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The dissertation describes a modifﬁ_ed apparatus," testing and analyfical
technique for obtaining the relat{anships between the coefficients of

~ hydrautic conductivity, capiilary prés__:_su're. and water content of unsaturated I‘g‘-'

soils. The apparatus and analytical technique empiuyéd in the 1 nvestigation
are aimed at reducing the time dur'at1 on, and fimproving the accuracy of

testing.

The apparatus used has been based on the design of "The Contrel OQutfiow
Method", with some modifications. The mod.’ifi_ed analytical technique, based on
the analysis originally developed by W.R. Gardner, is presented with the
accompanying developed comptiter software,

A number of different soils types are tested and the relationships between
coefficients of hydraulic conductivity, capiilary pressures and water content
are determined. An ana?ysi'r of various curve fitting models used for
describing the moisture retention «nd coeffi ei ents of hydrauhc conductm Wl;y =

curves using the test data is also conducted.

Keywor'ds : coefficients of hydraulic -Cﬂr;du_:ﬁlzivity, ynsaturated, moisture .
retention curve, capillary pressure, suct}-‘:on. S
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CHAPTER 1
1.1 INTRODUCTION
Soil 15 a material consisting of weathered rock, air and water farming a three
phase system. As the ratio of water and air present in the soil fluctuates
with changing environmental conditions so the soil's behaviour changes. It is
therefore of great importance to gngineers to firstly, understand what affect

certain changes have on the soil's behaviour, and secondly to predict or
determine how the soil will respond to these changes and loading conditions.

One of the soil's properties which is highly senvitive to any change in the

Jater\air ratio is the coefficient of hydraulic conductivity, The coefficient

of hydraulic conductivity is a "constant® which indicates the rate or velocity
at which a specific fluid flows through a soil. The coefficient is dependent
on a number of soil parameters besides the water\air ratio, namely: size of
soil grains, 'properties of the pore fluid, void ratio, the shape and
arrangement of the soil grains. | ' '

A very wide spectrum of geotechnical prabléms require the coefficient of
hydraulic conductivity as part of their solution. Among the prob.ems where the
coefficient may play quite a prominent role is in:

(1) quantity of leakagq through and under dams

(2) rate of consolidation and related settiements

{3} infiltration into de-watering of deep excavations

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

evaluation

{8) seepace velocity through the soil which may create
erosion,

e S g
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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 impaci certain engineering projecis have on it. It is

in this area that the coefficient of hy_ch‘au'iic conductivity has a vital role
- to play. | o |

Increasing pressure is being placed on engineers to be able to calculate and
predict the movement, rate and concentration at which water and poilutants
enter the soil and water~table. The migration of potlutants via the soil water
is particularly applicable to waste dumps and 1zndfills. The migration of rain
water into the soil and water-table is impertant fo hydrologists, who
determine how ground water should be tilized so as not to deplete the
reserves, as well as in agricultur: where water management measures are

employed. In all the above mentioned areas the computer modeis used for

forecasting the migration of water and poliutants require the relationships
that exist between the coefficients of hydraulic conductivity, capiilary
pressures and water content as part of their inpui data. -

The coefficient of hydraulic conductivity for saturated soils is regarded as

a constant and can be determine fairly oasily, using relatively )

unsophisticated equipment and in a short period of time. The problem in using
the "saturated" coefficisnt ¢ +, aulic conductivity in geotechnical probiems
is that the situation of :'I-"‘».rw."'l-. being completely saturated is hardly ever
encountered. It is there .= .ir nore appropriate to yse a coefficient of
hydraulic conductivity which is more closely related £ astual s0il conditions
encountered in geotechnical problems - namely the “unsaturated" coefficients
of hydrauiic conductivity.

There are however a number of practical problems associated with determining
the "unsaturated" coefficients of hydrau’iic conductivity of a soil. The
coefficient is no longer a constant bui becomes a function of the water
content or capillary pressures of the soil. The equipment required to
determine these relationships are very sophisticated and the duration of
testing is time consuming, which makes it costly. Ir addition ic the above

. mentioned probiems, the equipment and techniques used to measure the various
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soil variables are not always sufficiently accurate, leading to dubjocus
results. | '

The research project therefore concentrated on addressing the problem of
improving the accuracy with which the various soil variables may be monitored,
reducing the time duration of testing, and improving the '_anaiyti cal technique

-used in determining the "umsaturated" coefficients of permeability.

PR ' N

The problem encountered with most testing procedures involved in determining
the "unsaturated” coefficients of hydrailic conductivity aie listed below:

{1} The time duration of the test, which may vary from a couple of days to
a few weeks or months depending on the soil type and testing technigue
used, - Bear (1972) p. 455. '

(2) The accuracy with which certain soil variables are wonitored is

unsatisfactory eg. a measuring cy'inder or burette and a stop watch o

monitor very smali flow rates.

{3} The type of technigue used to determine when capiilary
equiiibrium is established in the soil sample is not always
accurate, for eg. establishing equilibrium by monitoring outflow
at a Tixed applied pressure appears to be slower and less
accurate when compared to monitoring capiilary pressures at a
fixed saturation - Lorentz et al (1992}.

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

(1} In most analytical techniques the ultimate outfiow obtained from

applying a certain capiiiary pressure to the sample is required. This
makes the testing procedure extremely 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 exirewe cases the
breakdown of membranes or equipment resulting in no data at all.

3
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(2)  The technique of using the "eye ba11"'apprbach, of superimposing
experinental outflow graphs onto a “family" of theoretical graphs
- and obtaining certain required values is not accurate.

Finaliy there ara z number of models which can be used to it the experiﬁéntaT :

data, describing the moisture retention curve and the coefficients of
hydraulic conductivity. Which model best fits the experimental data is not
always very cilear.

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 which the various soil parameters are
monitored. '

(3) To convert the analytical technique used from an “eye ball" graphical

approach to a computer based selection process.

{4) To determine which models best describe the experimental data, and what i

the advantages and disadvantages of the various models are.
1.3 QUTLINE 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 data.

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.
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Chapter 7 bri e'F ly descmb»hs the computer programmes which have been deveioped

~for analysing the test data.

Chapter 8 describes the selection process which was. used to Find a suitable
mathematical imodel for describmg the moisture retention and coefficients of
hydraulic conductivity curves of the soil samples tested. '

Chaptey 9 detalls the procedures follawed in prccessing the test data to

obtain the wmoisture retention and coefficients of hydraulic conductivity

curves.

Chapter 10 pmvides the soil parameters and properties used to descmba and
classify the soils used in the research project. :

Chapter 11 presents the results obtained from the tests conducted including
the moisture retention and hydraulic conductivity curves for the tested soils.
It also contains results on the curve fitti_ng analysis performed, in which the
van - Genuchten model was fitted to the experimentally obtained moisture
retention curves and the calculated coefﬁm ents O‘F hydrau'hc conductivity of
the tested soils. :

Chapter 12 lists the conclusions drawn from tht} research project and

- retomeendations for improving the testing apparatus and analytical technique

used to determine the cnefﬂcwnts of hydrau"hc conductivity. It -also
highlights problem areas encountered in the research projectmchmm
further mvestigatx on.
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CHAPTER 2.

2 {TRODUCT I

The following chapter serves as a brief overview of the different labnratpry
techniques available for determining the coefficients of hydraulic
conductivity and  capillary pressures of a soil, as well as the relationship

that exist between these parameters and water comtent. The chapter is not

written with the intention of describing ali the techniques available, but to
highlight those methods which are most commonly used. '

The chapter is divided into three sections:

Section 2.2 : describes wmethods 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.

The test is suitable for soiis of relatively high permeability eg. sands.

A constant head of water is applied to the saturated soil sample, housed in
a cylindrical container. Water flowing out at the oppesite end of the sample
is collected into a measuring cylinder over a monitored time period.

Using Darcy's Law, the coefficient of hydraulic conductivity is determined as

6
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where o _
Q = total volume of water collected during time ¢ {cn®)

t = time period over which water is collected (sec)
h = constant head applied to sample {cm)
A = cross-sectional area of sample {cm®)
L= length of the sample in direction of water flow {cm)
k = coefficient of hydraulic conductivity {cm/s)

Refer to figure 2.1
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Figure 2.1 Constant Head Permeameter

Cernica (1982) p. 98 "Geotechnical Engineéring“
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2.2.2 Falling Head Test

The test-.s more approgr1ate for sails of lower permeab111ty ie. fine grained
soils. =

A stand-pipe is attached to the top of the sample, housed in a cylindrical
conta‘nér. The water in the stand-pipe is allowed to flow through the sample,
and its Tevel and time is recorded at a minimum of two points along the
stand-f ipe, aithbugh_three points are suggested.

Equation :
_al ho ' . _
k A(t,-to) | 2.2

whera L : .

he = water fuod @t s, | iom)

h = water head at *twﬁ % fusi

he = water head at time t, {ﬁm;

t, = time at start of tésifisgd}

t = intermediate time (sec)

t. = time at end of test (sec)

A = cross-sectional area of sample (cm®)

L = length of the sample in divection of water f1dw (cm)
a = gross-sectional area of stand-pipe (cm')

Refer 15 figure 2.2
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2.2.3 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 completed., For each load

increment the sample deformation and corresponding time is plotted on semi-
logarithmic paper, from which the consolidation coefficient is determined.

Consolidation Equation

-.EEE ' ' 2.3.1.




" where

where

Yo

where
Ae

P

time factor '
coefficient of consolidation {cm'/s)
length of average drainage path (cm).
time (sec) -

k - Cy,m, o 2.3.2

coefficient of hydrautic conductivity (em/s)

unit weight of water {g/cm’s®)

- yolume coefficient of campressibility {cms*/q)

Ae | 2.3.3

M = AP(i+e)

change of void rate for incremental loading
incremental pressure applied (g/cms?)

initial void ratio

Refer to figures 2.3 & 2.4
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Figure 2.4  Floating Riny Oedometer

Cernica (1982) p. 216 "Geotechnical Engineering”
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2.3 LABORATORY TECHNIQUES USED TO DETERMINE THE MOISTURE RETENTION

RELATIONSHIP OF SOIt§

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 technigues can be classified into two main
categories: | ' |

{1) Disp1écement\0nsteady Flow Method :

“hese techniques are based on establiishing successive states of hydrostatic
equilibrium.

{2) Dynamic\Steady Fiow Method :

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

3.1 Displacement Techniques
2.3.1.1 Porous Plate\Suction Plate\Pressure Plate Method

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

A soil sample saturated with wetting fluid (water) is placed into a pressure
chamber containing only non-wetiing 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 permeable to the wetting fluid, up to a certain pressure, after
which non-wetiing fluid penetrates into the disc.

The pressure of the non~wetting fluid is increased, 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 appiied 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
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is then increased and the process is repeated.

Once the sample is fully saturated by noﬁ-wetting fluid, or no more wetting
fluid can be drained ocut of the sampie for any significant jncrease in
pressure or suction, the test is terminated. From the measured amounts of
wetting fluid drained out at each pressure or suction increment, the

~ corresponding sgturation of the sample can be determined. Ploiting the
corresponding saturations and capﬂlar'y pressures of the sampie, produces the '

moisture retention curve.

A major disadvantage of this method is the fime required to run the test, due
to the decreasing pressure difference that resulis in flow as equilibrium is
reached. The time required te obtain the entire noisture retention curve
varies from 1 week to.a month or more, depending on the type of soil tested -
Bear (1972} p. 455, and Lorentz et al (1992). '

With minor modifications to the appara‘l:us the test can be performed for a
sapple initially saturated by non-wettmg fluid and gradual Ty saturated with
wettmg ﬂmd

Refer to Figure 2.5 for an illustration of a typical Prassure Plate Apparatus. |

Figure 2.5 | Pressure Plate Apparatus

Bear (1972) p. 478 "Dynamics of fluids in porous media®

13
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2.3.1.2 Centrifuge Method

This s an indirect method of obtaxn1ng the moisture retention relat1onsh1p
of a sample.

A sample saturated with wetting fluid is placed in a centrifuge and sﬁbjéctéd |

to rotations a various constant angular velocities. Due to the rotation, the
filuids in the sample are subjected to centrifugal forces which produce a

pressure gradient directed outwards frem the axis of rotation. This causes

wetiing fluid to drain out of the outer radius of the sampTe, and non-wettlng
£1uid to enter from the inner radius.

The drained wetting fluwid is c611ected ‘into a measuring cylinder for

determining the sgturation of the sample. Once drainage ceases for a certain
angular velocity, equilibrium is established. The angular velocity is then
increased and the process is répeated 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 determine the saturation of the sampie. The corresponding capillary
pressure is determined by the following equation :

pc{r‘J) - 3

where
P. = capillary pressure (g/cms®)
Ap = density difference of f1ﬁids {g/cm™}
) =:an§u1§r rate of votation (rad/s)
r, = oﬁter-radius of rotation of sample (cm)
r = inner radius of rotation of sample (cm)

14
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An advantage of this methdﬁ'is the time'required to run the entire test ranges
from a few hours to a few days - Bear (1972) p. 456. Ava1]ab111ty and cost

_are, however, a masar disadvantage.

2.3.1.3 ControlTed Outflow Method

This method has recently been developed, and offers a number of advantages

~over existing wmethods. Figure 2.6 illustrates the arrangement of the

apparatus.
warsr vianomeraer
Mercury Manometer
Pressurg gauge O-rtngs
Alr prassure
regulator
’ ' 25 ml burette
* Innar :1ng
Rerclning
- rng
" Alr supply 4 ¢ ; Base
_ ST | Ceramic piate
i outer 7 mm and
i 1. Yﬁ ‘sides epoxy coated
| | L& ey
i _ ACE GLASS ne, 7
¢ nylon a\pd glass
. onnector
l . 2 mm bore ¢ .
: | sfgg?cugg?t : - Brass fube
| ' . ] ™~ Ditferentiai
. : . fransdyces
Figure 2.6 Control OQutflow Apparatus

Lorentz et al (1992) - Draft
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The main components are a base, a retaining ring, an inner fing that_ho&ses
the sample, the cap and the outflow burette and T-piece. Additional items for
the system consist of a differentiz] null transducer to measure the difference

in pressure of air and water, and tubing.

A ceramic plate is clamped between the 0-rings in the base and the retaining
ring. The sides and outer edges of ihe plate are covered in epoxy to form an:

impervious surface. The cap clamps the inner ring to the ratention ring and
seals the compartment in which the sampie rests on the ceramic plate. '

The sample initially saturated by wetting fluid iies on the ceramic plate. The

space below the ceramic plate and tubes leading to the burette and "wet port"

of the pressure transducer are filled with wetting fluid. The “dry port" of
the transducer and the inlet to the cell are connected to the non-weiting
fluid pressure source.

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 saturation of the sample. After a predetermined
amount of wetling fluid has drained from the sample, the outlet port leading

to the burstie is closed. The capillary pressure within the sample is then .
monitored, via the transducer, until it stabifizes. At this point equilibrium

is established in ithe sample for that particular saturation.

Additional peints on the moisture retention curve are chtained by increasing
the ron-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 obitained without mudifying the spparatus.

As a result of monitoring the capillary pressure of the sample at a fixed
saturation, instead of outflow at a fixed applied pressure, the point of
equilibrium is established more rapidiy and with greater accuracy. Equilibrium
time varies from 10 minutes to 36 hours, - Lorentz et al {1952}, depending on
the type of material, degree of saturation and volume of wetting fluid removed
during each loading step.
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2.3.2 Dynanic Techni

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

Gas nia} .

Gas cutlet I : o
q An .} ; '
¥\ i S
_ = Sernparacus
! fag—(m i
i H . I/ '
v Pt
A 7 el sma Isciated
o - Porous : ] sarmperious
¢ . Somple: dise B
po A Matol sieeve |
M1 y 1
[# " %4 " . t
e Liquid niet

Liguid . |
Duretta—~3 ranves on
g inner foce
2" % of disc. A

Parceigin (Semipsryicus) _disc B

Figure 2.7 Hassler Apparatus

Bear {1972) p. 457 "Dynamics of fiuids in poraus media“

A test samble initially saturated by wetting fluid is placed between two
porous plates permeable to the wetting fiuid only. The plates are divided into
an outer ring "A* and inner disc “B".

At the inflow end wetting fluid is introduced through ring *A" and non~wetting
fiuid through disc "B". At the outflow end _wetting fluid exits through the
porous plate while the non-wetting fluid escapes through an outlet port. The
pressures of both fluids and the capillary pressures at bith ends of the
~ sawple are monitored.

17
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Both fluids pass through the sample at rates such that the capillary p-~.sure
at both ends of the sample is equal., Once this is achieved, equiiibrium is

attained and the sample is removed and it's saturation determined for the

particular capillary pressure.

2.3.3 Other Methnds -

The following methods are wentioned for the sake of completeness.

(1} Gravity Method *

(2) Back Pressure Method *

(3) Field Tensiometer

{4) - Rapid Method *

(5} Oedometer Test |

(6) Freezing Paoint Depression Method
(7}  Vacuum Desiccator

{8) Sorption Test

The above mentioned methods are not described in detail as, those marked with
a "™, are techniques based on one or another of those described previcusly,

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-determpined water content is reached in the sample. The pressure
required to stop the outflow is recorded and subtracted from the pressure of
the non-wetting fluid to determine the capillary pressure.

Other techniques are more applicable for measuring the vapour capillary
pressures of a sample, which is more common in chemical applications than
geotechnical, eg. Sorptian'and Freezing point depression methods. The Field
Tensiometer Test is more applicable for field testing. '

Faor further information on these techhiques refer to Corey et al (1961).

18
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Most methods are hased or solving a one-*dmenswnai cor;tinmty equatmn for
steady or unsteady Flow.

| 2;&;l_ngaﬂ!_itatﬂ_ﬂgtth

The permeameters used ir th1s approach are based an the Hass'ter-, Hafford and

Dispersed Feed principles. The tachniques differ from each other mainly in the
manner in which the wetting and non-wetting fluids are introduced into the
sample, and determining the degree of saturation. The permeameters used are
very similar tc the apparatus. described in the sect'inn 2.3.2 D}f‘l&‘i‘l’l'lc
Techniques and illustrated in figure 2.7. '

A sample is placed into a p}exi.'g‘iass tube or pressurizing chamber. The wetting

and non-wetting Fluids are introduced simultaneously; but through separate
apenings, at & certain ratio, into the sawple at the inflow end of the
apparatus. “Once the same ratio is established at the outfiow end of the

- apparatus a steady state lequilibrium) is reached. The iime duration to

estahlish a steady state varies between 2 and 40 hours, - Bear {1972) p. 4}4,
according to the method used, the degree of saturation, and pemeamhty of
the samp‘ie. :

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

K - 9k
ApA

2.5
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where

q = outfiow rate (cm/s)

k. = coefficient of hydraulic conductivity (em/s)
Ap = bressu're drbp of fluid (cm) |

A = cross-sectional area of sample {cm*)

L = length over which pressure drop measured {cm)

The ratio at which the two fluids are introduced intc the sample is then
changed, (either gradually increasing or decreasing the amount of wetting
fluid present in the sample), and the procedure is repeated.

The major disadvantage of this technique is the availability of such apparatus
and the cost. The degree of saturation of the sample is alsc not easily

determined. The sample has to either be removed after each equilibrium point

is established to deterwine the degree of saturation, resulting in a re-
“isturbed sample been tested for each equilibrium point, or use an altogether

new sam‘p1e_far the next test point. Alternatively, expensive electronic .
‘equipment can be used to determine the degree of saturation of the sample
during testing,

4.2 Unsteady St

-2.4.2.1 OQutflow 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).

The method is based on measuring the volume of outflow from a sampie at a
fixad aspplied air 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 as a function of time. Once the ocutfiow terminates for a

20
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particular appT_ied'. non-wetting fiuid pressure, equilibrium is attained. The

non-wetting fluid pressure is then increased and the process is repeated.

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 unsieady siate
equations refer to Gardner (1956), Miller and Elrick (1958), Ritjema (1959),
Kunze and Kirkham (1962) and Richards {1965). '
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CHAPTER 3 N

The imitial apparatus was developed by G. Mc Phail. It consisted of & Triaxial
Cell (76 mm diameter sample}, base plate with a ceramic plate, Outflow Gauge,
data logger, 10 volt excitation supply, double burette volume gauge, air-water

“eylinder, de~aired water supply and an &ir pressure source. Figure 3.1 shows

the set-up of the apparatus.

} to water zource I’(ey
} o - ’ _ ' T Vaive
Afr Pragsure ) ' .
Gauge ] —— Tubing
o : \‘---...M""’ S . e, Elestrica
" Wiring
I Aar
. . "I . Air—Woter Dauble Burette
Data Logter & Interfoep Yulume Gaugs
10 ¥ exeitation . Cylinder . . |_J L
| ——m  Woter . H
l .
Triaxiol Celdt
F ] -~ i
' ' L - Air top
- o g el samele
g:tfql:“ | Hoflow Gylinder '
_ . I——”-[-J ta wasta
i il
g waskita . . .
Figure 3.1 ‘Apparatus set-up at start of research
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Figure 3.2 shows a schematic arrangement of the apparatus used. The apparatus
consists of a Triaxial Cell (76 wm diameter sample), Screw Control Cylinder,
modified base plate with ceramic plate, bubble trap, Cutflow Gauge, Volume
Gauge, Differential Pressure Transducer, Data Logger, 10 volt excitation ;
supply, air-water interface cylinder, de-aired watér supply and an air L
pressure source. '

. " to water soures o : Key : . '
T B :
~ : . . -t Yalve c .
Alr Presgura ’ . . ‘
Gauge v . ) — Tubing - :
—_— : b Eieciricot l
Wiring i
L Air 1
—] _ Al ~Water o : Volume Gouge
Bt Leggar & ) lMerince A
1G V axcitation : Cylinder
i
_.._...........__._.....__,..,..L e Water —‘
',A._.Il )
.r'/\' . )
R _ | -
Diffarential . Teiaslat Celt
Prassura ' o te
Fransdocar water
" ] T i 3Ures ;
| - J [ Aif Cop :
/™ =4
[_ = Ul Sampie
Duttiow AT Serow
Hollow Cylinder - Contrat
Gauwge . [ i vi Cylinder
to waate . .
Bubble Trop
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, here 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 iwo valves are referred to as base-
infiow 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-outfiow valve leads
to the wet\pdre water port of the Differential Pressure Transducer and the
bubbie trap. An in-~line ball valve is present in the tube connecting the base-
cutfiow valve to the bupble trap. The bubble trap in turn is connected to the

Quifiow Gauge which Teads 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
cylinder, which is connected to the air pressure source. The dry\air port of
the Differential Pressure Transducer is connected to the air pressure source.
The Outfiow Gauge, Volume Gauge and Differential Pressure Transducer are
linked to the data logger and the 10 velt excitation supply.

ription of egui rising r
3.2.1.1 Differential Pressure Transducer |
The Differential Pressure Transducer is a low cost transducer manufactured by
Omega Engineering. Three models are currently available. A1l three wodels have
a maximum mode pressure of 60 psi (413,7 kPa). The three models differ o: iy
in the differential pressure range that they can measure, which is 0-5 psi {D-

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 capillary pressures to be measured. The wet\pore water 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 samplie. This enabies 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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Differential Pressure Transducer determines the capillary pressure of the soil
sample at a fixed saturation. The Differential Pressure Transducer alse
indicates when equilibrium is established in the s0il sample via the
stabilization of the capillary pressure.read1ng. :

3.2.1.2 Qutflow Gauge

‘The Outflow Sauge consists of a Bellow Diaphragm which moves vertically up and

down as water passes through the device. A Linear Variable Displacement
Transducer is5 attached to the bellows and monitors its vertical movement.

The Outflow Gauge is used to monitor the volume of the water discharged from
a scil sample at a certain applied air pressure. It also enables the
determination of the flow rate of the water released during each step interval
of the test. ' '

3.2.1.3 Volume Gauge

The Volume Gauge consists of a holiow cylinder with Bellowfram roliing seals
attached to a “floating"” frictionless piston. The Volume Gauge is able to

measure a volume change of up to 25 cm®. A Linear Variable Displacement _

Transducer is attached externally onto the cylinder and to a lever which is
attached to the piston. In this manner the movenent of the piston is monitored
and the amount of water entering or leaving the Volume Gauge is determined.

The Volume Gauge inflow port is connected to the air-water interface cylinder.
The outflicw port is connected to the base-infiow valve which leads to the
interior of the Triaxial Cell. The Volume Gauge therefore is able to monitor
the change in volume of the soil sample during testing, by moritoring 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
The original base plate of the Triaxial Cell was modified 50 as to allow for

the fiushing out of trapped air bubbles betweeri the ceramic plate and base
plate during testing. The modification is a 3 mm deep and wide "S" shaped
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channel from the base~inflow to the base-outflow hole of the base plate. The
5* shaped pattern was selected as it allows for the wmaximum coverage of the
surface area of the base plate and ceramic plata. The pattersn also restricts
water and air bubbles to move along only one path and to one'destination.
Refer to figure 3.3

Figtire 3.3 Modified Base Plate

3.2.1.8 ceramic Plate

The porous ceramic plates used 1in the apparatus, are manufactured by
Soitmoisture Equipment Corporation. The 5 bar ceramic discs that were used
have a bubbiing pressure\air entry value greater than 552 kPa, and a saturated
ccefficient of hydraulic conductivity of 1.21*107cm/s. - according to the
manufacturers specifications. The dimensions of the disc are as follows:
diameter = 6.668 cm, thickness of disc = 0.714 cnm.

3.2.1.6 Data Logger

The Data Logger used, allowed for up to 8 channeis for monitering. In the |
. apparatus set-up that was used only 3 channels were utilized. The 1* channel

was Tinked to the Differantial Pressure Transducer, the 2™ to the Cutfiow
Gauge and the 3'* to the Volume Gauge. The Data Logger was able to monitor any
time interval raquired and tn record the data onto paper. The Data Logger alsp
displayed the readings of the monitored channels conmtinucusiy.

26
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3.2.1.7 Screw Control Cylinder

This device is a standard piece of equipment consisting of a holiow cylinder
containing ‘a plunger attached to a threaded shaft and handle. The Screw

Conitrol Cylinder was connected to a de-aired water supply source and ta the ._

base-inﬂaw valve of the Triaxm‘l Cell.

The Screw Control Cylinder was useé for flushing out any air bubbles that may

become trapped during testing betwean the ceramic plate and base plate.

3.2.1.8 Bubble Trap

The main objective of the bubble trap is to p'r'év.ent 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. -

3.2.1.9 Tubing

A 0.635 cm semi~stiff polyurethane tubing was used. The tubing is transparent

to allow for the checking of air-bubbles in the system. The tubing is also

sufficiently stiff so that it does not expand under the pressures it is
subjected to. o

- 27
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CHAPTER 4

The wet\pore water pressure port of the Differential Prassure Transducer was
connected 1o a tube filled with de-aired water.'The dry\air pressure port was
connected to a tube with an in-1ine ball valve. Both tubes were connected to
a common air pressure source. The Differential Pressure Transducer was {inked
to the data iogger and the 10 volt excitation supply.

Starting with a zero common pressure the in-line ball valve on the dry\air

"pressure port side was cicsed, ensuring that the pressure on this side of the
Differential Pressure Transduce:r was kept at zern. The common air pressure
source was then irncreased, in increments of 20 kPa, résuiting in an increase
in pressure on the wet\pore water pressure port side of the Differentiail

. Pressure Transducer, and in the differential pressure between the two ports.

L SR The corresponding volt reading for each 20 kPa differential pressure increment
was recorded until a maximum differential prassure of 200 kPa was attained.

" The common pressure source was then decreasaed in 20 kPa intervals until a zero
differential pressure was re-established. At the zero differential pressure
the in-1ine ball vaive was opened, to ensure that the differential pressure
was zero, and the corresponding voltage reading was taken.

P T -

:!
3
[
I

‘This procedure was repeated three times before the zero differential pressure
was increased by 10 kPa. The caiibration procedure was then repeated until a
zera differential pressure of 210 kPa was reached,

A Vinear ragression curve was then fitied fo the ¢orresponding voltage and
differential pressure readings for each zero differential increment. Figure
4.1 shows the linear regress1on curve determined for the zerg differential
pressure of 20 kPa
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CALIBRATION CURVE FOR ZERO
DIFFERENTIAL PRESSURE OF 20 kPa
- Differential Pressure (kPa)
250 - 'l
200 3 _
150 : '/-
] /‘//
100 4 e
1 R L~ _
50 3 _ _,/
I -
0 H= ' ,
—50:-.::,;_.:: o e bbb+ I
O 100 200 300 400 5300 600 700
Voit Reading (Volt)
. Cdlibrqtion Data —Linear F-“i\';'_"il.
Figure fgf'. Calibrat. on Mrve of Differential Pressure Transducer ~ at

20 kPa zére pressure

. Once the sloput for the various zero differential pressures were determined,

an average slope value for the entire spectrum of iinear regression curves was
calculated. This average slope value was used to convert the differential
voltage readings during testing to capiilary pressures. Table 4.1 Tists the
siope values for the various zero differential pressures as well as the
average slope and the standard deviation. |
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Zero Differential Slope Zero Differential Slope - P,
Pressure (kPa) - . Pressure (kPa) ' =
0 3.875398 110 ~ 3,852500 . _
0 3.859545 o100 3.856136 L5
20 3.860341 130 3.854091 :
30 3.860682 | 10 - | 3.857784 e
) 3.859205 180 - 3.855455 -
50 3.860455 160 3.863920 -
60 3.858409 170 - 3.858523 G
70 | 3.861818 | 180 3.854773 |
80 B 3.855000 [T S 3,861250
90 3.863277 200 3.856477
100 " 3.856250 210 3.855455
Average slope = 3.858066 - o | =
Standard Deviation = 0.00799 : o ; A
L';z ' Table 4.1 Slope values determined for the differential pressure transduger _é;é
. ] . : i
;’ Due to the fact that the corresponding zero voltage readings for the various . Egé
zero differential pressures decreased sTightly, as the zero differential féﬁ
; pressdre was iﬁcreased, it had to be accounted for. A linear regrassion curve E@%
P was fitted to the constants determined from the linear ragression curves for i
L the various zero differential pressures. The slope determined from the v
i LA

regression was then used to correct th~ iero pressure voli reading during
testing, based on the dry\air pressure side of the Differential Pressure
Transducer. Figure 4.2 shows the linear regression curve determined for the

e -

“~zf adjustment to the zero pressure voltane reading. The equation for zero
i pressure adjustment is as Tollows :
¢ R
Zero Pressure - -0.0357x~4. 6821 4.1 -
I where .
o ¢ X = applied air pressure (kPa)
i ;
4 !
b |
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For the comprehensive data on the calibration of the Differential Pressure

Transducer refer to Appendix 1.

CALIBRATION CURVE FOR ZERO
DIFFERENTIAL CONSTANT

Zeto Differential Constant (Volt)

b Mh““--..
-12 + Fami? -

. -y W S

D AD 60 B0 100 120 14D 160 180 200 220
Zero Differentlal Pressure {kPa)

-]
I3

» Zero Cotwstant — Regression Curve

Figure 4.2 Calibration curve for adjusted zero pressure value

The inlet port of the Volume Gauge was connected to the Screw control 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 wirich was
attached on the side of the gauge was linked to the data Vogger and the 10
volt excitation supply source.

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 cnllected in the measuring cyiinder. Water was discharged out of the
Volume Gauge until a voltage reading of a wultiple of a hundred was reached.
The outTlow was then stopped and the wmass 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 em'},
The procedure was then continued unti] the maximum displacement of the Volume
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Gauge was reached.

o f‘ - The Volume Gauge was then refilled with water -From ‘the inlet outlet port so
as to return it to its zero displacement pusition. The entire calibration
procedure was then repeated, for a total of three times.

A plot of the cumulative volume discharged versus voit readings indi ciéted that | 1 .
¥ a non-linear relationship existed between the two variables. Using a least \
squares curve Titting program a 4* order polynomial was fitted i» the data.. .
Figure 4.3 shows the polynomial fitted to the calibration data.
CALIBRATION CURVE OF
VOLUME GAUGE
o C--mulative Volume (cc) 5
- PR
. 20 - hh’““‘am,_
[ 1 EE ﬂf‘“"*«».‘ :
\ > X . “““‘*-11\ Hig
. T \"‘“M 3
, 10 :
| E: . 4
- I
| L Lt A e e -
* 5C 100 150 200 250 300 350 400 450 500 550 600 650 700 Lé
T P Volt Reading (Volts)
lﬂ * Calibration Data —Polynomial
Il Figure 4.3~ Calibration curve of Volume Gauge _ o _.
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The poiynomia_'i equat'idn is as follows 3
V ~ ~8.65081E-11+X*+8.50705E-8+x"-5.84996E -5+x2: 27718211 4.2

whera :
' = yolume discharged {em®) -
= valt reading (volis)

o e
non

For the comprehensive data regarding the calibration of the Volume Gauge refer
to Appendix 1. |
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The inlet port of the Outflow Gauge was connected to the Screw control

cylinder which in turn was connected to a de-aired water source. The cutlet
port leads to a measuring cylinder. The Linear Variable Differential
Transducer was connected to the Bellows Diaphragm of the Outflow Gauge which

was linked to the data Togger and the 10 volt excitation supply.

The Bellows Diaphragm of the Cutflow Gauge was adjusted to its maximum\ninimun _
position of displacement and the corresponding voltage reading was recorded.
Water was pushed into the Outflow Gauge, with the ajd of the Screw control
cylinder, and the discharged water was collected in the measuring cylinder.
After every ten revolutions of the Screw control cylinder handle the water
coliected in the measuring cyiinder was weighed to three decimal places and
the 'carrespondi ng voltage reading was recorded. The cumulative mass of the
water discharged was then converted to a volume using the density of water
(1T g = 1 cw'}. This procedure was repeated until the maximum\miniuum
displacement of the Outflow Gauge was reached.

The direction of movement of the Bellows Diaphragm was then reversed anc the

calibration procedure was repeated. The Outflow Gauge was calibrated twice in
both directions of movements of the Beliouws D1aphragm.
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A separate Tinear regression curve was determined for the two directions of

movement of the Bellows Diaphragm. The reason for this was that the Bellows

Diaphragm was moving with or against gravity. This resulis in'a slight
difference in the amount’ of water discharged out of the Outfiow Gauge
depending on the direction of movement of the Diaphragm. The slopes determined
from the Yinear regressianécurves were then used to determine the amount of
water discharged from the soil sample during testing. The slopes abtained from
the linear regression were as follows: . :

{1} Bellows Diaphragm woving from positive %o negative voit read1ngs H
0.013218 m1/volt

{2) .Be11GWS Diaphragm moving from negative ‘o p051t1ve volt readings :
~0.013150 mi!voit

Figures 4.4 & 4.5 show the linear curves fitted to the calibration data of the

Outflow Gauge.

For the comprehensive data regard1ng the ca11brat1on of the Outflow Gauge:

refer to Appendix 1.

NB! It should be noted thét although all the equipment was initia]t& -

calibrated at the beginning of the research project. they were re~calibrated

periodically, although not as thoroughly as init*ally. In all cases the

changes in the calibration constants were  very smail, resuiting in

insignificant changes to the results. The calibration constants were
- therefore not adjusted at any time during the research project.
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CALIBRATION CURVE FOR OUTFLOW
| GAUGE |
(MOVEMENT NEGATIVE TO POSITIVE)
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Figure 4.5 * Calibration curve of Outfiow Gauge
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CHAPTER b
TE R
5.1 i i il

Once a sample of the soil to be tested had been cobtained, any clods were
broken down. A sufficient amount of soil for the test was piaced into a beaker
and submerged with de-aired, distilled water. The submerged samplie 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 carefuﬂy drained off.

5.1.2. P

-The base plate and ceramic plate ;.aé_ 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 Tor 24 hours, with an appiied suction of 40 kPa.

Once the de-airing process was completed, the base plate was wounted onto the
Triaxial Cell, and the cell was illed with de-aired, distilled water. Haif
of the water in the cell was allowed to drain out, through the base plate,
under a pressure of 200 kPa. This flushed out any tir present in the flushing
channel or base plate connection passages. The base-outflow valve was then
closed, isolating the cell from ail ether 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 below the ceramic plate. At
randon intervals the base-outfiow valve was opened to allow the dissolved air
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bubbles to escape out of the cell. After the 24 hour period, the remaining
water and ajr bubbles (if any) were flushed out of the cell.

NB! Caution should be taken when draining out the cell, that the pressure used
to force the water out, must be weli below the air entry level of the ceramic,

so as to prevent any air form being forced inte the saturated ceramic plate.

+ion o

The latex membranes which surround the soil sample during testing were

prepared just before testing commenced. Two membranes were used with a thin
Iayer of vaseline appiied 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 membrane was placed around the base plate with two 0-Rings around
the membranes and base plate. The 0-Rings prevented water from seeping into
the soil sample from the interface between the membranes and the base plate.
A holtow steel cylinder (6 cm high) was slid over the membranes and base
plate, resting on the (-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 cylirder. A helpful technigue in
making the sliding of the cylinder easier and smoother, was to smear some
vaseline on the inner side of the cylinder. '

With the hollow cylinder in position the soil sawple was placed into the
membranes and tamped carefully until it stood approximately 3-5 mm below the
uppar Tip 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 blecking
it. The air cap was then placed on top of the soil samplie with the double
membrane around its circumference. Care had to be taken at this stage to
ensure that the air cap rested firmiy and as far as possible evenly over the
soil sample. The air cap aiso had to be about 3-5 mm within the cylinder so
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as to ensure that it s1id further into the hollow cylinder as the soil volume

decreased. Two O-Rings were placed around the doubie membrane and air cap.' The

air cap had two grooves around its circumference into which the membranes were
clamped fast by the 0-Rings. These grooves ensured that the interface between
the air cap and membranes was sealed off and that no water couid penetrate
into the sotl sample. -

The Triaxial Ceﬂ was then sealed and filled with de-aired water,

B i o)

A zero volltage 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 Tine 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 voluse change of
the sample was entered into the data lTogger. '

Once the required amount of water had drained out of the sample, or outfiow
had ceased, the in-line ball valve was closed, isolating the bubble trap and
OQutflow Gauge from the Triaxial Cell. This prevented the release of any
additional water from the soil sample. The capillary pressure was then
monitored by the Differential Pressure Transducer on an nourly basis, as well
as the voiume changes in the sample. The mbnitqring was continued until the
capillary press_ur‘e in the soil sample stabilized.

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

The testing procedure was repeated until one of the follawing three conditions
wera achieved: '
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{1y 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 obtatned for
determining the required curves.

{3) +the air pressure or capillary pressure exceeded the
limitations of the Differential Pressure irausducer.

5.2, idaline nin i i t

The following section describes the guidelines that were used wher performing
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 ¢ ' '

{1} 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 ta the
* applied air pressure did not need be attained - ie.
drainage did not have to cease or approach ultimate
outflow befere closing the in~iine ball valve and
beginning capiiiary pressure monitoring.
The fallowing guidelines wera also used when performing the tesi:

{1) Pressure increments of the air pressure source:

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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(1} The soil type ~  If the soil sample tested was a clay, the magnitude
- of the incremental increase of the air pressure
source during testing was larger than for sandy saitl

samples. | | '

(1i) The degree of saturation of the soil - The wagnitude of the

incremental increase of the
air  pressure source,
increased as the degree of
saturation of the soil
sanpie decreased.

The air pressure should be hi gh 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 sampie. ns a rough guideline the initial increment
in the air pressure source should iiot be higher than 30 kPa for a clay and 10~
15 kPa for a sand. The magnitude of the air pressure sodrce increments for the
proceeding intervals of the test can then be gradually increased.

{2) Determining when to terminate the tutflow from the sampie

The decision as to when to close the in-line ball va‘lv.e,. s0 as to begin -

monitaring the capillary pressures of the sample, rests purely on the
operator. The vaive should be closed as soon as possible s0 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 sampie.

A useful guide is to refer to existing moisture retention curves and to
obseive how the capiilary 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.

The number of points required for a particular curve should also be
‘considered. IT a large number of experimental data points are required, so as

to have a relatively accurate representation of ihe curve, small amounts of
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water should be"b‘grained_f out at each interval of the test. The increase in the
air pressure sourze should then also _be of a smaller magnitude.

5.2.2.2 Testing procedure for determining the coefficients of hydrauiic
conductivity of a sample o

The testi ng pracedure for obtaining the relationshi p_béi_‘.ween the coefficients '
of hydrauiic Seaductivity and suction or water cowient, is the same as
mentioned above in section 5.2.1, with only & Tew modifications :

{1}  The rate of outflow from the sample needed to be monitored. The
intervals used for monitoring the outfiow of water from the
sample were as follows: the first 20 minutes of outflow were
monitored at 1 minute intervals, the following 40 winutes at 20
minute intervals, and the remaining duration of drainage at
‘hourly intervals. ' - '

{2) The ultimate outfiow of water correspending to the applied air

pressure did not need be attained. However, the outflow had %o

~ approach ultimate outfiow before the iy-Tine ball valve could be
closed and capillary pressure monitoring commenced. |

The gufideT_ine'pertain‘ing to the air pressure increments in section 5.2.2.]
also apptied here. |

- 5.2.2.3 betermining when to begin capillary pressure monitoring

Monitoring of the capillary pressures could commence once one of the following
two conditions were met: - :

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

{i) The type of s_oﬂ tested - a clay soil required a
longer outfiow period than a sand for the same

applied air prassure.
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{ii) The magnitude of the air pressure increment - the
greater the magnitude, the lohger the outflow period.

(2) Outflow had started to tend towards an ultimate outflow value.-
' This was determined by piotting cutflow (on’) against time
(minutes or hours). Once the outflow curve began to flatten out,
‘drainage could be stopped, and capillary pressure wonitoring
commenced. ' '

1t should also be noted that the total amount of water discharged during each
intarval of the test was known, therefore emabling cne to simuitaneously

determine the moisture retention curve of the sample.
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CHAPTER 6 W

The following chapter describes the development of the analytical technigque
used to determine the unsaturated coefficients of ﬁydrauHc conductivity. It
includes modifications which the author' has introduced to the technique as
well as the assumptmns used. -

The saturated coefficients of hydraulic conductivity for the various soils
tosted were determined usmg the Constant Head Test, thCh is described in
SQC'H Ol'l 6-02 1. .

The unsai:urﬁted coefficients of hydraulic conductivity for the various soils
tested were .<termined by & wodifi ed analy‘tical technique basecl oh a procaduys
proposed by Richards {1965}, °

Numerous graphical-analytical wethods for determining. the coefficients of
hydraulic conductivity of unsaturated soils have been proposed over the years.
The following sectioh provides a brief overview of some of these techniques
and the deve'lopments that have taken place.

The original method for determining the unsaturatet coefficients of i_hydrauﬁc
conductivity, from the flow properties of a 5011, using pressure plate outfiow
data, was developed by Gardner (1956). Gardner -ade the following ass{mptions:

{1} The slope (diffusivity) of the moisture retention curve and the

coefficient of hydraulic conduetivity is constant For small
pressure or suction increments.
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{2} The impedance of the membrane or plate and the contact impedance

- is negiigible je. the resistance to flow that the plate and

cantact surface between the piate and soil provides is very smali
compared to that of the soil sample.

The Tatter assumption howaver,is not valid in most cases, esbecia'ﬂy at low
sictions, resuliing ir the calculated coeffi c1ents of hydraulic conductivity
bmng Tower than the true values.

Hi-'ﬂer_ & Eirick (1958) improved on Gardner's method by taking the impedance
of' the porous sftone into account. The technigue’s drawback however is that the
impedance s determined experimentally. To quote the authors “...the major
Timitation of the method resides in the uncertainty of determining the -
impédance of the porous plate. Unless good contact is established between the
soil and the porous plate or membrave, ar unknown. impedance wiil exist,
posstbly of significant wagnitude compared to the impedance of the plate. The
value of the impedance of the porous plate itself may alsoc change with time
due to plugging 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 further hy taking the membrane and other
impedancas-- {ito account without experimentally determining them. The total
impedance occurring at the lower boundary of the sanpie was determined from
the experimental ouiflow data for each applied pressure increment.

Kunze & Kirkham {1952) also exiended Miller & Elrick's method. By taking
extreme care in placing the soil sampie onto the pressure plate, ensuring that
the entire lower part of the soil 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 dia not need ‘to be measured. This
offered two advantages: '

{1) Plate impedance need not be moasured experimentally.
Likewise the contact impedance value is automatically
incorporated in the calcuiations of the coefficients of
hydraulic conductivity.
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(2) The initial outflow period ik a period when diffusivity,

although changing, can be determined in a systematic manner
from the theary. Due to the relatively short time span in
which the outflow of interest occurs, the ervors arising

from air bubbles diffusing through thiixplate, temperature

changes, and consequently changes in the plate and contact
impedance are considerably winimal.

The major disadvaniage of all of the above mentioﬁed'tecﬁnmues is that they

require the experimental determination of the total » Final or ultimate outfiow
{Q.) for 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 outfliow data and the theoretical outflow curves. The relevant theory
and procedure is described in the following paragraphs. '

l!_nsaturai:ed Tlow is described by Darcy’s law

dd .
V"‘“‘" —— . '6-
dz o !

where

I yoiumatr'ic flow velocii:y {cm/s)

&¢7dz = potential gradi er_lt.

o = yolume of water per unit Qo!ume of sﬁﬂ fom/om’)

K, = coeffic{ent of hydrautic conductivity as a functian of & (cm/s)

Combirting Darcy's Taw with the law of conservatian of wass gives :

B8 3, ab
A 7 _ 6.2
at azk"az)
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Consider a sampTe of so0il having a volume V, a cross-sectional areﬁ'A and a

height 1, which is placed in a pressure piate apparatus. Suppose the initial

pressure in the chasber is P, and the moistureffn the soil is in équilibfium
with the atmospheric air-pressufe outside theicﬁ&mﬁgr.jAt time.t;=_0 thé
pressure.in the chamber i# increased by a smaii amount AP, the final préssure
being P, = P, + AP, Due to the incrament of the pressure, water ﬁi]] flow out
of the soil sample until equilibrium is attained again. The differential

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

oo " i . 6.3
i oo

In general this équation is non-linear and difficuit to solve analytically.
Assuming that between P, aﬁd.Pg + AP the coefficient éf hydraulic conduckivity
is constant and that there exists §;1§near relationship between P and 6 in
this range of pressure, provided that the increments ﬁf Aﬁ are sufficiently

small.
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Now the relation hetween the soil moisture content and the pressure is given
8, - a+bP : 6.4

where
‘a,b = constants

Neglecting gravity and substituting 6.4 into 6.3 gives :

® _pfP 6.5
ot aoz2

where
D = k/b

As no flow exists across the upper boundary of the sampie, the potential

gradient must vanish at this plane, thus :

o | 0 z~0 6.6
az |

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

P ep g 2z -] 6.7
Z 1,

p = pressure drop through plate (em)
k. = cnefficient of hydraulic conductivity of plate (cm/s)
1 = thickness of plate {(cm)
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By applying all of the above assumptions ‘and conditions the equation
describing the outflow of water from a soﬂ sample at any t'me t is as’
follows 3 '

aQ . Dajt o
o T 1_22:-1 - hq 5 = * exp 32 i 6-8 :
Q. A lhihi+1)+05] o -

outfiow at time t (em®)

ultimate outflow at t = = (cn®)

relative impedance of sample to membrane or plate
length of sampie {cm) '
solution of, hl = a, tan g,

= diffusivity (cm®/minute)

= time (minutes)

= k/1k (1/cm)

it

SaOp TP
It

Kunze & Kirkham (1962) plotied the above -

+:on for varying val;_l_es of Hat,
impedance factor, (= 1/n1), in the form : '

log(-——-—] agalnst Iog(a? -—D—t- 6.9

resulting in a family of theoretical outflow curves. Refer to figure 6.1
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Figure 6.1 Theoratical outflow curves

Kinze & Kirham {1962)

An overlay 6f the experimental outflow data is made by plotting it in the
format of: .

log(%) against log(®) 6.10
By shiftiny the experimental outf10ﬁ curve horizontaily until it matches a
theoretical outfiow curve, with particular emphasis on the initial stage of

outflow, an estinate of "a® _and 1 - {real time t corresponding to
dimensinnless reduced time, (o, Dt/1* = 1) can be made. Refer to figure 6.2.
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Figure 6.2 . Experimental outflow curve SUperimposed onta ‘theoretical

outflow curve
Kunze & Kirkham {1962)

With "a® a:d'tm. known, a;® and D can be calculated using.the'fo]lowing -

formulas :
| | ht - a,fena,
OR
ae, = cota, _ 6.11
where

a = ratio of impedance of the plate to impedance of the soil (1/h1)

|2

altm

,D-

6.12
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The coefﬁment af hydraulic conductwﬂ‘.y can then be determined by the
following equation : . : .

33_99.:  6.13
“-OF " Vap

where

88 = change in volumetric water content {cm*/cm?)
'8P = pressure or suction increment (iP) {cm)
volume of sample (cn’)}

o=
q

The modification that Richards (1965) introduced is that the overlay plotted
for the experimental outflow curve is in the format of log{Q.) against log(t).

By shifting the experimental outfiow curve horizontally and vertically until

it matches a theoretical outflow curve, "a" and t. 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 a1l the
theoretical curves merge into one curve. (Q, values need only be measured for-
values of t giving part of the coalesced curve. An important point to bear in
nind here is that Q, needs to be monitored for a periocd of time sufficient to
obtain the "fransitional™ stage of the outflow curve from a linear %o a
“constant” relation. If this "transitional" period is not obtained t, and
thus the coefficient of hydraulic conductivity cannot be determined.
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Using Richard’s {1965) approach in conjunction with that of Kunze & Kirkham's
(1962) the following modifications were introduced by the authar:

(M

(3)

{4)

(8}

The theoretical outfiow curve for any va]ﬁe of “a" was generated by a
computer programme.

The slope of the linear part (initial stage) of the experimentai

- outflow curve was determined using a linear regression analysis.

The slope ohtained 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 outfiow. As the siope of the theoretical

outflow curve is uniquely associated with an “a" value, the 1mpedance

factor couId be determined, and thus a,’.

The overlay of the experimental sutfiow curve and the corresponding
theoretical curve was done graphically on & computer spreadsheet, so as
to determine time t,. A minor modification which was made here, was

that the axes used were not log axes (as used by Gardner and Kunze &
Kirkham). Instead the Tog value of the numbers were plotted on normal

axis. in addition, the discharge (0.} values were all divided by the
last discharge value, for the considered pressure increment, resulting
in a reduction of the range of the outflow values, ranging from 7 to
zero (or in log values: O to minus infinity). The reasen for thesa
minor modifications were purely for convenience, sd as to manage the
overlay of the curves on the spreadsheet easier.

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 sample, for the particular pressure
increment and volumetric water content. The entire monitored outfiow
data for the particular pressure increment was used to determine the

- average value.
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6.2.2 Asstmptions - i'”_!!'ﬂﬁ.

The Tollowing assumptions and equations were used to determine the parameters
needed to calcuiate the coefficients of mfdr_aulic: conductivity. L

(-

(2)

In determining the height and thus also the diameter of the soil sample
during testing, from the change in veiume readings of the sample, the
sampie was assumed to behave in an isotropic manner. -

The volume and thus the height of the sample which were used in

equatio;, 6.8 & 6.13, to calculate the coefficiert of hydraulic

- conductivity, for a particular pressure increment were determined as
- foliows @ ' i ' '

* The volume, height and thus the volumetric water content of the sanple

(indirectly), as determined at the end of the considered pressure
increment was used, These values were associated with tho stable

~ capiliary pressure and coefficient of hydraulic conductivity for the

considered prassure increment.

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

As mentioned before, the change in volume .of the sample was monitored

throughout the test. Using the assumptions mentioned above the frllowing
equations for determining the volume, height and diameter of the sampie -ere
dev'e'loped. '

?wv‘_ww LR bk i oy — “—-r plier Fr e i st
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Referring . figure 6.3 :

delta h

h - delta h

V20 —— o detqp " 1/2 0

Figure 6.3  Change in sample valume
v . =D | 6.14
4 .
AV - %[((D-rAD}a(h-mh)-Dzh)] : 615

" < Using the assumption of an isutropic material, and therefore isotropic strain
ii > : :
I —_— - — " - 6.16
1 D i B
IN-
'.III!\\.. o)
L B5-
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Substituting equation 6.16 into equation 6515 the change in diameter of the

sample can be determined from :

AV - %[(Dmb}z(h(h—%g)) D] R AT
In the same wanher as abavé, the change in height of the samp}e can be
determined from @

AV - %{(Dﬂh%)%hmh)@%} | 6.8

where -
y = valume of sample (cw®)
AV = cﬁange in volume of samhlel(cwﬁ)
D = diameter of saﬁbie (Eﬁ}
A = chénge in diameter of sample {(cm)
h = height of sémple (cm)
Ak = change in height of samp]e {cm}
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CHAPTER 7 |

The programmes described ‘in this chapter were developed so as to aid in the
analysis of the test data, using the analytical technique and equations
described in chapter 6. Most of the programmes used €ur analyzing the test
data were developed 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 wmanipulation required, a wmaths co-processor is
strongly recommended.

vy = Al

This programme determines the theoretical outflow curve that has the same
slope as the experimental outfiow curve, during the initial stage of outflow.

The programne requires the siope of the experimental outflow curve and a
number, pertaining to roots as input. The slope of the experimental outflow
curve is determined beforehand. The number of reots pertains to the number of
solutions to equation 6.11. Quoting Kunze & Kirkham (1962} "... For large
values of "a" (swall values of hi) dh]y a few a, valuas are required to make
the right hand side of equation 6.8 converge. For “a" = 0.0473 and reduced
dimensioniess time = 0.00%, 34 values of a, were needed". During analysis of
test data, 80 roots were used so as to ensure that convergence was achieved.

The programme begins by soiving equation 6.11 for "a" = 1, and for the number
of solutions specified by the user. The Bisection (or Interval-Halving) method
js used to obtain the roocts, which are then stored in a matrix.

The programme then solves equation 6.8 for a range of reduced dimensioniess
time values. The corresponding reduced dimensionless time and Q./Q. values are
logged (to the base 10) and stored in matrices. The matrices describe a
theoretical outflow curve. A linear regression analysis is performed on these
mairices values, over a specific range of dimensionless reduced time. The
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range of the dimensionless reduced time va1ue§ considered For the Tinear
regression analysis is dependant on the alphaX programme selected - refer to

~ table 7.1 for details.

Programme | Range of dimensionless reduced time | Ultimate slope
considered by regression analysis of outflow curve
Alphal.exe 0.001 to 0.5 0.93745

- Alphal.exe 0.001 to 0.3 0.96127 :
Alpha2. exe 0.001 t0 4.0 © 0.88147
Alpha3.exe 0,07 to 1.0 10.87048
Alpha4.exe 0.01 to 0.5 0.92835 "
Alphas.exe 0.01 to 8.3 0.95346 ¥
- AlphaS.exe 0.1 to 1.0 © 0.82012 !
Alpha7.exe 0.1 %0 0.5 0.88468
_ | §
_?ab1g 7.1 Details regarding AlphaX.exe programmes i
o 5y
7
i
!
f;;
]
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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 sjope 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 siopes is less than one, ‘the entire procedure is repeated by increasing
the First significant digit of the "a" value by 1 {ie from 1 o 2). Once a
rativ 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 deternining 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 required by the user.

The programme displays the fellowing information on the screen for each “a"
vaiue it considers :
{1} The correlation co.fficient of the Tlinear
regression performed on the theoretical
outfiow curve.

(7' The constant and the slope of the line
determined by the linear regressian.

{3) The "a" value for the consideved_theoretiCa1
outflow curve.

4) The slopes of the theoretical and experimental

outflow curves, <+to the same number of
significant digits. '

{5) The ratio of the slopes of the theoretical and
experimental outflow curves.

A printout of a briefer format is also provided for each "a" value considered.
The following information is printed 3

(1) The siope of the theoretical outfiow curve being considered.
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{2} The “a" value of the considerad theoretical outfiow curve.

{3) The ratio of the sltopes of the theoretical and experimental outflow
curves. |

Z1,1.2 Programpe 2 - Curve.exe

This programe is a modification of programme 1. The programme determines the

0./Q. values corresponding to reduced dxmension}ess time values ranging from

0.001 to 3 for a specific "a" value.

The programme requires an “a® value and a number, pertaining to roots as its
input. The "a" value is determined beforehand by programume 1, and the number
of roots pertains to the number of solutions to equation 6.11. The same value
used in programme 1, for the number of roots should alse be used here.

The programme solves aquation ﬁali-fdr the "a* 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 soives equaiion 6.1 for values of reduced dimensionless _

time ranging from 0.001 to 3 and stores the corresponding reduced
dimensionless time and Q./0. values into separate files. The reduced
dimensionless time values are stored in an existing file named Fugfile.prn and
the corresponding 0./ values in a file named Outflow.prn. These files are

imported into a sprendsheet at a later stage, to aid in the analysis of test

data.

L‘!J.mmg.i__&- P = Attempt.exe

This programme' determings the unsaturated coefficient of hydraulic
conductivity for a part1cu1ar pressure 1ncrement.

The programme requires the following information &  ut @

(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, (wminutes).

(4) The he1ght of the sample at the end of the con51dered pressure
' increment (cm).

.(5) The volume of the samp1e at the end of the cons1dered pressure
1ncrement {cm').

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

In addition to the above mentioned input values two files containing the

following information wust be created. The corresponding time (minutes) and-
autflow values {cm), monitored during the entire outflow stage of the .

considered pressure 1ncrement must be saved in files named sze.prn and
Flow.prn respect1ve1y.

' The programue Sojves eqdation 6.11 for the “a" value, and the number of
solutions specified by the user. It then soives 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 Outfiow.prn. The corresponding Q.

and k values for each monitored outfiow value are saved into existing files

named Uitimate.prn and Perm.prn respectively.

The programme then determines an average k and Q. for the entire outflow stage
of the considered pressure increment and displays them on the screen.

Note : All cdmputer programmes developed for analysing the data are enclosed
in the sieeve attached to the back cover,
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OGRAMME_PA 4

‘Various models which describe the woisture retention curve and ‘the

coefficients of hydraulic conductivity ~ water content\suction ra]ationship
of a soil, were fitted to experimentally datermined points. A least squares

program, which was develcped for the: anversity of the Witwatersrand was

utilised for this purpose.

The programste uses the Levenberg-Marques least squares method, and optimises
the various variabies of the models considered, so as to obtain the best
fitting curve to the experimental po1nts.

~ The running of the programme will not be discussed here as the'prdgramme is

user friendly and information on how to operate it is available within the
programme itseif. It should be noted however that ciher curve fitting

programtes are available within the package, so the user should ensure that

the correct programme is selected - Levenberg-Marques method is option 4.
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CHAPTER 8
MODELLING

8.1 INTRODUCTION

- Numerous theoretical models have over the years been developed %o describe 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 jﬁst a few points, for describing the moisture retention curve
or the unsaturated ccefficients of hydraulic conductivity relationship of a
soil. By fitting an equation to the experimental data points, the entire curve
or relationship can be described, which is far more attractive for use in
computer modelling than numerical tables.

8.2 SELECTION OF MODEL I0 BE_USED N RESFARCH_PROJECT

Numerous models were considered for describing the moisture retention curve
and unsaturated coefficients of hydraulic conductivity relationship of the

soil samrles tested.

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

{1) The model must describe the moisiure retention curve and untaturated
coefficients of hydraulic conductivity relationship of all so0i1 types
fairly accurateiy. '

(2) The equations used by the model should be "relatively" simple.

(3) The eguation must be continucusiy differentiable (smooth). - ie. one
equation must describa the entire soil relationship without any

discontinuity.

{4} The equations used to describe the moisture reiention curve and the
unsaturated coefficients of hydraulic conductivity reiationship, must
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be related or linked to one another 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 wodel {criterion 3}. The model also does not describe
all soil types accurately - * The Brook-Corey equation has been shown to
produce fairly accurate results for many coarse textured soils characterized
by relatively narrow pore ~ or part1 cle size di stmhutmns ( Tlarge values of

Results have general ly'heen less accurata for fine textured and undisturbed,
structured 'F1eld s0i1s because of the absence of a well defined a1r-—entry
value for these soils,” van Genuchten et al {1992} p.2.

Three mode1s were finally selected which met a1l of the above criteria
namely : the van Genuchten, Fermi and Brutsaert models. A comparison of the

‘three models was conducted to select the * best " model. Experimental data
obtained from Ash Test 2 was used for the enalysis. Only the capﬂ]ary_ _
pressur: - volumetric cor*ent and capiilary pressure - water content

reiationships were dinvestigated. The reasons for not considering the
unsaturated coefficients of hydrauiic conductivity relationships as well were:

(1) A larger discrep'ancy' is usuaily obtained between the unsaturated
coefficients of hydraulic conductiy'ity experimental data points and the
model curve fitted.

12) Experimental data points obtained for unsaturated coefficients of
hydraulic qonductivity are far more scattered than for the moisture
retention velationships, thereby making curve fitting more difficult.

{3) The wmoisture retention relationship of a soil is far easier to obtain,
as well as far more accurately measured, than the unsaturated
coefficients of hydrau}ic conductivity relationship.

Using the least squares program mentioned in section 7.2.1 the three wodels

were fitted to the experimental data. Using the sum of squares error as the
judging parameter for the models, the van Genuchten model was found to fit the
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finally the Brutsaert model. Table 8.7 summarizes the results of the analysis
and figures 8.1 & 8.2 show how the models fit the experiwental data. For

further informatidn an the model analysis conducted refer to Appendix 2.

6.385767e-3

van Fermi Brustaert
Genuchten
Capiiia?y_pressure'— volumetric
cintent relationship
1 ’ — - ;

Sum of squares errors 1.076679e~4 | 1.225461e-4 | 6.531577e-4
Estvimated standard deviation 1.037631e-2 ?.82771]3-3 1.807149e~2
Capillary pressure - water

- content relationship

Sum of squares errors 7.944538¢~5 | B8.155605e-5 | 3.716130e-4

Estimated standard deviation | 8,913214e-3

1.363108e-2 -

Table 8.1 Results of the analysis done an the models considered
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MODELS FITTED TO DATA FOINTS o

CAPILLARY PRESSURE — VOLUMETRIC WATER CONTENT "

o Volumetric Water Content (cmaS/cmAS) ‘
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Figure 8.1 Models fitted to data points - capillary pressure - q

| volumetric water content relationship i
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S MODELS FITTED TO DATA POINTS
- CAPILLARY PRESSURE — WATER CONTENT |
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8.3 VAN GEMUCHTEN MODEL

Equation 8.1 describes the equation for the moisture reteniion curve of a 5011
sampie : ' -

-t e 5,- 5o

where :
S. = effective degree of safurat*mn' or reduced water ;:ontgnt-
9 = vo'lun.le:_;tir-ic. {cm*/cm®) or ﬁatef cantent_l'{gig)
8 = résidu_al volumetric ‘cm"/cm‘) ﬁr wate;' content §g/g$ "
8, = s.at_:ur-ated 'vo}'tmet.ric (cm’!cm‘} or water ;ontent (g)g)

h = gapillary pressure without the negative sign {em) |
n.m,a = empirical constants affecting shape of the curve

Equation 8.1 was fitted to the experimental data, with the capillary pressure
treated as the independent variaple and the volumetric or water content

treated as the dependant variables.

fqualion 8.1 can be simplified further by applying the restriction m=1-1/n to
the empirical constants. Quoting van Genuchten et al. (1992) p.3. " From these
resuits, 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, w=1-1/n seems to perform bezt for many but not all soils..."




Equation 8.2 describes the unsaturated coefficients of hydraulic conductivity

relationship of a soil sample :

| R 8-8
K(S) = kSafi-(1-S;" ) where 8, ~— a’r 8.2
.
where :
S = ea_ffecti ve degree of saturation or reduced water content
k = coefficients of hydraulic canduct'ivity. (cm/s)
'k, = saturated coefficient of hydrau.ic conductivity {cm/s)

= empii'icﬁai constants affecting shape of the curve, where

-t
L
R
I

"m" is the same as in equation 8.1

'Equation 8.7 uses the restriction m='|-'*1/n,. as the general case of m and n

independent results in a far too complex expression.

Equation 8.7 was fitted to the experimental data with the volumetric or water
content treated as the independ-nt variable and the coefficients of hydraulic

~ conductivity treated as the dependani variable.

Tt e ey e T e e, il
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The Teast 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 je. 0,, €., d, m and n were allowed fo vary in

the case of equation 8.1 and 8,, 6., m, 1 and k; in the case of equation 8.2, _ | 3
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CHAPTER 9

9.1 INTRODUCTION

This chapter describes the methodology used to obtain the required -
relationships of the soil samples tested using the computer programmes,

technigues and monitored test data described in the preceding chapters.
. - 7LATIONS
During testing the following paramé‘_l‘.ers were monitored :

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

(2) The change in volume of the s'amp1e.

(3) The capiliary pressure in the sample.

With the final water content (by mass) of the sample known, the water content -

at any pressure increment can be determined by back-calculation, using the
recorded outflow data. The total mass of water released for the entire test
is caleuisted and added to the final water mass, thereby determining the
initial 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 increment considered, from the

initial water mass.

The corresponding capillary pressures and water contents are then pistted to
produce the sample's water retention curve. The corresponding capillary
pressure is considered to be the stabiiized capillary pressure for the
particular water content. Figure 9.1 shows the a typical graph of the
mhaviour of the capililary pressure during monitoring.
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- CAPILLARY PRESSURE OF GOLD TAILINGS AT APPLIED
AlR PRESSURE OF 160 kPa
Capillary Pressure ._(kPa)_
170 w— —_
T
165 [
160 &
155 :%J\w v
_ %E ‘""1L-.,"/.\-——qg A N .
150+ e -
145 4~
140 T N SR SNV SO N
O 5 10 15 20 25 30
Tirme (hours)
~ Capitlary pr:asaure
Figure 9.1 Graph showing the behaviour of the capillary pressure

during monitoring

The capi'i lary pressure-volumetric water content relationship of the sémple can
also be obtained with minor modifications to the procedure described above.
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 cm® = 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 monitoied during the entire test. we cin
back-rcalculate 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 voiumetric water contents are then
plotted to nroduce 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 Teast squares curve fitting progran.
For more details on the van Genuchten mode} curve refer te section 8.3.

9.3 COEFFICIENTS LIC €0 TY- CONTENT ' ..

During testing the following parameters were'monitared_:

(1) The rate of discﬁarge 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 capillary pressurea of the sample.

The methgd and eguations used to obtain the following relationship are
described in chapter 6.

From:t&hffecorded data, the fiow rate of the water discharged from the sample ‘

for each pressure increment is known. The entire experimental outflow curve

is obtained by plotting log(Q.) - discharge (cw’), against log{t) - time
(minutes). A linear regression analysis is performed on the initial stage of

the outflow curve - the 1inear part of the outflow curve. Refer to figure 9.2.
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EXFERIMENTAL QUTFLOW CURVE OF CLAY TEST1.
AT APPLIED AIR PRESHURE OF 40 kPg
Quiflow {tog{cm~3))
2
b3 T Slope|: 0.864317 : |
4 Correitition coefficient | 10.9989 e
L= - TS ammap—
0-5 E_:: . .f_/"'” l
Q.._::.. ] e
—-Qr}*%‘-ﬂ* - ",r."“ﬁ
4.13:. ..l,, 2l
'{ it L e o s B B o e S e T S +
L 1.5 2 2.5 3
Time (log{min)}
E_‘fﬁgﬁ“fﬁ;yégw'curve — Lingar Regression line
Figure 9.2 Linear regrasﬁion'anaiysis done on an outflow curve

The slope which is determined from the analysis is then used in the AlphaX.exe
computer programme to select the theoretical outflow curve, with the same

stope during its initial stage of outflow. As the "a® and o, values are

uniquely related, rufer to equation 6.11, they are also determined by the
compuker 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
required. A few of the AlphaX.exe programmes are initjally run. The
theoretical outflow curves frem the different AlphaX.exe programmes are
superimpased onto the experimental outflow curve. The AlphaX.exe progranme
that produces the theoretical outflow curve, with the initial outflow slope
that best fits the experimenial outflow curve should then be used throughout
the particujar test. |
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A spreadsheet was then used to plot the theoretical and experimental outfiow
curves. By dividing the experimental discharge values of a particular . essure
increment by its final discharge value, the ruiflow values fall within a
specific range (in log valués ~ between 0 and minus infinity}. This results
in the experimental and theoretical outflow curves plotting over the same
range along the discharge axis (Y-axis). Refer to figure 9.3.

PL.OT OF THEORETICAL AND EXPERIMENTAL QUTFLOW CURVE.

Qutflow (log(cutflow))

- .
T 1  Elperitnential
| Fe 0 ) olitflow cuve
“TThegretlcal@utficow . T ——
[ - n npk Ny 4 »
Loaurhe fpr "y - 2.3012 I'_..t“
T 3 I ) ]
0 T =
+ Py g o
I oLt el -
— ‘[ . W K —_— W,
T [ S . f
T | o
Ny T N -
<« L L e Adpinted] experimeantal
L aut’l.low Lurve by [dividing
—3 valdes inal-dipehargs
+ vohde
el L

~3-2.5-2-15-1-050 05 1 1.5 2 25 3 3.5 4.
' Time {(log(time)})

Quiflow ourves

*Theo:‘etical = Experimental ~ Adjusted experimetal

FOR CLAY TEST 1 AT APPLIED AIR PRESSURE OF 40 kFa |

Figure 9.3 Adjustment to outflow curve se as to fall aver a specific
© range :
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The real Lime vélues are then modified by adding or subtracting -.-; “time

~ adjustment” value so as to shift the experimental outflow curve horizontaily
until it was superimposed over the theoretical curve. The real time which

coincided with the reduced dimensionless time value of one (0 in lug values)
is read off as the t, value, refer to figure 9.4.

SUPERIMPOSING CF THEQRETICAL AND EXFPERIMENTAL OUTFLOW CURVES
OF CLAY TEST1 AT APPLIED AIR PRESSURE OF 40 kPa
Outflow (log(dimensicnless outficw}).
us Tnv—nre!‘ical. :}u.tflow curve e ]
—-(0.8 batllil Raaltirnehghip—
% for fa® = 42002 § —- T . coinkiding Wwith
1 ¥ s reduced
T - _ T dimensionidss
+ 1 time of 0 i
~1.5 & s 35S
S e © mindies
-2 -+ i ;
~2.5 j; s 'Adjl.lot?d mcpe.ri entat joutflaw] curve
z shlfted Hong lme uxu
-3 e . e B T o e e o o e e
-3 25 —2 —15 —1 MOf: 0 0.5 } 1.5
TImP (log(dimensionless time)) '
CQutflow curves o
— Theoretical vutflow * Adjusted r:!xperi'mentalJ
Figure 9.4 Superimposing adjusted experimentel outfiow curve onto

“theoretical outf’!ow curve by shifting along X-axis
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The t,,"a" and a,” values, the entire experimental outflow curve, the appiied
air pressure, volume and Teﬁgth of the samplie, for the particular pressure
increment, are entered into the Attempt.exe COmputer prugramme. The pragbamme
determines the diffusivity and the average coefficient of hydraulic
conductivity for the particular pressure increment {or vciumetr1c\water
content), as outlined in Section 7.1.3.

The correspundin§ coefficients of hydraulic conductivity and water contents
or volumetric water contents were then plotited. A model developed by van
Genuchten was then fitted to the data points using a least squares curve
fitting programme. :
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CHAPTER 10

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

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

The Atterberg Limits for the Ash were as follows 3

(1) Liquid Limit = 29.8 %
{2) Plastic Linit = could not be determined due to nature of soil
The specific gravity of the Ash was : 2.18

The saturated coefficient of hydraulic ccnduct1v1ty'For'the Ash (from constant
head test) was : 9.631E-5 cm/s. :

The sieve analysis curve for the Gold is shown in figure 10.1. .
The Atterberg Limits for the Gold were as follows :
{1} Liquid L%mit‘a 34.2 %

(2} Plastic Limit = could not be determined due to nature of soil
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The specific gravity of the Gold was : 2.64 _
The saturated coefficient of hydrauiic conductivity for the Gold
s : 4.846E-5 cm/s. S '

10.4 ESTCOURY CLAY

The sieve ana1y51s curve for the Clay is shown in figure 10 1.
The 5011 is classified is 3 '

(1) Unified Classification : CL (Lean Clay) -

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

The Atierberg Limits for the Clay were as fo]!dﬁs T
(1) Liguid ijit = 42.7 %
(2) Plastic Limit = 20.4 %
(3) Plasticity Index =.22.3 %
{4) Shrinkage Liﬁit = 14;8 % |
The spécific gravity'of the soil was @ 2.61

The saturated coefficient of hydraulic conductivity for the C3éy
s : 1.442E~6 om/s. '
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CHAPTER 11

RESULTS

1.1 INTRODUCTION

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

Section 11.2

details the moisture retention curves obtained for the
‘varjous soils tested. -

Section 171.3

moisture retention curves for the various soils tested.

Section 11.4 : shows the resulits obtained from using the medified analyti-

cal technique for determining the unsaturated coefficients

of hydraulic conductivity for the various soils tested.

Section 11.5 : deals with the fitting of the van Geriuchten model to the_

coefficients of hydraulic conductivity ~ volumetric/water
content relationship for the varicus soils tested.

Three tests were conducted using this soii. 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 terps 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.

Tables 11.1, 11.2 & 11.3 summarize the results obtained from the individual
tests. ' '
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o  ASH TEST 1
Mpplied air | Suction |  Water | Volumetric | Degree of
pressure (kPa) content | water content | saturation
- (kPa) 1 tela} {cm’/cw’) i
0 - 03045 | - -
0 B 0.33917 | 0.362552 | 0.710983
80 a2 0.272665 |  0.298887 0.602183
1m0 67 | o.21019 | 0.23307 | 0.476657
Mo | - 09 0.165441 0.18578¢ | 0.383829
190 40 | 0.150664 0.172322 0.36318
250 | - 0.121585 0.141745 | 0.30526

Table 11.1 Summary of fest results from Ash Test 1..
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ASH TEST 2
Applied air Sﬁction. Hﬁter Volumetric Degree of
pressure (kPa) cantent water content | saturation
{kPa) {g/9} {cn?/en®) '
0 - 0.380714 )
30 2% 4.334253 0.38880 | 0.865561
60 a5 0.296216 | 0.353236 | 0.781353
%0 85 0,191217 0.229665 0.512485
110 %8 0.15411 0.185156 0.413326
130 26 0.131976 0.15862 0.353961
160 ] 0.11942 0.143524 | 0.320517 |
200 185 0.108911 0.130035 0.20252 I
A S B Mihdhicicd - Ll
Table 11.2 Summary of test results frdm Ash Test 2.
ASH TEST 3
Applied air ‘Suction | Hafer | Volumetric Degree of
pressure (kPa) content water content | saturation
(kPa) (g/g) {cn*/cm
0 _ 0.352083 R _
30 28 0.231246 0.280324 0.632768
60 59 0.168464 |  0.20937 0.488087
110 108 0.124326 0.158058 0.385314
160 165 0.111257 0.148447 | 0.383643
200 190 0.096546 0.136999 0.393669

Table 11.3 Summary of test results from Ash Test 3.
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MOISTURE RETENTION CURVES OF ASH TESTS
(SUCTION VS VOLUMETRIC WATER CONTENT)

Valumetric water content {em~3/cm~3)

0.5

0.4 - e
e W i

0.3 + = P = o
I S ed N

T e I j:f“”_l

Q1 -+ _ : ' 3
E:

g} S T B T i i o T e I A e m i L L
-0 20 40 80 80 100 120 140 180 130 200 :

Suction (kPa)

Tasis

~Ash Test 3 +Ash Test 1 ®Ash Test 2

Figure 11,1 Moisture Retention Curves obtained from Letaba Ash tests -
Suction versus Volumeiric water content _
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 MOISTURE RETENTION CURVES OF ASH TESTS
(SUCTION VS WATER CONTENT) ‘
Water content (g/q)
0.35 33 _
. ;: . ‘{\"x,& )
B 03 ?_:. | \\::\._,
025 % S
0.2 F N
A ~ B S
R
0.1 % R I o = = P
0.05 F
| Oq:-u—-l l?‘i"""‘r—;‘—‘-——ﬁ——'-—.i:.'::-:.:.':.:}::.
L _ 0 20 40 .60. A0 100 120 140 i60. 180 200
: ) _ _ “Suction {kPa) '
Tests
~Ash Test 3 TAsh Test 1 = Ash Test 2
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 relatively large region. As the suction increases the
region over which the three tests plot narrows considerably. Althiough the
A _ general trend and overall shape of the curves from the three tests is similar,

: 1' there is some difference between the tests. This indicates that the test may
1o be sensitive to the applied air pressure increments, or that the variation is
due to differences between ihe test samples themselves.
1o
__ _4L
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11.2 Gold Tailings Test Result

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

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

{2)The time limitation on the research project.

{3) Using the results of the Ash tests as a guide, the only additional
matjon that would be obtained from running wmore than one test on the
Gold Tailings, would be the region or band within which the moisture

retention curves occur.

Tabie 11.4 summarizes the resutts obtained from the test and figures i1.3 &

- 11.4 show the moisture retent1on curve of the soil.

~ The time durat1on for test:ng the gold was found to be the Tollowing for each

point obtained :
(1) Drainage or outflow stage 24 to 48 hours.
{2} Capillary pressure equi?ibrium 24 to 48 hours.

Refer to Appendix 4 for the.ccmprehénsive results of the gold tests.
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GOLD TEST
: App?ied a{r éucticn HWater Volumetric | Degree of 
pressure (kPa) “content water content | saturation
(kpa) - {g/q) (en*/cn’)
0 - | o0.29598 - | -
20 19 0.22806 0.37513 0.9939
40 33 0.20199 0.33698 0.91429
69 66 0.14585 0.24398 0.66499
% % | 0.11881 | 0.1987%6 | 0.54887
130 128 | 0.0999 |  0.76821 0.46547
156 151 0.08714 0.14722 0.40829

Table 11.4 Summary of test resuits from Gold Vest

"MOTSTURE RETENTION CURVE OF GOUD TEST
(SUCTION VS VOLUMETRIC WATER CONTENT)

Volumneltric water content (cﬁaajcmFS)
1 T\M,\
0.3+ P

1 I ]

i —
0.2+ E——

0.4

£.1

D"'.... =t gt —t e
0 20 4Q 60 80 100 120 140 160 180
Suction (kPa)

 ~Gold Test

Figure 11.3

Mo1sture Retention Curve from Gold test - Suction versus
Vo]umatr1c water content
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MOISTURE RETENTION CURVE OF GOLD TEST
- (SUCTION VS WATER CONTENT)
Water content (g/3)
0.25 '
T '\\
0.2+ T
B .
0.15F -
nx [
0.1 Fmmt e
-1
0.05 -
.D:FI}Z::::I}-—:?::"—S;—} =ttt .
G 20 40 80 80 100 120 140 :160 180
Suction (kPa)
= Gold Test [
Figure 11.4 Moisture Retention Curve obtained from Gold test - Suction

- versus Water content -

11.2.3 QIQ! Test Results

Only one test was conducted using this soil. The reasons for this &re the same
as stated for the Gold test in section 17.2.2.

Table 11.5 summarizes the results obtained from the test and figures 11.5 &
11.6 show the moisture retention curves of the soil.
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The time duration for testing thezclay'was found to be the following for each
point obtained : '

{m _Drainage ar outflow stage 24 o 48 hours,

(2) Capillary pressure equilibrium 24 fo 48 hours.

Refer to Appendix 5 for the'cnmprehenéive results of the clay tests.

A Table 11.5 Summary of test results from Clay Test.

P Referring to figure 11.5 and table 17.5 the volumetric water content of the
_ (/fa clay test sample appears to increase slightly (instead of decrease} with an

" CLAY TEST
I Applied air | Suction Water | Volumetric ‘Degree of .fa
pressure {kPa) | content | water content | saturation ;}g
a) | | telg) | (c/en?

0 - | 0.471367 - - T

20 13 | 0.304053 | o0.473879 | 0.879234

a1 34 | 0.330367 | 0.426382 | 0.843969

63 54 | 0.331438 |  0.42937 | 0.910724

al 68 0. 304456 ©0.429701 | 0.936328 __2:;;

125 102 | 0.285779 | 0.419006 | 0.956835

160 135 | 0.27989 | 0.415667 | 0.965196

o increase in suction at applied air pressures of 60 and 80 kPa. The reason for

' this is thought to have rasulied from having to re-zéro the volume gauge at

the beginning of the 60 kPa air pressure increment, as its maximum measuring
_ capacity had been reached. It is thought that two things way have occurred -
i during the re-zeroing of the volume gauge : 5
] ©
] B
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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 & s1ightly "hysterelic” manner after re-
zeroing. '

MOISTURE RETENTICN. CURVE OF CLAY TEST
(SUCTION VS VOLUMETRIC WATER CONTENT) -

Volumetric water content (um~3/cm~3}

0.5
:— . "“-.lemm N — .
0.4+
¥
0.3
0.2 %
(1.1 -+
O“..:-‘_;\::: it et $—t—} bt ; e frrt— et
: 0 20 40 60 80 100 120 - 148 160
- | o Suction (kPa)
- Clay Test
3 Figure 11.5 Moisture Retention Curve obtained from Clay test - Suction
o versus Volumetric water content
o
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MOISTURE RETENTION CURVE OF Lay TEST
(HU( !”N Vs WATER £ UNTE..T?}
Water content (q/q)
0.5 T T
T : '
0.4 =
T .
L \_‘k-.
0.3 — —
1 o
0.2 -k
T i
0.1 - ;
T
W
04‘:.: :::-%—.—‘.—e:-'éf ) :
G 20 4G o0 80 100 120 P 4O 160
' Suction {kPa)
= Clay Test
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 individual tests are almost identical whether
plotted as suction versus volumetric water content {cm’/cn®) or suction versus
water content {g/g).

The curves obtained for the three soils display the “typical” moisture
retention curve, as reported in the literature.

11.3 ' ' OIS TENTIO RVES

The van Genuchten model was fitted to the experimenial points describing the
moisture retention curves of the soils tested using the curve fFitting
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programee mentioned in section 7.2.1. The model was Titted to both the suction
~-volumetric water content and suction - water content curves of the soils. .

Throughout the curve fitiing analysis, all the constants of the model were
varied. '
11.3.1 letaba Ash i
Table 71.6 highlights the most important results obtained from the curve -
fitting analysis. It should be noted that the van Genuchten model using the
restriction m=1-1/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 Test 2 results. The reason for this is that the Teast squares curve
fitting pmgraﬂmue required a minimum of 6 data points and Ash Test 1 & 3 only
had 5 data points. :
ASH TEST 1| ASH TEST 2 ASH TEST 3
Suction versus volumeiric water
' content
m=1-1/n m=1-1/n mé&n m=1-1/n -
_ . _ i
SSE 6.7596E-9 | 1.3274E-3 _1.0768E-4 3.4421E-5
SD 8.2217E-5 | 2.5762E-2 | 1.0377E-2 | 5.8669E-3 [
Suction versus water content
n=1-1/n w=1~1/n ma&n w=1-1/n
SSE | 9.2725E~7 | 9.9883E-5 | 7.9445(-5 | 4.9178E-5
SD | 9.6294E-4 | 7.0669E-3 | 8.91326-3 | 7.0127E-3
SSE  : Sum of the Squares Error "
SD  : Standard Deviation é
Table 11.6 Summary of curve Titting analysis for Letaba Ash. g
%
Referring to table 11.6 and in particular to the curve fitting analysis of Ash L
Test 2 the restriction of m=1-1/n appears to a good assumption. The SSE, using I% - \\\‘ _
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the restriction m=1-1/n, increases by an order of wagnitude, wﬁen 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 independentiy fits the data

points better, although the restriction m=1-1/n is considered adequate.

Figures 11.7 to 11.12 illusirate 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 ihat
the constants for the model are different for each ash test.

Refer %o Appendix 6 for the values of the constants to the model for each test

and particular moisiure retention curve.

MOISTURE RETENTION CURVE OF ASH TEST 1
(SUCTION VS WATER CONTENT)
iater content (g/q)
8.4‘ :\: T I
0,55 g .
N “x..\ﬁ\ Madsl assursption dne={1-1 /n)
T ™ S5E | 8.2728G487'4E-7
.25 % S~
0.2 % e
0.15 % ek
0.1 = -
0.05 T
e
) [ S VIR NS S T N —— e S e e e
G 200 400 660 800 1,000 1,200 1,400 1,600
Suction {cm of woter)
_ }
“van Genuchien mode! ® Dato points E
Figure 11.7 Hodel fitted to Moisture Reteniion Curve of Ash Te:si. 1 -

Suction versus Water Content
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MOISTURE RETENTION CURVE OF ASH TEST 7
{SUCTION VS VOLUMETRIC WATER CONTENT)

Volumetric water content {cm~3/cm~3)
0.4
e
0.3 T \\3"\\ Mode] spafipbion tn=(1-— 13’-.)
+ . | SS0 1 6.750R35124E~0 _
I .
N I ] K_
0.2 ’ - iy
j: . T —
0.1
0."'.. + it bt —
0 200 400 2 B00 800 1,000 1,200 1,400 1,600
- Buction {cm ol waler)
—van Genuchten mode[ ® Data points
Figure 11.8 Model fitted to Mm sture Re‘tentwn Curve of Ash Test P~
- Suction Versus Volumetric water content
MOISTURE RETENHON CURVE UF ASH TEST £
(SUCTION VS WATER CONTENT).
Water content (9/9)
0.4-p
0.35 o :
0.3+ S Mw@;mjﬂ )
3 : \ SSC : 9.988347741C0-5
0953 T —
0.2% - 3
oi5F W S— : 3
0.1 £ ,/’ —— e L
) ff Modet as:&umptinn’m & n independant
Q.05 T8 HEASTI TR S
O::,..J .....
-0 400 800 1,200 1,600 2,000
Sustinn {em of waler) L;@
—wvan Genuchten meodel " Data points ~~van Genuchien model r‘
Figure 11.9 - Model fitted to Moisture Retention Curve of Ash Test 2 - ;’
' Suction versus Water content _ 3
&
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MOISTURE. RETENTION CURVE OF AGH TEoi 2
(SUCTION VS VOLUMETRIC WATER CONTENT)

Volumstric water content {em~3/cm-3)

0.5
D i:..\_ Mudet assgraplion g {i— T 0
x ‘TK . [ESE r 1.327359474043
3,51 o
X .
T \‘I’I.*_-,M
0.2 T a I-.,:‘-..,__Hh-
0.1 +  Modei Jssumptior_vj m & n independant
+ 53C: p.0VBB13830E +
0 S PRIV -
0 400 800 1,200 1,800 2,000

Susiion {vm of water)

—wvan Genuchien model ¥ Duta points ~von Genuchten modei

Figure 11.30 Mode} fitted to Moisture Retention Curve of Ash Test 2 -

Suction versus Volumetric water content

MOTSTURE RETTITON CURVE OF ASH TEST 3
(SUCTION VS WATER CONTENT)

Water content {g/q)

0.35 4
I

A S

wod -
. : \ Maodel] sssunmpplion fn={1—1/n}
25 \ i ST R20978E=0

0.2 P _

" T
G.15 —~
-
T ——

o
——

0.05

T 250 500 750 000 1,250 1,500 1,750 2,000

Suctivn {em of wower)

[EREAREEAAENINE FERNA NN L AN
O JHH R 1

—van Genuchten modei ® Data poinis

Figure 17.11 Mode! fitted to Moisture Retention Curve of Ash Test 3 -

Suction versus Water content
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MOISTURE RETENTION CURVE (F ATH TEST 2
(U ION VS VOLUIMETRID WATER CONTENT
Valumetric waier content (cm~3/cm~ 3}
0.35 i = - I I T !
. Eldé‘ - . j] ;
0.3 :.;- x,,‘_- A '
s “ - Madely asaumption fo-{1=11/5)
et j—_ .‘-__ SOaE . .:'.‘-.4%..{.1!! ;.}2%...';*5
A oo .
W . + 1"'""--..,'_‘.‘
T T |
LN bl : '.ﬂ\,.___‘_h_
U S Qi e
¥ i
01 F - 5
e
005 &
[}:: L e e L o i I S
O 250 300 750 1,000 1,250 1,205 1,730 2,600
Suction (o ot water)
- - L]
—van Ga2nuchien moeds! ® Date points |
i
Figure 11.12 Model fitted to Moisture Reteniion Curve of Ash Test 3 -

Suction versus Volumetric water content

11.3.2 Gold Taili

Table 11.7 highlights the most impdi‘tant results cbtained for the curve
fitting analysis. Both of the van Genuchien models, using the restriction m=1-
1/n and m & 13 independent, were fitted to all the gold wmoisture retention
curves. ' ' :
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GOLD TEST

Suction versus volumetric
' water content

w=1=-1/n | | m&n
e | -2’._89&6436’1755% 5.168411471E-6
D 3.802396361E-3 . 2.2?34_14056}:—3

Suction'versﬁs water -

content

ﬁa}-lln ' man
SSE 7.667640334E-6 | 1.547340531E6

S sD 4 1.958014343E-3 1.243021433E-3

SSE  : Sum of the Sauares Error
SD : Standard Deviation

Table 11.7 Summary of curve fitting analysis for Gold Tailings.

Referring to table 11.7 the rvestriction m=1-1/n appears to be a good

‘assumption. The SSE, using .the restriction m=1-1/n, in both the cases of

suction versus volumetric water content and suction versus water content, is
slightly higher than for the SSE of m & n independently.

Figures 71.13 & 14 illustrate how the nodel 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 Ffitting the
experimental data points. Both models however Tit the data points extremely
well. For the complete data on the curve fitting analysis refer fo

Appendix 7. |
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MTSTURE RETENTION CURVE OF GOLD TEST
{SUCTION VS WATER CONTENT)

Water content (g/g)

0.3 -r ;
g 0.25 frenmemmme o
Form, “—tMudel vssdmplion m${l-1/n} L
oz F e Cul : 7. EO7840334048 : T
-l 4 —\"~,
* e
< .19 :: ",_‘__ -
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o 400 200 1200 0 1,600 2,000 ] ’

Suclion (e of weler)

—van Genuc_hten model ® Data poinie — van Genuchien modsi

_ Figure 11.13 Mode1 fitted to Moisture Retention Curve of Gold Test -
o Suction versus Water content
WO TURE RETENTION CURVE OF GO TES]
(SUCTION VS VOLUMETRIC WATER CONTENT)
] ] " Volumetrie water content (eme~3/¢m-33
' 0.5
; N S : - -
Ty ey s Modil ossumpdion m=(1-1/n)
| JF\ =] ssif: 2.89164b6176-5
i . 0.\) I "%?h,,
| o -~
= e T i
L T . ‘l"""-.._,
\/—:&E -,
' B -
: T Model asgumption m & o independant
~F B8k« / b?fbfl()éd‘l-t—ﬁ .
C "o a0 BOO h300 1800 2,000
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—von Genuchten model ® Dota points"‘"\mh Genuchien rmodei

Figure 11.14 Model fitted to Moisture Retention Curve of Gold Test -

PR

O _ Suction versus Volumetric water content
\
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11.3.3 Clay

Table 11.8 highlights the most important results obtained for fhe curve
fitting analysis. Both of the van Genuchten models, using the restriction m=1-

‘1/n and m & n independently, were fitted to all the clay woisture retention

curves.
CLAY TEST
Suction versus
volumetric water content
m=i-1/n man
SSE 1.131980481E-4 _ -|  1,130924857E-4
SD 7.523232288E~3 | 1.063449508E~2
Suction versus water
content
m=1-1/n | | Wé&n
SSE 1,573695590E-5 © 1.622040887E-5
) 2.805080738E-3 4.027456874E-3

SSE  : Sum of the Squares Error
SD + Standard Deviation

Table 11.8 Summary of curve fitting analysis for Clay

Referring to table 11.8 the restriction m=1-1/n appears to be a very good
assumption. The SSE, using the restriction m=1-1/n, in both the cases of
suction versus volumetric water content and suction versus water content, is
almost jdentical 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
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on the curve fitting analysis refer to Appendix 8.

MOTSTURE RETENTION CURVE OF LAY TEST

(SUCTION VS VOLUMETRIC WATER CONTENT)
Volumetric water content (cm~3/em~3) - . : _ | _ fg o
2 - i "
154
. Model assurnplion m={1-}/n) e
T SSH T T.TSTYBUABTE=Z g
: +. ' : I
0.5-1 R\ o8 A" — Fem— I
T  “Model assumption m & n ipdependant
ots 85E 1| 1.1509248 /14 T o
6 400 800 1,200 1,600 2,000 S
Suclion {urn of wates) ' ‘ : -
—von Genuchten model ® Data points -~ van Genuchten model 5
_ . . ) | §
“Figure 11,15 = Model fitted to Moisture Retention Curve of Clay Test - &
- Suction versus Volumetric water content - i
MOTSTURE RETENTION CURVE OF LLAY TEoi
(SUCTION VS WATER CONTENT)
i Water content (g/g)
1
0.8 :
£ . ' 1 Mpdel assumption m=(}~1/n)
. : ﬁ : - SBE - LLB73G495590E~5
| 0.6
. /:"3 : : 0.4 "\\ ; .
. + ]"“'--n-._..__., o — : ’ o . '
' 0.2 T —Hmdet Ty i gE [s1al! J
SSF - 1.}999040387'-—5
] 0 s s LU BT e S B i
: 0 460 |00 - 1200 0 1,800 2,900
' : Suclion {em of waler) ' _
~van Genuchten model ™ Dato paints ~~van Genuchten model >

Figure 11.16 Model fitted to Moisture Retention Curve of Clay 'Tes't -
Suction versus Water content
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3.4 <) C s

The van Genuchten mode] fitted extremely well %o the experimental data ptri nts

for the moisture retention curves of ail the solls tested. The restriction of.

m=1-1/n appears to be a very good assumpiion and can certainiy be used in

place of the model treating m & v as i ndepehdent constants. The model using the

restriction m=1-1/n produced alrost identically the swis moisture retention -

curves as the model tfeating m & n indepense: +w yn the éase_: of the clay

tests.

With reference to Appendices 6,7 & 8 which show thé‘c_onstants that were
determined f-br' the models describing the various moj sture retention curves the
following should be noted. The values t:orr“espondin.g fo 9, and 6, 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 6, is less than 0 %. It is therefore feli that
the constants to fhe nodel should be viewed as curve fitting constants,
instead of constants related to soil _paraiﬁeters. This howaver would not apply
in cases where 9.,' 8, or any other constants of the modél were determined

experimentaliy.

The saturated coefficients of hydraulic conductivity for the three soils were
determined dindependently of the unsaturated coefficients of hydraulic
conductivity, using the Constant Head Permeameter approach. Throughout the
curve fitting analysis all the constanis of'the van Genuchten model were

allowed to vary.

100

B i ya
e A e




11,4.1 Letaba Ash

In the case ¢f the Ash tesis it was not possible to deternine the unsaturateﬁ
coefficients of hydraulic conductivity. In the case of Ash Test 1 the

"transitional* periad of outflow from a linear curve to a hori zontal curve WiLs
not obtained, 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 Tinear section of the outflow curves in most'cases were steeper

than what the AlphaX.exe programmes and thus the theory could account for.

However some iwportant practical Tessons were obtatned from these tests.
Referring to tables 11.8 to 11,10 which summarize the results of the three
tests certain deductions can be wade. In the case of Ash Test 1 only three
slopes could be used in the Alpha5.exe programme to deternine coefficients of
hydraulic conductivities. In the case Ash Test 2 only one slope and ASh-Test
3 two slopes. The aifference between Ash Test 1 and the other two tests was
that the porous plate used in Ash Test 1 had & Tower 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 linear part of the

outfiow curves could be governed by two possible factors :

{1} The magnitude of the applied aif pressure increments - although
it is thought that this is unlikely. | |

{2) The ratio of the coefficient of hydraulic conductivity of the
plate to that of the soil sample, ie. in the case of the Ash
~ tests the coefficient of hydraulic conductivity of the plate to
that of the ash was very swall resulting in a very large "a"
value which the theory, and thus the siope 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
“a" value and therefore to the slope of the theoretical outflow
curves.
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& P E O T IS P PUPUOR WU A Y

i el v oo aa

ASH TEST
1

F S S B RPN

Applied | Volumetric Water Stope of | “a" - Coefficient
air - water content Tinear value | of hydraulic
pressure content {g/q) section of conductivity
{kpa) (cm*/en’) : outflow ' ' (cm/s)
gurve

0 ' ' ) - | 1 9.631E-5' | ] .

T AR BELME AT O AT OIS WA

30 0.362552 | 0.339917 { 0.908931

s R PR

o

€ vy

80 0.258887 | 0.272665 1.004725

110 0.233407 | 0.210149 | 0.861392 |

140 | o0.18578¢ | 0.165441 | 1.091624

e vt e

190 | o.172322 [ o.1s0664 [ o.708%72 | _ | _

250 0.141745 | £,121585 | 1.227554 o .

- Table 11.8 Table sunmarizing resuits of Ash Test 1
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ASH TEST
2
{ Applied | Volumetric | Water Slope of ug! Coefficient
" air water content Tinear value | of hydraulic
pressure content ~(g/g) section of conductivity
(kPa) | (em’/cw') outflow {cm/s)
| curve |
0 _ _ _ _ 9.6312E-5
30 0.38889 | 0.334253 | 0.96275 _ _
60 0.353236 | 0.296216 | 1.018601 _ _
90 0.220665 | 0.191217 | 1.273666 _ _
10 | 0.185156 | 0.15411 | 1.10157 _ _
130 0.158562 | 0.131975 | 1.110192 _ ~
160 0.143524 | 0.11942 | 0.961978 _ _
200 0.130935 | 0.708911 | 0.906486 _ _

Table 11.9 Table summarizing_resﬁTts of Ash Test 2
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ASH TEST
3
Applied | Volumetric | Water Slope of ra" Coefficient
air water content linear value of hydraulic
prassure content {g/9) section of | conductivity
{kPa) (em®/em’) putflow (cm/s)
) curve :
0 _ _ 5 _ 9.6312E-5
30 0.280324 | 0.231246 | 1.131574 _ _
60 0.20037 | 0.167464 | 0.769193 |  _ _
10 | 0.158958 | 0.124326 | 1.736061 |  _ _
160 0.148447 | 0.111257 0.911587 _ _
200 0.. 13699 0.096546 1.279425 » _
Table 11.10 Tab'ie summarizing results of Ash Test 3

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

11.4.2 Gold

Table 11.11 summarizes the results obtained from the Gold Test. Figwres 11.17

ai

& 11.18 show the coefficients of hydraulic conductivity as a function of
volumetric water content and water content.
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GOLD TEST 4
Fpplied | VYolumetric | Water Slope of HgH Coefficient 7%
air water content Tinear value of hydraulic .~%
nressure content {g/9) section of | (0.01 to | conductivity -3
{kPa) | (cw'/en®) | outflow 0.5} - {cm/s) ko
| curve {Alphas) | 3
_ :
0 B _ _ ~ 4,8464E-5
20 0.37513 | 0.22806 | 0.96777 _ o
40 0.33698 | 0.20199 | 1.10191 o o
69 0.24398 | 0.14586 | 0.90221 | 1.12856 1.26-7
99 0.19875 | 0.11831 | 0.92035 | 2.3358 1.26-7
130 0.16821 | 0.00969 { 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 io 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 6.8 and 6.13 to.

determine the coefficient of hydraulic conductivity.

For further infermation on the Gold test results refer to Appendix 4.
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COEFFICIENTS OF HYDRAULIC CO??EDUCTIVITY
GOLD TEST

Coetficient of nydraulic conductivity (cm/s) x 1E~7
1.4 : .

12 :: - . ' - /r—\*
. :[ ]

L L3 .

0.6 + — i
T o /

0.4 - .

I | /

0.2 -F . £

Volumetric water content {cm~3/em~3)

* Coefficients

Figure 11.17 Coefficients of hydraulic conductivity for Gold Test as a
function of volumeiric water content
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COEFFICIENTS OF HYDRAULIC CONDUCTIVITY ; |
| GOLD TEST P
W Coefficient of hydraulic conductivity {em/s) x 1E-7 _‘ g
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* Coefficients t
Figure 11.18 Coefficients of hydraulic cor‘ductwﬁy for Gold Test as a
function of water content - A0 i

Referring to figures 11.17 & 18, with the exception of one of the points at
a perneability of 1.2E-7 cufs the coefficient of hydraulic conductivity curves e
for the Gold Tailing test display the classical curve for this type of . )
relation ie. as the water content decreases initially there i5 a steep 1 3
“linear" decrease in the coefficient of hydraulic conductivity. As tihe water -'-tfl, _
content approaches the residual content there is a "ﬂatt.emng“ O‘F the curve a e
te a horizontal line. Hi
N
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11.4.3 Clay

Table 11.12 summarizes the results obtained from the Clay Test. Figures 11.1%
& 11.20 show the coefficients of hydraulic conductivity as a function of

volumetric water content and water content.

| CLAY TEST
Applied | Volumsiric Water “lope of na Coefficients
air water content Tinear value of hydrautic
pressure content {g/g) section of | {0.01 to | conductivity
(kPa) {cm*/on’) outflow 0.3) {cm/s)
curve Alphab
0 - _ _ _ 1.442E-6
20 0.473879 0.3940653 (.92766 2.2072 5,92E-7
41 0.426382 0.330267 0. 86431 7 0.59244 9.83E-8
63 0.42937 | 0.331438 | 0.977753 _ _
81 | 0.429701 | 0.304456 | 0.700395 | 0,113146 |  3.60E-
125 0.419006 | . 0.285779 0.710158 | 0,123239 6.85E-9
160 0.41566/ | 0.27989 | 0.584356 | 0.034015 |  1.62E-
204 0.404608 0.265084 0.733254 0.237057 2;48E-9

Table 11.11

Table summarizing results of Clay Test

For further information on the t1ay test results refer to Appendix 5.
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COEFFICIENTS. OF HYDRAULIC CONDUCTIVITY

CLAY TEST

12 .
+ COEFFICIE

NTS OF HYDRAULIG CONDUCTMITY
LAY TEST ]

Coefiicient of hydraulic cenductivity {(cm/s) x 1E~7

10
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{erp et

J

/

I
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Q.42

iric waler
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U4y o 44 0458
bt {gdrmadfamed)

........
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(.4 0.45
Volumetiric water centent (em~3/em~3)

* Coefticients

Figure 11.19
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COEFFICIENTS OF HYDRAULIC CONDUCTIVITY
- CLAY TEST -

Coefficient of hydraulic conductivity {em/g) x 1E~7

12 :
T COEFFICIENTS OF HYDRA’UL.IC GONDUETIVITY
- ’ CLAY THST )
16 - :
-t vz Godffieinnt of hydh:hthc ephadetivity {dm/s} x NE-=-&
T 5% '}
8 i) - —4
Y /
5 A . .
= 2 - o
4 i3 nﬂ B M s PO
1 a5 0.26 0.247 0.258 4.28 0.3 0.31 O.BZ 0.33 [0.34 0.35 /
-l. Wulr.-lr uuiledt {g/9) !
T Vo
2 : ! *Qoqtilcientm ! ]
EL 5 z
o R E— o L L LS

0 0.05 0.1 0.15 0.2 0.25 0.3 0.325 0.4 0.45 0.5
Water content {3/g)

*# Coefficier.ts—]

Figure 11.20 Coefficients of hydraulic conductivity for €lay Test as a

function of water content

Referring to figures 11,19 4 20 the classical curve for the coefficient of

hydrauTic conductivity relationship is obtained. An interesting observation

when comparing the two figures is that in the case of plotting the coefficient
of hydraulic conductivity against water content (g/g} the transition from the
Tinear part of the curve to the horizontal part, is smoother and not as sharp
and sudden as in the case for the volumetric water cuntent (cm/cm’) plot.

11.4.4 Geperal Comments

The curves obtained for the Gold Tailings and Clay have the typical expected

shape. There is a slight veriation of the coefficient of hydraulic
canductivity at the horizontal part of the curve.
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One pr'{.n'iem whwn was encountered during the determination of the coefficients

of hydraulic conductivity was which outflow values (Q.) ¢nd time (i) values
from the outflow curves should be used in equations 6.8 & 6.713. Mo
clarification couid 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 0, values of the outflow curves when ehtered into the mentioned
equations, produce ultimate outflow values (Q.) less than outflow values (Q.)
weasured at later times. This in turn affects the coefficient ot Sydraulic
conductivity as it is directly proportional to the ultimate outflow 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.

| CURVE SHOWING THE VARIATION OF THE CALCULATED ULTIMATE|

OUTFLOW COMPARED TO THE EXPERIMENTAL OUTFLOW
(CLAY TEST AT APPLIED AIR PRESSURE OF 40 kPq)

Outflow {em~3}

{4
3 Calcul¢ited uftimate outtlbw cufve
12 - .
103 - T e
= - -
Rt e
T - N /
s 2| - -
N /
4 T / : g ra
T // _ verage caolquloted
2 frrate—outffow
7O O O O

0 250 500 '?50 ‘i GOO 1 250 I 500 1 750 3 OOO 2 250
- Time {minutes)

- Exp. outflow — Cal. ultimate outflow = - Ave. ‘ultimate outflow

Figure 11,21 fraph comparing the calculated ultimate outflow to the
_ experinental outfiow curve
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Figure 11.22 Graph comparing the calculated ultimate outflow curve to
_ the experimental outflow curve '
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CURVE SHOWING THE VARIATION OF THE CALCULATED ULTIMATE]} {
OUTFLOW COMPARED TO THE EXPERIMENTAL QUTFLOW - | . !
(CLAY TEST AT APPLILD AIR PRESSURE OF 120 kPa) i f

Outflow (cm~3) ;?
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CURVE SHOWING THE VARIATION OF THE CALCULATED ULTIMATE.
OUTFLOW COMPARED TO AVERAGE ULTIMATE OUTFLOW

_(CLAY_'TEST AT APPLIED AIR PRESSURE OF 40 kPa)

Outflow 'I(cmh."i)
13 =

I ' C%Iculﬁted yttimgte ofttlow curye
12 4—— =1 '

o -
11 e
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Experimental outtlow values (cm~3)

o

—Cal. ultimote outflow -~ Ave. ultirnqte' outflow

Fi gil.rTe 11.23 Graph comparing the calculated ultimate outflow curve to

the averge calculated ultimate outflow
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CAITFLOW COMPARED TG THE AVERAGE ULTIMATE OUTFLOW
(CLAY TEST AT APPLIED AIR PRESSURE GF 120 kPa)
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Figure 11.24 Graph comparing the calculated ultimate outfiow curve to
the averge calculated uitimate outflow

11.5 MODEL FITTING OF GOFFFIC YDRAULIC C CURA
The van Genuchten model was fitted to the coefficients of hydraulic

conductivity determined in section 11.3. The curve Titting programme mentioned
in section 7.2.1 was used to fit the model to the experimental points.

11.5.] Bold Tailings

in the case of the Gold Tailing test the number of points determined
experimentally were too few to be able to determine the constants to the van
Genuchten modei. The least squares curve Titting programme required a minimum
of six experimentai points and on'y five ~zint were obtained in the case of
the Gold Tailings test. |
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1i.5.2 Clav

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 =
t=1/n was used for yeasons expiained in section 8.3. Table 11.12 highlights
the most;important results frop the curve fitling analysis and figure 11.25
shows graphicaliy how the model fits the experimental points.

it was only possibie to fit the medel o the curve of coefficients of
hydraulic conductivity against volumetric water content. In the case of the
curve of coefficients of hydraulic conductivity against water content (g/q)
the curve fitling programme could not determine the constants to the van

 Genuchten model. The following reasons may have been the cause of the

constants not being determined for the van Genuchten wodel :

(1)  The nature of the Jeast squares curve fitting programme and the type of
mathematical procedure used to determine the consiants.

(2) The experimental data pdinﬁs may be numerically not suitable for the
curve fitting programme ie. they may cause the least sgquares programme

to compute values that are too smail or large for it.

(3} The variation (scatter) of the experimental peints may be to Jarge.

 CLAY TEST
Suction versus volumetric water
' content
m=1-1/n
SSE | 6.L31747139
SN ' 2.466719855

SSE 1 Sum of the Squares Error
SO : Standard Deviation

Table 71.12 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 -t .
‘reasonably well. This is however not totally correct. Referring to Appendix '
8 with the detailed results of the curve fitting analysis it becomes apparent i
that there is a fairly large difference between the experimentally cbtained
coefficients of hydraulic and the values predicted by the model. One imporiant
factor to note here is that the model could only be fitted to the experimental 3

poinis once they were converted to cm/year. The reason for this is not clear o i
but it is thought it way be due to one of the first two reasons meniioned on }

the previous page. Most of the experimentally obtained points were also !
concentrated at the bottom "horizontal® part of the curve.

CLAY COEFFICIENTS OF HYDRAULIC CONDUCTIVITY FITTED TO | o o
VAN GENUCHTEN MODEL Foe

Coefficient of hydraulic conductivity (em/year)’

CGLAY COEF’F!IIENTS OF HYD—D‘LAULIO CONDUC'TN’TY FITTEG T
E VAN GEMULHTEN MODEL .
- - : . Coefiiflant of hydraulie lwonductivity (em/rear) .

‘ 100 T
T A

-l Pt
. . . N e _

— 4 Qat 047 043 044 048 PaE 047

50 Saby ke tasl mombant femem rolon L wy
& o =)

] + . k —~Mo#ivan Genuchten

1 0 ¥ -
: e o B M
_ 0.2 0.35 0.4 0.45 0.5
/”'“5\‘ Volumetric woter content (cm«-3/cm»-~3)
: 4+ Cal. k —van Genuchten
1 O ’
’ Figure 11.25 van Genuchten model fitted to Coefficients of hydraulic
B conductivity of Clay - volumetric water content
1 0
kR
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11.5.3 General Lgmm" ents.

In general the fitting of the model to the experimental valves was not very
satisfactory. It is thought that one of the preblems may have been the curve
fitting programse used. Other probiems may have been the greater degree of
variation or scatier in the data points, too few points obtained and that not
a good spread of data points was obtained. |

A paint which becones apparent when comparing the curve fitting constants of
the van Genuchten wodel, for the ccefficients 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
way largely be due to the change in units of the coefficients of hydraulic
conductivity, from cm/s to cm/year. It is however thought that a pertion 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 Genera] Comments

In general the fitting of the model to the experimental values was not very
satisfactory. It is thought that ohe of the problems may have been the curve
fitting programme used. Other problems way 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 cumparing'the'curve fitting_donstants 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
may largely be due to the change in units of the coeffizients of hydraulic

~ conductivity, from cm/s to cm/year. Refer 1o Appendix 8 for_ further

information on the curve fitting analysis.
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(1)

(2)

(3)

(4)

CHAPTER 12

The manner in which the soil variables were monitored significantly

improved the accuracy and convenience of testing. This was evident in:

(i} the monitoring of the outflow raies, where extremély small
outfiows over small time intervals were reguirea so as to
accurate? obtain the a’l] 1mpm~tant initial linear part of the
outfiow curves.

(i1} the determination of equilibrium by rmonitoring the capillary

pressure of the sampie at a fixed saturation as opposed to
monitoring outflow rates at a fixed applied air pressure,
resuited 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 drainage at a fixed applied pressure. :

(111} as a result of the equipment used and the testing procedure .

~ adopted, test data could be recorded continuously and the time
spent by the operator on actual testing was appreciably reduced.

A possible disadvantage of the apparatus could be the initial cost of

setting-up. However, with the exception of the differential pressure
transducer, ceramic pressure plate and data jogger, all the remaining
equipment, or equally suitabie alternatives, are available in mrost
geotechnical laboratories.

It is recommended that the apparatus be modified so as to be able to

obtain a complete drying and wetting cycie of the soil sample using one
set-up and the same soil sample throughout the test.

The modi¥ications introduced to Richards' (1965) analytical technigue,

greatly improves the accuracy of selecting the appropriate theoreti cal
outfiow curve for a particular 9xperimenta1 outflow curve,
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However a pussible drawback is the longer time pericd required to
obtain the curve in terws of computer time. Although this could be
improved with better programming techniques and hardware.

(8) Although the modified analytical technique used to calculate the
coefficients of hydraulic conducvivity provides an estiwated value,
from the resuits obtained it appears to produce the type of curves

_ expected and menticned in the literature. The major advantage of the
B { ~ technique over other traditional methods is the significant reduction
' in testing time and therefore cost.

{6) Clarification needs to be obtained as to which §, and time values of the
experimental outfiow curves should be substituted inte equations 6.8 &
6.13 so as to obtain Q. and k. Using the entire outfiow curve and
obtaining the average however appears to be acceptable as indicated by
figures 11,21 to 11.24.

o {7) The selection of the type of ceramic plate to be usrd in terms of its
S - coefficient of hydraulic conductivity seems to be of critical
jmportance, as mentioned in section 11.4.1. The ratio of coefficient of
: hydrauiic conductivity of the plate to that of the soil sampie tested

) = affects the “a" 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 thai affect the steepness
of the outflow curve, which resuits in an "a" value too large for the
theory to account for. It is iherefore recommended that an
investigation be conducted for determining which factors affect the

implemented to describe the moisture vetention curve and coefficients
of hydraulic conductivity of a sample. Preferably an upper bound and
Yower bound curve should be obtained enclosing the regicn within which
a certain percentage of the curves occur.

- ("“\' slope of the outflow curves, and what suitable ratio of the coefficient

j A of hydraulic of conductivity of plate tn soil sample should be used.
&

] s {8) Due to the variation otcurring between separate tests conducted on the

! same soil type, it 1is recommended that a statistical approach be

|
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(%)

(o)

{11)

(12)

(13)

1t is suggested that a computer programme and technique be developed to
superimpose the experimental and theoretical outfiow curves, thereby
determining t, in a quicker and more accurate manner, than is currently
done. ' '

However, the technique currently used for superimposing the curves is
superior in accuracy and c1ar'1t;_ t5 the previous technique, as only one
jsolated theoretical curve is considered during superimposing, as
opposed to a family of curves and interpolation between curves.

The obtained curves appear to conform to the "typical" kind of curves
expected, as wentioned in the literature. The curves should however be

compared and tested with other testing techniques.

The van Genuchter mode] was found to Fit ~the moisture retention

experimenta’ data extremely well for the three soil samples tested. The

approximation of m=1-1/n is acceptable. However the difference between
the- approxination of _m=1-1/_n and using m & n as independent constants
appears to increase as the soil type moves from a clay to a gravel.

Na conclusion could be drawn about the van Genuchien wodel used to fit
the coefficients of hydraulic conductivity relationship. It is however
thought that a possible reason for not being able to fit the model to
the experimental points could be the type of least squares curving

fitting method {programme) used.

It is recommended that where both moisture retention curve data and
coefficients of hydraulic conductivity data are availabie a
simultanecus fit of the van Genuchten model constants be performed. It
should be noted that such a programme 75 available, and is described in
van Eenuchten (1992},
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APPENDIX 1
CALIBRATION OF EQUIPMENT
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DIFFERENTIAL PRESSU RE.TRANSD.UCEH CALIBRATION SUMMARY

ZEROC

. ZERO | CONSTANT CALCULATED
PRESSURE | SLOPE | CONSTANT| FROM REGRESSION
{kPa) ANALYSIS
0 | 8.875858 -3.64205 -4 6620852490119
10 | 3.8850545 |  -6.22727 -5,0888070785452
20 | 3.860341 -5,125 -5.3957267080745
30 | 3.860882 -6.06818 -8.7525554376059
40 | 3.859205 | - -6.30882 | -8,1093841671372
50 | 3.860455 | -6.02273 -6,4662120006685
80 | 3.858400 -7.79545 -5.8230416261998
70 | 3.861818 -7.45Q09'F - .. +7.1798703557312
80{ 2855 TATI2T7 | -7.5356000852626
B0 { 3.863877 -7.82855 © 7.8035278147939
100 | 3.85625 | -8.10227 -8.2503565443252
110 | 8.8525 -8.45455 -8,6071852726566
120 | 3.856136 -8,04545 -8.9640140035678
130 | 2.854001 | -D.08818 -8,3208427320198 |
140 | 3.857784 -10.608 -9,6776714624506
I 150 | 3.855455 | . -0.54545 -10.034500191982
160 | 2.85392 ~10,6089 -10.891328621513
170 | 8,858523 -10.5341 -10.748157651045
180 | 3.854773 |  -0.70545 - -11,104086380576
180 | a.85125 -11.7386 | -11.461815110107 |
200 | 3.856477 12,8977 -11.8186436839639
210 | 8.855455 12,2908 -12.17547256917
AVERAGE SLOPE 3,85806564

LINEAR REGRESSION ANALYSIS OF ZERC POINTS

Regression Qutput:
Constant
Sid B of Y Est
R Squared

No. of Observations
Degrees of Freedom

-0.0356829
0.0022572

X Coefficlont(s)
Sid Err of Coef,

~4.6820692450118
0.671683750172
0.92580041670661
22

20
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LINEAf} REGRESSION ANAYSIS OF DIFFERENTIAL PRESSURE TRANSDUCER

ZERCO ZERO .
PRESSURE 0 kPa PRESSURE 10kPa
Regression Output: : Regression Output:

Constant : -3.64205 Constant ' -8.207a7

Std Err of Y Est 1,862164 St Emof Y Est ) O 1.019472

R Squared . 0.999244 K Squared 0.590683

No. of Observations . : . 88 No. of Observallons 93

Degrees of Freedom 86 Degrees of Freadom 86

X Coeificient(s) 8,675807 2707 X Coefficient(s) | 8,85554545454565

Std Emr of Coef, 0.0031 218211297 std Emr of Coef. 0.001 71651 59604

ZERC ZERO
PRESSURE 100 kPa - PRESSURE 160 kPa
Regression Output: ' Regression Outvut:

Constant 510227 GConstant -9.854545

Std Erv of ¥ Est 1.303861 8td Er of ¥ Est - 1.860006

R Squared 0.098972 R Squared 0.998943
" Mo. of Qbservations 88 No. of Observalions _ B

Degrees of Freedom 86 Degrees of Freedom _ : a6

X Goefliglent(s) . 2,86625 X Coeflicieni{s) ' £.8554645454545

&td Err of Goef. _ 0.0021 87656045 Std Err of Goef. 0.0031 250281 732
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ZERO
PRESSURE 20 kPa

Constant -

Std Eir of Y Est

B Squared

WNo, of Obsen.ations -
begrees of Frearfom

X CGoeffiolent(s) .
std € of Coef,

ZERO
PRESSURE 160 kPa

Constant

Stet Em of Y Est

R Sguarsd

‘Mo, of Observationz
begrees of Freedom

X Coefficient{s)
Std Etr of Goef,

Regression Cutpui:

- R8603409050509
0.002252786463

Regression Quiput:

3.86252045454E5
0002971 5633005 -

5125
1.336569
0.502971

-10,8988
1.763M
0.958849

ZERC

FRESSURE 30kPa :
Regression Qutput: : :

Gongtant -6.06818
&hd Err of Y Est _ . 1.869463
R Syuared g 0.58906
No. of Observations _ ]
Deorees of Freedom 88
X Goefficlentls) 8.8606818181518

&td Enr of Goel, 0.0026453290366

- ZERO
PRESSURE 170 kPa
' _ Regresslon Oulput:

Gonstant ' . <1 0.5341
SidErrofYEst ’ 1.743835
R Squared - : 0.59505
No. of Observalions : 88
Degrees of Freedom ' ' 86
X Coefilciert{z) : A, 858B3TATOTOT

Std Err of Coet, 0.0026352338878
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PRESSURE 40 kPa . ’ PRESSURE 50kPa
_ Reyression Output: ' : ‘Regression Quiput:
Constank o -8.306882 Consiant ' -6,02273
Sid Emr of ¥ Est C - 1.260620 StdEvToOfYEst . : - 1821965
B Sqguared . 0999973 B Squared 0.908646
No. of Obaervations 88 No, of Observaitons : _ a8
Degrees of Freedom . 86 Degrees of Freedom _ 85
X Goefficient(s) . ApE6R045464845 - X Cosfficient(s) - . 9.8804B45454548
sid Err of Coef. 0.0021 5840068065 Std Err of Coet. 0.00307092117943
ZERO . ' ZERO
PRESSUBE 180 kPa ) PFIESS_UFIE 180 \Pp
' Regression Quiput: o Regression Oulput; _
constant : : -8,70545 Constent =11.7388
Std Errof Y Est : 1.442997 Sk Emof YEst ' 1.132571
"R Squared : T D.999966 R Squared . 0.90987%
No. of Observations 88 No. of Obiservations . )
Degrees of Freedom _ ' .86 Degrees of Freedom : 86
, XCoefficlent(s) | assa7727272707 X Goefficlent(s) | 3.65125
: St B of Coef. .0024321 71 3403 &td Enr of Cosf, i 0,001 80884775714
-
i
1
7Y
k ki
O
E
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2,
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-
ZEAD . zERO :
PRESSURE sDkfa PRESSURE 72 kPa
Regressitn Output: Regression Cutput: -
Constarn . : -7,795455 Constant 7155084
Std Errof Y Est 1.5247532 Btd Err of V Est 159873
A Squarad agg08712 A Bovared 08895580
No, of Ohservatians © 83 Neof Observationg : _ ==
Degraes of Freedom 85 Degrees of Freadom : ) 868
X Cosflclent(s) . asagE0S0SCS1 X Cosfclant(s) ager 1818 B2 :
Sid Eir of Coaf. sh02EEaeasat 15118 Std Err of Coef. L.O0PEE84011504EA B i
ZERQ ZERAQ
PRESSURE 200 kPa PRESSURE 210 kPa
Aegression Cuput: . - Ragression Ouput
Congiant -iR88773 Constant 220081
Std Err of ¥ E5t 118006512 SidErof YEsST 13442444
£ Squared 980977y R Squared 0.889e541
Mo, of Qbservations 83 No, of Obzervations ‘80
Degrees of Freedor - B8 Degreas of Freedom : ) 78
X Coefiiclem{s) 3856477727273 X Coefficlent(s} 3.8554545464545
Std Emr of Coesill 0.0019553559511173 &id Err of Cosf, 0.0026150321 152822
{
- 4 .
y
;
4
L
f:i
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ZERO

PRESSURE 80 kPa

Coristant

Std Emof ¥ Est

R Squared

No. of Observations
" Degrees of Freedom

X Coefficlent(s)
Std Emr of Coef.

Reagression Oulput:

3.855
0,00251 2880044034

129

ZERO =
PRESSURE 90 kPa

Hegression Oulput:

747727 Constant
1.490881 Std Emr of Y Est
0.999963 R Squared

88 No. of Observations
86 Degrees of Freedom

X Coefliciert(s)
Std Etr of Coef.

3.963977
£.0031

=7.62955

1,838929

0.999946
88
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CALIBRATION OF VOLUME GAUGE

GE| INDIVIDUAL WATER]

DISPLACED
cm”™3)

56.251

61.42 |

84.507 [

67308 |

69.925 |

72.282 |

74.439 |

76.348 |

78.043 I

79.695 |

81.187 |

82.497 |-

82497 ¢

87319 |

90.96 ¢

93118 |

95.628 |

87.875 |

88.943 |

101.765 |

103.4 |

105.042 |

106.504 |

107.853 |

107.853 |

112,74 |

145.803 |

118,513 |

121.044 |-

123,349 |

125.444 |:

127.308 |-

128,851

130.639 |-

132.104 |-

138.426 |
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CALIBRATION OF VOLUME GUAGE _ _ ™

Least-squares polynomist curve it X

Caemdamsﬁnemﬁﬁqua%sappnmﬁmﬁon: _ ;

Qrder of polymomial; 4 ) ' . )
Cosfficlent 0: 277131561891 809E 4000 . : ' T

- Cosficlent 1: -1.48962071 &1354E-0002 _ : “a

Coefliclent 2: -58400846556005E-0005
Coefficient 3: 8.5070490343384E-0008 N
Caefiicient 4: -8,65500558420552-00H 1 .

Variance ¢ 11736865 +0000
Standard deviation : 3171124050004

L

©m~ MU O AT

BRLELLBEBYBNEERDY

voits

BL.B5000008 + 0002
8.00000C0E + 0002
6.8000000E +0002
£.0000000E +0002
4,8000000E +0002
4.G000000E + 0002
J.£000000E +0002
3.0000000E 40002
280000002 +0002
200000006 + 0062
1,4800000E 002
£.8000000E + 0001
ELE500000E 0002
6.01 00000 +0002
5.5000000E +0002
4,5000000E +0002
S.4000000E +0002
4.D000000E +0002
3.5000000E +0002
3.01 0000CE +0002
25000000E+0002
20000000 +0002
+.8000000E 40002
1,04 DO0OCE +CoaR
6.6400000E +0002
.01 D0ODCE + 0002
5.4800000E +0a02
.01 Q0ONCE +0002
4.5000000€ + 0002
4.0000000E +0002
3/50000¢0E +0002
3.Q000000E +0002
2.5100000E +0002
201000008 40002
1.8000000E +0002
1.000000CE +0002

volume (cm~3)

obs

0.00000N0E +0000
516800008 +0000
825800006 40000
1.10570008 +000
1,967 4000 +0001
16031000 +0001
1.8183000E +000
5.0092000E +0001
176820005 +0001
234440008 +0001
2.4836000E 000
26246000 +000
000000008 40000
4,8220000E + 0000
7.8630000E 40000
1.34 25000 + 0001
4,061 B000E +0001
1,5378000k +0001
1,7448000E + 01
1.8268000F +0001
20903000 + 0004
2.95450006 +0001
4007000E +0001
253560008 4000
0.00000008 40000
4.897000CE 40000
.950000CE 40000
1.0650000F +0001
1,31 91000E #0001
1,54960002 +-000%
1,7551000E +00G!
1,8456000E +0001
210880005 + 00
29788000 +000
24251 O00E + 00T
D.E573000E +000t

cale obs -gale

1.82163525-0002  1.92163526-0002
4.867641 0E+0000 -B01 36RGE-0001
80533841 E40000 -2.0251592E-0001
1.0861530E+0001 -1,8547032€-0001

13364657 +0001 -30896318E-0001

1.5625308E 10061 ~4.0889513E-000
1.7081 143E +0001 -5.0685651E-0001
1.2574773E 40001 -B17227386-0001
213238235+ 0001 4851 T745E-000
22935034 +000 -5 GB0AE33E-0001
244335865 - 000 -5,02402032-0001
25703206E +0001 -5.CEE8437E-0001
1.8 6352E-0002  1.821 63500002
4.79947TEE+0000 225224 92E-0002

8.0533841 E+0000
1.3064837E 10001
1.0851 5306 + Q001
1.5622305 +HI00H
1.7681143E+0001
1.8538384E +0001
21323823 +00M
22505934 + 000t
24405757E + 000
2.5600525 10001

1.803R8406E-0001
2386563260001
2.4552967E-0001
24430487E-0001
235143485000
2703642350001
4.2082251 E-000
AB093537E-00Mm
3.5875653E 0001
23452483E-000

1.0080484E£-0001  1.0080404E-0001
4.7884778E4+0000 -B. 75221 830002

8.1129845E +0000
1.0808577E+0001
1.3384637E + 0001
1. 5522306 + 0001
1.7681143E +C0M
1.8574773E +00M
212801 886+ 000
£.2805047E +0001
2.4405757E +00m
2.57148583E +0001

1.82084455-0001
148578586000
1.73636822-0001
1.2830487E-00M
S 43481 E-0002
1187726250001
1.821 8754E-0001
1.1B04665F-0001
1.5475650E-0001
1.41B5340E-0001
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CALIBRATION OF DUTFLOW GALUGE

BELLOWS DIAPHRAGM MOVEMENT

POSITVE TQ NEGATIVE VOLTS NEGATIVE TO POSITVE
FTLRNS OF[VOLT . = JCUMILATIVE | TLIRNS OF[VOLT
SCREW [READING [VHE SCHEW |READING
CYLINDER CYLINDER
0 2223 [ [+]
ig 1488 | 10
20 102 | 20
u 20 34 | 20
40 1866 [ 43
R o
0 1948 [ 14
g 296 |- 2a
20 448 L @0
i _=0 AT | A0
40 22071 5
[+} 2248 [+
16 1202 | 10
2q 183 |- 20
20 -84 | 20
40 1914 | 40
R 50} 0
:?‘
L3
h
LINEAR AEGRESSION ANALYSIS OF
. SOREW CONTROL G‘MNDEH
~ Regreasion Output! Regressiar Output
Constat o Conctant o
St Esr ol Y Est 0.238560774 St Err of Y Est Q073267195
. R Squared 0, DSHEXI0S R Squerad C.B2SHRAE0R
: Ne. of Ohservetiona 8 Na, of Observabions &
: ] Degress of Freackith 4 [egrees of Freadom 4
X Gogfigient{s) 1.9542 X Gorfflcient(s) 1.97001 3223
Btel Err of Gost, DLULAG [ B6 Std Err of Cosf, 0.001927487
vy LINEAR REGRESSION ANALYSIS OF
T OUTFLOW GALIGE
Hagression Qutput; Regresgian Quiput:
C Gonstant o Ganetant o
Sin) Ecr of Y Egt 0.20455604 Std Err oy Est 0,070041088
R Sguared 0,9500823338 A Squsred 089998084
No, o Obgervelions 17 No, of Observatinte 17
Degress of Freedom 16 Deogrees of Fraedom 18
X CoefMclent{s) OHE2tE X Cosficient(s) “{L0131504
. §id Err of Geat. 1,660465-05 Stef Brr of Coaf. 5.800756-06
10
; L |
. T,S; i@l
,:_/ .
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| APPENDIX 2 _
DETERMINATION OF A SUITABLE MATHEMATICAL MODEL




BRUTSAERT MODEL

where :

S. =
h =
BgA =

For further details

FERMI MODEL

where :

o

-

=
1]

For further details

MATHEMATICAL MODELS CONSIDERED

A+hP

effective degreé of saturation or reduced water content
capi’lary pressure without the negative sign (cm)

empirical constants affecting shape of the curve

on the model refer to E]-kadi {1984).

1 exp[( [ Pc'lﬂ)]

effective degree of saturation or reduced water content
capiilary pressure without the negative sign {cm)

empirical constants affecting shape of the curve

on the mode} refer to Bumb et al. (1992)
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VAN GENUCHTEN MODEL

where :

S,
@
0,

0,
h

- h,m,a

e G B MO

il

n

8-8,

B,-6,

8, - [1+(eh)"I™ where §, -

effectivé degree of saturatibn-or reduced water content
volunetric (cm®/cm®) or water content (g/g)

residual volumetric {cm/cw’) or water content.(gfg)
saturated volumetric (cm'/onf) or water content (g/g)

capillary pressure without the negative sign {cm}

= empirical constants affecting shape of the curve

For further details on tha model refer to van Genuchten et al. (1992)
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CLAVE FITIHING ANALYSIS - CAPELARY PRESSLEE VS VOLUMETHIC WATES CONTENT

CONSTANTS

B1 Bz B3 B4
VAN GENLUCHTEN MODEL 03048857  {129c0@6s 000116t 3326634
FERRM LW 0EL 0910357 Q1318345 8901574 2085074

B ATHET ¢« MODEL 0420 Z787 0084800762 1708371 2183507

VOLUMETAIC WATEA CONTENT
CAPLEARY VAN FERM | BRUSTASAT] DATA POINTS

GENUCHTEN | MODEL [ MODEL
MOCEL '

304866/ | 0405442 | O42s12787

| 0.0048355051 | 0.406535 | 0.4280088

3| DEMSE54eM4 | GaliEBi4 [ 0424493 :

|_D2335585808 | 0.090948 | 041810454 -

| 0891 7E11558 | L39S191 | D4UBceEes |
0.  0.388412608 | 0888444 | (LIDTEE73

S| O.3sseo7aze] | 0087965 | 2841480 |

Y| 08768947738 | (37788 | 036527454 ¢ °

| 0363313906 | (.564104 | Q3E34E142

| 8msqorovsar | 0352883 | O.B5T1OE ¢

Hri] 0.3401 992872 | 0.839601 | 0.aP087Ema |

| 03248500668 | 0825200 | 0OMBEERS | &

3} 03074068034 | (00951 | 0OBUAL749 |

| 02pogaretid | 209518

| 02722903184 | Q275855

) 035585001 57 0,2588
(| Q226286665 | 0242231

0| 02245446344 | 0998575

v Garistesees | o212ies
1 Dituetvecs | O192212

880 | 6183031577 | 018219

018205812 | O.187ESS

5 {.18007=29745 0178

J 01723454301 | (168864

| O1ESTH 2045 | 162608 | 017467076

| oiemti7esy | 15892 | 016se2ez8

| 015556523 | 0155105 | 046300046

¥-| Q1544506703 | 0151962 | 016204005

Y| 01512696316 | 0148357 | 015801853

v 01478371483 | 0148358 | 016306748

+ 01440200086 | 014277 | 014806804

| 01424638677 | 014078 ) Q14617448

3] 01403712206 [ 0139185 | 0.141955448

0138582069 | 01357534 | Q13823861

‘| 01 3707ESE4P | 0136685 [ B135iT14

;| 01357828854 | 0138143 | 013233776

| D1S467E0220 | 0138517 | Gearivas

0| G1337E67074 | Q186023 | 012720062

'] 01320106312 | 184633 | 012504087

H| 1322060577 | 0134325 | f12eesne

;| 01320781408 | 0134272 | 01228512

:| 01315989524 | 0134082 | 121900855

y| Gi3107a0162 | 015a8e] | 041820087

0130814381 | 0133741 | (k11751506

50| 61302158401 | 01533622 | 0.115094537

F D125857EC63 | 0133520 | 11447208
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CL7VE FITTING ANALYSIS - CAPILLARY PRESSURE VS WATER CONTENT

CONSTANTS
. By B2 B3 B4
VAN GENLTHTEN MODEL 034382081 010616672 0001018 2844257
FERME MODEL ' Qoresaies 010060880 65406874 228125

BRUSTAERT MICOEL 037013261 BOF448511 1485454 . 21702

WATT ™ CONTENT

CAPLLARY % 1 FEAM

PRESSURE] GENLC TEN| MODEL

-{gm} MCODEL -

0% 30e] | G580 |
O.84381 7654 | 0.855182

1 G3aT 62574 | aSI 208

G

G.341 53¢411 | 0848863

0, H38536503 | 0.340855

0.834338

Q3ev4s0esd | 0328604

0.315092607 | 0.217691 | 01402778

b
o

0.208001 628 | 0.307568 | Q20062055

e

1 0257006350 § D20R26R | 0.2548413
0283820230 | 028387 | 02703655

0.255651 856 | 0270565 | 0.25618518

)

0.554505724 | 0255594 | 0.24261450

1 GEACHIU 8 ) 0248257 | 02876008

0] ©.o058572844 | 0.207603

7] 2 EeRda7 | 0oioed

|| 0.1 86518253 | (1187858

%] 0.175764675 | 01 76365

Fi 0165080518 § 0156046

1 0160823121 | 3160435

£00

850

fIra)
" 750 2068
"T800.| 0198613262 | 0,260408 | O
.:m

80

BED

o80

ie]

| 0157541605 | 0156837

oe| 015008788 | 0148018

A7 014353077 | 0142253

23] 0428082708 | 0126450

1 0138333162 | 013E1Y

| 0120085001 | 0127581

-] B128852354 | 01268881

1 0125847427 | 0124241 | D1313145

| 0122832312 | 0.1214091 [ 0.12748001

4 0120464165 | 0115238 | 12308508

] 0118375855 | 041738¢ | 0.12076568

1| 0. 18609128 | 01185502 | 01178356

11511384 | Oi148a7 | 011508426

&0 | 014847628 | 0198703 | B3 1250858

5] 031277407 | 0112908 | 0.11027648

;1 0111852500 | Q.112265 | 0.10817052

| 8111087857 | Q911746 | 010616285 |

1| 390437650 | 6171828 | 010433078

| 0102864516 | 0110992 | 0102453076

Qicoveztdl [ 0910833 | 010230885

X1 0.3 Co@s08a [ 0110721 [ 030185111

bl

0.1{8570672 | 0110503 | 0.088581 38

.&_
88

0.1065 Ba54 | 0110827 | D0SEsT 21

G106 2110 | 0110185 | D.OSEE3486 1

210804050 [ 0110073 | 00287418 [
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RESULTS FROM GURVE FITTING ANALYSIS USING VAN GENLUCHTEN MODEL
CAPILLARY PRESSURE- VOLUMETRIC WATER CONTENT

CURVE FITTING USING LEVENBERG-MARQUARDT

FUNCTION:
B1-b2*(1 + 03N~ b ™ (-(b8)) +h2

Faclor for caloulating derivatives = 1,000E-0009
Starting value for slep iength = 1.000E-0001
Smallest value for step length = 1.000E-0006

Madmum number of fleratlons =1000
Number of data points = &
Total number of parameters = 5

Number of parameters fobe varled = &

Inttlal estimates;
b1 = 4.00000000E-0001 b 2 = 1.000000008-0001 b 3 = 1,00000000E-0003
b 4 = 4,00000000E4+0000 b 5 = 1.00000000E 40000

Step length = 1.000000000E-0005
Nuirber of itegations == 4
Number of data points = &
Sum of sguares of errors = 1.076679376E-0004
Total number of parameters = 5
Number of parameters vaited = 8
Estimaied standard devialion = 1.087631 61 9E-0002

Minhmum obtgined - normal snaination
Final set of parameaters (and ést!mated standard devialions):
b1 = 48486670E-0007 {1.735E-0008) b 2 = 1,2698854E-0001 (2307E-0002)

b & =1.16071 87E-0003 (9.837E-0004) b4 = 8,3266230F-+0000 (1.644E +0000)
B E = 1.5055140E 40000 (3,231 E+0000}

X = CAPILLARY PRESSURE (cm)
y = VOLUMETRIC WATER CONTENT {om ™ &/cm ™)
x Y
' obs oale obs - cals

2 5000000E+0002 &.80888000E-0001 &.8841270E-0001 4.7729727E-0004
4.5000000E+0002 3.5323600E-0001 3.5427276E-0001 -1 WQEETEME-0003
8.5000000E+0002 2.20665005-0001 A2454463E-0001 5,1203669E-0003
8,8000000E +0002 1,851 5800E-0001 1.9303116E-0001 -7.8781550E-0003
1.2600000E+-0003 1.6656200E-0001 1.5444667E-0001 4.1053315E-0003
1.8600000E+0003 1.3093800E-0001 1.3207814E-0001 -1.1431390E-0003
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RESULTS FROM CURVE FITTING ANALYSIS USING VAN GENUCHTEN MODEL
CAPILLARY PRESSURE - WATER CONTENT

CURVE FITTING USING LEVENBERG-MARQUARDT |

FUNCTION:
(b1-bZ*{(1 + (b3 ™ ba) ~ (-3} +b2

. 57
Factor for caloulaling derivatives = 1,000E-0008 o

Starting vaiue for step length = 1,000E-0001
Srnaliest value for step length = 1.0008-0005
Maximium number of iterations =1000
Number of datg polnts = 6
Total number of parameters = &
Nutriber of parameters tobevarted = &

initia] estimates:
. b1 = 4.000000E-0001 b 2 = 1,00000000E-0001 b 3 = 1.000000C0E-0003
s b4 =2,0000000°E4+0000 b&w= E.OOOOQOOOE-!-OOOO :

Step length = 1,000000000E-0005
Number of leraions ~ 4 : :
Number of datapolnts = &
Sum of gguares of errors = 7,944538408E-6005
- ‘Total number of parameters = &
Niimber of parameters varied = &
Estimated standard deviation = 8.81321 401 BE-0003

- Minirmum obtalned - normal termination

Final set of parameters (and estimated standard deviations):

£ b1 = 24393381 E-0001 {1.920E-00028) b2 =1.0616672E-000 (1.942E-0002)
b 38 = 1,01 795485-0003 (1,820E-0003) b 4 = 284426685 +0000 (1.510E-+0000) Lo
b & = 2131 5363E+0000 (6,079E +0000) ' - N\

AR x = CAPILLARY PRESSURE (o) | S
- y = WATER CONTENT (@/) £

O X ¥ .
. abg . ¢alc obs - calc

o 1 2.5000000E +0002 3,3425300E-0001 3.3390804E-0001 8.4486306E-0004 ' R
j ' 2 4,5000000E+0002 £.9621600E-0001 25703636E-0001 -B.2035908E-0004 _ ot
2 8.5000000E+0002 1.9121700E-0001 1,8661826E-0001 4.5987432E-0005
4 9.8000000E +-0002 - 1.541 1000E-0001 1.6082313E-0001 -6.7131262E-0003
5 1.2600000E+0003 1.3197500E-0001 1.2855236E-0001 3.422641 BE-0003
€ 1.8600000E+0003 1.0891100E-0001 1,0576214E-0001 -B.5113521E-0004
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RESULTS FROM CURVE FITTING ANALYSIS USING FERMI MODEL
CAPILLARY PRESSURE - VOLUMETRIC WATER CONTENT

CURVE FITTING USING LEVENBERG-MARQUARDT

FUNCTION:
©1-b2* (/11 +exp(&-b3/ba)) +b2

Factor for cafculating gerivatives = 1.000E-0009
Staring value for si., i length = 1.000E-0001
Stnallest value for step lengif = 1.000E-0005

Maxdmurn riimber of feralforis = 100
Number of data points = &
Total number of parameters = 4.
Number of parameters {0 bevarled = 4

Initial estimates:
b1 = 4.151 03563E-0001 b2=133183463E-0001 b 3 = 8.991 57463E 10002
b 4 = 2.08507367E-+0008 :

Step length = 1.000000000E-0003
Number of lterations = 4
Nuinber of data poinis = &
Sum of squarés of errors = 1225457 421E-0004
- Total number of paramelers = 4 o
Numbei of parameters varled = 4
Estimated standard deviation = 7.82771 1 738E-0004

{Not converging further)
FInal set of parameters (and estimated standard devistions):

b1 = 4.1010357E-0001 (2358E-0008 b 2 = 1.3318345E-0001 (7.608E-0003)
b 3 = 6.991 6744E +0002 ( 5.227E+0001) b 4 = 2.0850739E-+0002 ({ 3.600E+0001)

' % = CAPILLARY PRESSURE (crm)

¥ = VOLUMETRIC WATER CONTENT {cm ™ 3/cm ™3}

X y
obs calc obs - calc

1 2.5000000E40002 3,8889000E-C001 2.8538402E-0001 -4.9402870E-0004
2 4.5000000E+0002 2.5323600E-0001 3.5266331E-0001 5.7288917 E-0004
3 8,5000000E-+0002 2.2966500E-0001 2,2657524E-0001 3,0807606E-0003
4 9.8000000E+0002 1.8515B00E-0001 1,9819008E-0001 -7.0320832E-0003
5 1,2600000E+0003 1.5556200E-0001 1.5186171E-0001 7.2002908E-0002
€ 1.8600000E-+0003 1,3093500E-0001 1,3427162E-0001 -2.3366303E-0003
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RESULTS FROM CURVE FITTING ANALYSIS USING BRUSTRAET MODEL
CAPILLRY PRESGSURE - VOLUMETRIC WATER GONTENT

CURVE FITTING USiNG LEVENBERG-MARQUARDT

FUNCTION:
(b1 -b2i*{b3/(bs+ & ~ bdi +b2

Factor for calculzfing derivatives = 1.000E-0009
Stariing value for step lengtht = 1,000E-000t
Smallest value for step length = 1.000E-0005

Maximuirr number of llerafions =1000
MNurnber of data pointz == 6
Total nismber of parameters = 4
Numbet of paramelers to be varled = 4

inifial estirnates:

bt = 5.63342313E-0001 b 2 =-5.75808662E-0002 b 3 = 6.501 50620E+0002

b 4 = 9.88748764E-0001

$iep lbngth = 1.000000000E-0003
Number of lteralions = 244
Number of dalapolnts = €
sum of squares of errors = 6,581 57781 6E-0004
Totat number of parameters = 4
Number of parameters varled == 4
Estimated standard deviation = 1.807148287E-0002

{Noct converaing further)

Final set of parameters (and estimated standard deviations):

D1 e 4.2012797E-0001 {2884E-0003) b 2 = 8.4550762E-0002 ( 3.035E-0003)
b 8 = 1.7083707E+0006 ( 6.265E-+0005) b4 = 2.18368074E+0000 (5.544E-0009)

x = CAPILLARY PRESSURE {cm)
y = VOLUMETRIC WATER GONTENT (em ™ 3/cm~9)

X Y
obs calc

8.5000000E-+0002 2.2966500E-0001 2.2466760E-0001

LT S S R

2.5000000E+0002 3,8889000E-0001 2.8756731E-0001
4. 5000000E+0002 3.5323600E-0001  3,3719021 E-0001

9.8000000E+0002 1.8518800E-0001  1,$975366E-0001
1.2600000F +0003 1.5856200E-0001 1.6204041 E-0001
1.8800000E+0003 1.3004500E-0001 1.2266121E-0001 8,3637931E-0008

obs - calc

-8,67731 49E-0003
1.6048786E-0002
4.9974021 E-0003
~1.45956864E-0002
-3.4784077E-0003
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RESULTS FROM CURVE FITTING ANALYSIS USING BRUSTRAET MODEL
CAPILLARY PRESSURE - WATER CONTENT

CURVE FITTING USING LEVENBERG-MARQUARDT

FUNCTION:
{b1-b2*haf {3+ () ™ bay +b2

Factor for calcuiating derivatives = 1.000E-0008
Starting value for step lengtht = 1.000E-0001
Smallest vaiue for step length = 1,000E-0005

Maximum number of iterations =1000
Number of data points = @
Total number of parameters = 4
Nurmber of paramelers o be vared = 4

Initlal estimates: . : '
h1 = 4,29906744E-0001 b 2 =-3.41534880E-0002 b 3 = 6.965343814E 10002
b 4 = 1,01835724E+0000

Step length = 1.00G000000E-0003
Mumber of llerations = 250
Number of datapolnis = 6
Sum of squares of erors = 3,71 61 30580E-0004
Total number of parameters = 4
Number of parameters varfed = 4
Estimated standard deviation = 1,3863108688E-0002

{Not converging furthen
Filnaf set of parameters (gnd estimated standarg deviations):

b1 =37013261E-0001 (2356E-0003) b2 =7,1448111E-0002 ( 2243E-0003)
D 3 = 1.4354541E+0006 ({4.648E+000E} h 4 = 2.1702003E +0000 (‘LBSQE-OOOQ)

x = CAPILLARY PRESSURE (cm)
y = WATER CONTENT (a/g)

x y
obz calc obs - calc

2.50000G0E+0002 3,3425300E-0001 3.4071 8586E-0001 -5.5329641 E-0003
4,5000000E4-0002 2.9621 600E-0001  2.8494128E-0001 1.1274712E-0072
8.5000000E+0002 1.9121700E-0001 1.8692754E-0001 4.288461 0E-0003
9.8000000E+0002 1.5411000E-0001 1.6595] 83E-0001 -1.1841 83a5E-0002
1.2600000E +0003 1.3197500E-0001 1.3462703E-0001 -26520298E-0003
1,8600000E +0003 1,0851100E-0001 1.0230554E-0001 6.6054582E-0003

[ I I A S )

141

TN T T e

. flj‘.

T



(A

r —

" APPENDIX 3

| COMPLETE TEST RESULTS OF ASH TEST 1,2 & 3
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e SUMMARY OF RESULTS
' SAMPLE: ASH TAILMGS TEST
DIMENSIONS IN em AND g

DIAMETER 703 7.075 69
LENGTH L8085 3118 3.07 -
S GRAVITY| _ 2192239 | 2199338 2199721 | 2126009 | 2164744
FINAL VOLUME T & 119.0871
VOLUME $OIL _ : 63.76981
BOWL 189,838
WET SOIL & BOWL 348,548
' DRYSOIL&BOWL = 328,688
WATER CONT. 012158492577
- VOLM CONT. 0.141 74501762
APPLIED | _ TOTAL | FLOW , ACTUAL | TOTAL
PRESSURE] VOLUME VOLUME VOLUME INITIAL " FINAL FLOW FLOW |
kPa | volts cm™3 cm”™3 | " volis voits em~3 | om”s
0 €67 | -0.1446730587 | 1244141 - 6| 37.46848
o 20 650 [ 1.2106315614 | 11.0781 -1281 ~7a7 | 7153816 | 80,1166 |
4 80 602 [4.73116505508 | 7.565574 379 831 | s.836702 | 2097488
. ‘ 110 577 [6.38512181602 | 5811611 358 1018 | 8.879262 | 1229562
JEAE 140 | . 555 |7.75811025261 | 4.543622 1478 -1006 | &206807 | 6.088634
b _ 190 516 | 9,99932607858 | 2207408 2347 [ 2191 | 2051462 | 4.08717R
0 250 472 (122967326656 0 -2205 1898 | 4.087172 0
B APPLIED | SUCTION | VOLUMETRIC | WATER | DEGREE [ SLOPE
S PRESSURE CONTENT | CONTENT| SATURATION
kPa kPa cm ™ 3om™ 3 g/ag : .
o - |o41a18411473 0391445 | 0802082856 -
T 30 15 [0.96286214057 | 0.998017 | 0.71090289 | 0.9086%1
80 49 | 0.2 398740735 | 0.272655 | 0.602183084 | 1.004725
L 110 67 {0.23040741518 | 0.210148 | 0,476657419 | 0.861292
: 140 | - 109 |0,18579420815 | 165441 | 0.983020016 | 1.091624
" 190 140 [0,172321 62456 | 0.150664 { 0,363179513 | 0708172
: ’ £50 014174501762 | 0121685 | 0.808269727 | 1,227554
&
L
i Q@
.y
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1554KH |
16.67008 |
16.67008

AShTEST 1 APPUEL AIR FRESBURE 30xPa
o .
TIME FLOW FLOW BREDICTES Regisson Quipl. TIME | SUCTION | SUCTION |8
ewntes | wole frssd Fuow : hoes vers i :
[} Bt [ Cortztant ) ERE. - ] 124} 29.:56673 |
1n 228 | 0885451 o 0% SidEr oY g 0.0405C5 1] 70| 18a7008 |-
0[] 195 risee OUI3ZE 16 |F Squared . 0Hop?Y 2 S3[ t42r4ma |
= 1155 | ts4ars 1 o2needene? (No. of Oervaons 8 z gaf. 1aryr
4a ae | 259M8 |oatemeerH |Degrees of Freedom 7 4 64} 140148
1] <1086 [ 268426 . B B4 t4pde |
50 <088 apiizs A Coeficamts} B.20099 5 54| 140143 |
b Amal 2488 StFErr of Coed. oo 2845 7! 85 | 1427400 |
Y Seg|  Rasm »: B 641 1452929 |
L) G50 [ 422115 [) o5am 0 8 és | 1458220 1
100 S ASms OUTELOW YOLTAGE ta ar | 1479848 |
1o 207 48R INITSAL, 1281 i 1 62 | 1479248 |.
120 B84 | G2 FINAL 73t 12 & | 14748 |
E] 63| 54967 : 13 87 | 1470248 §
140 844 | E7HGS VOLLIME VOLTAGE t& 63| 1453320 |-
Y 150 szt abvo INITRSL 567 15 €9 | {8a0ea | :
163 | avess FINAL 649 16 63| iGote | :
17 77r | aeeTs 34 69| 1831080
180 55| BOES 8 My iseeaze :
. 186 73], 71638 15 63| sagieea ] f
2 | 158R90 | :
2 72 | 1abas4m I
2z 7t isezea | ;
23 74| samarar [ :
24 70| 1467008 ) i
= 70| 1567008 | f.
25 69 | 1E3CHE |-
b7 By | tazites | :
8 59 | 1591088 | H
29 701 1667008
@ & | s631088 | -
2t 70| 1887008 |
2 891 185i088 1
23 68 | 1525088 § i
a4 83 | 1ea1000 |- ?
£ 24| tesvo0a i i
o} 691 153088
a7 0] issmo0a |
o ] 70 | 155108
.: a9 -70{ 1567008
an B9 | 153108
a boo ‘
&2 n
42 Lok
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~ FLOW (log cm ™ 3)

* OUTFLOW AT 30 kPa

12 14 18 18 3 o2
- TIME (log min)

| ~=—~ Experimental points -+ Linear regression
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'CAPILLARY PRESSURE AT 30 kPa

SUCTION (kPa)

28
26

24

22+

20

18

16+

14+

10

15

20 25

TIME (hour)
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AS-TEST1 APPLIED AIR PEESSLREBAKG

f:12]
 TME [ FLOW FLOW LOG LOG | FREGISTED Regresyon Citou.
tpnies yois e~z :
o E-r 0 Congtart
o 23 oeH2f: SIEr of ¥ Est
20 19 1 2624 R Stuared
20 445 L8673 Ne of Cireeryanng
40 2| 255425 Degyees of Freedom
& ant 224805 HET, : ' _
=] 10[ 200585 [ X Coefficlers(s) 1004725
] 59} 4540 Bt Bt of Coef. o050
" Lie] 108 Gi%428 )
. m|t 185 SRS CUTFLOWYOLTACE |
100 i M7 INITIAL arg
HY 245 SEa5R FIRAL ]
120 eea| Tseiss
120 331 | eizsy | 2ism0u; VOLUME VOLTAGE
" INITIAL 850
FINAL G0
.9
[}
[ 1
O
i
146

-220%97
n5oREs
R99501
13
1

THAE | BUCTION ] BUSTION [ SGTION
howre yoke Pz
-0 203 | 7a42804 |
1 182 4acezed |
2 1781 4420000
2 177 | saTEESd
4 172 | 4278859 |
5 3751 4asepef
a 124 A2088 |
H 17a| szoma)
8 tral 4zeen )
8 173 427208 |
10 173 4278
11 179) 127ee|
12 172 | 4247081 |-
13 172 | 4247081 |
14 iR ] aeZia |
15 i3] wree|
16 172 4247081 |
1 17| 42204 |
18 12| 4za708i |
19 172 424705 |
a 171} 4221t
21 172 ] 424706
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FLOW (log cm ™ 3)

OUTELOW AT 80 kPa

el

e

'_', L
- .
o . -

Pz

1.2 1.4

186 = 1.8

TIME (og min)

—e Experime_htal points

-------- Linear regression
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| i e

SUCTION (kPa)

o
|

ol

~ CAPILLARY PRESSURE AT 80 kPa

754

60 \

50 . e ' _
45 ” “_L._-‘\_HL‘—O—MH |

40 , — . . _
0 5 10 - 15 . 20 25
TIME (hour)
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ASHTEST 1 APPLIED AR PRESSUAK 1101P8

1148

Tifdg LA FLOW Lo (X8 O] FRELICIED
S f mirestee ok yohs TIRE FLOW ELOW

[} 258 ERA
10 450 4 | ooe2148376
bl 524 41 [gdpasaza
= 5 5 | 0.9991 25845
40 663 5, D&01 TSRO
50 bich) ‘G6BY46Y 70 B85356H
50 At Ao 1 07615 | 075G
Ml gzl GA0MYT |t mMaDRe | BEISSH (0B 108
st a1 | 727195 ] - 190809 | GAdteEt:) 0861 Lar
o0 a6 | 75052 | 1954240 | GO02629 ] 0Ba5iEhaty
100 1t BB w gz | 0ussdndsg

Fegreseoniuipd.

Coniat A77h24
SlEx ol YES1 0002469
R Souared nagoese
Na of Otrerymian: it
Lrerreps of Freptum 8
X Coplliciennys) 0 AG5Y2
SdEer o Cart annk23
OU L POL AL

IMITIAL pil

FINAL 1018
VOLUNE YULTAGE:

(MITIAL TG0z

FIMAL an
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5085720
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2
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258
2R
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260
- ird
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28}
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260}
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FLOW logcm”™8)

p'
g

- Y

 OUTFLOWAT 110kPa

o
©

o
m .

o
“J

O
[v)

‘0 L]
en

o
N

o

o
5

—t

14 12 18 14 15 16 17 18 18 2
TIME (log min)

—=— Experimental points -~ Linear regression
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CAPILLARY PRESSURE AT 110 kPa

100

05t

90

85

80

SUCTION (kPa)

75

|

|

|
i

65
0

5 10 15 20

TIME (hour)
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ABHTEST t APPLIED AIR PRES3URE 140kPa

Fegreseon CLip,

140
TIME rELOW FLOW LG LG ) PREDICTED
frrtes voltz em~3 TiE FLOW FLow |-
[ -i478 o [ ERA ERR |Condtart
10] sl gno DA4BBR} 012692649 {BIIE o Y Eat
0 a5 | 16208,
2 4gal | z4tong
40 AZ38 | 218845
5] i85 | asme
80 16 [ 44847
70 4107 | 487068
w0 Aarg| £26883
20 042 | 564135
100 oER |  BEdeE 2 | arrsoEs | COSSGETEF [OUFLOW VOLTAGE
110 4005 | gonge | 2hM293 | 470%R4Y | OHISERNISS [ NMAL 1478
. FINAL 1005
VOLUME VOLTAGE
MITIAL 877
FINAL =]
152

-1 22855
GOE0744
i

TiME | GUCTIUN | SLICTION
| howee yots K
[ 618 | 12328664 |
1 434 | 1108382 |
2 436 [ 111044 |
2 a3 [ e |
4 420 | 1038964 [
5 48| qog2af
8 427 [ togiz08 |
? 429 | jooegez [
& 427 | 1081208 |
8 AZE | 1088616 |-
10 4% | 1085024 |
1 427 | yog1208 |
12 428| {cozel)
12 425 [ 1oaBaid |
14 aze| 1omeml
18 428 | 100.8818 |:
18 426 | 1CRE024 |
12 425 | 104024 |
18 4za | o692 |
g 425 | 1086024 §
426 | 10BBEE |
2 423 | 1086034 }
22 4268 { 1088416 |




- FLOW {logem™3)

. 1 T -

OUTFLOW AT 140 kPa

u"+ .

1 12 14 1.6 1.8 2
ST " - TIME (log min)

—&=+— Experimental points - Linear regression
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CAPILLARY PRESSURE AT 140 kPa

185 -
.

130‘\

TR,

e,
n
i

SUCTION (kPa)

120 \ et eprreseees s eepsesespsamsinims | yovaee o :
115 '

110 L\~. :

105

0 5 10 i5 20 25
TIME (hour)
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a - u.
5 o B ! - :
.
ABHTES 1 AFPLIET AH PRESSURE 190 kP
190 : .
. 1k FLLW FHELICTELY Henrans i TINE BLHIION BLIC"DN'; AUGTION
v  isd e FLOW houts vohs Kz |
o eI ERR | Comstart 1.3781 ] 706 | #8690z |
10 w2282 A5 | 037264246 | Stk of Y Est . DbgT40n t §59 | taarore
0 233 11 D4E096ESS R Bousred 0o88g58 2 549 | tdt.2082
o5 Ei] ] 1 -0.56262842 IND, & Olcervatons : 18 3] &4} taases
b 2214 -(329551285 | Denraas ol Fraedom [ 4 §48 1 HAR42PT
a5 2o08 | 051205 02R9236Y § 848 | 1404277
a 2l | Q57E | ‘024838488 1% Coefzerisy 6705172 6 B45 | 1401685
45 o | o6Ems 1 21208218 L3ta ger of oot 00104 7 ga5 ] 1404605 b
50 o8| 0dsss {1 70485 B 646G | 1401645
G5 2185  oogees | B8 | 046071915 JOUFLOWYOLTAGE g 545 | 140.1GE5
44 -2t Hragis ] 1 isg| Q1z4nen AETIAL oY i G44 | NG
- TiNAL z191 1 &5 ] 1401605 |
- 12 646 | 1404277
. VISLUME YOLTAGE 13 845 { 1401685
INITHAL, B 14 Hafs ] 1401085
AL B4G 15 s4a] 1407665
16 G445 | 1401685 {
17 846 | 1402277 |
8 843 | 141.208 |
19 648 | 1aneas) |:
ha
k
1 ..I:} ’
1
\% B ;‘h;‘i
O
1
H
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FLOW (log cm ™ 3)

0.4+

-0.5+

18 14 15 16 17
TIME (log min) |
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i

~t+— Experimental points -+ Linear regression
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L 4

CA

200

190

180

SUCTION (kPa)

160+

\

160

140+

k

.

#ak4m-~ak4w-u—4r—u-ikqm-mﬁkﬂg ....... :

130

6 8

10 12 14 16 18 20
TIME (houn)
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ASH TEST 1 APPLIED AR PRESSURE 250 kPa

. 250 _
TIME FLOW FLOW | LOG LOG | PREDICTED Regression Quiput:
minLites volts sm”™3 TIME FLOW FLOW :
ol -2208 -0 ERB EBR ERR [Constant =2,08024
10 2189 02104 1| Q87695 | -0,8226068 |Sid Err of Y Est . 0oloizs
20 2176 | 038135 1.30103 | -0.41868 [ -0,4521561 |R Squared ' 0.897868

- 30 2160 { 059176 | 1.477121 | -0.22786 | -0.2369946 [No. of Observations 9
40 2141 | 08416 | 180206 -0.07488 | -0.0836255 |Degrees of Fresdom 7
50 2121 | 1.1048 [73:8989] -1 003533676 .
60 2103 18418 | 508:] 0.18253603 (X Coefficent(s) 1.227554
70 2084 | 1.58115 | 1| 0.21471684 [Std Err of Coef. 0.021448

80| 2080 | 1.90675 | 1.90309 | 0.280494 [ 0.28590508

90 2040 | 216975 |71.964243 1 0.33641 | 0.248697%58 |OUTFLOW VOLTAGE
100 2010} 266425 i 6| 0.40486738 | INITIAL 2205
1o 1987 | 28667 | 20413931 0457882 | 0.45567914 [ FINAL 4898 -

0.54473901

130 | -1930{ 361625 |2

VOLUME VOLTAGE
INTIAL 516
FINAL 472
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FLOW (log cm ™ 3)

06T

0.4

0.2

-0.2

"0..'4 L &

-o_et e

0,8 e e s

1 12 14 16 18 2
| TIME (log min)

—&— Experimental points -+ Linear regression
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A

SUMMARY OF RESULTS
SAMPLE: ASH TAILINGS TEST2

DIMENSIONS IN ¢m AND g AVERAGE
) DIAMETER 7185 7.8 7.33 P7okeasad
' LENGTH | - 2.855 2,83 ] ; -
- B GRAVITY 2192239 | 2199328 2109721 | 2126009 | 2164744
FINAL VOLUME T . o 117.6184
VOLUME SOIL 64.96937
BOWL 176.4
WET SOIL & BOWL - 83ag
DRY SOIL & BOWL ' 317.8
: WATER CONT. . 01089108911
T YOLM CONT. 01309352299
APPLIED : _ 1 TOTAL FLOW ACTUAL [ TOTAL ]
PRESSURE] VOLUME! vOLUME . ., VOLUME INITIAL FINAL FLOW FLOW
kPa volts cmi™8 o™ 3 volts volts cn™3 cm”™ 3
) 662 | 0,.2682742490 | 1653468 _ 0 | 4643296
20 417 {14.879072122 | S.91868 -242 -739 | 6.6G95AT | 31.8638]
60 246 |17,838357619 | 0.958504 214 196 | 5378512 | 264848
90 324 | 168.684840388 | 0113111 ' 184 1318 | 148465 | 11,6381
119 293 |19, 7206046857 | 0.075347 1431 1032 | E.247008 | 6,301083
120 323 118.722604657 | 0.075347 | 415 <77 | 3125794 | 3261208
160 322 |16,760308376 | 0.027643 480 585 | 1.775304 | 1,486905
200 a21 118797861706 0 _ -403 200 | 1.585005 D
APPLIED | SUCTION | VOLUMETRIC| WATER | DEGREE | SLOPE
PRESBURE CONTENT | CONTENT] SATURATION
e kPa kPa cm”3em™3; gfg
Su 0 . 0,3553041912 | 0.330714 | 0.7562857061 .
30 28 | 0.3080805642 | 0.834263 | 0035560697 | 086276
60 45 | 0,3532056277 | 0.256216 0.7813627621 | 1.019601
. 90 85 | 0.2206648607 | 0191217 10,512481 8743 | 1,073666
o 110 o8 (0.1 951566286 | 0.18411 |04183m58002 [ 110187 -
L 130 126 101505621605 | 0.121575 | 0.3529€07869 | 1.110192
o 160 - 01438536600 | 011542 [ 0.32051 66862 | 0.961978
R £00 186 | 0.1309362300 | 0,108211 | 020251971 | 0.908485
0
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SUMMARY OF RESULTS
SAMPLE: ASH TAILINGS TEST3

DIMENSIONS IN ¢ AND g :
DIAMETER T T 7.8 6,88 6.96
LENGTH 3.6 a12 3,03 2,89 2.06
5 GRAVITY] 2192238 | 2199338 219721 | p12600n | 2164744
FINAL VOLUME T ' _ 124,7309
VOLUNM:E 501, ' ' B1,60862
BOWL . 174,668 -
WET SOIL & BOWL - @8s.738
DRY SOIL & BOWL, 351.65
WATER CONT. 0.09654664862
VOLI CONT, . 0.13689896213 -
' . 665 -0.06260936
RESET VOLUME GAUGE _ -1 2772769951
APPLIER | VOLUME |  VOLUME TOTAL FLOW ACTUAL | TOTAL
PRESSURE : ' VOLUME | INITIAL FINAL | FLOW | FLOW
KPg volls cm ™3 om™a vhits volts sm™ 8 emn”™ 3
0 665 [0.01921636173 | 38.57087 ' 0| 4522849
) 40 359 [17.3235403543 | 21.37564 364 1254 | 21,88/34 | 2384118
60 262 [20.01661191234 | 17.60267 1124 <278 [ 11.11209 | 1272008
110 182 | 24.8060200388 | 1270228 336 ‘926 | 7.812085 | 4,916996
160 | 628 30.6775734085 | 7021812 916 1091 | 2313817 | 2608779
200 501 | 38.5901 85454 D 1077 -879 | ac0a7y 0

APPLIED | SUGTION| VOLUMETRIC | WATER DEGREE SLOPE

) PRESSURE CONTENT | CONTENT] SATURATION
e kPa cm”™3em”™ e
C ) - 0,38158208092 | 0.450083 | 0.760077544 -
' 20 - 0B 0,20042411872 | 0.231246 | 0,620768202 | 1.131574
60 63 |0.20836970088 [ 0168464 | 048808717 | 0.765193
110 108 |0.15955750543 ; 0124326 | 0.3D5313676 | 1.738067
160 | . 155 |0.14644660699 | 0111257 | 0488643245 | 0.911507
200 190 |0.136998D6213 | 0.096546 | 0.303668788 | 1.279425
O -
A
A
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AZH TEST JAPPLIED AR PRESBURE 110kPa
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| APPENDIX 4
COMPLETE TEST RESULTS OF GOLD TEST
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SUMMARY OF RESULTS
SAMPLE! GOLD TAILINGS TESTI -

DIMENSIONS IN cm AND 4a - AVERBAGE
DIAMETER - 702 7.236 | 6,85 S RE
[ENGTH _Bss[ sas| 27e g
S GRAVITY - 2780357 | 2544476 2662764 | 2577895 | 2.685028 | 26013491
FINAL VOLUME T 108,209
VOLUME 50IL 67.48528
BOWIL. 176.476
WET SOIL & BOWL 367.62
DRY SOIL & BOWL, 354.505
WATER CONT. 0.0745471696
VOLM CONT, 0.12445665476
APPLIED | VOLUME VOLUME TOTAL FLOW T ACTUAL | TOTAL
PRESSURE| VOLUME INITIAL FINAL FLOW FLOW
WPa volls - am”3 om™3 volfs voils oM™ cm”™3
LY 688 | -0.226978626 | 1E.10608 0| 30.06983
20 481 [11.845120274 | 2.033843 1184 Q05 [ 11.56%2 | 27,51062
40 450 113384636016 | 1.514435 - ) BB 464809 | 2206854
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CAPILLARY PRESSURE AT 40 kPa

SUCTION (kPa)

42

401 -
-
\

38\

32

30 T T .'I T T : — - “
0 5 10 15 20 25 30 35
TIME (hour) | |

ST SR R
I L LN T

it e e g e e R R RS B, o gk s e e e -
i b e i R A e P ek i SRt



3
-l
GOLD TEST AFPLIED AIR PRESSURE T0WPa
7O
TIME FLOW
ey yols em
0 483G [
1 1225
21 1320
a A6
& «m2
. g 1308
l & 305
£ 7 180t
[ <1288
] 4204
10 4289
it A286
12 1282
92 AR
. 14 4214
16 270
i6 1265
4 4263
19 4288
15 ALES
20 a5
6a dig2
0 ]
180 B4 7
240 5] 7os12S | 2heut | O.ETAsSd [ nonssacs2
200 84| 02833 | 247M@ | Q822083 [ NER0esETE
a6t 664} @epgd | 2563300 | 098672 | 145840797
420 428 92318 2623240 | Oxd5263 | 1195607091
484 5131 9A2EEE | 2681244 | 0974448 | 1248128758
s HO3] 953005 | 273204 | GUEMG [ 1 25407680
600 B06 | DeBEl | 2T | N9RLEE2 | 4 35661 TR
660 82| 07047 | 2mo6a4 | 0oseEz | 1.972006606
720 587 [ 977045 | 2657232 | 0060915 | 1.405908706
785 592 geas0s| 2ebe0ps | angnedd | 1.488260450
gap 500 | 9HE25 | 20242701 00087 | 1467704748
oot B77| DO0195 | 2954240 ] DPOSFR | 1494432622
960 475 oowmes | 2esee7t | ogveers | 1519720574
1020 74| B94ta]  GOGBE | DOST4SE | 4043504766
10u0 A73 | 9us4ss | 3029424 | 0006023 | 1.5556708t4
1140 72| 98677 | 3056805 | 0.POAGYS | 1.5H7DSEG58
1208 #71 | 998088 | 207916t | O90MES [ t.BOTIS3GL
1260 570 89094 | 410037 | 999758 | $.626270776
1220 570 G004 | 2120574 | 0996739 |1 G4dqmpa42
1290 570 9004 | 2129978 | 0099749 [ 1.661815717
1 440 664 [ 1000714 | At662ae] 1.00091 |1 Siesaie0d

Recresion OLzpue:

Corrsin
SR ol YES

A Souarec

Nug. of Obserystions
Dragrees of Freecom
X Coeffcen(c) QLe2Re
5t Eir of Coef,

QUTFLOWVOLTAGE
WAL 1329

ENPED -G89

VOLUME CHANGE VIILTAGE
VOLUME INFTIAL 450
VOLUME FINAL -444Y

ALPHA
112686 (ROIO3)
TIME TR -
2.
minuea
1948848

nME

204

oooseTa

CAATon

001 Z38
0995134

SUICTION.

Tdse | BUCTION | SUCTION

| hows | was
o] &%
1 258
2 280
2 262
4 252
5 260
6 240
7 251
B 230
8 2%
10 247
Rt 28
12 AT
12 246
14 249
15 248
18 248
17 28
18 247
15 248
e 248
2 247
2 U7
2 247
) )
25 247
w| e
a7 249




)

_ﬁ'»g"‘;y P S

. FLOW (logecm”™3) -

T T T

15 o 25 3
TIME (log min)

—i=— Experimental points -+ Linear regression

205

35




CAPILLARY PRESSURE AT 70kPa
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~ SUPERIMPOSING OF OUTFLOW CURVES ' %
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APPENDIX 5
COMPLETE TEST RESULTS OF CLAY TEST
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SAMPLE: CLAY TEST1

' AVEEAGE

DIMENSIONS N cm AND g_ —
DIAMETER ' 6.41 6.56 843 643 | U B.4728
LENGTH “5.06 496 308 3.05 | T A126:
JBERAITY 5649946 | 2402408 | 2704072 | 2754195 | 2608055 | 2472109 | 2605448
FINAL VOLUME T 1024102
VOLUME SGIL B.00580
BOWL 1674
WET SOIL & BOWL 265.49
DRY SOIL & BOWL 224,064
WATER CONT. 0.2650835163
VOLIM CONT, 0,4046079893
ADJUSTMENT TO VOLUME DUE TO ZEROIMNG DURING TEST
' 655 0.0192183617 '
APLLED | VOLUME]. volumE |~ 1 ToTtAL | FLow actoaL 1 ToTal ] -
PRESSURE : " WOLUME INTIAL FINAL FLOW FLOW
kPa volts om™3 5 cm”™3 volts volts chi”*a Gt 3
0 662 | 0.1008049405 0 143.3002] 5642 0 3224477
20 395 | 15021604543 | 15.B208 |27.57141 4042 7% 14U | 1208521 | 20.15956
a1 136 | 24.78963028 | 2468883 |18,703385305 1702 o635 | B9.98405 | 10.20471
63 B55 {7.7631100526 | 32.42272 |10,960484404 1473 -1248 | 2958889 | 7.245069
81 508 |10.200510867 | 3505012 8,3420038 -857 774 | 1401485 | &.154386
126 425 | 1452092318 | 39.19084 |4.5016714772 1283 106t | 2919288 | 3294808
160 394 | 15679000637 | 40.54860 |4 8435240194 485 | - 65| 0.820528 [ 231447
204 203 [ 18.722604857 | 4339201 |- Q 1489 1413 231447 | 0
APPLIED | SUCTION| VOLUMETRIC] WATER | DEGREE | SLOPE |2 VALUE |  IRP PERM
PRESGSURE CONTENT | CONTENT! SATURATION s
kPa | WPa lem”8em®3l og o} V4
0 0.5053466004 | (471367 | 0.6570826385 1.44E 08
ap 13 | 0.4730786816 | 0.304053 | 0.8792336031 | 002766 | 22012 | 354.8134 | 99007
KE | 34 ] 0,4263023230 | 0,330367 | 0:0439607433 | 0.854317 | 050244 | 336.8448 | 9.03E-08
63 54 | 0.4203701277 | 0.311438 | 0.91 07237562 | 0.077753 - . .
81 68 | 0.4297008957 | 0.304456 | 0.9363275166 ; G.70U395 [ 0113146 | 265,1535 | 3,65-09
185 102 | 0.419005713 | 0,285779 [ 0.8868347079 | 0.710158 | 0.12304y | 2454700 | 6.85E-09
180 135 10.4156865807 | 0.27989 |0.9651 950585 | 0.584356 | G.034¢15 | 199.6262 7 1.62E-09
| =04| 0.4046079993 | 0.265084 |0.9753192511 | 083254 | 0.237051 | 4BG.6798 | 2.48E-09
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CAPILLARY PRESSURE AT 160 kPa
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APPENDIX 6

COMPLETE RESULTS OF THE CURVE FITTING ANALYSIS DONE ON THE MOISTYURE
: RETENTION CURVES OF ASH TEST 1,2 & 3
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ASH TEST 1 CURVE FITTING OF MOISTURE RETENTION CURVE

SUGTION VERSUS WATER GONTENT

VAN GENUCHTEN MODEL CONSTSNTS (m =1-1/n)

b1

0.346008 |

b2
012737729

b3
0.,00226848

2.901576

b4

SUCTION
cm

VAN GENUCHTEN
MODEL -

MEASURED]

W.C.

0
50
100
150
200
250
300
350
400
420
450
500
550
600
850
870
700
750
800
850
900
950

- 1000
1090
1100
1200
1300
1400
1500

0.34800914
0,34575040051584
0.344094962684639
0.33995129001571

0.8326553219765 |
0.32214508252616 |
(0.30897602849441

0,29411837356797

0.2786426763129
0.27249209531467
0.28345807454719
0.24918982917029
0.236180657 14448
0.22455520820241
0.21429708262274

0.21055684059704 |

0.20531098402007
0.19746600122008
0.19062628663744
0.18465566209193
0.17943407250088
0,17485507790515

0.17082679373426

0.164720829007
C.168412049159743
0.15882058108091
0.15457307126687
0.1511237 1565944
- 0.1482881270365

P |

0.339a17

0.272665

0.210149

0.165441

0.150684
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ASH TEST 1 CURVE FITTING OF MOISTURE RETENTION CURVE
SUCTION VERSUS VOLUMETRIC WATER CONTENT

VAN GENUCHTEN MODEL CONSTANTS (m = 1-1/n)_ |

b1 b2 b3 b4
0367038 |  0.15162434 |0.00217481 {3.083078
[ SUCTICH] VAN GENUCHIEN] MEASURED
cm  MODEL V.C.
0 0.36703033

50 | 0.366883874536
100 [0.3657307166847
150 |0,3605553082073 |  0.362552
200 |0.3565384548684 : ' .
250 |0.3473127299441
300 |0.3351127710535
350 |0.3207125612602
: 400 10.3081679315708

o 420 | 0.208867074389 | 0.208887
o 450 |0.2895007193706 -
500 |0,2745344392322
550 |0.2607378631514
600 |0.2483500329330
650 |0,2374130056527 |
P 670 |0.2334323033811 |  0.233407
700 |0.2278584667412
750 |Q.2195562050188
. 800 |0.,2128508487302
850 |0.2061223200466
- 800 |0.2007081062791
e 950 |0.1950870361457
& 1000 |0.1916851823566
1090 |0.1857188447088 | 0.185784
o 1100 |0.1851184106643
1200 | 0.179852186261
1300 |0.1756930379305
- 1400 [0.1723618797101 | 0.172322
- 1500 |0,1696580357222 |

1
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ASH TEST 1 QURVE FITTING ANALYSIS RESULTS SUCTION
VERBUS WATER CONTENT

CURVE FITTING USING LEVENBERG-MARQUARDT

FUNCTION:
b1-Hai* ({1 + 02~ by~ {-(1-1/bd)) +b2

Factor for calculating derivatives = 1.000E-6009
Starting value for step lenglh = 1.000E-0001
Smatlest value for step Jength = 1.000E-0008

Maximum number of terations =1000
Numher of datapoints = &
Total numbet of parameters = 4
“Nuimber of paramelers to be varied = 4

Initial estimates:; :
b1 = 4.00000000E-0001 h 2 = 1.00000000E-0001 b 3 = 1.00000000E-0002
b 4 = 2.00000000E + 0000 ' .

Step lenglh = '1.000000000E-0006
Mumber of iterations = 34
Number of data poinls = b
Sum of squares of efrors. = 9.272454976E5-0007
Total number of parameters = 4
Nignber of paramelers vatied = 4
Eslirnalet! standard deviation = £,625363933E-0004

2]

Minimum oblained - noimal tlermination
Final set of parameters {and estimated siandard devigtionsy:

1 = 2.4600014E-0001 {1.394E-0003) b & = 1.2737729E-0001 (3,308E-0003)
b 3 = 2,2684769E-0003 (2.811E-0005} b4 = 2,91 5763E+0000 { 9.600E-0002)

x = CAPILLARY PRESSURE (om)
v = WATER GONTENT {g/g)

X b
obs calc obs - cale

1 1.5000000E 10002 3,3991 700E-0001 3,3995129E-0001 -3.4291190E-0005
2 4.2000000E--0002 2.7266500E-0001 2.7249209E-0001 1.7280627E-0004
3 6,7000000E-+0002 2.1014900E-0001 2.1055684E-0001 -4.07B846E-0004
(€ 4 1,0800000E+0003 1.6544100E-0001 1.6472093E-0001 7.2007177E-0004
' 5 1.4000000E+0003 1.5056400E-0001 . 1.5112372E-0001 -4,5971 564E-0004

263




@,

ASH TEST 1 CURVE FITTING ANALYS!S RESULTS SUCTION VERSUS VOLUMIITRIC
WATER CONTENT

CUAVE FITTING USING LEVENBERG MARQUARDT

FUNGTION:
H1-b2y* 1 + 3™ ™ bdh ™ -(1-1/bam +he

Factor for calculating deiivalives = 1.000E-0003
Starting value for step length = 1,000E-0001
Smallest vatue for step length = 1,000E-0005

Maximum nuimber of ferations =1000
Number of datg poinls = &
Total number of parametess = 4
Nutnber of parameters to bs varled = 4

nitial estimiates: o
b1 = 4.50000000E~0001 b 2 = 1.00000000E-0001 b 3 = 1,00000000E-0002
¥ 4 = 200000000 +06000

Siep length = 1.000000000E-0005
Number of terations = 36 .
Number of data points = 8

Sum of squares of enors = §.7506351 26E-0009
Total nuimber of parameters = 4
Number of parameters varled = 4
Estimaied standard deviation = 8,221 700024E-0005

Minfmum obtained - normal termination
Final set of parameters land estimatect standard deviations):

b1 = 3.6703333E-0001 {1.070E-0004) b 2 = 1.5162434E-0001 {2.412E-0004)
b 3 = 21746123E-0003 {1.95TE-0006) b 4 = 3.08307/7E+0000 (7.853E-0003)

X = CAPILLARY PRESSURE (cm)
y = VOLUMETRIC WATER CONTENT {ecm ™ dfcm ™ 3)

X y _
obs calc obs - ¢dlc
1 1.5000000E+0002 &,6256200E-0001 2 .62555640E-0001 -3.3958852-0006
2 4,2000000E+0002 2.9886700E-0001 2,9886708E-0001 1,9523337E-0005
3 6.7000000E +0002 23340700E-0001 23342080E-0001 -2.6394767E-0006

4 1,0800000E +0003 71.8678400E-0001 1.8571985E-0001 6.4] 54824E-0005
& 1.4000000E+0003 1,7232200E-0001 1.7238188E-0001 -8,9879903E-0005
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s

ASH TEST 2 CURVE Fil 15 OF MOISTURE RETENTION CURNVE

BUCTION VERBUS WATER CONTENT

VAN GEMUCHTEM MODEL CONSTANTS (m = 4-1/n)

o1

Q3BP0E22

: pz
Q. XN RE

b3 bs -
OO0IER1 361 | 36808G7HD.

VAN GENUCHTEN MODEL COMSTANTS (1 & 1)

ALUGTION
en

0

(0]

10

160

1100
kvl
1780
130
14b0
1600
16CD
1700
k)
1850
10600

VAN GFNHDHTEN
MODEL

NEsE0ER

0.3300250AR02616
0 23864376003083
DU BE4r621675
0 BRGEDPF 719043
0. 5838700003452
N.ASANSATATIRRAA
G.AR04A7 7198006
1310070773724t
O ZR7R4 5310
O PHTORNH AR
0,2682450534587.,
U, IR IaE
D.E3829650/ L8t
WS BIO7D1 41 227
0 PRI ATORRI LARA

0 1857 DARARPATAY

0. 184531 BE72656
0.17459537250408
QL 16500IERIAGEIE

0.161192at677782 |

U1 bHEES a2B3G
b, FIGENG  ZHGEDD
0.1 350640820520

T ATARHNADANG |

T SPHEM 1 0RARG
QizzBRREMORRD
2.118285401 25082
0.11462404346605
0.41158225400634
GAORELNILLE FEBS
O. ICRUEE7 50115
04073 PAASTE2ET7

MEASLIREG
LW

[adcic i)

L2066

o127

Q15411

L1875

LAY/ ]

o1
03499250

na
oinai s

[+]
Qoni7r4

b4 ke

RLCTION
o

&o

1060

[214]4)

700
40
AN
159

960

880
1L00
11181
1200
1770
1
14{K)
1600
1e0n
1700
)
160
1800

o

|
VAN GFMLUICHTFN
MODEL

08400268y |

CASET 961 476835
0.34318434371 497
L.EME2641 4006815

. DRIESBEAGEL /0

0.23300y0E230R

QAPT4AE01 X)TR4
0. RGO 41420205
0. INOERYSEI0GAHD
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ASH TEST 2 CUAVE FITTING OF MOISTURE RETENTION CURVE
SUCTION VERBUS VOLUMIETRIC WATER CONTENT

VAN GENUCHTEN MODEL COMSTANTS fm = a-v . |

B ]
2 HH2I6ST

1 bz b
a4zeveta | nodgessos | acoesores
BUGTION | VAN GERLCHTEN | MEARURED
om MODEL Ve
0 0 482051 75
60 [ 0.402776278000805
100 | 042B30011778378
180 | LaZtEar fateoses
20t | 0.4 teE BYEd §44d )
260 [ A e0REnenIGie oLEBEE |
AN | MIAE PBAAGAND
oD | LATINPRE PAtA4e
400 | 05642236220 266
450 | 0.3006480800aT 1353236
EO0 | 0820840200877
480 [ 0308121 70R00a
Gl | U EUeRgATn: 1365
b0 | LoD ey
FOR] . QOOTBARIZRAMG
50 0. 268607 FANGSPAT7
800 b (LRas PIES AR
850 ] 0.Z840508436526 0.220566
oD | o.sEREeasonteRy
BED | 0214780725854 1
BE0 | 0214854751 FESAD OtB5166
1000 | DEUHeHS B
00| el Ui S 30
1200 | B 1BshesdtarIRos
1 | QA7ATRSEPEAABY [ OAERGE?
AN DAI0R0 T TR
1400 § 0. 18107 04n08762
1500 | 1526541 PE04SE36
1600 1 D.eagE24sa07219
1700} 039390461 BAREt
140D ) Q4820607 2ERAEY
THED | D 1 ZRERIRAES I3 1 2303030
... 3903 | a7 AaurTIan

VAN GENUCH (EN MODEL CONBTANTS (1 &)

b4 b2 ] b b5
| buansno?g 527145 | 0.001 i69526 | 39140858 | 16850008
SUCHON | VAN GENUGHTFN | MEASHRED
o MODEL V.C.
B 0.80480/33
60{ 03548763044204
100 | 0.95468070438004
16l | DEwIEReOEDLr4TT
] Dk AlereEnstay
OhN | O8R4 24483507 039985
agn | -0.AHe21EIenAzAMe '
asn | oavesraoRnsssan
ADH ;[ SGOMTIDAGEA BOY
A50| (342765200432 0.2653226
500 | oadoearrazoe
5600 D.ITAA45E8EI7407
BUY | GoenreHPagsanred
Bot | uzusrersg /e
700§ (L27RhER TAOGGTS
TEO | O PERRG 11 ARPADY
sl DEARIRRERTAHAR
1 850 | 0.22450703086044 D.2u66s
©oema| o211 48i005a1
50 ] 0.4AEA1S8E3T15M
gan b QAmEHME1991487 0485156
1000 | O 1HBO2EGSLASTS
HOC | 01 /220a008p553
1m0 | S0 GEETIINTA
1761 ] HBASRERAONTIS nAERSAR
10 | nsttRaEEiens
1400 | Q.444B5762024005
1500 | n14opzosuronosy
$600 | D.123705108246742
1700 | 0.1R46766B05002%
1BU0 | hTEEER4121 44738
1H60 | s 1 B2 0, 120
| 3000 p1g1B4sdanero
266
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ASH TEST 2 GURVE FITTING ANALYSIS RESULTS SUCTION
VERSUS WATER CONTENT

CURVE FITTING USING LEVENBERG MARQUARDT

RESTRICTION 1w = 1-1/n

FUNCTION:
{01-b2*{(1 +3%) ~ba) ~ ({1 -1,/ba)) +b2

Fagtor for caloulating dervaiives = 1.000E-0009
Starting value for step length = 1.000E-0001
Smallest value for step length = 1.000E-0005

" Maxmitin number of lerallons: =1000
Number of datapolnts = 6
Tolal number of parameters = 4
Number of patameers to be vailed = 4

inftlal esthmales: . .
b1 = 2E0000000E-0001 b2 = 1.00000000E-0001 b 3 = 1,00000000E-0003
h 4 = 2.00060000E + 0000

Slep lenglll = 1.000000000E-0005
Number of ilesdlions = 4
Number of datapoints = 6
sum of squares of erfors = 9,988247741 E-0006
Total number of paramesters = 4 '
Number of pararneters varied = 4
Estlnated standard devlallon = 7.06694681 BE-0003

s Minimum obtained - normal termination
Final st of pararmeters {and eslimated standard deviations):

¢ h1 = 33905221 E-0001 {9.728E-0003) b2 = 9.4378831E-0002 (1.220E-0002)
b3 = 1,5813609E-0003 (1.063E-0004) b 4 = 3.6886739E+0000 ( 5.148E-0001)

X = CAPILLARY PRESSURE (cm)

. /% y = WATER CONTENT {u/g)

o . X y .
i ohs calc ohs - cale

2.5000000E4-0002 3.3426300F-0001 3.3325781E-0001  9.2609222E-0004
4.5000000E +0002  2,9621 600E-0001 29794754E-0001 -1.7315362E-0003
B.5000000E+0002 1.9121 700E-0001  1.84531858E-0001 6.6851 08BE-0003
9.8000000E +0002 1.5411000E-0001 1.6119262E-0007 -7.08261 99E-0003
1.2600000E 0003 1.3197500E-0001 1.3137836E-0001 B.9674728E-0004
1,8600000E +0003 1,0891100E-0001 1.0808278E-0001 8.2822267E-0004
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ASH TEST 2 CURVE FITTING ANALYSS RESULTS SUCTION :
VEnsus WATER CONTENT 3
CURVE FITTING USING LEVENBERG-MARQUARDT
RESTRICTION M & n INDEPENDANT
FUNCTION: o a
b1 -h2y* {1 +(ha*x ~ ha) ~ {-bEW) +he -

Facton for catoutlating derivativies = 1,000E-0009
Starting value for step length = 1.000E-0001
Smallesi value Tor step tenglh - 1,000 0005

Maxhnum isnber of terations <1000
Muonber of dala polils = &
Tulal number 6! patamelets = B
Nutnber of patameters 1o be vatied - &

Initial estimales;
b1 = 8.50000000E-0001 b 2 = 1.00000000E 0001 b3 *= 1.00000000E: 0003
b 4 = 2,00000000E-+0000 11 6 = 2,00000000F 1000 _

step lenglh = 1. 0000000005—&
Number of terations =~ 4 ' '
Number of data poinls = 6
Surn of s3quaies of eriols -~ 7.844527767E- 0005
Total number of pararmeleis = &
Number of parameters varied = 5
Eslimated stantlard devialion = 8,91 320804850003

nilnibmtim obtalned - normal lermination

Final set of parameters (and estimated slandard devialtons);

¢ b1 = 3.4302689E-0001 (1.820E-0002% D & = 1.061701 SE-0001 ({1.941E-0008)
: b & = 1,0177397E-0003 {1,320E-0003) 1 4 = £.8440524E+0000 {1.5810E+0000)
b & = 2132861 3E+ 0000 ( 6.084E4-0000)

i

]
'y
T
B
.

TN % = CAPILLARY PRESSURE {cm) .
y =« WATER CONTENT (/) ' : _ i

G : x y
. . obs cals abs - calc

1 2.5000000E+0002 3,3435300E-0001 3.8300708E-0001  3.4501 538E-0004
2 A4.5000000E +0002 2.9621600E-0001 29703384E-0001 -8.1 783875E-0004
3 BH.5000000E-+0002 1.9121700E-0001 1.96614135-0001 4.6020656E-0003
4 H.8000000E +0002 1.5411000E-0001 1.6081 BEEE-000) -6,7086556E-0004
1.2600000E 40003 1.3197500E-0001 1,2854863E-000]  3.426371 9E-0003
1.8600000% +0003 1.0961100E-0001  1.,0976243E-0001 -B,51 42654E-0004
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ASH TEST 2 CURVE FITTING ANALYSIS RESULTS SUCTION VERSUS VOLUMETRIC
WATER CONTET

CURVE FITTING USING LEVENBERG MARQUARDT

RESTRICTION M -~ 1 1A

FUNCTION:
B1-h2*((1 +{H3%g “ba) ™ -1 1 /b)) +b2

Factor for calculating derbvatives = 1,000E-0009
Starting value for step length = 1.000E-0001
Smmiallest value for step lendth = 1.000E 0005

Maxdmum number of ifterations =106
Number of datapeints = €
Total number of parameiers = 4
‘Number of parameters to be varled = 4

Inltial estimales: .
1 = 4.00000000E-0001 b 2 = 1,00000000E-0001 b 3 = 1,00000000E-0002
b 4 = 2000000008 + 0000

Slep lengih = 1.000000000E-0003
Number of lteratlons = 26
Number of data points = 6
Sum of sguates of el1ors = 1.327369474E-0003
Total number of parameters = 4
Mumber of parameters varted = 4
Eslimated standard tleviation = 25761 98240E-0002

(Mot conver.: o hurthen
Final set of susrameters {and estimatet standard deviatlons):

D1 = 433961 76E-0001 (8.891E-0008) b 2 = 4.1986500E-0002 {2.027E-0001)
b 3 = 1 4637852E-00038 (1,012E-0003) b 4 = 21927637E+0000 (1.570E 40000}

X = CAPILLARY PRESSURE forn)
¥ = VOLUMETRIC WATER GONTENT (om ~ &/em ™ 3)

X ¥
obs cale obs - calg

1 25000000 +0002 3.8889000E-0001 £.0024439E-0001 -1,0354393E-0002
2 4.5000000E4+0002 35323600E-0001 3,9854898E-0001 1.466701 7E-0002
3 B.5000000E+0007 2.5066500E-0001 2340506450001 -5.20463865-0003
4 98000000 +0002 1,8515600E-0001 2.1 1B3409E-0001 -2.6668267E-0002
B 1,2600000E 40003 1,5856200E-0001 1.7478567E-00071 -1,62R23874E-0002
6 1,8600000E+0003 1,.3003500E-0001 1.4952334E-0001 1.4116588E-0003
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ASH TEST 2 CURVE FITTING ANALYSIS RESULTS SUCTION VERSUS VOLUMETRC
WATER CONTENT

CURVE FITTING USING LEVENBERG-MARGUARDT
RESTRICTION m & n INDEPENDANT

FUNCTION:
1 -bay*ii +ha*d ™~ ba ™ (-bB)) +b2

Factor for caleulatng derivatives = 1.000E-0009
Starting value for step fenaglh = 1.000E-0001
Srnallest vatue lor step lenolh - 1,.000E 0005

Maximiam purtiber of letallons = 100
Numbes of elata polnis = &
Total numnbet of parameters = 8
Nurnbet of pararnelers to be vared = 8

Initial estiinates:
b1 = 4.00000000E-0001 b2 = 1,00000000E-0001 D3 = 1.00000000E-0003
b 4 = 2,00000000E4+0000 b 5 = 2.00000000E + 0000

Step lenglh = 1.000000000E-00085
Nummber of lteralionz = 10
Nusmiber of datapolnls = 6
Suin of squares of errors = 1.07651 39365E-0004
Tolal humber of patametets = &
Number of parameters varled = B
Estimaled standard deviation = 1.037606408E-0002

Mintmuin cblained - normnai termination

Finat set of pai amelers (and estimated stantland deviations):

b1 = 3.9430733E-0001 (1.730E-0002) Db 2 = 1.2719446E-0001 { 2.075E-0008)
b3 = 1.1516260E-0002 { 9.8522-0004) b 4 = 3.3149536E 40000 {1.632E 4-GOOD)
b5 = 1.535969654-0000 { 3.31 9E -+ 0000}

¥ = CAPILLARY PRESSURE (cm) _
y = VOLUMETRIC WATER CONTENT (cm ~ 3

% 2
obs calc obs - ¢alc

4,5000000E+0002 3,5323600E- 0001
8,5000000F + 0002 £.2966500E-0001
9.8000000E +0002 1,851 5600E-0001
1,2600000E+0003 1.5866200E-0001
1.8600000E +0003 1,3093500E-0001

oD dRp gy -

2.5000000E 40002 3.8880000E-0001 3.8841 244E-0001

2.5427652E-0001
- 2.2459703E-0001
1.8301 161 E-0001
1.5436882E-0001
1.3211582E-0001

4.7756101E-0004

-1.04061 B3E-0O03

5.0679677E-0003

~7.85661 36E- 0003
4.1931803E-0003
-1.1802230E-0003
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ASH TEST 8 GURVE FIITING OF MOISTURE RETENTION CURVE
SUCTION VERSUS WATER CONTENT

i

VAN GENUCHTEN MODEL CONSTANTS (m = 1-1/n)
bi b2 b3 b4
030932 |  0.046740054 | 0.0080881 | 1.77892

SUCTION| VAN GENUCHTEN | MEASURED
om MODEL W.C
0 0.30832487
50 | 0.303028297651
100 | 0.289618720008
150 | 0.273336632058
200 | 0.256707052414
: 250 | 0.241028307618
s 280 | 0.2323000786807 | 0.231245
300 | 0226795553708 |
350 | 0.214126088464
400 0.2020247128
450 | 0.183036420662
500 | 0.184291928664
550 | 0.176532272709 _
590 | 0.170838638267 | 0.168464
600 | G.16961710827
650 | 0.163426124087
700 | 0457857622606
750 0.1528261467
800 | 0.148250979693
850 | 0.144008855516
- 200 | 0.140291982624
© 850 | 0.136796301343
: 1000 | 0.138575572783
1080 | 0.128817700086 | 0.124326

\ (f?@ 1100 | 0.12783805406 §
N 1200 | 0.1228791529090 h
. 1300 | 0.118549003275 R
G 1400 | 0.114733919050 ’ o

| 1500 | 0.111345534582
1550 | 0.1097821837483 011257
1600 | 0.108314834843
1700 5 0.105586886741
i800 | 0105117400027

11900 | 0.100870600799 | 0.096546

3
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ASH TEST 8 CURVE FITTING OF. MCISTURE BETENTION CURVE
SUCTION VERSUS VOLUMETRIC WATER CONTENT

e e R R

VAN GENUGHTEN MODLE CONSTANTS (m = 1-1/n)

jol|
0.31542

b2 |
0.12555355

ICE
0.0024836

b4
260584

SUCTION

Q
50
100
150
200
250
280
300
350
400
450
500
B50
590
800
650
700
750
800
850
200
980
1000
1080
1100
1200
1300
1400
1500
1580
1600
1700
1800
1600

VAN GENUCHTEN

~ MODEL

0.314912050857
0.312381518042
0.307008748185
0.29866033247
0.287937157049
0.280682207633
0.275641862920
0.262757479704
0.2800706877327
0.2368109827606
0.227158451531
0.217310817653
0.210244853349
0.2085682534978
0.200872837883
0.124080266173
0.188123309145

. 01828704929
0.178235582545
'0.174134422071
0.170498088439
0.167251585263
0.162761070472
0.1617547435864
0.157304347166
0.153654000469
0.150623588573
0.148079966479
0.146058525328
0.145923455485
0.144078457337

0.142486905751 |

0.141103658025

© 0.31542011 |

MEASURED
V.C.

0.280324 _ L
"

L

0.20837

AR S B L R s e e 1

E P

0,158085 o

0.148447

SRR N

- 0.136999
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i
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ASH TEST 3 CURVE FITTING ANALYSIS BESULTS SUGTION VEhSUS

- WATER CONTENT

GURVE FITTING USING LEVENSERG MARQUARDT

FUNGCTION:
{b1-b2A*{i1 +h3™0 ~bd ~ {-(1-1/hba +h2

Faclor for ealeulating desfvatives = 1,000E-0002
" slaring value for step Tenglh = 1.000E-0001
Srnaliest value for slep length = 1.000E-0005
Mextimum nurber of teralions = 100
Number of datapolnts = &
Tolal nuinber of parameters = 4
Numbet of parameters to be varled = 4

Iniiial eslimates: :
b1 = 3.00000000E-0001 b 2 = 5.00000000E-0002 b 3 = 1.00000000E-0003
b 4 = 3.00000000E 4000

Step length ~ 1.600000000E-Q005
Number of lferatlons = &
Number of datd points = &
Sum of squares of errors = 4.91 78209750005
Total number of parameters = 4
Number of parameters varled = 4 _
Estimated standard devlation = 7.01 271 771 6E-0002

Mirtimum obtained - normal termination
Final set of parameters {and estimated standard deviations):

b1 = 3.0832437E-0001 {2.233E-0001) b 2 = 4.6740054E-0002 (1.440E-0001)
b3 - 3.9081256E-0003 {9.724E-0003) h 4 = {,7739201E + 0000 {1.496E 40000}

x = GAPILLARY PRESSURE (cm
v = WATER CONTENT (g/q)

X ¥

gbs calc obhs - calc

LI S I

3,8000000E + 0002
5.9000000E +0002
1.0800000E +0003
1.5500000E + 0003
1.900Q0000E 10003

2.31 24800E-0001
1.6848400E-0001
1.2432600E-0001
1.1125700E-0001
9.6546000E-0002

2.3230008E-0001
1.7082664E-0001
1.2601770E-000%
1.0978920E-C001
1.0087069E-0001

~1.0560820E-0003
-2.474641 8E-0003
-4.591 7032E-0008

1.4678035E 0003
4.3246033E-0003
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ASH TEST 3 CURVE FITTING ANALY SIS RESULTS SUCTION VERSUS VOLUMETRIC

WATER CONTENT

CURVE FITTING USING LEVENBERG MARQUARDT

FUNCTION:
(H1-h2*((1 +{H3s) “hd ™ (109 +h2

Factor for caleilating derlvatives = 1.000E-0009
Stating value for step fenath = 1,000E-0001
Smallest value for step lenigih = 1.000E 0005

Madmum numher of lteralions =1000
Murnber ol tialapolnis = &
Tolal number of paramelers = 4

Number of paramelers i be vatled - 4

Iniiial estimates: .
b1 = 3.00000000E-0001 b2 = 1.00000000E-0001T b 8 = 1.00000000E-000%
b 4 = 3,00000000E + 0000

Step lerygth = 1.000000000E-0005
Number of lterations = 6
Number of datapolnis = &
Sutn of sguares of efrors = 35,442075243E-0005
Total number of paramelers = 4
Nusnber of parameters varled = 4
Estimated standard deviglion = B.0669201 82E-0003

Minkmium obtained - normal tesminallon
Final set of parameters {and estimaled standard deviations):

31 = 31542001 1E-0001 (4.914E-0002) b 2 = {.25665355E-0001 { 5.563E-0000)
b 3 = 24835660E-0003 { 1.148E-0003) b ¢ = 2.6058375E+0000 ( 1.120E+0000)

¥ = CAPILLARY PRESSURE {cm)
¥ = VOLUMETRIC CONTENT (cm ~ 3/cm " 3)

X ¥

ohs calc obs - ale
1 2.8000000E+0002 2.8032400E-0001 28088221 E-0001 -3.5820850E-0004
2 B.O00OGOOE+0002 20937000E-0001 21024485E-0001 -8,7485093E-0004
3 1.0800000E+0003 1.689B800E-0001 1.6276107E-0001 -R8030566E-0002
4 1,5B00000E +0003 1.4844700E-0001 1,4695852E-0001 1.4884807E-0003
& 1.5000000E+0003 1,3699300E-0001 1.41 10366E-0001 -4.1046540E-0003
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APPENDIX 7

CGMPLETE RESULTS OF THE CURVE FITTING ANALYSIS DONE ON THE MOISTURE
RETENTION CURVES OF THE GOLD TEST

|




SUCTION VERBUS WATER CONTENT

. OLD TEST CURVE FITTING OF MOISTURE RETENTION CURVE

VAN CEMUCHTEN MODEL CONSTANTS (m= 1-1/n

I m h2 b Tpa
\e.zam20ms 0.G274PEE51 | 0002390220 | 1.9682034
SUCTION | VAN GENUCHIEN | MEASURED
cm MODEL W.C.
2} . 24876088
60 | - bPIsEIZERSTE=E
WO | O2aE0EE7UAGTE
160§  OENSIIEITEF240
182 . STRANGIISAR0G, ©.73806
2] oeRGERrTIDRIALT
ZE0  C.21700E03802
B0 020720033004379
30 020127083021 72 a9
250 (0197370155530
A0 | O.1E7851 9FE0MEEE
4E0]  0.170BIECRIABESS
=n | 017041880047751
SE1] O ANHORRIARIAH
600 | M1553D185E0MDY
660 | . 0.148741631 74445
B30 | {14747037541203 o1as85
700 0 143EFE01I0118 :
70| QaarteRREsED
GOG | MY SeNTIeTI0
I RTeFd]e e eica
N 0 RTANS ARG
aso 4187326540071
an | 6117545050701 04185
1000 | G1iaB7asEEGRET !
Cttom;  GinE31SMaTIon
1200 | Ci0esasrRIzioen
1200 | 0.00046R555251510 ageana
11001 anm40raReE4 90
1400 | DB oRARER
1500 | D.082156H1 1094247 .
1510 | vosa7ezIAT 1388 0.087% 4
16800

C.O85877 4714

bi
0220310t

b=
QL IATRS06

VAN GEMICHTEN MODEL CONSTANTS /7. - vy

b2

0004082472 | B.A7A0603 | 0.024237

-

e

SUCTION
om

VAN GENUCHTEN
MOBEL

MEASURED
W.C.

a
S0
100
160
1
/s
260
0

330
400

11089
1200
1200
1300
1200
1600

1600

|

1540

02231006
0226310058807
QRRRHKIRAFGIST
A22012401600321

OORYORANNRETITA

[ #2FAERGARRZTOS
0.2208042301258
Q.2oeasenadq1 7104

(782920338743 |

[48715282181168

C. 1B Q4EB02773
0 17300330157705
€1 187@4242770403
N 1GNP ARETRERY
15341 790268247
094724301 185027
C14607322407723
014164 232603438
0134443606374
GG 40310012
0 17724860515764
111234 HIRATENY
{11 1976802263426
C.11852579934124

Y 0153706651585

0.10D0t SEE7 48256

01030736671 1761
0,007 OFIGE02E
(X eh o nisiace i vl
O IER7OsTF TGS
UL O8B2E70LADE04T4
D786 7024758654
O.0941 45570120334

| oomEng

Demed

14685

o148

008383

GoBM4
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L A

GOLIY TEST CURVE FITING OF MOISTUHE RE TENTION CURVE

BUCTION VERSUS VOLUMETRIG WATER CONTENT

VAN GENUCHTEN MODEL CONSIANTS (= 1.ty
ki [ ua b4
0.4011998 aneszest | anozmes | 2 1onmss
SUCTION | VAN GENUCHTFN | MFASLIRED
.em (MODEL Ve,
0 04011306
60 | navessemassoos
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GOLD TEST CURVE FITTING ANALYSIS RESULTS SUCTION VERSUS
WATER CONTENT . , N T
o i »

CURVE FITTING USING LEVENBERG-MARGUARDT _ R

RESTRICTION {1 = 1-1/n)

FUNGTION: ' .
D1-DZ*({1 + (3% ~ ba) ™ ({1 41 /b)) +b2 - S

Factor jor calculating derivatives == 1.000E-0008
Starting value for step lengtty = 1,000E-0001
Smallest valise for step length = 1,000E-0006

Maxjenum irimber of lterstions =1000
fumiter of datapolnts = &
Total number of paramsters = 4
Number of parameters to be varied = 4

initial estimates: . .
b1 = 3,00000000C-000 b 2 = 5.00000000E-0002 D 2 = 1.00000000E-0002 _

b 4 = 200000000 +0000 _ S ]

Step lerigth = 1.000000000E-0006
Nurmnber of fterations = E6 .
Nurnber of dafs poinis = € P
Surm of squares of aiTors = 7.667640334E-0006 ' STy .
Total numbrer of parametsrs = 4 NIr
Number of paranieters varled = 4
Estimated standard deviation = 1.86801 4343E-0002

- dinimum obtained - normal termination

Finat set of parameters (and estimated standard deviations):

. b1 = 24926982E-0001 (8,020E-000%) b 2 = 27496691E-0002 (2.482E-0002)
b 3 = 2.3872067E-0000 (2.426E-0004) b 4 == 1.9692034E+0000 ( 2497E-0001) . .-

X = GAPILLARY PRESSURE (om) _ - i
VAR v = WATER CONTENT (g/g) o
I ) Pa I

© X Vi
abs calc obs - cale

1.9000U00E 40002 2 £806000E-0001 2.2840500E-0001 -3.46001 72E-0004
_3.3000000E +0002 2.0 95000!5—0001 2.0127984E-0001 7.101 S425E-0004
6.6000000E+0002 1.458B000E-0001 1.4747038E-0001 -1.6293757E-0003
9.6000000E +0002 1.1831000E-0001  1.1796247E-0001 3.5752872E-0004
1.2800000E +0003 9.8650000E-0002 9.8452558E-0002 1.2374414E-0003
1.5 00000E +0003 8.7140000E-0002 5,8782370E-0002 -1,6523702E-0003

- R
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GOLD TEST CURVE FITTING ANALYSIS RESULTS SUCTION VERSUS
WATER CONTENT

CURVE FITTING USING LEVENBERG -MARQUARDT

RESTRICTION m & n INDEPENDANT

FUNCTION: _
O1-b2y*((1 +ha*0 ~ hay ™ (-hE)) +b2

Faclot for caloulaling derivatives = 1.000E-000&
Starting value tor step length = 1.000E-0001 _
Smallest value for steb length = 1,000E-0005 ' - o

Maximum number of lleratlons =1000 '
Number of datapolniz = 6
Total numnbyer of parameters = &
Nurnber of paramelers o he vailied = 5

Initizd - slitnates: .
b1 = 6.C000CO00E-0001 b 2 = 1.00000000E-0001 133 = 1,00000000E-GO02 5
b 4 = 2,00000¢-. E+0000 b E = 5.00000000E-0002 ' :

Step tenyih = 1.000000000E-0005
Number of lterations = 538

Nuinber of data polrts = : ' ;
Bum of squares of eriors = 1,547540501 E-0006 ' ' ' ey
Total number of parameters = & o
o Number of pararneters varied = B _ . i
e Eslimated standard deviation = 1.242921 433E-0003 ' . fl‘
j Minlmum obtained - normal terminallon fe o
,' Flnal set of parameters (and estimated slandaid deviationis): _ f‘ o
T _ b1 = 22031 006E-0001 (1.378E-0002) b 2 =-2,3479608E-0001 {4.387E-0001) r:

D 3 = 40621 724E-0003 {3.022E8-0004) Db 4 = 8.9720603E 10000 (8,053 +0001)
3 B = 2400698750002 {1.1995-0001)

" (/“‘! % = CAPILLARY PRESSURE (cit)
: i y = WATER GONTENT /)
O X ¥
obs calc vbs - cale

1 1.9000000E+0002 2.2B06000E-0001 380641 0E-0001 -4.0976380E-0006
R 2 3.3000000E+0002 2.0199000E-0001 2.)193921E-0001 5.0792048E-0005
i 3 6.5000000E +0002 1.4586000E-0001 1,1607633E-0001 -2.2622033E-0004
9.6000000E 10002 1,1831000E-0001 1.1 BE2500E 6001 -21580343E-0004
1.2800000E 10003 $,9690000E-0002 9,6731700E-0002 9,5629056E-0004
1.510000CE +0003 B.7140000E-0002 §.7867099E-0002 -7.8709870E-0004

Y
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GOLD TEST CURVE FITTING ANALYSIS RESULTS SUCTION VERSUS VOLUMETRIC
WATER CONTENT

CURVE FITTING USING LEVENBERG-MAHQUAHDT

RESTRICTION M = 1-1/n

FUNGTION:
B1-h2* {0 4 3w “Ld ™ (i1 he) +h2

Factor for ¢alculaiing detivatives = 1,000E-0008
Starting value for step lengih = 1.000E-0001
Smales! value for sten lenglh = 1,000E-0005

Madmum ntunber of lterations =1000
Number of data poinls = 6
Tolal nuimber of patarmeters = 4
Number of parameters fo be varled = 4

Initial estimates:
b1 = 4,00000000E-0001 b2 = 1,00000000E-0001 b3 = 1.00000000E-0002
b 4 = 2.00000000E +-0000 '

Step length = 1,000000000E-0005
Nurmber of kerallons = 40 '
Number of data polnis = &
Sum of squares of errors = 2.891 ¢4361 7E-0005
Total nuimber of paramelers = 4
Nusnber of parameters vaded = 4 :
Estimated standard deviation = 3.802396381 E-0003

Minimum obtained - nommal termirtation
Final set of parameters (and esiimated standard deviatlons):

21 = 4.0113960E-0001 ({1.260E-0002) b 2 == 6.5955740E-0002 ( 3.788E-0002)
D 3 = 2.2102104E-0003 (2.080E-0004) 14 = 21 088BEEE 0000 (2.961E-0001)

% = CAPILLARY PRESSURE (om)
y = VOLUMETRIC WATER CONTENT (o * afom ~ 3)

X v
abs cale obs - cale

1.9000000E 1+ 0002 8,761 3000E-0001 8,7685502E-0001 -7.2981 7805 0004
2.3000000E 0002 3.3698000E-0001 4.4532459E5-0001 1.6554126E-0003
©.6000000E-+0002 24338900E-0001 2.4695254FE-0001 -2.9636427E-0003
4 9.6000000E-+0002 1.987VSQ00E-0001 1.9750476E-G001 1.2562436E-00G3
1.2800000E +0C02 16821 000E-0001 1,6553576E-0001 2.6742399E 0003
1.8100C00E +0002 1.4722000E-0001 1.6007195E-C001 -2.8518621 E-0002

o B —
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GOLD TEST CURVE FITTING ANALYSIS RESULTS SUCTION VERSUS VOLUMETRIG

WATER CONTENT
CURVE FITTING USING LEVENBERG-MARQUARDT

RESTRICTION m & n INDEPENDANT

FUNCTION:
i -I).’.’}_“{ll 1 tha*x¥) "~ b ~ (-hS)H rh2

Facior 1ot caleulaling detivatives ~ 1.000E-0005
Staiting value for step lenallt = 1,000 0col
- Smallest value for step length = 1.000E-0008
Maximum nimber of Rerations 1000
Nurpbel of datapoinis = §
Total humber of parameters = &
Number of parameters fo he varied = &

Initial esfimales:
b1 = 4.00000000E-0001 b2 = 1.00000000E-0001 h 3 = 1.0000D000E-0002
1 4 = 2.00000000E 0000 b 6 = 1.00000000E-0001

" Step [engity = 1.,000000006E-0005
Number of lleralions = 478
Mumber of data poinls = & _
Sum of squares of erro1s = 5.16841 1471E-0006
Total number of parameters = &
Number of parameters varied = &
Estimated standard deviation = 2.275414086E-000a

Minimum obtained - nbmnal letmination
Final set of paramelers (and estimatad siandard deviations):

1 = 3758691 1E-0001 (1.508E-0003) b 2 =-3,8648802E-0001 [ 7.974E-0001)

D3 = 3,9163774E-0003 (4.868E-0004) D 4 = 1.0166719E+0001 (5.541E+0001)

b & = 1.9594631 E-0002 (1,322E-0001)

% = GAPILLARY PRESSURE {cm)
y = VOLUMETRIG WATER CONTENT {cm ~* &fem ™ 3)

X ¥
obs cale obs - calo

i 1,9000000E+0002 3.7613000E-0001 8.7613712E-0001 -7.1246095E-0006
2 3.2C00000E +0002 3,3693000E-0001 23.3687348E 0001 1.0651718E 0004
3 G.6000000E +0002 2.4350900E-0001 2444561 2E-0001 -4.6612288E-0004
4 9.6000000E-+0002 1.9876000E-0001 1.9907416E-0001 -8.141 BE67E-0004
& 1.28000007%- 003 1.G821000E-000] 1.6648877E-0001 1.7512336E-0003
€ 1.510000¢F + 4003 1,4722000E-0001 1.48BB200E-0001 -1.3320028E-0003
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APPENDIX 8

COMPLETE RESULTS OF THE CURVE FITVING ANALYSIS DONE ON THE MOISTURE } S
RETENTION CURVES & COEFFICIENTS OF HYDRAULIC CONDUCTIVITY S o
OF THE CLAY TEST | I




CLAY TEST CURVE FITTING OF MOISTURE HETENTION SURVE

[

SUCTICKN VERSUS WATER CONTENT
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CLAY TEST CURVE FITTING OF MOISTURE RETENTION CURVE

BUCTION VERSUS VOLUMETRIC WATER GONTENT
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CLAY TEST GURVE FITTING ANALYSIS RESULTS SUCTION VERSUS
WATER CONTENT

CURVE FITTING USING LEVENBERG-MARQUARDT

RESTHICTIOM 1t -+ 1 1/n

FUMCTION:
@31 -bA*H +b3*%) ™ b ™ -(1-1/bak b2

Faclot Tor ealculiting detivalives = 1.000E-000%
starfing value for step length = 1.000E-0001
Smaflest value for step lengtht = 1,000E-0006

Maximisn number of iterations =1000
Nuember of data points = 6
Total number of paramelers = 4
Nurnber of parameters (o e varled = 4

Inilis} estitnates:
11 = 8.00000000E-0001 b 2 = 2,00000000E-0001 b 3 = 1.00000000E-000] -
Ir4 = 2.000Q0000E -+ 0000

Slep lengih = 1, 000000000 -0005
Number of ifetations = a6
Number of datapolils = 6
- Bum of squares of ermors = 1.673896590E 0005
Total number of patatneters = 4
Number of pararmeters varied = 4
Esfimated standarg deviailon = 2.805080738E-0003

KMinlnum obianet) - normat termination
Final sel of patameters (and estimated slmjclatd tevlations):

b1 = 8481 7467E-0001 (1.234E40001) b 2 = 2.1934068E-0001 { 8,820E-0002)
b3 = 1,2694263E-0001 {5823E4+0000) D 4 = 1.4566368E +0000 { 5.409E-0001)

X = CAPILLARY PRESSURE (em)
¥ = WATER CONTENT (g/g)

obs oale ohs -calc

1.3000000E + 0002 3,9406300E-0001 2.9385270E-0001 2.0029656F-0004
5.4000000E + 0002 3,3036700E-0001 3,3206241E 0001 -1.9254071E-0003
5.4000000E +0002 311438000001 5.1084196E-C001  5,9604345E-0004
6.80000008 +0002 8.0446600E-0001 3.017153BE-0001 5,7406236E-0003
1.0200000F + 0003 2.8577000E-0001 2.8780697E-0001 £,0279692E-0003
1.3600000F 10003 £,7969000E-0001 2.7958656E-0001 1.034431 2E-0004
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GLAY TEST GURVE FITTING ANALYSIS RESULTS SUCTION VERSUS :
WATER CONTENT _ . ' kS o

CURVE FITTING USING LEVENBERG MARQUARDT _ ’

RESTRIGTION 1n & 11 INDEPENDANT

FUMGTION:
{B1-bBA* (1 -3 “hal ™ (- b)) +ha

Factor tor caleulaling derlvatives = 1 .000E-000%
Starting value for siep lenglh. = 1.060E-0001
Smallest value lot step length = 1.000E-0006

Maxdrmum number of lteratlons =1600C
Number of datapoints = &
Total number of patameters = &
Number of parametes to be vatled = 5 ' -~

C -

hitiat estimakes:
b1 = 8.0000000CE-0001 1 2 = 200000000E-0001 D 8 = 1.00000000E-0001 -
b 4 = 2000000000000 D 5 = 1,00000000E-0001 _ _ ' ' ST e

P
e

Step length = 1.000000000E-0005
Number of iterations = 32 :
Number of data points = &
Sum of squares of eirors = 1,622040887E-0005
‘Total number of parameters = &
Number of parameters vatied = &
Estimated standaril davialion == 4.027456874E-0003

B

1

Rt M L e AR Lt s et

AL TS R < - BTt

Minkmum oblalhed - notmat termination

i
s
)

)

¥

TR

Final set of paramelers &nd estimated standard deviatlons):

¥

b1 = 8.0078392E-0001 (3.001E+0004) b £ = 2.1769154E-0001 {1,845E-0001) -
133 = 1.1264819E-0001 {1,299E+0004) b 4 = 2.9904254E +0000 ( 1.210E +0005) _ -
b & = 1.4903367E-0001 { 6.080E +0003) _ ' -

x = GAPILLARY PRESSURE (cm)
) y = WATER CONTENT (g/q)

3
-

'. X y [
© : obs cale abs - cale : -

1 1.3000000E 10002 3.9405300E 0001 3.9404363E-0001 9.3702521E 0006
2 3.4000000E 1 0002 3.3036700E-0001 3,3250046E-0001 -2.2234647E-0003
3 E.4Q000000E+0002 35.1143500E-0001 3.1118363E-0001 2.6447396F-0004
4 6.8000000E-+0002 A0445600E-0001 3,0205528E-0001 240071 76E-0003
&
&

1.0200000E +0003 2.8677900E-0001 2.8810841E-0001 -2.3204063E-0003
1.3500000E + 0008 2.7969000E-0001 2,7983808E-0001 -1.4807987E-0004
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CLAY TEST CURVE FITTING ANALYSIS RESULTS SUCTION VERSUS VOLUMETRIC
WATER CONTENT

CURVE FITTING USING LEVENBERG MARQUARDT

RESTRICTIONIIE - - 1 1/n

FUNCTION:
b1 by +thawa ~hdy ™ {{1-1/4) th2

Faclor tor colotilativg derlvatives = 1.000E 0002
Slmwrting value for step length = 1.000E- 0001
Zipaliest value for step length = 1,000E-0008

Maximemn nuimber of iterations = 1000
Pnber of data points = @
Total munber of paaimetes - 4
Nurnbei of paiamelers to be vitled = 4

Initiai estimales: _ ' .
B1 = 1.0000C000E +0000 b2 = 3.00000C00E-0001 b3 = 200000000 0002
I3 4 = 2.0000000CE 10000

Sten fengih = 1.000000000E-0005
Number of iteeations — 68
Nutnber of dala poinls < &
Sum of squares of errors = 1,131980481E 0004
Tolal number of parameters = 4
MNumber of parameters vaiied = 4 _
Estimated statdaid deviallon = 7.523232288E-0003

Minfratim obtained - normal termination
Flhat #et of patameters {and estimated siandaid devialfons:

b1 = 1.7529932€ 10000 {{.368E40008) b2 = 4.1824627E-0001 {1.247E-0000)
b 3 -+ 6.6236507E-0002 { 4.662E40001) b4 = 2.478991 6E 40000 { 5.474E-+0000)

% = CAPILLARY PRESSURE (cin)
¥y = VOLUMETRIC WATER CONTNET (cin " 3/cm ™ 3)

X b .
ohs cal; ohs - taic

1 1.u0C0000E +0002 4.7387900E-0001 4,7335729E-0001 5.2170866E-0004
2 3.4000000E+0002 4.2638200E-0001 4.3157642E-0001 -6.19441 58E-0003
3 B5.A4000000E +0002 4.2037000E-0001 4.24072s3E-0001 4.3976E28E-0003
4 6.8000000E 30002 4.2970100E-0001 4.2302036E-0001 6.6716439E-0003
& 1.0200000E +OG03 4,1900600E-0001 4.2087220E-0601 -1,6662026E-0003
6 1.3500000E +0003 4.15667GOE-0001 4.1998106E-0001 -4.31 40489E-02003
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CLAY TEST CURVE FITTING ANALYSIS RESULTS SUCTION VERSUS VOLUMETRIC
WATER CONTENT _ :

CURVE FITTING USIMG LEVENBERG-MARQUARDT

RESTRICTION in & n INDEPENDANT

FUNGTION:
{DT-bA¥{{1 +(B3* ™~ ha) ™ {-{bEN + b2

Faclor for calculaling derivatives = 1.000E-00G0
Statting value for step length = 1.000E-8001
Srnallest value Tor step length = 1,000E-0005

Maxhnn number of Rerations =1000
Nuinber of daiapolnts = &
Tolai numbes of paramelers = 6
Mumbey of paramets (o be varied = B

Initiai eshinales:
b1 = 623415746C 0001 D2 ~ 417849841E 0001 b 3 = 1.9623091 5E 0002

b 4 = 7.3136E730E 40000 b B = 1.9264861 1E-0001

Slep length = 1.000000000E-0005
Nuber of lterations = 4
Number of data points = 6
Sum of squares of eriors = 1.130024857E-0004
Total number of paramelers = 5
Number of parameters varied = &
Estimated statidart deviation = 1.063449506E-0002

Minimum obtained - noimal terminaiion
Final set of patameters ¢and eslimaled standard desdations):

b1 = 6.281 261 3E-0001 (6.472E40004) b 2 = 4.1819615E-0001 (2.5?6!—:—0002)
b 3 = 1.9662072E-0002 {3.924E+0003) D 4 = 7.660197BE+0000 {1.446E+0008)
BB = 1.9224471E-0000 (3.634E +0004) '

X = CAPILLARY PRESSURE (ocrm)

¥ = VOLUMETRIC WATER CONTENT (cm ™ 3rom ™ 3)
X b

: obs caln abs - calc

1 1.30000C0E -+ 0002 4,2387900E-0001  4.73501 G'?E—JL‘K_JO‘I 8. 77331 89E-0003

2 4.4000000E 10002 4,2638200E-0001 4.3164726E-000] -5.26556265-0003

3 B.4000000E+0002 4.2937000E-0001 4.2500800E-0001 4.361 211 7E-0003

4 6.9000000E +0002 2.2970100E-0001 4.2204837E-0001 €.651 626EE-0003

5 1.0200000E +0003 4.1900600E 0001 4.2086947E-0001 -1.8634701E-0003
§ 1,3500000E+0003 4.1568700E-0001 4.1996632E-0001 -4,2003241E-0003
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