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PREFACE

This report was prepared by the Department of Civil Engineering,
University of Florida, Gainesville, Florida, 32611, under Contract No.
F08635-83-C-0136, Task Order 85-9, “The Feasibility of Centrifugal Modeling to
Aid in Prediction of Contaminant Migration Through Soils," for the Air Force
Engineering and Services Center, Environics Division, Tyndall Air Force Base,
Florida, 32403-6001, under Job Order No. 124504050.

This report is published as submitted to the University of Florida by
Mr. Gary F.E, Goforth as his Ph.D. dissertation, with the exception of Chapter
VI, which was prepared by Mr. Robert Vicevich as part of his Master of
Engineering thesis. . This report is being published because of its interest
to the worldwide scientific and engineering community. Dr. Goforth was
directly supervised by Professors F.C. Townsend and D. Bloomquist, with
valuable contributions from Professors Jim Heaney, Wayne Huber, Dinesh Shah
Jim Davidson, and Siresh Rao. Capt. Richard Ashworth, Ph.D., was.the HQ
AFESC/RDVW Project Officer. This report summarizes work performed between May
1985 and March 1987.

The report discusses the feasibility of using centrifugal modeling to.
predict contaminant migration through saturated and partially saturated
soils. The results show that centrifugal modeling offers.no advantage over
bench tests at comparable effective stresses for predicting 1-D flow through
saturated soils, but could be used to develop rapidly hydraulic conductivity
versus water content relationships for partially saturated soils.

Mention of trademarks and trade names of material and equipment does not
constitute endorsement or recommendation for use by the A1r Force.

This report has been rev1ewedvby the Public Affairs Office (PA) and is
releasable to the National Technical Information Service (NTIS). At NTIS, it
will be available to the general public, including fore1gn nationals.

This technical report has been reviewed and is approved for pub]ication.

RICHARD .A. ASHWORTH, Capt, USAF, BSC - - THOMAS J. WALKER, Lt Col, USAF, BSC
Environmental Research Engineer Chief, Environics Division -
. S L j, USAF BSC LAWRENCE D. HOKANSON, Colonel, USAF -
Chief, Environment Eng1neer1ng Branch  Director, Engineering. and Services -
Laboratory
iid
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CHAPTER I
INTRODUCTION

Scope

The assessment of Tlocal and regional ,impac;s on . groundwater
resources due to leachate of hazardous wastes from confined dispoéa]
areas and accidental spills necessitates the prediction of contaminant
migration. In genefa], either a physical or numerical model can be
applied ‘to depict the mass transport phenomena. |

Tyndall Air Force Base wa§ considering the construction of a large-
scale centrifuge for structural, geotechnical and environmental research
applications; The U.S; Déparfmenf‘ of ‘Defense Ingiallétibn and -
Restoration Program has identified over 200 high priority hazardous
waste sites at Air Force facilities which require mitigative measures
(Heaney, 1984), 'Categofies»of waste sources are pre;ented in Table 1.
of significant concern s the transport characteristics of jet fuel JP-4
‘through soil. A laboratory re§earch study was designed and executed to
evaluate the feasibility of using centrifugal techniques to determine
hazardous waste migration characteristics.- The wutilization of a
centrifuge may offer several advantages over ‘vtraditioﬁal physical
modeling apparatus as well as provide the dual capabilify of performing
as a laboratory instrument capable of testing material propérties. The
centrifugal techniques were evaluated on the fo]iowing criteria:

1. Can they significantly shorten the testing period?

2. Can they reduce the uncertainty associated with estimates of
hydraulic conductivity of soil samples?




2
Table 1. Classification of the Top 216 Installation
Restoration Program Sites by Type of Waste Area
Type of Waste Area Number in Percent in
’ Top 216 Top 216
Landfills , 61 28.2
Surface impoundments, lagoons, -
beds and waste pits 57 26.4
Leaks and spills 43 19.9
Fire training areas : 28 : 13.0
Drainage areas 16 7.4
Other ' 11 v 5.1
TOTAL 216 100.0

Source: Heaney, 1984

3. How do the costs comparé with conventional techniques?

Objectives

The objective of this study was to assess the technical feasibility
of using a large-scale centrifuge for determining migration: -rates and
‘characteristics of hazardous: wastes. Centrifugal techniques for
" evaluating haiardousv waste migration inctude physical modeling and
material properties testing. While physical ~ modeling has been
successfully conducted under 1-g conditions on the laboratory bench,
gravityadéminated phenomena can be accelerated within a centrifuge,
thereby providing an additionalsscaliﬁg'factof and. attendant reduction
in testing time. Several geotechnical applications have -demonstrated
the fedsibility 'of centrifugal modeling for such gravity-dominated

phenomena as sedimeéntation and consoiidatibn (Bloomquist and Townsend,




1984;.Mikasa and Takada; 1984),, Aﬁ adgitibﬁalﬁadvantagé of centrifugal '

modeling is fhe accurate repfdductjpn of ef%ective stresses in the

scaled down soil brofi]e asla resultiof the greater acceleration force

acting oﬁ tﬁe soilA partfc]es. To fully utilize .the pptentja] of

physical modeling in the centrifuge, the fundamehtai(re]ationships of

radial acceleration, hydraulic pressures and pore- fluid kinematics

within the centrifuge soil sample needed to be developed and verified.

The execution of concurrent bench and centrifuge hydraulic conductivity

testing provided the opportunity to investigate these fundamental fluid

flow properties as well as allowed the direct assessment of the -

feasibility of material properties testing within the centrifuge. The

objective of the laboratory research'program was to develop centrifugal

testing methods for determining saturated and unsaturated hydraulic

conductivity of soil samples. The testing program encompassed

1. design, fabrication and analysis of permeameters for use in the
centrifuge; |

2. execution of hydraulic conductivity tests in a l-g environment to
provide a benchmark to compare centrifuge results;

3. derivatiqn of the appropriate equations of motion for fluid flow in
a centrifuge;

4, execution of hydraulic conductivity tests in the centrifuge at
various accelerations; |

5. comparison of centrifuge results with 1-g test result; and

6. (if necessary) modification of the centrifuge device, testing
procedures and/or data analysis based on results of the comparison.

A secondary goal of the project was to establish thé theoretical andi

practical operating limits of centrifugal techniques. The flow and .




storage characteristics of commercially - avai]ablf n-decane were
evaluated during the coursé of this study as a sﬁrrbgété for JP-4.
Results of the’ testing' program will serVe és the foundation for
‘subsequent research in thg-area of ceﬁtrifugél mdde]ing of hazardous

waste migration.
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CHAPTER 1I
BACKGROUND

Contaminant Migration

Predicting the migration of jet fuel and its derivatives from
storage areas is a challenging problem. Fluid flow will occur in both
partially saturated and fully saturated soil. Material storage and
transport can be dominated by either the lateral movement of vapors
(Reichmuth, 1984), the advection and dispersion of: soluble fractions
within percolating water (Schwille, 1984), intérfacia] phenomena
occurring between the fuel and the soil matrix, e.g., adsorption and
biodegradation (Borden et al., 1984) or a variety of rheological
phenomena associated with multiple phase (e.g, airfwatetgoil) flow
systems, including the pure advection.of thé water insoluble fractions.

The cumulative mass transport from the waste source to the water
table and/or a downstream water resource is sensitive to site-specific
advective, dispersive and reactive properties of the .:soil-fluid
system. In Tieu of collecting extensive :site-specific data to describe
the transport phenomena, a cohservative estimate is often. initially
presented which considers only advective transport._:The_efforfs of the
current study are hence directed at techniques for estimating the
advective properties of jet fuel in unsaturated and saturated soil.

Contaminant migration within the soil profile is a complex
phenomenqn, reflecting the chemical diversity Of.qontaminants as well as

the variety and heterogeneity of the geohydrologic regimes and.soil




matrices encountered. Nonetheless, predictions of the travel rates and-
*

directions of contaminant movement can be formalized based on
generalized transport phenomena. The movement of a soluble contaminant
will in general be governed by the flux of water through the sbi]
profile. Below a disposal area, this fluid movement may resemble the
pattern depicted in Figuré 1.'vFigﬁre 2 presents a schematic of a porous
soil volume through which a solute is passing. Basically, four
fundamental transport phenomena account for all significant movement of

a sotute within a soil profile:

1. Advection refers to the movement of a solute by virtue of its

entrainment within the bulk fluid.

2. Mechanical dispersion is the flux of a solute which results from
nonuniform pore fluid velocitiés, ji.e., due to flow path tchtuosity
and dead-end  channels, the velocities within typical soil vo]ﬁmes

" are not uniformly distributed. .

3. Molecular diffusion ‘is the movement of a solute solely on the basis

~ of concentration gradients. Because of their similar influence on
solute movement, mechafiical disbersioﬁ and molecular diffusion are

~‘often represented by a single term referred to as hydfodynamic
dispersion. |

‘4, Sourceé/sink phenomena, including adsorption. Adsorption phenomena

encompass a var%ety of interactions of the solute wifh the surfaces

of the soil matrix. Source/sink phenomena are influenced b} many

" factors, including soil and bulk fluid pH, the ionic nature of the
soil and solute, and the surface characteristics of the soil.

These phenomena are signifiéant to varying degrees,'entireiy specific to

the site characteristics. For example, in the transport of a low
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1. ADVECTION
2. MECHANICAL DISPERSION
3. MOLECULAR DIFFUSION
4. ADSORPTION PHENOMENA

Figure 2. Tremsport Processes of a Soluble Contaminant Within a Soil

Volume




%

concentretion of a nonionic compound’ through uniformly graded - coarse
sand, the -advection term would idominate',the material transport;
moTeculer.diffusion would be insignificant due to relatively large pore
fluid velocities and the small concentration gradjents‘of the solute;
adsorption phenomena may  also be insignificant due to the relatively
large advection ‘component, nonionic nature of the :solute and small
specific surface area of the soil. At the other extreme, the movement
of a high .concentration of a cationic solute through .a thick clay
landfill 1liner would be governed less by advection and more by
adsorption and diffusion phenomena. The mass transport of a contaminant
can be expressed quantitatively as -@ composite. of these elements

(Davidson et al., 1983)

J--ne%%+qc+s (1)
" where J = convectivezdispersive solute flux pef unit cross-sectional
area (M/L2T); , )
D = hydrodynamic dispersion coefficient (L2/T);
o = volumetric soil water content (L3/L3);
%Q;= solute concentration gradient in the z direction'(M/L4);
> v

¢ = specific diséharge, i.e., the volumetric discharge of bulk
fluid per unit cross-sectional area (L/T); -

<
n

solute concentration (M/L3); and

S

sum of the source/sink components (M/LZT).
The advective component, qC, can be further expanded as

qC = C [-K(8) dH ] - (2)
dz : ' o

where K(6) = hydraulic conductivity, which is dependent on the water
content; and '

gﬂ‘=.hydrau1ic_potentia1 gradient in the z direction
dz :
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which explicitly relates the mass transport of a solute to the hydraulic
conductivity and the gradient. In addition, t‘h,e’magnitude of the
hydraulic conductivity is important not .only for the .advection of a
solute but also for the kinetics of the other componentvs' as well. The
hydrodynamic dispersion coefficient in most natural soils with uniform
porosijcies is dependent on the pore fluid velocity, as is the reaction
time for adsorption and other source/sink phenomena (Rao and Jessup,
1983). The relative magnitudes of the transport -phenomena can be
expressed by the Peclet number, P,, a dimensionless quantity defined as
- (Bear, 1972)

P = qL/éD L . | (3)
where L = representative length. During flow conditions at low Peclet
numbers, the dispersion and diffusion phenomena dominate the transport
process, while advection dominates solute migration. under flow
_conditions with high Peclet numbers. prever, to assess the relative
sigm‘ficance of each term, the influential parameters' of tﬁe solute,
soil matrix and extant geohydrologic regimes must be evaluated. The
geohydrologic regime of a particular site may be saturated, unsaturated
or some heterogeneous combination. In turn,. the: character and
significance of each component of the material transport phenomena is

highly influenced by this regi;ne;

Advection
In many cases of pql'lutant transport, consideration of downstream
risks requires that conservative estimates of travel ti@e through the
medium in question be obtained. In a soil matrix, this conservative
value of contaminant migration is generally the advection term' and is

estimated from the saturated hydraulic con_d_uctivity of the soil, which




may be three to five orders of magnitude greater than the hydraulic

conductivity of the unsaturated soil at its average moisture content.
However,. for engineering design purposes, the average value of the
hydfau]ic conductivity may -be desired, as -there may be tremendous
differences in control technologies and economics compared to solutions
using the saturated values. ‘

The rate of bulk fluid movement through the soil profile is the
most fundamental process affecting the migratioq- of -soluble or
immiscible contaminants. A fluid .moves through the soil matrix in
respoﬁse to hydraulic energy (potential) gradients. The hydraulic
potential of fluid in the pores of a soil volume has been defined as the
amount of work necessary to trahspbrt,'reversib]y andvisothermaily, a
volume of pure water from an external reservoir at a known elevation to
the soil volume at a khoun location and preséuﬁe@ While the validity of
this definition has been debated, it does convey the fundamental
concepts of hydraulic energy of pore fluid. The fiux'pf fluid through a
soil volume, whether saturated or unsaturated;.is-bropbrtiona}'to the
existing potentia1 gradient, as stated by Darcy's 1aw, written in one
dimension as ) | ‘ .

q = -K (dH/dz) _ \ e (4)

where q = specific discharge, defined as the volume of fluid
) ’ passing through a unit area of soil in a unit time (L/T).

The terms hydraulic conductivity and permeabi]ify are “often used
interchangeably, reflecting the broad range of disciplines which employ
the parameter., The temm hydraulic conductiyitvaill be used throughout
this text when referring to the constant of prdporfidna]ity betweenhthe

total hydraulic potential gradient and the specific discharge.
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The gradient of the total hydraulic potential prgvides the driving
force for water wovement in soils. The total potential energy can be
expressed on the basis of energy per unit weight, defined as the
“hydraulic potential, or head, which has the dimension of length. The
potential energy can also be expressed as energy per unit volume,
defined as: the pressure potential, with the dimensions M/LTZ; or as
energy per unit mass, defined as the specific energy pbténtial, with the -
dimensions L%/12, The units of hydraulic conductivity must be
dimensionally consistent with the potential energy tebm; Table 2
summarizes these relationships, such that the product of K dh/dz has

units of L/T.

Table 2. Fundamental Relationships Between thefPotentia]
' Gradient and Hydraulic Conductivity

‘Potential - "~ Dimensions » Examp1e

. Gradient , , of K of K
Hydraulic Potential _ < LT ‘ Coem/s
Pressure Potential TL3/M . cm3s/g

Specific Energy Potential T sec

Darcy's original work employed the dimension of length for the
hydraulic potential (Darcy, 1856).  As a consequence, the dimehsibnéiof
the poteﬁtial gradient were length per unit length and the dimensions of
the hydréulic cdndqctivity'Weré'length,pen timé, later expressed as a .

function of both the bulk fluid and the soil media (Bear, 1979)

K=kg/v | : (5)
where k = intrinsic permeability of the medium (L2);
g= acceleration due to gravity acting on the fluid (L/Tz);wv
and _
v = kinematic viscosify of the fluid (LZ/T).
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- The influence of acceleration due to gravity can ,Be “separated by
employing the dimensions of the specific energy potential. The
resulting -coefficient of proportionality has the dimension of time, and
still preserves the direct relation between the properties of the medium
and fluid. Accordingly, equation 5 can be modified as

K=k/v B S (6)
Based ‘on this relationship, the hydraulic conductivity, and hence flow
rates, of various bulk fluids in a similar medium theorética]lyvcan be
determined from the fluid's kinehatic viscosity. . This principle is
relevant in predicting'the bﬁlk transport of nonaqueous fluids as well
as the advection of sdTﬁtés in aqueods flow. However, this extrapola-
tion isA Based .on the implicit condition that chemical intefactions
between the Bu]k fluid and ;He soil matrix would not é]ter the intrihsic
permeability. In fact, in investigations of contaminant migration the
solution proberties‘and sufface themistry of the solute and soil need to
be exaﬁfﬁed. Numerous sfudies have documented ihcreaseS”or'décreases in
the hydraulic conduétivity.Beyond thét suggésted by equation 5;(qudon
and Forrest, 1981; Broﬁn et al.,‘1984). For example, one stﬁdy réported
an iﬁcrease in cénductivity of three 7drders of *magnitudé'~with the
additioﬁ bf gasoline to water in a ciay soil (Brbwn ét al., 1984). The
viscosity of gasoline is approkimateiy 6né half thét'of water, so a two-
fb]d increase in th; coﬁduptivity was expected from equétioh 5. The
tremendous increasé wasiattributed‘to the surféce themistby properties
of the-water/gasolinelélay system. Thé gasoline apparently'displaced
the water'molécu1es separating the clay sheets which in turn created

numerous cracks through which the fluid passed more féadiiy.
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Darcy's law is generally regarded as valid in laminar flow ranges,
that is, where viscous forces predominate over inertiad forces acting on
the fluid. By analogy to open channel hydraulics, a.Reynolds.number,
Ré; has been defined for flow through.porous media as {Bear, 1979)
Re=qd /v ' : , . (7)
where d = representative length of the-porous matrix (L). Often d is
taken as either the mean grain diameter or the diameter such that 10
percent by weight are smaller, Experimental evidence suggests that
Darcy's law becomes invalid at some point in the range of.Rerbetween 1

and 10 (Bear, 1979).

Flow in Unsaturated Med1a

The infiltration of 1eachate from a waste storage pond an
accidental sptll or other source will 9enera11y encounter unsaturated
soil directly be}ow the site. As ts ‘the' case in saturated media,
hydraulic potential gradients determine 'the f]ow condtt1ons in
unsaturated soils. The unsaturated hydrau11c grad1ent is composed of
similar components sucn as pressure potent1a1 and gray1tat1onal_
potential; also, thermal gradients can existv which influence fluid
ﬁovement.. However, unlike the positive pressures acting‘on pore fluid
in saturated media, pressures which are 1ess than atmospheric are

exerted on f1u1d vo1umes within unsaturated so11 ' By conuentton these
pressures are considered negattve and the pos1t1ve (in stgn) terms soil
moisture suct1on and matrtc potent1a1 are w1de1y used.' 5011 suction
increases rapidly'as the pore water content deereases,. The re1ationship
between soil suction and water content is.reterred to_as a moisture
retention curve and exhibits a hysterettc.effect between the wetting

(imbibition) and desorption (drainage) paths. In association with the




wide range of moisture contents and cycles of- imbibitidn andwdréjnage,
the hydraulic gradient in the unsaturated zone can be dominated by any
‘one of the components during specific flow conditions.

As the soil dries, the influence of gravity on the movement of pdre
fluid decreases. The majority of the time fluid flux in natural soils
is dominated by suction gradients, which can typically be 1000 to 10,000
times greater than the gradient due to gravity (Hillel, 1982). 1In a
uniforh]y dry soil, water movement‘below an influent source will occur
in a radial pattern, as in Figure 3, demonstrating the negligible
influence of grav1ty. Thus, in the scenar1o of perco]at1on of leachate
from a hazardous waste site’ overlay1ng an unsaturated soil profile, the
movement of fluid w111 be dom1nated by the so11 suctlon gradients. :

Another consequence of decreasing soil- mo1sture content as the soil

dries out is the attendant decrease ‘in the hydrau11c conductivity.

15

Reductions of up to five orders of magnitude from the saturated

hydraulic conductivity value have been documented (Hil]e],.1982). This
reduction may be attributed to several phenomena: (1) the first pores
to empty are the larger ones which offer the least flow resistance; (2)
as the center of the pores lose water first, the adsorpt1on influence of
~ the soil particles on the water film further increases the res1stance to
flow; (3) the tortuosity of the flow paths increases as the pores drain;
and (4) the total cross-sectional area of flow decreases, thereby

requiring a larger gradient to meintainha given specific discharge.
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Immiscibie Fluid Flow

Two fluids are mutually immiscible if their solubility in the other
is very 1ow.- Decane and JP-4 jet fuel are immiscible in water; dec;ne
has a solubility of 0.009 mg/1 at 20°C. The movement of these fluids
through soil, as depicted in Figure 4, is vastly different than the
transport of a soluble contaminant. The advection and hydrodynamic
dispersion within the water phase are negligible dueito their limited
solubility. In soils that~'are initially water-séturated insoldb]e
wastes must displace. extant water from so11 pores in order to migrate
through the voids. The energy requ1red to d1sp1ace the ex1st1ng liquid
from~the poresjﬁs termed the 1nterfac1al energy (Adamson 1982) i An
' analogous situation occurs when saturat1ng a porous medta (e.g., a
porous stone) or1g1na11y f111ed with air, In that case, the interfacial
energy is commonly expressed - as the air .entry pressure or bubble
pressure (Brooks and Corey, 1964). The magnitude of theijhteofacial
energy is inversely proportional;'to» the ‘diometersj7of}hthe.‘pore,’ or

(Adamson,.1982)

hy = 2's cos(b) /(dp r g) -~ (8)
where h, = air entry pressure (L); o

s = surface tension (W/12);

b = contact angle (rad);

dp = difference in f]uid densities (M/L3); and

r = rad1us of the pores (L). |

For flow to occur, the hydraulic energy grad1ent across a sample must be
sufficient to satisfy the interfacial energy requirements., The smaller
the soil pores, the greater the driving force required to displace the

water,







In unsaturated soil,_a thrge-phase flow system exiﬁts,‘cgﬁﬁosed of
air, water and the jmmiscible f)uid. The movement of each fluid occurs
- only after the volume of_that.fluid attains a minimum value, referred to
as the residual saturation. The residual saturation is specific to the
| fluid and soil type. Most components of JP-4 are 1es$ dense than water;
hence, any of these lighter fluids which reaches“the-water table will
Spfeéd on the surface. The travel distance is limited by the residual
saturation flow requirement.  Migration into and 'aldng with the
surficial aquifer fluid will be limited by the solubility-of the various

fractional components of JP-4.

Methods of Prediction

'A wide variety 6f anajytica1; numerica} and ph¥§icaiitechniques
have been developed to predict hazardous waste tranépprf_ (Anderson-
Nichq]s, 1984). In all cases, an estimate of the hydraﬁii; conductivity
is paramount to estimating the migration rate of a materiaj throﬁgh the

soil. Literature from soil physics, groundwater hydraulics,

19

geohydrology and geotechnical engineering publications .was ‘reviewed to

provide a comprehensive information base of field and laboratory methods
used to estimate hydraulic conductivity. In general, all the-lab tests
provide an estimate of hydraulic conductivity for one-dimensional flow,

whereas field conditions are often two- or three-dimensional,

Field Tests

Field tests are often preferred over laboratory tests for saturated

soils because they generally utilize a larger volume of soil, which
includes the effects of the soil macrostructure, e.g., wbrm holes, roots

and fissures, which contribute to the overall anisotropy of the flow
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region. Field tests also are generally designed to account for thréeo
dimensional flow. Discrépancies'of three 6rders of ;ﬁgnitude have been
observed between field and laboratory tests (Day and Daniel, 1985). A
summary of field methods for measuring hydraulic conductivity is

presented id Table 3.

Laboratory Tests

Laboratory tests can be conducted to determine the phxsical and
chemical properties of the soil medium and the contaminant, These data
can be used in subsequent analysis of migrqtion rates and/or evaluation
of appropriate mitigative measures. In the classical treatment of a
soil volume as a physical continuum, the concept of a representative
elementary volume (REV) emerges when conducting laboratory tests., The
REV isf.defihed‘ as the smallest volume of soil which accurately
chahacﬁeriiés the extrinsic and intrinsic Qariabi1ity of the parameter
in question, A summary of laboratory tethhiques for determining the

hydraulic conductivity of a soil specimen is presented jn"Tablé 4,

Saturated hydraulic conductivity tests

- Laboratory précedures for determining saturated hydraulic
conductivity of soil specimens ‘have. been «standardizedn by several
organizations. The American Society for Testing Materials (ASTM), the
U. S. Geological Survey (USGS), the U. S. Army Corps of Engineers
(USCOE) and others have documented techniques for specific soil types.’
The principle of the test has remained essentially uhchanged from the
famous Dijon, France sand filter experiments conducted by Henri Darcy in

1855. However, the apparatus used to conduct thé test has been modified
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Table 3. Field Methods of Estimating Hydrau11c Conduct1v1ty

..~ Physical - Moisture
Method Scale Content Reference(s) .
L Range - : . | bs

Unsteady Flow Tests

1. Instantaneous Point Moist to Green et al., 1983
Profile saturated = Dane and Hruska, 1983 ok
Chong et al., 1981 .

2. Theta method Point Moist to  Libardi et al., 1980
: saturated Jones and Wagenet, 1984

3. Flux method - Point Moist to Libardi et al., 1980
saturated Jones and Wagenet, 1984

4. Pump test Regional Unconfined Bear, 1979

nonsteady flow aquifer
5. Double tube ‘Point Saturated - Bouma et al., 1982

method co USGS, 1982
6. Auger hole Point Saturated Bouma et al., 1982

: UsGS, 1982

7. Piezometer Point Saturated  Boersma, .1965b ' | L

method USGS, 1982 oo : j It

Steady Flux Tests

8. Crust- Point  Moist to  Green et al., 1983 :

imposed flux. ‘ - saturated . ST )
9, Sprinkler- Point Moist to  Green et al., 1983 i

imposed : flux . -saturated . - ;

10. Tracer Field Saturated Bear, 1979 5
-transport

11. Double~ring Point Saturated Chong et a].; 1981
infiltrometer ‘ :

12. Pump test - Regional Unconfined Bear, 1979
steady flow : aqu1fer .

13. Dry auger Point Saturated Boersma, 1965a :
hole method o ~ Bouma et a]., 1982 ;

14, Carved Point Saturated Bouma et a]., 1982 '
column ’ :

15. Permeameter Point Saturated Boersma, 1965a

method
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Table 4. Laboratory Methods of Estimating Hydraulic Conductivity
. 1 Flow .. Moisture -~ ~ .
Met hod Condition  Content Reference(s)
o Range R
1. Constant head Steady  Saturated ASTM, 1974 o
permeameter 0lson and Daniel, 1981
2. Falling head \Unsteady Saturated Bear, 1972
permeameter ' Olson and Daniel, 1981
3. Triaxial Unsteady Saturated Edil and Erickon, 1985 ’
cell test : USAEWES, 1970
4, Low-gradient Steady Saturated - Olsen, 1966 . B
constant flux
5. Constant Steady  Moist to.~ 0Olson and Daniel, 1981
pressure - saturated
6. Method of Unsteady - Moist to - Dane, 1980
van Genuchten saturated
7. Outflow Unsteady Moist to  Kirkham and Powers, 1972
method . saturated
8. Centrifuge. Unsteady - Moist to Alemi et al., 1976 :
balance - saturated ‘ K
9. sSteady flux  Steady Moist to  Klute, 1965a .
saturated N ‘ : é
10. Pressurized  Steady  Moist to  Klute, 19653 -
steady flux saturated | o
11, Conéblidation Unsteady —Saturated Cargill, 1985
testing Inidarcic, 1982
12. Instantaneous Unsteady Moist to  Olson and Daniel,- 1981
~profile ) saturated N )
13. Crust- Steady Moist to  Green et al., 1983
imposed flux saturated Dunn, 1983
14. Sprinkler- Steady  Moist to  Dunn, 1983
imposed flux saturated Green et alf, 1983
15. Centfifuge Unsteady Moist to  This study" |
flow through saturated




as appropriaie to test a wige range of soil sbecimens under a variety of
soil stress conditions. k
_Permeameters in genera1 consist of a sample cell,‘a fluid ;onduit
system and may or may not incorporate n_pres§urized air,éystem. The
sample cell can_be a rigid wall contginer; however, tq prevent short
circuiting of permeant along the wa]f of the samp1e.contajner, some
sample cel]s uti]jze a f]exib]e membrane 1in.association with an applied

external pressure.

. Unsaturated hydraulic conductivity tests

In contrast to the numerous techniques and apparatus av;i]ab1e,to
conduct a saturated hydraulic conductivity test,tfoniii a few methods
exist for détérmining thé relationship betwegn hydrauiic conductivity
and water contents below‘saturation. However, this 15 commensdna;e with
.the commercial demand for such methodology.  For mnny engineering
punpnggs, including many aspects of contaminant nigrntion, the highest
rate of flux is of concern; for these app]icationé the snturated
hydraulic conductivity tests are apprnpriate. ‘

A variety of techniques have been deve16ped fon estimating
unsaturated hydraulic conductivity. Along with steady flow tests,
transient flow methods have been developed which yield estimates of
unsaturated hydraulic conductiyity over a range of moisture contents,
Estimates can be obtained during the imbibition (wetting) and/or
desorption (drainage) cycle. As in the tests for saturated hydraulic
conductivity, these methods generally yield an estimate of hydraulic

conductivity for one-dimensional flow.
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Laboratory techniques for determining unsaturated hydraulic

- conductivity are'preferred~over field tests for several reasonms (Hillel,

1982, Christiansen, 1985):

1. the flow during unsaturated conditions is dominated by the film of
water along soil particles, hence the influence of macrostructures
'is much less than durihg saturated conditions;

2. better control of initial and bouhdéry conditions is'providéd in the .
1ab aﬁd more sensitive measurements can be obtained, yielding more
accurate interpretation of data; and o

3. lab tests are generally less expensive.

Physical Modeling

Another approach to predicting contéminant:migfation and evaluating -
treatment alternatives is to construct a prototype of the field site and
conduct appropriate dynamic tests. The results can subsequently be

'extrapolated‘ to field conditions by use of appfoﬁriéte '5ca1ing

Eelationships. The choices. of materials and testiﬁg conditions are
governed by geometric, mechanical and dynamic similitude between the

model and field prototype.




CHAPTER 111
CENTRIFUGE THEORY

Historical Use of Centrifugation

Centrifuges have been used as  laboratory epparatus_ by soil
physicists and geotechnical engineers since the turn of the century.
Centrifugal techniques have been developed for performingv physical
-models of field-scale prototypes and for testing the physical properties
of materials. A brief history of centrifugal applications. is presented
be1ow; specific areas of interest include soil moisture retention, soil
‘moisture movement and solute transport. An overview of past and current
centrifuge projects is presented below to emphasize'the wide range of

. practical. and research applications.

Soil Moisture Capacity

Centrifugal technidues have been developed to quantify the meisture
‘retent1on capacity of soils. Briggs and MtLane (1907) presented the
development of exper1menta1 procedures and test results of a centr1fuga1
method for determ1n1ng a so11 parameter they des1gnated as mo1sture
equ1va1ent. They were after a way to quant1tat1ve1y compare d1sturbed
soil.samples and elected to compare samples on the bas1s of cap111ary
equ111br1um 1n a samp1e undergoing a constant rotat1ona1 velocity. The
.centr1fuge they des1gned was driven by a steam turb1ne and was capable

of rotating eight 0.5 cm soil samp]es up to 5500 rpm (approximately 3550
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‘ : 26
times the force of gravity, or 3550 g's). Their-expepimental assessment
included the influence of test duration, angular velocity and initial
water content on the moisture content after centrifugation. They

presented moisture equivalent values for 104 soil types.

In 1935 the American Society of Testing and Materials (ASTM)

adopted a standard test method for determining the moisture equivalent
.of soils (ASTM, 1981). The moisture contentﬁ of an air-dried and .
reconstituted sample after centrifugation at 1000-g's for one hour was
suggested as an approximation for the air-void ratio, also referred to
o as the water holding capacity or the_specific retention. Additional
testing development was conducted by Johnson et al. of the ‘U. S.
Geological Survey (1963).

Bear (1972) presented a simple method to rapid1y obtain the
moisture retention curves of thin soil samples by repeated
centrifugation periods at different rotational speeds. Corey “(1977)
discussed the use of gamma radiation attenuation during centrifugation
to obtain an entire segment of the moisture retention curve during the

course of a single test.

5011 M01$ture Movement

Alemi et al (1976) presented the theoret1ca1 development and .

”exper1menta1 des1gn of two methods for determin1ng the unsaturated
hydrau11c conduct1v1ty of und1sturbed soil cores by centrifugation. The
potent1a1 sav1ngs in tlme was a maJor advantage of the proposed method.
A closed system method was based on descr1b1ng the red1str1but1on of
moisture within a sample after centrifugation by l‘means” of the mass
shift, as' detected by a pair of ana1ytica1 ‘ba1anees. Relevant

assumptions included constant hydraulic conductivity along the sample




during redistribution and a linear relation between mois’tyre_'cont‘ent and
soil-water; pressure head. Acceleration levels between seven anq>_285 g's
were imposed -on a 5-cm long sample for durations .of 60, 70 .and 100
minutes,  Estimates of conductivities. from two cores of Yolo loam
compared well to field and other lab results.

Alemi et al. (1976) proposed a pressure outflow method for
determining the unsaturated hydraulic conductivity from a centrifuged
sample. Estimates of conductivity could be obtained from the record of
total outflow resulting from a specific increase in rq_tationaL velocity,
No experimental results were évaﬂab]e to assess the mgthod, ‘

Cargill and Ko (1983) presented c;etails of a_centrifug.al modeling
study of transient water flow in earthen. einbankment_:s. The total
hydrjagl'ic head; was monitor_'ed with miniature pressure transdqcers fitted
with porous tips. .Their results suggested the movement of:. fjnes (clay

to silt grain sizes) caused anomalous increases in. conductivity via
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_development of channelized flow paths. -Comparison of centrifuge model

results with a finite element program indicated very similar heights of
the phreatic surface at the headwater end with a gradual discrepancy

toward the tailwater side of the embankment.

Solute Transport

Arulanandan et al. (1984) presented cursory details of a study
utilizing a centrifuge to execute a simple physical model- of
infiltration below “a pdndéd water surface. Breakthrough curves of
electrical resilstivity in saturated sand samples were obtained under
steady water flux conditions. Acceleration levels between 1 g and 53

g's were imposed on sand’samp'Ies with a saturated hydraulic_conductivity




in a l-g env_ironment of 0.01 cm/sec. A constant head was maintained

*

throughout the tests. The authors suggested that centrifugal modeling
“may have significant application" in determining the advective and
dispersive components of contaminant’transport (1984, p. 1). However,
careful review of their testing procedure and resuits indicated that
only a single aspect of centrifugal techniques offers a possible
advantage over laboratory bench (i.e., 1-g) physical models.

The paper described a prototype scenario of fresh water
infiltrating into a saltwater stratum of soil under a constant ponded
dépth, although the conditions actually constructed were appropriate for
the much simpler one-dimensional model of a constant head” saturated
hydraulic conductivity test. The‘breagfh%dugh curve of fresh water was
determined at multiple aéte]eration'1evels‘by'mean3'of an electrical
resistivity probe located within the soil specimen. A comparison of
modeled breakthrough curves at 1 g and 53 g's indicated a “reduced pore
fluid velocity at the higher acceleration, ~ While this lag may be an
artifact of the delayed response of the resistivity probe, the results
possibly reflected lower flow ‘rates due to an increase in “effective
stress on the soil particles, caused by the increasing acceleration
level with sample depth. The accuratebfepﬁbductioh of tﬁé'prototype
effective stress profile would be a definite advantage of“ceqprifugal

models over laboratory bench models.

The assumption of a reduction in model length by a factor of N (the

ratio of accelerations ﬁgtween model and prototype) to maintain dynamic
similitude resulted in a proportionate increase in the hydraulic
gradient across the sample. This led to a major pronouncement of the

paper, i.e., that test durations will decrease.proportionate!y.by the

o
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square of the acceleration ratios. While this resultiis valid in the
reference frame of the  conceptually simple tests conducted, the
suggestion that the results .are generally valid and uniquely a
characteristic of. centrifugal modelling is misléading. "The reduction” in
testing time realized by centrifugal modeling can be readily duplicated
- on a bench model. The'equiValgnce in terms of hydrau]i; potential of
. fluid . pressure forces and gravity-induced body forces allows

reproduction of centrifuge acceleration potential in bench models by

merely increasing the pressure on the fluid delivery systems. Ihus, the ..

centrifuge does not offer a unique capability for decreasing the testing
time of physical models. ‘

" The ;uthors' suggestion that dispersive characteristics of soil
media can be modelled at accelerated velocities was apparently disputed
by the study results. Hydrodynamic dispersion coefficients reflect the
| nonunfform po}e “fluid velocity distribution within a soil volume.
Accordingly,> the dispersion coefficient has been observed to vary
significaht1y with the velocity of tﬁé bulk-fluid, demonstrating: greater
variation in soils with a wide distribution of pore sizes. -While the
breakthrough curve results presented clearly demonstrated the dependence
between the dispersion coefficient and pore fluid velocity, the authors

failed to recognize this and optimistically suggested that estimates of

this parameter can indeed be determined at actelerated velocities.

Extrapolation of dispersion coefficients determined by centrifuge tests
to field conditions and pore velocities would be severely restricted to
laboratory media with an extremely uniform pore size diStributibn such
that hydrodynamic dispersion would be independent of pore fluid

velocity.




In summary, the study highlighted a principal igature of physical

modeling in a centrifuge, that of increasing the body forces imposed on

fluid and soil particles., However, the testing conditions were too
“narrow 1in range to warrant the authors' general conclusion that
céntrifuga1 modeling is superior to bench- models in determining
advective characteristics of contaminant transport. In addition, the
breakthrough curve results disputed their '§uggestion that dispersive
characteristics of soils under fie1d’tonditions can be determined in a

centrifuge model. Because the prototype condition was never executed,

there was no independent base with which to compare the model results.

Geotechnical Engineering Applications

The .use of centrifuges in geotechnical engineering research has
increased at an.accelerated rate in-the lastjdecade. From the earliest
reference in American 1iterature (a study; of mine roof design)
.centrifuges have been ‘utilized to _investigate a wide spectrum of
problems, including landfill cover sub;idence, soil liquefactioni slope
stability, cellular coffer dam pecformance, beqring capacity qf footings
in sand, tectonic modeling, explosive and planetary impact cfatering,
sinkhole collapse and evaluation of sedimentation and consolidation of
fine-grained materials. .

.Research centers specializing in centrifugeiprojects have developed
in many nation;, notably England (Cqmbridge Univergity),‘ the United
States. (University of CaTifornia - Davis, University of F]orida,
University .of Colorado, University .of Kentucky, NASA Ames Rgsearch
Center, and 6thers),,Japan (four research centers) and France. A recent
review of the state of the art ambitiously»projected “thé day will come

when every well-equipped geotechnical research laboratory will include a




centrifuge for model testing . . ." (University of California, 1984, p.
36). The growth curve presented in Figare.s demonstrates the increase
in interest in centrifugal applications. A summary of advantages aﬁd

limitations of centr1fuga1 techn1ques comp11ed from several articles is
presented in Tables 5 and 6.

Univefsi;x,of Florida Centrifuge Equipment

The ‘University of Florida geotechnical centrifuge has a l-m radius

and can accelerate 25‘ kg to 8 g's (2125 g-kg capacity). Figure 6

| presents a schematic drawing of the centrifuge .and photographic

equipment. A photograph of the centrifuge is presented in Figure 7. A
window on the centrifuge housing allows visual observations of tﬁé model
in flight. A photo-electric pick-off and f1a§h de]ay augment tﬁa system
for visual observation and photographic recording. Two hydraulic slip

rings'subply fluid to the apparatus, while 32 sTip rings are available

~ for transmission of electrical current.

Fluid Mechanics and Hydraulics in a Centrifuge

A1l laboratory systems utilized as a permeameter or physical model

“inherently entail fluid flow through conduits.and through porous media.

The design and analysis .of such an apparatus necessitated an
understanding of fluid flow in both regimes as well as any
modifications of their behavior under the influence of radial

acceleration. In this context, fluid flow is discussed below.

Flow Through Conduits

During the execution of a laboratory hydrau]tc conduct1v1ty test,

the hydraulic energy at the sample boundaries is determined by the
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Table 5. Advantages of Centrifugal Modeling

1.

It is the only means for subjecting laboratory models to
gravity-induced self-weight stresses comparable to those
in the full-scale field prototypes.

Many gravity-dominated phenomena take place at

dramatically increased rates.

It allows for verification of model to prototype scaling
relationships by repeating the tests at various
acceleration levels, a technique referred to as modeling
of models.

A single model configuration can be used to evaluate

- many different prototype confxgurat1ons by vary1ng the

acceleration levels,

It 1is - the only rea115t1c way to model ]arge-sca]e -

phenomena such as nuclear explosive effects and
planetary 1mpacts.

‘Table 6. -Limitations of Centrifugal Model Testing

1.

The acceleration level in the centrifuge varies with the
radius of rotation, in contrast to the essentially
constant - gravitational force field at - the earth's

.surface., .
‘Coriolis effects mqy have an - 1nf1uence if movements occur

within the model during rotation.

The start-up period,. when model acceleration is

increased, has no counterpart in the prototype.

Tangential acceleration effects may be significant if
centrifuge speeds are changed too rapidly.

Grain size similarity is difficult to achieve.

- There is a risk of injury and/or property damage during

operation of a- large centrifuge due to the large forces
that are developed.
They can be more expensive than conventional apparatus.
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Figure

7. Photograph of the U. F. Geotechnical Centrifuge
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influent and effluent reservoir conditions and the f]gw characteristics
of the conduit system. Under th2 influence of the earth's gravitational
acceleration, the one-dimensional relationship between the pressure
distribution and fluid kinematics in a conduit flowing full between two
points is the Bernoulli equation (Fox and McDonald, 1978)

(°/p + V272 + gz2}1 = (P/p + V272 + g2), (9)

where P = pressure acting on the fluid (M/LTZ);

p = mass density of the fluid (M/L3);
V = velocity of the fluid (L/T); and ‘;
z = e1evation of the point (L).

The Bernou111 equat1on is an 1ntegrated form of the Euler equat1ons of

motion. An ana?ogous equat1on was den1ved to descr1be the same

re]at1onsh1p w1th1n a centr1fuge.' The eqvat1ons of f1u1d motion were
pvaluated in the reference frame of -a centr1fugal permeameter For the
o]ementary mass of f]u1d in a tube (see F1gure 8), motlon is paral]e? to
the rad1a1 accelerat1onm The forces actIng on the e%ement in the
direction of flow are ’

1. hydraulic pressures acting on the surfaces of the control eiement;
2. shearing forces of adjacent 2lements and/or the walls of the tube;
and |

3. centrifugal body forces acting’on the element.

For a control volume in a centrifuge, the acceleration, &, actiﬁg on
the mass 1is a.function of the radius, r, expressed as |

ap = rwe , _ . | - (10)
where w. = angular velocity (rad/T), which is constant at all distances

from the axis of rotation. Newton's second law of motion in one
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dimension can be expressed as
F = Ma, = M(dV/dt) = p dr dA dv/dt (11)

sum of the forces acting on the control volume (ML/TZ);"

where F
M = mass of the element (M); and
A = cross-sectional area of the element (LZ)

Substituting in the forces acting on the element, equation 11 becomes

PdA - (P+dP)dA - dF¢ + p ad A dr = p dr dA dV/dt : (12)

where P = pressure acting on the control surface of the element; and-

dFs

total shear forces.

Dividing equation 12 by (pdA) and simplifying yields

(-dP/p) - (dFg/pdA) + érdr = dr dV/dt _ (13)
Replacing dr/dt with the fluid velocity, V, (dFS/pdA) with dH; and
incorporating equation 10 yields '

(-dP/p) - dH, +w? rdr = VaV | (14)
Collecting terms, | .

-wZ rdr + dP/p + dH, + VdV = 0 (15)
For .an incompressible fluid equation 15 is integrated across the element
to yield o
w2(r§ - r§)j2 + (Py- P)/p + H + (V5 - Vi )/2 = 0 f(15)
Separating terms yields the centrifugal equivalent of the Bernéu]]i
equation:

(V2/2 + P/p - wirZ/2)y = (VZ/2 + P/p - w2r2/2), + H (17)
Defining the specific.energy hydraulic potential as '

H = V2/2 + P/p - werZ/2 o | | (18)

‘Equation 17 can be written as

Hy = Hp + H o o (19)

38




The dimensions of the specific energy potential are Energy per unit

mass. For a system in hydrostatic equilibrium, the velocity and hence

39

the frictional losses are zero. The relationship between the pressure‘

distribution and the radial location is thus
Py = Py + p(rp? - 1?)/2 | . ' (20)

This relationship is demonstrated in Figure 9 for Py = 0 and ry = 50 cm,

Flow Through Porous Media

For f]ow through porous media, the velocity component of the
hydraulic potential is negligible compared to the pressure and elevation
terms. In reference to the control vo]ume‘in Figure 10, D;rcy's law
within a centrifuge sample can be expressed using the specifi; energy

potential gradient by introducing equation 18 into equation 4 as
q =« $pip - Wi2) O (21)

‘Consistent with the units of the hydraulic potential, the hydrau1ic
“conductivity, K, has the units of time. This dimensional definition
retains the basic relationship of flow conductivity to the soil matrix

and fluid properties, i.e.,

K=k /v . | : (22)

This definition of K is not a function of the gravity induced

acceleration acting on the fluid mass. Expanding equation 21 yields.

wo{(r + dr)? - rz}) (23)

_ Ly (d(P/p)
a= & Sgre-- 7 ar

expanding the quadratic term yields
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2 2 2 2

d(P r- +2rdr+dr- - r ;

q =k (@ERL_ W ¥ 2rdr 1 ‘ (24)
2 2 | i

d(P/ w (2rdr + dr : o
tvaluating equation 25 at a point and -neglecting the second - order
differential yields.

d(p 2 (P
q =« QR n2) - (@ER) ., (26)
In a 1-g environment, the second term in brackets is equal to unity, |
while in a multiple-g environment, it is equal to the acceleration * g
acting on the fluid mass. Assuming that the pressure gradient componént ;
is not influenced by the acceleration induced by the centrifuge, the 2
hydraulic potential gradient within the centrifuge will increase over a ;ﬁ
1-g sample by an émount equal to (ap-1). g%
This additional gradient will result in a proportionate increase in the ;
fluid flux through the soil, i.e., the flux at a radius, r, will ;
increase by an amount equal to - ' ;%
q= K (a - 1) - (27) '
‘where a, is given by equation 10. However, it is important to note from
equation 26 that the increase in specific discharge is directly
prbportiona] to the acceleration level only if the pressure gradient
equals zero, )

Energy Losses in The Permeameter

Along with the energy 1loss induced across -the soil. sample,

mechanical energy is lost in the permeameter due to friction along the

tubing walls, and, of minor importance, due to flow contractions,
expansions and bends. These losses are generally expressed in the form

of the Darcy-Weisbach equation




H = (f +C) LZ/2D N S )

where Hy = lost mechanical energy per unit mass (LZ/TZ);-

f = friction factor (dimensionless); - -
= coefficient for minor energy losses (diménsionless);
L = length of the conduit {L); and
D = inside diameter of the conduit (L).

Dimensioné] Analysis

When used to conduct physicaly_mOde1ing of prototype behavior,
appropriate relationships between the forces acting on the control
volume must be preserved in the centrifuge mbdel. Scaling relationships
between the fundamental dimensions, mass, length and time, of the
prototype and centrifuge model are determined by dimensional analysis.
Historically, three methods of determining scaling factors have been
utilized. Croce et al. (1984) employed an approach based on Newton's
original definition of mechanical similarity requiring proportionality
of all the forces acting on similar systems. Cargill and Ko (1983)
derived scaling relationships from a method of dimensional analysis

incorporating the Buckingham Pi Theorem. Others have based scaling

relations on the differential equations governing the phenomena. Each of

these methods, when properly applied, yié1ds identical scaling factors
for the same phenomena and assumptions, Verification of the scaling
factors is accomplished by comparing results of tests with various
geometrical and/or acceleration ratios; this latter process is referred
to as modeling of models and can be readily executed by spinning the
same samp]e. at various speeds and comparing results. An apparent

discrepancy concerning the scaling of hydraulic cdnductivity was based
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on an inconsistent definition of the total potential gradient. When. the
potential is defined as the hydraulic potentia], ‘wigh the dimension of
length, K scales as 1/N, Qhere N is the ratio of acceleration in the
model to that in the prototype. When the potential is defihed as the
pressure ‘potential or the specific energy potential, K scales as unity.

The reason for the difference in scaling is that the definition of K in
the latter cases is independent of the acceleration acting on the fluid.
A general set of scaling factors is presented in Table 7; however,

individual analysis of the hydraulic conditions specific to the model

under consideration should be conducted.
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Table 7. Summary of Scaling Relationships for Centrifugal Modeling

Property

Scaling Factor

Potential gradient
(specific energy potential)

Potential gradient
(hydraulic potential)

Potential gradient
(pressure potential)

Hydraulic conductivity
(specific energy potential)

Hydraulic conductivity
(hydraulic potential)

‘Hydraulic conductivity
" (pressure potential) -

" Time -
Pressure
Darcian flux in saturated soil
Darcian flux in unsaturated soil
Volumetric flow rate

Capillary rise

1/N

1/N

1/N

1
XN
X/N
1/N

1
X2/N

N

‘Note: N
X

(accelerétion of model)/(acceleration of profotype)
(unit length of prototype)/(unit length of model)




CHAPTER 1V
TESTING PROGRAM

Centrifugal techniques for evaluating hazardous waste migration
include physical modeling and material propertiés te#ting. To fully
utilize the potential of physical modeling in the centrifuge, the
fundamental relationships of radial acce]e%at{on,’ hydréu]ic pressures
and pore fluid kinematics within the centrifuge soil sample needed'tOKbe
developed Aand verified. The execution of concurrent bench and
centrifuge hydraulic conductivity testing provided the opportunity to
investigate these fundamental fluid flow properties as weli és allowed
the direct assessment of the feasibility of material properties testing
within the centrifuge. A secondary objective of the project. was to
establish the theoretical and ﬁractica1 operafing Timits of centrifugal
techniques. The design and execution of the 1aboratoryntestfng,program
is discussed below.
| Objectiveé

The laboratory research program was designed and implemented tq
develop centr{fuga1 testing bmethods  for deférmining saturated and
unsaturated hydraulic conductivity of soil samples. The testing program
encompassed:

1. the analysis, design and fabrication of permeameters for use in the
centrifuge;
2. execution of hydraulic conductivity tests in a 1l-g environment to

provide ‘a benchmark for comparing centrifuge test results;

46




47

3. derivation of the appropriate equations of motion €Br fluid flow in

a centrifuge;

4, execution of hydraulic conductivity tests in the centrifuge at
various accelerations;
5. comparison of centrifugevresu1ts'with 1-g test results; and .

6. if necessary, modification of the .centrifuge device; ‘testing
| procedures and/or data analysis based on results of the comparison.
The technical feasibility of centrifugé] techniques “for - evaluating o , i%;
‘hazardous waste migration was assessed based on the results obtained. |
Results of the testing program will also serve as.the foundation for.
subsequent reésearch in the area of centrifugal modeling of hazardous
waste migration. A summary of the testing program is presented in Table

8. ' .

Table 8., Summary of Permeability Testing Matrix

Soil Moisture Condition
“Soil. . ~. ... Saturated . . ‘Unsaturated
Type Water Decane Water Decane

Bench tests

Sand
Sand/c]ayb
Kaolinite®
Kaolinited

e
e~

Centrifuge tests

Sand ‘ o L L C
Sand/c1ayb o L

Notes: a L indicates a laboratory test; C indicates analysis
by computer model :
b 80 percent sand, 20 percent kaolinite, by wexght
. ¢ initial mo1sture content was 29 percent by weight
d initial moisture content was 32 percent by weight
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Materials
Permeants |
| Saturated and unsaturated hydraulic conductivity tests were
performed using distilled water and decane as the permeants. A survey
of current hydrsulic conductivity studies and published testing
procedures indicated that distilled water was the most common permeant ,
although most agree that so-called native water should be used. Several .
studies have documented reductions in -the estimates of hydraulic
conductivity through clays using distilled water of.up to two orders of
magnitude - lower than estimates from tests using native water or a weak
electrolyte solution (Uppot, 1984; Olson- and Daniel, 1981). The

discrepancy has been attributed to electric double layer interaction of

the clay particles with the filuid (Dunn, 1983; Uppot, 1984; -Olson and
Daniel, 1981). When distilled water flows past clay particles with high
surface potentials, the electric double layer of diffuse ions expands; as

the number of counter ions (anions in this case) in.solution decreases, i

increasing the surface viscosity and resulting in reduced estimates of
hydraulic conductivity (Adamson, 1982). The use of distilled water did
not present a problem in this study because the initially dry kaolinite

was prepared to an initial moisture content with distilted ﬁater. In

essence, distilled water was the "native" water for tﬁese.clays.

Reagent grade, i.e. at least 99 percent pure, decane was used as
the nonagueous permeant. Decane is a straight chain hydbbcarbon with
simi1ar properties to the U. S. Air- Force jet—fue}‘JP-4. »Aicomparison
of phy;ical and chemicél properties of water, JP-4 and décane is
presented in Table 9. Like jet fuel,. deéane is flaﬁmab]e in specific

mixtures with air. The lower and upper explosive limits for decane in
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Table 9. Comparison Between Properties of JP-4, Decane &nd
Water (at. 25°C) ' ‘

‘Property "JP-4 Jet Fuel®  n-Decaned Water€

Fluid density 0.774 0.686 0.997
(g/cc)

"~ Kinematic viscosity 0.01184 0.01195 0.00900

(em?/s) - |

Surface tension 24.18 - 18.59 72,14
(dyne/cm)

Freezing point © 60.000 -29.661  0.000
(€). . . . K .

Boiling point. not available 174.123 100.00
(c) . .

Vapor pressure  not available  3.240 32.69
(cm water); - |

Solubility in not available - 0.009 -

water (mg/1)

Polarity Nonpolar Noripolar Polar

Sources: a Ashworth, 1985
b Chemical Rubber Company, 1981
¢ Giles, 1962

‘air are 0.67 and 2.60 percent by volume, respectively. The auto-
ignition temperature of “decane is greater than 260°C, while the closed
" 'cub open flame flash point is 46°C. However, decane is not sﬁsceptib1e
to spontaneous heating (Strauss and Xaufman, 1976). Suitable
extinguishing agents include foam, carbon dioxide and dry chemicals.
‘Because of the explosive potential and otherwise hazardous néture of -
.decane, safety procedures in handling and disposal were implemented.
Recpmmended precautions.for safe handling of decane include the use of
rubber gloves, lab coats, face‘ shields, g§od venfi]afion and a

respirator. Recommended dispbsa1 procedures consist of absorbing in




50

_vermiculite, collection in combustible boxes, transferal to open pit and ' B
burning (Strauss and Kaufman, 19?6). During the coJFse.of”the‘testing
program waste decane and water were separated by deﬁsjty differences;
the waste decane was decanted into the original shipping confainers and
picked up by a University of Florida hazardous waste removal. group.

The potential! existed for atomizing‘substantial'volumes,of decane

Juring centrifugation, which could have resulted in’' a potentially

explosive atmosphere. The presence of elevated hydraulic pféSsure under
high acceleration coulq cause a rapid_ efflux of deééne_ from the Q
permeameter should a seal in the apparatus fai]. bependihg on the R
location of the seal failure, the amount of decane released could result
in a concentration in the centrifuge atmqspheré betyeen thg lower and

upper explosive limits, and hence present a combustion hazard if an

ignition source was present. The decane could be sprayed and
subsequently condensed on the walls of the centrifuge hoﬁging. ?The
relatively cool temperature (25°C) of the housing is well below the
auto-ignition point (260°C) and below the open flame ff;sh pdint\ of
46°C. In summarv, the actual combustion behavior of decane released

during centrifugation is not definitively predictable. However, general

calculations of explosive potential coupled with a concerted exercise of

caution suggest that there is 1little potential of combustion during

centrifuge testing.
Soils
Four soil preparations were utilized in the testing program. The

soils were chosen to span the wide rangé of:pore fluid velocities of

natural soils as well as for their low degree of reactiVity:

1. fine-grained silica sand;




2. 80% sanﬁ - 20% kao]jnife (By weiéﬁt);
3. 100% kaolinite --prepared to an initial water content of 29%; and
4. 100% kaolinite - prepared to an initial water content of 32%.

The uniform fine-grained silica sand used in the laboratory tests was
(obtained from the Edgar Mine Company of Edgar, Florida. A sunmary of
the physical and chem%ca1 chara¢terispics of the‘séndti; preseated in

Table 10.

Table 10. Characteristics of the Sand Used in the Testing;?rogram

Parameter . Value

Chemical Composition

$i102 . 199.3 percent hy weight
Other minerals <1 percent by weight
Particle Size Distribution Cumulative percent undersize
1.00 mm : _ 100.0 :
0.25 mm 93.0
0.20 mm 590.0
0.125 mm ' 10.0
0.07 mm 0.6
Specific surface area 0.0 /g
(based on spherical grain)
Specific Gravity 2.64

The kaolinite employed for the laboratory tests was also obtained

from the Edgar Mine of Edgar, Flerida. A sunmary of the physical and
chemical characteristics of the cfay is oresented in 'Tabie 11.
Kddlinite was selected as a repraeentative Fine-grainea soil with
extremely iow values. of hydraulic conductivity, with the édyaqtage that
its shrink/swe11 and reactivity tendencies are small compared to other
clays such as illite. The hydrogen'bonuing and Van der.ﬂaal forces

which hold the silica and aiumina sheets iogather are sufficientiy

[3a)

[




Table 11, Characteristics of the Clay Used in the Testing Program

E3

Parameter Vaiue

Chanical Compnsition Height percent, dry basis
Si02 46.5
Al12 - 37.6
Other minerals <2
Loss on ignition ‘ 13,77

Mineral Content (xz-ray diffraction)
Kaolinite {£1203 25102 ?H20) 97 percent

Perticle Size uistribution Cumuylative percent undersize

40 micron 100

10 micron ' L 90

5 micron . , 78

3 micron 68

1 micron 49

0.5 micron o .40

0.2 micron 20
Specific Surface Aroa 11.36 m’/g
Specific Resistivity 35,000 ohms/cm
0i1 Absorption 47.3 g 0i1/100 g clay
pH

5% solids _ 6.05

10% solids 6.07

2J% solids 5.85

30% solids 5.89
Cation Exchang: iapariiy 5.8 Meq/100 g
Specific gravity . 2.50 .

strang to restrict interlayer expansion (Mitchell, 1976). A net
negative charge is present on the edges of kaolinite particles resulting

in a relatively low ca ion exchange capacity of 3-13 milliequivalents
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per 100 gréms. Reiative‘ to other c¢lay, e.g., montmorillonite and'

illite, kaolinite has a3 s<mall specifit surface area of 5-12 square
meters per gram. The narticular kaolinite employed in the laboratory

tests nad an average specific surface area of 11.36 m2/g as determined
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by the BET method using nitroéen. The clay samplas were preparad at two
initial water contents, one ‘below the optimum water content of 30
percent by weight and one above the optimum water content. Theory and
practical experience indicated'that the resulting pore structures would
differ énough © to produce discernible differences in hydraulic
conductivity values (Mitchell, 1976):

A mixture of sand and clay was prepared -to create a soil-with
intermediate values of hydraulic conductivity. The mixture was prepared
to the ratio of 4 parts éand to one part kaolinite by weight. ‘

- The reTatTonship.between the moisture content and the soil moisture
suction of a soil volume is referred to as a soil moisture retention
curve, or moisture Characférist5c curve. The curves are specific to

_each soil type and generally éxhibit a hysteretic response during the
absdrbtion and_drainagé cycleé.m Moistdré reteﬁtion cﬁr?és'were prepared
for each soil dﬁring a drainage cycle usiné water covering the range
from saturation to 15 bars su;tion. The results, presented in Figure

11, were used in the unsaturated hydraulic pquuctivity‘ana]ysis}

Testing Equipment

Evaluation of Current Technology

A preliminary task' was the design of the permeameter for the
testiﬁg progfam. A review of current réseafch'hevéaled that two major
types of permeameters are wutilized for determining the hydraulic
conductivity . of water and nonagueous fluids  in saturated samp]és.
Historically, sample containers had rigid walls. Mechanical simplicity,
ease of sémp]e preparation and ability to faci]itéte field éores were

among .the reasons for their popularity. However, sidewall leakage,
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i.e., flow along the wall rather than through the sample,_has been

documented, raising the question of validity of results for a rigid wal!

apparatus {Daniel et al., 1985). Prevention of sidewall leakage was

addressed by various remedial measures, asfeiemnlified by the practice
of sealing the top of the samnie adjacent ;to the wall with sodiunm
bentonite. Another pract1ca1 problen encountered in rigid wall
apparatus has been volumetr1c change of reactive soils when exposed to

nonaqueous permeants. Reports of tremendous increases in the hydraulic

conductivity of sowls to organzc solvents have - been criticized because
‘the rigid wa11-~apparatus ‘ut11mzed were';condUvae to unrestra1ned
shrinking resu1t1ng from chem1ca1 reaction between the fluid and the
soil matrix (Brown et a1., 1984) w1th the advent of triaxial apparatus
(see Figure 12), used for measarements oF soil strength, an alternative
to the rigid wa]] conta1ner developed The triaxial apparatus confines

the soil samp]e in a f]ex1ble mewbrane whizh allows transmittal of

confining pressures to the 5013 spec1men. Eluw along the wall outside
the specimen is prevented by the cont1nuous contact between the samplz
and the flexible wall. Review of current research indicated. that
flexible wall permeameters are the_prefefred iaboratory apparatus for
saturated hydraulic conductivity measurements >f nonaqueous permeants
(Dunn, 1983; Uppot, 1984; Daniel et. al., 1985).

The flexible wall apparatus also has the 2-dvantage over rigid wall
permeameters in that eonplete saturation‘ of the 5011 sanp!e' can be
ensured by applying high pressure from both ends of the samp]e; In the

process of introducing water into the sample, air is entrapped in the

interior voids, preventing complete saturation of the sample. These air

pockets effectively block the flow of water through the sample, reducing
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Figure 12. Photograph of a Commercial Triaxial Apparatus
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the observed vaive of the hydraulic conductivity. By applying high back

pressures, the trapped "air dissolves into the pore fluid, = Attempts to

utilize back pressure saturation ia rigid wall peﬁmeametor3 have
exacerbated the sidewall 1eak$ﬁe prodlen (Fdil and Erickson, 1985). &
related 'advantager' of ~ff§iibié “wall apparatus over rigid wal)
permeameters is the ab111ty to ver1fy como]ete saturation of the sample
- before testing beg1ns. App11cat1on of an incremental increase in the
confining pressure, transmitted to the sample by fhe flexible membrane,
will cause an equa]—incrementa]Nincrease in pore fluid pressure when the
sample is fully saturated. The ratio of the ohserved pore prassure
increase to the applied increment of confining pressure is referred to
as the "B" value, and is equSl‘to unity for cdmp]ete saturation. Tt is
not possible to check for "B" wvalues i1 a rigid wall device
(Christiansen, 1985).

Another benefit of the f]axihhu wall apparatus is the ability to

control the effective stresses ac: ing on the sanple particles. During
back pressure saturation, the external ﬂpo11ed pressure is proportlon

ate]y increased to ma1nta1n spec1f.pu effect1¢e stresses on the 5011
particles. Neglecting. §ne we1ght of the overlaying sample, the
effective sfress of a samplé‘iﬁ a flexible meibrane is the net presﬁure
difference between the pore <fluid pressure and the external chdﬁber
pressure, This unigue capabiIity allows the sample to be tested under
sim%]ar effective stress cquitiqns as ggist i the field, e.g., fifty
feet below the surface. A éomparxson hetween the confining stress
distribution in a flexible wall and a rigid wall container is bresented

in figure 13. Flexible wall permeaneters also allow direct measurement

of sample volume change during testing.
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Disadvantages of a flexible wall apparatus include higher equipment
costs, possible reactivity of the flexible nembrane with nonaqueous
permeants, and the inability to reproduce. zero cffective stress at the

top of the sample, a condition which exists at the soil surface. When
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exposed to the atmosphere, desiccation cracks open up in clay soil and

liners due to shrinkage. The resulting fissures significantly increase
the rate of liquid movement through the layzr. Currently, there is nc
way to reproduce this condition of zero =2ffective stress at the surface
in the flexible wall permeameter. A study comparing field seepage rates
of a carefully compacted clay linar with rates determined in a flexible
wall apparatus documented a difference of three orders of magnitude (Day
and Daniel, 1985),- Rigid wall field apparatus (double-ring infiltro-
meters) recorded values within an order of magnitude of observed field
ratés. ‘ |

A carefully contro]]ed invastigation of tne effects-of permaameter
type conc]udéd that there was no significant difference in saturated
hydraulic conductivity measurements for water in clay (Boynton and
Daniel, 1985). However, es*imates of hydraulic conductivity of
- concentrated organics were an order .of magnitude higher for tests
conducfed in rigid wall containers tﬁan in a f]exfb1e wall permeameter.
In that study results from a flexible wall apparatus were. compared to

estimates from a standard consolidation c¢2'1 and compaction moid.

Design of the Hydraulic Conductivity Apparatus

Separate permeameters were designed for use in the saturated and
unsaturated hydraulic conductivity tests. After a review of current
technology, the saturated hydraulic conductivity permeameter was

designed as a modular apparatus to facilitate uncomplicated sample




sreparation and ‘u¢ the convenience of incorporating possible future

T
-

Aesign revisions. Tre Jevice ircorporated the current hest technolagy

n permeameters, iqciuding

1. incorporation =f a flaxihla wambrane;

7. capability for de-ai-ing the permeant «nd sanmple via vacuum;

3. capability for nack pressure saturation; and,

4, capability 'o check tor comnlete saturation by means -of the "B"
value test,

Tae design alsc iaclude: wonstraints brought about by its intended use

in tae centrifuge.  Theu- inzluded

l. size constraivt - the davice must fit on the 75-c Tong lower flat

portion of lhe ~nat-ifuge arm, while at the same time, be narrow
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enough so that the radial accelaration forces act in nearly paraliel

directions;
2. the weight musl ren i+ balanced in flight - hence the apparatys nust
have a self-contain~d permzant system;
3. tihe permeameter i3 limited to two hydraulic slip.rrings on the
centrifuge asseadly: and
4. the permeant “ubing svstea should be as larye as possible to mini-
mize flow velocitias &' hence minimize the energy losses due to
frictionf -
A schematic of tne copleted device is presented in Figure 14. A
photograph of the apparatus attached.tb the centrifuge arm is presented
in Figure 15. Tne unit consisted of 1.25-cm thick, 11.43-¢m inside
diameter acrylic cylinders separated by 2.54-cm thick acrylic plates.
Condﬁits were drilied 1y the plates to conduct the iest pérmeant. 0-

rings between the individual elements provided high pressure seals, and




"

3 ‘|| sSTEEL. mOD . | ]
aipw s —2.5-cm
- ACRYLIC s
‘PLATE |

/-1 27-em
Al ACRYLIC
 CYLINDER

TO
LOWER
{|cramBER

FROM BOTTOM
> OF SAMPLE

- THROUGH'
SOLENOID

Je————zem — J»l

Figure 14. Schematic of Apparatus Used in the Saturated Hydraulic
Conductivity Tests




62

Figure 15. Photograph of the Saturated liydraulic Conductivity Apparatus'
Attached to the Centrifiire Arm -a) Front View: b) Rear View
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“the entire apparatus was unified by six 0.95-cm diameter steel rods.

Permeant flow between the reservoirs and the soil sample was controlled
by a tﬁree—way solenoid valve, Material and fabrication of the

permeameter cost approximately $1000. Pressure transducers, attendant

voltage meters, pressure controls and wmiscellaneous hardware cost an

additional $4000.
~ The soil specimens were confined in a flexible membrane withia the
upper water-filled acrylic cylinder. Stainless steel porous discs and

filter fabric were used to contain the soil sample, subject to the

criterion that the pore sizes be small enough to prevent particle emi-

grationlfrOm the sample, and yet large enough to avoid becoming limiting
to flow. The f]exible membrane must be free of leaks, nonreactive with
the pérmeapt and” relatively impermeahble to the confining fluid to ensure
hydraulic isolation. Reactivity and permeabiliiy of the membrane can be

tested by stretching a piece of the mambrane over the top of .a beaker

‘containing the fluid in question, inverting, and monitoring the sub-

sequent fluid Toss (Uppot, 1984). Initial tests with decane revealed

significant leakage and interaction between tha latex rubber membrane

~and decane. After several hours of exposure tn decane, the surface of

the latex membranes was transformed into a Wfinkled covering, similar jn
pattern"t6 the convolutions -on the surface of the brain. A similar
wrinkle patte}n was observed in a previous study using benzene with a
latex membrane {(Acar et al., 1985). . It has been suggested that decans
and other nonp61ar hydrophobic organics penetrate the polymers com-
prising the latex mémbrane,‘fésulting in molecular relaxation and hence
an increase in the surface area of the meﬁbrane. The wrfnk]es result

from the confining pressure restricting the volumetric expansion of the
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wenbrane.. As an intermediate colution to the leakage problem, a shéet
. : %

of polyethylene fo0d -wrap wis sandwiched between two Tatex membranes.
However, this measure did not prevent the surface convolutjons on the
inner membrane.  Single neoprene rubber membranes were subsequént]y
utilized and found to be relatively nonreactive to decane. All of the
saturated hydraulic conductivity tests reported herein_using decane as’
the permeant utilized the neoprene rubber membranes.

The conduit system consisted of the tubing and valves connecting
the sample cell to¢ the pressure control and flow measurement compopents.
\lony with the encrgy loss induced across the soil sample, mechanical
.energy is lost ia the permeameter due-to friction along the tubing
walls, and, of minor importance, due to flow contractions, expansions
and bends, The conventional constant head fsaturated, hydraulic
conductivity test is conducted under steady flow .conditions, and' as
such, the appropriate head Toss can be obtained by pressure,transducérg
located at each end of the sample; no correction is needed to account
for other energy losses. However, hydraulic conductivity tests with
variable boundary conditions, such as the falling head or variab1e head
test employed here, result in transient boundary conditions, and the
gradient across tha sample is constantly - changing; heace pressure
transducers seldom are used at the ends of the sample. Rather, the
transient boundary conditions are - incorporated directly into the
‘derivation of the equation for XK. Generélly the energy losses due to
friction, etc., ar2 neglected, which is acceptable when flow velocity in
the tubing is small, as it may be for flow through clays and sand/clay
composites as well as for gravity floQ through sand. However, for sand

samples under pressure and permeameters with small diameter tubing,

SRR T T L T -




energy losses became- significant as flow yelocities~-increased.
Extremely high -energy losses due to friction were observed in the small
(0.25 cm inside diameter) tubing of the commercial triaxial device.
Larger tubing (0.64 cm inside diameter)vwas used in the .new permeameter
~and as large as practical: valves were employed in the permeameter to
- minimize energy losses due to flow restrictions. Nylon tubing, which is
nonreactive to most organics, was used in the permeameter. Tne presence
of decane did not noticeably affect the nylon tubing nor the acrylic
chambers of the permeameter. -

E]aborate mult1phase systems have been utilized to accurately
measure 1nf1ow/outf1ow rates (Dunn 1983) However,  tisua1:pbservation
of water surface elevat1ons were ut111zed in th1s study to determ1ne
fluid f]ux in the Current hydrau11c conduct1v1ty dev1ce. |

The a1r pressure system cons1sted of both vacuum and positive
supp11es, regulators, gages, pressure transducers and ca]tbrated
voltmeters. Deairing the permeants and the samp]e were facilitated by
the uaCUUm..' Appropr1ate pressure gradients wereé estab11shed and
maintained across the sanple via independent control ot the air
pressures in the influént'and‘etfluent reservoirs. Air pressure was
1ntroduced at the top of the influent and eftluent reservoirs through
the conduits in the upper acrylic plates. Durtng pre11m1nary test1ng,
thev1nab111ty of pressure regulators to hold constant pressures above
the 1nf1uent “and eff]uent reservoirs as their water levels fluctuated
resulted in 1naccurate est1mates of hydrau11c conduct1v1ty. Adequate
regulators were appropriated for subsequent testing. The accuracy of

pressure gages, regu1ators and transducers is paramount due to their
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role in establishiag boundary conditions on the samplf. In&ividual and
differential pressure tranducers were utilized to monitor the "B" value
of'the sample before testing and the air pressure above the permeant
surfaces during the tests. Cxternal confining pressure was maintained
on the sample throughout the test by pressurizing the water in the
surrounding chamber, . This design allowed for flow-through back pressure
saturation of the soil semple within the flexible membrane, reported to .

- be the most efficient method of saturating the specimen (Dunn, 1983).

Bench Testing Procedures

Simi]ar"testing procedures were foTIoweﬁ for all the saturated
hydraulic conductivity tests, The ‘saturated hydrau}ic conductivity
tests. of fhé sand and the sand/clay samples used for comparing bench and
centrifuge Jresu1ts were conducted in the ﬁew permeameter, The clay
~samples were tested with water and decane in the triéxial apparatus.
For the sand and sand/:lay samples, the specimens were prepared dry.
The initially dry kaolinite samples wére prepéfed to’degigqéted water
contents (29 and 32 percent by weight) and allowed tp cufe _for six
weeks. For each test, the clay samples were cqmpacféd to‘a ;pecified
volume, yielding bulk densities of_approximately 160 pounds pér cubic
foot, o ) | - _ .

Several measurés ware perfpmned to ensure thaf the 55mb1es were
cqmp1ete1y saturated. Prior Afo §aturating the sampie. a ;vqcuum was

applied to the tup of the water reservoir until the bubbling ceased.

Water was subsequently introduced into the samples from the bottom while
a vacuum of approximately 13 psi was maintained at‘the.top. When air

bubbles ceased to flow out the top of the sample, the pressures on thé
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influent and effluent reservoirs were increased to 40 psi for sands, 50
"psi ‘for the sand/clay mixtures and 70 psi for the c]ay'samh1es. A

slight gradient was established to allow flow through the sample. After
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a pressurization period of approximately one day for the sand and two to

three'days-fdr the sand/clay and clay samples, "B" values of unity were
retorded, indicating complete saturation.

A range of gradients was established during the saturated hydraulic
conductivity testing. Of primary interest was the possibility of
determining the critical value of the Reynclds number above which
Darcy's law was'ihvalid. Preliminary estimates of pore fluid velocities
indicated that only the sand'specimﬂns could exhibit”a deviation from
Darcy’s law. In fact, a prev1ous 1nvest1qat10n used grad1ents of over
800 on clay spec1mens to reduce the test1ng time, with no discernible
dev1at1on from Darcy 3 1aw (Uppot 1984). Dev1at1ons from Darcy's law

can be attr1buted to

1. the trans1t1on from 1an1nar to rurbulent flow through the pores and
2. the tendenqy for f]ow to occur in the larger pores as the ve1oc1ty
increases, ‘thus decreasing the total cross-sectional area of tlow.
When the desihed initial pressure bodndany conditions were
estab]ished and flhid levels in the reservoirs retdrded;;the'so1enoid
valve was opened ‘end £low through the sample commenced, When the
solenoid valve was closed, the elapsed time and f]did}'leVe1s were
retorded For the sand spec1mens, the pressure d1fferent1a1 during the

test was recorded to quantify the friction and m1nor energy losses.

ThlS was not necessany for the slower fluid eloc1t1es present in the

sand/clay and clay tests. 4The testing procedure was repeated until

sufficient data were collected. Boundary conditions were verified and
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real time data anaﬁysis was conducted on a microcomputer during the
execution of the tests. | }
Tests with dacanc were performed immediately following tests using
water, Water was removes fromn the influent 1lines and decane was
" iatroduced into the influent reservoir.

The wviscosity of a perimeant varies with temperature. . The

wemperature of the ma‘n permeant reservoir -was recorded during each

test. The temperature ia the air conditioned laboratory was maintained

within a 5°C range throughout the duration of the testing program. .

Centrifuge Testjﬁg Procedures
, Saturated hydraulic conductivities were determined for sand and

sand/clay soil snecimen. in the centrifuge. The- high influent

pressures, 120 psi, required for the clay samp]es were too high to
safaly perform replicate tests in the acryTic' chambers within the

centrifuge. The centrifuge tests were conducted on the same so0il

specimen immediately following the bench tests. The pressure trams- -
ducers were recalibrated before each centrifuge test to compensate for
Tine noise in the electrical s}*p rings. During the centrifuge tests,

pressures in the samriz and fluid reservoirs were controlled by

regulators external to the centrifuge, whiéa subblied air through
hydrau]ic' slip. rings.  When the desired initiélb pressure Bbundary
conditions were establishad and fluid levels in the reservoirs recorded, :
the solenoid valve was opened and flo@ throughﬂthe gample commenced.
When the solenoid valva was closed, the elapsed time and'fiﬁfd 1eveis
were recorded., For the sand specimens,'the preésﬁre diffefenfféi during

the test was recorded tu quantify the friction and minor éhergy




losses. This was not,necessary’for the siower fluid vefocities present
in fhe"sand/clay "tests. The testing procedure was repeated until
sufficient déta were collected. Boundary conditions were verified and
real time data analysis was conducted on a microcomputer during the

execution of the tests.

Unsaturated Testing

Centrifugal techniques for physical modeling and material testing
of unsaturated soil sampiesiwere evaluated in this study. A variety of
applications were investigated, including several 1aborat6ry'techniques
for determining the relationship of hydraulic conductiVityvisla function
of moisture content, as weil as physically modeling the advection of a
conservative leachate through a partially saturated soil profile. The

results are presented below.

Physical Modeling -

‘As the soil dries, the fnf]uencevof gravity on the movement of pore
“fl;id decreases. In fact, for the majority of the time, flqid:flux in
v-natufal_soils is dominated by suction gfadients, which can fybica]ly»be
1000 to'10,000 times the gradient due to gravity. -fn a ugfférmly dry
sofl; water ‘movement be]owﬂan influent source wi]l_dttdr in a radial
pattern, reflecting the neg]igiblé influehce of_grayfty.: Thus, in the
scenario of percolation of leachate from a hazardous waste site, the
movement of fluid will be'dominated by the extant édction gradients,
Because the influence of gravity on the flow is small, there is no
feasible advantage of physically modeling unsaturated flow conditions in

the gréthyQé¢ce1erated environment within the centrifuge.
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Material Testing %
| Laboratory tests for -determining the unsaturated hydraulic %
conductivity as a function of pore water content of soils have been f

developed for both steady and nonsteady flow conditions. Six of the

most common methods wer2 evaluated with the intention of determining a

feasible centrifuge technique. The following criteria for asﬁessing the

different techniques were compiled: v ' -

1. The gravity component of tine hydraulic potential gradient should be
at least of the same order of magnitude as the suction component ;
preferably the gravity component will dominate.

2. The testing procedure should be appropriate-for a wide variety of

soil types.

3. The test should not presant undue safety concerns’witH fhe'use of
decane as the permeant. N
Tne results of the evaluation are summarized in Table 12

Table 12. Evaluation of Laboratory Tests for Determ1n1ng ~
Unsaturated Hydraulic Conduct1v1ty SRR

Gradient Suitable For a Allows Centrifuge

Test Dominated Wide Range ° Use of  Offers
by Gravity? . of Tests? Decane? Adyantage?
Steady Flow . o »
1. Impeding ' .
Crust , Yes No . .- Yes . . No
2. Sprinkler Yes No Yes " Yes
3. PressurizZed 3 o .
Steady Yes No Yes No
4. Ambient .
Steady Yes Yes Yes  Yes
Transient Flow
1. Iemd Yes Yes  Yes " Yes
2. Pressure . A
Outfiow No ’ No Yes - - No
Note: a IPM refers to the Instantaneous Profile Method




Steady Flow Tests

Steady state methods of determining the hydrau]jg gondu;tivfty as a
. function of moisture content establish and maihtgin a consthht pressure
, gradienf (greater than or »equa1 to zero) across the sbii‘ sample and
monitor the hate and voltume of discharge. The four testé evaluated
herein were the impeding crust‘method,.the sprink]er-indu;ed steady flux
method and two generic methods, the pressurized steady flux method and
the ambient pressure steady flux method. |

In the pressurizeg‘ steady flux method, app]ication of an air

pressure to the sample can be used to increase the gas phase volume, and
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hence decrease the moisture content (Klute, 1965a). This technique is

11m1ted to soils with low permeab111t1es due to the restr1ut1on on the
air entry value of the porous discs at the ends of the samples. The
porous d1scs must have sma]] enough pores such that the pressur1zed air
in the soil sample cannot displace the 11qu1d occupy1ng the pores
However, as the pore diameter is reduced,_the hydrau11c conduct1v1ty of
therdisc‘a1so decréaées. For~examp}e, a‘commercia11y availéb1e-céramic

disc with an ajr entry value of 7.3 psi suctioh has ah,'associated

hydraulic conductivity on the order of 107 cm/sec  (Soilmoisture

Equibmént Corporation, 1978). .

~In the ambient pressure ste;dy flux method;_atmospheric.preséure is
+allowed to enter a ‘horizontal or vertical sample through air holes in
the rigid wall container. The water content is regulated by the soil
suction at the entrance and exit (Xlute, 1965a)., This removes the
- restriction” of limiting conductivity of the purous disc, -but introduces
the restriction that suctions must be less than the cavitation pressure

of the fluid. For water this corresponds to a practical range of 200 ch
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to 800 cm of water (Klute, 1965a). When the sample i§ vertical and the
entrance and exit suctions are equal, the resu1tin§ soil hbistube flux
is driven by gravity. |

Steady flow ran also be achieved by placing a thin 1ayef of flow-
restricting material on top of the vertical soil and maintaining a
shallow head of water {Green et al., 1983; Dunn, 1983). The crust
material must have a saturated hydraulic conductivity less than the .
hydraulic conductivity of the tést soil at the test suction. Plaster of
Paris, gypsum and hydraulic cement have been used for this purpose.
Extended periods of time are required‘tb obtain Steady'f]ow, since the
gradient is composed almdst entire]yrrof the gravitaffonal poténtia]

gradient.

In tﬁé>$prinkler—induéed steady’flux méthod, ;'constéht.}ate of
inflow is supp1ied.by a sourte located abbvé the Vérffﬁalhgémplé (Green
et al., 1983). As 1oﬁ§ as the rate of éppiitatioﬁ is 16wer than'the _Eé
saturated hydraulic conducfivity the samp]é will éveﬁtuallf achfeve a g
uniform soil moisture content, épecific to the:applicatibn’raté;' Since

the gradient is éomposed almost entirely oftthe‘gravitationa]lpotential

gradient, this method can be adapted for use in the centrifuge.

Unsteady Flow Techniques ’ , : . e ..
‘ Transient flow techniqqes for measuring the hydraulic conductivity'
have a time advantage over steady state methods in that ,they yield
estimates of K over a range of moisture contents during a single test.
Twe nonsteady flow techniques were evaluated as a potential centrifuge
candidate. The iastantaneous profile method .(IPM) entails monitoring

‘the change in soil suction with time along the sample profile as the

sample is exposed to specified boundary conditions (Green et al., 1983;

.




Olson and Daniel, 1981). Concurrent orvindependent information on the
moisture retention characteristic is incorporated in obtaining estimates
of K as a function of moisture content. Soil suction profiles can be
obtained during drainage ffom dnitially saturated soil or during
imbibition as water is. introduced into aAdry,samp1e,.‘whenfthe test is
conducted during the drainage cycle, the gravity compoﬁent of the
hydraui{é g}édient is greater than the soil moisture suction gradient; a
'comparison of these two components.durfng a test of Lakeland- Series soil
is presented in Figure 16 (Dane et al., 1983). The sbi]vmoistgre and

potentia] data presénté&u therein were collected during  the
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redistribution of moisture .following surface ponding. Thus the IPM test

for the drainage éyc]e is a good candidate for adaptation to the
centrifuge{‘ | - | | |
The béher major traﬁsient flow technique is the-prgssure“butf1ow
vmefhod:‘ The p(gssure outflow method re1ateslthe unsaturated hydrau1ic
conductivity to the volume of.water dischargéd froﬁ aisémp1e resulting
from an incremental increasé in air -pressure (Kirkham and .Powers,
1972). Again, the res;riétibn of porous discs with sufficient'air entry
vélues 1imits this procédure to matefia1s with low condutffvity. Alemi
"et al. (1976) prbposed a theory for revising this test which utilizes a
centrifuge to increase the hydraylic gradient via the gravitational
head. However, no experimental results were available to assess this

method.
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Development of the Centrifugal. Technique

Ea NPT

The IPM was selected as the most feasible test procedure .to
deterﬁine the'uhsaturatgd hydraulic conducfiyity of a,sbf] sample within
the centrifugg, The apparatus utilized in the saturated test was
readily -modified for ;Qsé:‘in the IPM -testing. A schematic of the
apparatus is presented in Figure 17. Miniature pressure transducers
were placed within fhe sample during preparation and monitored the soil

moisture suction of the poré flﬂid'during the test.

Computer Model

A computer program was developed and utilized to evaluate the
influence of elevated and nonuniform‘ acceleration Tlevels on 'sbil
moisture movement vih unsaturated soils. The model Zincorporatéd the
centrifugemversion of quﬁy's Taw pfesgntéd in equatioﬁ 26 into the onec-
dimensidﬁéi'&dqtinpity expréééidﬁ“referred to as-Richard's equation

dofdt = -dg/dz - = oo (29)
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where do/dt is the time change in volumetric water cdntent. The model

assumes that the soil is homogeneous. A moisture retention curve and

the bé]apionship between the Unéaturated hydraulic cgpductivity andfthe
soi]lsuétion are'enteréd\as inpthﬁéta for each’SOTI.type of iﬁterést.
The program éan simulate the-wetting and/of dréihégélgf a soii s@np]e
under constant flux or constant potential boundary conditions. i The
model was de;igned! to‘hs%ﬁu1ate ;bengh‘ (i.e., 1 g) or ce;trffuge
acceleration " levels, -allowing -direct evaluatioﬁv of vihé.;¥nf1uehcé of
acceleration on soil moisture movement. :

A fully implicit finite difference solution scheme was used. The

resulting system of simultaneous equations forms a tridiagonal matrix,

which was solved by the Thomas algorithm for each time step. The model
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_was‘ ynjften in FORTRAN on a microcomputer using ‘aoublg_ precision
vgriablés and requires approximately five minutes to gimulate an hour of
s0il moisture movement. The mass balance is checked each time step by
comparing the total change in mass of the system with the net flux of
‘mass from the system. Cumulative mass errors were consisfently less
than one-half of one percent for a one-hour simulation.

Accuracy of the model -~was détermined by comparing the pressure
profile after draihage ceased to the appropriate analytical expreséion
of hydrostatic .equilibrium. " For bench tests, a linear relationship
between sample depth and soil suction (expressed in cm of -water),
determined analytically as |
h=hgtz | | - o (30)
was repFoduced by the model. Edﬁatibhv30 states that, at hydrostatic
equilibrium, the soil éﬁction ié equé] to the ﬁéight above a datum of
fixed potential, e. g., a water table. For centrifuge tests, the
pressure distrfbution at hydrostatic equf]ibrium was derived eariier as

Py = Py + Pl ()2 - 142)/2 | - (31)

Results from the computer model agreed precisely with this "retaticnship,

thereby verifying the-accuracy of-the numerical technique.

Data Analysis

77

Analysis of the test results required initia}]y deriving the-

appropriate flow equations based on the acceTeratidn_distribution and
boundary condifions imposed during the tests. Becauséan_tﬁevvariable
permeant 1eve1$ in the influent and effluent réser?ofrs, traditicnal
constant head and falling head_permeabi]ity equations were inappropriate

for the triaxial apparatus and new permeameter. The correct equation
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for the bench tests was derived by incorporatfqg the appropriate

boundary conditions into the equatibn of motion. VRéfebring to the

definition sketch in Figure 18, the variable head eQuétion for tﬁé bench

tests is
K = al_In(hi/ns) | | (32)
2At v
where a = cross-sectional area of the influent line (L?);
L = length of the sample (L)};
A = cross-sectioni? area of.the samp]e‘(Lz); and . - .
.t = duration of the test (T).
he ="M P+ (2 - 2, + 1 (33)
i MO Lo L
P9
Pu, P = air pressures at the permeant surface (M/LTZ)'
ZM0» ZL0 = 1n1t1a1 permeant surface e]evatlons (L); and
H_ = hydraulic energy loss due to fr1ct1on bends va]ves,
entrances and exits (L).
hees hj + 2h S (38)

h = rise in the bhottom container water surface (1).
Equation 32 has been written in a form similar to the conventional
falling head equation, the differences being the factor of two in the
denominator. and the different definitions of.hi'and he.  Also, like the

falling head equation, when the app]ied pressure gradient is high

relative to the change in water Tevels dur1ng the test, equation 32
y1e1ds nearly identical resu]ts as the constant head equat1on. This was
ver1f1ed during data analysis. The complete der1vat1on of the'fa1ling
head permeability equation is presented in the Aﬁpendix. For comparison

with the centrifuge test results and to investigafe the influence of

decane, the intrinsic permeahility was calculated as
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k = Kv/g : (35)

where v = kinematic viscosity of the permeant at the test temperature

(L2/T). As in the conventional falling head test, the variable head

oA

condition resulted in a -deviation from steady flow, and heﬁce,
introduced an additional accg1eration force acting on the fluid
element, The fluid velocity dﬁring.theﬁtest is proportional to the
hydraulic gradient; hence, this acceleratioh term is proportional to the
tiﬁe rate of change in the gradfent;~ During the bench tests, the
gradients were nearly constant, hence this additional acceleration term
was neglected.  The derivation of the conventional falling head
permeability test also negiécts this terﬁ.

- The derivation of the variable head hydraulic conductivity equation

for the centrifuge testing necessitated dérivation_of the fundamental
éelationshﬁps of fluid flow under -the influence of radial acceleration.

Highlights of those derivations were presented in Chapter III. - The

appropriate equation for the variable head saturated hydraulic

conductivity test in a‘centrifugeh(see Figure 19) test is

al

K = 9=

In (hl/hz) {in units of time) ‘u(36)
ho = wz (PL0,+ rmo) . (37) y

where ry g, ryp = the initial radii of the water surfaces (L).

p -P 2 .

_ L M, w 2 2
h) = — ?"(TMO - rLO)_+ H, | | (38)
h2 = hl + ho * h - . Lo (39)

where h = increase in radius of the upper fluid surface (L).
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Here, HL has the dimeunsions of energy per unit mass. The complete’

%

derivation of the falling head permeability equation is presented in the

Appendix. Estimates of the intrinsic permeability were calculated from
k=ke X S (40)
Tne data analysis- wirkshent  for “the centrifuge tests included
information on the acceleration and hydrostatic pressure profiles in the
permeameter. The reé]-time data"qnéﬁygﬁs facilitated the establishment .

of proper initial-bdundary pressﬁres;

Sources of Error

Measurement .errors are inherént id most laboratory tests. Errors
associated with the hydraulic conductivity tests are discussed below,

During the tests, the flux through the "soil sample was determined

as the average change in volume of the inlet and effjuent reservoirs.
The levels in the reservoirs were recorded before andfafter eaéh test.
In the centrifuge, a strobe light. illuminated the«agparatus direét]y
helow the window in the hou$ihg, allowing diréq;' bbSeryation of Ithe
water levels in f]jght. F]uctqg;ion ”pf “the permeéﬁtl surfaces ;was
observed at all rot%tiona1 speeds, with severe sloshing (0.5 - 1.0:cm)

accurring betow 150 RPM.

The use of high gradients across the c]éy and sand/clay samples may .
have caused differentiaf éonsoliqation during the test. A]sé, the exit
end of the sample had higher effecfive stresses acting on the particles
as a result of the gradient. To minimize the influence of these '
transient phenomena, the sample was a]]owedfto equilibrate for a period
of one to -ten minutes after changing the boundary .conditions before

measurements began.
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A sensitivity analysis of the measurement errors was perforimed by
recording the variation in K as the input parameters were. varied.
Maximum practical errbrs in determining the  sample dimensions and the
test duration resulted in a variation of Tless than 5 percent in
estimates of K. The height of the meniscus varied from zero to 0. 2 on
during the course of_the tests, The pressure transducers were cali-
brated regularly end had a vsens1t1v1ty of 0.02 ps1: 0bv1ously, the
lower the gradient and smaller the f]ux“ during. the test, the more
sensitive the_estimates of K are to errors in readine the water level
and pressure Qradient. To compensate for this sensitthity,ﬂtests with
small gradients were run 1ong enough to register at least a one cm
change in the effluent reservoir. | - |

Another possible source of error was the equat1on used to calculate
K. Both the bench and centrifuge variable head equations were derived
during this study and heve not been independent1y teeted For compari-
son, estimates of X were determined using the standard constant head
equation. UnderAh1gh pressure gradients, the var1ab1e head equat1on
yielded similar results, since under these boundary cond1t1ons, the

change in elevat1on of the perineant reservoir surfaces were negllg1b1e

_compared to the pressure gradient. The validity df‘the variable head

equations was carefully scrut1n1zed and eventually‘vehffied under the
extreme range of hydhau]ic cenductivity values, “boundary gradients,
acceleration levels and test durations experienced - during ‘the testing
program, The validity of the equations and the permeameter was also
supported by ‘nearly identical estimates of the saturated hydraulic
conductivity obtained by performing a conventional falling head

permeability test on the sand.




CHAPTER V
RESULTS. AND DISCUSSION .

The objective of the laboratory reseérch program was to develop

centrifugal tésting methods for determinihg saturated and unsaturated

hydraulic conductivity of soil samples. The testing program
encompassedﬁ |
1. the design, fabrication and analysis of permeameters for use in the

centrifuge;

executioﬁ of hyérau’ic conductivity tests uéing wétef’and decane in
a l-g environment‘to provide a benchmarkafbrAcomparingvcentrifuge
resu]ts; | o -

derivation of the abpropriate eqdatféns of motion for fluid flow in
a centrifuge; | ' ) ) .

ekecutibn Qf hydraulic conductivity tests using:ﬁafer and decane in
the céntrifuge at various accelerations; o
comparisoﬁ of centrifuge results with 1-g test fesuits; and

(if nécgssary) ncdifica;ion of the centrifuée' &eviée,‘vtesting

procedures ancd/or data analysis based on resu1ts of the comparison.

These were successfully accomplished during the course of the

study. Analysis.of the current lechnology in permeameters resulted in

an appropriate design of apparatus to be utilized in centrifuge

testing. The apparatu. was fabricated, tested and gmp1oyed.during the

course of the study.  Saturated hydraulic conductivity tests were

conducted on the laboratory bench using commercial triaxial apparatus

84
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and the apparatus designed during the study. Four soiT types and two
permeants were utilized to cover a broad range of saturated hydraulic

conductivity values. Centrifuge testing was carried out using the same

soil types, permeants - and hydraulic gradients. For the unsaturated
hydraulic conductivity :analysis, the influence of acceleration levels on
soil moisture redistribution was evaluated by means of a computer

model. Results of these tests are'discussed below.

Saturated Hydraulic Conductivity Tests ' RS

Sand Samples C o | ;

Influence of acceleration level

The saturated hydraulic conductivity testing with  sand exposed
several interesting facets of permeability testing and fioW; through

porous media in general. The initial testing was -performed3Jon the

commercial triaxial apparatus. However, after analyzing the reédits, it
was realized that Significant energy losses occurred during the:tests.

High energy losses due to friction occurred in the small diameter tubing

(inside diameter of 0.15 em), which rendered the commercial triaxia!

apparatus unsuitable for determining saturated hydraulic conductivity of

sand samples. Results presented herein were obtained from .the new
apparatus Qﬁich was designed with larger diameter tubing to decrease the
frictional energy losses. The hydraulic energy losses which occurred
during the tests were moﬁitored with a difierentiai' pressure trans-
ducer.. 'A’typical hydraulic energy distribution during a centrifuge test |

is -presented in Figure 20.  The derivation of the variable head

conductivity equation incorporated the energy loss term directly.
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The tests were conducted on the bench and then transferred to the

87

centrifuge for subsequent testing.  Approximately 30° minutes were

required for assembly in the centrifuge. Similar gradient ranges were

established in the centrifuge as on the bench. As-the;permeant shifted
from the fnf]uent reservoir to the effernt.reservoir,'the Hydrau]ic
pressuré gradient changed duriﬁg the couféé of the tegts. Chénges in
the gradient of 10 were cbmmon]y observed 1in the centrifug;, while
gradient changes on the bench were rarely greater thanli. :

Departure from Darcy's law was observed in botﬁ the 1-g and

multiple-g tests with sand. Estimates of the intrinsic permeability, k,

are presented in-%igure éi. The extreme variation in estimates of k
wére eiplained when the same data were plotted versus the -initial
gradient (see Figure 22), exhibiting a strong dependence on the
hydraulic gradient. An independent estimét;h 6f gl‘wa; obtained by
performing a conventional falling head permeability “test on the sand
sample using a low gradient. An average gradient q‘f 2;.8 y%e]ded an
average value for k of 8.56 x 10'8 cm2, which éobfesbopdé toAajhydraulic
conductivity value of 9.44 x 1073 cm/s. These results verify the
accuracy of the new permeameter as well as the varia§1ekhead equation.
" As Figure 23 demonstrates, this deviation from 'Darcy';fj1aw was
reproduced in the centrifuge at accelerations of 14.7 and 24.4£g's. The
greater scatter observed in the centrifuge results is attributed to the

‘observed’fluctuations in the- reservoir surfaces.- Below a gradient of

around ten, somewhat- constant values of k were determined. However,'

increased gradients resulted in decreased magnitudes of the intrinsic
permeability. Constant values of k were obtained below :hydbau1ic

gradients corresponding to soils Reynolds number of approximately 0.2.
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Tnis value is almost an order of magnjtude éma?ler*than the reported
Timits of between one and ten ‘Bear, 1979). Deviations from Darcy's law
can he attributed to:

1. the transition from iaminar to turbulent flow thréqgﬁ fhe pores; and
2. the tendency fur flow to occur in the larger'pores”as the velocity

increases, thus decreasing the total cross-sectional area of flow.

Influence of decane

During the hydraulic conductivity testing with decane as the
nermeant, the fluid and soil system expérienced binary phase flow.

Becana is nonpolar hydrophobic and immiscible in water. In fhe fluid

resorvoirs the decane floated on top of the water. During thegfésts the

water was displaced fron the sand in dﬁplug flow fashion; very little

water was discharged after decane appeared in the effluent reservoir.
In the soil sample the decanc displaced the majority of the ﬁpfé water;

the amount of water that roemained adjacent to the soil paﬁticles: is

~referred to as the irreducible water content (Schwiale,' 198&). The
irreducible water content for the sand was estimated ‘to be 1e§§ than 5
percent of the total void volume.

The saturated hydraulic conductivity of decane through sand was
determined on the bench and in the centrifuge at 24.4‘g'§; The results .
are presented in Figure 24. Unlike the results fof wéter, estimates of

intrinsic permeability of decane did not exhibit a strong relationship

with the gradient, as demonstrated in Figure 25. Observed values ranged

from 30 to 50 pefcent less than values with water.,
"~ The frictional losses observed during the testing with decane were

less than those observed durfng the water tests. This was unexpected

since the decane is approximately 33 percent more viscous. Apparently




P, FERMCASLI, (o0 o)

- 0.1

Figure 24.

0.4"

' 91

t.1

0.. -
0.8 -
0.7 -

002 J

9 BDENCH TESTS

4 CENTRIFUGE TESTS

N

a4

s
PORE VOLUMES

Comparison of Centrifuge and Bench Results of Permeability of

Decane Through Sand for 1 and 24.4 g's™ - )

Times 10E=7)

lmmsxc( PERMEABILITY (sq om)

Figure 2
Gradient

1.1

°oa --
0.7 -

0.4 -
003 b

0.1

20

1 L) T | o 1

40 &0 - s0 100

INITIAL GRADIENT

5. Permeability of Decane Through Sand as a Function of Initial




92

tne adhesion between the nonpolar decane and the nylon tubing is less

" ‘than that between the polar water molecules and the tabing.'

Sand/Clay Samples

Influence of acceleration lzvel

Saturated hydraulic conductivity tests were performed on sahd/c]ay
samples on the laboratory bench and in the centrifuge. Acceleration
levels of 19.3 and 24.4 g¢'s were established during ‘the centrifuge
tests, Energy 1osse§ due to'}rictiOn“were determined to be negligible
during the tests due to the low velocities in the tubing. Figure 26
compares the results obtained in the centrifuge with those determined on
tne bench. Initial gradients of 90 to 200 were established across the
4.8 cm samples during the tests. By fegulating the pressures at the
upper and 16we}’ends of thé specimen, the direction of flow was revehsed
during the course of the centrifuge tests, such that the fluid moved
against the radial acceleration forces. - The variable head equation
correctly handled this case as ]ong as the direction 6f.the hydrautic .
pressure gradient remained constant throughout the test.

Estimates of ‘the intrinsic permeability of wéter thrbugh a
sand/clay sample obtained in the centrifuge at two ;otational spééds are
presented in Figure 27. The lower estimates observed at the "higher
acceleration level suggest that the greéter» conf{niné' ﬁréssdrgs, and
consequently, greater effective strésses-on ihe sample, influenced the

rate at which water moves through the soil pores.

Influence of decane

Test resulté using decéﬁe after water are presented in Figure 28.

Gradients of 45 to 160 were used during the tests. Decane was
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introduced to the top of the soil sample. Since the decane has a lower
density than water, a bouyant force was present which acted against the

hydraulic potential while pore water was present, Estimatesebof the

intrinsic permeabi]ity‘ dropped dramatically with the introduction of

decane. However, definite trends of increasing k were observediav the
specimens were permeated with decane. Similar patterns have been
reported in prior studies of organic permeants through Fine - gra1ned
samples {Acar et al.,, 1985; Daniel et al., 1985). Th1s trend Sques*

the formation of channels within the saﬁp]es. It is hypothes1zed that

the 'decane caused -preferential- agglomeration of the ~clay particles

within the sand/clay -mix. Visual inspection of the samp]es after the
tests supported this, revealing a grainy appearance in the decane-soaked
samples, as opposed to the smooth appearance of samples exposed only to
water.  This aggltomeration may- have occurred as a result of the adhes1vp

and cohesive forces between the polar water mo1ecu1es within the

electric double layer of the clay particles. The nonpolar hydrophob1c
decane could not replace the adsorbed water and deterﬁiqed the%path of
least resfstence to be around the agglomerations. | E
The decane displaced the water in a plug-like fashion.r Very little
watef was discharged once the decane entered the eff1ue&t éegervoir.
The irreducible water content was found to be less than 5”eercen€ of the
void volume. Estimates of the intrinsic permeability didneot e;hibit a
discernib]e relationship with gradient, as presented in figure 29. The
existence of hydrau11c channeling 1is supported by the non-unique
relationship between k and the grad1ent as the gradient wac increased

and then reduced during the tests.
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}..

Clay Samples

Safety consideratiqns pfevented the execution Qf the saturated
hydraulic conductivity tests on clay within the céntrifuge#z Inlet
pressures of 100 psi were required on the bench tests; however, to
overcome the reduction in pressure as the fluid moves toward the center
of rotation to the top of the sample would require approximately 120 psi
in the Tower chamber at 24.4 g's in the centrifuge. The acrylic
apparatus was successfully preséufe testédbat 126 psf, but in light of
the successful data collection using sand and sand/clay samples, the

risk of a seal failure and consequential damage was not warranted.

Influence of Decane

Saturated hydraulic conductivity tests were performed on kaolinite
samples using distilled water followed by decane. The tests were
performed on a commercial triaxia]m‘ab;afatus affer "a backpressure
saturation period of 3-4 days produced a‘"B" value bf unity. Energy
losses due to friction were determined to be neg]igib]e.ﬁ The éésu]ts of

the tests are presented in Figs. 30 and 31, A pressure differential of

10 psi across the 2.54-cm high samples was used with 'tﬁe water,

.:4producing a gradient of 277. Consistent estimates of the “intrinsic
permeability between 1.8 and 3.2 «x 10’13 cm  were jobta{hed, which
correspond to hydraulic conductivity values between 2.1 and 3;7 x 108
cm/s. Slightly higher values were obtained for the samples prepared at
an initial water content of 32 percent by weight, The flux through all
the clay samples decreased significantly following the ‘addition of
decane., Complete cessation of flow was observed in three of the four
samﬁles after-appfoximéte]y'o.z pore volumes éntered the permeant lines.

The volume of the permeameter influent 1ines between the reservoir and
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the top of the sample is 8.5 cc, which corresponds to approximateiy 0.2
%

pore volumes of the 2.54-cm high specimens. Hence, there was little if
any penetration of the decane into the clay samples before fhe flow
ceased. Similar results were obtained in an earlier study with aniline
and xylene through kaolinite (Uppot, 1984). Like aniline and xylene,
decane is nonpolar, and hence, does not possess any electrostatic
mechanism to displace the polar water molecules from the charged clay
particles surface, Decane, aniline and xylene are immiscible in water;
hence, the only way these fluids can flow through the clay pores is to
physically displace the water.

The pressure gradient ;was tripled in an effort to overcome the
interfacial energy of the water-decane 5nterface. The flow through the
samples resumed in two of the four samples under the higher gradient.
However, the flux dropped off again in one sample, while estimates of
the intrinsic permeability were about an_order of magnitude lower fhan
with water in the remaining sample. Even though the confining pressure
vas increased along with the intet pnessure, volume change of the sample
within the flexible membrane was not monitored ard could accodnt for the
apbarent fluid flux through the sample. v "

Thése*‘resu1t§ suggest that for this range of grad%;nts clays
saturated with water are impermeable to a nonpolar immiséfnle hydro-

carbon like decane.

Unsaturated Soil Tests

Based on the preliminary analysis, the most@.feasib]e test for
unsaturated hydraulic conductivity was the Instantaneous Profile Method
(IPM}. During the IPM test, the soil suction is recorded at a fixed

location in the soil profile as the sample drains. The computer model
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. levels, . Physical dimensions of the sample were obtained from the cen-

trifuge apparatus developed for the.hnsaturate& tesfs.(see Figuré 16).

The soil type used in the computef analysis was a hypothe;ical sand with
moisture retention ‘and"hydrauiic"Aconductivity characteristics as yf
" presented in Figure 32.- Forrthe;computer'tests, the initially saturated
sample was drained under the influence of ‘gravity for the bench test,
and under the influence of rad%al acceleration in the centrifuge at
speed of 120, 180 arid 240 RPM. |

: From the drainage test results presented in Figures' 33 and 34 and

summarized in Table 13, the centrifuge technique offers two obvious

advantages over the bench test:

1. the method covers a much wider range of soil moisture and suction:

and

2. the testing time, i.e., the time required to Teach < hydrostatic

—equilibrium, is reduced.
‘An-additionél advantaéé 6f“the centrifuge_tééhnique}is tﬁe"possibility
of}expe¢it56usly obtaining moisture reieﬁtfbn ghaba;ﬁéyiéﬁics of soil
‘samples. These could be obtained by spinnTngv'iﬁitgaily saturated
" samples untj?_drainage“ceaées and subseq@ently-detérmining the moisture
-cpntent"at' discreteV 1géa£%ohs ;é1ong“‘¢hei“pr6file: fThe b}eséure
d%stribﬁtion presenfed in eduaiionjmzol tou]dlnbe, cobréﬁéted to tihe
moisture éontent _at sﬁécific e}evations, “pr§vjdﬁng; tﬁév'informaticn
needed for the mofSture retention curves. The redistribution of soil
moisture due to suction;gradients after the sample stops spinning may

present a problem for soils with high rates of:unsaturated hydraulic

conductivity.
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BENCH TEST
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Figure 33. Comparison of Drainage Sequence in a Soil Sample a) Bench
Simulation Results; b) Centrifuge Simulation Results
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| Table 13. Summary of Simulated Drainage Test Results ,~;

I Moisture Moisture
‘Test  RPM  Acceleration Content Suction Test
Number Level - Range - Range: - - Duration :
(g's) (%) (cm water) (min) i
-
1 1 1.0 26 - 31 5-33 120
2 120 15.3 14 - 31 5 - 380 60
. 3 180 34.4 11 - 31 5 - 875 60
4 240 61.2 10 - 31 5 - 1475 60
Discussion
; The total hydraulic enerqgy of a fluid in a centrifuge is composed
§ of four elements: A
|

1. air pressure at thé surface of the fluid;

2. submergence pressure of the fluid;

3. poteniia] energy associated with the elevation (radius)
difference between two points in a fluid; and

4. kinetic energy of the moving fluid,

The delineation of these components is essential when describing the
effect of centrifugation on a fluid system, for it is only the latter

three which increase significantly with the angular velocity of the

. centrifuge arm. The increase in air pressure is limited to the increase
~ in weight of the gas; with a mass density of 0.00129 g/cc3; an increase
of 50 g's on a volume of one liter of air results in a pressure increase
of less than 0.0l psi. Hence the total energy difference does not
increase proportionately with the increase in radial acceleration.
Inspection of the equations of motion for a fluid in a centrifuge
indicates the interchangeable relationship between the ‘air pressure

differential and the increase in-centrifugal acceleration. This
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relationship is a critical factor in comparing centrifugal techniques

T

with conventional laboratory tests. In the saturated . hydraulic

‘conductivity testing, the increase in the hydraulic gradient due to the

increased acceleration levels was reproduced in a triaxial appératqs'by

increasing the pressure. qgradient across the sample.

e
TR




CHAPTER VI
LABORATORY TESTING OF UNSATURATED SOIL
_ Introduction

Hydrau]ic conductivity tests for unsaturated soils are carried out
by subJect1ng the soil to a wide range of suc+1ons and measur1ng “the
- flow of f1u1d through the soil as a function of suct1on. By correlating
soil suction toiso11 water content, a curve re]at1ng hydraulic conduc-
tiyity'to_sdii uater content (by weight) may bedproduced. .Tne range of
suctions required to test a.particular soil is a function of that soil's
moisture-suetion cnaracteristie curue (moisture re]ease curve), which
itself is a functden of the soil's type, texture and drainage history.
This range starts at atmospheric (pdsitive pressure) and may extend to
many atmospheres suction tnegative'preSSure). For sands the extreme
suction value seldom exceeds 1 atmosphere, |

Requwred suct1ons are norma]]y achteued in one of two ways. The
eas1est method is to allow a saturated 5011 fo1umn to dra1n under the
Influence .of _grav1ty 1nto a reservo1r at the base of the co1umn.
_ Another method is to apply a d1fferent1a1 pressure grad1ent across the
| sample and allowing a soil coiumn to drain whi]e keeping vone end
completely saturated. Nh11e th1s second method 1s not exact]y producing
~suction, the effect 1s the same.

For s1mp1e drawnage under the 1nf|uenee of grav1ty the suctton, and
hence the water content, at any point w1th1n the soil co]umn is

determined by the distance that po1nt is above the surface of the




reservoir,_ Unfortunately, for soil columns much greater than one meter
(about 0,1 atm suction) this method is too cumbersome. It may also
require larger amountsvof soil sample than are available. Also, since
drainage is driven by gravity only, testing times can run into weeks.
This is because hydraulic conductivity falls off steeply with decreasing

water content.

Draining a soil column under pressure gradients is advantageous
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over the method discussed previously because it requires much less .

‘sample, and because the ent1re range of so1] mo1sture contents may be
produced. This, however, is cont1ngent upon keep1ng one end of the soil

saturated completely Norma]ly, thws is done by support1ng one end of
che'sample by a porous p]ate wh1ch once saturated w111 not allow air
to pass through under the maximum pressure:oovest1gated Th1s max imum
pressure is termed the p?ate s blow- out pressure. Unfortunately, a
plate with a h1gh enough b]ow out pressure to be useful for these tests,
will necessar11y have a very Tow hydraulvc conduct1v1ty. | N

| ' Table 14 compares typxca1 b1ow~out pressures and conduct1v1ty
values for several p]ates ava11ab]e commerc1a]1y, with the range of

hydraulic conductivities expected for Edgar sand. Ideal]y, a plate

should be chosen such that its blow-out pressure is highdehough to allow

"the soil'to drain complete1y, whdle itsrhydraulic conductiuity eduals.or
exceeds that of the saturated so11 Note that nohe of the p1ates in
Table 14 meet both requ1rements. — | | f ‘
These problems can be e11m1nated in the centrifuge which uses
acceleration as a driving force rather than externally applied suctions
or pressure differentials. A support platform having very high

permeability may be chosen because blowout is unimportant. The

WSh

i
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Table 14, Hydraulic Conductivities as a Function of Blow-out Pressures
for some Metal Filters and Water Content of Edgar Sand
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Nominal Blow-out Filter Edgar Sand
Pore Size Pressure Thickness Gradient koW k
(mm) (cm water) (mm) (cm/hr) (%) - {em/hr)

0.0005 114.3 1.19 589.7 1.12E-01 3.20 1.22E-03
0.0020 45.7 1,57 447.0 8.75E-01 25.23 1.38E+00
0.0050 35.6 1.57 447.0 1.37E+00  33.54 3.88E+00
0.0100 20.3 1.57 447.0 B.75E+00 41.84 9.84E+00
0.0200 12.7 1.57 447.0 2.02E+01  43.05 1.17E+01
0.0400 7.6 1.98 355.3 6.88E+01 43,27 - 1.22E+01
0.1000 1.3 - 2.36 298.0 2.46E+02  43.30 1.24E+01

NOTE: Conductivity values for metal filters were calculated based on
data supplied by the manufacturer. Conductivities for Edgar sand
were calculated using methods presented in this paper.

centrifuge has an added advantage in that it induces high gradients to
form in the soil samp1e, thus ﬁot only acceletating the test bﬁt also
providing a wide range of moisture qontents‘ to be eva]uated in a
re1ative1y.short time. | o

The simu]atibe results presented earlier in this report.dehonstrate
the ut111ty of the centr1fuge for obtaining dra1nage curves The
remaxnder of this report descrloes the steps taken to 1nvest1gate the
va11d1ty of these initial s1mu1at1ons as well as determ1n1ng the
techn1ca1 feas1b111ty of the geotechn1ca1 centrifuge as an 1nstrument to
measure the drainage curves of granu]ar soils.,

The steps undertaken dqr1ng this phase of the tnyestigatfon.are as

fol]ows: | |

1. Drainage was s1mu1ated for the soil used in these exper1ments using

- the f1n1te d1fference scheme mentioned ear]Ier

2. The 5011 test apparatus for the centrlfuge tests was designed and

constructed. -




3. Unsaturated conductivity tests were carried'out.in the centrifuge.

4, Conductivity. curves .for the sand were plotted based on the
experimental results and compared  with expected curves based on
unsafurated flow modeling theory.

ach of these steps will now be discussed in more detail.

Simylation

* Determination of Unsaturated Flow Parameters

A combination of theoretical and empirical techniques afe3génera1]y
used to simulate conductfvity curves fofvsoils. Different mefhods work
best with differenf soils and there is generally no way of determining
which function works best without actually testing the soil. Mualem
(1976) revwewed several of the most widely used methods and compared
them w1th exper1menta1ly obtained drainage curves for a varxety of
soils. One of these methods seemed more genera]1y applicable to a wider
variety of soils than the others. The.hethod was a modifibgtion of that
proposed originally by Childs and Collis-George (Childs and Collis-
George, 1950) Van Genuchten (1980) presented a mod1f1ed form of this
equation which permits the simulation of moisture re1ease curves as well
as conduct1v1ty curves but does not otherwise dlffer from Mualem’ s
model. He also suggested a method to back calculate the moisture

“elease curve parameters from experimentally obtained nmisture release
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curves. The parameters used to construct the moisture release curve are

the same as those used in the conductivity curve simulation. This is
most advantageous since the moisture release curves are relatively easy
to measure. These reasons combined make - the van Genuchten model

attractive and are why this method was chosen for this study.




The experimentally obtained curve for the Edgar sand used in this

study is shown in Figure 35. The curve is typical of a uniform granular
soil and shows how rapidly water content falls with increased suction.
This data was used to back calculate the van Genuchten parameters for
the moisture release curves presented in Figure 36. This figure shows
vthe simulated curves calculated from three sets of van Genuchten
parameters compared with the actual data points from the curve in Figure
35. -The parameters representing the center curve (a = .0224, n = 3.85)
were arbitrarily chosen as best representing Edgar sand and were used in
the ensuing drainage simulations. The simulated curve is-reasonably
accurate down to a moisture content of 5 pércent.
J Figure 37 depicts hydraulic conductivity as a function of water
_content by each of the three sets of parameters used to generate the
curves in Figure 36. Note that there i; not a 1ot of difference between
these curves and hence small errors in choosing parameters should not
effect the results significantly. This outcome is supported by the
results shown in Figure 38 which show hydraulic conductivity as 2
function of matric suction for the three sets of van Genuchten
parameters of Figures 36 and 37.

Conductivity versus water content»curQes were also generated by two
other methods which are often cited in the Titerature. .One of these is
another variation of the ohiginal Childs and Co]lis-Georgéi model as
proposed by Jackson (Jacksbn, 1965). The other is a 1éss'accurate but
much more straightforward approach by Irmay (Bear, 1979). These are
presented in Figqre 39 with the van Genuchten curve selected for Edgar

sand. Here again the differences are small,

m
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Finite Difference Model

The finite difference program discussed earlier in this report was
Written.using fixed flow parameters intended to represent a "typical"
sand. Modifications have since been made which allow the substitution
of different soil parameters so that any soil may be studied. Also the
original version did not use the identical simulation methods as was
chosen for the Edgar sand so additional modifications were made to
include this. Simulations were then run for the centrifuge at 150 rpm .
ysing the “dimensions of the designed testing épparatus (discussed
later)., A parametric study was performed by altering both the time and
aistance steps in the finite difference simulation in order to minimize
‘the error. Once the time and distance steps had been optimized,
simulations were run at 150, 100, &nd 0 rpm (l-g bench simulation).
Unfortunately, the program is not capable vof' simp]ating the initial
conditions expected for the centrifuge run which included an initial
nydrostatic preésure distribution varying by the formula:
pEP92

for the bench simulation and:

hp = 0.5w2[r02 - rlzl .

for the centrifuge simu}ation. Here hp = the‘hydrostatiéwpregsure head; .
p = mass density of water; g = the earth'§ gravitatibnal acceleration;

z = the depth under the water surface; w = the angular velb@ity of the )
centrifuge (radians/sec); ry = the rotational radiﬁ§ of‘ the water

surface; and ry = the rotational radjus at any depth in the soil
column, The simulation program could only model a constant pressure

distribution which had to be less than or equal to zero as an initial
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condition, For this reason the simulation results should not be

T

expected to agree completely with actual test results, however

comparisons between the two should give a qualitative feel of the

effectiveness of the experimental procedures énd the validity of the

model,

Laboratory Tests

The Instantaneous Profile Method of measuring hydraulic conduc-
tivities of unsaturated'5011s is used commonly by soil scientists and
has the advantage over other methods in that an entire drainage'profile
of a soil may be obtained ir the course of a single test. The test is
also rapid since it is not necessary for the soil water to reach

equilibrium with its matric suction as it is with steady state tests.

The apparatus used for these tests is depicted in Figure 40, The
hbasic frame was the same as that used for the saturated fests and
consisted of a lower chamber/reservoir and an upper chamber for housig

the soil sample. The reservoir consisted of a ho]]ow.acry1ic cylinder

clamped between two acrylic plates using o-rings to prbvide.for a leak
proof seal., The soil chamber was simp1y.ah 18-inch piece of scheduie 40
pvc pipe and was clamped to the top of the reservoir by a third acrylic
~olate. Rubber gaskets were used to seal the pvc again#t the acrylic. .
'The soil was supported in the sample chamber on the same scintered metal
disk used--in the 'Satdrated studies. The disk .was- supported by a

partially hollowed acrylic disk which channeled the sample effluent

through attached brass fittings and tubing .which lead to the Tower

chamber.

ceel
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UNSATURATED FLOW APPARATUS FOR THE CENTRIFUGE

Figure 40.

Schematic of Apparatus used in Partially Saturated
Hydraulic Conductivity Tests




Water and high pressure aih f]ow’during the exgeriment was con-
trolled by two 3-way and one 2-way solenoid valves as shown in Figure
40. These enabled the soil to be saturated with water in the reservoir
while the centrifuge was spinning. With solenoid 1 and 2 on (see Figure
40}, high pressure air could be furnished to the top of the reservoir to
force water out of the bottom of the reservoir and up through the sample
bottom. The progress of saturation could be monitored visually using a
strohe light to observe water levels in both the reservoir and in a cal-
ibrated burette attached to the top of the sample chamber, The burette
a1so allowed recording the height of thé water surface above the sample
5o that pressure readings could be “zeroed” at the start of each test.

Once the sample was saturated solenoid 1 and 2 were closed which
shut off the water supply to the sample and vented the reservoir to the
atmosphéré;' Once _the 1evé1 ih the burette was recordéd, the test was
started by openingy so]ano1d 3 which allowed the sample to drain free]y
into ;he reservoir. Pressure/suct1on changes throughout the test were
recorded from 5 transducers inserted in the walls of the soil chamber.
TrahSducéfs were mahﬁfaﬁfured by Druck, Inc., and had a minimum.sensiti-
vity of 0.05 volts per centimeter of water head. Readings,ﬁere recorded
on magnetic disk by an HP 3497A data acquisition unit éveny 10 or 15
seconds for the centrifuge test and -every 60 seconds for- the bench
test. Readings were also sent directly tb,? printer during testing as a
backup in case of féi]uhe pf the magneticlmedia. Photographs of the
apparatus as installed in the centrifuge are shown in Figure 41, Bench
tests wére performed with the apparatus in the upright position and ran
approximately 0.5 hour.’,Centrifuge tests were run- at 100, -and 150 rpm

(7.5 and 16.9 g's) and lasted no longer than 15 minutes each.
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Front View

Back View

F)gure 41 Photograph of Partially Saturated Hydraullc
Conductivity Apparatus on Centrifuge
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Data Reduction

%

Data was down- loaded from tne HP dlsks to an 8088 microprocessor

based personal computer for d1sk storage 1n MS DOS format and analysis

on M5-DOS computers.i Data f1les 11sted eTapsed trme‘znto each test and
the correspond1ng vo1taoe output of each transducer. Matric suction
values were: ca]fu1ated from the voTtage» output us1ng the appropriate
nuitipliers for each transducer water contents were determ1ned using
Lthe matric suct1on va]ues by e1ther the method of ‘van Genuchten (des-
cribed earlrer) or by dlrert 1nterpoﬂatlon from the experimentally
obtained motsture reIease curve (F1gure 35). Idea]ly, 1t is best to
nave a separate est1mator of water content by some non-destruct1ve means
such as gamma ray attcnuation or neutron back scattering. However,

these dev1ces due to the amounts of rad1at1on involved, were too

dangerous to- be used 1n the centrifuge df

.v-""

of this method Therefore, for the purposeJ

N

,ng}the deve]opmental stages

- £ the _;eas1b1hty study,

moisture contents were determ1ned from matrwc suc Jn%*alone.

. ._‘y -

A FORTRAN prograw was written for data reduct on and determ1nes
hydraulic conductivities by d1v1d1ng the sample 1nt ectlons each of

which is centered aroun! one transducer At each po1nt in time water

contents of. each sert1on are conszdered to be constant and are deter-

mined by the: transducer readlng for that sect1o L F?ow from the bottom

of each sectlon is calculated from the ‘stm of the changes in water con-
tents of all sections above. Gradients between sections are calculated
by the change in tntal head between two adjacent transducers divided by
the distance between them. The water content at the bottom of a section
is determined fron the matric suction at that point whtch is determined

by interpolating linearly between the two adjacent transducers.
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“While these assumptions of Tinearity are usually valid for bench
tests where gradients are linear, they must be justified for the

centrifuge where gravitational acceleration varies with the spin radius

(R) and both gradienté and moisture distributions can be far from
linear. To test theSe.assumptions, suction output data from the finite -~} gi
difference‘.simulations were fed into the data reduction program to
represent actual data from the ‘five transducers of the testing
apparatus. Output from the data reduction program was then compared
with permeability curves ca]culate&ihy the van Genuchten method. This
data is presented graphically in Ffigures 42, 43 and 44 for a 'bénch
simulation, a 100 rpm (7.5 g) centrifuge simulation and a 150 rpm
(16;9 g) centrifuge simulation, respectively.’ The figures show
excellent agreement between reduééd data and the ébtua] curves that they
repﬁeﬁeﬁt. Thus the assumptions used in the data reduction formulation
are valid for the transducer spacings used in this set-up for.centrffuge

speeds of at least 150 rpm,

Test Results

A series of bench tests were performed to test the apparatus and to

calibrate the electronics of the system. Typical bench test results are
pEesented in Figu?es 45 and 46. Figure 45 shows matric suction as a |
funciian'of drainage time. The first 4 data points showing negative
suction (positive pressure) were taken before‘drainage began and were
used 'to zero the electronics using the state .head. values 1in the
column, Note that 3 of the 4 transducers had é]ready estéb]ished
equilibrium at a moisture content only slightly below saturation.

Typical results form the early centrifugé runs are presented in

Figures 47 and 48, Figure 47 shows matric suction versus drainage time
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for the first“run'at'lso rpm.. Again the early points Ehowing nagative
.suction were read before drainage began to a1lqw zeroing the electronics
to the inital static head. The two horizontal lines in the upper left
hand corner of the plot represent the theoretical equilibrium vaiues for
the top and bottom transducers at the test speed. Notice that the ini-
tia1} suction change is immediate but that it appears to reverse ijtc
upward trend and then come to an equi]ibbium value which is the same for

all 4 transducers. This phenomenon is interpreted in Figure 48 as a
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sudden decrease in water content followed by a slight inrease to an

equilibrium suggesting a constant water content throughout the column.
This false interpretation is the result of the transducers fluid phase
loosing contact with the matric fluid phaéé. A1l centrifuge runs at
lower speeds had similar results.

An attempt was made to compéct the soil around the transducers more
tightly and improve matric contact with ;he transducers by increasing
the rotational rate to 180 rpm. Testing at this speed was not possible
due to limitations of the cémp;essed a?r supply within the centrifuge,
but .it was hoped that the tempérqpy increase in centrifugal induced
effective stresses within the soil would improve later results.

Figure 49 shows suciionlcurves at 150 rpm aftef first spinning at
180 rbm. Thesé—curves show.a more_gradual increase ih matric suction as
drainage progr;sses. -They also shoﬁ the rate of change for suttion
decreasind'with time, gs would be expected since conductivity decreases
with increasing dréinage. Dréinagé curves corresponding to Figure 49
are presented in Figure 50. The drainage boundary is qﬁjte sharp. At
any point in time, the soil at one transducer can be saturated complete-

ly, while the soil at the transducer just above it is nearly drained.
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An approximate shape of the drainage boundary can be seen in Figure

‘ . ;
51.  In this fiqure the moisture profile within the soil column is
represented by a separate curve for drainage times of 1, 2, 3, and 4

minutes, Note that the entire column is drained completely within 4

minutes.

The “resultant conductivity curve is shown as a functfon of water
content ih Figure 52 along with the curves which were simulated by the -
method of van Genuchten. Similar repfesentations relating conductivity
direct1y to suction are presented in Figure 53. For completeness, con-
ductivity versus water confént for the.test is also plotted in Figure 54
to compare with the same curves predicted by bthe' Jackson and Irmay

~methods,

Discussion of Results

Testing at low rpm's produced no significant results; that is, the

apparent drainage curves were unreasonable.- The first test at=150 rpm

produced similar results. It was only after the speciﬁéh‘hadnbéen sub-

jected to sgknning at 130 rpm that the second run at 150 rpm‘broduced
rgasonab]e results. This.{s'dO§t Tikely the result of jnsufficiént com-
paction of the soil around the transducers initially, In 6rdérifor the
tranﬁducers to maintain intimate contact with the fluid phasé:of the »
sample matrix during drainage, the spacing between soil partit1}s;(void
spacing)‘and the transducer's porous stones must be on the sameibrder as
the inter-particle spacing-throughout the specimen. If voids Qeré too
large around the transducers initially, that space would dré%nffirst'

leaving the transducers isolated from the rest of thévépecimen'swfluid

phase. The high effective stresses resulting from the 180 fpm spih were
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apparently sufficieni to compact fhe soi1 agaiost thé transducers so
fhat,subsequent testing at 150 rpm produced reasonoble Eesu]ts.’

Tﬁe moisture release function and oarameters chosen for this sand
(Figure 36) are representat1ve as ev1denced by the good match between
the simulated curve and the exper1menta1 po1nts. The relationship
breaks down however for water contents below about 5 percent., Since
weter contents in the finite difference sipulétions never. reached that
point, the results of.those simulations wi]l be unaffected. However,
during. laboratory testing the soil very quickly reached these water

~contents. Therefore;‘ during' data reductioh; water .contents 'were
determined by direct 1nterpolat10n from the exper1menta11y obtained
ﬁoisture release curve (F1gure 35).

The simplifying assumptions used in the data réducfion program
appear to be va11d for speeds of at least 150 rpm for the transducer
_spac1ng used in this apparatus. As with any numer1ca1 11near1zat1on of
a non-linear process, caution should be exercised when either distance
ofv time steps 'oecome large.  When in doubt it is ‘recommended the
accuracy of the data reduction scheme be testetd égainsf resulfs from a
numerical simulation as was:dohe here.

Unfortunately, the‘simulation-hesults cannot be compa?ed direct1y-
‘with the expepimentel.:fe501ts due to the inability of the finite
difference program to model eccurate1y the initia1.cooditions within the

centrifuge. The wmodel feqoires a constant suction eveﬁywoefe in the
sample initia]iy, whi1e the actual initial condifionsﬂepe hydrostatic.

With the apparatus used, the number of tests performed was limited
: by the fact that the f]ow soiehoid eventually became cootaminated with

sand and was unable to seal properly. At that point initial conditions

!




—
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could no longer be established since a steady watfr level above the
.sample could not be maintained. Unfohtunate]y, any fi]#er‘fine enough
to prevent theA smallest particles from reaching the eolenofd might
restrict dnainage and reduce the qualicy of the experimental results.
Care should therefore be used in seTecfing a'filteb. Table 14 can be
used as a rouoh ouide in fiiter.selection.

The simi]uation methods used are'genera11y quite good for a variety .
of soils and especially for sands. }hey~are'most accurace in the early
stages of Qrainage, but all tend to oVerpredictfhydraOTic conouctivity
in the lower moisture content ranges. The.experinenteT date plotted in
Figuree 52 and 54 confirm this overprediction. The measured drop 1in
hydrau11c conductivity is much more pronounced than that pred1cted by

any of the s1mu1at1on methods.

The early stages of drainage are a d1fferent matter. Here the
exper1menta1 results, while far11y‘close to the s1mu1ated va]ues, do ‘not
match.them exactly. This is where the simulated curﬁee should be most
accurate, and suggests that the'hydraulfc conductivities mea:ered in the
centnifuge are actually greater than they‘would be if measured at 1 q.
This overprediction of conductivities bj teets has been renorted pre-
viously (Figures 53 and 54)'and is apparently e,function of.cest gra-
dients.. High test gradients such as those encouncered fn the centrifuge
have the effect of shifting the mowsture release curve to the right. - .

This may help explain why the exper1menta1 dra1nage rates were so much

faster than those predicted with the finite d1fference model
Rased on these resu]ts a2 new moisture re]ease curve was constructed

and its parameters were used in finite d1fference simulations to see if
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the numerical model could duplicate the experimental results. Unfortu-

nately, the time and distance steps required to keep mass balance errors
in- the simulation within acceptable 1imits were so small that "this
approach became impractical. .One computer run which was attempted ran
for 12 hours to simulate the first 30 seconds of flow and the resulting

~ mass balance errors were still unacceptable. This difficulty is

undoubtedly the result of the sharp drainage boundary which was observed
during testing. Numerical techniques, such as finite difference, are
inherently bad at modeling sudden transitions.

The results from the sécond 150 rpm test show that ths method is
-workable as a means of rapidly measuring drainage curves for granular

soils. = Although the high gradients tend to shift the apparent moisture

release characteristics, the predictions resulting from centrifuge
testing are conservative. That is, if values obtained from testing are
used to predict hazérdous waste migration, they will tendlto overpredict
the flow. If more accuracy is desired the centrifuge would be the ideal
device to study the effects of varying gradients on unsaturated media
flow. With some improvements in the apparatus design, drainage curves
for the entire moisture range of a soil similar to the one tested can be
. measured in five minutes, Since the testing time is short, multiple
runs can be made on the same sample for verificatioh purposes. The
short test duration is most useful in areas such as cohtaminant
transport through soils. Since the soil can be drained almost
completely in such a short time, different solution combinations can be
tested simply by draining the sample and changing the fluid in the

reservoir,
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The only major drawback with the methodology as it stands is the
*
" lack of an independent means of determining moisture content.  Even with

this limitation, the test results still agree with the theéoretical

curves to within an order of magnitude or so and given all of the other

problems encountered with these first trials, that is not bad. The
present :method is most useful for pollutant migration studies where
unsaturated theory is at its weakest. “Moisture release" curves for .
various solvent/solute combinations can either be measured directly by
conventional means or be back-calculated from the moisture release curve

of pure water, The test can then be run-with the contaminant solution

and the results compared with similar test results for pure water to
‘obtain relative hydraulic conductivities. In any event, the results

nresented here indicate that the proposed method is worth considering as

an extremely rapid method for obtaining the unsaturated conductivities

of granular soils.




CHAPTER VI!
CONCLUSIONS
The technical feasibility of utilizing a large-scaleAcentrifuge for
estimating the_hydrau]ic’conductivity of fluids in a wide vartety of
soil types was demonstrated. -Conc1usions regarding centrifuga1
techniques and the migration behavior of decane are summarized below.
1. Equations were derived and verified to describe.the influence of
nonuntform acCe1eration levels on fluid motidn within a centrifuge;
Their appllcat1on removes the restr1ct1on of thin samples in centr1fuga1
modeling and testing procedures. . The equat1ons_ allow accurate
determination of the total or individual components of the hydraulic

potential at any Iocation in the sample thereby fac111tat1ng the

4_ver1f1cat1on of scaling factors app]1ed 1n phys1ca1 models.

2, A centr1fuga1 techn1que was deve1oped for perform1ng saturated

hydraulic conduct1v1ty test1ng. A flexible wall permeameter was

'deSIgned and tested wh1ch a11owed determ1nat1on of saturated hydraulic

conduct1v1ty est1mates for a wide range of soil types on the laboratory
bench and also in the centr1fuge The equations of f]utd motion in
condu1ts and porous med1a within a centrifude'.were derived and

1ncorporated into a variable head permeability equationt Excellent

v,

~agreement was demonstrated between estimates of intrinsic permeabilities

obtained on the bench and in the‘centrifuge. Accelerationlleve1s ranged

from 14 to 25 g's,
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3. The centrifugal technique' for determining saturated hydraulic
conductivity does not offer any savings in time over similar bench
tests.  Although the gravitational component of the total hydraulic
potential was significantly increased during the tests, an identical
increase in the total hydrau1ic energy was obtained on the bench by
increasing the pressure component by means of air pressure regulators.
Fluctuations of the bermeant reservoir surface were observed during the
‘centrifuge testing, apparently due to a min5F imbalance bf the rotor
arms. As a resilt, the accuracy of the centrifuge technique was
Aprobab]y less than the bench testing.,

4. One advantage of centr1fuga1 techniques over bench methods is the
ability to accurately reproduce the effect1ve stress prof1]e when
physically node1ing a prototype field samp1e.- For examp1e when test1ng
the permeab111ty of a six- foot thick clay liner for use under a 1and-
fill, a scaled- down model in the centr1fuge w111 exper1ence the actua]
increase in effective stress with depth, whereas a bench model will
experience an almost unﬁfonn effectibe'stress d1str1but1on. Accord1ng-
1y, the test method havrng greater effect1ve stresses in turn can cause
dens1f1cat1on resa]tlng in lower rates of 1each1ng and can influence
design decisions. However the conf1n1ng pressures used in the bench
tests and accé]eration levels of the centr1fuga1 mode]s were in
suff1c1ent concert that agreement was obta1ned between the two methods.
5e Caut1on shou]d be exerc1sed when extrapo]at1ng advect1on rates
determined in a centr1fuga1 model to f1e1d cond1t1ons. A non11near
response of fluid flux to increasing hydrauiic Qradient;{tndicating a
deviation from Darcy's law, was observed in the sand sampfesfat a soil

Reynolds number greater than 0.2 or gradient > 10.
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6. A thorough' analysis of the total hydraulic- energy should be
conducted as part of centfifuga? modeling and testing programs dealing
with fluid movement.

7. Estimates of saturated hydraulic conductivity  for nonagueous
permeants cannot be extrapolated from values determined using water as

the permeant, based on differences in kinematic viscosity. Saturated

- hydraulic conductivity tests using decane and water in a fine sand, a

sand/clay mix -and. 100 . percent kaolinite produced: significant
discrepancies in estimates of the intrinsic permeability as- well as

dissimilar permeant behavior. While a clear deviation from Darcy's law

“was observed for distilled water in the fine samd, fairly constant

values of k were obtained using decane up to a gradieat of 77. In the
sand/clay mix, fairly uniform estimates of k were obtained using
distilled water, while evidence of structural changes, possibly
resulting in hydraulic channeling, was reflected in larger estimates of
k with decane. ©Decane did not permeate the water saturated kaolinite
sample under a hydraulic gradient of 277. However, an increase in the
gradient to 750-800 was sufficient to drive decane into the sample pores
in half of the tests. While estimates of k were subsequently .
determined, extrapolation to lower gradients is not warranted because of
the high interfacial energy which needed to be overcome before flow
commenced.

8. Site specific soil samples subjected to appropriate hydraulic
conditions must be utilized in order to correctly evaluate the migration
characteristics of hazardous wastes. Decane exhibited a variety of flow
behavior in the wide range of soil types and under the wide range of

hydraulic gradients utilized in this study.




9. No advantage can be realized by emplpying a centriiuge to physically
nsdel the  percolation of leachate through: an unsaturafed soil profile
where soil suction is high. Soil moisture suction'gradients dominate
water movement in the unsaturéted soil, and are often 10 to 1000 times
‘yreater than the gradient due to gravity.

- 10. A centrifugal technique was developed for determining the relation-
ship of the unsaturated hydraulic conductivity to the moisture:content
of a soil sample. An apparatus was designed to monitor the decrease in
soil moisture suction with time as a saturated sample drains under the
influence of “iricreased acceleration levels. Computer simulation results
indicated that significant -reductions in testing time -and a greater
range of s0il ‘moisture content can be achieved by conducting the test in

a centrifuge.
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CHAPTER VIII
RECOMMENDATIONS

Several recommendations for further research in related areas arose
during the course of this investigation.
1. The migration of hazardous wastes away from source areas will depend

on the soil moisture characteristics of the unsaturated soil matrix; as

such, techniques for determining the moisture retention and unsaturated

hydraulic conductivity of sﬁﬁls using water andAépprdpriate nonagueous
permeants shqu]d be incorporated into testing programs along with
saturatédlteSts..' The-céntrifugal techﬁiqué deve]opeé for determining
unsaturated hydrqq]ic conductivity can be .utifiied for a variety of
soils. In addifibn, the céntrifuga1 teéhniqﬁe for determining soil
moisture retentionvcurves offers potehtia] advaﬁtages over”coﬁventfonal
bench methods.

2. 'Cenfrifuga1 models appear to’have'én advanfage bverrbench models in
that prototype effective.stresses can be accﬁra£;1; }eproducéd.due to
the increasing”acge1eration.1evels with sambié-deptht further-research
is needed to assess the importance of this phenomenon to permeability
measureﬁénts.'. | o

3. Centrifugal techniques may be developed for other conQentiona1

laboratory procedures which could result 1in savings in time” and/or

-costs. The major criterion is that the phenomena of interest are

-dominated by gravitational forces.
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APPENDIX | i
DERIVATION OF VARIABLE HEAD PERMEABILITY EQUATIONS

ES—P.S_‘.LISEE
Energy eqyationf Hl = Ho - Ef " '(Afl)

Bernoulli equation: (P/bg + 2+ V2/2g)1 = (?/pg'+ z +'V2/Zg)2 - (a-2)

Continuity equation: dv/dt = qA . | . (A-3)

Darcy's Law:  q = -K dH/dz : x ~" o (A-8)
g2 = ‘ L (A

Hl Pllpg.+ z + V1/2g - Bfl , . h (A-5)

Rewriting the Bernouvlli equation between .the influent reservoir
(subscript M) and the top of the soil samﬁle

: 2 2, .
P1 PH + pg(zM zl) + (pVH -Apvl)/Z (A-6)
From continuity, V) =V, (A-7)

The elevation of the fluid surface in the influent reservoir 1is

determined from the initial elevation and the rise in the surface during

the test

2y = 2y " by | (4-8)

Subsfituting equations A-6, A-7 and A-8 into A-5 yields the expression
for the hydraulic potential at the top of the soil sample

2
B = PM/pg + 2,0 hH'+ V1/2g - B, (A-9}
The hydraulic potential at the lower soil boundary can be determined in

a similar manner as

2 ;
g, PL/pg +z,0+h + v2/23 + He, (4-10)
h, is related to h, due to continuity; h, =h, (aM/aL) =bh, (4-11)
For steady flow, V1 = V2; however, in the variable head

permeability test, the flow rate is not constant. Fortuitously, the




velocity term in the energy equation is of minor dimportance for flow
through a soil epecimen. Negligible error is introduced by assuming
that V1 = Vz during the permeability test. The difference in potentiel

across the sample is

N DR

dr = H, - nl ' (A-12)

dn = (PL - PM) + (zLo - zuo) + (14b) b, + (nfl + ufz) | , :‘N(§-13)
Define dP0 = PL - PM s dzo = 210 " 20 and Hf = Bfl + Hf2
and substitute into equation A-13 yields

di = dP( + dz) + (14b)h, + H, S (A1)

The differential dz = 1L - - St (A€15)
Substituting equations A-14 and A-15 into Darcy's Law (A-4) yields

q= -g/L [dP0 +'dzo + (1+b)hM + B] . ;(A-i6)

i

From continuity, d¥/dt = gA : ) , (A-17)
Evaluating the left hand side,

dav/dt = d(aHhH)/dt € ay th[dtV . | ) (A-18)
‘Substituting equations A-17 and A-18 into A-}G yields
ay th/dt e -KA(L [dP0 + dzo + (1+b)hu'+ gf] : S (A-19)
- Dividing through by a, results in the differential equation

th/dt = -KA/aML [dPo + dzo + (1+b)hn‘+ Hf] DR -  + (A=20)

which can be rewritten as

th/dt =‘c1 + czhxau ) e e {A=21)
vhere C, = -RA/a L (dP0 +dzp + B p | S (a-22)

This equation 1s a first order differential equation which was -
solved by the use of an integrating factor, -exp(czt); yielding

-(C.t) ~(c,1) o B
Py® s U T . S

C0 wvas evaluated at time t = 0, when hM = 0, yielding




Co ™ cI/c2 o . : ] (A-25)

Solving for K yields

k=%  1apns+ Oy o (A-26)

(1+b)At dP, + dz, +.Hf

Or, in a more familiar form,

k=4  1nfM) (a-27)
(14b)At hf , .

vhere h, = dP, + dz, + B, o ‘ (A-28)
h, = dy + dzj + (1+-b)hR - . (A-29)

When the diameters of the permeant burettes are the same, a = a, and

b =1, yielding

k=2%1aM - - (4-30)
2At hf

Centrifuge Tests

Enefgy equation: H, = H, - B (A-31)
Bernoulli equation for flow in a centrifuge:

(®/p + V22 - ¥'¥%/2) = (2/p + VP/2 - Vi), (ae32)
Continuity equation: - d¥/dt = qA . : (A-33)
Darcy's Law: q = -K dH/dr L : (A-34)

The hydraulic potential at the top of the soil sample (subscript 1) is

‘ 2, .22 | '
By =P /p+Vi/2 - wr/2 - By _ y  (A-35)
Rewriting the centrifuge form of the Bernoulli equation between the

surface of .the influent reservoir (subscript M) and the top of the soil

2, 2 2 2 2 '
P, =By +pu (r1 - tH)/z + (VH - Vl)/Z : _ : (A-36)
From continuity, V, = V, - (A-37)

The elevation of the influent reservoir is related to the initial

surface elevation and the rise in the fluid surface, hH’ by




Tyo * Py | T (A-38)
Inserting equations A-37 and A-38,ipto A-36 yields * _
2, 2 2 :
Py =By 4 v lry - (ryo + )T)/2 . oo (a-39)
Carrying out the algebra,
2
P, =P, +pv Irl_ Tyo + 2oty * hM)]/2 . L (Aka)‘
2, 2 2
By = By +pv(r) - myg - Zngghy ’“hn)/z e (e

Inserting equation A-41 into A-35 yields the expresaion for the total

hydraulic potential at the top of the soil sample

B ‘s
By = [By + pv (r1 - r 2rMDhM hM)IZI/p +V /2 - r1/2 - n (A-42)

Simplifying

B, = (P + pvi(- 12 - 2r. b - h2)/2}/p + V2/2 - B )
1 IRy Pl my - Ingghy T )P H /2 - By A

A similar analysis was carried out for the hydrsulic_potentisl at the

" lower boundary of the soil sample, incorporating terms of opposite sign

for the rise in the effluent reservoir surface and .the energy losses

2 2 i} - |
By [, + pw'(- 1)+ 2r, By - hL)/2]/p + v2/2ﬂ+,B€2 . ,(% 44)
The difference across the sample is given by ]
=W, -8 (A-as)

hL = hM = h since the diameters of the two reservoirs are identical

As in the bench test equation derivation, the difference betveen

V1 and V2 is assumed to be 0 0.

. Define dP) = (P, - P)/p and B =B +E

0 f f1 £2

. 2, 2 _ 32
du dPO + nf + w( ot 2rL0h h°)/2
2 2 2 . he
- w(- Tyo - 2Tyoh - P )/2 {(A-46)

Grouping common terms yields

2, 2 2 2
dH dPO + Hf’+ v (ruo - rLO)/Z + w'h (rLO + Tyo

dr = L - ) (A-48)

) A - (a-87)

Substituting equations A-47 and A-48 into Darcy's law,




q = -K/L [dPo +H 4w (rHo rLO)IZ + voh (rLO + rMO)]

From continuity, d¥/dt = gA
Evalvating the left hand side yields
d¥/dt = d(ah)/dt = & db/dt

Substituting equations A~49 and A-51 into Equation A-50 yields
e dh/dt = -KA/L [dP, + B, + v2(:2. - £2.3/2 4 wPh (- + 1))
0 f MO LO L0 10
Dividing by & results in the differential equation ‘
dh/dt = -RA/aL [dPO +H + v (IMO rLO)/Z + wh (rLO 4 rﬁo)]
dh/dt = €, + C,h
2, 2 2

where C, KA/aL‘{dPo +H 4w (rno - rLO)/Z]

c, = -K47;# {w 3rL6 + rMO)]

(4=49)

(2-50)

(4-51)

(a-52)

(4-53)

(A-54)

" (A-55)

7 (A-56)

This equatioﬂ is a first order differentiel équétion which  was

solved by the use of the integrating factor,‘¥exp(02t)

-*(Czt) ;-(Czt)
he = -01/02 e + co

C0 ies evaluated at time t = 0, when h = 0, yielding

c0 = cllc2
Solving for K yiélds
o 2 . ,
K = -aL 1n[ wlngt gt o gy
2 2
Atlw ('Lo +_rM0)] dPo + w (rMO - rLo) + Hf

Carrying the negative sign to the logarithm and inverting the

argumént yields

K= _alL ln(El)
Athy  h,

- 2

where ho w (rLO + rMO)

i} 2,2 2

hl Py + (rno rLO) +H

h2 = hl +‘h0h

f
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A-5

(4=57)

(4-58)

.(A-59)

(A-60)

(4-61)
(4-62)

(4-63)




