained .., ie.
drainage did not have to cease or approach ultimate
outflow before closing the in-line ball valve and
beginning capillary pressure monitoring.

The following guidelines were also used when performing the test:

(1) Pressure increments of the air pressure source:
/
, {]

1
\_

The magnitude of the increments in the air pressure source at each interval
of the test was dependant on two main factors:
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(i) The soil type - If the soil sasp le tested was a clay, the magnitudE!
of the incremental increase of the air pressure
source during testing was larger than for sandy soil
samples.

(ii) The degree of saturation of the soil - The magnitude of the
incremental increase of the
air pressure source,
increased as the degree of
saturati on of the sot 1
sample decreased.

The air pressure should be high enough to allow relatively rapid drainage of
the required volume of water, but not high enough to induce a large water
pressure gradient in the sample. HS a rough guideline the initial increment
in the air pressure source should not be higher than 30 kPa for a clay and 10-
15 kPa for a sand. The magnitl~de of the air pressure source increments for the
proceeding intervals of the test can then be gradually increased.

(2) Determining when to terminate. the outflow from the sa.mp·ie

The decision as to when to close the In-Itne ball valve, so as to begin
moni tori n9 the cap; 11ary pressures of the samp 1e, rests pure 1y on the
operator. The vaive should be closed as soon as possib1e so as to reduce the
duration of the test, but at the same time allowing for a sufficient amount
of water to drain out of the sample, so as to change the degree of saturation
of the sample.

'(
i C
1

, )

'l

A useful guide is to refer' to existing moisture retention curves and to
observe how the capillary pressure changes for a specific change in
saturation. The amount of water initially drained out of the sample should be
of small amounts, which can later be increased as the test progresses.

(J

The number of points required for a particular curve should also be
considered. If a large number of experimental data points are required, so as
to have a relatively accurate representation of t.hecurve~ small amounts of

• 'I'l
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water should be' drai ned out at each ; nterva 1 of the test. The increase in the
air pressure SQu'r:e should then also be of a smaller magnitude.

5.2.2.2 Testing procedure for determining the coefficients of hydraulic
conductivity of a sample

The testing procedure for obtaining the relationship between the coefficients
of hydrau 1ic ';:cl1ductivi ty and suctt on or water co.f tent, is the same as
mentioned above in section 5.2.1, with only a few modifications:

(1) The rate of outflow from the sample needed to be monitored. The
intervals used for monitoring the outflow of water from the
sample were as follows: the first 20 minutes of outflow were
monitored at 1 minute intervals, the following 40 minutes at 20
minute intervals, and the remaining duration of drainage at
hourly intervals.

(2) The ultimate outflow of water corresponding to the applied air
pressure did not neE::dbe attained. Howe.ver, the outflow had to
approach ultimate outflow before the in-line ball valve could be
closed and capillary pressure monitoril'lfJ commenced.

The guideline pertaining to the air pressure tncreaents in section 5.2.2~ 1
also applied here.

I, 5.2.2.3 uetermining when to begin capillary pressure monitoring

(~
j C

Monitori ng of the cap; 11ary pressures could commenceonce one of the fo 11owing
two conditions were met:

(l) Outflow from the sample had ceased after a reasonable time
duration. A reasonable time duration was dependant on two
factors:

(; ) The type of sot 1 tested .. a clay soi 1 requi red a
longer outflow period than a sand for the same
applied air prcs~ure.



(i l ) The magn;tude of the ai r pressure increment - the
greater the magnitude, the longer the outflow period.

(2) Outflow had started to tend towards an ultimate outflow value ....
This was determined by plotting outflow (cm3

) against time
(minutes or hours). Once the outflow curve began to flatten out,
drainage could be stopped, and capf l lery pressure monitoring

t.Jmmenced.

It should also be noted that the total amount of water discharged during each
interval of the test was known, therefore enabling (me to simultaneously
determine the moisture retention curve of the sample.

, \
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j
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CHAPTER 6

METH..QRUSED TO DETERMINE THE COEFFICIENTS OF HYDRAULIC :CQNDUCTIVFI

6.1 TNTRODUCTillt:!

The following chapter describes the development of the analytical technique
used to determine tne unsaturated coefficients of hydraulic conductivity. 1t
includes modifications which the author has introduced to the technique as
well as the assumptions used.

The saturated coefficients of hydraulic conductivity for the various soils
tested were determined using the Constant Head Testt which is described in
section 2..2.1.

The unsaturated coefficient.s of hydraulic conductivity for the various soils
tested (flere ....:;terminedby a modified analytical technique based on a procsdur-
proposed by Richards (1965).

6.2 DEVELOPMENT OF THE TECHNIQUE USE!) 10 DETERMINE THE COEffICIENTS Of.
HYDRAULIC CQNDUCllY,lJ..Y..jN UNSATURATED SOrl~

Numerous graphical"('malytical methods for determining the coefflcterrts of
hydrau 1ic conduct; vi ty of unsaturated soil s have been proposed over the years.
The following section provides a brief overview of sone of these techniques
and the developments that have taken place.

The original method for determining the unsaturatee coefficients of hydraulic
conductivity, from the flow properties of a soi 1, using pressure plate outflow
data, was developed by Gardner (1956). Ga:rdner ·'ade the following assi.lmptions:

(1) The slope (diffus ivtty) of the moisture r-etent ion ctlY'veand the
coeffi ci ent of hydrau 1ic conducti vi ty +s constant fur sma11
pressure or suction increments.

1
!
. (I
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(2) The impedance of the membraneor plate and the contact impedance
is neg11gi b1e te , the res i stance to flow that the plate and
contact surface between the plate and so; 1 provt des ; s very small
compared to that of the soil sample.

, '\

The latter assumption hOlNever,;s not valid in most cases, especially at low
suctions, resulting in the calculated coefficients of hydraulic conductivity
boi ng lower than the true values. .

Miller &. Elrick (1958) improved on Gardner's method by taking the impedance
of the porous stone int.o account. The techni que's drawback however is that the
impedance ~s determi ned exper+ae-rta lly. To quote the authors "••• the miljor
lim,itation of the method resides in the uncertainty of determining the
lmp~ldanceof the porous plate. Unless good contact is established between the
so; 1 and the porous plate or membv'afIe,an unknown impedance lrli 11 exi st ,
possibly of significant magnitude compared to the impedance of the plate. The
value of the impedance of the porous plate itself may also change with time
due to pluggin~ of the larger pores by dirt, bacterial growth, or air bubbles;
perhaps also with changes of tension due to swelling and shrinking or partial
air entry."

Ritjema (1959) extended the technique furthey' by taking the membraneand other
impedanCias into account without experimentally determining them. The total
iJnpedanc~\occurr+nq at the lower boundary of the sample was deternined from
the eXperimental outfiow data for each applied pressure increment.

c

Kunze & Kirkham (1952) also extended Miller & Elrick's method. By taking
extreme care in pJacing the soil sample onto the pressure plate, ensuring that
the entire lower part of the seil sample was completely in contact with the
plate and accurate monitoring during the initial stage of outflow, the total
boundary impedanCE!was accounted for and dio not need to be measured. This
offered two advantages:

{1} Plate impedance need not be measured experimentally.
likewise the contact impedance value is automatically
incorporatsd in the cal cu1at ions of the coeffi ci ants of
hydraulic conductivity_
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(2) The initial outflow period HI a period when diffusivity,
although changing, can be detet1nined in a systematic manner
from the theory. Due to the relatively short time span in
which the outflow of interest occurs, the errors arising
from air bubbles diffusing through thHxplate, temperature
changes, and consequently changes in the plate and contact
impedance are considerably minimal.

The major disadvantage of all of the above mentioned techn~~ues is that they
require the experimental determinat!nn of the total; final or ultimate outflow
(Q.) fay' the particular applied pressure increment. This makes the tests very
time consuming.

Richards (1965) modified Kunze & Kirkham's method so as to estimate Q.. from
the early outflow data and the theoretical outflow curves. The relevant theory
and procedure is described in the following ~aragraphs.

Unsaturated flow ;s described by Darcy's law
dwV - -1<0-dz 6.1

tfJhere
\'I = volumetric flow velocity (cm/s)

d$/dz ::;potential gradient

6 ::;volume of water per unit volume of soil {cm3/cmlj

ke ::; coefficiant of hydrau 11c conduct;vity cIS a funct ion of e (em/s }

Combining Oarcy's law with the law of conservation of mass gives

6.2

; (]

l
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as a ap- .. v (-+1)
at az ''1:). (!z 6.3

"

Consider a sampie of soil hav~ng a volume V, a cross-sect ional area A and a

height 1, which is p1aced in a pressure plate apparatus. Suppose the initial

pressure in the chamber is Pi and the moisture in the soil is in (~quilibrium

....ith the atmospheric air-pressure outside the chamber. At time t = 0 the

pressure in the chamber is increased by a snai l amount AP, the final pressure

being Pf "" Pi + AP. Due to the increment of the pressure, water wi 11 flow out
I
l

t-

I

of the soil sample until equilibrium is attained again. The differential

equation for the one-dimensional vertical flow under discussion is :

In general this equation is non-linear and difficult to solve analytically.

Assuming that between P1 and Pi + AP thl.:~coefficient of hydraulic conductivity

is constant and that there exists a linear relation~hip between P and e in

this range of pressure, provided that the increments of AP are sufficiently

small.

c
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6.4

Now the relation between the soil moisture content and the pressure is given
by :

where
a,b = constants

Neglecting gravity and substituting 6.4 into 6.3 gives

(J

6.5

where
o = k!b

As 110 flow ex; sts across the upper boundary of the sample r the potenti a1
gradient must vanish at this plane, thus

ap _ 0
az z-o 6.6

Assuming that the flow of water through the cross~sectional area at z = 1
equals the flow through the disk at each time, the lower boundary condition
will be :

/,)

ap kpk-+-P ..0
az Ip

z - I 6.7

1

l
= pressure drop through plate (em)
= coefficient of hydraul~c conductivity of plate (cm!s)
= thickness of plate (em)
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By applying all of the above assumptions and conditions the equation
describing the outflow of water from a soil sample at any time t is as
follows :

where
Q.,
Q..
hl
1

D
t
h

6.8

= outf'low at time t (cml)

= ultimate outflow at t = w (cm3
)

= relative impedance of sample to membrane or plate
= length of sample (em)
= solution of, hl = an tan an
= diffusivity (cm%/minute)
= time (ninutes)
= klll1pk (l/cm)

Kunze & Kirkham (1962) plotted the above" '; on for vary; n9 values of IIa II,
impedance factor, (= l/hl), in the form:

Q Dt
log(--t) against log( I%~-)

Q", 12
6.9

resulting in a family of theoretical outflow curves. Refer to figure 6.1
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Figure 6.1 Theoretical outflow curves
Kunze & Kirham (1962)

An overlay of the experimental outflow data is made by plotting it in the
format of:

109(-Ot) against 109(t)
Q.. 6.10

By shiftin~ the experimental outflow curve horizontally until it matches a
theoretical outflow curve, with particular emphasis on the initial stage of
outflow, an estimate I)f "a" and tilt' (real time t corresponding to
dimensinnless reQuced time, (a1

2Dt/12 = 1) can be made. Refer to figure 6.2.

. ()
. lj,
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Figure 6.2 Experimental outflow curve superimposed onto theoreticaloutflow curve
Kunze & Kirkham (1962)

With "a II fJ",dtlU' known. a12 and 0 can be calcu1ated usin9 the fo11owin9
formulas :

where

OR

6.11

a = ratio of impedance of the plate to impedance of the soil (l/hl)

6.12
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The coefficient of hydraulic conductivity can then be determined by the
following equation:

k .. D~ .. DQ...
ap VAP

6.13

where
as = change in volumetric water content {cm1/cm3)

ap = pressure or suction increment {!P} (em)

V = volume of sample (cml)

The modification that Richards (1965) introduced is that the overlay plotted
for the experimental outflow curve is in tb~ format of log(Qt) against log(t).
By shifting the experimental outflow curve hor-izorrtaltyand vertically until
it matches a theoretical outflow curve, "all and tlU' can be determined. As the
family of theoretical outflow curves coalesce at dimensionless reduced time
greater than 2.5, Q. does not have to be experimentally determined. Referring
to figure 6.1, at dimensionless reduced time 2.5 and greater ali the
theoretf cal curves merge into one curve. Qt values need only be measured for
values of t giving part of the coalesced curve. An important point to bear in
mind here is that Qt needs to be monitored for a period of time sufficient to
obtain the "transitional" stage of the outflow curve from a linear to a
"constant" relation. If this "trans+ttonal" period is not obtained tll1'and
thus the coefficient of hydraulic conductivit), cannot be determined.
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6.2. 1 Modi ficat;ons introduced by the author

Using Richard's (1965) approach in conjunction with that of Kunze & Kirkham1s
(1962) the f0110\ilng modifications were introduced by the author:

(1) The theoretical outflow curVe for any value of lIallwas generated by a
computer programme.

(2) The slope of the lmear part (initial stage) of the experimental
outflow curve was determined using a linear regression analysis.

r

r'

(3) The slope obtained from the regression analysis was used in a computer
programme to select the theoretical outflow curve with the same slope,
during the initial stage of outflow. As the slope of the theoretical
outflow curve is uniquely associated with an "allvalue, 'the impedance
factor could be determined, and thus a/a

(4) The overlay of the experimental outflow curve and the corresponding
theoretical curve was done graphically on a computer spreadsheet, so as
to deterntne time taPe A minor modlfication which was made here, was
that the axes used were not log axes (as used by Gardner and Kunze &
Kirkham). Instead the log value of the numbers were plotted on normal
axis • in addition, the discharge (Qt) values were an divided by the
last discharge value, for the considered pressure increment, resulting
in a reduction of the range of the outflow values, ranging from 1 to
zero (or in log values: 0 to minus infinity). The reason for these
minor modifications Were purely for convenience, so as to manage the
overlay of the curves on the sprsadsheet easier.

(S) Once all the required values had been determined or calculated a
computer programme was used to calculate the average coefficient of
hydraulic conductivity for the soil samp1e, for the particular pressure
increment and volumetric water content. The entire monitored outflow
data for the particular pressure :ncrement was used to determine the
average value.

"Z'J1~:'~__"'~'~.~", "~><~7·j($;~i:.~~~~;,\,. .•,t\4f r;k~~-=',~"_~,"--,-··
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6.2.2 Ass~mptions used in the techniQ~

The following assumptions and equations were used to determine the parameters
needed to calculate the coefficients of hydraulic conductivity.

(1) In determining the height and thus also the diameter of the soil sample
during testing, from the change in volume readings of the sample~ the
sample was assumed to behave in an isotropic manner.

(2) The volume and thus the height of the sample which were used in
equat iot , 6.8 & 6.13Q to calculate the coeffici~nt of hydraulic
conductivity, for a par-t+culer pressure increment were determined as
follows:

The volume, height and thus the volum~tric water content of the sample
(indirectly)' as determined at the end of the considered pressure
1nr.:rementwas used. These values were associated with the stable
capillary pressure ~,r.dcoefficient of hydraulic conductivity for the
considered pressure increment.

Although this approach was not entirely correct - a mean value between _
th~ initial and final volume, height and volumetric water content, of
each pressure increment, might be used - it provides a simple and
workable approach.

~2...3 Eguat'ions used to determine the volume Qf the !iampl~ duv:.ingtesting
t Ii

(:::'

I G

As mentioned before, the change in volume of the sample was monitored
throuqhout the test. Using the asscnpt ions mentioned above the f,;-.11owing
equations for determining the volume, height and diameter of the samp)~. ere
developed.
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Referrir.\j '.I figure 6.3
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h-J
__J D1/2 0

Figure 6.3 Change in sample volume

6 ..15

Using the assumption of an isotropic material, and therefore isotropic stra.:rI

AD ~h---D h
6.16
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Substituting equation 6.16 into equation 6'.15 the change in diameter of the
sample can be determined from:

'6.17

In the same manner as above, the change in height of the sample can be
determined from:

where
V

AV

D

AD

h

i.\h

'('
Ie

6.18

= volume of sample (cm3)

= change in vQlume of sample (cm3}

= diameter' of sample (em)

= change in diameter of sample (em)

= height of sample (em)

= change in height of sample (em)

56



CHAPTER 7

COMPUTER PROGRAMME~OEVElOPED AND USED FOR DATA AHALVSIS

7.1 PROGRAMMES DEVELO~EU

The programmes described in this chapter were ~eveloped so as to aid in the
ana1ys i s of the test data t using the anal yt ica1 techn ique and equations
described in chapter 6. ~Iost of the programmes used ~vr analyzing the test
data were developer) using Turbo Pascal Six. The programmes were however run
directly from Dos. Due to the nature of the programmes, the large amount of
numerical generation and manipulation required, a maths co-processor is
strongly rec.ommended.

7 . 1. 1 Programme 1 :_lll phaX.exe

This programme datermines the theoret'ical outflow curve that has the same
slope as the exper laental outflow curve, during the initial stage of outflow.

The programme requires the slope of the experimental out.flow curve and a
numbe}', pertaining to roots as input. The slope of the experimental outflow
curve is detelrmined beforehand. The number of roots pertains to the number of
solutions to equation 6.11. Quoting Kunze & Kirkham (1962) II ••• For large
values of "all (small values of hl) only a few an values are required to make
the right hand side of equation 6.8 converge. For lIall ::: 0.0473 and reduced
dimensionless, time::: 0.001, 34 values of an were needed", During analysis of
test data, 8CI roots were used so as to ensure that convergence was achieved.

The programmE!begins by solving equation 6.11 for "all = 1, and for the number
of solutions specified by the user. The Bisection (or Interval-Halving) method
is used to obtain the roots, which are then stored in a matrix.

G

The programme then solves equation 6.8 for a range of reduced dimensionless
time values. The correspondtnq reduced dimensionless time and QJQ.. values are
logged lto the base 10) and stored i!1 matri cas. The matri ces deser-t be a
theoretical outflow curve. A linear regression analysis is performed on these
matrices values, over a specific range of dimensionless reduced time. The
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range of the dimensionless reduced time values considered for the linear
regression analysis is dependant on the alphaX programme selected - refer to
table 7.1 for details.

II Programme

--
Ultimate slope IIRange of dimensionless reduced time

considered by regression analysis of outflow curve I
AlphaO.exe 0.001 to 0.5 0.93745
Alpha1.exe 0.001 to 0.3 0.96127
Alpha2.exe 0.001 to ,1.0 0.88147---Alpha3.exe 0.01 to 1.0 0.87048..'
Alpha4.exe 0.01 to 0.5 0.92835
Alpha5.exe I 0.01 to 0.3 0.95346
Alpha6.exe 0.1 to 1.0

0.
8208

A1phal '.exe 0.1 to 0.5 0.88468
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Once the slope of the theoretical outflow curve is determined it is compared
to the slope of the experimental outflow curve. By dividing the slope of the
theoretical outflow curve by the experimental one~ the ratio indicates how
close the theoretical and experimental outflow curve slopes are. If the ratio
of the slopes is less than one, the entire procedure is repeated by increasing
the first significant digit of the "a" value by 1 (ie from 1 to 2). Once a
ratio greater than one is obtained for a particular "a" value, the preceding
"a" value'S first significant digit is fixed. The entire procedure is then
repeated from the beginning, but this time determining the second significant
digit of "a". This procedure is repeated until the slope of the theoretical
and experimental outflow curve are identical for the number of significant
digits the experimental outflow slope is requiYed by the user.

The programme displays the fcl1.owing information an the ~creen for each nail
value it considers :

(l) The corre 1at'ion c04ffi cient of the 1inear
regression performed on the theoretical
outflow curve.

(2~ The constant and t.he slope of the line
determined by the linear regression.

(3) The "a'' value for the cons ideved theoretical
outflow curve.

(4) The slopes of the theoretical and experimental
outflow curves, to the same number of
significant digits.

(5 ) The rat i0 of the slopes of the theoret ica1 and
experimental outflow curves.

(J

o

l
(1) The slope of the theoretical outflow curve being cons idered.

A printout of a briefer format ts also provided for each Ita"value considered.
The following information is printed:
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(2) Th~ "a" value of the considered theoretical outflow curve.

(3) The rati 0 of the slopes of the theoreti ca1 and experimental outflow
curves.

7.1.2 Programme 2 ~ Curve.ex~

This progr'amme is a modification of programme 1. The programme determines the
Qt/Q_ values corresponding to reduced dimensionless time values ranging from
0.001 to 3 for a specific lIan value.

The r"-'qramme requires an "all value and a number, pertaining to roots as its
input. The "a" value is determined beforehand by programme 1, and the number
of roots pertains to the numwer of solutions to equation 6.11. The same value
used in programme 1, for the number of roots should also be used here.

The programme solves equation 6.11 for the "all value, and the number of
solutions specified by the user. The Bisection (or Interval~Halving) method
is used to obtain the roots, which are then stored in a matrix.

The programme then solves equation 6.1 for values of reduced dimensionless
time ranging from 0.001 to 3 and stores the corresponding reduced
dtnenstonless time and Qt/Q.. values into separate files. The reduced
dimensionless time values are stored in an existing file named Fugfile.prn and
the correspondt ng QJQ .. va 1ues ina f ile named Outflow. prn. These fi 1as are
imported into a spreedshest at a later stare, to aid in the analysis of test
data.

7.1.3 Programme 3 - Attempt=exe

Thi s programme determi nE~S the unsaturated coeffi cient of hydrau 1ic
conductivity for a particular pressure increment.

The programme rElqu;res the fo 11ow; n9 informati on a. ';lut

(1) The "a" value determined by programme 1.
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(2) A number, pertaining to the number of roots.

(3) The real time value that corresponds to t~ (minutes).

(4) The height of the sample at the end of the considered pressure
increment (em).

(5) The volume of the sample at the end of the considered pressure
increment (cm3

).

{6} The applied air pressure for the considered pressure increment
(em ..of water).

In addition to the above mentioned input values two files containing the
folloWing information must be created. The corresponding time (minutes) and
outflow values {em3} ~ monitored during the entire outflow stage of the
considered pressure increment must be saved in files naned Time.prn and
Flow.prn respectively.

The programme so1ves equat ion 6. 11 for the IIa II va 1us, and the number of
solutions specif'led by the user. It then solves equation 6.8 for Q.. after
which equation 6.13 can be solved for k (unsaturated coefficient of hydraulic
conductivity). This procedure is repeated for each corresponding time and
outfiow value saved in files Time.prn and Outflow.prn. The corresponding Q~
and k values for each monitored outflow value are saved into existing files
named Ultimate.prn and PerTB.prn respectively.

The programme then determines an avel"age k and Q.. for the entire outflow stage
of the considered pre~sure increment and displays them on the screen.

Note: All computer programmes developed for'analysing the data are enclosed
in the s1eeve attached to the back cover.

i (J

L
61



7.2 PROGRAMME PACKAGE USED

7.2.1 Least Squar~s Curve Fitting prog~amme

Various models which describe the moisture retention curve .and the
coaff'rctents of hydraulic conductivity - water content\suction re1ationship
of a soil, were fitted to experimenta1ly d~termined points. A least squares
program, which was developed for the- l\niversity of the Witwatersrand was
utilised for this purpose.

The programme uses the Levenberg-Marques least squares method, and optimises
the various variables of the models considered, so as to obtain the best
fitting curve to the experimenta1 points.

The running of the programme will not be discussed here as the programme ;s
user friendly and information on how to operate it is available within the
programme itself. It should be noted however that C'ther curve fitting
programmes are avaiiable within the package, so the user should ensure that
the correct programme is selected - Levenberg-Marques method is option 4.

«'
10
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CHAPTER 8

MODELLING

8.1 INTRODUCTION

Numerousthenreti ca1 models have over the years been developed +'0 deser-t be the
moisture retention curve and the unsaturated coefficients of hydraulic
conductivity relationship of soils.

The experimental data pOints obtained from these tests are not of much use,
if presented as just a few points, for describing the moisture retention curve
or the unsaturated coefficients of hydraulic conductivity relationship of a
soi1. By fi tti ng an equati on to the experimental data poi nts , the enti re curve
or relationship can be described, which is far mo~e attractive for use in
computer modelling than numerical tables.
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~s.t:l£CTION OF MODEL TO BE USED IN RESEARCH PROJECI

Numerousmodels were considered for describing the moisture retention curve
and unsaturated coefficients of hydraulic conductivity relationship of the
soil samrles tested.

In selecting lin appropriate model, the following criteria had to be met:

(1) The model must descri be the mOl sture retention curve and unsaturated
coefficients of hydraulic conductivity re lat ionshlp of all :)011 types
fairly accurately.

(2) The equat-ions used by the model should be "re lat ive'ly" s tnp le ,

(3) The equation must be continuously differentiable (smooth). - ie. one
equation must descr-ibe the entire sol 1 relationship without any
discontinuity.

(4) The equations used to describe the moisture retention curve and the
unsaturated coefficients of hydraulic conductivity relationship, must



be related or linked to one ~nother in some manner.

Due to the above selection criteria various models were not considered, one
of which was the Brooks & Corey model. The main drawback of this model is that
it is not a continuous model (criterion 3). The model also does not describe
all soil types accurately - II The Brook-Corey equation has been shown to
produce fairly accurate results for many coarse textured soils characterized
by relatively narrow pore - or particle size distrihutions ( large values of
i..).

Results have generally been less accurate fm" fine textured and undisturbed,
structured field soils because of the absence of a well defined air-entry
value for these soils," van Genuchten et a1 (1992) p.2.

Three models were finally selected which met all of the above criteria
namely: the van Genuchten, Fermi and Brutsaert models. A comparison of the
three models was conducted to select the II best II model. Experimental data
obtained from Ash Test 2 was used for the analysis. Ori1y the capillary
pressur-e - volumetric cor+ent and cap;Tlary pressure - water content
relationships were investigated. The reasons for not considering the
unsaturated coefficients of hydraulic conductivity relationships as well were:
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(1) A lal"ger discrepancy is usually obtained between the unsaturated
coefficients of hydraulic conductivity experimental data points and the
model curve fitted.

{2) Exper-inerrtel data points obtained for unsaturated coefficients of
hydrau 1ic conduct;vity are far more scatter-ed than for the moisture
retention relationships7 thereby making curve fitting more difficult.

(3) The moisture retention relationship of a soil is far easier to obtain7
as well as far more accurately measured, than the unsaturated
coefficients of hydraulic conductivity relationship.I

i Using the least squares program mentioned in section 7.c.l the three models
were fitted to the experimental data. USing the sum of squares error as the
judging parameter for the node ls, the van Genuchten model was found to fit the



(( finally the Brutsaert model. Table 8.1 summarizes the results of the analysis
and figures 8.1 & 8.2 show how the models fit the experimental data. For
further information on the model analysis conducted refer to Appendix 2.

van Fermi Brustaert
Genuchten

Capi: h,"y pressure - volumetric II
IC',lntentrelationship I-

Sum of squar-es errors 1.07667ge-4 1.225461e-4 6.531577e-4. -
Es-cimated standard deviation 1.037631e-2 7.827711e-3 1.80714ge-2

~
Capillary pressure - water

content relationship

l Sum of squares errors 7.944538e-5 8. 155605e-5 3.716130e-4 I

Estimated standard deviation 8.913214e-3 6.385767e-3 1.363108e-2
,

Table 8.1 Results of the analysis done on the model~ considered
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~----------------------------------------------------------------~
MODELS FITTED TO DATA POINTS

CAPILLARY PRESSL.,KE - VOLUMETRIC WATER CONTENT~------------.----------~~-----------------------.----~
Volumetric Water Content (crn~3/cm"'3)
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Figure 8.1 Models fitted to data pOints - capillary pressure -volumetric water content relationship
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content relatiOi '. .:
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Equation 8.1 describes the equation for the moisture retention curve of a soil
sample :

8.3 VAN GPIUCHTEN MODEL

8.1

where

S" = effective degree of saturation or reduced water content

a = va1umetri c (cm3
/ cm3

) or water C\}i'l~ent{CJI fi)

ar = residual volumetric (c;!1Ncm3
) at' water content (g/g}

as = saturated volumetric (cm3/~lIri) or water content (g/g)

h = capillary pressure without the negative s;9n (cm)

n,m,Q = empirical constants affecting shape of the curve

Equation 8.1 was fitted to the exp~rimental data~ with the capillary pressure
treated as the independent variaole and the volumetric or water content
treated as the dependant variables.

Equation 801 can be simplified further by rlpplying the restriction m=1-1/n to
the emp;ri ca1 constants. Quat; 09 van Genuchten et a1. (1992) p. 3. II Fromthese
results, and many other examples not further discussed here, it can be
concluded that equation 8.1 with variable m,n gives an excellent fit to
observed retention data for most soils •••• 0f the three cases with restricted
m values , m=1-1/n seems to perform best for many but not an soi ls •.. 1I
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Equation 8.2 describes the unsaturated coefficients of hydraulic cm,d.uctivity
relationship of a ~oil sample:

(f

8.2

where :
S. = effective degree of saturation or reduced water content
k :\coefficients of hydraulic conductivity (cm/s)
k. = saturated coefficient of hydraulic conductivity (cm/s)
1,m :::empirical constants affecting shape of the curve, where

"milis the same as in equation 8.1

!
~
I

Equatio~ 8.2 uses the restriction m=l-l/n, as the general case of m and n
independent results in a far too complex expression.

Equation 8.2 was fitted to the experimental data with the volumetric or water
content treated as the tndependcnt variable and the coefficients of hydraulic
conductivity treated as the dependant variable.
The lea~t squares curve fitting program described in section 7.2.1 was used
to determine the constants to the above equations. In both cases none of the
equation variables were fixed ie. 6., a~, 0, m and n were allowed to vary in
the case of equation 8.1 and S., art m, 1 and k, in the case of eql1ation 8.2.
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CHAPTER 9

PROCEDURE ~SEO~g_OBTAIN THE REQUIREO RELATIQHSHlfS

~LJlL1RODUCTI ON

This chapter describes the methodology used to obtain the required
re lat+onshtps of the soil samples. tested using tne computer programmes,
techniques and monitored test data described in the preceding chapters.

9.2 MOISTURE RETENTIQ[Jll;LATIONSHIP

During testing the following parameters were monitored

(1) The amount of water discharged from the sample during each pressure
increment.

(2) The change in volume of the sample.

(3) The capillary pressure in th~ sample.

With the fina1 water content (by mas s) of the samp1e known, the water content
at any pressure increment can be determined by back-calculation, using the
recorded outflow data. Thp.total mass of water released for the entire test
is calculated and added to the final water mass, thereby determining the
init'ial water content of the sample. The water content at any pressure
increment of the test can then be obtained by subtracting the mass of water
released, up to and including the pressure inrrement considered, from the
initial water nJas~.

The corresponding capillary pressures and water contents ~re then plJtted to
produce the sample I s water retention curve. The corresponding capt Tlary
pressure ts considered to be the stabt lizad capillary pressure for the
particular \'latercontent. Figure 9.1 shows the a typical graph of the
.ehavicur of the cap; llary pressure during monitoring.

10
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CAPIU;\FzY PF<E'3SURE OF COl_D TAIL!~JGS AT
r''.l.,lll~ UU! (';'f ..'1 JUl ()LI I I \ r__),_)l., I \ _ I 1 so kf-l(l

Time (hours)

Figure 9.1 Graph show; ng the behavi our of the capl 11ary pressure
during monitoring

The cap; nary pressure-volumetric water content relationship of the sample can
also be obtained with minor modifications to the procedure described ~bove.
Volumetric water content is defined as the volume of water in the sample
divided by the total volume of the sample. Using the density of water, the
final water mass of the sample is converted to a volume (1 cm3 = 1 g). From
the recorded data, the volume of water released during each pressure increment
is known. This enables determination of the volume of water present in the
sample at any time during the test. With the final volume of the sample
determined, and the change in volume noni trned during the ent'ire test ..we can
back-calculate the volume of the sample, for any specific pressure increment.
With these values determined for each pressure increment the volumetric water
content of the sample can be calculated for each pressure increment.
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The corresponding capillary pressures and volum'etric water contents are then
plotted to produce the sample's water retention curve.

Once the water retention plot is done, a model curve developed by van
Genuchten is fitted to the data, using a least squares curve fitting program.
For more details on the van Genuchten model curve refer to section 8.3.

9.3 COEFFICIENTS OF HYORAULIC CONDUCTIVITY-WATER CONTENT RELATIONSHIP

During testing the following parameters were monitored:

(ll The rate cf discharge of water from the sample during each pressure
increment. Refer to section 5.2.2.2 for the exact monitoring procedure.

(2) The change in volume of the sample.

(3) The capi11 ary pressures, of the sample.

The nethod and equations used to obtain the following relationship are
described in chapter 6.

From tt;t recorded data~ the flow rate of the water discharged from the sample
for each pressure increment is known. The entire experimental outflow curve
is obtained by plotting log(Qt) - discharge (eml), against log(t) - time
(minutes). A linear regression analysis is performed on the initial stage of
the outflow curve - the linear part of the outflow curve. Refer to figure 9.2.
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EXPERIMENTAL OUTFLOW CURVE OF CLAY TEST 1
AT APPUED AIR FJRESSU RE OF 40 kF';]

Jt"'
_"..-

I ~I

_L II I _jI
I I I I I I I I I I I

,
I I

1.5 '"' 2.5 ..,
..)

Time (loq(rnin))

'---------,--" --~~.--------
Figt.!r~9.2 Linear' regt~a!.:sion ana 1ys is done on an outflow curve

The slope whi ch is determi ned from the ana Iysisis then used in the A1phax, exe
computer programme to se1ect the theoretical outflow curve, with the same
slope during its in+tlal stage of outflow. As the "a" and 01

2 values are
uniquely re latsd, rqfer to equation 6.11, they are also determined by the
computer programme.

NB! It should be noted that the suitable AlphaX.exe programme to be used in
the analysis is not initially clear, and therefore an iterative approach is
requi red, A feltl of the AlphflX.exe programmes are initially run. The
theoret ica 1 outflow curves fl't'mthe diff'erent A1phaX. exe programmes are
superimposed onto the experimental outflow curve. The AlphaX.exe programme
that produces the theoretical outflow curve, with the initial outflow slope
that best fits the experimental outflow curve should then be used throughout
the particular test.
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A spreadsheet was then used to plot the theoretical and experimental loutflow
curves. By dividing the experimental discharge values of a particular J:.. assure
increment by its final discharge value, the !"utflow values fall w'jthin a
specific range (in log valu(;!s - between 0 and minus infinity). This results
in the experimental and theoretical outflow curves plotting over tfne same
range along the discharge axis (Y-axis). Refer to figure 9.3.

PL_(JT OF THEORETICI\L J\ND EXPERIMENT/\L OUTFLOW CURVE
FOR CU\Y TEST 1 AT APPLIED AIF~ PRESSURE OF 40 kPa

Outflow (Ioq( outflow)

Ekp(~en~al -r-r
cm-+--_--t-_-l-_O-;-.-l t ~_,10--i\~r-curve . I

I •,........f»-....

[
Outflow curves ]
- Theoretico! -.- Experimental • Adjusted experimetol
-- - ._j

Figure 9.3 Adjustment to outflow curve so as to fall over a specific
range
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The real time values are then modified by adding or subtracting a Utim,e
adjustment" value so as to shift the experimental outflow curve horilontal1y
unti1 it was superimposed over the theoretical curve. The real time which
coincided with the reduced dimensionless t~me value of one (0 in log values)
is read off as the t~ value, refer to figure 9.4.

-------------~---,
SUPERIMPOSING OF THEORETICAL AND EXPERIMENTAL OUTFLOW CURVES

OF CLAY T[~~T1 AT APPLIED AIR PRESSURE OF 40 kPa

Outflow (log(dimension!ess outf iow ) )
o -,---,.----,--'

1.5

Time (loq (dimension less tirrie) )
..........----,

Outflow curves I
l --Theoretical outflow • Adjusted experirnentO!J

Figure 9.4 Superimposing adjusted experimente-l outflow curve ontotheoretical outflow curve by shifting along X-axis
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The tlll'." all and a12 va1ues ~ the ent i l"e experi menta1 outflow curve, the app1i ed
air pressure, volume and length of the sample, for the particular pressure
increment, are entered into the Attempt.exe computer programme. The programme
determines the diffusivity and the average coeffi dent of hydraulic
conductivity for the part icular pressure increment (or vo'lunetr-i cusater
content), as outlined in Section 7.1.3.

The corr-espondirrq coefficients of hydraulic conductivity and water contents
or volumetric water contents were then plotted. A model developed by van
Genuchten was then fitted to the data points lIsing a least squares curve
fitting programme.

o
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CHAPTER 10

DESCRIPTI~ OF SOIL SAMPL,S 1,STEP

10.1 INTRODUCTIQN

The following chapter describes the soils that were tested in the research
project. Three soils were tested namely: Letaba Ash Tailings, Gold T~ilin9s
and Estcourt Clay. The various soil parameters and properties are described
in the following pages.

10.2 '-ETASA ASH TAILINGS

(1) Liquid Limit = 29.8 %

The sieve analysis curve for the Ash is shown in figure 10.1.

The Atterberg Limits for the Ash were as follows

(2) Plastic Limit = could not be determined due to nature of soil

The specific gravity of the Ash was: 2.18
The saturated coefficient of hydraulic conductivity for the Ash (from constant
head test) was: 9.631£-5 em/so

10.,~GOLD TAILINGS

The sieve analysis curve fay' the Gold is shown in figure 10.1.

,(~~~
1
1

CI
I

I
ic

l

The Atterberg limits for the Gold were as follows

(1) liquid limit = 34.2 %

(2) Plastic limit = could not be determined due to nature of soil
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10.4 ESTCOURT CLAY

The specific gravity of the Gold was ~ 2.64
The saturated coefficient of hydraulic conductivity for the Gold
was : 4.846E-5 cm/s.

The sieve analysis curve for the Clay is shown in figure 10.1.
The soil is classified I,S :

(l) Unified Classification: CL (Lean Clay)

(2) AASHO Classification: A-7-6 (Clayed soils)

The Atterberg Limits for the Clay were as follows:

(1) Liquid Limit = 42.7 %

(2)Plastic Limit = 20.4 %

(3) Plasticity Index = 22.3 %

(4) Shrinkage Limit = 14.8 %

The specific gravity of the soil was: 2.61
The saturated coefficient of hydraulic conductivity for the Clay
was: 1.442E-6 cm/s.

78



r-.-~--_-..-..,.._",,~+:»...~L'::
C ;,: 't\V :Ji

'"Tl
-'.
to
C-s
(I)

PARTICLE SIZE Af\lALYSIS
?-----~~~~~~~-~~ L
(/).....
(I)
< 100(I)

g"
::s
g"~
'<

80(I).....
(I)

0
"'il

"-J
(I)

6001.0 ...........
(I)

cT
(I)
(I) 40cT
(I)
0..

?O

lit

I CLAY I SILT I sAr,io--= IGRAVEL I
Percentage Finer by Mass (%)

o
0.0001 0.001 0.01 0.1

Particle Size (mm)

1 10

'Soil Types

Il Gold Tailings + Letabo Ash * Clay



ftESUlTS

CHPIPTER 11

J1.1 INTRODUCTIO~

The following chapter presents the results obtained from the various tests.
The chapter is sub-divided into four sections :

Section 11.2 : details the moisture retention curves obtained for the
various soils tested.

Secti on 11.3 deals with the fitting of the v~n Genuchten model to the
moisture retention t.:urvesfor the various soils tested.

Secti on 11. 4 shows the results obtained from using the modified analyti-
cal technique for determining the unsaturated coefficients
of hydraulic conductivity for the various soils tested.

Sect; on 11.5 deals with the fitting of the van Geliuchten model to the_
coefficients of hydraulic conductivity - volumetric/wdter
content relationship for the various soils tested.

11.2 MOISTURE RETENTION CURVES

11.2.1 letaba Ash Test Results

Three tests were conducted using this soil. The three tests are referred to
as Ash Test 1, Ash Test 2 and Ash Test 3. The tests differ from one another
only in terms of the applied air pressure increments. It should be noted that
the test sample used in each test was not the same, although all the test
samples came from the same soil sample bag.

Tah1es 11.1, 11.2 & 11.3 summarize the results obtained from the individual
tests.
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I
ASH TEST 1

I
,,'a

Applied air Suction Water Volumetric Degree of
pressure (kPa) I content water content saturC;ltion•(kPa) (g/g) <cm3/cm3

) •

0 - 0.391445 - -
30 Fj 0.33917 0.362.552 0.710983
80 42 0.272665 0.298887 0.602183
110 67 0.210149 0.233407 0.476657
140 109 0.165441 0.185784 0.383829
190 140 0.150664 0.17232.2 0.36318
250 - 0.121585 0.141745 0.30526

)/

Table 11.1 Summary (If test results frOll1Ash Test 1.

r:
1
1e

I
1
c
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ASH TEST 2
-

App1ied air Suction Water Volumetric Degree of
pressure (kPa) content water content saturation

(kPa) (g/g) (cm3/cm3
)

0 0.380714 -~

30 25 {J.334253 0.38889 0.865561
~60 45 0.296216 0.353236 0.781353

90 85 0.191217 0.229665 0.512485
- -110 98 0.15411 0.185156 0.413326

w

130 1~6 0.131975 0.15862 0.353961
160 - 0.11942 0.143524 0.320517
200 185 0.108911 0.130935 O. 29252 ~'~~'t~

.
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Table 11.2 Summary of test results from Ash Test 2•

,(-"
10

I
'i
i

l

.
ASH TEST 3 --Applied air Suction Water Volumetric Degree of

pressure (kPa) content water content saturation
(kPa) (g/g) (cmz/cm

0 - 0.352083 - --I 30 28 0.231246 0.280324 0.632768
60 59 0.168464 0.20937 0.488087

I 1'10 108 0.124326 0.158958 0.385314

I:
160

i
155 0.111257 o.148447 0.383643

200 190 0.096546 0.136999 0.393669

Table 11.3 Summary of test results from Ash Test 3.



MOISTURE RETENTION CURVEt::; C'F ASH TESTS
( UC:TIO~\J VS VOLUMETRIC WATEF-< CONTE~JT)
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0.4

U..3

0.2

0.1

o
o 20 40 bO 80 100 120 140 1(30 1:30 200

S!..Iet ion (kPo)

[ASh T t.st +ABh fest. 2
__j

Moisture Retention Curves obtained from Letaba Ash tests -Suction versus Volumetric water contl::!nt
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MOISTURE RETENTIOf\! CURVES OF ASH TESTS
(SUCTION VS WATER CONTENT)

WCIter content (q/ g)

o 20 40 (-)0 80 100 120 140 i60 i80 2(.)0

Sud ir)n ( kP<) )

Figure 11.2 Moisture Retention Curves obtained from Letaba Ash tests -
Suction versus water content

It Is evident from the curves that at 'low suctions the data points for the
three tests plot over a relat'ively large region. As the suction increases the
region over which the three tests plot narrows considerably. Although the
general trend and overall shape of the curves from the three tests is similar,
there is some difference between the tests. This indicates that the test may
be sensitive to the applied air pressure increments, or that the variation is
due to differences between the test samples themselves.
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11.2 Gold Tailings Test Results

(2)The time limitation on the research project.

Only one test was conductod using this soil. The reasons for this were

(l)The time duration of the test was longer than for the Ash.

(3) Using the results of the Ash tests as a guide, the only additional
mation that would be obtained from running morE! than one test on the
Gold Tailings, would be the region or band within which the moisture
retention curves occur.

Table 11.4 summarizes the results obtc,ined from the test and figures i1.3 &
11.4 show the moisture retention curve of the soil.

l,'\

The time duration for testing the gold was found to be the ful10wing for each
point obtained:

(1) Drainage or outflow stage 24 to 48 hours.

(2) Capillary pressure equilibrium 24 to 48 hours.

Refer to Appendix 4 for the comprehensive results of the gold tests.
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·
GOLD TEST

Applied air Suction Water Volumetric Degree of
pressure (kPa) content water content saturation

(kPa) (gIg) (cm3/cm3)
0 - 0.29598 - -
20 19 0.22806 0.37513 0.9939
40 33 0.20199 0.33698 0.91429
69 66 0.14585 0.24398 0.66499
99 96 0.11831 0.19876 0.54587
130 128 0.09969 0.16821 0.46547
156 151 0.08714 0.14722 0.40829

Table 11.4 Summary of test results from Go1d Test

~ \ U (., U ItS i
(SUCTION VS VOLUMETRIC WATER CONTENT)

o
o 20 40 60 80 100 120 140 160 180

Suction (kPa)

[ -Gold Test ]

Volumetric water content (cm~3/cm-3)
0.'1 -

""-.,
<,
" ~,'.____ _'--_r---.

b _.

~-i

0.3

0.2

0.1

Figure 11.3 Moisture Retention Curve fl'om Gold test - suet-on versus
Volumetric water content
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Figure 11.4 Moisture Retention Curve obtained from G01d test - Suctionversus Watf~r content

11.2.3 Clay Test Results

Only one test was conducted using this soil. The reasons for this are the same
as stated for the Gold test in section 11.2.2.

Table 11.5 summarizes the results obtained from the test and figures 11.5 &
11.6 show the moi sture retention curves of the so; 1.
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The time duration for testing the clay was found to be the following for each
pOint obtained:

(1} Drainage or outflow stage 24 to 48 hours,

(2) Capillary pressure equilibrium 24 to 48 hours.

Refer to Appendix 5 for the comprehensive results of the clay tests.

CLAY TEST
Applied air Suction Water Volumetric Degree of
pressure (kPa) content water content saturation

(kPa) (g/g) (cm3
/ en')

0 - 0.471367 - -
20 13 0.394053 0.473879 0.879234
41 34 0.330367 0.426382 0.843969
63 54 0.331438 0.42937 0.910724
81 68 0.304456 0.429701 0.936328
125 102 0.285779 0.419006 0.956835

~
160 135 0.27989 0.415667 0.965196

-
Table 11.5 Summary of test results from Clay Test.

(-;:,
-' ..

j
1°

Referring to figure 11.5 and table 11.5 the volumetric water content of the
clay test sample appears to increase slightly (instead of decrease) with an
increase in suction at applied air pressures of 60 and 80 kPa. The reason for
this is thought to have resulted from having to re-zero the volume gauge at
the beginning of the 60 kPa air pressure incY'ement, as its maximum measuring
capacity had been reached. It is thought that two things may have occurred
during the re-zeroing of the vo1ume gauge:

10
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(1) A sample volume change may have taken place during the re-zeroing of
the volume gauge which could not be measured.

(2) The volume gauge may behave in a slightly "hysteretic" manner after re-
zeroing.

~v101~::;TURERETE~~TION CURVE OF CLAY TEST
(SUCTION VS VOLUMETRIC WATER CONTENT)

0.
5 t · ,j.-~-~___--c-.-+1---;. L _ __..

0.4 -t--+---I---+----+---+--~---t---~-i

f I

l -1----+---+----+---1---- f---~---l

, I I I LU+ . I . , '. I , 'O~'l II ,-+--!- ' .. ,

100 120 140 160

Volumetric water content (crn-"'3/cm...-..3)

0.1

20a 40 GO 80

--

o

Suction (kPo)

[--Clay Te~

Figure 11.5 Moisture Retention Curve obtained from Clay test - Suction
versus Volumetric water content
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Figure 11.6 Moisture Retention Curve obtained from Clay test - Suction
versus Water content

11.2.4 General Comments

The shape of the curves for the ; ndi vi dua 1 tests are almost identi ca 1 whether
plotted as suction versus volumetric water content (cm3/cmJ

) or suction versus
water content (gig).

The curves obtai ned for the three soil s di sp1ay the "typi ca 1" no l sture
retent ion curve, as reported in the 1iterature.

11.3 MODELFITTING OFMOISTURERETENTIONCURVES

The van Genuchten model was fitted to the experimental points describing the
moisture retention curves of the soils tested using the curve fitting

90
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programme mentioned in section 7.2.1. The model was fitted to both the suction
-volumetric water content and suction - water content curves of the soils.
Throughout the curve fitting analysis, all the constants of the model were
varied.

11.3.1 Letaba Ash

Table 11.6 highlights the most important results obtained from the curve
fitting ana lys is. It should be noted that the van Genuchten model us oj ng the
restriction m=l-l/n was fitted to all the ash moisture retention curves •.The
van Genuchten model using m & n as independent constants could only be fitted
to the Ash T~st 2 results. The reason for this is that the least squares curve
fitting programme required a minimum of 6 data points and Ash Test 1 & 3 only
had 5 data points.

.~,,,,,{ ,

10
I
1
I

ASH TEST 1 ASH TEST 2 ASH TEST 3~
Suction volumetricversus water

content
m=1-1/n m=l-l/n 10 & n m=1-1/n

SSE 6."l596E-9 1.3274E-3 1.0768E-4 3.4421E-5
SO 8.2217E-5 2.5762E-2 1.0377E-2 5.8669E-3

Suction versus water content
m=1-1/n m=1-1/n m & n m=l··l/n

SSE 9.2725E-7 9.9883E-5 7.9445E-5 4.9178£-5

~
SO 9.6294E-4 7.0669E-3 8.9132E-3 7.0127E-3

91

SSE Sum of the Squares Error
SO Standard Deviation

Table 11.6 Summary of curve fitting analysis for Letaba Ash.

I
I
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Referring to table 11.6 and in particular to the curve 'fitting analysis of Ash
Test 2 the re5t~ict10n of m=1-1/n appears to a good assumption. The SSE, using
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the restriction m=l-l/n, increases by an order of magnitude, when compared to
the SSE for m & n independently. In the case of suction versus water content
however, the SSE is almost the same for the two cases. Referring to figure
11.10 it is evident that the model using m & n independently fits the data
points better, although the restriction m=l-l/n is considered adequate.

Figures 11.7 to 11.12 illustrate how the model fits the experimental data
points for each ash test. From the graphs it is apparent that the model fits
the experimental data points extremely well. One thing to note however is that
t~'" constants for the model are different for each ash test.

Refer to Appendix 6 for the values of the constants to the model for each test
and particular moisture retention curve.

un IcTU Rc- Dt:"Tt" I\ITI 1'\1\.1 r'l IR\/C r: c- 1\ <: H TC"eT 1
IVI'.j I ~J \ L 1\ L I L 1'1I ,_t i 'j '_.' \..) I V LVI r=v.;» I I L."} I

(SUCTION VS W,l\TER CONTEIJT)

Water content (g/ g)
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Figure 11.7 Model fitted to Moisture Retention Curve of Ash Te3~ 1 -
Suction versus Water Content
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MOIS([)RE RE.IENIION cURVE of 'ASH IESI '1
(SUCTION VS VOLUMETRIC WATER CONTENT)
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Figure 11.12 Model fitted to Moisture Retention Curve of Ash Test 3 -
Suction versus Volumetric water content

11.3.2 Gold Tailing

Table 11.7 highlights the most important results obtained for the curve
fitting analysis. Both of the VanGenuchtenmodels, using the restriction m=l-
l/n and m & 11 independent, were fitted to all the gold moisture retention
curves.

95

$~



n

II GOLD TEST
~ lSuction versus volumetric

water content
~m=1-1/n m &: n

SSE 2.891643617E-5 5.168411471E-6
---

J SO 3.802396361E-3 2.273414056E-3
Suction versus water

content
m=\"l/n m & n

-
SSE 7.667640334E-6 1.547340531E-6
SO 1.958014343E"'3 1.243921433E-3

.-""-- II

I(

SSE
SO

Sum of the Sauares Error
Standard Deviation

Table 11.7 Summary of curve fitting analysis for Gold Tailings.

Referri ng to table 11.7 the restri ctt on n=l ...lIn appears to be a good
assumption. The SSE~ using the restriction m=l-l/n, in both the cases of
suction versus volumetric water content and suction versus water cOfltent~ is
slightly higher than for the SSE of m & n independently.

o

Figures 11.13 & 14 illustrate how the model fits the experimental data points
for the gold test. From the graphs it is apparent that there is only a
marginal difference between the two models in terms of fitting the
experiulental data points. Both models however fit the data points extremely
well. For the complete data on the curve fitting analysis refer to
Appendix 7.
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11 . 3 . 3 Cl ay:

Table 11.8 highlights the most important results obtained for the curve
fitting analysis. Both of the van Genuchten models, using the restriction m=l-
lIn and m & n independently, were fitted to all the clay moisture retention
curves.

CLAY TEST
Suction versus

volumetric water content
rn=1-1/n m & n--------

SSE 1.131980481E"'4 1.130924857E-4
SO 7.523232288E-3 1.063449508E-2

Suction versus water
content
m=l"l/n 1\1 &. n

SSE 1.573695590E-5 1.622040887E"5
SO 2.805080738E"3 4.027456874E·-3

SSE Sum of the Squares Error
SO Standard Deviation

Table 11.8 Summary of curve fitting analysis for Clay

{<'::
10

Referring to table n.8 the restriction m=l-l/n appears to be a very good
assumpt ion. The SSE, using the restri cti on m= 1-1In, in both the cases of
suction versus volumetric water content and suction versus water content, ;s
almost identical as for the SSE of m & n independently.

Figures 11.15 & 16 illustrate how the model fits the experimental data points
for the clay test. From the graphs it is apparent that there is almost no
difference between the two models in terms of fitting the experimental data
points. Both models fit the data points extremely well. For the complete data

o
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on the curve fitting analysis refer to Appendix 8•
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Figure 11.15 Model fitted to Moisture Retention Curve of Clay Test -
Suction versus Volumetric water content
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11.3.4 General Comments

The van Genuchten model fitted extremely wel l to the experimental data points

for the moisture retention curves of all the soils tested. The restriction of

m=l-l/n appears to be a very good assumption and can certainly be used in

place of the mode1 treating m & ~ FiS ; ndependent constants. The n!Jde1 us i n9 the

restri cti on m=l-1/n produced a 111\O~t t dent; ca lly the ~.rJA~;mOl sture retent; on

curves as the modei treat; ng m & n indepenr'e, I 1. the CCl%l of the clay

tests.

With reference to Appendi ces 6.7 & 8 which show the constants that were

determ'i ned f ,r the models deser-t bi og the vari ous moisture retenti on curves the

following should be noted. The values corresponding to 8, and B, do not

necessarily represent the saturated and residual water content of the soil

sample respectively. In some cases, namely in the clay and gold tailings

tests, 6. is above 100 % and 6r is less than 0 %. It ;s therefore felt that

the constants to the model should be viewed as curve fitti:1g constants,

instead of constants related to soil para.meters. This however would not apply

in cases where Sa, ar or any other constants of the model were determined

experimentally.

(:::~
1

10
11.4 COEFFICIENTSOF HYDRAULICCONDUCTIVITYCURVES

The saturated coefficients of hydraulic conductivity for the three soils were

determined independently of the unsaturated coefficients of hydraulic

conductivity, using the Constant Head Permeameter approach. Throughout the

curve f,itting analysis all the constants of the van Genuchten model were

allowed to vary.

io
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11.4.1 Letaba ASh

In the case (;f the Ash tests it was not possible to determine the unsaturated
coefficients of hydraulic conductivity. In the case of Ash Test 1 the
"trans itiona 111 peri od of outflow from ali near curve to a hori zonta 1 curve W('lS

flatobtained, as capillary pressure monitoring was started too early. In the
case of Ash Test 2 & 3 although the entire outflow curves were obtained, the
slopes of the 1inear sect ion of the outflow curves inmost' cases were steeper
than what the AlphaX.exe programmes and thus the theory could account for.
However some impOl'tant practi ca1 1essons were obtai ned from these tests.
Referring to tables 11.8 to 11.10 which summarize the results of the three
tests certain deductions can be made. In the case of Ash Test 1 only three
slopes could be used in the Alpha5.exe programme to determine coefficients of
hydraulic conduct ivi ties , In the case Ash Test 2 only one slope and Ash Tf~st
3 two slopes. The aiffarence between Ash Test 1 and the other two tests was
that the porous plate used in Ash Test 1 had a lower air entry value and thus
a higher coefficient of hydraulic conductivity that the plate used in Ash Test
2 & 3. It is therefore felt that the steepness of the 1inear part of the
outflow curves could be governed by two possible factors :

(1) The magnitude of the applied air pressure increments - although
it is thought that this is unlikely.

,"

o

(2) The ratio of the coefficient of hydraulic conductivity of the
plate to that of the soi 1 sanp le, ie. in the case of the Ash
tests the coefficient of hydraulic conductivity of the plate to
that of the ash was very small resulting in a very large "a"
value which the theory, and thus the slope of the theoretical
curves could not account for. This becomes apparent when
referring to equations 6.8 & 6.11 which shows how the impedance
factor, and therefore the ratio of the coefficient of hydraulic
conductivity of the plate and the soil sample, are related to the
nail value and therefore to the slope of the theoretical outflow

101
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ASH TEST
1

~.
Applied Volumetric Water Slope of !lall Coefficient

air water content linear value of hydraulic
pressure content (g/g) section of conductivity

(kpa) (ems/em:!) outflow (cm/s)
cl\rve

0 9.631E-5- - - -
30 0.362552 0.339917 0.908931 - -
80 0.298887 0.272665 1.004725 --
110 0.233407 0.210149 0.861392 - --140 0.185784 0.165441 1.091624 - --
190 0.172322 0.150664 0.706172 --
250 0.141745 e,121585 1.227554 - -.

Table 11.8 Table summarizing results of Ash Test 1
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C ASH TEST
2

Applied Volumetric Water Slope of Hall Coefficient
air water content 1inear valLIe of hydraulic

pressure content (gIg) section of conductivity
(kPa) (cm3/em1) outflow (em/s)

curve
0 - - - - 9.6312E-5
30 0.38889 0.334253 0.96275 - --60 0.353236 0.296216 1.018601 - -
90 0.229665 0.191217 1.273666 - -
110 0.185156 0.15411 1.10157 - -
130 0.158562 0.131975 1.110192 ~. -

160 0,143524 0.11942 0.961978 - -
200 0.130935 0.108911 0.906486 - -

Table 11.9 Table summarizing results of Ash Test 2

F
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ASH TEST
3

Applied Volumetric Water Slope of IIall Coeff ici ent
air water content 1inear value of hydraulic

pressure content (g/g) section of conductivity
(kPa) (cm3/cn') outflow (cm/s)

curve
0 - 9.6312E-5- - -

30 0.280324 0.231246 1.131574 - -

60 0.20937 0.167464 0.769193 - .-
"

110 0.158958 O. 124326 1.736061 - -
160 0.148447 0.111257 0.911587 - -
200 0.13699 0.096546 1.279425 - -

Table 11.10 Table summarizing results of Ash Test 3

.i

1
I
i
J<. .

I
J
1
j

I
,

For further information on the Ash test results refer to Appendix 3.

11.4.2 Gold Tailings

Table 11.11 summarizes the results obtained from the Gold Test. Figures 11.17
& 11.18 show the coefficients of hydraulic conductivity as a function of
volumetric water content and water content.
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C GOLD TEST
I Applied Vo1umetr·jc Water Slope of IIa" Coefficient

air water content linear value of hydraulic
pressure content (g/g) section of (0.01 to conductivity
(kPa) (cm3/cm3

) outflow o t ~~~ I (em/s)
curve (Alpha5)

0 4.8464E-5- - - -
20 0.37513 0.22806 0.96777 - -
40 0.33698 0.20199 1.10191 -. -
69 0.24398 0.14585 0.90221 1.12856 1.2E-7
99 0.19875 0.11831 0.92935 2.3358 1.2E-7
130 0.16821 0.09969 0.88750 0.85239 2.5E-8
156 0.14722 0.08714 0.77996 0.22978 4.8E-9
188 0.12447 0.07355 0.79882 0.27579 3.8E-9

Table 11.11 Table summarizing results of Gold Test

It is important to note that the calculated coefficients of hydraulic
conductivity are the average values from using the entire outflow curve for
the particular air pressure increment as input to equation 6.S and 6.13 to
determine the coefficient of hydraulic conductivity •
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For further information on the Gold test results refer to Appendix 4.
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FigUY'6 11.17 Coeffic;ent~ of hydraulic conductivity for Gold Test as afunction of vo1umetric water content
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COEFFICIE~~TS OF HYDF~AULIC CONDUCTIVITY
GOLD TEST
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Figure 11.18 Coefficients of hydraulic cor.dacttv+ty for Gold Test as a
funct ion of water content

Referring to figures 11.17 & 18, with the exception of one of the points at
a permeability of 1.2E-7 cm/s the coefficient of hydraulic conductivity curves
for the Gold Tailing test display the claSS1C81 curve for this type of
relation ie. as the water content decreases initially there i1) a steep
"linearll decrease in the coefficient of hydraulic conductivity, As the water
content approaches the residual content there is a "flattening" of the curve
to a horizontal line.
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11.4. 3 Clay

Table 11.12 sllmmarizes the results obtained from the Clay Test. Figures ll.1~
& 11.20 show the coefficients of hydraulic conductivity as a function of
volumetric water content and water content.

\
,._

-=
CLAY TEST

Applied Volumetric. Water ~lope of "a" Coefficients
air water content linear value of hydraulic

pressure content (gig) section of (0.01 to conductivity
(kPa) (cm3/cm3

) outflow 0.3) (em/s)
curve AlphaS_._ -

0 1.442EM6.- - - -r---'
20 0.473879 0.394053 0.92766 2.2012 9.92E...7.
41 0.426382 0.330367 0.864317 0.59244 I 9.83E-8

I --63 0.42937 0.331438 0.977753 - -
f"-- -

81 0.429701 0.304456 0.700395 0.113146 3.60£-9
125 0.419006 0.285779 0.710158 0.123239 6.85E-9
160 0.415661 0.27989 0.584356 0.034015 1.62E-9
204 I 0.404608 0.265084 0.783254 0.237051 2.48E-9

r~'''' ,.~ _._ ~

'\1

I I

I
Table 11.11 Table summarizing results of Clay Test

/~"'~('>

10
For further information on the Clay test results l~efer to Appendix 5.
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COEFFICIENT:; (JF HYDRAULIC CO~,IDUCTIVITY
Cl_AY TEST

Coefficient of hydraulic conductivity (cm/s) x 1E~-7
12

CQEFF1CIE -ITS OF HYDRAULIC CONDUCTIVITy
C~Y TEST

- --1--
l'Plit - - ,..'~F~ - I10 - /'8~

t I /('t=--
4 ----I---.-~_! --._____' ~1 j-- - - ~-

. o $ "- -'" -_ ~ _
0·4 (.4t 0,42 04.. 044 045

,~~.

1*'''·'''''·'''·1 ~ -51--'t-
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10

6

4

2

o
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Volumetric water content (cm ....3/ cm ......3)

I *Coe~~~;ients I

0.5

Figure 11.19 Coefficients of hydraulic conductivity for Clay Test as
afunction of volumetric water content
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COEFFICIENTS OF HYDF~f\ULlC CONDUCTIVITY
CLAY TEST

_·-------4

Coefficient of hydraulic conductivity (cm/s) x 1E-7
12 -,--- L- COEF blCIEN S OF HYDR~ ULiC ( ONDU ~TIVITY

crA\' TEST --c-----
-. Ct4't,;fficIAnt. f hydrolltc cot'ld ctivlly c m/c.) x E:'-8 I12'C:c1 l
- 10 I

. 8 - / -/_.s· :--L -_ /
1-~i-"4'C: ..----:; --r---.

:2 - ./
"" - ,.-*- ~'"'~, ->I!'/

'o.as 0.26 0.2 O'2~;9 o~~
Z O.:3~ 0.34- 0 •.3 5/

Wu :' ~unll,.~ ,l (y/y) I
\

V t":'+'::-t;o~tttCtent!" ; - -._- --
-Hf '~~·~I,]"""",1-4+-f--1-· H-t-+--t-

, "w,

10-

6

4

2

o
a 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Water content (~/g)

~ C(\-e.f~iCierJ~~

~-------------------------------------------------------~
figure n .20 Coefficients of hydr aul ic conduct tv+ty for Clay Test as afunction of water content

Referring to figures 11.19 & lO che class ica'l curve for the coefficient of
hydraulic conductivity relatioP3hip is obtained. An interesting observation
when compari n9 the two figure$ ;s that in the case of plott l ng the coefficient
of hydraul ic conductivity ag'3instwater content (g/g) the transition from the
linear part of the curve to the horizontal part, is smoother and not as sharp
and sudden as in the case fur the votunetr+c water content (cm3/cm3) plot.

11.4.4 General Comments

The curves obtained for the Gold Tailings and Clay have the typical expected
shape. There is a slight v?~iation of the coefficient of hydraulic
conductivity at the horizontal part of the curve.
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One pr0b I C:!1ll whien was encountered duri ng the determi nat i on of the coeffi ci ants
of hydraul ic conductivity was which outf low values (Qt) and time (t) values
from the outflow curves should be used in equations 6.8 & 6.13. No
clarification could be found in the literature and it was therefore decided
to use the entire outflow curve and determine the average coefficient of
hydraulic conductivity. It is however felt that this is not entirely correct
as certain Qt values of tbe outflow curves when enter-ed into the mentioned
equations, produce ultimate outflow values (Q..) less than outflow values (Qt)

measured at later 'times. This in turn affects the coefficient (')'t ~ydraulic
conductivity as it is directly proportional to the ultimate outf low value.
Refer to figures 11.21 to 24 for a graphical description of the variation of
the ultimate outflow values determined using an entire outflow curve.

~-------~'------~-------------------------------.----------~
CUF~VE SHOWING THE V/\RI/\TION OF THE CALCULATED ULTIMATE

OUTFLOW COMPARED TO THE EXPERIMEt\ITAL OUTFLOW
(CLAY TEST AT APPLIED AIR PRESSURE OF 40 kPo)

"o

{<~
i
10

o

L

Outflow (.rn~,3)

~:l.::-+- I / ~olcullted t'm,_a_tE.f.-O_u_t~~e_wcu ve

L/

1 : '-I~~_""~,'_""'~_'''-_'''''+r=_''''-_'::::''_''~':.Z.-,:;;._~:::"=_~_=--+'~ =__=_-~-=-:_-='-_"'=~_"':::'_'C~'""t;i:::::=~~~-_';";;-_:~~~;;;::!.-J.. FVL.'I._···.. _·· .._L _
," ...~~

64-----/~/~~-~·~----~~--~-~--+---_r-_+/~----~--~

~-.----~~.--~-----~--~~.--~--~~~--.~----~----
'I /1
s:

/
;\v8r"OC e calc ulntec
UlllifTl<.l.~UUl1:J=j
curveo --f-i-l-l-H-+-l-I-'I- .+-+-+-+-t-l-t-i-f--!--t-l-f....;-r..... -+-1--1-1--

250 500 750 1.000 1.250 1,500 1,750 2.000 2.250o
Time (minutes)

1=:---' - IIL Exp. outflow .- Col. ultimate outflow Ave. ultinlat"_~u.tfl::J _j

Figure 11.21 Graph comparing the calculated ultimate outflot>J to the
experimental outflow curve
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CU?\'E SHOWiNG THE V/\R!i\TION OF THE C/\LCUL/·.TED ULTIMATE
OUTFLOW COMPARED TO THE EXP[RIMEl-JTAL OUTFLOW
(CLAY TEST AT APPLIED AII~ PRESSURE Or 120 kPa)------------------------------------------~

Outflow ((;r(l ......J)

3·:E. m m ~.;t~~:~
2,5 '""'" -== .~~~~-----""-t-C I ._--

_,.-••r- I J i?-: / .~ 1 -+I-~·.......j

o ~ . r-::_~r ,~~_+_+--I._+__+_l--t-_,~r_~+_~;1TWQUt· __ -+--I-_+J
o 250 500 750 1,000 i ,250 1,500

Time (minutes)

[-- Exp" .Jut~~w - Col. ultimate outtlaw~A~~_'Jltimate OUtfl~j

.___-----------.-------~--.
Figure 11,.22 Graph comparing the calculated u'lt inate outflow curve tothe experimental outflow c.urve
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CURVE SHOWil'lC THE V/\F:!/\T1C)!'J OF THE CI\LCL.lU\TED ULTIM/\TE
OUTFLOW CO~;iPARE[l TO AVERAGE ULTIMATE OUTFLOW
(CLAY TEST AT APPLIED AIR PRESSURE OF 40 kPo)

Fi gure 11. 23 Graph comparing the calculated ultimate outflow curve to
the averge ca1culated ultimate outflow
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C·;_iTFLOW COMPARED TO THE AVeRAGE UL Ti~/ATE OUTFLOW
(CLAY TEST AT- APPLIED AIR PPESSURE DF 120 kPo)
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Exper irnentc! outflow va lues (ern ....3),----I Cal. ultim(lte outf lcw:': Ave. uW

'0 Figure 11.24 Graph comparing the calculated ultimate outflow curve to
the averqe calculated ultimate outflow

11.5 MODEL FITTING OF r.OEFFICJENTS OF HYDRAULIC CONDUCTIVITY CURVES

The van Genuchten model was fitted to the coefficients of hydraulic
conductivity determined 'in section 11.3. The curve fitting programme mentioned
in section 7.2.1 was used to fit the model to the experimental points.

11. 5. 1 Gold 19,i 1i ngs .

In the case of the Gold Tailing test the number of points determined
experimentally ,,~ere too few to be able to determine the constants to the van
Genuchten model. The least squares curve fitting proqramae required a minimum
of six experimental points and only H'll~?"'c1nt were obtained in the case of
the Gold Tailings test.
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11.5.2 Clay

In the case of the Clay test the van Genuchten model was fitted to the
experimental points. Only the van Genuchten model using the restriction m =
i-lin was used for reasons explained in section 8.3. Table 11.12 highlights
the most important results from the curve fitting analysis and figure 11.25
shows graphically how the model fits the experimental points.

It was only possible to fit the model to the curve of coefficients of
hydraulic conductivity against volumetric water content. In the case of the
curve of coefficients of hydraulic conductivity aqalnst water content (gig)

the curve fitting programme could not determine the constants to the van
Genuchten model. The fa 11ow;ng reasons may have been the cause of the
constants not being determined for the van Genuchten model :

(1) The nature of the 1east squares curve fittiog programme and the type of
mathematical procedure used to determine the constants.

(2) The experimental data points may be numerically not suitable for the
curve fitting programme ie. they may cause the least squares programme
to com(Jute values that are too small or large for it.

(3) The variation (scatter) of the experimental points may be to large.

CLAY TEST
Suction versus volumetric water

content
m=1-1/n

SSE 6.LJ1747139 .-
SI) 2.466119855

;1
ol;

SSE
SO

Sum of the Squares Error
Standard Deviation

Table 11.12 Summary of curve fitting analysis for Clay.
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Referring to figure 11.25 it appears that the model fits the experimental data
reasonably well. This is however not totally correct. Referring to Appendix
8 \r.Jitl1the detailed results of the curve fitting analysis it becomes apparent
that there is a fairly large difference between the experimentally obtained
coeffi ci ents of hydrau 1ic and the values predi cted by the mode 1. One important
factor to note here is that the model could only be fitted to the experimental
points once they were converted to em/year. The reason for this is not clear
but it is thought it may be due to one of the first two reasons mentioned on
the previous page. Most of the experimentally obtained points were also
concentrated at the bottom "horizontalll part of the curve.

/-"~'( '. '\

10

CLAY COEFFICIENTS OF HYDRAULIC CONDUCTIVITY FITTED TO
VAN GENUCHTEN MODEL

Coefficient of hydr(Julic conductivity (em/year)'

200 TGLAY GOEFFI IENTS OF HYD ,ALlL.IC GONDUC IVITY FITTED T:> ~
\fAN GENU HTE'N MODEL--------+-~,-------r_--~~~----------

150 ";. Co"UI i"~t of nvdrouliC_ conducHvlly (em; ccr) /

'100+-_j~-~~r-II--r~-,---r--:::;lr-'/_/T,/--ji--J./!_-----I
yo'/' Vr;~--+---+-~+---.+=~.~~--~--~

+ _-'Oo4.4~~Cr'~4-~~O*.4~:.~.~.~+~~3'~.O~.4-4--04.4~5~p~..46-'--O.~47~
r:--=-' '.':':__ ~) I .-+-.----1
I -r- <';01. K - Modvon Genuchten /'

0~~44+4++++++++~~HhHH~J~'~--4~+"+'++++++++------~

10

50

0.3 0.35 0.4 0.45 0.5
Volumetric water content (cm ......:3/ ern- ....3)

I + Cal. k - van Genuc~lten I
Figurc 11.25 van Genuchten model fitted to Coefficients of hydraulic

conductivity of Clay - volumetric water content
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J 1• 5.3 Ger!era1 Comments

In general the fitting of the mode1 to the experimental values was not very
satisfactory. It is thought that one of the problems may have been the curve
fitting programme used. Other problems may have been the greater degree of
variation 01' scatter in the data paints, too few points obtained and that not
a good spread of data points was obtained.

A point which becomes apparent when comparing the curve fitting constants of
the van Genuchten model, for the coeffi ciants of hydrau 11c conduct; vity
function to that of the moisture retention curve of the clay, is that the
constants whi ch appear in both aode 1s are not numeri ca11y c1ose at a11. Thi s
may largely be due to the change in units of the coefficients of hydraulic
conductivity, from em/s to em/year', It is however thought that a portion of
this difference in the constants must be due to the curve fitting analysis.
Refer to Appendix 8.
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11.4.3 General Comment~

i
1
I
i

In general the fitting of the model to the experimental values was not very
satisfactory. It is thought that one of the problems may have been the curve
fitting programme used. Other problems may have been the greater degree of
variation or scatter in the data points, too few points obtained and that not
a good spread of data points was obtained.

An point which becomes apparent when comparing the curve fitting constants of
the van Genuchten model, for the coefficients of hydraulic conductivity
function to that of the moisture retention curve of the clay, is that the
constants which appear in both models are not numerically close at all. This
lIlaylargely be due to the change in units of the coefficients of hydraulic
conductivity, from cm/s to em/year. Refer to Appendix 8 for further
information on the curve fitting analysis.
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CHAPTER 12

~ONClUSIONS AND RECOMMENDATIONS

(1) The manner in which the soil variables were monitored significantly
improved the accuracy and convenience of testing. Thif was evident in:

(i ) the monitori ng of the outflow rates, where extremely sma11
outflows over small time intervals were requirea so as to
accuratet- obtain the all important initial Hnear part of the
outflow curves.

(ii) the determination of equilibrium by eorritor-inq the capiHary
pressure of the sampre at a fixed saturation as opposed to
monitoring outflow rates at a fixed applied air pressure,
resulted in the point of equilibrium been identified with greater
ease and certainty. Equilibration of the liquid pressure at a
fixed saturation appears to be more rapid than equilibration by
continuous dratnaqe at a fixed applied pressure.

(i ii) as a result of the equipment used and the testi ng procedure
adopted, test data could be recorded continuously and the time
spent by the operator on actual testing was appreciably reduced.

(2) A possiole disadvantage of the apparatus could be the initial cost of
setting-up. Howev61, with the exception of the differential pressure
transducer-, ceramic pressure plate and data logger, all the remaining
equipment, or equally suitable alternatives, are available in most
geotechnical laboratories.

,~',"",

,( 0'

I
I

(3) It is recommendedthat the apparatus be modified so as to be able to
obtain a complete drYlng and wetting cycle of the soi 1 sample using one
set-up and the same soil sample throughout the test.

(4) The modif;ic~tions introduced to Richards ' (1965) analytical technique,
greatly improves the accuracy of selecting the appropriate t.heoretical
outflow curve for a particular ~xperimental outflow curve.

o
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(8) Due to the variation oc:curringbetween separate tests conducted on the
same soil type, it is recommended that a stat!stica1 approach be
implemented to describe the moisture retention curve and coeff1cients
of hydraulic conductivity of a sample. Preferably an upper bound and
lower bound curve should be obtain~d enclosing the region within which
a certain p2rcentage of the curves occur.

However a pvssible drawback is the longer time period required to
obtain the curve in terms of computer time. Although this cou~d be
improved with better programming techniques and hardware.

(5) Although the modified analytical technique used to calculate the
coefficients of hydraulic conductivity provides an estimated value,
from the results obtained it appears to produce the type of curves
expected and mentioned in the literatUl'e. The major advantage of the
technique over other traditional methods is the Significant reduction
in testing time and therefore cost.

(6) Clarification needs to be obtained as to "",ichQt and time values of the
experimental outflow curves should be substituted into equations 6.8 &
6.13 so as to obtain Q. and k. Using the entire oktflow curve and
obtaining the average however appears to be acceptable as indicated by
figures 11.21 to 11.24.

(7) The selection of the type of ceramic plate to be u~~~ in terms of its
coefficient of hydraulic conductivity seems to be of critical
importance, as mentioned in section 11.4.1. The ratio of coefficient of
hydraulic conductivity of the plate to that of the soil sample tested
affects the lla

ll value and slope of the outflow curve.

However, it is not clear whether it is this factor) or the magnitude of
the applied air pressure increments, or both that affect the steepness
of the outflow curve, which results tn an "a" value too large for the
theory to account for. It is therefore recommended that an
investigat;on be conducted for determining wh ich factors affect the
slope of the outflow curves, and what suitable ratio of the coefficient
of hydraulic of conductivity of plate t~ soil sample should be used.

i 19
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However, the technique currentlY used for superimposing the curves is
super; or ;n accuracy and clarit.. ~o the previ ous techn ique, as on ly one
isolated theoretical curve is considered during superimposing, as
opposed to a family of curves and interpolation between curves.

(9) It is suggested that a computer programme and technique be developed to
superimpose the experimental and theoretical outflow curves, thereby
determi n'; ng tal'in a quicker and more accurate manner, than is currently
done.

(lO) The obtained curves appear to conform to the "typical" kind of curves
expected, as mentioned in the l\terature. The curves should however be
compared and tested with other testing techniques.

(11) The van Genuchten model was found to fit the noi sture retention
experimental data extremely well for the three soil samples tested. The
approximation of m=l-l/n is acceptable. However the difference between
the, approximation of rn=l-l/n and using m & n as independent constants
appears to increase as the soil type moves from a clay to a gravel.

(12) ND conclusion could be drawn about the van Genuchten model used to fit
the coefficients of hydraulic conductivity relattonshtp, It is hosever
thought that a possible reason for not being able to fit the model to
the exper-inental points could be the type of least squares curving
fitting method (programme) used.

(/~. "

10

(13) It is recommended that where both moisture retention curve data and
coefficients of hydraulic conductivity data are available a
simultaneous fit of the van Genuchten model constants be performed. It
should be noted that such a programme is available, and is described in
van Genuchten (1992).
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APPENDIX 1
CALIBRATION OF EQUIPMENT



DIFFERENTIAL PRESSURE TRANSDUCER CALIBRATION SUMMARY

ZERO ZERO CONSTANT CALCULATED
PRESSURE SLOPE CONSTANT FROM REGRESSION

(kPa) ANALYSIS

r-----
0 3.875398 -3.64205 -4.6820692490119

10 3.859545 -6.22727 -5.0388979785432
20 3.860341 -5.125 -5.3957267080745
30 3.860682 -6.06818 -5.7525554376059
40 3.859205 -6.30682 -6.1093841671372
50 3.860455 -6"02273 -6.4662128966685
60 3.858409 -7.79545 -6.8230416261999
70 3.861818 -7.15909 '~7.179S703557312-
80 3,855 -7.47727 -7.5366990852626
90 3.863977 -7,82955 -7.8935278147939

100 3.85625 -8.10227 -8.2503565443252
110 3.8525 -8.45455 -8.6071852n,8566
120 3.856136 -8.04545 -8.9640140033879-
130 3.854091 -9.06818 -9.3208427329193-
140 3.857784 -10.608 -9.6776714624506
150 3.856455 -9.54545 ·10.034500191982
160 3.85392 -10.6989 -10.391328921513-
170 3.858523 -10.5341 -10.748157651045
180 3.854773 -9.79545 -11.104986380576
190 3.85125 -11.7386 -11.461815110107
200 3.856477 -12.8977 -11.818643839639
210 3.855455 -12.2909 -12.17547256917

AVERAGE SLOPE 3.85806564

LINEAR REGRESSION ANALYSIS OF ZERO POINTS

Regression Output:
Constant
Std Err of Y Est
R Squared
No. of Observations
Degrees ()f Freedom

-4.6820692490119
0.671683750172

0.92590041670661
22
20

X Coefficient(s)
Std Err ot Coet

-0.0356829
0.0022572
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UNEAII REGRESSION ANAYSi$ OF DIFFERENTIAL PRESSURE TRANSDUCER

ZERO
PRESSURE 0 kPa

Constant
std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom

X CoeffIclent(s)
std Err of coer,

ZERO
PRESSURE 1 00 kPa

Constant
std Err of VEst
R Squared
No. of observations
Degrees of Freedom

X CoefflcIent(s)
std Err of coer,

Regression Output:

3.$753977272721
0.0031218211297

Regression Output:

3.85625
0.002197~

ZERO
PRESSURE 10 kPa

-$.64205 constant
1.852164 Std Err of VEst
0.9990..44 R Squared

88 No. of Observations
89 Degrees of Freedom

X Coefficlent(s)
Std Err of Coef.

ZERO
PRESSURE 150 kPa

-8.102.27 Constant
1.3038$1 Std Err ofY Est
0.999972 R Squared

88 No. of ObservatIons
86 Degrees of Freedom

X Coefflclent(s)
Std Err of Coef.

125

Regression Output:

3.8595454545455
0.0017183199604

Regression Output:

3.8554545454545
0.0031350381732

-6.22727
1.019472
0.00998$

sa
86

-9.64545
1.1360005
O.99~

88
86



ZERO ZERO
PRESSURE 20 kPa PRESSURE$0 kPa

Regre~sionOutput: Regression Output:
Constant -5.126 Constant -e.OOS1S
Std Err of Y Est 1.336569 Std Err of Y Est 1.569463
R Squared 0.999971 R Squared 0.99996
No. of obsen allons as No. of Observations sa
Degrees of Free.jom 86 Degrees of Freedom se
X Coefflclent(s) 3.8603409090909 X Coefficlent(~) 3.860681 81 81818
std Err of coet 0.002262786463 std Err of coet 0.0026453290366

ZERO ZERO
PRESSURE 160 kPa PRESSURE170 kPa

Regression Output: Regression output:
Constant -10.6989 Constant -10.5341
Std Err of Y Est 1.76$01 Std Err of Y Est 1.743835
R Squared 0.999949 RSquared 0.99999
No. of observadons 88 No. of Observations 88
Degrees of Freedom 86 Degrees of Freedom 86

X Coefflclent(s) 3.8539204545455 X Coefficlent(s) 3.8585~7272727
std Err of coer, 0.0[.)2971 5533905 Std Err of Coet. O.002939233987S,
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ZERO ZERO
PRESSURE 40 kPa PRESSURE 50 kPa

Reyression output; Regression Output:
Constant -6.30682 Constant -6.02273
Std Err of Y Est 1.~S0629 std Err of Y Est 1.821965
R squared 0.999973 R Squared 0.99994$
No. of ooservatlons 88 No. of observanons $8
Degrees of Freedom 86 Degrees of Freedom 8$

X Coefficlent(s) 3.8592045464545 X Coefflcient(s) 3.S604545454545
std Err of Coef. 0.0021 M4996965 Std Err of coet 0.00307092117943

ZERO ZERO
PRESSURE i 80 kPa PRESSURE 190 kPa

Regression Output: Regression Output:
Constant -9.7954.15 constant -11.7386
Sid Err of Y Est 1.442997 Std Err of Y Est 1.132571
R Squared 0.999966 R Squared 0.999979
No, of ObselVatIons 88 No. of observatlons 88
Degrees of Freedom 86 Degrees of Freedom 86

X Coefflclent(s) 3.8547727272727 X Coefflcient(s) 3.a5125
Std Err of coet 0.0024321713403 Std Err of Coet. 0.00190894775714

I
Irr
!
f'

I
I
I
I
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ZERO
PAESSUI,E 6D kPa

RegressIon Output:
Constant
Std Err of Y 1:'st
A Squared
No. of Observatlcns
Degrees of Freedom

X Coefflclerrt(s)
Std Err of Coef.

:'.9E84ri90909091
;~0022328693115118

ZERO
PAESSURE 7':)kPa

Regression Output:
-7.795455 Constarrt
1.3247522 Std Err of Y Est
0.0099712 R Squared

88 No. of Obssrvatons
86 Degrees of Freedom

X Coefficlent(s}
Std Err of Coef.

3. 8618181818182
0.0026884011004818

ZERO ZERO
PRESSURE 200 ~~a PRESSURE 210 kPa

Regression Output: Regression Output:
Constant -12.89773 Constarrt
Std Err of Y Est 1.1600512 Std Err of Y Est

j'\ A Squared 0.9999779 A Squared,"
No. of Observatlons 88 No. or Observations
Degrees of FreedClm 86 Degrees of Freedom

X Coefflclent(s)
Std Err of Coef.

3.8564772727273
0.001~178

'(--:l'
i

1°
(
0"

X Coefficlent(s)
8td Err of Coef.

a 8554545454545
O.!Xl26162321152822
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-12.~
1.3442444
0.9999.'341

00
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ZERO
PRESSURE $0 kPa

Constant
Std Err of Y Est
RSquared
No. of Observations
D~grees of Freedom

X Coefficient(s)
Std Err of Coet.

Regression Output:

3.855
0.00251 ~880044034

ZERO
PRESSURE 90 kPa

Regression Output:
-7.47727 Constant
1.490881 Std Err of Y Est
0.999963 R Squared

88 No. of Observations
86 Degrees of Freedom

X Coefficient(s)
Std Err of Coat.
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3.863977
0.0031

-7.82955
1.838929
0.999945

88
86
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CALIBRATION OF VOLUME GAUGE
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CAllBRATlON OF VOLUME GUAGE

Least-squares polynomial curve fit

Coefficients in least-squares approximation:

Order of polynomial: 4
CoeffiCIent 0: 2. 7713161891803E +0001
Coefficient 1: -1.48.,06207161354E-00G2
Coefficient 2: -5.8499845556C95E-0005
Coefllcient 3: a507C)49C343384E-0008
Coefficient 4: -8.6598Q56642955E-0011

Variance : 3.1173686E H)OOO
Standard deviation: 3.171124OE-ClOO1

volts volume (cm .....3)
obs calc obs - calc

o

1 6.65CXXJOOE +0002 O,OOOOOOOE+0000 1,9216352E..CJClCl2 1.9216352E{){1()2
:2 6. CXJOOXJOE + 0002 5.169OOJOE +OCOO 4.867611 DE+CXXJO-3.013fI903E..QOO1
3 5. 5OCXXJOOE +0002 8,256OOQOE+0000 8.0533841 E +0000 -2.0261592E..()(J01
4- 5.CXlOOOCCE+0002 1.1057000E +0001 1.086153OE +0001 -1,9547033E-ooCJ1
5 4..5CXJCCC(jE +0002 1 .3674tIDE +0001 1.3364637E +0001 -3.093631 8E-ooCJ1
6 4. ()(J(J(J(XXJE + 0002 1.6031 OOOE+0001 1.5e22305E +0001 -4Cl869513E-0001 .j
7 3.5OOJClOOE+ 0002 1.8188000E +0CJ(j~ 1 .7001143E +0001 -5.0685651 E-{)()Q1
8 3. c:o:xx:JOC€. +ClC82 2.0092C0JE +0001 1.a574773E+OC01 -5.1722738E-<XXl1
9 2.500000QE +0002 2.17920QOE +0001 2.1323823E +0001 -4.6817749£:-0001
10 2.CXXlOClCXJE+ClC02 2.3444000E +0001 2.2935934E +0001 -5.0806633E..CJOO1
11 1.400J000E +0002 2.4936OOJE +0001 2.4433598E +OOJ! -5.0240203E..CJOO1
12 9,0000000E +0001 2.6246COOE +0001 2.5739306E +0001 -5.0069437E-0001
13 6.65OOOOCE+CXXl2 O.c:o::x:x:xJOE+0000 1.9216352E..CJ002 1.9216352E..fJ"XJ2
14 6.CJ'1 C'CCCC€ +0002 4.822OOOOE+0000 4.7994nBE +0000 -2.2522193E..CJClO2
15 5. 50CXXXXE+00J2 7.863OOOCE+0000 8.0533841E+CXXXl 1.90..."18408E..CJOO1
16 4.5OOOJOCE+00J2 1.312OOOCE+0001 1.3364637E +0001 2.3863682E..CJOO1
17 5.0cx:x:000E +0002 1.0616OOOE+0001 1,086153OE +0001 2.4552967E..CJOO1
18 4.0:::0::0cxJE t()OO2 1.5378OOOE+0001 1.50"22305E +0001 2.4430487E..CJOO1 "
19 3.5OOOJOCE+CXXl2 1.7446OOOE+0001 1.768114:£ +0001 2.3514349E-0001
2J 3.01 cx::oocE +0002 1.9268OClCE+0001 1.9538G64E +0001 2.7Cl36423E-0001
21 2.5C(JC(](XE+00J2 2.00030J0E +0001 2.1323823E +CJC.l'J1 4.208Z251 E-ClOO1
22 20CJ000C()E +0002 2.2545OOOE+0001 2.2935934c +0001 3.9Q9'3:1:l7E-DOO1
23 1.5OCOOXE +00J2 2.4007000E +0001 24405757E +0001 3.9875693E..CJOO1
24 1.01 oo:xx:e +0002 2.53..."6COJE+0001 25690525E +0001 3.345248.'"£-ClOO1
25 6.64ClCO'XE+00J2 O,ClOOOOOOE+0000 1.0080494E-ClOO1 1,0080494E-DOO1
26 6.01 OXOOE +00J2 4.88700CJC€+0000 4,799477BE +0000 -8.7522193E.00J2
27 5.49CXJOOOE+0002 7.9500000E +oo.."1CJ8.1i 29845E +CXXXl 1.6298445E..QOOi
28 5.01 COOOCE+CO)2 1.0660000E +0001 1.0808577E +0001 1.4857658E..CJOO1
29 4.5OJO:l:XJE+0002 1.3191 OOOE+0001 1.3364637E +0001 1.7363682E-ClOO1
30 4.CJOOOC.('OE+OOO'~ 1.5496OCJ()C+0001 1.5622305E + 0001 1.2630487E-ooJ1
31 3.5OOCOOOE+00)2 1.7591000E+OODI 1.7681143E +0001 9.01.i3491 E-GClO2
32 3.000CXl0CE+0002 1.9456000E +0001 1.9574773E +0001 1.1 877262E-0001
33 2.5HXXXlOE+0002 2.1098000E +0001 21290188E +0001 1.9218754E..()(JQ1
34 2.01 OOOOOE+0002 2.2786OOOE+0001 22905'J47E + 0001 1.19Cl4OO2E-ClOO1
35 1.50C0C00E +0002 2.4251 OOOE+0001 2.4405757E+0001 1.5475693E-0001
36 1 .OClClCOOOE+ 0002 2.5573OOOE+0001 2.5714953E +0001 1.419534CE-GOO1
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CALIBRATION OF OUTFLOW GAUGE

POSITVE:TO NEGATlVC VOLTS
BELLOWS DIAPHRAGM MOVEMENT

NEGA nva ro POSITVE

TURNS OF VOLT lNOIVIOUAL'<: Cl:.JMUt.:AiIVE' ClIMULATiVE -,URNS OF VOLT INDiVIDUAL CUMUlfi,Ti,\JE:,'CUMULA11VF.<
SCREW READING :vci'rs ;:::;;:;:;\.ioL+'::::·;:;:;:;:; VOLUME SCREW READING VOl.TS v.b('i<:::::::::::::: ~OWM~:::::}
rCY~U~N~D~E~R+- -+R~"E~:AO~:::,.~IN~'9~,::,~:.,:~·,::~:.,:R.:.~..~.,~N.,:~G,:·:.~::,:~:.:~:,::,r~~cm~_A~~~__ +C~Y~LI=N~D~E~R~ -fR~EAD~~IN~G~~~R~EAo~:~'IN~'G~'~:::~;::~::fj,~~'~"~~,,~~,~:;.:~::;~:;~:::.

...'....'.'.', ....', ." .. , ..

0 0 -2980 0 ,.:.;{): :.;·:;;':;;.;.:;:.;·:0<
1:l.823 10 -19Zl -1057 -. :<:::::,'~1:iJ51:::> :::1(3;j&.3:13:
27.646 20 -893 -1020 ::::::::::::;2ci!ii: ::::::::27:4002e<
41.409 30 144 -1037 <:: :::::»::.3:1:24 :::::<:4d0s39::
55.2..<12 40 1192 -1048 .'."'4172 ,'S4;St2S2,
69.115 0 -2955 0 >:::::::::::::tf ::::::::::::::::::::0;:

0 10 -1900 -1048 :::: :::: :::: ::~1:O48: ::::;::::i:3:7.b31~:
13.823 20 -874 -1034 :::::::::::::~:2002: :::::: ::27.;;.\002&.:
27.546 30 154 -1038 :::;:;:::::::~:<iP:::::::::M;'t~:
41.469 40 1208 -1044 :::>::::::::;'41:e4: :::<:::!54;!ii~:
55.2tl2 50 2261 -1053 :::::::::::::'~:1: :>::: :1'I8;l)1fi5fi::

0 0 -2971 0 ::::::::::::::::;:::;0: :::::::::::::::::::::p:'
13.823 10 -1930 -1047 ::::::::::': :~1{j4·(.:<:>:::~$;~b!3i:}:
,<!i.546 20 -894 -1035 <::::::/:~2O!l3: :::::;:::P:~~2!>::
4';.469 30 145 -1039 :-:::·:-:<::~.3t22·<':-:<04i;~tJrol'l:
~i.";::J2 40 1187 -1042 :-:';';-<11'£1<1: :;:-:;::5<1:81252-:
69.115 I 50 2232 -1045 :';';';';:;':~.5209 -:-:::::58;5.1065::

CALIBRATIONOF SCREW coNTROL CYLINDER

LINEAR REGRESSIONANALYSIS OF
SCREW CONTROL OYLINDER

RegreSSion output: RegresSlilt" OUlpu~:
Constant 0 constsrn 0
Std Err ory Est 0.236560n4 Std Err of Y Eat 0.073257195
R Squared 0.999682005 R Squared 0.999!l89608
No. or Observations 5 No. of oceervaucna 5
Degrees or Freedom 4 Oegrees of Freedom 4

x ooetnclent(s)
SId Err of coer,

X Coefflclent(s)
stc Err Ilf Coer.

1.370:>13333
0.001337487

1.3832
0. tJU4G i6,;189

UNEAR REGRESSIONANALYSIS Of
OUTFLOW GAUGE

RegreSSion Output: Regression Output:
constant
Std Err of Y Est
A Squared
No. of Observations
Degrees of srcscom

o Constant
0.20495604 sto Err Of Y Est

0.999923335 R Squared
17 NO. or oneervaacue
16 Degrees of Freedom

o
0.070041009
0.999!l9089

17
15

X Coefficlent(s)
Std Err of Coet.

X Coelflclcnt(s)
Std Err ot coer,

0.013218
1.55545E·05

-0.0131504
5.68079E-00
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APPENDIX 2
DETERMINATION OF A SUITABLE MATHEMATICAL MODEL



MATHEMATICAL MODELS CONSIDERED

BRUTSAERT MODEL

AS ...--
G A+hP

where

Se = effective degree of saturation or reduced water content
h = capiT.lary pressure \~ithout the negative sign (em)
B~A = empirical constants affecting shape of the curve

For further details on the model refer to El-Kadi (1984).

FERMI MODEL

133

where

S" = effect; ve degree of saturatt 011 or reduced water content
P ::capillary pressure without the negative sign (cm)
B,A = empirical constants affecting shape of the curve

For further details on the model refer to Bumb et a1. (1992)



VAN GENUCHTEN MODEL

Sf) - [1+(ah)n]-m where

where

SIt = effective degree of saturation or reduced water content
8 = volumetric (cm3/cmJ

) or water content (gig)

6r = residual volumetric (cmJjcmJ) or water content (gig)

8. = saturated vo 1umetri c (cm:>.1cm3) or water content (91 g)
h = capillary pressure without the negative sign (em)
n.n,c = emp;ric~t1 constants affecting shape of the curve

For further details on th~1 model refer to van Genuchten et al , (1992)

o

.,\,
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C~"iVE FlnlNG ANALYSIS· CAPILLARY PRESSUI':E VS VOLUMETRIC WATER CONTENT

CONSTANTS
81 82 83 84

VA" GENUCHTEN MODEL 0.3948657 0,12699954 0.001161 3.325624
FE"iIl/: ~'\l')"='L 0.4191o::!::l7 0.13318345 699.1574 208.5074
8"l:,}m~F MODEL 0.42912787 Q,a84550762 1708371 2.183607

r---~-'VOLUMETRIC WATER CONTENT

CA;:>llA8Y VAN FERMI i:lRUSTA,';RTft1)~ThPQjNTS
PRESSURE GENUCHTEN MODEL MODEL. .;:::.: .:':':

(em) \<lODEL :;.,.4.
I .: . .; () 0.394866 { I 0.40N42 0.42912787 77:7':

1: g:=~~=0;::-,.';;__,~.,~.'_,·.'_·.".'.:._.·•••·.•..L.;.c.'L •••.•~1.~5~0:·4.~~~~~~~~~~~~~~~ -- .
0.39360'05688 0.099948 0.41810454 '.. : •.• ' .;;;.:

aID 0.39171311559 G.395·t91 0.409C.:996 :'77':,
250, 0.388412699 0.380...384 0.39756731 ••:':-u~p
GOG 0.'3£:..:32273261 0.382.365 00.;38694271~;.. :: .: <~.:.

' -: ~50' 0.375894n38 0.37398 _ """-'"";r.-~~~~--------+-~--~----~~' ~
..:.' :400: 0.3602413906 0.364104 0.35346142·
1-'- .. ;;~5~ 0.3542727567 O.352653J· O~:1~,,::::~:;

: S:·C 0.3401932872 0.33...0001 0321.J87S83 l.
~~ -0-3243i18666 0.325203 O:~~L' ..'

>. 6Qo. 0.3074008924 0.30951 0.2894C749 ~" '.~;:
_"" ··~i

650: 0.2898379'114 0.292918 0.274~ .....':::". ,~
7.00 0.2;'22003184 0.275855 0.2&.J80069 . '.. , , '_:_;:_:,J

I-':-,-~.•""'.: ..;.;7,""":s..::..(). 0.2552990157 0.2588 0.24783768 =-=.=J
800 0.2392866553 0.242231 0.235795J4

·,.850 0.2245446344 0.226575 I 0.22.1Q6758 o.229€~
.;:000: 0.2112366822 0.212163 0.21442335.~~ •..,....:::~...,...,."-...j
.:,@ 0.1~"'17485 0.198'"d12 I 0.2Of'/"',707 ....... •....

::':"';":":"'::,-+,_;..,...;,"'-'-""'-'",..;..;-J
:::S8(} 0.193tXJ11577 0.19219 0.19975354 :::"U.l851.si;i
:::1000 0.18905812 0!87825 0.1S639'37 '" , .
. : 1050: 0.190072974(3 0.178 0.1885i.i258 :::
::::HdCi:.! 0.1723424::J01 0.169664 0.1812OC:31 ::: ....~::••"-':...,::
:::not} O.16b7312945 0.162688 0.17 467276 ~:;>
:::1200 01601017257 0.15692 0.16862e2a _.~:>S .:
::::1200: 0.1553216523 0.152195 0.16309J46 ' ...

·:. :: : 1:26Q: 0.1544566703 0.151 362 0.16204CG9 . :. {);t!5li..l:;fJ2 •
· : :::13dQ 0.1512696316 0.148357 0.15801853 ':-:< :::: :;:;
:::: '. :.1:300: 0,1478371483 0.145258 0.15336'149 .:: .::: ..::.
, . :::: ~'400: 0.1449292056 0.14277 0.149QC'.A304 ::: .:: :
· , :: <145{)., 0.1424638677 0,14078 0.14517448 : :;.::: .;.':: .
':':::';:J@ 0.1403712206 0.1391951'0.14156448 <::: .: .::,::
... :::::H5.."1O: 0.138592069 0.137934 0.13823881 l :::::::::::::,

.: HlOO 0.1370765641', 0.136935 013517114 f: ::::: .:: .:~'~•.~~~~~--~~-~~---+--------~,,",-~.~~
:: ·:1B5f.1 0.1357828854 0.136143 0.13233776 :::;: .:: ::::::
. :::1.700 0.1346760223 0.135517 0.12971732 ::::::: :.; :::::

'.' .' .: :: 'Iioo 0.1337:267074 0.135023 0.12729C62 .:::. .". ...
. HjdO: 0.13291 04812 0.134633 0.12"'...(J4C37 .: .:.

0.134272 0.1225512
0.134082 0.121 CXJ856
0.133891 0.11920C37
0.133741 0.1175151.:6
0.133622 0.11594237
0.133529 0.11447299
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o <165{l 0.112774017 0.112908 0.11027646 ...•
• tiOO 0.111862589 0.112'265 0.10813992 ....<. <. <
. 1750 0.111087657 0.111716 0.10616285

C~::;VE: ;;ITTiNG A.'-IALYSIS· CAPILLARY PRESSURE \IS WAt=.R CONTENT

CONSTANTS
B1 B2 B3 B4

VA\, GENLiCHTE\ MODEL 0.34392381 010616672 0.001018 2.844257
FE::::MIMODEL 0.37256766 0.1Cl96a369 654.0574 22a125
B::: ...STAERT \IICi::EL 0.37013261 0.071449111 1435454 2.1702

. WA .~ ~. CONTENT
ICAPILLARY! '- ':".1::';":':~F=E::;:R:::-M"';;"I-r.::B:-::AM::-;U:::DST~DAE:-::r-L:::R::::ITJr;:!..P••..::-::....A.:.~:r.•:•.c:-A..•·.'..-;::•.P•..=01. N.:..=.n"S...•.~..
1f':=:ESSUR~ GE,,"U(, ITEN MODEL .:! -.b_$~}:I MODEL -j......."-'.•.-"'"'-........c~

i :"'0 0.~1 0.358419 0,37013261

;

L .' too., G.~ 62076 0.351266 0.36564467

• 200 O.~""5593 0340956 0.35094247 i

!
!
I

.•.•30:). 0327450993 0.326604 00'.332140277146277i25i•....•...••..••.< ..
.:3&l 0.319J92601 0.317691 '5T

I 400 IO.3C8891638I 0.307568 0.29"..>62056

0,242257 0.22979000
0.2'27893 0.21779213

..' 450 0.29703G359 0,200262 0.2849413 j 0.296216
500 0283828239 0.28387 0.27036561 < I

... 550' 0.259051866 0.270566 0.25618619 .

.: 600 0.254935724 0,256594 0.24261459

..

! 750 C' 2' •555437 0.21384 0.20665384
I 800 I 0 168613262 0,200409 0.19637399

8SJ 0.1 86018253 0.1 87856 0.18692756 I .. 0,:r912t7:

... 9CO 0.17576467..,.=-;..::.5~0.'""1"-76365:;;,:;;,::-=-+..;;0;.;...1""78"".2:.;_7-,4,0,,,,3;_;:..;,,,---,-,--,-,,~
· 950 0.160080518 0,166046 0.17036373 <.':
·<980 Q.16C~3121 0.160435 0,16595185 : 0;154't1
: 1ceo 0.157541905 0.156937 0.1631425 :
>1050 0.15G08789 0.149018 0.15655493

:. ·. .nCO 0.143633877 0.142223 0.1505466
-::11'50 (11380S'2709 0.136459 (114506543 ....
::l2Q:r 0.1~52 0.131617 0.14006257": ...~~~~r~~=====+~~~~~~===~~~'~"~~>: '1250 0.129285891 0.127581 0.13549276 ..: ...

. ::'1:260 0.128552354 0.126861 0.13462704 ':::: :O,{31.975·
::,;300 0.125847427 0.124241 01313145 ..
:-135:J 0..122932312 0.1 '21491 0.12749001 .:
·1400' 0.12C464166 0.119238 0,12398508 .. .. ..
:1.49:1 0.118375855 0,117399 0,12076886 :::. :: :::

.. ::Hi!)): 0.11€609128 0.115002 0.11781356 .:.'
' ... :Hil5u I 0.11511394 0.114687 O.i1509426 :'.<: . . . . . .

.'. 1600 0.113847626 0.113703 0.11258858:: ...

::1000 0.11 G427659 0.111328 0.10433078" ...
1850 O.1CG864516 0.110992 O,HJ2d3076 .....
1860 0.lC9762131 0.110933 0,102305551-'--·~:o""."":t089-'-·~1-1'-'1·
1900 j 0.1 C~C;l83()83 0.11 0721 0. i0105111 :-.' ...
19;50 0.1 (8970812 0.11 050_3;;_:_0c;..,",-09_9_58.;...1_3_8+,-.:...,-,",-,-.,--~

· 2000 0..1 G8616654 0.11 0327 I 0.09821212 . :
2C&J 0.1 C631211 9 0.11 0186 I 009693485

: 21:'J I C'.~ :::B04959 0,11 007.::,3-'---O.:;,;._09;;..:57;__41'-'9:...J....._.c...;...._---'"
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RESULTS FROM CURVE FiniNG ANALYSIS USING VAN GENUCHTEN MODEL
CAPILLARY PRESSURE- VOLUMETRIC WATER CONTENT

CURVE FITTING USING LEVENBERG-MARQUARDT

FUNCTION:
(b1-b2)*«1 + (b3*X) '" b4) A (-(bS)))+b2

Factor for calculating derivatives = 1.000E-0009
starting value for step length == 1.000E-OOOI
Smallest value for step length :=: 1.000E-0005
Maximum number of lteratlons =1 000

Number of data points = 6
Total number of parameters = 5

Number of parameters to be varied = S

Initial estimates:
b 1 == 4.00000000e-OOOI b 2 = 1.000('OOOOE-OOOl b 3 = 1.00000000E-0003
b 4 "" 4.0OCOOOOOE+OOOO b S = 1.0000000t)E+OOOO

Step length =0 1.000000000E-0005
Number of Iterations = 4
Number of data points = G

Sum of squares of errors = 1.076679376E-0004
Total number of parameters = 5
Number of parameters varied = 5
Est!mated standard deviation = 1.037631 619E-0002

Minimum obtained - normal termination

Final set of parameters (and estimated standard deviations):

b 1 = 3.94S6670E-0001 (1. 735E-0002) b 2 = 1 .2699954E-OOOI ( 2.307E-00(2)
b 3 = 1.1607187E-0003 (9.837E-0004) b 4 = 3.3256239E+000o (1.644E+OOOOj
b 5 = 1.50551 40E +0000 (3.231 E +0(00)

x = CAPILLARY PRESSURE (em)
y = VOLUMETRIC WATER CONTENT (em" 3/cm A 3)

x y
obs calc obs - calc

2.50c00ooE+0002 3.8889000E-0001 3.8841270E-OOOI 4.7729727E-0OO4
2 4.S000000E +0002 3.S323600E-OOOI 3.5427276E-OOOl -1.0367594E-0003
3 8.50000OQE +0002 2.2966500E -0001 2.2454463E-oool 5.1 203669E-0003
4 9.S00000OE +0002 1.85" 580oE-OOOl 1.9303116E-QOO1 -7.8731559E-0003
5 1.2600000E+OOO3 1.5856200E-OOOl 1.S445667E-OOOl 4.1053315E-0003
6 1.8600000E+OO03 1.3093500E-0001 1 .320781 4E-0001 -1.1431390E-0003
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RESUL is FROM CURVE FITTING ANALYSIS USING VAN I3ENUCHTEN MODEL
CAPILLARY PRESSURE - WATER CONTENT

CURVE FITTING USING LEVENBER(Hv1ARQUARDT

FUNCTION:
(b1-b2)*«1 + (b3*x) A b4) A (-(bS)))+b2

Factor for calculating dertvanves « 1.000E-OC09
Starting value for step length == 1.COOE-OOOl
Smallest value for step length = 1.COOE-0005
Maximum number of Iterations =1000

Number of data points = 6
Total number of parameters = 5

Number of parameters to be varied = 5

Initial estimates:
b 1 = 4.oooOO(""l)E-0001 b 2 = 1.0oo00000E-0001 b 3 = t.ooooooooe-cooa
b 4 = 3.000000CU~+OOOO b 5 ""aooOOOOOOE+OOOO

Step length == 1.OOOOOOOOOE-0005
Number of iterations = 4
Number of data points = 6

Sum of squares of errors= 7.94453840eE-0005
Total number of parameters = 5
Number of parameters varied = 5
Estimated standard deviation = 8.913214015E-0003

Minimum obtained - normal termination

Final set of parameters (and estimated standard deViations):

b 1 = 3.4392381 E-0001 (1.$20E-0002) b 2 = 1.0616672E-OOOl (1.942E-0002)
b 3 = 1.0179548E-0003 (1.320E-0003) b 4 = 2.844266aE+0000 (1.510E+OOOO)
b 5 = 2.1315353E +0000 (6.079E +0000)

x = CAPILLARY PRESSURE (em)
y = WATER CONTENT (gIg)

x Y
obs calc obs -catc

1 2.6000000E +0002 3.3425300E-0001 3.339Ca04E-0001 3.4496305E-0004
2 4.5000000E +0002 2.962l600E-000l 2.9703636E-OOOl -13.2035909E-0004
3 8.5000000E +0002 i .9121700E-000l 1.8661 826E-OOOl 4.5ge7432E-0003
4 9.8000000E +0002 1.5411000E-000l 1.6082313E-OOOl -6.7131252E-0003
5 1 .260(,OOOE+ 0003 1.3197500E-0001 1.2865236E-0001 3.4226415E-0003
6 1.8600000E +0003 1.089110CE-000l 1.097G214E-0001 -8.5113521 E-0004
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RESULTS FROM CURVE FITTING ANALYSIS USING FERMI MODEL
CAPILlARY PRESSURE - VOLUMETRIC WATER CONTENT

(,";URVEFITTING USING LEVENBERG-MARQUARDT

FUNCTION:
(b1 -b2)*(1/11 +exp((X-b3)lb4») +b2

Factor for calculating ~ierivatives = 1.000E-0009
starting value for Sh.,) length = 1.000E-0001
Smallest value for step length = 1.OOOE-0005
Maximum number of Iterations = 100

Number of data polnts "" 6
Total number of parameters = 4

Number of parameters to be varied == 4

Initial estimates:
b 1 = 4.191 03553E-QOO1 b 2:= 1.33183453E-0001 b 3 == 6.991G7463E+OOO2
b 4 = 2.08507367E+0002

Step length = 1.000000000E-0003
Number of iterations = 4
Number of data polnts = 6

sum of squares of errors = 1.225461 421£:-0004
Total number of parameters = 4
NUmber of parameters varied = 4
Estimated standard deViation = 7.827711 ~'39E-0003

(Not con\lerging further)

Final set of parameters (and estimated standard deviatlons):

b 1 = 4.191 0357E-0001 (2.358E-0002) b 2 = 1.331a345E-0001 (7.60se-0003)
b a = 6.99·j5744E+OOO2 (5.227E+0001) b 4 = 2.0850739E+OO02 (3.600E+0001)

x = CAPILLARY PRESSURE (cm)
y = VOLUMETRIC WATER CONTENT (cm"'3/cm"3)

x y
obS calc obs-calc

1 2.5OO0000E+ 0002 3.8889000E -0001 3.89313403E-QOO1-4.9402870E-0004
2 4.50000001::+0002 3.53236ooE-0001 3.5~6331 E-0001 5.7268911 E-0004
3 8.5000000E +0002 2.2966500E -0001 2.2657524E-0001 3.0897606E-0003
4 9.8000000E +0002 1.8515800E-0001 1.9219008E-0001 -7.0320832E"()()03
5 1.26oo000E+0003 i .5856200E-0001 1.5136171 E-0001 7.2002909E-0003
6 1.8600000E +0003 1.30~500E -0001 1.3427163E-O<>01-3.3366303E-0003
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RESULTS FROM CURVE FiniNG ANALYSIS USING BRUSTRAET MODEL
CAPILLRY PRESSURE - VOLUMETRIC WATER CONTENT

CURVE FITTING USlNG LEVENBERG-MARQUARDT

FUNCTION:
(b1 -b2)*(b3f(b3+ (Xl" b4» +b2

Factor for calculating derivatives == 1.000E-0009
starting value for step length == 1 .000E-OOOl

Smallest value for step length = 1.OOCE-0005
Maximum number of iterations =1000

Number of data paints == 6

Total number of parameters == 4
Number of parameters to be varied = 4

Initial e3t!rnat~s:

b 1 = 6.l'i3342313E-0001 b 2 =-?.75908662E-0002 b 3 "" 6.50150629E+OO02

b 4 = 9.88748764E-0001

Step length = 1.000000000E-0003

Number of Iterations ee 244
Number of -tata paints = IS

Sum of squares of errors = 6.531 57781 6E-0004
Total number of parameters = 4

Number of parameters varied = 4

Estimated standard deviation = 1.807149387E-0002

(Not converging further)

Final set of parameters (and estimated standard deviations):

b 1 = 4.2912787E-O()ol (2.884E-0003) b 2 = 8.4550762E-0002 (3.035E-0003)

b 3 = 1 .7083707E +0006 (6.265E +0005) b 4 == 2.1 836074E +0000 (5.544E-0002)

'('~
1.()

I
I

x = CAPILLARY PRESSURE (cm)
y = VOLUMETRIC WATER CONTENT (crn ? 3/cm ....3)

o

x y
obs calc obs -calc

1 2.500000oE +0002 3. 8889000E-000l 3.9756731 E-OOOl -8.6773149E-0003

2 4. 5000000E +0002 3. 5323600E-0001 3.371 9021 E-OOOl 1.6045786E-0002

3 8.5000000E +0002 2. 2966500E-000l 2. 2466760E-0001 4.9974021 E-0003
4 9.8000000E +0002 1.8515800E-OO(ll 1.9975366E-0001 -1.4595664E-0002

5 1.2600000E+0003 1 .5856200E-0001 1.6204041 E-OOOl -3. 4784077E-0003

6 1.8600000E +0003 1.3093500E-00Ol 1.2255121 E-OOOl 8.3837931 E-0003
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(i

RESUL TS FR.0M CURVE FITTING ANALYSIS USING BRUSTRAET MODEL
CAPILLARY PRESSURE - WATER CONTENT

CURVE FITTING USING LEVENBERG-MARQUARDT

FUNC110N:
(bl--b2)*(b3;{b3+ (X) A b4» +b2

Factor for calculating derivatives = 1.000E-0OO9
Starting value for step length = 1.000E-OOO·j
Smallest value for step length = 1.000E-OOOS
Maxlrnum number of iterations =1 000

Number of data paints = Q

Total number of parameters = 4
Number of parameters to be varied = 4

Initial estimates:
b 1 = 4.S9996744E-0001 b a =-3.41534880E-0002 b 3 = 6.95343814E+OOO2
b 4 = ·1.01835724E+OOOO

Step length = 1.000000000E-0003
Number of Iterations = 250
Number of data points = 6

Sum of squares of errors = 3.716130590E-0004
Total number of parameters = 4
Number of parameters varIed = 4
Estimated standard deViation = 1.363108688E-0002

(Not convergIng further)

Final set of parameters (and estImated standard deviations):

b 1 = 3.7013261 E-0001 (2.356E-0003) b 2 = 7.1449111 E-0002 (2.243E-0003)
b 3 = 1.4354541 E+OOO6 (4.648E +0005) b 4 = 2.1702003E +0000 (4.89SE-0002)

x = CAPILLARY PRESSURE (cm)
Y ::: WATER CONTENT (gig)

c x y
obs calc obs - calc

2.50000coE +0002 3.3425300E-0001 3.4018596E-0001 -5.9329641 E-0003
2 4.5000Q00E+ 0002 2.9621600E-0001 2.8494129E-OOOl 1.1 27471 2E-OO:;2
3 8.5000000E+OO02 1.9121700E-OOOl 1.8692754E-OOOl 4.2894610E-000:;
4 9.8000000E +0002 1.5411000E-OOOl 1.6595183E-0001 -1.1841 ~35E-0002
5 1.26ooo00E+0003 1.3197500E-0001 1.3462703E-oool -2.6520298E-0003
6 1.8600000E+OO03 1.0891100E·OOOl 1.0230554E-QOO1 6.6054582E-0003
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APPENDIX 3
COMPLETE TEST RESULTS OF ASH TEST 1,2 & 3
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ASH TEST 1

,p~r ),
I
1
0

1
.1

o
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SUMMARY OF RESULTS
SAMPLE: ASH TAILlf'IGS TEST1

DIMENSIONS IN em AND g
DIAMETER

AVERAGE
f::: uios::7.03 7.075 6.91--~~~--.~~4-------

3.065 3.115 3.07
2.1 922..;.,39:;..,,,--,-2...;..1993..;..38.;.-,-_...:2.;:..199721

I I:';, :>:::3.()9:LENGTH
2.126009 2.1647441

119.0871
63.76991

S GRAVITY
FINAL VOI_UME T
VOLUME SOIL

BOWL
WET SOIL & BOWL
DRY SOIL & BOWL
WATER CONT.
VOLMCONT.

189.835
345.548
328.668

0.1 21 56492577
0.14174501762

APPLIED TOTAL FLOW ACTUAL TOTAL
PRESSURE VOLUME VOLUME VOLUME INITIAL FINAL FLOW FLOW

kPa volts em"':;> cm+s volts volts cm"'3 cm"'3
0 667 -0.1 446730587 12.44141 0 37.46548

30 650 1.21 8631 551 4 11.0781 -1281 I -737 7.153816 30.31166
80 602 4.73115906908 7.565574 -379 331 9.336782 20.97488

110 577 6.3851 21 81 6~ 5.911611 358 101l~ 1'1.6792$2 12.29562
140 555 7.75311 025261 4.543622 -1478 -1006 6.206987 6.088634
190 516 9.99932507858 2.297408 "2347 -2191 2.051462 4.037172
250 472 12.2967326655 0 -2205 -1898 4.037172 0

APPLIED SUCTION VOLUMETRIC WATER DEGREE SLOPE
PRESSURE CONTENT CONTENT SATURATION

kPa kPa em" 3/cm" 3 gig
0 - 0.41 31 8411 473 0.391446 0.802282556 -

30 16 0.362515214057 0.339P1', 0.71098259 0.908931
80 42 0.21 0$8740735 O.~72665 0.6021 83084 1.004725

11o 67 0.2;3340741618 0.210149 0.47665741 8 0.861392
140 109 0.1 8578422315 0.165441 0.38$1'12$016 1.091624
190 140 0.1 '12321 62-+56 0.150664 0.3631 7951 3 0.706172
250 0.141 74501762 . \\1211;)85 0.305259727 1.227554,--
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ASH TEST 1 ;lPPUED AlR PRESSURE ~Q <Pa

-TiM;: ! Sll,,'iO~4
hef."~ 'JC'1~

0 124
70

2 55
2 63
4 64
51 64

; I 64
;S

8 6$
9 6$
'0 67
11 er
12 67
13 e7
14 6$
15 S9
16 &3
17 69
18

711Hi sg
20 ~I21
22 71
23 73
24 70
25 70
26 69
27 69
~a 69
29 70
so 69
31 70
32 69
33 69
34

1
69

$ 70
36 &3
37 70
sa 70
39 70

40 &:J
41 70
42 70
43 70

suctiON'
-. J1ia>

TIME FLQW I FLOW
rr'r!I ..:tet 'letts em"" 3

a ·1281 0
10 -1228 056545

:<0 ! ·1195 !.i309
I 20 .1156 154375

40 I -1120 &11715
50 -10!l6 2.56425
60

1

-10Ii:2 3.01125
70 ·102() 343216

60 •SB9l 3.8:398

90 I -9€Q I 4.22115
100 .!l3Z . 4.58935
ltO ·007 4.9191
120 ·884 522'J55
120 -963 5.4967
140 -844 5.71655
150 -!l27 ;"9701
16V -1J04 6.27255
170 -rrr 0.6276
180 -755 69169
19O ..737 71526

SU.. ,ION
kPa

LOG LOG F~E::'ICT=;: Regessx",Ou1pU.
TIME FLOW F~CW

29.56673 ::<;.::10:
15.57008 ' .. ·/:fS·
'4.27409 . :: :'i~
13.1557 :::::::l4:
140149' :.:'1;(
14.0149 > ::>t4:

ERA FRA CorGtact
.: > >:'.\: '::'0:24761 -O~:;:)32445 SldErrOfYEst
:{~i o~f ()~$3~~4 0 "~:J.::-il1• 6 R Sqt<3(eO
'iAn:i:2J:: ::Ii:2tE!!3& 0,~022 Nt) cfOb\:erv;n!=>
j~ >O;i?~jj~ 031esoo771 DegeescfFreeccm
'::1 69897 D.4oe9iJ: 0 40498'\ 3"'.<3
l' VoiGt 0;47Jl'1$f OA7l!!l:'l1W X Coe1l!c:e!1!(S) 0908931
:1..fl4Sil9s: )'l:&2556& 0 537EC1eg~ SId Err c! Cc2t 0.012343
': 1 SOOO!1 : (';6S4~ 0.5SC512:l81
1954~~: il:~~4ili 06370C6514

2 0,661751 O.6~!!I5!1".A OUTFLOWVOLT;'c::;e
2.041293 0.691797 0.71G.--Z:O~4 INITIAL -lZll1
2.079181 0,7j7716 0.750561253 FINAL -737
2.113943 0:740102 0.782162623
2.1 ,,6128 0:759407 0.81141 7291 VOWME VOLTAGE
2.116091 0.775982 0.82!1i'..s18CS INlT1AL -66?
2.20412 0.797444 0964127992 FINAL -649

2.220449 0,821356 0.81l1!C59191
2255273 0839911 0 91csz..'125

'--_-:":"'-' __ =:....L..--'==J...;:2:;.:2ztl754 0:854525 C!)S'!l:54B3

-1.13.."27
Q,01C9C5
Q,998? ....

!l
7

«iii'
::<::::}_~:
<:::tS:
«:t5:

14J1)249 "' .. :::i:i
1479249 :: ::::' ::~5
1479249 « :-<:::tS·
14.79249 : '.; /15:
14.53329 :>: '</is:
15.31Cl!9. ::: ': ::::i5
15.31088 ::': /:::itt;
15.3108a:: <:;:$

:,:::::ifi
. ::::i!i

14.0149
14.21400
14.63329
1453329

15.02928
15.31CS8 .
1582928 .: :{ei
16.08848 .·::::f~
15,82928 :-: ::::::::~6:
16,24767 .<.;:::'t~:
15,57008 ::::tii
15.57008 . , < ::::i~:
::~::: '>:"?:~ci~:~:: :)<m·
15.3t088 . :.:;:::}S:
15670Ca ::: :ta
1531C',?8 . ::>tS:
1&31098 .. .: ::::~5:
1531088 :-: :::'::::j:5:
15.07008 ::'::::/:1:i;:;;~: :::::,.<~~:
16.57008 ., .::::::l:e:
15.67008. .;>::::1:6:
15.31099 -: :}:~~:
15.57008 .: ,:,>1-6:
15,117008 ::: /::::~a:
15.57000 :::: ::.:::~il

.(:~
o

o
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OUTFLO'vV AT 30 kPa
1~-----------~------------------------

++J~+
,.f-""'T'"0.8 :~+.: ..

-0.6 ~, ..

:::_-:_::~:::~::::~~:~~:::::z::::::~::~:~__::::::::::::__::::~~::.-.__~_:
E~'

W' -O ..· ·..··..~7:...·..··..···..··..·..·········..···..···· " ..
-0.2 ..;:v,L .

-O.4+-----,r----,----r-----,-------r-·--,----I
1 1.2 1.4 i .6 1.8 2 2.2 2.4

TIME (log min)

[0 Experimental points --+--- Linear regression
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CAPILLARY PRESSURE AT 30 kPa
30--"------

\\

'& 24~""""-"""""""""'''''''''''''''''''''''''' - .

~. 1\2. 22~..l · ··..·1

~ 201........ . _. - ._. _. ...- _ _.. - .._..
18~l··· - - _._.._..-_._ _.._- - .-_._.._-.._ -
16~··I:·~·-·,~::::-;::::::!\l···~···
14 •• 111111 i i 0 -,

o 5 10 15 20 25 30 35 40 45
,(;,~~ TIME (hour)
l
10
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AS" TJ;ST 1 AI"PUED AIR PF.~SS"RE 80 vila
SO

i~ME ROW r-L.OW LOG Loo-rF"RE-~ RegrDS~1Or1·:'ucu.
~_r''!'a: vctts cm"3 ml.E FLOW F!..0W

0 ·287 0 ERR EAR EflR Con:;tan

10 -23!i 06312 :-:. ::'.« .: ;0:19983:' ·0.1 SE24224 SId Err OIY Est
so ·191 1 21;24 ::~ 2i.iiil il-l<nJ:~1 0.1 0421 0051 A Sqtt3ted
20 ·145 18573 :i~~Zi'i2::.:ri·!i!n2(~ 0.2811223 Nc. Of C·b'WVa:!Or:.
40 ·92 2.c6425 ;;·i~ · :;trl!Qll~B Q406S62342 Defrees a FreedCm
60 ·40 324805 :::{r,gsgi 051162:' OS04C2C232
60 10 390555 ):nel${ · il:Qi!i~iii O.5925SC591 x CoeifICiM('i 1004725
70 59 4.5499 Ltl4:ogg :)Iil$<~:o 65ca41lSSS SId err c! ccet 0.005051
80 108 5.19425 :::f90309· :0:716623:· 0.709114534
90 ISS 58123 j.:954~~ :il:iil4~4g 0.1605CS84 OUTFLOW'iOL.TAGt

L
ICC 201 6.41i'd '2 ·' ll:Bw;3ll6 : 0.805482523 INITIAL ..ai'S
110 245 S,99~B : :tMf2Si ii:il44li:ii O,64807CltG FINAL. :lZ1
1~'O 288 756125 2:0791st uti700a4: 0886037882
120 331 81267 ,iii394il Ji.~ O.9t:OC-€4231 VOUJME VOLTAGe

INITIAL ·650
FINAl -Ga2

146

a
1
:?

sucno» l $UC'llO~;I SUCTION

'{oks kPa, kPa
2O"J 76.42544 I, :",,/::rl!:
182 4SC62S8' ',::: :':45:
179 4429t99'" ":::44
177 42.?e€S9 :::::::::iI<i:
177 43.76659 .: '';':41:
175 432482' , " ::::'43:
174 42.999 :: '::-::'::~:i:
114 42.989 ... ,:::::i43:

8 174 42.989, '::':;::::43
9 173 42.7298: ::::::':::4i(

10 173 42.7298 :<:;:43
11 173 42.?29l!. .: :::.i~:
12 172 42.47061 '<:::4~:
13 112 42.47061 ,. :::,::4P.
14 171 42.21141 I::.::.:::;:::.:~~':
15 173 42.729!I :;:: }~~
16 172 42.47061 ·':',«:':42:
17 171 42.21141 :::?~~:
10 1721 42.47061 '-:,:::::::42:
IS 172, 42~7C<il "::<4~
20 171 ,. 42,21141 :-:::42

'-- _ _;2"'1..J.....__ 1;.;72~, 42.47001 I :::~a

·1,20297
0006969
0999601 I

13
11 4

5
6



1~--------~----------'--------------~
~

0.8'" _.__ _._ _._-_ _ - _ ..· __..·_·.._ · _7 "·..·__..
(t) .if-
~ 0.6-····..···..······· ·· · ·····..··..······..·..·· · ··········..·····..· ·..····..·····..7:..·..·..··· ..,.
o f P
~ O·'+~I···..··..· · ·..· · ·..·..· · ·..· ~ .. .
~ /JZt.'>
~ 0.2'" - - -- - ~ - _ _ _ _ _ _ -

LL. / .

0-·..'····· ·..· · /-: · ·..· ······..·..···· .

V-0.2 I I I ". I I

1 1.2 1A 1.6 i.8 2 2.2
JIME (log min)

OUTFLOW AT 80 kPa

. ;::.::-.~r \
10

I 0 'Experimental points -------. Linear regression 1
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CAPILLARY PRESSURE AT 80 kPa

:: .. - -_ .. _._ _.-.- _._ __ ._ .. __ 1

70 ' ' .

C?a.. 65 ' ' .
~ ..........

~ :: ':r .:: ::~:~::::..: :::..:~:::~:::::~~:::~:~~:::~::~::~:~:~
en :: ~.-t::~~~:::~~:::~::~::::::~::~~:~~:~~~:::~~~::::::~.~..~~:.~::~:~:::::~=: .

.. ..___ .. .. • .. • ----.. .. ~ .. III • II III

40~----~----~----~----~----~o 5 10 15. 20 25
TIME (hour)

148



o

ASH TE3T 1 APPUEO AlA PRESSURE 110 ~pa
110

liME: I-Li..1W I-liJW lUC7 L()(:i rf!~LoICI~()
m:rJ1jrcs. ',ro~'~ 'Jctt~ TIME FLO\:V FLOW

0 358 0 ERA EAA EF,R
10 450 120gB 1 OOB27f4 0,083148376
20 624 2,le~9 UlOH)3 O~390:i4 0$4245323
20 6'15 3116~'i .~'4171~l 04iJ2!i14 04g412G845
40 6(>3 '"'"~,_""lr"~~50 730 48918 1 69sg7 068946'3 0685235601
60 193 57<0:15 177il151 0751415 07534416'J9
ns H:''3 6509~5 I (l1~(J~8 081:;531 1)81110~1:l3
eo 911 727195 1 90309 I) SoH;G! 08blOWQ37l 9~ 'lU6 'wlj:%,,~ "M~ """~"__ _:_~o ......._l_(J_f.!~ ~_.~!._9 .__ 2L~~1 ~iO'!?'!. r

COrr,I3fU
Sid Err 01Y Est
R SqtJ~red
No 01Ob:~r,"'l!i~m
[J"qrces of Freedom

x Coeiliclern(s) 0Btil:;92
StctErrmCocf O!)(n6~'3

JUfr-UJ1NVl)LIAt1C:
INITIAL 353

fiNAL 1018

VOUJM~ VOl. ,A{'l:;
INiTIM. ·6Q2
FINAl 377

149

67112SQ 07
(;7G3m~ ~A
tiT3l1;'! 61
66e5~39 .•.••••. 67

L.__ -==:..J.._-=:;,::.cL...:;;67~,6:;::.3098L~

! f1Mh SUCTION

. hOl.Jr~ ~·0.71824 0 413

0003469 1 271
0999658 :2 269

ro 3 J 271
8 4 270

5 267
6 2tl7
7 :269
8 26B
9 270
10 "Ill
11 260
12 267
13 267
14 268
15 2GO
16 267
II 269
1(1 26(j
1<) lOGS
2U 20/
21 265
22 268

SUIJI i()N SUGTlON

I,PO I'P~
105.2146 :':105
69401158 'sa'
67.e90Hl ., .60
6840859 ... ES.
6814930 sa
6i37179 67
67371 79 01
67 8'1018 ... 68
6163090 68
6B.14930 sa
6131ff'l bl
6763C90 UO
67.37179 67
6731179 -. 61

67.63098
67,63090
673717':
671l'?01U
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OUTFLOW AT 110 kPa

g

~ ~::..... : ".. .~... . :.

~ ~::I ~ .':~ . .:::::: ~~~.~~::~..::::: '.: ~:..: :::=~..: :::... =:~
~ 0.3r . 7 _........ ..

0.2,··..·········7·······..··..·····..·····..·····..· ..
0.1 ..~ ..

O+,--~~~~~,--~--~--~--~---~~~~
1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2

TIME (log min)

~ Experimental pOints --------Linear regression
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CAPILLARY PRESSURE AT 110 kPa
105---~------~-----~~--,

100 \.. .

\

l ::~t~~:~~~""."~.~:~~:~~:-."-.:~::::~~-.~-.:~:~".--.~:""-.~:=~::~::~~::~::.".~"~
e..
~ 85 " .
i=
o /:::::> 80 ..
(j)

:: "" " ••":-; ~~-""""-"-"- •. --"_.',"- __ "e. -" ~~" _"". 1

o 5 10 15 20 25
(:~ TIME (hour)

\0
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I
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o

ASH TEST 1APPUED AlRPRESSURE 140 kPa
140

t"LCtIN

lJo!l:
ROW LOG LOG PREDICTED R"9'es~1Ofi Output

cm~3 TIME FLOW FLOW
o

10
W
~
40
SO
60

-1478

-1354
,1291
-1235
-1196
-1140
-1107

-1076
-104S
-1026
-1006

o cFiR EAR ERR Constant
071 01 .. :. :.: .,.:r: :0;14668: ·0 13692649 SId Err of Y Estj~"" ">j'ooitia ::ti-liii,J41: 0.191635204 RSquared

2.4tiOOSh~~p~~:ll:2iml~i: 0.383910723 No OfOlmrJ<l!lonS
3.19545 ::f~: ::i);00'4li3~: 0.520296899 DegeesofFreedCm
3.839B 1.69897 o.584:109 0.52&l86235
4.4447 1.778151 11547842 0.712522417 xcoerrc:enr(S} 1.091624

4.B7865 I.B45098 0.6863 0.785603168 StdErrcl;:Od. Q.045873
5.2863 1,90309 1172311;2 0.848908693

5.64135 1.954243 0,?51S83 0904747936
5.9438 2 0.774054 O.B54697ea OUfFLOWVOLTAGE

S.2!l61l 2.041293 0.792868 0.99SEe:liS6 !NITlAL -1418
FINAL -100S

VOLUME VOLTAGE

INITIAL -'577
FINAL -555

152

70
sa
90
100
110

TiME: SUCTION SUCTION SUCTION I
hot1r~ Vclt~ kPa ~Pa

-122855 0 519 132.9669 :~I0020744 434 110.9352 .'

0.996491 2. 435 1111:1'44 .1ti

4 3 ~ 110.1516 HO
2. 4 4:30 109.8984 " .1~QI

5 42B 109.38 iOO1e 427 109.1208 109
7 429 1096392 'nO
8 427 109.1208 1ti!l1
9 '~I108.8616 iOS I

10 425 t08.6021 :::HJ9!
11 427 1091208 . , t""
12 428 10928 >t;;;;1
13 426 108.8616 j.:::' ~Og I
14 428 1~::1>. lOS I
15 426 :t09!16 425 1006024 -: .109,.

.: "lOS17 425 108.6024
18 429 109.6392 •.. nOI
19 425 JOO6024 -:. 1Q9
20 426 108,8616 .. .' .109
21 425 100.6024 : 1091
22 426 108,8616 ·...091
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OUTFLOW AT 140 kPa
1r~----------~-.-----.--~------'""+,,..-'

me --. - -. . __ -::~-- ..

0.6 - :.,,<.~ .
.,.' / ...., ./'

~;...'

0.4 _- - ;;%:~.~~ - ..
A-_/;.

0.2 w.~:.~ - ..
.."._,_;". .

_...::::;.:.,.

/-i",'~'

0 · "·..·/·· ·..····· ·.." · ······..··..··· ,,..· ".
.<l'/

,,~_;:;.'

-0.2+---- ...
1

----r-------,-
"1.4 1.6 1.8

TIME (log min)
1.2 2 2.2

I=-~.~"----.-'"..._-_-....-.-..-._-"-_....-..--~..--_._-...-.---.-- ~-I
~xperimental points --;---- Linear regresSio~
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CAPILLARY PRESSURE AT 140 kfla
135.,.----~-----------1

T
130 .

ro 125 , .
a.
~

~ 120 , " ..1

f-a
:Jen

105+----,-----.-----,-----r--------lo 5 10 15
TIME (hour)

20 25
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ASH TES 1 APPLIED AIFl pnESSUAE 1~OkPa
1~0

.....,':::IM7.c-==--r--;~.,.-L-:cU-;"""~-r-f.:-:L'C"J"'W:C-'-U--)'(,;-,-"--L-'J-(,;-r-p-H,,-ljlCi'W"

FU':'llM FLO',!"}
EAn ERA COI1~JaI1l

l--,rr"""-"U",l,C,,,~:..., +-_,,,,,I,O~'} w!1l~:J TIME
o -2248 0 EAR
10 -2232 02104', '>, ,1
,,0 -2221 0,35505 :'j3!Jj(Jj
25 ·2218
SO -2213
35 ·2209
40 -220:1
~5 220t
50 ·2198

5~ '.. ·2195L_':IU.,~,

.0 &1695 -0.':;7~54246 Sid Err etv E'SI
;!l it4~rl -046096355 ASqus'~d

02~,15 ': 1~2~794' ·ri.4D39'i 039262842 No ct.Obccrv:mom
046025 :14111:<1 'Q~10j ·033661295 DeqreesolFreedom
051285 >1.544068 . :'oz90oi 028933691
057So j e!J20~ ;~2:l7~2 ·0.24828463 XCoef!lclern(o) 0]06172

061e05 T653Zi,3 0:",899 ()21226215 'oldErr of Cacl 00104
06515 1696971: :CHli.. ·01799495
06%95 f74ri~31 iJi5SEi ·016071915 OUYFLQWVOLTAGE
0149D~ .fi/HiM >:01.2~" ~3~9~ I ;NIfIAL ·23M

fiNAL ·2191

VOLUME VOLTAGE
INITIAL ·b~~
fINAL ·516

155

-137971
0007406
09002iiB

10
8

liM£: SU<:IIUN !lUGI
hCL~~ lJan~ lIP

0 706 101
'I 559 143

2 549 141:
3 541 140.l'i
4 546 140.
5 546 1404
6 545 140.1

I
7 64!S 1401
a 545 1401
9 545 140.1
iO 544 139
11 515 1·10.1
12 546 140
13 545 1401
14 045 1401
15 5·15 1·101
16 645 11001
1'1 546 140
IS 549 141

_J.tl __ ..E4.!L ~1.40

~"'7=C--'"KIN! :iUC11f..iN
n I I,Pa
6992r tQ2
7972 I :: : t44

1~j
,8il9 :::: :>i41':
4277 14ci
277 ':: .. t40
685 -. 1~(i
685 >. t~O
685 .:': 14Q
G85 .. 140

9()93 . 1~O
605 .. >1mi:
4277 14Q
6RS 1010
605 . ''iqO
G05 t.l0
b~5 . 14Q

4277 . ~'10
2053 :;:. 141

_Jl~1 : 141
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OUTFLOW AT 190 kPa
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CAPILLARY PRESSURE Jl.\T 190 kPa

190 ..

zot3 160 " ..
::::::>
Cf)

150-···..·..··..·· ·..· · ········..········..· · .

140 ,,-. -- __ --II......................................,,'11- • • • III .. III It" ..

130 .-~---r.---r~-----r- ..-·-·T-"·"-~_______.,·--· ~"r---.------r--
o 2 4 6 8 10 12 14 16 18 20

TIME (hour)

o
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ASH TEST 1 APPLIED 111RPRESSURE 250 kPa

\

250
r---T-IM-E-""'I~F-L-o-w----r.-F-L-OW---'--LO.---G-"--""'L-o.-cG~TPREDICTED Regression Output:

min~tes volts__ em":} TIME FL~ FLOW
o -2205 l----O-+---E--R-cR-I---ERR I ERR Constant

10 -2189 0.2104 -0.67695 -0.8226868 Std Err of Y Est
20 -2176 I 0.38135 1.30103
30 -2160 0.59175 1.477121
40 -2141 0.8416 1.S0206
50 -2121 1.1046 t,$$$97
60 -2103 1.3413 1.7713151

-2.05024
0.010123
0.997868

$
7

-0.41868 -0.4531561 R Squared
-0.22786 -0.2369946 No. of Observations
,-0.07489 -0.0836255 Oegrees of Freedom
O.Cl4320S 0.03533676
0.127526 0.13253603 X Coefficient(s) 1.227554
0;201111 0.21471684 Std Err of Coet. 0.021446

>0.280294 0.28590509
0.3$641 0.34869758 OUTFLOW VOLTAGE
0.408136 0.40486738 INITIAL -2205

0,457382 0.45567914 FINAL -1898
0.558268 0.54473901

70 -2084 1.59115 i.,845098
80 -2060 1.90675 > 1.$0309
90 -2040 2.16975 H}S4243
100 -20'10 2.564251' 2

.__l;~__;;;;;_L~~~~~~i~1:
VOLUME VOLTAGE
INITIAL -516
FINAL -472

158



OUTFLOW AT 250 kPa
0.6J' . ~
:.:[::~::::~:~~:::'.~~:::~: ~::::~:.::::~~::::~~.:~~~~'.:

$ .j ~~
<E 0······ ·····..········..··..······..···..·· ······..··· ~ ,1
Q $~
8' -0.2 :~~~.~ j
~ ~. I
~ -0.4 - ~~: -_ _....... . -... . ...1

u, -0.6 ~;~:~~~ .
,..","

-0. 8 ., r.:<~ ..

-i+-----~----~~~--~------~----~----~,
1 1.2 1.4 1.6 1.8 2 2.2

TIME (log min)

I-El- Experimental points --+--- Linear regression

1

i
io

1l ... '
.~
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SUMMARY OF RESULTS
SAMPLE: ASH TAILINGS TEST2

DIMENSIONS IN em AND g AVERAGE-
DIAMETER I 7.135 7.31 I 7.33 I 1:2S83:33-
LENGTH I 2.855 2.831 I .: 2.8425
S GRAVITY I 2.192239 "2:199338"C 2.199721 2.126009 I 2.1 64744 :<1t7641.-FI('.Lo.LVOLUME T
VOLUME SOIL

117.6154
64.96937

BOWL
WET SOIL & BOWL
I)RY SOIL & BOWL
WATER CONT.
VOLMCONT.

176.4
333.2
317.8

0.1 089108911
0.1309352399

APPLIED ! 'I TOTAL FLOW ACTUAL TOTAL!
PRESSURE VOLUME f VOLUME VOLUME INITIAL FINAL FLOW FLOW I

kPa volts J el)1"3: em'" 3 volts volts orn ? 3 cm ? 3 Ir-~~--+-~~~r-
662 10.2632742499 18.53468 0 38.432951

417114.879072122 $,91 see -242 -739 6.56953iT 31.86341 I
346 i17.838357619 0.959!~94 -214 195 5.378512 26.4849 I

3~411a.e84a40388 0.11311'1 184 1313 14.8466 I 11.6381 I
323 i18.72~604657 0.075:347 -1431 -1032 5.247008 I 6.391093
323 118.722604667 0.075347 -315 -77 3,12!~794 3.261298 I
322 118.760308376 0.03'1643

0
'II 450 S85 I 1.776304 1.4869951

321 i18.797951 706 -403 -290 I 1.485995 0,~------~~---=~~~~~------~

o
30
60
90

110
130
160
200

,o,PPLIED.1 SUCTION! VOLUMETRIC WATER DEGREE SLOPE
PRESSURE I I CONTENT CONTENT SATURATION

kPa kPa I crn"'3/cm"'s gig
0 - !0.3953941912 0.380714 0.7562857061

30 25Io.388S895642 0.334253 0.035560697 0.96275
60 451 0.36323515277 ().296216 I0.7813527681 1.018601
00 85 0.229664860':- 0.191217 0.512481e733 1.273666

110 ! 96 Io. I 851555386 0.15411 10.4133256002 1.10157

130 I 126 0.1 5815621 605 0.131975 0.3539607869 1.110192
160 - 0.143623660$ 0.1194210.3205166862 0.961978
200 186 0.13093(?~399 0.108911 i 0.2925197'1 0.906486

160

T(/~~~'.' t 'I ~:;:'.::-,-: 'TIl.. ' , ' '-,



TIME
_~~II!JtP.'; ..

U

FLOW
y.~ttc,

~'4:"
~'4~

FL'jW r-'U-J8 '-LOGcm p~Er'ICTE~
.P":' 3 _ TIM!,. . II ::W... Ft.,,'"

o nlll (fIll fill' 1:(1IJ'II.K
00'1:)012 0 1 'iff"'!l 1 23113963 StdErrofYE-:t
0105144 (l(,OIl.'3 ·Og/57,] 091132305 HSqu3red
0171834 0411121 ·Q764M ·077179122 'lp ofObservallOm
on·uoo O1l02{lii ·06-1039 ·06511)0040 [Jegree'iofFmPdOm

02n~18 OSQ8<:lt ·d.~~(j~1 065820638
0.33045 0 lltlL51 ·04BO&9 048197465 X CoeUlclenr(s)

·255
,:;'59
203
·267
·272 039654

0·1.1941"
050;:"20.1
0055156
06C~028

()845096 ..040171 ·041152164 SldEJrofCOel
(JY(Xl(J'1 ·O:M/!l£j ·U3blbtl9<)

O~M210 ·0.~'9~05i ·03121·12U2 'JUTrL0'N'.fOLTAGl
1 ,025559 ·(l26838SS1 INTIAL·242

104139:3 021!lOR ·0.228539
1OImSI . ;()H~au ·0 1921~8U:
1HUg!:! ·O.IS.1SS ·01506QOU3
114$129 012:290 ·0127705:J6 VOLUME CHANGE VOLTAGE

1 <'041<~.. '1J0Il59~ -OJ71B7333
1'2804:ID ;ri:asnO:l 0046:'32515
1 ~55~T;j ·001651 002::6::626
j 218764 0001979 ·1 9025E 05
!:jDi03 0029651 002142677
1!'jOffiil

117(;091

·4;'4 30()6576 11'0151
·615 4. 930314 2079181

096275
001066

f:Nllt:Lt ~l39

.oosas ·o.091'~579B VOLUMEINITIAl·652 V
VOLUMEFINAL·~18If

!'

'l
10
11
12
13
14
15
Hi

18
19
20,
40 I
60
120
181)
240
2nn
260
420
40C
~4n
600
6GO
7:20
;'00

0000912 2 380211
641073 ::>4771'1
6.47';82 2556303

·280
·204
·28a
·:t9~· ObbU9
.295

1

(J 70055.1
·"99 0763426
·303 0806298
·307 01)5917
311
·315
'318
·323
402

o £)12042
0\164914
100'1">68
1070658
:1!l4S(1

2255273

2,623249

5696958
·6~6
A7?7
·722
·734
·735
·no
·125

:;;~I

6602256
,.151047·1 2GOI~~1
i1 f)~96l1.? ? 7~?3tM

(>5j6474 2778151
6529692 2619544

~.••. ~.~.:~. :.' ~······I· ~~~~~;~~~.0692875 077059174;
0.765643 0 940123576 1
0770222 106Q..lOD322I
o ~Ofio07 1 15:l70R.J?
o SI1262 1 229940151
001 3131 I 29~3931 tl
0814013 1.350224097
01\141193 1 "QQ471 c)7Q
0.314013 1443524995
0.814893 1483375795
0014893 I 5jg75G7~5

O.BI48Q:3 1 5~3223g3?·736 6529692
20573021
2892095

161

I ;":11 I·,

002286
0997432

23
~I

n

TIME SUCTION SlJCTI'~N
_~5'_ Yaks kf'q

o 140 ~illtll;'I"
1 137 2008513
2 139 3060352
:3 136 2'182593
4 134 :<930153
5 125 2956673
6 132 287a'14
7 131 21152994
a 131 21J fl29'J4
9 133 29um31

10 130 2827074
11 126 27233gG
12 tza 2U4bo3ti
13 119 2511958
14 117 24.90118
15 117 24.90118
16 116 2464198
17 117 24~011a
18 116 24G41ga 2!iO
19 li5 2438279 2~G
20 116 2464198 ;:~o
21 116 2464103 ·.2GO
22 116 24641~a .25.0
23 117 24.90118 >250
24 117 2490118 . 2116:
26 ue 24641 sa zeo
26 116 24641qR .'.: .. ·.·,;0·
27 116 24 ~827!) ..:: 24:0
28 117 24.90118 . ::: 250.
2g 117 2490110 "2$'0

~.~30~~ ~li~6~~2~46~4~1.~qR~~~·~?~~~O·

~UCTI()N
kPa~,., .-, 3'-0'
· . 3t}(i

.: 310· wo

.. >290

~O
290
29.0
·~qO
2~O

: :lao
27.0
ZIl.O
250
25.0

· 25.Q
250'

:".260
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OUTFLOW AT .30 kPa
2 ---------~----~---~------------------------~

1.5- .,............ .. :+- + .
.r~

-+" ......+-
+'1 " ~.f"~~ ,. ..

.£~ Ej-B-Ru I ILlHfIF.I

0.5 ....;.:>~~ ..
.!;fir"

~/
.,;--.:+

-1 .5 _., I -----r----l
o 0.5 1 1.5 2 2.5 3

TIME (log min)

~ Experimental points --+--- Linear regression
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CAPILLARY PRESSURE AT 30 kPa

::~\l\-~-- ----_mm_ ------ - .m - --- ---1
I \; \m 291 - ..- lit ..m. • • ''\m -. _.m .. -.- . -.- .m - -. - - .-- -.-----.-.-

~ 28~················································..· ~ ,. .
2 '01.

I \.b 27i..· ·..· ·..· ··· · ·· ····~· .
i J \

26

1

. - - - - .- .~;.-.- - ----_._---- -..

25+·· ·m- •••••• _ ••••••••• - ••••••••••••• _ •••• _ ••••• _. ~- •• - "!_ ------

MI \/ \
o 5 10 15 20 25 30

TIME (hour)
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ASH T£:ST:2APPUED AIRPRESSURE 60 ~Pa
60

TIME
rrJnute3

Aeqtesslcn Output·LOG fPAEOICfED
FLOW FLOW

FLOW
votts

LOG
11ME'

o
1
2
3
4

5
6
1
8
9
10
11
12
13
14
15
III
!7
18
19
21
41
61

1:21
1!!1

24f
301
361
421
491
1;41
601
661

o
00263
00526

009205

·214
212
-210
-207

EAR EAA EAA CcnSl!lnt
. 0 :1.M004 ·1.63138724 ':M::rrOfYE:t

. (!Sonia ~j27901 -1 22475769 R Squared
.04#121- -tr,i:)$9a 10453909 NU or Observations

.j 53139

0.039170
099325

23
21

TIME
hoUrs

·205 0' 1935 . o'ri0206 ,O·g268il:·0 91812B14 Degrees oj Freedom

203 014465 Oa~89t :Ofi:l?S~ 08j~41547
·201 017095 UnalSj :0:767!.3 ·073876135 XCoeH:cictn(sj 1.018601
-19B 02104 0845098 ,OoNa5 ·M7056926 3tdErrofCoef 0018187
·1!!5 024985 :ci90~;) ::;06023Z' ·0611~9B5B
·Hr.l 027615 >Q9);42,I::1 ··O.55US5 ·055939·156 ourrLOW\f()LTAGC
·190 03156 1 :,o500a.a ·051278592 INTIAL ·214
-187 035505 ::f041<l93 ,044~71 ·047062327
·HH 0394b lOJ91ill ;04O:;Yi:, ·[)·132131l9 ENDED 195
~1n1 OA~395 1"tt~g'13 .'..O.ZG~5G ·(129372307
·1/9 0.46025 1146129 >.0.33701 ·026393971 VOLUMECHANGEVOLTAGE
-176 04997 11760-31 ,0$0129 ·0.33341913 VOLUMEINmAL -41711
-174 06213' i 204'12 .021901 ·OZO'l8G~03 VOLUME FINAL ·~40V
171 QG5G4G t.2~9~19 ·O,?4~G1 0278050341
·169 059175 12~$:!!13 -O.227M -025271)5
-166 06312 1.:;'18754 -0.19983' -022.184713
., 62 0.6838· j ;r,;2iHi ;~i~~Ol ·018·157292
115 1 :;01ll5 :T6i27llA' :O:h4561. 0111wc(;32
-69 190675 11ai>:i~<()iOO~94 0287152094
4 28667 .20.B2785· ()457302 0590140697

43 337955 2257619 0528059 0 "G8287147
66 3692 2002017 0.566084 OG"·'J:J8475
00 4076f;? 47R.~fi6 0 61O~n7 0 QQ3?R.1R7R

109 4.24745 :< 557507 0628128 1 073692984
118 4.3658 2624282 0640064 11 41709979
124
1:>7
120
135

44447 21lS2J 45
44R416 ?7331G7
45236 2.nBB74
458935 2 820201

064:042 J.200649;:OU
n 6S1 6R f ;>6?fiSl1 1fj
o 655484 12991 7797$
o c61751 '13412731(1 ..

72j I~n 4.6203 2.057935 O_GG54GU 1.379709.107

781 j 41 466825 2892651 0669154 1 415Q70935
841 143 469455 2924196 0671594 1447a13836
901 145 472085 2954725 067402 1.478299346
981 147 474716 2982723 06764~3 160';812754

1021 l149 4 77246 3 009026 0 678932 1 53361 0367
1081 155 485235 acr,,!le2G 0685952 1.558871631
1141 165 4 SH3B5 3li57<''JG 0 697565 1582767968
1201 Hl2 52074 3079543 0716621 1.606439347
1'61 lSQ f;?qq~!; ~IU071!j 07?4:>31 1 fi?7001;?;;!)
1321 11,)3 6352(\<; I :l, 20903 072852 1 647GG&~05

~t_ ~_!_~ 5 37835 :J 1401S4 a 1:1064Q 1.667218201

SUCTION SUCTION SUCTION
vol!s kPa kPa

o
1
2
3
4
5

246 S861607 :' ':"590
242 5757828 -: ~:~
235 55.7639 < 5{;:0
231 5472711 . -: $5 0
231 54.72711 : -:;. .ESO.
'127 53611032 . .. $4(i
.?24 62.91213 '. 530
~~'3 52EJ5353'';:: 53,0
222 6239433 52.0

164

~I
10 .
11
12
13
14
15
1tJ
1"':'

11)

19
20
21
22
23
24
25
?6
27
28

223 5265353
224 5291272
220 5187594

. 'SlO
Eio
:5:2:0
:f,Lif
490
40.0
4B:Q

200 40692 .... 410
lOB 4GinS ;":;' 4&0
196 45.65521 . :::: 46,{r
194 4513081 .: '.4.5.0
194 4513681 :::;. 4t1P

i~~~··•·•••••~.II
196 4565521 .:': AGO.
195 463%01 ;. .: :4'i:O:
195 4539601 ': .:: :;'45,0
196 45.65521 ':::;.4$0:
19'; 4565521 . ::.460
196 466S6?1 .: .;.: :41'>.0
195 45.39601 : ;.>45:0
1S6 4565521 :'::/460
Hl6 4365521 . ·.iGO
195 45.396Ql '';;.: 45:0

215 506/995
210 4920397

47.98798
4824718

205
206

29
:1Il
31
32
33
34

n,



J

OUTFLOW AT 60 kPa
:2 --------.---,--.-------

1.5·······························..·······..··········· ~ .
ool;fo--F

+"r:(f) ; , ' ~.~¥.:¥ .

§ 0.5· ;;:>~.aoa:EJ~
Q) 0 i+!/

~ -O~~ _::~~= _ -::::::::
_~_;::;--.iti"-;.5 .'-~ " .

-2-+------,--
a ;.5 2

TIME (log min)
t0.5 2.5 3 3.5

. [-l:::J- Experimental points --+--- Linear regression
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TIME SUCTION SUCTION SUCTION
')Ours VO:IS kP", kPa

0 l157 B?fiG354 '080
1 250 115!l4Qf6 <W(l
2 :l53 8662675 870
3 353 B6S?')76 01b
4 354 8600595 e7D.

5 3S3 86.G2675 erd
6 350 85649f6 . '. :eoo
7 353 8662076 <B7Q
!J 350 B564916 Il'tiil
9 310 (lS3J07G tl50

10 345 84 653f 7 . 8Gb
11 345 04.55317 · <85.Q
12 346 84.\l123f

· . B&CJ
13 :3<10 050~a7G :: Or,O
14 346 84.553f 7

I.i:I15 :l46 94ef237
16 3,10 f1530D76 .' <OO(J
17 34G 114.G5317 · .B50.

te 346 8481237 · <1i$Q
19 340 e5,3~016 · .:850
20 34~ B46531:' >~d
::f 34n 655B9,)0 ... : '&10

22 350 8584'1f6 000
23 348 B5.~13076 :. 000
24 341 11507166 roo
26 0$0 05.94916 · : ih10.
~6 349 11~r,O~qA ·00.0
21 346 85.33016 ::85.0
28 350 8684'116 :: 000
~g 047 $5071513 .. il50
an :l4q A'ifiRqq" .': :1lii.0
31 351 8610.635 0011.
32 349 8658996 :~,t;O
3J 349 nS.609\jG !li;.Q

34 347 8507156 .. USO I
35 350 B584916 .... l'$U.
36 34S 00_[[,37 S47 850716ii ':':': a5,~
38 347 85.07156 .< :. ::.1151;:

j_L} 8507150 ..... ~il
115f.d99S : .... 00 o

347 BG0716tl : . 000
L-. 3~7 R~07Jr,d ".".'. Rill.

ASH ~'EST:2APPl.IEri I,m rFiESSlJRE 90 WI)
eop~'r:;~FLOW lOG . LGG PREDICTED Reqrecsion <JlrtlM

cml\3 TI~L FLOW FI£W
o 1Il4 0 ERr! FAO FAn ConSYl)tTr ·f 76,,,4
1 f~6 001316 0 I calO! 1 7ti264244 Sld[rrolY~'ol 1)022461
~ . 186 00263 Q20HYJ -168004 -1.37S:'-:1073 R Sqqnred 099647
3 1Aa 0052tl 0477121 ··I.2mOI -I f 549·1926 No of f)b'~(lN:CIt!on"~ 19
'. 191 OOt)::O!) Oti02U6 ·103590 -0 (}9f50f902 tl('lgrrr,s oJ nC>(1(iUm 17
'5 194 Of311i oauoo1 :oililtd" OB7228802
6 196

1

OWlS 0178151 · ·OOma.9 -077153755 x CO(~trJC!GTtt{SI I 2136Gb

I~ 7 199 o i'3725 08~:;09B 'Or04Qn ·0 686269ti9 Std Err of Gaei 001(1385
a ZG3 O)!4')!lo O.~((.iQ9 ,O(n)'2S~ ·061240/:lf
9 20G I O~[i9J OC642,1n ·O.5:l~G$ ·0 5.172~~; ~ OUTfLO'.'! 'FJLTACC
10 209 032676 1 ; 04931.3 '04nBQIG~1 INTIAL 184
;1 2f3 038135 HJ4139<l biases ~O43625~J£';)
1*! t!1iJ 04208 1Uf!iial :~(l-316~2" ·0 38812bfl4 f:NLJW1~la
13 220 0.1)'31 lHC'1·13 · ;o.z;:·in "O::M:;05.052
14 223 auldl'; 1'I4012B 'O?:0001 -0~302e5798 VOLUME CHANGE VOLTAGE
15 ?27 06(>545 117.;0'l1 '024761. ·026469494 VOLUME INIW,L ·346 V
16

roo I OCL49 j :on.Hi< ;D~IlS2 -022899.56 V')LUMEFINAl.·324 V
17 !?::!4 OG576 .i.z~a149 ·a.Hi;!l· Oj03~G132
18 23!l 07101 f?$$$7~ · ;Q148Q(f -01638·1437
19 242 07627 1270754 >.i:J 11ldS' -0 \ 3393?~9
20 246 09!X'lG f~Q~ilj <;P09$14:1 ·OIO(;\~.(j40
40 323, 1 e27a(i l.1.fjotJa n~61D·ll O;!77a47fll
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ASH TEST 2APPLIEDAIR PRESSURE110 Wa
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- I PREDiCTEDTIME flOW FLOW L03 '.OG
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fiG! ..10Z':? r;3?33~: 2741162 0730~49 129143211.3
611 ·IO?3 626!i2 '27116011 0729;;36 1~1~fd165
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CAPILLARY PRESSURE AT 110 kPa
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ASH TEST 2 APPLlEC, AIR PRESSURE 130 KPt;
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~. ~~~5e-L o~-0~2~~I~~5~~~"I~u~9.1 ~~
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CAPILLARY PRESSURE AT 130 kPa
130r
128 .

\
\

12(3- _.. .. __ -.-11 ~- ••...........
/ <, / \..'.-a-. ,. .." II' ' ...

~ 124- . .. :.)tM:' . .<. .... " ..
_'::I::...._.,
zo 122
i=o
:::J 120··w

118.. .. ..

116-1 .
114l_____--~------~J-------~--------~~--~

o 5 10 15
TIME (hour)

20 25

175



o

j
I

cc

ASH TEST 2APPLIED AlA PFlESSURE:160,P3
160

FLOW.';P' FL':'W LOG LOCi
'~"-Ic--~v~ott'!.?·,. __CtnA~_r-nME FLI)W Flf),\f

450 0 ="'Eo..AA~-+_;,=&c.:!'I'-R+-==E-A-IAConstant
~5! 001115 0 1 88101 18500BS1~ 8!r!Errm'f!:·j
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·1';3 003CJ4r.) il471r2f ·1 403'3.5 ·1 40OfO~74 No of n')Se,\!.qticm'~
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7
9
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11
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13
14
16

17
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19

'10
60
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121
191
241 694
301 MB
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421 592
4Rl 1;ql
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601 688
661 ,5U6
7')1 AM
781 683
841 580
Gal 570

961 578 1 6en 2 9\1272~
1021I ;;7'l 16~6~'j 3OO'.~ji'fj
lOBI >371 1 67005 :I0330~G
1141 I GiG 1,6.137& a orj7.:!96
1201 577 1 67005 3079543
1261 51>? 1 7358 3 100115

L13~1 5134 1 76~1 3120903
~1~S~a~!~__ ~G~SG~'L-~1~7~7G~2~5~~3~1~40~;~94

OQ98<J7
(1045n9B
o 954Z4a

a.19n: 160206
0(,9696 1 71311;1
0.7101 1 18533

.11821 11$66051'1
·l.o:is9a ·1O~612329 )(COeffIC1Pn1(')

··0977911 ·094112874 Std Err 0; ':<lei

-06liO~3: 0.;51501461

(..
o

503
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~54

·1 85909
001%1)2
U'l'lr.···l'l

16
1.1

TIME
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o
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kP3C':'
,1550
. 1~A5D

H)-30
1M (J
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616 15.54'129
616 165 4·1~1)
1>01 IfhlliUl
610 153B677
ul2 1544(l6!
60n 1536285
607 1531101

3
4

5
0961Q79
0013503 1

~
9

10
11
12
13
14
15
16
17
III
19
20
21
22
23
24
25
;;>6
27
28
29
30
31
3~
33
34
35
36
37
38
39
4D
41
II?

43
44
45 62IJ 158.0348 ib!i.Q
~fl 6?~ 11;75164 ,.. l,om:O
47 618 155.9613 L' :> : 156.0:
48 620 166.4796 ' : 156.0

.._ _ __;4c::9-,-_-:iJ~2'J~..;1~5:.:.7.::2;:.51:..::.2:_~

618 155.9613 150.0
623 15/2012 15(,0
62Z 156999, ,"." :fsio:
624 15751b4 Hie 0
G23 1672572
628 1680Z48
629 150 012·1
628 15B5532
630 1590716
632 1595<)
633 IG98-'1!l2
634 1601084
633 1~9a192
635 1603676
..39 1611462
637 j60~86
631 1593308
627 158294
639 11114044
633 1!;9R4q?

628 15B5532
!l3B 1611452
G3! 1593:)00
ban II;cW7111
635 160.3676
639 1614044
3·m luI Gi)~e
643 1624412
6r.0 1&1[';3&
64<1 1$2182
t;43 1624412
642 162182
644 1627004
645 1629596
647 163478

630 1ilq 0711;
628 158.5532
625 167.7756

167.0
': 15M
IS';)P
1590
1.69.0
16()O
Ift.JO
160.0
1600
isco
lRO
jnl.O
1590

· ,I<'i1)O
WtO
l1i1J,O
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· -:1610
.IG2,O
1620
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~SH TES2 AFWED AIR PRESSURE 200 kPa
200

[
I

TIME Fl.OW FLOW lOG lJJG PllEDICTED
,)1rrl'.Jles VO~'3 cm~3 TIME FLOW FLOW

0 -403 0 ERA EAA EAA
5 40n 003945 069897 140395 -143962457
10 -399 00526 1 -1.27901 -116574501
15 -397 00769 1.17e091 -1.10292 -10071207
20 -394 011835 . 136103 "0 926sa -069386545
26 391 01678 1·3~7.'l.4. -08018(.\ 080501785
30 -289 01841 . 14m2l .-0.7349& -073424114
35 ·387 02104 1544068 'O&1G95 -067355479
40 ·:iBf> 02:J(j( f6~l'06. '(I626B -062098589
,15 -392 027315 t.GS3Z1:i -O.(i~IiS5 -0 57,1(\!'6tr.l
50 ·380 0:;0245 1.6gagj . ~.5i93ti -053313829
55 -378

1
032875 l7~036a . '04e31.3 '()49551639

III ~~I0.3682 l:tS6n <;il4:lg~2 -0 4548542g
121 G?575 2002785: :.-0.1021 -010521493
181 ..326 O.bal05 2~57679 . 'C05S ·(1,02667664
241 -323 1 J52 2382017 00'<'2016 o 0860-'34479
301

-
314

1
117035 241WJu6 0068316 o 17355~7.J3

3u1 31~~ 119065 :?{;!j7G07 OO17B67 Q:?-1G1fS!J
421 -310 122295 2624282 0087409 0305(>44425
401 -:lOI 12624 2602145 0101197 0.:l5~Oqu.1?3
541 <m.l r 301!l5 :? l::rJ19r o 1I4~61 040,1314531
6Gl 301 13413 2778S74 0,127626 0.445180292

661 I #29g 13676 2820201 0135959 04sg242G39
721 -297 1.3939 2.857935 0144232 0517447816
781 I -295 14202 2892651 01523'; 0548917195

041 I ~203 144135 2,924796 0),,0310 0570056151
"01 -29;:- 145%~ 2M4m; 0164249 r. 6(1:'jl Rfi1'14

':1 -291 14728 2982723 0168144 0630566537
-290 148595 3009026 0172004 05544097:;1

1001 ~290 140595. 3032026 0172004 o 1l70(l9OO771
1141 -?qn 1 4ft'i1lj O'i7;:>Rfi n 17'Q04 06'lRll;fJ? I
1201 i -290 1.48595 3079543 o 172n04 0.7183321 94
1251 ~290 : 48595 3 100715 0172004 0.737524393

Reqression Output

Constant
Std Err 01Y Ect
FlSqu9red
No of, Observa"jon3
Degrees cf Freedom

x COe1flGlel1l(s)

'3!dErr 01ce«
0906486
0020353

-207323
0018"..08
0.995483

11
9

TIME oUerrON SUCTION SUCflON
hours VO~S I<Pn I<Pa

0 759 192878 : : ':.1\'13.0
1 750 1905452 : .: H)JO
2 'i66 1921004 . 192.0
2 752 1910526

.' 1.S! 0
4 750 190.6~5c »>tm il
5 752 1Df .0536 .. lfJf 0
6 746 1900258 1900
7 746 189.5084 190.0
8 145 l00r.l92 fffiW,
9 7,10 1900269 '1~>Q0

10 745 1892492 < 1000
11 743 1887308- j~,Q

12 744 18899 >:<189.9:
13 745 1092192 .... '10'30
14 744 18S99 ::'~II is 743 1887308
16 740 187.9632
F 73G lllGUS73 11170, ,

I
Ie 737 1871156 Illla
If? 735 ! 1P66513 H170
20 733 1861389 .. ·lWP
21 73G 1866673 .... '181,0:
22 7a3 lS6.13S9 »: lillio
23 731 1856205 . :.: :Hffio:
24 733 1861289 .::' 1&3.0
25 735 1003.6073 -: lnin
:>6 7::11 18.56?05 .: 1m.il
27 raa ISS87S7 ias.il
~B 735 1866573 : lato
29 731 IB5.6&:05 . ::'1000
on 73;;> l~fiRlq7 . .':1.R60
31 732 1ll!;S797 > 1S6:i{
32 735 1666573 .... '1870:
n 731 fllS.G205 -. >1.000
34 732 18581'9, .18'60
35 732 18.58197 : :186(i
36 735 1866,;73 1870
37 735 le6t>rJ73 1(17t)
38 732 1858191" !lISa
39 738 11174349 l8rd
40 732 1858797 1000
41 735 186 &573 Iltl0

QUTrLO\~VOLTAtt
1N1IAL-403

E:Nl>ED-<''90

10LUME CHANGE VOL
VOl UME INITIAL -322"
'Mwr"." fINAl-3?1 v

118



OUTFLOW AT 200 kPa
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+"-;"

*'¥ .-~±"8El!?f3=-~-
. ···.ffi;..t:.:::r········ ..····•· .

.lif.!""O'
j).~/

o ., , .

::::::,.
~ -0.5' , r: ~ .
u: ,~

-1 +'-~ .y'
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TIME (log min)
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CAPILLARY PRESSURE AT 200 kPa

: :: 1- .------ - -. - m_ - -- -- _m .mm - .-- ••- --. - •__ m· •••• m_ -

(if 192\t't.:.:.-- - - -...-... -- -. --..-.-. . -..---..--..-...-.....-.
~ 190L-.-~:::::-.- ----.-- ___m._ -- ...- - -- - -- -- __ .

Z \o 188 ,., ., , , .
\g 186 ~l0.•.l~~'t..J.~l'l ..

(f)

184 , , ..
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180+---r~-r 1

o 5 10 15 20 25 30 35 40 45
TIME (hour)
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SUMMARY OF RESULTS
SAMPLE: ASH TAILINGS TESTS

DIMENSIONS IN emAND g AVERAGE
D-;-IAM-=:":,:-E.:-::TE:-:R-++ 7-:.2--:-4-t- 7_.1_6-:--I- --:-6.98 6.96 . > '1.0025

r-'LENGTH 3.63 3.12 3:03:--' 2.99 3.06 .: < >S.t6$'"--+------+----~~----+----_b~~~
:3 GRAVITY 2.192239 2.1 9;:,:9:,::3..:.;38:-1.._....:2=.,1.:..9:::.:9:.:,7,:=2.:..1..L..::2::,:.1c.;:2:.;:.6;::_00;:,:9c...t...:2=.,:_16.:..4;.;.7_:4....:.4_L... .....:,.;..< Z",,' . ·..:.;17.:..6:;.c4:.;.;;1"",:
FINAL VOLUME T 124.7309
VOL.UM~ SOIL 81.32382

BOWL
WET SOIL & BOWL
DRY SOIL & BOWL
WATER CONT.
VOLMCONT.

174.666
:368.738
351.65

0.09654564562
0.1 3699896213

REseT V0LUME GAUGE
666 "0.06260936
-1 27.72799951

APPLIED VOLU~iE-' VOLUME TOTAL-'-- FLOW I ACTUAL TOTAL
PRESSURE VOLUME INITIAL FINAL FLOW FLOW

kPa volts cm= s em"3 volts volts I cm"'3 cm"3- -- __. ---f--- .."-.;......._
0 665 0.01921 6351'72 38.57997 0 45.22849

30 359 17.323549354$ 21.27564 364 1254 21.38/34 23.84115
60 262 20.91 6611 9134 17.60257 -1124 -279 11.11209 12.72906

110 132 24.8969298389 13.70226 335 926 7.812065 4.916996
160 628 30.6778734925 7.921312 ·916 -1091 2.313a17 2.603779
200 501 38.599186454 0 -1077 -879 2.603779 0

APPLIED SUCTION VOLUMETRIC WATER DEGREE SLOPE
PRESSURE CONTENT CONTENT SATURATION

kPa em" s/crn? 3
0 - 0.381 1$8206092 0.352083 0.760077644 -

30 28 0.20032411072 0.231246 0.632760202 1.131574
60 59 0.20936970068 0.168464 0.48803717 0.769193

11I) 100 0.1 5695750543 0.124326 0.305313676 1.736061

160 155 0.1 4844669699 0.111257 0.383643245 0.911587
200 190 0.1369969621 3 0.096546 ~~3666789 1.279425
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ASHTeST 3 APPLIED AIRPAESSURF 20 kPa
32

TIME FLOW FLOIV LOG LOG PREDICTED
mlriutes VCk3 eM#. 3 TIME FLOW FLOW

a 004 a EAA ERA EAA
1 361 0039654 . '.':: ::::p .: ;J:40j11· j 30074211
2 358 0.0793(18 .::a:aOi03 <i;iooS8 ·10561044
3 354 013218 p4iti~· •,ti~(I!!p ·0.B56111412
4 360 01B5052 ::'0.60206' :::,073271 ·0;'164667
6 345 0.261142 ::'o~tis<Jl :hl;rnw ·060580585
6 341 030·1014 ;077Bl!ij .' ~D.51Jll ·051620641
7 336 0370104 )1i45cioo : ,o.~t6a ·044045117
B 331 (J436194 ::.O!lq:<ll!l · ;()36ili.< ·O314~
9 326 0502204 OS54Z·i:1 · .o.Zi!j05 ·0316g.jGl:J

10 321 o 6ti8374 l .·Q'Wi:ii ·026515815
11 317 062124G -:1Jl41~93 '0<:0074 ·021832926
12 312 Ob8l300 .. HJ/Ota_1:· : ,Ut62U3 ·Ul/bbbBn
13 307 075:1·126 Llja~M3 . ~O.12200· ·0.13623,,02
14 302 0819516 <1146121.' . •00at;44 ·009981347
15 297 0.085600 :lf7~1 :,O05~76: ·006590786
16 ~92 09tilt19<'l ; :(~ci4:l~ :::;.;pCili$: ·003419129
17 2B7 1017786 ::ie3C4:40 ::130076$ ·0.00439816
10 282 1.083076 ;ji$i,;i~ ::)io:,4~~'00238916n
19 '277 1149966 :1:27e7l;4 od606il5: o C50?62169
20 272 1216056 : (~~jp~>¢:~ti4~~4 0076469557
40 179 2.44:;33 ;::i ;6O?Gi;' ::ri:aim33i: 0416107261
60 98 3516988 lnlli.(ij :Qi>4~Q4f (1615367644

180 ·169 6S13014 2265273 0039667 11652£5f.31
~oo ·287 8604918 l'477121 0.934747 1 40l53Q3799
420 ·403 1010021 2623;249 I 005961 1S71G50.i79
1;40 -sar 125703? ?73?Gq4 1099346 1695163lilR
660 ·718 1430188 2819544 1165393 17fJ37803£J7
700 ·019 15636a9 2892095 1.194\5 1 S76876S33
900 ·901 16.72077 2SS4243 122325" 194G2017EtI

100O ·963 H540:>9 3(!OB6 • :>440.17 ;>007711001
1140 ·1009 1814831 3.056905 1258836 2062371918
1260 ·1047 18660~ 31C0371 1270693 2111556465
1300 ·1090 19001379 3139979 j ::00733 215626330:2
lSDO ·1110 1946333 3.176091 1.299663 2197240053
1620 ·1137 19840>2 3:209515 1 297546 223506:1505
1740 ·1165 2021032 3240549 1305573 22701;9036
1800 .1190 I ~0640n 3269513 1.312611 2.:JV29536
1990 ·12071 l107654B 3296665 1.317342 2333678374
2100 •12171 2089766 30?2219 13200!JS 2062694733
2220 ·1224 2099018 3346353 1.322016 2389003771
2340 '1231 2108271 3.369216 1.32392'; 2.41677482
2~60 ·1229 :>1j~88 3390<13'1 13?5286 :> 4403!;1757
2580 ·1241 2121469 341162 1.326641 2463751911
2700 ·1246 2128008 3431364 1 :J21992 2486099773
~820 ·1204 ~I :;80(2 34bO;;4U 1330144 2bOl4~9930

Aegt6f.£"1n OtJpu TIME SUCTION SUCTION SUCTION
rKJUl'S VOIS ~P3 kPa

Co.'1;:tant .j 39674 0 139 5&4304 .': :sail
Std Err 01YE~1 0023202 2. 138 321'1'12 .. < $~6
A SqlJ9reU 0.997557 4 136 31.65881 I:: ' .. a20
No of Qllsl!I1Iatlom 22 il 13~ 31.39951 <,3-( ci
Degrees of freedom 20 8 133 30.88121 :':::110

10 133 2Qea121 '<'?t 0
X Coelflclenl(s) 1.1:!W74 12 134 311404t 21q
StdEr~ ofCoef (,.Ol2G'l!< 14 134 3114041 .3.1.0

16 l:n 3068121 . 31.0'
OUTflOW \fOLTAGt 10 129 295~j23 300

INTIAI. +3b4 :20 128 2968523 roo
?2 127 2932603 29.Q

l:N[J!:[)·I::'M 2~ 12(, 2900b83 29.11
::6 125 200076·1 ZOO

VOLUME CHANGE 28 127 2932603 290
VOLUME INITIAL ·665 Y 20 126 29.06683 ·2.9:0
VOLUME FINAL ·359 J 32 12'.1 2a.03OO4 -: ?e:o

34 122 28 03G1)4 .. :;6.0
36 125 288Q764 .~:o
38 17.:1 2028924 :200
40 123 28.28924 : '. ::"Il,P
42 In 29.28924 ':2RO
44 121 27770B5 ~ci
46 120 2761165 .28:0
48 121 27nOO5 ::?aO
so 120 2751165 .•:/ici
fi~ 1:;'0 ::>761165 ~.O
64 120 2151165 2E_tl
5~ 1:1:2 280<004 280
50 122 2000004 ~.o
60 I~O 2751165 :>ll".Q
62 121 277'005 "2BU
64 122 2000U04 aeo
66 120 27 ..5'1t~5 : 21),0:
68 121 2717Q8S 2!iiJ
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OUTFLOW AT 30 kPa
31 ._

2':i: :: '::,:~ :: - ': ',- -.~ ~Z
......+'

+""0.+-1.5 ,.." ' ' " , , " "..''' '''' ~';+:'~..' "..' " '
c;)
<
E ~
o 1 .. .> --

8' -:->-:::::...0.5 "., ;.~.~ , , ' , .
S .._/pct'j

~ -o~::;~~ -.::: ::::::
-1.5=F----r-~,---,---~--r---_r------r~-_r-----I

o 0.5 1 1.5 2 2.5 3 3.5
TIME (log min)

[ 0 Experimental points --+--- Linear reg~ession J
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CAPILLARY PRESSURE AT 3t) kPa
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ASH TESTlAPPUED AlAPAESSUAE60 kPa
6\)'

~~~F~L~O~W~~F~L~OW-~--L~O~G--r--L~O-G--~P~AE~D~I~

VoIIS em- 3 TIME FLOW FLOWrrunutes
AeqressionOUIPUI:

45
60

180
300
4~O
540
660
700
900
1020
1140
12&0:;1_.

o
1
;;
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22

24
25

·1124
-1118
·1111
·1104
.1(l99

-1092
·1086
·lOB-;
·JO/t;
·1071
·10.66
·10.62
·1057
·1053
·1049
·1044
·1040
lOSS
·1032
·1029
·1025
·1021
·1017
·1014
·1010
·1000
·945
·902
·640.
·479
·37',)
·324

o ERA EAA ERA ConSl51'1!
007Sg (110.292 088feS84 StoErrofYtO\:1

0,170.95 030103 ·0:/6713 ·o.655408Z4 ASqusred

0263 0477121 '05B004 ·051996023 No d' ObseNattom
0.3419 <:06ci200:: :';04661 ·042395627 Degr~esofFreeaorn
04208 ':UeilOOt. ;(J~7$~i 03493159
04997 • ilnei:5i.l Ai.301:2!J_ ·028841017 X CoeNicient(Sj

056545 0 114:;ooa ' '024761: ·023691519 Sid Errof Coe!
06312 .: O:~ -:.Ol!l~1!3 ·019230821

OG9695 : 0954:ti:i ,<OI51iC ·0,15296~06 OUTrLOWVOLTACE
07627: -:><1 :,Ori76s ·OII77ii574 iNTIAL·1124
0.8153 >,04jag:i' ,0oesQa -0.08592679

0.88100 )li:ilJtflt,· ,;Uatm: ·UUb086ClI
093365 'i{taa,13 ';P.029D2 -00:1012135
098625 . r1~61~a.':QOOI\O{ ·QOO5:JG512 VOLUlilE CHANGE VOLTAGE

1002 111609t, 0022Q16 0017682367 VOLUME INITlAL·359V

1.1046 ::~ ~41~:>~Q~iIP$ 0039241855 VOLUMt:FINAL·262V
11572 :i,220.(49 . noiI2Aria, o.0604!l38B2

1~~~~~ i;:~,~~=!~I009:~:~~~
1.30135 :i:itiJCi~ ::ri.li4~~i. 0113784326
1~G445 . 1.S22zi!i: ,Iii3ii6a 0130082979
1407U5 .j;l4?~a : o:i4a3i ll.145623276
14465 X:'l6I728· O1'603i,8: 0160472659
14991 j~IiQ~I{ O)itl~$l 0174669959
15517 :: iOil'i'S4' ':li;j:oo!iOO o.10Q3:;'6797

n5385 :f:6f>32t:l, o3ifl7q- O:l~4680534
2.9193 ';1.'7:7BI61: :P:i6iJ~19 0480782494
6.3646 :a:2tltlijs :j}.atr.iitl 0847780662
04949 24m2l 0.ilzg150 I QI0425C92

879671> f6?OZ4~ 099~OOj> 11301125704
1052 273~3_94 1 q~Jl6: I 214778829

0,769193
0038928

!;ND~D-2l9

·0.08';""6
0.112103
0.937556

29
26

·2;)" 108882 2S19t:·'·t 1036S56 1,281814105
·~Ol 1100545 2092095 1044753 1337519545
·:m 11.21695 29U4243 1.049875 1 ~~542326
·264 11.309 3.0086 1 003424 142723477t:
·260 11.3616 3,056905 1.05P439 1.46439038

:: 1:~:~~~:~~~~!:~~:~~:1:.:259.~5~6002.~..~7-.56!~91
·:179 II !~1.75 .3_1I6og1 ~1,0~5782

185

kPa
TIME
hours

nUCTION SUCTION SUCTION

:127 5965185 ':>< : roo
224 5887426 ..... 69'0
223 58,61507 .: ::.590
230 6042!145· <00:0
225 6913345 :::'-59:0'
228 5991105 ~oO
228 5991105 .' 00.0
225 5913346

vets kPa
o
1

230 60.42945
223 5861507
230 6042945
226 5939266
230 6042945
224 5887426
230 60,42945
222 5835587
230 6042945
22=1 5961501
230 6042945
225 5913346
230 6042945
225 5913316
230 60.42945
223 63.61507
225 5913346

. 600
,: :::510
:::: :000
. i.i~ti
' .. >OllO
... >~~il

, 60,0
.. :5B,Q
... boO.
': :,·590
. 600

2
:3
4
6
6
7
B

9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

25
~6
27
28
29
30
31
32
33
34
34
35
36
37
38
39
40
41
42
43
44

227 5965106 ,
2~4 5RR74?fl
2'23 5861507
225 5913346
2.23 SO 61 '.Ifl7
?~3 tv.: 61507
223 5061607
2:!~ 160 17025
22U 5909,,,,,
225 5913346
226 6939266
226 5939266
223 5861607
228 5991105
225 5913346
223 5861507
225 6913346
:>23 5861507
224 588742G
225 5913346
~2o b93921Jt:i

.<59.0
, -:W,O
: '590

·.... ·600
. 59:0
.: $;0:

,': 590
590
,<;<i.o

'.;.59:0
600

, £.9.0,

"?BU
.. 59!i
, ::590:

t>9Q
. 000
.: (;90
.sao
69(l

.'.5:'1:0
::: 590,MD
, ,(:;:1:0
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OUTFLOW AT 60 kPa

1.:[ --..............•........................•......••..•..•........•..............................•.......•..•......................,..~ •...............
I .H~~

(1) 1 :~.:.~.~auuIlEJ .

~ 0.5 - ~y,.<"~"~ I
0'1:::::=.-

$oi -0.5 ~:;;:~( .

-1~:F,'".,..--, ..--. .
o 0.5 1 1.5 2 2.5 3 3.5

TIME (log min)

-E:f- Experimental points --+--- Linear regression J
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CAPILLARY PRESSURE ArT 60 kPa
61..--------------'

<? 59 .-~-. ---a- -~~ .-" -._l •••••• -L.L••••••~-
n,
..:x:-
~ 58 , , ·..· ·..·· ·..1
.....o
::J
(f) 57 .

:: r----------------- -.-----. ---.-----.-------_ -.------- -------_.-
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, (~:~ TIME (hour)
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ASH TEST 3APPLJEDAlA PRESSURE110kPa
110

llME FLOW I FLOW LOG LOG PAEOlcTEDl
minutss volts cm~3 llME FLOW FLOW

0 ·335 0 EAA EAR EAA
14 349 ($185052 1146128 0.73271 070000725
16 ·351 (1211488 1,20412 ·0..67471 -069920979
17 ·352 0.224706 1220449 ·1154939 ·065350114 ,
18 -354 0251142 1.256273 -06O'J08 ·0 610405e9
19 356 0277578 .t"~ilm4 ';(l5,~~1 055964127
20 ~351 0290796 it~iril::0:5:3641•. -063096809
21 --259 0317232 :,04980;2 ,0.494113217
22 ~36t o 34Zr:,fjij 1'.34242<) . ;04638°1 ·04591 0l!l6
za ~263 037010.4 T~:~~J. -;_/tt6S' ..C.42a59CJ3
24 -365 0409758 ;t:;.;.;',V ,039350461
25 ·368 11436194 . 1397$4 .. t~a2 ·0,26272639
26 ·a7O 04b2!l3 :l.AN!l13 ,(,~~/r ·0 3331554fJ
Zl ·372 0.109066 lAGiw.i :Q.,,10Gj· '{)2017007t
28 ·375 052872 .1.':41158 :0.2(671 ,0.2772009
2~ ·318 0568374 146<i398 .: 'O.14i;a7· ·025:J82339
30 ·380 059481 14ni2J :';~ii~ll?'-0225,-<192
31 3fJ3 o 6344fi1' 1..401202 ·n.ili7GO 02005408.1
3" ·385 06609 r lliO:;ll.i ,()fi~ea ,017060334
33 -308 0700554 :f5}85t~' <:016456 ·015340269
:J4 ·391 0740208 1 ~l4tiJ Att~oi>i> ·01308947
35 394 o 770ll:i2 -:Ui44ElDB . :OJD19S 0.t0903il2
36 ·397 08195161 i~ . 'Q00:'l44 -OCB779944
96 ·565 3.04014 1.982271 0482894 0651708282

166 ·692 4.680045 2193125 0661495 1.0177n2595
~I(l .760 561705 2334454 0749555 1.2,,3110.>01
';76

:::1
6ao49AO 244000'l 07'l'lt,04 j 447'131t;04

336 6.20727 2526339 0832973 t 596243617

I
396 ·079 7177374 2597695 0.955966 1.72012183
456 ·800 7.441734 ~.65G%5 0071674 i_026409139.:1
516 !l13

1
76.40004 27126.~ 0Ra.."094 1 <!1961'SOO7

676

1

·925 7.78862 2760422 0892018 2002626352
636 ·931 . 7.877928 2803457 0896412 20773371
6% ·934 7(117592 2042609 (1890593 2145307577
156 ·938 7970454 2879522 0.001483 2207653967
816 ·roe 7 !l70454 2S116.9 0901483 2.26523627
876 ·939 79836721 29-12504 0902203 2.318731154
936 -!laG 7.944018 297127" 090004 236OG806b5
996 ·934 7.9175d2 2998259 0..898593 241652565

1050 ·93'3 1004364
30.

236641 0097867 2459629551
1116 ·932 7891146 3.047664 0..89714 2.60.1295496
117J ·931 7.877929 3.070.407 0696412 :21';40.776963
1:>35 ·930 786471 300201 B 0.896683 257(1:>97227
1296 -928 7838274 3112605 0.89422 2.6140.36701
1356 ·926 781183!! 313226 0.992753 2.648159439
141i; -sze 1811S3a 3.151003 U892;b3 2.iJ8U80~514

Coni-tent
SldErra!YEd
RSqu;red
No at ~')b:ervalon3
Degrees Of Freedom

X Cae!ficient($)

SId Err Of ccer
1 7360.61
0.0142"',,4

OUTfLOtVW)LTACC
INTIAL-335

f:NDf:U '9~U

VOLL'ME CHANGE VOLTAGE
VOLUME INITIAL ·262 V
VOLUME FINAL 132\1

188

llME SUCTION SUCTION SUCTION
hours IIO!' kPa .. ,kPa~cc-

·2.78964 0 422 110.6577 ..... 111.0.

coosozr 424 1111761 . 11t:0:
Og9S926 2 416 lo.9.HJ25 '. 1090

18 :3 415 108.8433 ' lt19[l
16 4 417 109.3617 :'.:.1090.:

5 417 mg2617 .. :jooO
6 418 109.620.9 '1100.'
7 415 lOB8433 .' .. 109:0
B 413 108.3249 .. :iir8:!l
9 417 109:J617 'w3d

10 411 1078066 .. ' lOan
11 415 108.6433 . 109.0
t? 410 I WI(>414 .::: :U)8.0
13 416 1091025 »fwo
14 410. 1015474 .1.00:0
15 4t3 108.3249 lORa
16 413 ~083249 . l00·(J
17 414 l00G1l41 1000
18 413 108.3249 . 1000
19 410 1075474 ::: ::iinio
20 413 1083<149 <"lwo
21 410 1075474 :. :,000
22 413 1OS3<149 :jilab
23 414 10B5B11 'r69iJ
24 414 1085841 1·(190
25 412 I O!>.0050 . 1000
'6 411 107 ElOfi6 ftm.Q
27 410. 107.5474 fOli.o
28 413 108.3249 : : 1080:

L.-.. 29 412 1000.;50 :')(io 0
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CAPILLARY PRESSURE AT 110 kPa
1121
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ASH TE:3T 3 APPLIED AIR PP.!:SSURE IS) ~Pa
130

TIME I
rr.:rMes I

:\
60 I
t:l
::1
160 Ilee
200
220 !
Eli
300

320 I
340 .

260
1$0

400 I

~:I
41, I
:1540:r5CO!
62.0 i
640 !
650 r

esc !
700
720
140

FL.CW I FWN LOG LOG I f'REDICrED 1
'Jc\s i anA 3 TIME FLOW I FUJ,.'I I

.::__ -_: II 0 rs ""_-j06......•1.....!~.· ERA EflR !,::cr$l3rn.. _".! '''cu . .....'"" >IHIJQ5~1 0.78941323 ,SldE'1::'VI::t
·945 I 0304014 1;6IJ2Il6 :0.5:1111' ·(151499807 IR SQUarcd
-956 O.44S412 ••.1..77.8.15.t.... :-034726 -0.25447549 II No. cfObser.ratiom
.9t6 0.5815921. HlOOOS . -a.235ai( ·0240562.91 Degl'eesofFteedom
·976 0.713772:·'· <1: ·th4li# .0.15Z!4CW!.9861 0.845952 R019ilii ;rri:.i'2Ei5 ·(lCSOC6033 X Cceff,"C!e!1!(s)
.9951 0964914 :H4ti128 ;{)otiili' 0-a.~_j9032_4~8Is1dErrofCoef

-1005 lU9?C!l4 . i~412 tto.'cil« W_~w~~~

·1013 1 ~.:r;;IB8 >a:Z65Z73' >o:t:l10201 ~C!lCl~~"I'~'::;: I'JL.'·'·n.CWVOLTACE
·1022 • = .200103 ·af2t~5G u. '" ~_"" INTIA:"-916
·1029 Ull4326 '2:3<i2,:i23: :0.:10065 0.159907258 [
·1037 152001 ~3ilci2t( <o,leill64; 01943548351.
..1C~:? ",,599318 Z'~14973 a~51 a22S0~25ZS
·1049 1.678686 2447158 0.224969 0.25531lZ688 VOLUME:CHANGEIJOLATEG

-1055 1.75/994 247i'121 0245017 0.282il9ii78t1! IJOWMEINiTlAL·l32V
-1()61 1.837302 250515 0.284181 0..308247418 VOLUMEF'NAL-62B (.666) If

..1C65 1,003302 2.531479 G279528. CS322JS548

·1070 1955264 2.556303, 029142710254sn4151
·1075 2.022354 2.579784 0.205857 0.376282487
-1079 2.075226 2.60206 tl.317066I 0396589Z691
.1CS31212eres 2.6<.2249 0327W '041s,,"C5263
·1085 2~ 54534 264;:1453 Q33J3$3 0.434322421
'10.871 2.10097 2.662758 0.33865 0.451920758
-icse 2.194158 I :2:681241 o.3~12l'4 O.468765S!S

::~:I ;~;~::2;:; ~~~~!0':::':,
.1089/2207406 2.732394 0.343882 0.515-"999'351
·10S9 :12ll7406 7.748166 0.343882! 0529791851 I
..Ui90 I. 2"C524 2.7~2S (1246475 0.54:0;0.412 I
.101ltJ 2:07400 2nSH'il 0243002. 0i;57111'!AQ I
-10S9 2.207406 2.792392 0.3438821 U570W3354I
·1058 f 219418!l 2BC618 {l34127' 05ll:i66258! ;
·jCOO "IQ.jl8il 2.1l19544 o,:J,1j:27~'a~j II
·1099 2.207406 28S2".J09 0.343982106056637'1
·1091 2.233842 2045098 0.:3:490:;'2106181:15801 I
·1091 2.2331l~2 2857332 0.349C52 r il62929:2578'
-1091 2.233842 2669232 I 0.3490621 0640;:;9701 I

ENDED·lOOI
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TiME 3UGTlON SUcnON
voas IiPa

·1.97542

OCn7574 I
0.999118
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a9115S7 !
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C;..,
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;I •
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;1
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eia 160.0902
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OUTFLOW AT 160 kPa
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CAPILLARY PRESSURE AT 160 kPa
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ASH TEST 3 APPWEO AIR PF.E6GURE ~OOi<P.
::00

T1ME FL.;;m FLOW I LOO LOU PRSCICTED
minu't~ volh (m",2. TiME FLOW RoO'll

0 ·10n 0 ERR ERR ERA C
20 -1070 0.01=1~ .MOld3: :·U&l07: -1.0~eeago
40 "074 I')O:~94!5 ~:C9?(1(1;:;!~ti3Il5. -1.471&140 A
60 '1073 0.0520 '1,:n~151' ·:t1!1~1· -1.2.0510 N
eo '1071 o.O;"s1l ··1~~ ;,"~;1~¢!:'1,OZecOQ3, C

100 -11leS 0.11B:l5 .;.;·:<·:t :.Q.il2e83: -o.seartoa
l~O ·10157 0.1315 .i;Qi1ili!i: :;!i~\>'1iJ:;: '0.8614037 !x
HC -1cas 0.1578 ·2.H1l12B- ·'o.ali1ll<l· -O.n57503
160 -1002 0.lQ725 i~~:i~:,a.:1D:41l!1: -fl."1l1f,i54
1SO ·105~ o.~7 ';t¢f.q~# ::;6:~: -o.fl3\l1031 0
2()O -11l!57 Ct~ ·)2;30103 : -p.:e&t»4· ·M71e640
220 '10!S4 0,3(1'211:5 23..2423- ·:.o.~l~' ·o.e24P!1oe
240 '105~ 0.32.J75 2~aiJ2:ll :;it~~i? -OA7e2~'
200 -1049 0.3082 '(;'~14Qn ,:o"l""~· -0.4317820
21:0 '1046 ~.40765 .!lA47150: :~b..-zC9t1: O.:90e~5 V
zoo -1043 0.4471 g.47;i,~i ".~;~iJIj ·0.3522693
320 ·1040 o.·~:le :?,iJ~' :~~.'i1~: -0,316 ..nee
340 -1037 O.e'20 i5~1~io ;d.~71lO1 -0.2827227
360 '1034 0.~545 .isseio3: ::.Q.~41~:·o.~oetJl
'330. '1031 Oe04Q 2 (1-;0.7$4 -'{l,C183:! ·0 :!:!O020~

400 -102S 0.6443~ aeoeoe -0.'0089 -o.lQ24'gs
420 '1025 o.eeas 2.023249 -0.10507 '().:~CQ4

440 '1023 ).710.1 2.043453 -0.14808 -0.130460.7
460 '10:!1 0.73I'l4 2. B027~8 -0.13260 ·O.1147~12
4130 '1016 o 77,,-Stt 2031241 -o noaa -oo.(l11131
600 '1010 O.G1eZ 2.00_ ·0.OS808 ·O.OO84:llJ4

""" ~1013 0.8416 2.716003 -O~074ag -o.D4t-637F.i
540 -'010 0.88'05 2.732304 '0.055 -0.0250672
560 -icce o.OO73!5 2,748186 -0.04223 ·0.0054507
!5eo "000 0.Jn~5 2.7~29 -O.029e2 0.014O~e74
000 '1003 U,Q731 2.778161 ·<;1.01184 0.032S7005
620 ·,002 O,g;,625 n,7w2Stii2 0.00001 O.QS1W$2

640 ,gog '.0257 2.80018 0.01102 0.0687307
~CO ·~Q7 1.052 2619.."44 o.rn2010 0.oeOB34SQ
~80 o{JIJ.5 107!l') 2 a:J25l19 003214 01"24:!~O
700 .Jl03 1.1046 2.84501;$ 0.043205 0.11!l!l2045
?~O QQI 1.130Q 2.G~3Z2 0031424 O.1341G~62
740 ·989 11!l72 2.atl= 0003403 0.,4040668
100 '987 1.1a:J5 2.aa0814 0.073168 O.104224a~
zen .g8~ , 2008 28Q20~ O()B2n4 Q178e'WQ3
800 ·9&3 1.2$01 2.'0300 0.002054 0.le27258
S!lO ~1 121).."1 :l.91;;;S1<1 0.101107 1l::0844S13
840 '070 1.28$7 2.024270 0.110152 0.21083302
BOO -err 1.310 2.034406 O.11t!Q'1O 0.23201058
8;30 '970 1.32815 2.944483 o.t23247 0..24008404
000 '974 1.354'0 2.Q64~43 0.1~1103 02~817102
920 ·9:;'1 ~.:::r.~2,gC:7C9 O,144~2 O.27D1N'4
040 ·970 1.407Cl:l 2.973128 0.1'1831 0.292334

""0 '00. 1.4202 ..1102271 Q.,ez,1:I O,zg1tr.,!:227

0"0 -007 1.«05 ~.09'226 0.1603'18 O.30~4e032
1000 .JlO~ 1.4728 3 0.10a144 0.3167140
1020 ·933 1.4;91 ~.:locn O.11~'31 0.Z2771010
'040

=1
'.5'~ 3.0.17033 0.170324 0.339S0na

ioeo 1.~.3etie: 3.~3oe 0.187112 0.34909186
tcao 1 e~17 3.03!3424 0.11lO808 0.35047800
1100 <J!f1 1.S7S 3.04l3Q3 o..1Q91Q7 0.3eQC7374
11no -ose 1 ~O1115 31M8:!18 O!!O1711 037o.es~-07
1140 ·055 1.6043 3.056005 0.2015296 0.3800204
1180 '1l54 1.01?4~ 3.0114459 0.208931 0301l1S407
nco -csa 1.043715 3.071882 0.215030 O.408e825~
1200 'Q51 t.eses 3.070191 0.2102"" 0.41802137
1220 -sso 1.67005 3.08630 0.222129 O.42720~M
1240 ·Q40 1.0932 3.003422 0.2201311 0......""24005,= -1/47 1.70V6 S.'JOO3n 0.=_ o.0$451~'tl
1280 oQ47 1.iO~ 3.1072' 0.232800 0.45388203
1300 ·940 1.72::05 3.11Z.43 0.23010; 0.40240080
1220 ..g~~ 1.73'!SG '.120!l74 Q.2:l0S G.4700S021
1340 ·Q44 1.74SOt!S 3.12nos 0.2427n 0.47g;>J~07
1400 ·Q42 1.n!s2!1 ;1.140129 1l.240l10 0.=7410
Her '1"'8 1.1l27tl!I 3.104353 0,201Q4, o 5200m7
1~:.O -ll34 1._45 3.'61844 O.~74202 M4ro7010
1)00 -ssn 1~ , 1000(1'1 O~ae24'3 o 5708817~
1640 -ll2? '.9725 3.214e~4 0.=011 0.~ll15Q151
1700 0:2 :>,~5 .l.2Z044Q O.30~ 0.6116$103
l7eO ·glg 2.0717 3.24~~'3 O.3'1715B:l M308211ll7
1820 ·QH5 2.1= 3.2t!0071 0.328441 0.04Q4,076
iceo .g13 2.1t5eO 3.21041&1 0.333n 0.55747033
1~40 oQ08 2.22235 3<97802 0.3'0812 0.08493500
~ooo .JlO4 2.2740'5 3.:llJli13 0.3ECQ72 0'i'01260~
2060 ·001 2.3144 3.313807 O.3e44~9 O.718~a45
2120 .sgg Z:3407 '3.321!J330 O.3rJU'3t1" (J.73423na

2100 ·aS7 2.3117 3.aa8460 0.374'98 O.7407440J
2240 '6ge 2.3933 3.3~O248 0.Z76;97 0.704631
210() ·992 2.4:275 :.i.301120 o.:~eCg7 0.77951C57
2360 ·8110 2.451105 3.31I2Q12 0.300707 U7g~e2ia7
n420 -ess :.146:)35 :3.3B:36,tj a3g~389 o.e071?~Ol
2430 '685 2.5240 3.304452 0.402221 0.62138828
~1540 ·ce. ::!,531Q5 3404934 040448~ 0.0:3480Q32
~~QO ,(lg;! :!~.".1~~ ':t<11dQ71 0108(111 {' 847I'1d~~1

:!t3S0 ·880 250055 3.424982 o 41JaG2 080031913
27~O -819 ~.e031 H~46M 041c5Q1 Oti7t?71JOO

a"~ant '3J~2150
5td Er, of Y E:1l 0,0232(50
Squ~I~xt (i QQ7,(17
a. otOb~efVsltoru 16
~$~ of nv"dotfl 1(I

c.,o!f~i.nt(~ 1.2iQ425
SId Err 01Cool. om 0622

UlT{.o\v'VOlATGE
INTlAt. ·1071

ENOEO'S79

C'L.W.E: <::HANCSVCLJI.TCS
VOLUME INITIAL -e29 V
VOLlJMe FIf\'..AL. '~01 V

TIME GUCTION !SUCTION SUCTtON
h""" \fi:llto ,Po .P.

0 7CO 111ll.0097 ·.1gg:0
1 753 1QS.'ao3 -: :ipo:ci
~ 750 lQMOO7 .:<197:6
3 7~3 1Q1.2843 :::::1117:0;
4 747 1OS.7:!Q:! .-.: <1i:il:a
s 740 103.0148 ·:·::·iii4ti
6 74a 104.6.24 ::::;i~..(i
7 742 104.4332 :';·194:0:
0 738 103.3064 :.::1,,3;0;
Q i'S5 10261e9 ':"10$:0-

10 731 HIl 562 :':::iP200
" "'" 1iii!],2S6 <-:190:0
12 728 1908044 ::::::l~i:o:
13 724 180.7676 : ::,QO;i!
14 72a lS0.2C~ ':::::,ll0:0
'5 727 lQO.5452 <ip,;!i,. 72' 1eg,707fJ <::;~~;!l
17 725 lQO.0~69 >:<'l~M:
18 724 leQ.707~ : :jQe:a
10 727 1QO~4152 ;':lDHI
20 725 1QO.02~a ::;ilicici
21 7l2l1 1Qo.281l ::i~O:
22 728 100.6044 : 1~1,o
23 724 leo. 7076 ,:,110:0
24 720 ,,,,)280 :<:iIlOO
25 7251'QOo~oa :-:;Qo;O:
ao 121 100.6462 . 1~:"
27 725 lQO.0208 :,Q/i'O
28 724 180.7075 :iilOb
29 72e 100.296 :i!iq.\i
30 725 190.0208 iQ(j:a
J1 725 lQO,(J2EiB :1i<o:il
31: ';24 lag 707~ :,oo:tl
33 72:< ,QM2ea 'i!icici
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SUMMARY OF RESULTS
SAMPLE: GOLD TAILINGSTEST1

DIMENSIONS IN em AND g
DIAMETER
LENGTH

BOWL
WET SOIL & BOWL
DRY SOIL & BOWL
WATER CONT.
VOLMCONT.

176.476
~67.62
354.525

0.0735471696
0,12441566476

APPLlEO- VOLUME VOLUME TO
PRESSURE VOL

kPa volts em,r'$ em,.
0 668 -0.226975626 15.1
20 481 11.845129274 3.03
40 450 13.a6463M16 1.61
7lJ 444 13.647477052 1.231

100 434 14.111301895 0.7
130 424 14.566003876 0.31
160 421 14.700693044 0.17
200 417 14.879012122

TAL
UIVfE
" 3-+_,_~.:.__
0605
3943
4435
595

6777
3068
8379-

o~---------~-----
,-----,---

APPLIED SU
PRESSURE

I<Pa

CTION VOLUMETRIC WATER
CONTENT CONTENT SA

kPa ern A a/ern "'3 gIg
- 0.4335606433 0.29298 0.9
19 0.37$1342291 0.228059 0.9
33 0.3369788695 0.~O1987 0.9
65 0.243978721 8 0.145854 0.6
96 0.1987618792 0.118305 0.6

128 0.1682135508 0.099693 0.4
151 0.1472156753 0.O871~7 0.4
- 0.1244665476 O.07~547 O.

o
20
40
70

100
130
160

-.-.--,-----r----,-"'----, ..,.-,.....----,
DEGREE SLOPE "a" VALUE IRP PERM
TURATION cm/s

AVERAGE

- TOTAL---I
FLOW

_-+_____'ern"'3~39.06983
27.51063
22.06054
12.87424
7.96914
4.65524

2.419672
o

200

05604123'1
939047121 0.96777
1428521 48 I .1 01 912
649860928 0.902208
458660569 0.929346
1554729278 0.887498

08.2..906781 1.0.779963
346238892 0.798816

197

1.12856 194.~:O45 3.249742
2.3358 112.202 1.870033
0.85239 141.2538 2.35423

0.229781 197.2423 3.287372
0.27579 239.8833 3.998055



o

GOLD TEST API'UED NA PRESSURE 20 kPa
20

TIME FLOW FLOW LOG I LOG PREDICTED
mtnut~s v~s cmA3 TIME FLOW FLOW

o -1016 0 EAR ERA cAA
1 1011 00526 P • ;l:2}iiVf 1,271)99163
2 -1007 0.1052 n301D3 • ·0.!l71oo ·0981106379
3 ·1003 0.157B .1l4111~1 .: '000189. ·OBI824'9~
4 -1000 019725 . ·Ob02OU · .070400 ·0 61>733595
5 !J96 024985 OIlU8'.)7 .: !l6~~ :'60'354033
6 ·003 [)'2893 >0778161 .IJ.S3865 ·Q5269200tl

7 ·989 Q3419 PB4::ti9a : AI4Q(i1: ·046213098
B ·985 0.3945 ::ti9t1-..i:J9. .:.~~:4!)d..!l5· ·040000Bl
9 ·982 O.43J95 • Q~5424:i ·.;O;SG2S6· .Q 35$504:22
10 ·978 048655 • >.: ··i. •..qiJi:isi . ·0312:'.2149
11 ·975 0.526 foMm >'0.:"1001: ·0.27216288
12 ·9/1 O.b7SH j l!iliflli ':': O·~':ltb2 ·0 22!lo9'.!'24
13 ·967 t1G:l12 . 111::9'12 we91l3 .lJ2019S051
14 ·964 067065 1~4Si2B .• ·om~ .lJ170a0314
15 ·960 072325 1176091 · ,01407.i ·014160502
16 ·957 0.7627 j:?~412 ..p1-i1p~ ·011469026
17 954 060215 .t:~2iJ(Ari. ;·.·O.!e574· ·QOS!l19nO
18 ·950 085475 1.2$:i~1ci ... l)0Qi)1~ ·006517638
19 ·946 000735 "1278i54 ·.·:iJ04:¢ ·0.04245200
20 ·943 09469 1 :>DI63 ;O~~74 ·0020B9365
40 1174 185416 l;S02IJii. :.D:~6BJA5:0.270434196
60 ·793 29193 i ttanH 04(llj~7~ 0440850059

1~0 ·590 558675 2019181 o.N73iii o 7321 'l19fll

I toO ·428 771905 ·:;:::tlIi2t;3 ~1!(l7p~4 o 9112693{64
240 -aeo 061325 23l.l0211 0.0051137 1 02:J5Q5743
300 -334 1195516 2477121 0%,073 j 117?92361
360 '323 9.0098 2.556303 0959032 f 193921606
420 ·318 916..."55 2623249 0962159 1258710.711
400 <lI5 9.205 2691241 0964024 1314833505
fi40 ·313 1l?'Jf3 ?73?394 o 96S?63 136433746'1
600 ·310 927075 2779151 [1967115 1408620203
660 ·S09 929705 2819544 0968345 1448678807
720 .:300 e:J2335 2057~32 0069572 j 405249440
780 ·305 93365 28920'l5 0970184 1618991177
1140 ·304 9 3~!J65 2924279 0.970195 1650038553
900 ·304 93496;) 2954243 0970795 1679035066
seo -303 931>28 2!l82271 0971406 1 bOOl;;1427

1020 -30~ 9.3628 30086 0971406 1.631641788
1000 ·304 934965 3033424 09{0795 16-"5665311
1140 ·304 934965 3056905 0970795 1 678389615
1200 <lOG 9330G 3079101 0970184 169994804(1
1:>60 ·:lOS q33,~, :l1oo:m 09701~4 1 7~J(J1~1116
1320 ·305 93365 3120574 0970184 174OQOil649

AeqreSSlcn Output TIME SUCTION SUcr:ON SUCTION
hours vok~ kPa kPa

ConSt3J1f ·127999 0 74 20.66164 . ·2Hl
SId Err of Y E':.1 0009'13 1 72 201~31;; >;:00
RSquared 099%10 2 70 1%2475 200
No. ol Obs<!TllailOrul 24 3 69l 1936556 .. '·>19.0
Degrees of Freedom 22 4 60 1910636 Hie

5 es 191063ri . 1'1\1
1X CceHICIl!t1(s) 096m 6 69 1936556 190

SId Err of Cocl. 0.003714 7 ~9 19.10636 .19.0
8 66 1868/9l ·.·.>·.·19:0·

OIJ1TLOWVOLTAGE 9 \'7 1001716 ... ' •• 190
INTI,IIL ·1184 10 S7 1&84716 ... ". 190

11 66 1858797 ·lga
~N[)~l' ·~O5 12 co 1868!91 • '190

1:3 GG 105.9791 HlO
VOLUME CHANGE VOLTAGE 14 67 1884716 100

~'0LUME INITIAL -668V Hl 66 1858797 19:0
VOLUME FINAL ·481 'J 16 66 11158797 'HiO

17 67 1aB-!716 HlO
18 66 laSS79? 19t),
19 67 18tl4716 -, ·'190

20 ,,7 1884716 . 19P
21 GG 1aGS707 19.0.
~? 67 1811411(; 1911
~3 bti 18bol9r 190
24 Go 180"/91 I!l\!_

%

198

---,---~------~ ..-~.~.j



OUTFI~OWAT 20 kPa
2.----------------

(f)
<
Eo
0)o-=-

1.5 '.' ~+~ .
_._"r:+r-r1 -_ - -._..--- -.- _.~EFEEfFHFJtH!lf!!!ItmIJ w._ - ---

);f<I'

0.5 - - - -- -."'..- - ~"'?::~~:.- - ..

~o - - __ - - -_ - - - ..
$
9IL -0,,5 - - ..

·~I
3.5

-,-----
"1.5 2

TIME (log min)
1 2.5

[-EI- Experimental points ---+--- Linea~regression -=:J

199
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CAPILLARY PRESSURE AT 20 kPa
22~-------------------------------.

21.5 _ ..

r0-o,
~ \ 1

~ 20..···~ ·..····..··..··..······ ·..· ······ j

5 \
m 1::~---.-.~r-~-:-::-:-::--:::-:-":-:-:-:-:':: ..

18.5 _ .

18-+---o I

10 15
TIME (hour)

5 20 25

200

"
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.(~:'
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GOLD TEST APPLIED AIR PR~SSURE 40 kPa
40

TIME FLOW FLOW LOG LOe PREDICTED
rrmucs vols ~mA3 TIME' Fl,OW FLOW

0 ·200 0 EAR EAA EAR
1 :::95 001315 e: :l.!llllOi j 87543561 :
2 ·294 00263 ·O.;iOl03 ;1 (iOOQ4 ·1.5437282
3 -293 1103945 0477121 ;{40395 .j 34969122

I 4 ·292 00520 O:ilO'L06 +~1!lPI . ·1 21~.'01979
6 200 0.0789 .. U69a9] :t:1D202 1.10523353
6 -289 009205 o 71e151 'I O~5~11 -101790201
7 ·2B7 011835 o 84009a -()026!l3 -09442133{ :
a -zse Ol44bO : uoo::os .·O:!!",l'.Itit! ·o.1latJ:l113a
9 -284 01S711 0951:;>13 . ·O.80I~ ·08239,1593

10 ·282 0.1841 .'.:.::t ·'Q734fl() -077352512
11 -280 02104 <j 041393 . 0.&1695 ·072791405
12 ·2/9 02'"L3fl5 TOlSIll'! . -l.1#5003 ·ObBU'2144
13 ..277 02491J5 T1~Sg.I:J .ti:Gti:<:i2 -O';-179C963
14 ·271') 0263 :.1:i46128 . 'O·oeoo4 ·061250496
15 ·276 0.27615 .1 :17~OO.I. ;P55ila$ -057940014
16

'
273

1
000245 : ·1;20412 :O:M!iaS ·0 54860Z9l

36 -249 0.61005 i~ .' Q~Q~oa Ulc:J52901
56 -229 0.00105 -:17.48188. :. :·U055 005D91186
116 -185 145965 2064458 0164249 0399413365
176 ·154 j 8673 2245513 0271214 059891959';
236 1:19 2196c.'i 2312912 03~1642 0.739302385
296 ·108 24722 2471292 0393004 0847100117
356 -89 272205 2.55145 0434896 o 936U35454
416 ·73 293245 2619093 0467231 1010572419
47'; -ss 0116(,5 '2f177607 049:1074 IOlW49252
;;.% -46 3?875 ? 72916.') om fifl66 1131M14?fi
596 ·34 3.4453 2.775246 0537227 1.182639126
656 ·23 358995 2816904 0555088 12285420!ll
716 ·13 3.72145 2054913 0570712 1270424847
776 .? 3~66j 211AA8ti? 0587273 l00R935?2
836 5 :)95815 2.922206 059741)2 1.344576058
ass 13 406335 2952308 0608984 < 371745502
956 21 4.16656 296046B 0611)985 1 400764181

1016 27 424145 30068~4 0629128 143789411
1076 24 4~,95 3031812 063744 1465352161
1136 40 44184 3055378 0645265 1.491319814
11% 45 4~S415 3017731 usatss 151fi9G0734
1256 49 452675 309699 0656745 I 53~375675
131& 55 461565 31192561 0664233 1561107289

Aeqress;on Ouput

Constarif
:'i£dErr or Y E~1
A Squared
No of (JbSElVaiIOn',

[!egrees of Freedom

XCol'l!~.lp.rnn
llU Err of Goel

1101911
0n21015

OUTfLOWVOLTAGC
INTlAl. ·;<98

f:NDED +65

VOLUME CHANGE VOLTAGE
VOLUME INITIAL -481V
VOLUME FINAL ·450 If

201

rl~"""'"aUCTION SUCTION
vcrs kPa kPa

·167544 1110 4()5455 . ·41()
0046600 143 S973112 :;-90
0990433 107 3117693 ~1!J

10 3 137 37.17593 370
16 133 ae 13914 :kiOI 5 133 3613%1, 260

6 132 3<;07995 36.Q
7 130 3~3G1~j 3.'),0
a 130 303~Ibt> ;lOD.
9 129 3510235 ~ci.

10 lS5 3406557 3tQ
11 125 3405557 340
12 124 33Bo~r ~O
12 122 33.2G797 :~.O
14 123 3354717 34.0
15 124 3380531 -<140
16 122 3328791 ·S30
17 121 3302878 23.0
lB 122 3328797 :rio
19 122 3328797 ~O
~O 122 3320797 330
2t 120 32769GS .eao
22 121 3302818 san
23 120 3276959 330
24 122 3328/97 330
25 122 33 ~C791 I :J30
?Ii 1:>0 3? lfi_qfifl a, (1
27 121 :=1 ::~I120t2t Ol02B7il 230

1::'(1 3?769fiR 30,0

-_: --

121 33(j2B7~ <130
121 33 02878' 33 0

----~~ _£3_j)2!lIl! _~.o



'::j

r"'1 .,
;

10

1,

1.51·················································· ····· ······7···· ·..···
1 _ :;.++t~ .

+"
0.5 , -;.;.,::±:.'. ~ ..

/:T a-8r:3
0· · · ··..·..···..··..· · ·..·..·····..···..··..· ;::~~., .

I %s -0.SJ
1

.. ··· .. ···· .. ·,· .. ······ .. · .. · .. ·· .. · .. ·· .. ···· · .. ·· ·, ""; ..g
u. -1-4 , ..

! '
I -» '-1.51·../~·:: ···..· ··········'···..··········..· , ..

-2f-·--........,.-----r--~--r----r----..,...----.....,1,.--------i
o 0.5 1 1.5 2 2.5 3

TIME (log min)

i)

OUTFLOW AT 40 kPa
2~--------------------------------------~

Ci)
<
Eo
0)
o
:;:::;

3.5

1-8- Experimental points ---+--- Linear regressio~

202
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ro •
~ 38 \ .

ito Z \o .~
I- 36 ).. ~ " m ..g \
(f) I IIHI \

34 :~ I\ ..
~ ~ .

c

\ \

CAPILLARY PRESSURE AT 40 kPa
44~-----------------------------------~

32 ..

30+-..--~----~----~---~--
o 5 10 15 20

TIME (hour)
30 35



GOLD TeST AF'PUED AlA PRE:SSURE70 kPa
70

~ minutes
FLOWILOG LOG PA~OICTED

18
19
20
60

120
180
240
300
360
420
480
540
600
6601
720 '
180
840
900
960 I

1020.
1000
1140
12.00
1260
1320
1390
1440

o
1
2.
3
4
5
6
7
e
o

iO
11
12
13
14
15
16

-1330
·1325
-1320
·1216
·1312
·1308
-1305

•12011
-1298
·129-1
·1290
..1286
-12ll2
·121J
·1274
·127(\
-1265
·12.62
·1258
-1:.55
·1251
·1122
-ssa
-1141
-765
-694
-654
·628
·613
-603
-596
·592
-587
·583
-580
err
·575
·574
-573
'072
-571
-570
-570
-570
-059

00657~ .': : EA;: ;1t~~~:.j 1700:~ I~~YE~
01315 :: :O:30io:i: : :U;s8'l:ti7:: -0.89931002 A3quared
0.1841 '~.~#i~{::,(}734115: -0.74!"44699 NO.otobSelVatiOns
0.2367 ':',650206::: ',o.i;2i;ir .().6277262 DegeescfFreedOn1
0,2S!)3 At~t <;d~Ii~~:·0,1;....029317

032875 >!ln~i51: :'ri:4a:ila: '()46005.~18 XCoelliclell!(9) 0.902208
0.38125 ::0:845096: :::'O.:418ilil:· '()40845522 StdErrcfCcel, 0005973
O.42U8 :: 6.!ici3O!!: :: ;0::11692 '().~6t 3439

0.4724 :QS64::4:l:: .o::JZ41i. ,(),~415 OU1FLOWVOLTAGE
0526 :::: /: j:: : ~ri,279ci( .().2ii8701:15 INnAL·1329

0,5786 ::,.&41300::~;m6Z c023135652
0(:;312 :lli191ll1; :>o.IW: -oml263ati E'IDEO ·569
o.GB:l8 :iXt2Q.;3': :.o:i:ti507< -tllGSSOOO9'
0.~4 :(I~~i2a ::~0;i328~ .o1361l634 '10LUMECKANGEVOLTAC':£
o.m ::1.17(;091::: 'tll029Z' .(' ·:.e3ro2 VOLUMEINmA'.-450V

o.C'i476 ;: '(~~ :::~()6lii~: - '\21:' 'JOLUMEFINAL-444V
0.8942 :f;2~9 :[lCl4!iG7: .(1 ...Iliaros I
0.9468 :j~5$~i6: : ;ll~j'l:. -0.03829233

0S!l625 t:f..21B754.. ; :.'!l.~i ..•.0.0172014911 ALPHA
1 03005 :;:i:~I:03 ():Plil~;i' 0.00:,890464 112856 (U01.0.3)
2.1252 :i)nai'6:}: :'!i:4i!69aS: 0.4S3'35ZlO9 T1METRP

4.a2605 •?91~iet; :Q;~~ 0.70494.';125 2.29
643035 2.255273 0808235 0.86')816163 TIMe mirIJles
756125 2.380211 0.878594 0.975536942 194.9845
83634 204m 21 0.922393 1.06390"'997;)
a 0094 2556301l 09d8812 113540797
9.2313 2.623249 0,,,;)5263 1 195807931

9.1:?S55 2.681241 0.974445 1248128768
950005 2.722394 o.S804il 1294276999
96521 :1nB151 0.004622 1 S35561794
9.7047 2.819644 0986982 1.372906626

9 no45 2.S57:l32 0.989915 1.406999766
9 82305 2002095 0.99Z:4il j 4:l9:l6;!45:l
98625 2.924279 O.m987 1,467299'l48

9.90195 2.954243 0.995721 i.494432622
992825 2.982271 0.996673 1.61972057q
99414 3,00861 09'>7448 1.G434147156

9 95455 3.033424 O!!e8022 166'5810814
99677 3056900 0.998595 1,587055558
assoss 3,079181 0,99916E' 1.607153al

9994 3.100371 ".999739 1.626270776
999A :l.120574 0999739 1644498442
9.994 3.139879 0,999739 1.661915717

10.00715 3.15836'1 1.00031 16785916(13

204

-1,17091
0,012336
0,999124

22
20

TIME SUCTION SUCTION SUCTION
hoUrs vo:.s ~Pa KPa

0 257 68.E5704 -:':-:':·:69:0·
256 68.2<;)185 :>:::::,:~:p:

2 250 66,74:11;6 .. ::::S10
:1 252 67.26106 :~1i1
4 252 67,26106 ti7:if
5 250 66.74266 :: : $z:il
f:> 249 06.48347 . :6iio
7 251 e;.f'-~'l6 : 67;0:
B 250 6(,.)'~¢ :::07:9
9 ;~IG1,~10(l ><iio
10 6596507 ::_6a;0
11 246 6510587 : 66;Q:
12 2471 65.96507 ·:::':60:0
13 ~-1S G5.705a7 :00;0:
14 248

1

66.22427 000
i5 249 66.48347 " '],Q..

16 24S I 6522421 c\l:
17 245 0070587 $0:
18 247 65e6507 ., ::~:ti:
IS 246 65.70587 ;:ssiJ:
:;:0 248 156,22427 :::;::~;O
21 247 6&96S07 :):::::til22 247 65,96507
23 247 6596507 ';' 660 I
24 249 66:48347 '~,ll
25 247 G596507 :,....-60
16 247 15596507 lID.a I
27 248 6622427 66,0



OUTFLOW AT 70 kPa2[.. . -
1.5 , ~ .

:++-.F+:Tr 1 . ,._~~Iffill

E $-
(.') 0.5 , , ., ~~~ , .

~ ~ ,..//.

:::;::.. °1···..,··..·· ···..······..·..·..·..·· ·····..· · · ~p ' , , .

~ -0.51······························· .. . .

-1~:r~~···················.··.·········.··········==--~~== '..'..'····1
o 0.5 1 1.5 2 2.5 3 3.5

TIME (log min)

j
i
'; 0

l
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CAPILLARY PRESSURE AT 70 kPa
7°1

69~:L-~,::=~~-=:,~=::~~:~::~:_~,=_-': :::~::~=~::,~_:~::~~::~'::,':~,:._~::::_-~:
68.5 " ..

68 ~ " .

65.5 .

65+-----~~--~----~---~----~----~o 5 10 15 20
TIME (hour)

25 30
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TIME SUCTION SUCTION
i .outs VOlts kPa

0 257 6U55704
1 266 61)29785
2 260 66.74266
a 252 67.26100
4 252 67:>6106
5 250 6674266
fj 249 6o.4B341
7 251 16700100
8 250 66 742&>
9 252 6726106

10 247 6500507
11 246 65705BI
12 247 6596507
l~ 24;; bblUb81
14 248 6622427
16 249 6648347
HI 248 6622427
11 245 6:).70587
18 247 6596507
19 246 6570587
20 240 60224:27
21 247 6596507
22 247 C596fi07
23 247 b5,96ool
24 249 66.48347
26 247 6596607

~ 2a_ 247 6596507
~ L__ g.r 2.10 GS2!M27

i
~

!
\
G

l

SUCTION
kPa
.69:0:>:~~

::. :~7.0
,: : utO
.: ~iQ

., fl!i.O
:-:- 67:0

, irr.o
:- ,::>67(J
':.':" ~!iP
"::, POO'
.. :'000
, : b<,!l

(j$()
~Q
.IldQ

',66:0
isail

: ~O
::(lGP:
:000
:6CO
L'irri:
~~Q
i;ao
66:0
66.0

(;OLO lEST APPU~D AIR PRESSURE 70ltPa

TIME THEORETICAL EXPERIMENTAL
OctO! Ot

0001276790'1
01036910893
01003418629
0267631055<1
03:17371;.1134
040044001.1;

LOG
TIME

·3
·1

ADJUSTED ADJUSTED
01 11ME

. '''''-',::J

LOG
QO/Qt

·2.1l939S
-0.98426
'1'72047

LOG
ot

0001
01
02
03
04
05

·069897
·U.5228a ·{)'57245
·039794 ·04711)q
·0 30103 -0 39746
·0.22185 ·033!lbl
·0 1519 ·0 2!l3l B

-009691 -025505
-004576 ·022322

o 0.1983
0041393 ·017331
o 0791SI I ·01535
o 113!N;! -0 1303:<
0146128 .012134
o 176091 -0 1t)8?2

',a'~Ul49
:U11j·'Jf1n?
<"0'0%91
'O:04575i', 0
004139~7
o07Ei'!l1~
tnl~94J4'
o 146J;la
OH~I~

05 04~!49/f>'91
07 050')1 :"3(11~7
O.B 0555a3b9001
09 069m046241
1 0636350027-4

1 1 0G70955898
1 2 0,7022685844
I '" 0 ,3UoOI4{40
1 4 075J2a81339
1 5 07794351424
1.0 0.8004240038 020412 -00%b8
11 o 8HJ41616111 ()230449 00865
18 08366015347 O~55273 ·007748
19 09521609545 0278764 ·006948
2 Q,n6pZ200514 030103 ·UOIl?37 , o:3ot03-',"r ..'"'' 0322219 ·0.05604 03222193

22 Oll~O47073$2 0.342423 ·005038 ti:i~24227·
za o mX7Il9382I 0301728 ·004033 ti:iof121!l
24 0.910::.250209 03~0211 -00408 o:)aQ2ii?
2 5 09' 1195B7235 039794 -003675 " ti.a97f14261 0,Q2CQC03369 0414973 ·003312 .04149733
27 O~~bG71116 I 0431364 ·002905 (J4nl3u~O
2 8 0 9:988%539 04471E8 .002692 • 044711)11
29 0 94560931'68 0462398 ·002429 04b23~ll'
:I 0 950705328 1047m:: ·0 C21S2 .0417121:1
10 1 0 -.'':':1'
1 006575 0 ·11821 .2.29
::: 01316 i oaCHOS ·08U107 ·HaM7
:1 n 1It 11 01771~)1 0731<),; '17:t";Jr,r.[ ,1.1!1~11'19
4 02367 060~OQ ·06260 .1.626:112 .·1 ,681~4
5 02893 069691 ·053865 .1.~?il<q52 : t:5~i 03
G o 321115 On(l1S1 -048313 ;1.~~~q5 ';I;~qI,WJ
7 038135 0845098 ·0,41860 ;14f!l!.)il" :;rM4!1tJ2
8 0420.8 0.90209 ·037692 +37G~a!i "laseD!
9 04734 0.954243 ·0..32417 .;1325002 X.:i357Ci7

10. Ofi?6 1 ·0.27901 ~j:?i9:l~5'.>::>: ,1?-9
11 05786 1.0.41393 -0.23762 ·1~~79;l;i ,1 tl4.lIi)01
1?- 0.6312 1.0/9181 -0.19983 ,1.20014:i ,·i:21Om9
13 06~3~ 1112943 ·01650.7 ,U6.9.ls1 -i:1:7001;7
14 o 73b4 1 1·16128 ·0.13289 ·u3ai97 ;i:143872
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SlJPERIMPOSING OF OUTFLOW CURVES
AT 70 kPa
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GOLD TEST APPUEO AlR PRESSURE; 100 kPa
100

TIME;
mll1Ues

=,1020
1080
1140
1200
1260
132t1
1300

FLOW
vOLiS

o -t376
-1373

FLOW
crn ....3

-1370
·1261
·1364
-1361
·1358
·1354
-1351
·t341<
·1345
·1343
-1340'

·1237
·1335
·1331
·Im
·132,
·1324
·1322
·1319
·121C
·1229
·1146
·1095
·Hl60
·1047
·1035
·1027
·1021
·1011
·1015
·1015 •
·1014
·101:1
·1013
·1012
·1012
·1011
·1010
·1010
·1010
·1010
·1010
-1009

LOG
TIME

LOO PREDICTED
FLOW FLOW

4.7a.;a 2.002271
4.79915 3.0085
4.8129 3.033424
4.8129 3.056905
4.8129- 3079181

0.t1OOO<:7 1.424590603
0681219 1.4490159S08
0.6D2407 1.472129017
0.682407 1493951089
a.ti82407 1.614053577

2
3

'*5
6
7
8
9
10
11
12
12
14
15
16
17
18
19
20
4()

60
120
1SO
240
eco
000
420
400
540
600
660
7:<0
700
840

4.8129 3100371 0.682407 1 524345177
4.8129 3.12tl574 0.682407 1.553121721

4.82605 3.139879 0.683592 1.57106:<899

Regression OUpu!

0.929:146
0.015129

ENDED-l009

23358 (0.01-0.3)

2.09
l'l1irUes

112202
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'1.34697
0..032444
0.994465

23
2t

TIME
ho:.'rs

o EAR EAA EAA CCmlenr
0.03!l45 . ':::::::: :p: -::;l;~: -1.34597252 StdEtrcfYE!.t
O0tB9 ,>Q:ooili:i ::AjIi2..ci2. ·J.C16'/21137 R Squared

0.11825 >~:4ni:?t: >Q;~~ -O.<lO356159 No.c!Ob$e!ViIlOnS
01578 ':0002Oi;: :::;0.001:89:: -1179745022 OegeesctFreedOm

0.19125 :~~tiIiii:: ::~:ip;!ii: 0.597~'l24
0.2367 >il'iz8i5i: :::>:0.;6259 -0.62380043 XCoe!fJClel1t(s)
0.2893 : c.i~: :'O:sail6S: -O.55161!"...67 ScdErrolCoeI

0.32875 ,<i.!iri~)!t:::;(f~!:3: -0.607$8907

~~~;: >Q'ff1: .:=: !~=OWTFLOW'JI~~382

0.43396 j il'4j$3' .<;ifm66< -0.37915795
OA7:l4 :):~ih; :::;(';~~lr-0,3'4403928

D.512SS iit2!<43. ::.o.~> -O.::tt'1Zl24
0.53916 H~~i2l!: :>.o:26li2!i:-0.28182262 VOLUME CHANGE VOLTAGE
0.::S17t; j 17609t ·;ow.eEt -0.25397631 VCLUME:INITlAL-444V
0.6312 {:iti~'1~:::;(fi~~:I-O.2279279f VOLUMEl'INAL-434V

0.644$6 ,i~: ::::.o.i!iOOS· -0.203461121~~hi::::>~'~:r-o~.=: AJ.PHA
0.74955 :::Hilii~:: :;Q,1i1ili: -O.1B7B5494
1.3939 <tGtJ2Oli: <D:t~: o.I4jS0021~ T1ME;TRP

I;E~~!:':~='I~=~~TIME

4009il5 2.300211 0.61i6Btl O~99
432535 2477121 0.636122 0955131274
4.484i 5 2.556303 0.00168 1.028718082
4.68935 2.623249 0.661761 1.090034B4~
4.6iiB~5 2681241 0.609\64 I.M4B:2f.145!
472005 2 732394 a67402 • 192007965
474116 2.778151 0.576433 1.~:l4B92425
4.74715 2.819544 0676433 127336057
4.7&lJ 1'95n32 0.;177634 1,30S479:234

4.77345 2.892095 0.679832 1.340795273
4.7734fi 2.9242711 0.678832 1 370695994
4.7800 2.954243 0.680C27 1.398542208

SUCTION SUCTION SUCTION
'lots kPa kPa

!:Je.6~23e 1-: :'::':9.9:0·
!!8.t!422~V»~:ii
99.4199, .·.·... ·,-99:0.
98.S.ws ::; :::~i):
99.1tlO77 ::«::i!<}:O:

372
372
375
372
374

o
1
2
3
4
fi
6
7
8
9

10
11
12
13-
14
15
16
17
18
19
20
21
22
23
24

37j 98.3831 B : : :::;lfi;i::'
369 9706479 <::. <::00:0:
371 98.38318 ;;::<::9.8:0
370 981Z3SS -.".'. ::il8.(t:
262 saC;C4 :W;o
364 96.5688 <Siio:
350 95.53201 : : ·:96.0·
3!56 97.08719 '.':: :it7:i:f
26:l saXSG : :~ti
362 96.0504: , >:::96 ci
355 9t087!!) <:::::::97;11:
360 9553201 ::::.': ~i
3GS ll&~a :: ';'::::9'H~:
360 95.53201 .. <::~Q.
300· 96.3096 -: .'. :':96:0:
364 96.56S!l· , .. ::$1(1'
362 OOC004/::::::000'
364 955l;88::::: ::::~7:11
360 S5.53"..:OI····· 116:0
~62 960504 ii«o
364 Sii5t1lla.. ;010:
364 96 5600 ... 97.0'
362 960.')04 ::9'6:0'
364 00.5688 .. <!iio:
3Ii3 !)6:l;U .. ¥ci
362 96 05Q4 . .' : '00:0
364 96,558A :: ::: 97.0
363 962096 :::::000:

26
27
28
as
30
31
32
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CAPILLARY PRESSURE AT 100 kPa
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GOLD TESi APPUED AlA PRESSURE 1COkPa

TIME THEORE11CAL EXPERIMENTAL l.OG LOG
QO/at at TIME DO/a!

0.001 I0.0011275632 ..3! -2.94105
0.1 0..0979968<155 -I -1.00879
0.2 0.1839789391 -o.69S97 -0.13523
0.3 02~j6419223 -O.6221!S -O.6il2:l9
04 0:J31 S064564 -o.:J91OA -041E9l1
0.5 a 3954839899 -O.:lO1l)3 -O.4C21l7
0.6 0.45:lO11 Z95a -U22tS5 41.3'4389
07 OS'".M641533 -0.11549 -02e€55us 0.552.1635264 -009691 -0.25793
0.9 0.5941BOB015 -0.0.45111 -0.22564
1 0.63S3425CS7 0 ·0.19SSG

1.1 o..66Il2245OO5 0.041:393 -O.17ea7
1.2 0.6990062344 0.079181 -0.15502
1.3 0.7Zl!37344a2 0.113943 -0.1::755
1.4 o..1642:W :J22 0..146129 -0.1225
1.5 0..m61D9001 0.116091 -0.10924
1.6 O.7mm'41012 0.20412 -0.09758
1.7 0.8179232712 0..220449 ·0.0812!J
1.8 0.835250161)31 0.25tl273 ·1101818
1.9 O.8"...o92B1817 0..278754 -0.07011

:2 0.0051142463 . o..:101C3 -0.0&'"93
2.1 0..8779503229 0.322219 -0.05653
2.2 0.8S95548853 0.342423 -0.05092
2.3 0.9000141759 o.:l6f'l"iS ·0..04572
2.4 0.9IJ95!!S3753 o..2802fl -0.0.4116
2.5 0.9181876648 0.39794 -0.03701
2.6 0.9259731288 0.414973 ·0.0334
2.1 o.S22017111 OA31:l64 -0.0::011
2.8 0..939391924 0..447158 -0.02715

t!1 2.9 0.945159545 0.462398 -0.02449
rt..11 3 0.95O:l7l!3043 0.477121 -O.o.za

10. 1 1 0
1 0.03945 0.

~
2 0.0789 O.:101G3
3 ajl835 0.477121
4 0.1578 0.60200
5 0.19725 o..69!l91
G 0.2:G1 0.718151
7 0.2893 0..84509B
e 0.32915 O.!lO:lO'3
9 o..366C6 0..964243

10 0..40765 1
11 0.43396 1041393
12 0.4734 1.079181
13 0.51285 11139<1:1
14 0.53915 1.1461:<11
15 0.69175 1.176091 I
16 0.6312 1.:zru12
17 0.64435 1.2:lO449
19 useea 12552731
19 0.710.1 1.278754
20 0.74955 1.:lO103
40 1.3939 1.60206
60 1 !13305 1.778151
120 3.0245 2.01!l1B1
100 3.682

2.
255273

124(.1 4.0S966 2.390211
300 4.3<:635 2.471121
36Il 4.48415 2.5563Cl3
420 4.58935 2.623249

0 400 4.60B25 2.681'<141
540 4.72085 2.731294
600 474716 2.778151
660 474715 2.819544
720 4.7603 2.S51JZ2
180 4.77345 2.B92t.'96
840 417345 2.924279
sao 4.18&'1 2.954243
960 4.7S66 2.982211
ioao 4.79976 3.0096
reeo 4.8129 3a33424
1140 48129 3056905
1200 4.8129 3.079181
tzeo 48129 3.100371
j:J20 4.8129 3.120:>74
1280 482605 3.139879

'.OG ADJUSTED ADJUSTED
at Qt TIME

:/({{)Y?J
.:-:.;.:-:-:.;.;. -:-:~:l);9S91·
:::::-:-::::>::: :::O~iijg:
.;::::::::::::::: :::-;0397M
::;:;:;:;:::::;::::;:~~:ci.
:>.;:::: :::=::: ::;O,:izti!49'

:::::-<::::::: ::~d=
:;::::::::::::::: ::;p.~-$1.
>:;:;:::::-:::;::::.:::-:/:'Q:
::::::::::::::::: :t1.Q4:lli92r:
: ::;:;::::::::::)~:i:J?s1~,~

;·;!:.~:;:i~i.!ii!~ili
C?!nH:~=:'ili§
.;.;:::::::::::> :aIi149m

(:/((~~~~~~
///:::: ::'O:4l;~ge:
:::-:::::-:::::::::d.4m2Iii
::::::::::;:::::: :;.::::.:::::::1:

-1.403.."6 ::;:!.0li754i;: ::::: :::;2.00:.:~~=::;M~:·jjW.~i~
·0.00189 :::J:4fl5~: ;:;:;1:48!.!!f
-0.70498 ':'j.,:I885"(5. ·:··'l··~ro:·
-O.1.i2&l ::;j:.~: A·~{~:

-0.63865 ::;,:.~: ::;;t:~4:zIm
-!l.4S313 :X:ifl6721l' :::;:':;'869(.
-0.44971 ::;'::i:i:i:lQ2: :::}:1WI'&i
-038971 :::I:li7li:ia4: :::::::::~i:00:
-O.3'l256 ::;l;(j;i!ii~:::;t~
-0.32477 ::;1:.ooaa5:4: :':;C:Ot~li:
-0.29001 ::;o'mm:: ;:;il:9'l00tr
·tl.26829 ;:,0,951);22: ::;o.94a87Z
-O.227B6 ::;iJ,g{i~: <;0.:919009;
·0'1S933 : :ii~~: ::::i1~
-0.190311 ;':::dl!1#t' :::.o:ilSoo51:
.o.l6Sl7 :::o.liiiti66a: :::O:83ii1iz:
-0.14008 ;.;O~: :::ti:sii24&
-0.1252 )ii!il!ii9( ::;:iQ.ziiiiii

0.144232 :::::Q.~ ::::;i:l.487.9;4:
0.286243 ::;il.clJ~49: ::;il;:iti:il49:
o.~ :.;!t2o$li: ::;~;otOOi.9:
0.S66a84 :·;n1{1.508. :O:l~
0.611685 :::ii¢1j~: :il:~fl~'
0.636122 ::::.a.ll'474T- ::6:si!ri:iIa:
0..66168 ::;ci.D3j91i:l: :Ii:~

0.661751 :::rui2Is4( :li53:32~g'j
OQ09l54 >:Q.fu.i43a: :li:59i~;jii<-
0.67402 :::Q.~m: :Q;~

0.676433 <;QOO7.1:59::b:6aet61;l:
0.676433 ::;O.OO7.i$1: :5<~.-4
0.6776::4 ;.;o,OOS!l57: :0:i'G1:l:l:S~=i~::1r~::~=..... !j!! ..... MN'

OG9OO21 :::O~: :p:~;i~
o.61m27 :::o.OO35'a5: :li892271 ~
0.681219 ::~: :~;sj:e6trii
0.682.407 : :Q.00i~:S5: :q;~~
0.682407 :;QQa1'1S:;: :Q;~
O.6824C7 ::;ilooi.1Bli: :ri9li91:8iz
0.682401 :;a.p011li5: ·1;Qlii,!;ns:
0..G82~07 :-;a.OOf1l!5: :1;C2CS1$:
0.663592 .< : : : :::b. :~:b4~t~
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SUPERIMPOSING OF OUTFLOW CURVESor- : -
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elf'll.!: !T~n M'f'LUl[tAlB Pf;lS:;l)r:r- t:mt'f'~J
13D

r TIM~[-- '--'------,---H.('W LOu fll'qre--,'.,!orl (IIJiprJt TIM!:

f·_!!}l~~~~ '!oot,-_ __!!!,~L rl')W _ hours

I ~ ·16"9 E'1H EAR Gon:'1-9rlt -149241 0
1545 ;.rj .1 580(i~ 149241272 S!dErrCf'fE-:t 0035131 1

I
2 ~1544 U20103 -L27901 *122524934 flSqlJared 0992038 2
3 -Hi12 00783 0477121 ,U()29;? ·10liB96879 No of ObserJa!lons 29 3
4 ~1fj;39 o 11!rd5 050206 ·092683 ·(195808597 Degr~t'S oi Freedom 27 4
5 1638 Q13f':i ne989? ·0!'8107 o 872D185'7 5
6 ·16,,6 ! o 157e 0778151 -0 BOIS'! .M,"'~,I'''''''~{'' 0887498 6
7 -1634 01841 094(;008 .07:)4951 ·07423903 StciErr of Cae( 0014201 t
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13 ·If)~~1 0:;:'(3:5 1. 11ml13 -!!AB31Z, -tlt03790lt.l 13
14 -1521 035505 114612a 044911 ·04762269:2 VOLUME CHANGE IJOlATGE 14
15 t';~ ;):'3B125 117ii091 ·0418611 ·0448634ti·1 V('lUME INIT,IIL ,134 \I 15
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Hl ·1615 043395 f25fJ2l3 ·Q36256 ·0 31S361.:15? 18
19 ·1513 04607.i 1210764 ·033701 ·035752206 i Al.f'llA 19
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480 ·1304 32Q86 26Bl:<~1 0506316 OEB?182245 34
540 ·1303 3.22175 2.7~2394 0508092 o 9325199B? 35
600 -1201 n1805

1

277&151 0.511623 097318%42
660 -1300 32612 2 B1S,:'I44 0_613377 1 0099~1Y.>47
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180 -1298 32875 2892095 051~86~ 1074314085
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ON SUCTION SUCffON
s kJ"a kPa
490 1296049 .f30G
493 120.28'd5 · ::j300
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SUPERIMPOSING OF OUTFLOW CURVES
AT 160 kPa
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OUTFLOW AT 200 kPa
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SUPERIMPOSING OF OUTFLOVV CURVES
AT 200 kPa
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APPENDIX 5

COMPLETE TEST RESULTS OF CLAY TEST
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SAMPLE: CLAY TESTl
DIMENSIONS IN em AND q AVERAGE

r-p~~~~tif-~~-----t~--~~~~~~-=--~~1~--=-~-~~6~~-~1~~-i--J :::~
ti_GR~\{ID'.L __1 __2_6499<!S 2A9~40B; - , _2 '~l'H0721-'2 72419? 12 6~!3~~~ _L~?J2tJo~~·_~o_~~ID
FINAL VOLUME T 102.4102

VOLUMESvlL 69.92568

BOWl.
WET SOIL & BOWL
DRY SOIL & BOWL
WATER CONT.
VOLM CONT.

167"4'
365.43

324.054

0.2650835183

0.4046079993

ADJUSTMENT TO VOLUME DUE TO ZEROINGDURING TEST
665 0.0192163517

rp;~:"~~~tlV:~:TV:~::E-r.... I, V~~~~E I···~~~··~~:~-f:;:r'!!~~J
f- 0 5(.14 0.1QOS049428 0 43.392213642 0 32.24477

I 20 I .93 1.15,921604543
1

15.6""6 27.57141404211 ·77' 140 12.0&521 20.159""<;
41 I 1361 24.78963028 24.68883 18.703380305 1722 ·965 9.9541'5 ; 0.20471
63 55517.7531102526 32.42272 10.969494404 -1473 -1248 2.958839 7.2~5869

81 I 509 It 0.30051 0067 36.05012 8.3420938 1 -057 .774 1.~1914031 6.154386
125 425 i 14.52093318 39.1905414.f ..~'OI6714772 1283J ·1061 2.919388 3.234998 I
160 394 115879080637 4Q54069 2&435"40194! ...__1-._:.2.0_:__ I;~!_'~~._9:~~~ 1_~.3:_44~ ,L__, 20~ __._~~h~:?22§~~~5·d ~?:_?~2~!1__~._.'~_.~_~1__ _ _ _. _?:l. __ _Qj

,P~~~!~~:-SIJ::6:G~~~!~~:TI':~~~:~TSA~~~~~rSl6PErVALUET'RP- -~~~-I
I 0 0.5053466094 0.471367 0.8579826385 ----r-~.--- --1~-;;'4E00I 20 13 0.4730730016 0.394053 0.3792336031 0.92.766 2.2012 354.0134 9. 92E-07

I
0.M39607433 0.1)04317 0.59244 331),1)442 9.03E-On

0.91 07~3756:~ 0.977753 - ..

I 0.9363275166 0.700395 0.1 13146ui 269.153li 3.6E-09

I 0.9568347079 0.710150 O.1232~:SI 245.4709 6.85E-09

I
0.9651958585 0.5843561 0.034015 199.5262 1.62E-09

I. 0.9763192511 O.~13~.2~~~?~70~1 ;~..26.57~5 ~05,:.~~
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CAPILLARY PRESSURE AT 40 kPa
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SUPERIMOPSING OF OUTFLOW CURVES
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CAPILLARY PRESSURE AT 60 kPa
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SUPERIMPOSING OF OUTFLOW CURVES
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APPENDIX 6
COMPLETE RESULTS OF THE CURVE FITTING ANALYSIS DONE ON THE MOISTURERETENTION CURVES OF ASH TEST 1,2 & 3



ASH TEST 1

'«~. \
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ASH TEST 1 CURVE FITTING OF MOISTURE RETENTION CURVE
SUCTION VERSUS WATER CONTENT

IVAN GENUCHTEN MODEL CONSTSNTS (m =1-1/n)

1:3;~09[--O'~;7~7729Io~:!~:2:~~7~
I SUCTIONI VAN GENUCHTEN MEASUREDI'
I__ ~m _ M9DEL .-+--~w.c.

o 0.34600914 'I
50 10.34575049951584 I
100 10.34409496284639 1
150 10.33995129001571 0.3399171
200 0.3326553219765
250 0.32214506252616
300 0.30897602949441
350 0.29411837356797
400 0.2786426763129
420 0.27249209531467
450 0.26345807454719
500 0.24918982917029
550 0.23618065714449

0.272665

600 10.22455529829241
650 0.21429708262274
670 0.21055684059704 0.210149
700 0.20531099402007
750 10.19746699122998
800 jl 0.19062629663744
850 O.i8465566209193 1

900 10.17943407250058
950 IO.17485507790515
1000 0.170826'19373426
1090 0.164720929007 0.165441
1100 0.16412049159743
1200 0,15882058"106091
1300 0.15457307126697
1400 0.151 i2371565944 O.150664
1500 0.1482881270365~-
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ASH TEST 1 CURVE rrrnso OF MOISTURE RETENTION CURVE
SUCTION VERSUS VOLUMETRIC WATER CONTENT

!.-~. ---------~- ... ---.~ .-.--.--..-.----~-.

I
VAN GENUICHTEN MODELqONSTANTS (rn = t-t/n)

bt b2 b3 I b4
[0.367039 L O.i5~62434 0.00217461 j3.08307f3

!
-SUCTICN[VAN GENUCI-'{(EN MEASURED
_ cm_l MODEL V.C.r a 0.36703933

50 0.366883874536
100 0.3657307166847
150 0.3625553982073
200 0.3565384648684 'I

250 0.3473i2729944~
300 0.3351127710535
350 0.3207"125812692
400 0.3051679315708
420! 0.298867074389
450 0.2895097193706
500 0.2745344392322
550 0.260737663i5~4
600 0.2483500329339
650 0.2374139056527
670 0.2334323933911
700 0,22785846674 i2
750 0.2195562950188
800 0.2123598487392
850 0.2061223209466
900 0.2007081062791
950 0.1959970361457
1000 0.1918851823566
1090 0.1857198447988 0.185784
1100 0.1851184106643
1200 0.179852186281
1300 0.1756930379305
1400 0.17236187971011 0.172322
1500 0.16965893572ggl_

0.3625521

0.298887 !
I

0.233407
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ASH TEST 1 CURVE PITTING ANALYSIS RESULTS SUCTION

VERSUS WATER CONTENT

CURVE FITTING USING LEVENBER~-MARQUARDT

FUNCTION:

(b1-iJ2)*((1 + (b3*x) A b4)" (-(1-1Ib4») +b2

Factor for calculating derlvatlves » 1.000E-0009
Starting value for step lenglh = 1.000E-0001
Smallest value for step length == 1.DOOE-OOOS
Maximum number of iterations = 1000

Number of data points "" 5
Total number of parameters = 4

Number of parameters to be varied", 4

Initial estimates:
b 1 = 4.00000000E·OOOl h 2 = 1.00000000E-000l b 3"" 1.00000000E'0002
b 4 = 2.00000000E +0000

Step lenqlh "'·1.000Q()OOOOE-OOOS
Number of iterations = 34
Number of data points = I:>

Sum of squares of errors = 9.272464976E-0007
Total number of parameters '" 4
Number of parameters varied = 4
Estimated standard deviation = 9.629363933E-0004

Minimum obtamed - normal termination

Final set of parameters (and estimated standard deviations):

b 1 = ~.4600914E-OOOI (1.394E-0003) b:2 -= 1.2737729E-0001 (3.30eE-0003)
b 3 = 2.26$4763E-C003 (2.811 E-0005) b 4 = 2.9315763E+oooo (9.600E-0002)

x = CAPILLARY PRESSURE term
y = WATER CONTENT (gig)

x y
obs calc obs - calc

1.5000000E10002 3.3991700E-OOOI 3.399S129E-OOOl -3.4291190EOO05
2 4.2000000E+OO02 2.7266500E-OOOI 2.7249209E -0001 1.7290627E-0004
3 6.7000000E +0002 2.1014900E-OOOI 2.1OS6684E-0001 -4.0783846E-0004
4 1.0900000E +0003 1.6544100E-000I 1.6472093E-000l 7.2007177E-0004
6 1•4000000~ + 0003 1.506M·OOE·OOOI 1.5112372E-0001 -4.5971S64E-0004
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ASH TEST 1 CURVE FITTING ANALYSiS RESULTS SUCTION VERSUS VOlUM: rrsic
WATER CONTENT

CURVE FITTING USING LEVENBERG MAROUARDT

FUNCTION:
(b1-b:2)*«1 + (!J3"X)A b4) " (-(1-1/b4») +b2

Factor for calculating derivatives;: 1.000E·0009
Starting value for step length = 1.0COE-0001
Smallest value for step lengtl1 = I.OOOE-0005
Maximum number of iterations =1000

Number of data points = 5
Total number of parameters » 4

NUmber of parameters to 1)6 varied =- 4

Initial estimates:
b 1 = 4.50COOOOOE-0001 b a = 1.00000000E-0001 b ::.= 1.00000000E-0002
b 4 = 2.00000000E +0000

Step lengtll = 1.000000000E-0005
Number of iterations "" 36
NUmber of data polnts > 5

Sum of squares of ell Drs = 6.7696351:2SE-0009
Total number of pararneters » 4

NUmber of parameters varled -'" 4
Estimated standard devlallon = 8.:221700024E-0005

Minimum obtained -normal terminatlon

Final set of parameters (and estimated standard deviations):

I) 1 '" 3.6703933E·0001 (1.070E-0004) 1):2 -z: 1.51 6:2434E-0001 (2.412E-0004)
b 3 = 2.1746123E-0003 (1.957E-0006) b 4'" 3.0830777E+000o (7.953E-0003)

x = CAPILLARY PRESSURE (cm)
y c= VOLUMETRIC WATER CONTENT (ern A a/cm " 3)

x y
obs obs - calccalc

1 1.5000000E+0002 3.6255200E-00OI 3.6255540E -0001 -3.398885:2E-0006
2 4.2000000E +0002 2.9888700E-OOOl 2.9886708E-OOOl 1.99:23337E-0005
:3 6.7000000E + 0002 2.3340700E-OOOl 2.3343239E-OOOI -2.5394787E 0005
4 1.0900000E + 0003 1.8578400E-OOOl 1.8571985E-0001 6.4154824E-0005
5 1.4000000E+OO03 1.723:2200E-OOOl 1.72361S8E-00OI -3.9879903E-0005
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ASH TEST 2



AS! j Tf;ST 2 CURVE Fil
,,;UC liON VLRSUS WA TER CONTENT

OF MOISTURE RETENTION CURVE

C GENUCHTENM0.!2t._ CONSTANTS 1m '" 1'1111) -~'l
_~ ~~5?~_H_g~;~310a:IJ~0Q!;~'3_0.1 _ _!3.G5~:7:1~_

r~;~ON[ VANt:)~~~~~TF,,;Nl-MF:~~Fr)
o 0.33r{l5221

50 0.339035668tl;?616
10D 033884375903063

0.338136416215/5
0.33645U21119043
0.3~~257£1000M32

1{)0

;':00

260
300
:1,,0
400
.tttiO

500
550
flUO
abU
700
7fit!

Aon
1).50
gOO
950
9S0.. 1UUD
l1UO
1200
1:'fin

1::10n
1400
1500
lOCO
1100
1BUD

1860

L~"!,~~

'r" ::~,. \,

10

e

l;
",

,

-

0.334253
n 3'IJ054::ofl773!l44
n3::>0467711Pf!095
0.31037017374241
0.297847<;:1410913

0. 263071:'80142/0>'
0.268249953.1587'.
0.2b::3Btl8!l!l(J304(J

l],2:JtlI94ti:10/08!lB

0.22104070141227
n ::OORIP7t'Jf>tl1~lI1fifl

n 1fl57099fi?A734
0.Hl453 10873556

O. 1746~567220408

0.16G903G9:346323

0.1 (11192'1167n821
0.1b825311 B:l2(J35

0. 14b69tl51 2606£J<'
0.136004[162135320
n 13i 37:1?fiORCl3(JO

01 ::>A":'PI91ClfW'5

0.1228329::10221 9
0.11826(;1 012506";)

0.11462494346605

0.111692264306:34 L
0.109:JU·I!J931/fl8(J

o, IOBO!J2116b8116 0. 10891 i

0'::~7:'-_g~,~57S2.~?: ~l

0.200216

0.1£'1211

01:11!17.1

0.15411

]

,.

I

,

I
I. ~.

1'100 012046138539635

1')OJ 0.110007Qe980:?0l L
1~00 n 113E14631520422
1700 0 11186195350009
HJOU U.lI042/62',14/249

L..~~~~,~;~;~;~;~~~~;~O~::ll

....__ ~.~ . _.......,.~J._ .. _

I :'>llr.TIONT, VA,N CiFN,IJC~HrFN
em I MODEL

o 03.1392509

I GO 0.34381961476636
100 o.343164343?1497
150 0.3410254149561(;

~oo 0,338,,362600/039
250 0.3330070823202
:mo n32'T4501 P07R.!4

3;'0 n:11 Prl!l1114:lfl?flO
400 0.308[389564Q"483
.:lbll U2117Cl3:la3il7021;4

wo 0283f!25:l9115044

=1
0.269648701301'16
O.2(J4c1:324/92Iltl4(J

<l60 (J.240 1Ui:J222!l222
700 0.~2GGG!)2S711(;58

'fiO n?l 1flfi1700:l)!(Jtl1
fl(1(1 n '\R8fiOP331300,;3

!l50 0,18601412938548
900 O,17576Q:;80B6flO8

!l50 0. 1';0076096961 ea
900 0,16081 00;;160772
woo 0.1 ,,'53{416821 88
1100 0. 14:itl2!J.ldIIIOOtl
1:?OO 0.1333~10005BD~
12fln n 1?fl5I1flil?fi4 7;'R(J
1300 [11?(iR439,jA31 'lSI
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ASH TEST 2 CURVE FITTING OF MOiSTURE RETENTION CURVE
SUCTION VeRSUS VOl tJMFmlC WAln~ CONTENl

:';IIr:!ION VAN (,I NIICHII-N 1 MJA:';11HH~ Slle,IION VAN r.f'NIICHIIN MI-ASIJfif f),
V.C,em MODEL ' V,C, ern MODEL

0 0.4338:,1/0 I 0 0,38490133
50 0,43277(,37B98986 ! 60 0.3949753944294

100 0,428cl9011778578 ~oo 0.394589794390l14
lbO 0. 421b3114189388 lOU 0,3~1369:;O;;l941491
2UU o..411b61bI2414411 2UO 0..:;9111·1/6,,99\41

2(;0 0,3~lt'~~1,~~rtGt\7G22 0.38880 250 0,389412:,!4Z1G07 U38880
::lOn n :lflfil PI (,41il,lo1m ann [J,1!1::l?1fiPf104::lIM6
350 113100:>8:>1?fl1l143 ::l50 n 375A7AflAOfi5i1t:l>l
400 0,3543235328125<3 1100. n :;nli;;>:lO,15G41Ali"'
&150 0.:l:mllol8DB130031 1),353236 .i150 03b4216G200432 0.353236
600 0.32006402099772

500 I 0.3402194773259
sen 0.0081 :?1711R[l?t134 550 0.3211'14583337497
aoo u 2g'"JaU4t'~1':. ,·r135~ auu U,30/,1824964U1H8
6,,0 U.2H044b4U!.!tJ:J~!ltl dbO U.~u~tJ2m!a2Q/244

700 0,207842122401 G 700 0.2723881710GG73
7tin O:Ofifi071<10fifiPfi27 7fiO ,1 '5fi:lf1111 nA2.t~1
AOO O.24fiI290fi:>1 fi::'Ofl AOO n ?:lfl;16."fifl7 <If;:'l?
850 0.2349500436526 0,229665 850 0.22459703956944 0.229665
flOO 0.2:055231901821 900 0.2112614619!.'541
950 0.21676972585411 950 0,19941396:371691
9BO 0.21182429172539 0.185166 980 0.183011611191187 0,185156

1000 O.::m86411318tr.l81 1000 0.18902603!l64613
1100 0.1B41U"U4/143tl9 11o.U O.1/22/8<lOO\J9tli3
1200 0, 181G:?G4G07126(\ 1200 0.1GaOlG~Q730n7,j
1~~\t;n 017<17RfiR7A::l.tRl o 15Afiil2 URO n 1fi'l:lfl!lfl.'MOfl73fi o.1fiflfifi?
1300 o 170iifllla174:'2fi 13(J1) 01 fill A403fAltl5na
lAOO n 1610:3734838762 140n 0.14485753824095
150D 0,1526,11H8049636 1500 0,14032099700027
1600 0.1452245693;'219 1600 0.137051 052 '13742
1700 0.1:38636/101542Bt 1700

"'''''''''"''''''''1HlOU 0.1 :5"Ibb311tll:!4tl8 18UO U.132934121441:38
lmm 0. 12f)o!!334B02P4.1 U,1:ltlU3b lHtlU 0, 1:l21 lo22b608,14 u 13U!!:3bI
lt100 0.12740037GG3880 11)00 0.13164444403101---_ .... __ ..._ ...._,._-.' ..-- .......-.- • ~_ .•__ "T_·__ "_~, __ ,... __.~ __ ••• .' _~ __ •___ ~_ •••~ "_.....,.
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ASH TEST 2 CURVE FITTiNG ANALYSIS RESULTS SUCTION

VERSUG WATER CONTENT

CURVE FITTING USING LEVENBERG MARQUARDT

RESTRICTlor~ m "" 1-1/n

FUNCTION:

(bl"b2)*«1 + (b3*X)"'b4) '" HH!b4))) +b2

Factor for calculating derivatives == 1.000E-0009
Startlnq value for step lenqtll = 1.000E 0001
Smallest value for step length"" 1.000E-OOOS
Maxlmum number of i[elation!> ~1 000

NUl nher of data points '" 6
Total number of parameters" 4

NumtlCr of parameters to be varied'" 4

Initial esumates:
b 1 == 3.60000000E-0001 b 2"" 1.00(}OOOOOE-0001 I) 3 =: 1.00000000E-0003
b 4 ee 2.00000000E+0000

Slop lenqth = 1.000000000E-Q005
Number of Iterations = 4
Number of data points '" 6

sum of squares of errors = 9.988~47741E-0005
Total number of parameters « 4
Number of parameters varied = 4
Estimated standard deviation = 7.06694691 5E-0003

Minimum obtained - normal termination

Final set of parameters (ami estimated standard deviations):

b 1 = 3.3905221 E-0001 (9.728E-0003) b 2 ,,~9.4378831E-0002 (1.229E-0002)
b 3·'" 1.5813609E 0003 (1.053E-0004) b 4 "~3.65S6739E+0000 (5.14SE-0001)

x '''' CAPILLARY PRESSURE (ern)

y = WATER CONTENT (gIg)

x Y
obs calc obs calc

2.5000000[: +0002 3.3425300E-OOOI 3.3325791 E-OOOl 9.9509222E-0004
2 4.5000000E +0002 2.9G21600E~00Ol 2.9794754E-0001 -1.7315362E-OC03
3 O.6000000E + 0002 1.9121700E-0001 1.04531 S9E-OOOl 6.68510SSE-0003
4 9.MOOOOOE~0002 1.04110COE-00Oi 1.6119262E-OOOl -7.0826199E-0003
S 1.2600000E+OO03 1.319760oE-00Ol 1.3137925E~OOOl 5.9574728E-0004
6 1•8600000E + 0003 1.0891100E-OOOl 1.0a08~78E-0001 S.2S2:2267E-0004
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AOH TEST 2 CURVE FIniNG ANALYSIS RESULTS SUCTION
VERSUS WATER CONTENT

CURVE FITTING USING LEVENBERG-MARQUARDT

RESTRICTION m & n INDEPENDANT

FUNCTION:
(b1-b2)*«1 + (IJ3*X)A b4) A HilS») +ba

Factor for calculating derlvatlves > 1.000E-0009
starttnq value for step lenqlll =- 1.000E 0001
srnaltest value for step lenqlh 1.000E 0005
Maxlmurn number of Itel:lliofls c 1000

NUlTlbm ()f data polnls = 6
Total number 0: paratTmlctB c S

Number of parameters to be varied 5

Initial estimates:
b 1 ,-" 3.50000000E0001 b 2"" 1.00000000E 0001 b s "" 1.00000000E 0003
b 4 "" 2.OOOOOOOOE+0000 b 5 ,.. 2.00000000F "oeo

step lenqltJ "" 1.000000000E-Or
Number of iterations "-' 4
Number of data pclnls » 6

Sum of squares of enors '''' 7.944!i27767E-0005
Total number of parameters "" 5
Number of parameters varied ~~ 5
Estimated standard deviation ,'" 8.91 320B046E-0003

MinilTlum obtained - normal termination

Final set of parameters (and estimated standard devlatlons):

b 1 = 3.4392589E-OOOl (1.920E-0002)· )) 2 = 1.061701 SE-0001 (1.941 e-0002)
b s = 1.0177397E-0003 (1.320E-0003) b 4 = 2.8440524E+OOOO (1.51 oE+OOOo)
b 5 = 2.1326613E+0000 (6.0B4E+OOCI0)

'r:-~I .
1
I
10

x = CAPILLARY PRESSURE term
y ~ WATER CONTENT (glg)

x y
obs obs - calc

11

j ju

2.5000000E +0002 3.3425300E -OO(~l 3. 3390798E-()OOI 3.4501 528E-0004
2 4.5000000E +0002 2.96:21600E-00Ol 2.9703384E-000l -B.1783875E·OOO4
3 a.f)OOOOOoE+ 0002 1S)1 21 700E-oOOl 1.8661413::::-0001 4.6028655E-0003
lit 9.8000000E + 0002 1.5411000E-OOOI 1.60818eeE-OOOl -6.7086556E-0003
5 1.2600000E+OO03 1.3197500E-000l 1.:2854863E 0001 3.426:m 9E-0003
6 1.8600000E+OOO3 1.C'691100E-000l 1.0976243E·OOOI -8.5142653E-0004
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ASH TEST 2 CURVE FITTING ANALYSIS RESULTS SUC110N VERSUS VOLUMETRiC
WATER CONTET

CURVE FITTING USING LEVENBERG MARQUARDT

RESTRICTION ITl 1 1111

FUNCTION:
(bl -1)2)*«1 + (b3*x) r.b4)" Hl -1/b4») +b2

Factor for calculating derlvntives ""'1.000E"0009
startlnq value for step lenqth "" i.OOOE-OOOl
Smallest value for step lell~llll = 1.OOOE0006
Maximum number of iterations '-'1000

Number of data points == 6
Total number of parameters '" 4

NUmber of parameters to be varied = 4

Initial estimates:
b 1 = 4.00000000E"000l b 2 = 1.00000000E"OOOl b a = 1.00000000E"0002
b 4"" 2.00000000E+OOOO

Step length = 1.000000000E-0003
Number of Iterations = 26
Number of data points '" 6

Sum of squares of errors -- 1.:327359474E-0003
Total number of pararneters « 4
Number of parameters varled > 4
Estimated standard deviation .c 2.576198240E"0002

(Not conven.mn further)

Final set 01 n.uameters (and esurnateo standard devlatlons):

b 1 = 4.3395176E 0001 (8.891 E-0002) b a = 4.1996508E-0002 (2.027E-0001)
b 3"" 1.8537852E-0003 (1.012E-0003) b 4 = 2.1827537E+OOOO (1.570E+OOOO)

x = CAPILLARY PRESSURE (em)

y ,~ VOLUMETRIC WATER CONTENT (em" 3/Gm " 3)

x y
obs obs - calccalc

2.50QOOOOE+0002 3.8889000E -0001 3.9924439E-OOOl "1.0364393E-0002
2 4.5000000E + 0002 3.5323600E"0001 3.3864898E-000l 1.4687017E-0002
3 8.6000000E tOOO::! 2.2gee600E -0001 2.3495964E-000l -5.2946386E-OOO$
4 9. 8000000E + 0002 1.8515600E-OOOl 2.1182429E-0001 -2.6668287E -0002
5 1.2600000E+OOO:3 1.5856200E-OOOl 1.7478587E-0001 -1.6223874E-0002
6 1.8600000E + 0003 1.3093500E-0001 1.2952334E-0001 1.4116558E-0003
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ASH TEST 2 CURVE FiniNG ANALYSIS RESULTS SUCTION VERSUS VOLUMETRC
WATER CONTENT

CURVE FITTING USINa LEVENBERG-MARQUARDT
REsTRICTION IT1 & n INDEPENDANT

FUNCTION:
(bl-b2)*«1 + (tJ3*X)A b4)" (-(b5)))+b2

Factor for enlculatil1(j derivatives 1.000E 0009
starnno value lor step lenqth =' 1.000E 0001
Smallest value for step Icnqttl 1.000E 0005
Maxhnurn number of Iterations = 100

NUlTlllcl of data points ~ 6
Total number of parameters » 5

Number oi parameters to be varied = 5

Initial estlmates:
b 1 = 4.00000000EOOOl b 2 = 1.00000000E-OOOl b 3 '" 1.0QOOOOOOE-0003
b 4 = 2.00000000E+OOOO I) 5 "= 2.00000000E+0000

step length = 1.000000000E-0005
Number of lteratlons '" 10
Number of data points "" 6

Sum of squares of enors = 1.076813835E-0004
Total number of parameters '" 5
Number of par arneters varied '" 5
Estimated standard devlallon ~o 1.037696408E-0002

Minimum obtained - normal termination

Final sel 01parameters (and esllmated standard deviations):

b 1 = 3.9490733E-000l (1.738E-0002) b 2 = 1.2719445E·OOOl (2.:fi'5E-0002)
b 3 = 1.1 515260E-0003 (9.852E-0004) b 4 = 3.3149536E +0000 (1.632E +0000)
b 5 ""' 1.5359696E -10000 (3.31 9E +0000)

x = CAPILLARY PRESSURE (em)
y "' VOLUMETRIC WATER CONTENT (em" 3)

o x y
obs calc obs calc

I

(j
IGI

.
.
,

2.5000000E + 0002 3.8889000E 0001 3.8841244E-000l 4.77561 01E-0004
:2 4.S000000E +0002 3.5323600E-000l 3.5427652E·000l 1.0405153E 0003
3 8. 5000000E +0002 2.2966500E·OOOl 2.2459i'03E-000l 5.0679677E -0003
4 9.8000000E +0002 1,8515600E-0001 1.93011 61E-0001 -7.85561 35E·0003
5 1.2600000E +0003 1.5856200E·OOOl 1.5436882E·OOOl 4.1931803E-0003
6 1.8600000E+0003 1.3093500E-OOOl 1.3211522E·000l -1.1 a02230E-0003

270



ASH TEST 3



{~~

10

/(
tJ

ASH TEST 3 CURVE FllTlNG OF MOISTURE RETENTION CURVE
SUCTION VERSUS WATER CONTENT

50 0.303023297651
100 0.289618720998
150 0.273336632059
200 0.256707052414
250 0.241023307618
280 I 0.232300079607
300 0.226796553708
350 0.214126088464
400 0.2029247128
450 0.193036420682
500 0.184291928664
550 0.176532272709
590 0,170938638267
600 0.16961710827
650 0.163426124087
700 O.-I~?857622696
750 O.'15'::8261467
800 0.148259979693
850 0.1440988555'16
900 0.140291982624
950 0.136796391343
1000 0.133575572783
1080 O.i2891'1700086
1iOO 0.12783805406
1200 0.122879152909
1300 0.1113549093275
1400 0.114733919059
1500 O.i11345534532
1550 0.109789'193783
1600 0.108314834843
1700 0.105586886741
i800 0.103117490927
1900 0.100870690799

0.231245

0.168464

0:124320

0.111257 '

0.096546
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ASH TEST 3 CURVE FITTING OF MOISTURE RETENTION CURVE
SUCTION VERSUS VOLU\I1ETRIC WATER CONTENT

ISUCTIONI VAN GENUCHTEN MEASURED
em MODEL V.C._ .--. ____ ..... ____. _._ ____"__,'____ ··_.'_r. _."'_-_-_-- -.--- ..-.~. ,

0 0.31542011
50 0.314912059857 ,
100 0.312381518942 !
150 0.307008748185 I
200 0.298689313247
250 0.287937157049
280 0.280682207633 0.280324
300 0.275641862929
350 0.262757479704
400 0.2500708-17327
450 0.238109827606
500 0.227158451531
550 0.2173198~7653
590 0.2102448533491 0.20937
600 0.208582534976
650 0.2008728378831
700 0.194089266173
750 0.1881233091451
800 0.1828704929
850 0.178235582545
900 0.174134422071
950 0.170493988439
1000 0.167251585263
1080 0.162761070472 0.158985
1100 0.:161754743364
1200 0.157304347166
1300 0.153654000499
1400 O.i50623588573
1500 0.148079966479 ,
1550 0.1469585233:28 ! 0.148447
1600 0.14592345541~51
1700 0.144078457337
1800 0.142486905751 I
1900 0.1411036580:25 0.136999
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ASH TEST 3 CURVE FITIIN( l\NALvsis RESULTS SUCTION VERSUS
WATER CONTENT

CURVE FITTING USING LEVENBERG MARQUARDT

c

FUNCTION:
(bt b2)*{!1 + (b3*X) '" b4) A (-(I-l/b4))+b2

FacIO! lor calculattnq derivatives = 1.000E 0009
Starling value for step tenrjth ~ I.OOOE0001
Smallest value IO! step length =- 1.000E'0005
Maximum number of Iterations = 100

Number of data points = (5

Total number of parameters = 4
Number of parameters to be varied =- 4

Initial estimates:
b 1 = 3.00000000E-0()01 b 2 = 5.00000000E-0002 b 3 =- 1.00000000E-0003
b 4 = 3.00000000E + ()OOO

step lenqth "" I.GOOOOOOOOE-0005
Number of iterations == 6
Number of data points '", 5

Sum of squares of errors = 4.917820975E-0005
Total number of parameters", 4
Number of parameters varied =- 4
Estimated standard deviation = 7.012717715E-0003

Minimum obtalned - normal termination

Final set of parameters (and estimated standard deviations):

b 1 := 3.0932437E-oOOl (2.233E-0001) b a = 4.6740054E-0002 (1 A40E-0001)
b ;3 3.9881255E 0003 (9. 724E 0003) b 4 1.7739201 E ~0000 (1. 496E I 0000)

x = CAPILLARY PRESSURE (crm
y =WATER CONTENT (gig)

x y
obs obs - calccalc

2.8000000E +0002 2.3124500E-0001 2.3230008E 0001 -1.0550830E-0003
2 5.9000000E +0002 1.6846400E-OOOI 1.7093864E -0001 -2.4746418E-0003
3 1.0800000E +0003 j .2432600E·000l 1.2891770E-000l -4.5917032E-0003
4 1.5500000E +0003 1.11r.S700E-OOOI 1.0978920E-0001 1.4678035E 0003
5 1.9000000E + 0003 $.6546000E 0002 1.0007069E 0001 4.3246933E-0003
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ASH TEST 3 CURVE FITTING ANALYSIS RESULTS SUCTION VERSUS VOLUMETRIC

WATER CONTENT

CURVE FITTING USING LEVENBERG MARQUARDT

FUNCTION:

(Ill 'iJ2)*«1 + (h3*X)"h4) " Hl -1/b4») -ba

Factor for caloulatlnq derlvaltves > 1.000E-0009

Starting value for step length = 1.000E-000l
Smallest value lor step lenqlh -r- 1 .OOOE0005

Maximum number of Iterations ='1000

Number 01 rlaln polnls : 5

Total number of pararneters « 4

Number of parameters to be varied 4

Initial estimates:

b 1 =" 3.00000000E-000l b 2 =0 1.00000000E-OOOl b 3 = 1.00000000E-0003
IJ 4 = 3.00000000E+OOOO

Step lel'gttt = 1.000000000E-0005
Number of Iterations == 6
Number of data polnts » 5

Sum of squares of errors "" ::.\.442075243E-0005

Total number of parameters == 4

Number of parameters varied == 4
Estimated standard deviation := 5.l'66920182E-0003

Minimum obtained - normal terrrunatton

Final set of parameters (and estimated standard deviations):

b 1 ," 3.1542011 E 0001 (4.91 4E 0002) b 2 ,; 1.2555355E 0001 (2.583E 0002)

b 3 "~ 2.4835660Eo003 (1.148E 0003) b 4 ., 2.6058379E +0000 (1.129E I-0(00)

x = CAPilLARY PRESSURE (crm

y '"' VOLUMETRiC CONTENT (cm ? a/cm " 3)

x y
obs calc obs - calc

2.8000000E +0002 2.8032400E -0001 2.8068221 E 0001 '3. 5820850E-0004
2 5.9000000E+OO02 2.0937000E-000l 2.1024485E-OOOl -8.7 485093E -0004
:3 1.0800000E+0003 1.5895800E-000l 1.6276107E-0001 ·3.8030666E -0003
4 1 .5500000E t 0003 1.4844700E-OOOl 1.4695852E 0001 1A884807E 0003

5 1.9000000E+OO03 1.3699900E-0001 1.4110365E-QOOl -4.1 046540E -0003
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APPENDIX 7
COMPLETE RESULTS OF THE CURVE FITTING ANALYSIS DONE ON THE MOISTURE

RETENTION CURVES OF THE GOLD TEST
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GOLD lEST CURVE FI111NC, OF MOISTURE; RETENTION CURVE
SIJC,TiON VERSUS WATER CONTENT

l
lV,ANGENUC.HTEN M,ODEl CONSTANT:;",," '. "I

bl l b2 I b~
O~~ _~. 0.<•.3470006 0004062172

C:_;ON VAN c..ENUCH1EN rMEA;:UflED I SiJt~T!ON IVAN GENUGHTfON MEASURED
m MODEL W.O. I em at- MODEL W.O.

I 0 0.24826980 ~ 0.22g.~loo6

! 50 O.?'ltj63288578284 50 0.22931 003889442

I lOD O.24206~?alO7t;lH1 wo O.:>:'fl;J0353/5<lti71

160 U2351400152245:0 150 0.22912491500321

1\:)0 Q,z:n405G'\J54'3!!G 0.22806 HX) o ::e064Gf.l357674 0.22806
"00 o "'~n5P"7nn:11?1 7 ')nn n ??74fiRfiAAfl?7lJ!;
250 0.21709321,113392 250 0.2208542301958
300 0. 20-'20933004279 300 0.20935809417104
3~O 0.2012798383172 0.20199 3'30 0.20193920338743 0.£0199
350 o 197~71 015553!.l3 3ao 0.19715262181189
400 0.18786147604<>26 400 0.181,1046892773
450 Q, f ;'Gt34PCtlc4SCG5 450 0.17639030197705

500 0, i 7041 850042731 i 500 016784342770402
;,,,0 t, 1fj"fi>lAfi.'18fi4fl?1i fifiO n 1tiO?404f!..'j7PilOl I
600 I 0.1653819560910.7 600 0.15341790368297

660 I 0.14874156171446 650 0.14124301185027
660 0.14747937541301 0.14585 660 o 1,1607622407723 0.1..t585
700 0,1/1263920-1011 B 700 014161233606420

7t;U { 0.1 a;"O~,\;;'2B:?1o'~~; 750. 0.131)444362'.56274
OUO O.1:11(I.'I5;)0:107;)l) I noD O. t3h31402oHlO12

~!~e Q, 1 =..'11 T.!21~bQ3t8

I
8~a c .,~?7~4e6t:J5167}34

flOO o V'?l6fl?1 fiR1,,(On !lo.n n 1?:~I~'!i?r;:-l4700'
9:iO O."'""~.."" I 950 0. 11t

'
26802263425

860 0. 11 7852'16958791 0.11831 £'50 0.118525'1£1934124 0.1-831
1000 U114t18J95256269 l 1000 011564700081585
1100 0.10831291679051 ! 1100 O.~osor ti88746295
1200 0,1 02535721 71998 1200 0.10307356211761
l~(JO 0.080452556251 E> 10 0.0£11386 1200 aO?07:l1705::165020 0.09Un6
1'300 0(1)7497583841325 1300 0. rY)lf3t'5DD326f.~332
140.0 n 09:lt17??1 npRAfj~p I 14m n n"?7lJ,.'17?fil oBI fl
1500 0.0891588110::0<247 UOO 0.08829704:3950474
1510 n 0881f123f";': ,'.386 0.08n 4 iO 0.0878670.94798654 0.08714
1600 a.o9507'~47p(..~::Jil',4 00 u 094145070120334
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t,3i D rEST CURVE fInNc, OF MOISTUf1E HE TENTION CURVE
SUCTION VERsUS VOLUMCTRIC WA IER CONTENT

,"'0" IV'"',>"",,,"'"1"'''"''''''' SIJCTlON
em MODEL V.C. ern

o 0.4011386 0 [)'37585911
60 0.3P9454!la:lG500fl I 60 0.37586910(105642

100 O.~'r'1')438011:17720 1(,1 0375858025'14972
1eo 0.:!8blOt"lo16/E1tl4 1':l(J U31''1~234b41207

I t~u I tlJ/bBb~JH14biUi8 (J,:.J/bt:.J H)O 0. ;lio, ;Jll ;':tld i:?d:.J

200 o.313310i7(lH'

I
200 0. 37 4t1G2G720G4

:.l,m n :lfiP!1n1~:107';'7i~ ~!m n:lA707410AP01!lfJ
~'mn n:l44fi·IOClf,f1fl('74fl :100 n :14!YJ04??040"O(1
330 0.3:j5:l24tJ8~SDl 93 u33G!)3I 33·J 0. 3368734851.1064
350 o 3:'£11651 3348235 :150 (J.32fl8836611622
·mo 0,31 3t13f1r,OOl?OG!i '100 tl~~1050G30033tl97
~ifjO O,2902thM215:'M52 ·150 I o :'P.14:l n.13:;·OO!m
OOU 0. 2Ub:.!::31 b42~J4Utto .:00 o.:':1l0321·142102;;;;
boll U.:li~3UHU4tidoJ4l of;U o.::!61 jH~Z:JHU2ij41U4

ceo O,2CC~:G3:1n.20768 600 a 2GG:·.~t8.12GG4112

flfiO (1 ",AP07,11'17,1t15fln f.'O n?tll~~7t1P~A51626
finO n ~~i6qfi?n~A191 ~t1 ,1?4aQAP RAO (1 ?444!ifil ::>771111fj

t 700 c2:la!l15()34ElO7[I(J 700 0. :'311 ()2794;;03D7• 750 0.229392,1497737,1 I 760 a 2285907..t363897
800 0.22014260572943 800 0.220;':::i36517928
850 O.212799850/228!i 850 0,21344390113005

IJ BOO,
0.:100000.184(')13449 gUO U.20f;,5b131J4834/4

BbU U. HJ8iH3~"!I(,HW;~ 9bO U.:!Um:'9i;j!.'41I iH;!4
ono ,0,107G047r183S'.3d 0,103;'il CGO 0,1 OD0741 ill tl7238

lOOO 0. 1 R?5P31 ~8:-M~r~5 10(10 0.1 9~3:l1 '175A.1R-lfl
1100 n1A1nq4R.tS7'.:~fi1A 1100 n 1A:l407:l~f10?il:1fl
1200 O.17215:o"e05273El I 1200 0173613g3580209
1280 0.1655357551575(;' 0.16821 1280 U1684587731149
l'~Clo O.I 6399419.1835&2 1300 0.1647535:l85!l985
1 ,JO 0.1668862349:mr39 1400 0.1566761 0216g7 '.
H,OO 0.10Utl62t'<lOCJ3(1m 1000 0.1492[JOlt1lI8901
1010 0,lbtJO/W4/9113U U,14/22 lolU 0. 14E10020mm3i~11

l~.. 1600 ('.1451 G11 642',:n:::8 luOO c 1~l~41uGGOZ(!,477
'-" -.-'-"-~-"-'-----".--- ---'---'--~----'----'

o
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GOLD TEST CUR\I'E FITIlN(~ ANALYSIS RESULTS SUCTION VERSUS
WATER CONTENT

CURVE FITTING USING LEVENBERG-MARQUARDT

RESTRICTION (nJ "" 1-1fn)

FUNCTION:
(b1-b2)*«1 +(b3*X) '" b4) r. (-(1-1 fb4») +b2

Factor Ior calculating derlvatlves.> 1.000E-0009
Starting value 'lor step length"" 1 .OOOE-0001
srnauest value for step length = 1.OOOE-0005
Maximum number of Iterations =1000

NumiJer of data points = 6
Total number of parameters == 4

Number of parameters to be varied '= 4

Initial estimates:
b 1 = 3.00000000E-0001 b:2 = 5.00000000E-0002 b 3 == 1.00000000E-0002
b 4 = 2.(')OOOOOOOE+OOOO

Step length := 1.OOOOOOOOOE-0005
Number of Iterations == 56
Number of data polnts > 6

Sum of squares of errors == 7.667640334E-OOOG
Total number of parameters = 4
Number of parameters varied = 4
Estimated standard deviation = 1.95801 4343E-0003

Minimum obtained - normal termination

Final set of parameters (and estimated standard ::Ievlatlons):

b 1 = 2.48269S8E-0001 (a.023E-0003) b 2 = 2.7496691 E-0002 (2.~-Q002)
b s = 2.31'l'X!387E-0003 (2.428E-0004) b 4 = 1.9692034E+OOOO (2.497E-0001)

x = CAPILLARY PRESSURE (em)
v = WATER CONTENT (gIg)

o

x y
obs calc obs - calc

1 .9000VOOE +0002 2.2806000E-0001 2.2840500E-0001 -3.46001 72E -0004
2 :3.3000OQOE+0002 2.0199OOOE-0001 2.0127984E-0001 7.1016429E-0004
:3 6.6000000E+000~ 1.4685000E-0001 1 .4747938E-0001 -1 .6293757E-0003
4 9.6000000E +0002 1.1831000e-0001 1.1 795247E-0001 3.5752872E-0004
5 1 .280000OE + 0003 9.9690000E -0002 9 8452569E -0002 1.2374414E-0003
6 1.5100oo0E+OO03 8.7140000E·OOO2 8.8792370E-0002 -1.G523702E·OO03

o
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GOLD TEST CURVE FITTING ANALYSIS RESULTS SUCTION VERSUS
WATER CONTENT

CURVE FITTING USING LEVENBERG MARQUARDT

RESTRICTION rn & n INDEPENDANT

FUNCTION:

(b1 -b2)*«1 + (b3*X) A b4) " (-(b5)l) -ua

Factor for caloulaling derivatives "c 1.()oOE-0009

StartlrlC) value for step lenqtf1 '" 1.000E-0001
Smallest value for step length ~-"1.oooE·o005
Maximum number of Iterations "-'1000

Number of data polnts "" 6
Total number of parameters > 5

Number of parameters to be varied = 5

Inillal ~sllrnates:
b 1 "" 6.00000000E,0001 b 2"" 1.00000000E 0001 b 3 '" 1.00000000E 0002

b 4'" 2.00000r ,E+oOOO b 5 ~ 5.00000000E0002

Slep Ienqlh r= 1.000000000E·000I3

Number of Iterations = 53S
Number of data polr.ts"" 6

Sum of squares of errors ~c 1.647M0531 E·0006

Total number of parameters == 5
Number of parameters varied '" 5
Estimated standard devlatlort > 1.243921433E-0003

278

Minimum obtained - norrnal termlnatlon

F!nal set of parameters (and estnnated siand:uci deviations):

b 1 "" 2.2931 00eE-0001 (1.378E·0002) b 2 =·2.3479606E-0001 (4.387E-00(l1)
b 3 = 4.0621724E"0003 (3.022E·0004) b 4 "" S.~~720693E+0000 (3.053E+OOQ1)

b 5 = 2.42269S7E 0002 (1.1 a92 0001 )r~
,0

I
J

1

x "" CAPILLARY PRESSURE (elll)
y ". WATER CONTENT (gfcJ)

x y
obs calc obs calc

1 1 .9000000E +0002 2.280GOOOE-0001 2"laa06410E·OOOl -4.097635CE "0006
2 3. 3000000E +0002 2.0199000E"OOOl 2.)193921 E·OOOI 5.079.2048E· 0005

3 6.6000000E +0002 1.4585000E·000I 1 •1~607G23E-0001 -2.26228:33E·0004

4 9.6000000E +0002 1 . 1831 OOOE-0001 I . 1B52580E 0001 2.16903431::-0004
5 1.2800000E I 0003 S.9690000E "0002 9.6'731709E-0001:! 9. 58290G6E'0004

6 1.51 OOoaOE +0003 S.71 40000E 0002 S.7B67099E ·0002 ·7.2709872E·0004



GOLD TEST CURVE FITTIN<.:i,G,NALYSIS RESULTS SUCTION VERSUS VOLUMETRIC
WATER CONTENT

CURVE FITTING USING LF.VENBERG-MAAQUARDT

RESTRICTION m '" i -1 In

FUNCTION:
(tJl-b2)*«1 ~ (IJ3*X)" b4)" ( (1-1Ib4))) +b2

Factor fOI calculallng derivatives = 1.000E-0009
startmq value for step lenqlh '" 1.000E-OOOl
Smallest value for step length ~~i.000E-0005
Maximum number of iterallons =1000

Number of data points = 6
Total number of parameters ~ 4

Number of parameters to be varied "" 4

Initial estimates:
b 1 = 4.00000000E-0001 b 2 =' 1.00000000E-0001 b a = t.ooooooooa-oooa
b 4 t=: 2.OOOOOOOOE+0000

Slep length "'. 1.000000000E-0006
Number of lteratlons = 40
Number of data points = 6

sum of squares of errors = 2.89164:'3617E-0006
Total number of pararneters » 4
Number of parameters varied '" 4
Estimated standard deviation .'" 3.802396361 E-0003

Minimum obtained - normal termination

Final set of parameters (and estimated standard deviations):

b 1 = 4.0113960E-00C,' (1.260E-0002) b 2 ""6.5255740E-0002 (3.783E-0002)
b 3 '" 2.21021 04E-00()3 (2.0813E-0004) b 4 = 2.1008856E+0000 (2.961 E-(001)

x = CAPILLARY PRES,SURE (om)
y "" VOLUMETRIC WATER CONTENT (om A 310m'" 3)

x Y
obs calc obs - calc

1.9000000EIOO02 3.7e13000E 0001 3.7585982E 0001 -7.2981790E 0004
2 3.3000000~·~0002 3.36~aOOOE0001 3.3532459E-000l 1.6554126EOOO3
3 6.6000000E +0002 2.43\~a900E-000l 2.4695254E-0001 -2.9635427E-0003
4 9.6000000E +0002 1.98j'6000E-0001 1.9750476E-OOOl 1.;2552436E-0003
5 1.28000006 +OC03 1.68~!1OOOE-OOOl1.6553576E-0001 2.6742399E 0003
6 1.51OOOOOE+0003 1.47~2000E-OOOl 1.5007195E-0001 -2.8519521E-0003
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GOLD TEST CURVE FITTING ANALYSiS RESULTS SUCTION VERSUS VOLUMETRIC
WATER CONTENT

CURVE FITTING USING LEVENBERG-MARQUARDT

RESTRICTION rn & n INDEPENDANT

FUNCTION:
(Ill 1)2)* ((1 I (b3*x) " b4) " (-(b5)II f 112

Factor lor calctllnlln(j derlvnllves ~ 1.000E 0009
Stmtlnq value Ill! step 1011(1111= 1.000E 0001
Smallest value 101step length co 1.COOE-0005
Maximum number of iterations '71000

Nurnbet of data polnls ~ 6
Total number of pararneters » 15

Number or parameters to be varied "" 5

Initial estimates:
b 1 = 4.00000000E-000l b 2"" 1.00000000E-OOOI IJ 3 == 1.00000000E 0002
I) 4 := 2.00000000E 1-0000 b 5 = 1.00000000E-000I

Slep lenqth '= 1.000000000E·0005
Number of iterations ~. 478
Number of c1atapolnls "" 6

Sum of squares of errors ""' 5.168411471 E·oooe
'rotal rnmoer of parameters > 5
Number 01 parameters varied == 5
Estimated standard devlatlon > 2.2734140561::'0003

Minlmulll obtained - normal termlnatlon

Final set of parameters (and estimated standard deviations):

I) 1 ~. 3.7565911 E'OOOI (1.506E0002) b 2 =-3.8648802E·OOOI (7.974E-00Q1)
b 3 = 3.916S774E-0003 (4.IJ68E-0004) f) 4 "" 1.0166719E+0001 (5.541E+0001)
II 5 "' 1.9594631 E-0002 (1 .S::!:.IE-0001)

x = CAPILLARY PRESSURE (em)
y CO VOLUMETRIC WATER CONTENT (em /'- Stern" 3)

x y
obs obs calccalc

1•9000000E+0002 3.7513000E·OOOl 3.7513712E-0001 -7.1245095E-0006
2 3.3000000E I 0002 3.3698000E-00Ol 3.3687348E 0001 1.0651716E 0004
3 6.6000000E +0002 2.4398900E 0001 2.4445512E-000l -4.661:2208E,0004
4 9.600000QE+0002 1.9876000E·000l 1.9907<l-16E0001 ·3.1415!567E·OO04
£5 1.2aOOOO('~~"'003 1.G621000E-0001 1.6645877E-0001 1.7512336E·000S
6 1.51 OOOOl\:;.. (.1003 1.4722000E-OOOl 1.4855200E-OOOl -1.3320026E-0003
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APPENDIX 8
COMPLETE RESULTS OF THE CURVE FITTING ANALYSIS DONE ON THE MOISTURERETENTION CURVES & COEFFICIENTS OF HYDRAULIC CONDUCTIVITY

OF THE CLAY TEST
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eLlW TEST CURVE FITTING OF MOISTURE RETENTION CURVE
SUCTION VERSUS WATER CONTENT

r $( J(~nON PANe-,1 Nl JCHlf' N- MI-ASIIRF n
ern MODEL w,r;;,

a 0.84811467
50 0.49516362462011

100 n41~,a~~077aa04
13a u3~l"J8b2bHf3~tlU(j2

IoU tJ.:J82!!/ot:ltllBil34

~oo U25S042380GG7G6
:;-,,0 0 :J'lfJ??S07APflI,1
300 O,:l:lFlP[)4767fi4fifi

340 0.332292394599:'9
330 n :33081317205803
400 Q,3242424892S066
460 0,31876571713463
GUU U.S,41UN43ti2b'UP
b4U U:Jlue4194b4/0~~
GGO O.3'lOoaaOI12G7u4
finn 0,3Ot15fi??11315A

ssn n :!o:~4?7d66fi140,1
680 0.30'171536504722
700 0,30063378426391

750 0- 2881160499325
900 a 29583121082162
8bO U2!!3/4010/305b1
80U U 2g I 83U23 16b'El!l

DGO 0 ~DOO,H147G3434
1000 n :'Rfl"::>P.3,16'12575
lCl?O

1100
1200
1300
1350
1400

.__ ._!oUlJ

0. ?R7RmifJ6<lnCl37fi
028548833508905
0,28291344182731
0,200633191112668
c21fl58654848tl3

u'2/85"olijb/021l!l4

~/d/b8~3:lt>

b3 b4
1,4566368

VAN GENUCHTEN MOOEL CONSTSNTS (m & n)

bt I b2 I b3
10,8001839 0217691541 0.11254819

r SI1C!I(lN VAN (;FNIICHfFN

em MODEL
a 080078392

50 04!l7450781 05292
100 0,41590672196681
13U U. :l9404362b80flB"d
IbO 0,3!l:llb049!'!I4432

200 0,36324:102500884
~';,n n,3~!Mfj5?R!=I!17:>51
:100 0 83!=11Fl17:>5?1filA

340 033259046162329
350 0,3311156572916"
400 0,32456263996587

450 0,3190974251102
oDO 0,314';458641113

040 0.31 I I 83bZ32WB4

G{JO 0.31042200217011
son n :105A!=I~Pfl7?167::1
eso 0 :m~r1r;RP17flB613
680 0-30205527993708
700 0.300972(91)30017

750 0,29845062612279

vee:

0,330361

0.3044613

1)00

600
900

DGO
loon
1[),?0

1100
1200
1300
1350
1400
1bOO

o 29616093459121
0.;,;11406901049133
U,2821480U930101

02003713326728(;6
a ?flR73?617Pl 1PO
0. :>1181OR40805711
0,28577819210464
Q,28318a41173294
0.2B068313003108
0,27983997777285
U,2/811SgSUbO!llltl

U::!/tl!J!lB212tJd422

MFASllf~F [)

n330367

0,311438

0.304456

0,?Rfi779

0,27009
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CLAY TEST CURVE FITTING OF MOISTURE RETENTION CURVE

SUCTION VERSUS VOLUMETRIC VVA TER CONTE~n

b2
0.41 al961_.?

SIIC'-110N I VAN C,FNIIC;HTFN VAN r,FNIICHlFN
em MODEL MODEL

0 1.752[1932 0 06381251:1

fiO O.Il:lS,;":>OO0712:"'S so 0.,;130:>904262'1';'1

HIO 0. ,Inn? 1;'5(l?:lfl7C7 1(){) 0. '1!1!M1l754386741

1:l0 n.l/:~:~'1:X.l:"(iH ..;~m (J _U:,H/!l l:m C;.I:/:~b01U/:>11p(m

tbU (J.·I,':'flU:lU4/U;'/;W lot) 0. ..t&mmlOO~J"Iy..l"l i
200 o.44lll44~~HG/~l"a :'00 a <l41:i(jUtllGIG1 ,I

~!itl II /I:-!!YJllfifi!10' 1!i~1fl ~!1n (l '1:1!1:l3SflS11 f.il;;7

:lCJO u<l34"Sfitifib(l;>17f1 :mn o 434::lilfJl73rlOfit15

31~n 0,431 (,7t341 1l2W3 0.426292 3·10 o -131(j.17213557209

350 043101723541659 350 0. 431 08566624388

400 0.-128729231)03775 400 0. 42878766636969
,150 0.42105370725905 1150 0.·127102987358.19

bUU U.425/1l'JU1l4U132G 500 UA2bIl2444bSU;'M

o,IU U 42'll'12349U2104 O,4:i9:U b4U u4"but)lltJ9UtltlOO~'

GGO 0.4247,,229(;01420 GGO 042482672040(;

(Jon n ·1?,o100Hl:l,jlIOAP5 ,,00 n ·1?4fl.1fl?fi."l..'i1\l A:l
Hm) n It~):-l:~n~4(lq(_':3:.'n~ WiD n4?:l:lA:>:lfi76:ll A"

680 0. 42302935872902 0.429701 680 0.42304937604693

700 0.42282864527698 700 O. '1:<'284682043085
750 0.42::384154011M 760 O.4223980755:J!:l54

SOO 0.<122007,17025957 800 0.'12201'158281007

U:'O U.421t:1l4~21UU:>;Jt> sou 0421 G9HlU/24/tl'J

oo!.) U.42j,IL't:llU/Il/::tJ/ 9UU U421.o1Q911Ul:J41

fl~a a 42i 1u3~G270ti91 0(;0 0.4211 (;413(;804(;G

100D 0, 'I"OP50,,"fl:'flRtl7 101'10 !1.4?OP.-lP.'1?4P?,I?1

;~::::jo d?OA7??05:>5671 n 41 ROOo 10.,0 n 4.,nflfl!-l47?44?Pfl

042059474234465 1100 O. 42058949091 O~5

1200 O. 4203~ 116370467 1200 0.42030112553502
, 1 :lOO 0 4?008063495489 1300 0.<1200073580422

1\ I rase 0" 00"'00""" 0.415667 1350 0.419966326319\6

1400 U 41!1U1JtJ'dUU4U441 140U U.41t'U/413"J/0/3U

I bOll U 4 I;>IJU 13/oU,IU3 loUU 0.41 ~/1222444,,34------ --~ ---......,..._._~ - ~----- _--_._

MFASLJRFn
V.C.

0.429701

n41POOO

0415667
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CLAY TEST CURVE FITTINO ANALYSIS RESUL1S SUCTION VERSUS
WATER CONTENT

CURVE FITTING USING LEVENBERG-MARQUARDT

RESTK1CT!ON III I 1in

FUNCTION:
(b1 -b2)*((1 I (b3*X) A b4) A H1 1!ll4») t b2

Factor lor oalculatinr; derlvatives ~~1.000E 0009

Slartlnq value for step lenqlh '" t.oooe-ocot
Smallest value for step length = 1.00CE-0005

Maximum number of Iterations ""1000
Number of data paints '=' 6

Total number of parameters '" 4

Number of parameters to he varled "" 4

Initial estimates:
I) 1 ~- 8.00000000E-OOOl b 2 = 2.000000')OE-OOOl !) :3 "" 1.00000000E-OOOl

I) 4 2.00000000E +0000

step leuqlh c_ 1.000000000E-0005
Number of llerattons « 86

Number of data points = 6
Sum of squares of eJ rors '" 1 .573695590E 0005

'rotat numoet of parameters = 4
Number of parameters varied "" 4
Estimated standard deviation -z: 2.805080738E-000,'3

fillnimum obtained normal leimlnatlon

Finnl 501 of par amoters (and estlrnated standard deviations):

b 1 co 8.4817467E-000l (1.234E +0001) b 2 -= 2.1 934058E-OOOI (8.829E-0002\
b a "" 1.2594264EOOOl !5.823E+OOOO) b 4 'c 1.45G6368E+0000 (5.40aE-0001)

x = CAPILLARY PRESSURE (em)
y = WATER CONTENT (gig)

x y
obs calc obs calc

1.3000000E +0002 3,9405300E -000 I 3.9385270E 0001 2.002965SE" 0004
2 3. 4000000E .f 0002 3.3036700E 0001 3.3229241 E 0001 -\ ..9254071 E OOOJ
:3 5.4000000E +0002 3.11 43800E 0001 3.1 0841 96E -0001 5.9604345E -0004

4 6. 8000000E +0002 3.0445GOOE-000I 3.0171538E·0001 2.7406236E 0003
5 1 .0200000E ~0003 2.8577900E 0001 2.8780697E 0001 2.0279692E 0003
6 1.3!500000E 1·0003 2.7969000E -0001 2.7958656E -0001 1.0344313E·0004
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CLAY TEST CURVE FITTING ANAl. '{SIS RESULTS SUCTION VERSUS
WATER CONTENT

CURVE FITTING USING LEVENBEf~(:\ MARQUARDT

RESTRICTIO{\! HI & IllNDEPENDANT

FUNCTION:
(h1 -112)*«1 1 (!J3*X) "h4) " (- (b5») t tl2

Factor tor calculating denvatlves » 1.000E-0009
staruno value for step lenoth = 1.O()OE-0001
Smallest value lor step length = 1.000E··000!:>

Maximum number of iterations =1000
Number of data points "" 6

Total number of parameters = 6

NUIlliler of parameters to be Val led 5

Initial estimates:
b 1 '" 8.00000000E-000l b 2 = 2.00000000E-0001 b S = 1.00000000E-000l

I) 4 ,'" 2.00000000E+0000 b 5 c:_ 1.00000000E-000l

step length", 1.000000000E-0005

Number of iterations = 32
Number of data points -= 6

Sum of squares of errors = 1.622040a87E-0005

Total number of parameters '"' 5
Number of parameters varied = 5
Estimated stanoard devlatton ~. 4.027456874E·0003

Minimum obtained normal Ietrnlnatlon

Final set of parameters (ancl estimated standard uevtatlone):

b 1 8.0078392E-000I (3.001 E+0004) b 2 = 2.1769154E-000l (1.942E-00Q1)
b 3 " 1.1 26481 9E -0001 (1. 299E + 0004) b 4 ~. 2.9904264E + 0000 (1.21 OE+ 0005)
b 5 ..,. 1.4903357E-000l (6.0S0E + 00(3)

X :c CAPILLARY PRESSURE (em)

y = WATER CONTENT (gIg)

x Y
obs calc obs - calc

1.3000000E I0002 3.9405300E 0001 3.9404363E-OOOl 9.3702521 E 0006
2 3.4000000E I0002 3.3036700E 0001 3.3259046E-000I 2.2234647E OOO~~

3 5.4000QOOE + 0002 3.11 43f300E-0001 3.111 f3353E-OOOI 2. 5447399E -0004

4 6. aOOOOOOE+0002 3.0445600E-0001 3.0205528E -0001 2.4007175E-0003
5 1.0200000E + 0003 2.8S77900E-0001 2.8810841 E 0001 -2.329405SE· 0003

6 1.3500000E + 0003 2.7969000E-0001 2.7983898E-OOOl -1.4897987E-0004
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CLAY TEST CURVE FITTING ANALYSIS RESULTS SUCTION VERSUS VOLUMETRIC
WATER CONTENT

CURVE FITTING USING LEVENBERG MARQUARDT

RESTRICTION III 1 1 /11

FUNCTION:
(Ill ll2)*((1 I (1l3*X)"1>4)" (!1 1iIJ4») Hl2

Factor for calcularlm] rlerlvallves 1.000E 0009
S[arHIl<] value for step lenqlh ~ 1.OOOE0001
Smallest value for step length = 1.000E 0005
Maximum number of itel atlons "" 1000

Numtie: of data paints "" 6
Totnl runnhe: 01paramctors 4

Number of pmarneters to be vaued ~o 4

111i1i'11 estimates:
IJ 1 = 1.0000COOOE+0000 [) 2 ~ 3.0(lOOOOOOE0001 b 3 2.00000000E 0002
b 4 "c 2.0000000oE \ 0000

step lenqlh -, 1.0000cooooE·0005
NUlTIllm of ilmnliol1s ... 68
NUlfilwl of data points 6

Sum of squares of errors « 1.131980481 E 0004
Tolai mnnber of parameters » 4
Number of parameters vaned -z: 4

Esllrnated stnndatd rlevlallon "" 7.523232~88E·0003

Minimum ontamed normal termination

Final set of parameters (and estimated standard deviations):

IJ 1 .~"1.7529932E+OOOO (1.368E+0003) IJ 20: 4.1824627E·000I (1.947E·0002)
I) :3 6.6236507E-0002 (4.662E +0001) b 4 ~. 2.478991 6f: +0000 (S.474E +(000)

x = CAPilLARY PRESSURE (ern)
y "" VOLUMETRIC WATER CONTNET (ern A a/ern? 3)

x y
obs calc oils calc

1.:;OOOOOOE+0002 4.7387900E 0001 4.7335729E -0001 S.2170866E-0004
2 3.4000000E +0002 4.2638200E -0001 4.3157642E-0001 5.19441S8!:-0003
:3 5.4000oooE +0002 4.2937000E·OOOI 4.2497!::..;';;E0001 4.3976628E-0003
4 6.aOOOOOOE+0002 4.29701 COE-OOOl 4.2302936E -0001 6.6716439E 0003
5 1.0200000E \ 0003 4.1 900600E-OOOI 4.2087220E 0001 -1.8662025E 0003
6 1.3600000E +0003 4.1566700E-000l 4.1 9981 05E-OOOI -4.3140489E·OO03
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CLAY TEST CURVE FITTING ANALYSIS RESULTS SUCTION VERSUS VOLUMETRIC
WATEr! CONTENT

CURVE FITTING US1~'G LEVENBERG-MARQUARDT

RESTRICTION in & IlINDEPENDANT

FUNCTION:
(bl -b2)*«1 + (b3*x) '" b4) ,...(lb5))) + ba

Factor for calculating derivatives = I.OooE-0009

starnno value for step lenqth '" 1.000E-000I
Smallest value for step lengU, = 1.000E·0005

Maximum number of iterations =1000
Number of data polnts « 6

Tolal ruunher of parameters ,c 5
Number of parameters to he varled > 5

Initial estimates:
I) 1 .zz: 6.23415746E 0001 b 2 -,c 4.17849841 E 0001 b 3 -rz: 1.96230915E 0002
l> ,~ = 7.31365730E +0000 IJ!:' ~•. 1.9264851 H: 0001

sten lenqlh « 1.000000000E-0005
Number of iterations =. 4
Number of data points = 6

Sum of squares of errors = 1.130924S57E·0004
Total number of parameters ," 5
Number 01 parameters varied = 5
Estimatc(j standard devlatlon = 1.063449S0tlE·0002

Minimum obtalned - not mal terrnlnallon

Final sel of parameters (nne! estlmated standard devlanons):

b 1 = 6.3B12513E 0001 16.472E·t 0004) b 2 =: 4.1819615E-000I (2.576E-0002)
b 3 = 1.9662972E-0002 (3.934E+0003) b 4 = 7.6501975E+0000 (1.446E+0006)

h 5 =: 1.9224471 E'OOOI (3.634E +0004)

x "" CAPILLARY PRESSURE (ern)
Y := VOLUMETRIC WATER CONTENT (crrr " a/ern "'3)

x y
obs calo obs - Gale

1•3000000E +0002 4.7387900E ·0001 4.7350167E-000I 3.7733189EOO04
2 3.4000000E 1-0002 4.2638200E·0001 4.3164726E·OOOI -5.2652626E·0003
3 5.4000000E +0002 4.2937000E -0001 4.2500a09E ·0001 4.3619117E·OO03

4 6.8000000E + 0002 4.2970100E-000I 4.2304937E ·0001 6.6516265E-0003
5 1 0200000E +0003 4.1 900600E 0001 4.2086947E 0001 -1.8634701 E 0003

6 1 •3500000E + 0003 4.156€i700E-00OI 4.1 996632E ·0(,,)1 -4.2993241 E'0003
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