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CONSOLI DATI ON PROPERTI ES OF PHOSPHATI C CLAYS
FROM AUTOVATED SLURRY CONSCLI DOVETER
AND CENTRI FUGAL MODEL TESTS
Abst r act

As a by-product of phosphate mning and other industrial
processes, a very dilute fine-grained slurry is produced,
whi ch consolidates over long periods of tinme in |arge
retention ponds. Nunerical prediction of the magnitude and
time rate of settlenment of these slurries requires a know -
edge of the effective stress-void ratio and the perneabil -
ity-void relationships of the material. The purpose of this
research was to devel op equi pnent and techni ques for deter-
mning these relationships by (1) perform ng autonmated
slurry consolidation experiments and (2) centrifugal nodel
tests.

An automated slurry consolidometer, which is fully
controlled by a conputer-data acquisition system that
nonitors |oad, pore pressure, total stress, and deformation,
was devel oped. The load is applied by a stepping notor
Results fromthe tests conducted show the effectiveness of
t he appar at us. The Constant Rate of Deformation test was
found to have several advantages over the Controlled
Hydraulic Gadient test and is recommended for future
applications; the results fromboth tests were consistent.
A "pseudo- preconsol idation" effect, attributed to the

initial renolded condition of the specinen, was observed in



both constitutive relationships. Thus, the curves are not
uni que but depend upon the initial solids content. However
di fferent curves approach what seens to be a "virgin zone."
The conpressibility relationship also was found to be
dependent upon the rate of deformation.

The techni que using centrifugal nodelling is based on the
measurenent of pore pressure and void ratio profiles with
time, and the use of a material representation of the
speci men. The conpressibility relationship obtained was in
good agreenent with the results of CRD tests performed at a
slow rate of deformation. The perneability relationship
plotted parallel to the CRD curves, however, perneability
val ues were approximately a half order of nagnitude higher.
Further research is required to explain this difference

The constitutive relationships obtained in the study were
used to predict the behavior of hypothetical ponds nodelled
in the centrifuge. A good agreenent between centrifugal and

nuneri cal nodels was found.

Vi
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CHAPTER |
| NTRCDUCTI ON

Pr obl em St at enent

The production of phosphate fertilizers fromFlorida's
m nes involves the excavation of approximately 300 million
cubic yards of material (overburden and matrix containing
t he phosphate) annually. This is roughly equal to the
entire volume excavated during the construction of the
Panama Canal (Carrier; 1987). During the phosphate benefi -
ciation process, large anounts of water are used to wash the
matrix in order to separatethe phosphate fromthe sand and
clay formng that |ayer. As a by-product of the process, a
very dilute fine-grained slurry is produced with very |ow
solids contents (weight of solids + total weight).

Florida"s phosphate m nes produce nore than 50 mllion tons
of such waste clays annually (Carrier et al., 1983).

Di sposal of these waste clays is acconplished by
storing themin large contai nment areas or ponds,and all ow
ing themto settle/consolidate over long periods of tinme.
During the initial sedinmentation phase, the slurry reaches a
solids content on the order of 10-15% w thin a few weeks-or
mont hs, dependi ng on several physio-chem cal properties of
the material (Brommell,1984; Brommel|l and Carrier, 1979;

Scott et al., 1985). Subsequently, a very slow process of
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sel f-wei ght consolidation begins, which can require several
decades to achieve a final average solids content of
approxi mately 20-25% Because of this tinme delay, research
efforts have been concentrated on the consolidation behavior
rather than the sedinentation phase of these slurries.

The design of the disposal areas, as well as the
estimate of tine required for reclamation thereof, presents
a challenging problem to geotechnical engineers, who nust

estimate the magnitude and tinme rate of settlenent of the

slurry, as well as the final pond conditions. It has been
wel | established that conventional |[Iinear consolidation
theory is inappropriate for these materials (Bromwell, 1984,
Cargill, 1983; Croce et al., 1984; MVay et al., 1986).

This is primarily the result of the significant changes in
pernmeability and conpressibility that occur as these
slurries consolidate to very large strains (Bromwel!l and
Carrier, 1979). Accordingly, |large-strain nonlinear
consolidation theory has been used to nodel the self-weight
consol i dation process of these soft, very conpressible soil
deposits (see e.g. MVay et al., 1986), and several conputer
codes have been witten to predict their behavior applying
this theory (Cargill, 1982; Sonogyi, 1979, Yong et al.,
1983; Zul oaga, 1986).

The use of large-strain consolidation theory requires a
clear definition of two constitutive relationships of the
slurry, namely, the effective. stress-void ratio relation and

the perneability-void ratio relation. Unfortunately, our
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capability of nmeasuring accurately these soil properties has
not advanced as fast as our ability to represent the physi-
cal process by a nathematical nodel. The results of the
nunmerical predictions are very susceptible to these input
material properties, primarily the perneability. relationship
(Hernandez, 1985; MVay et al., 1986). Conpari son of
centrifugal and nunerical predictions has found good agree-
ment on the nmagnitude of settlenent. However, good predic-
tions of the rate of settlement require inprovenent in
| aboratory input data, primarily the perneability relation-
ship (Carrier et al.; 1983; Townsend et al., 1987).

Traditional consolidation tests are not suitable for
the study of the consolidation properties of highly com
pressible clays, mainly because they rely on curve fitting
nmet hods and small strain theory to characterize the consoli-
dation process. Al t hough several attenpts to develop |arge
def ormati on consolidation tests are reported in the litera-
ture, the Slurry Consolidation Test-has energed as one of
the nost popular (Ardaman and Assoc., 1984; Bromwell and
Carrier, 1979; Carrier and Bromwel |, 1980; Scott et al.,
1985) . Unfortunately, the test, which is essentially a
| arge-scale version of the standard oedoneter, suffers from
sone drawbacks, anmobng them its extrenely |long duration of
several nonths.

Alternative tests are being devel oped. These i ncl ude
settling colum tests, constant rate of deformation consoli -

dation tests, and others. Chapter Il wll discuss the
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details of these tests. To date, however, there is no
standard approach that satisfactorily neasures the conpres-
sibility and perneability of very soft soils and soil-Ilike

mat eri al s.

Purpose and Scope of the Study

The purpose of this research is to develop a technique
to determne accurately the conpressibility and perneability
rel ati onshi ps of phosphatic clays and other slurries. To
achieve this objective, two approaches are followed. The
first one involves testing in a newy devel oped autonated
slurry consolidoneter, while the second involves centrifuge
testi ng. The automated slurry consolidonmeter should be
capable of (1) accommobdating a relatively large volune of
slurry, (2) producing large strains in the specinen, (3)
allowing different |oading conditions, (4) nonitoring and/or
controlling load, deformation, pore pressures, and other
paranmeters, and (5) testing a wde range of solids content.

A major concern in the developnent of this consoli-
doneter was to avoid the use of any assunptions concerning
the theoretical behavior of the slurry in analyzing the
dat a. Instead, the adopted test nethod neasures directly
many of the required paraneters and conputes others from
wel | accepted soil nechanics principles, such as the
effective stress principle and Darcy's |aw Thi s approach
to the problemis different from those attenpted by others,

as Wil be discussed in Chapter Il (literature review.
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Chapter |1l describes in detail the test equipnment and
procedure while Chapter |V presents the proposed nethod of
anal ysis of the test data. Chapter V presents the results
of several tests conducted on a Florida phosphatic clay.

The second approach used to obtain constitutive
relationships of the material is centrifugal testing. Thi s
i nvol ves measuring pore pressure and solids content profiles
in a centrifuge nodel with tine. The use of updated Lagran-
gian coordinates for a nunber of points along the specinen,
in conjunction with the previously described data, allows
the determnation of the conpressibility and perneability of
the slurry. Chapter VI describes the test procedure
instrunentation, and nethod of data reduction. Chapter WVII
presents the results of several centrifuge tests on the sanme
clay used in the slurry consolidation tests. A conparison
of the results of both approaches is also presented in this
chapter.

One of the main applications of centrifuge testing is
to validate the results of conputer predictions (MVay et
al., 1986; Scully et al., 1984). In Chapter VIII the
constitutive relationships obtained in this research are
used to predict the behavior of a hypothetical pond. These
predictions are conpared with the results of centrifugal
nodel | i ng. Finally, Chapter |1X presents the conclusions and

suggestions for future research.



CHAPTER I'|
BACKGROUND AND LI TERATURE REVI EW

| nt roducti on

The main reasons for performng a consolidation
analysis are (1) to determne the final height of the
deposit (theoretically at t = «) and (2) to evaluate the
time rate of settlenent. QO her information, such as pore
pressure or void ratio distributions at any tinme, can also
be obtained from the analysis. O course, such an analysis
requires the determnation of several consolidation proper-
ties of the soil. In traditional consolidation; analysis,
the first of the two objectives is acconplished by know ng
the preconsolidation pressure and the conpression index.

The second objective requires the determ nation of the
coefficient of consolidation.

Along with the devel opnent of his classical one-

di mrensi onal consolidation theory, Terzaghi (1927) proposed
the first consolidation test, known today wth mnor

nodi fications as the step loading test and standardized as
ASTM D 2435-80. Since its first introduction, severa
procedures, have been proposed to analyze the data in order
to solve for the material properties; this is usually accom
plished by a curve fitting procedure. The test has several

drawbacks, anmong them that it is time consumng and the
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results are highly influenced by the load increnent ratio
(Znidarcic, 1982). To overcone sone of the limtations of
the step loading test, other testing techniques have been
pr oposed. Anong the nost popular are the Constant Rate of
Deformation test (Crawford, 1964; Ham lton and Crawf ord,
1959) and the Controlled Hydraulic Gadient test (Lowe et
al ., 1969). The analysis procedure for these tests relies
on small strain theory to obtain the material properties.
Znidarcic et al. (1984) present a very good description of
these and other consolidation tests, with enphasis on their
di fferent nethods of analysis. They conclude that these
tests are limted to problens where |inear or constant
material properties are good approximations of the real soil
behavi or.

Consequently, conventional consolidation tests are not

suitable for very soft soils or slurries, which will undergo
large strains and exhibit highly nonlinear behavior. In
large strain theory the soil is characterized by two

constitutive relationships, nanely, the effective stress-
void ratio relation and the perneability-void ratio rela-
tion, and not by single paraneters such as the coefficient

of consolidation or the conpression index.

Slurry Consolidation Laboratory Tests

Accordingly, there is a definite need to devel op
testing techniques appropriate to study the consolidation

properties of soft soils and sedinents. Lee (1979)
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describes a nunber of early efforts (1964-1976) to devel op
| arge deformation consolidation tests. He devel oped a
fairly complicated step |oading oedoneter, which nonitored
the load, pore pressures, and deformation of a 4-inch
di ameter and 6-inch high specinmen. Interpretation of his
test data was based on a linearized form of the finite
strain consolidation theory, using a curve fitting construc-
tion analogous to the square root of tine nethod in the
conventional oedoneter. The test provided the stress-strain
relationship (conpressibility) and a coefficient of consol-
idation, which is assuned to be constant for a given | oad

i ncrenent . Perneability values could be obtained from this

Lee introduced, in a special test, the use of a flow

restrictor in order to reduce the pore pressure gradient
across the specinmen and approxinmate this to a uniform
condi ti on. This allowed him to nmake direct conputations of
the perneability. The test program conducted by Lee was on
specinens with initial void ratios in the order of 6.
Al though sone of the characteristics of Lee's apparatus are
val uabl e, the overall approach. is probably not appropriate
for testing dilute slurries with initial void ratios of 15
or nore.

A very popular test, nost probably due to its relative
sinplicity, developed specifically for testing very dilute
fine-grained sedinments is the Slurry Consolidation Test

(Ardaman and Assoc., 1984; Bromwell and Carrier, 1979;
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Carrier and Bromwel |, 1980; Keshian et al., 1977; Rona,
1976; Scott et al., 1985; Wssa et al., 1983). The test is
essentially a large-scale version of the standard oedoneter,
using a nuch larger volune of soil to allow the neasurenent
of large strains. The specinen dianeter is usually in the
order of 10-20 cmand its initial height is 30 to 45 cm
Slurry consolidation tests are usually conducted on speci-
mens with initial solids content near the end of sedinenta-
tion. The specinmen is first allowed to consolidate under
its own weight, recording the height of the specinen
peri odical ly. The average void ratio at any tine is
conputed from this height and the initial conditions.

Subsequent to self-weight consolidation, the specinen
Is incrementally |oaded and allowed to consolidate fully
under each | oad. Typical |oading stresses begin as |ow as
0. 001 kg/cm2 and increase, using a load increnment ratio of
2, to values usually less than 1 kg/cnf (Ardaman and Assoc.,
1984; Bromwell and Carrier; 19.79). At the end of each | oad
I ncrement, average values of void ratio and effective stress
are conputed, leading to the conpressibility relationship,

A typical test will last several nonths.

To determine the perneability relationship several
approaches can be used. First, a constant head perneability
test can be conducted at the end of each |oad increnent.
However, in doing this, care nust taken to mnimze seepage-
i nduced consolidation, which is comonly acconplished by

applying very small gradients (Ardaman and Assoc., 1984;
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Wssa et al., 1983), or by reducing the applied load to
count erbal ance the tendency of the effective stress to
increase (Scott et al., 1985).

In a different approach, the coefficient of perneabil-
ity, k, at the end of each load increnment is conputed from
the coefficient of consolidation at 90% consolidation,
obtained from a square root of time nethod simlar to the

conventional oedoneter; this is given by (Carrier and

Bromael |, 1980)
- Sy &y 7
A Y (2.1)

with ey =L Bg?
where e; = final void ratio

a, = coefficient of conpressibility = de/ du

h; = final height of specinen

tgqo = elapsed time to 90% consolidation

T = factor simlar to the standard time factor, which
depends on the void ratio; typically 0.85 to 1.2.

Such an approach is based on a nodified form of
Terzaghi's theory, obtained from finite strain conputer
simulations of the slurry consolidation test (Carrier et
al ., 1983; Carrier and Keshian, 1979). I n sone instances
(e.g. Ardaman and Assoc., 1984; Keshian et al., 1977, Wssa
et al., 1983), Terzaghi's classical theory is wused directly
to backcal culate the perneability.

In a third approach, used during the self-weight phase

of the test the perneability is obtained from the
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self-inposed hydraulic gradient (Bromwell and Carrier,

1979) . O course, this approach requires very accurate
nmeasurenents of pore pressure, which is not a standard part
of the test; for exanple, for a 45-cm height specinen of a
typi cal phosphatic clay, wth initial solids content of 16%
the initial maximum excess pore is only about 0.07 psi.

In summary, the slurry consolidation test is a rela-
tively sinple procedure to obtain the constitutive relation-
ships of diluted soils. However, it suffers from two major
drawbacks, specifically, its extrenely long duration of up
to 6 to 7 nonths (Carrier et al., 1983) and the shortcom ng

of partially relying on small strain theory to interpret the

test results.

Settling Columm Tests

Several variations of self-weight settling columm tests
have been used to study the settlenent behavior of slurries.
Rel atively small specinmens have been used to study the end
of sedimentation conditions of very dilute sedinments
(Ardaman and Assoc., 1984), to define the conpressibility
relation of the material at |ow effective stresses (Cargill,

1983; Scully et al., 1984; Wssa et al., 1983) and the

hi ghest possible void ratio of the nmaterial as a soil, i.e.
the fluid imt, (Scully et al., 1984), and in some cases,
even the perneability relationship (Poindexter, 1987). In

these tests, the conpressibility relationship is readily

obtained from water content neasurements with depth at the
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end of the consolidation process. Determnation of the
pernmeability, on the other hand, requires curve fitting
nmet hods using a linearized version of the finite strain
consol idation theory.

Larger settling tests with specinen heights of up to 10
neters (Been and Sills, 1981; Lin and Lo, 1984; Scott et
al., 1985) are perhaps the best approach to study the
sedi ment ati on/ consol i dati on behavior of sedinents. | f
properly nonitored, such tests can provide all the needed
characteristics of the slurry. Proper nonitoring of the
test includes neasurenents of pore pressure and density
profiles with tine. The approach, however, has ngjor
l'imtations. Specifically, those tests on small and very
dilute sanples only cover a small range of effective stress,
while the tests with large specinens would take so |ong that

they becone inpractical for any purpose other than research.

CRD Slurry Consolidation Tests

Per haps, one of the npbst promising tests to study the
consolidation properties of slurries and very soft soils is
the constant rate of deformation (CRD) consolidation test.
The test is applicable over a wide range of initial void
ratios (e; = 10-20) (Scully et al., 1984). Very large
strains can be achieved (up to 80% and, conpared to other
tests, it can be perfornmed in a relatively short period of
time (in the order of one week) (Schiffman and Ko, 1981).

The test allows autonmatic and continuous nonitoring and wth
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the right approach it can provide both, the conpressibility
and perneability relationships, over a w de range of void
ratios.

To interpret the results of CRD tests, two different
phi | osophies can be followed. In one case, one could choose
to measure experinmentally only those variables needed to
solve the inversion problem i.e. obtain the materi al
characteristics from the governing equation, wusually after
sonme sinplifications, knowing the solution observed experi-
mentally; this would be the equivalent of the curve fitting
nmet hods in conventional tests. For exanple, in the conven-
tional approach only the specimen height is nonitored in the
test. By curve fitting techniques and the solution of the
governing equation, the coefficient of consolidation and
ot her properties, including conpressibility and perneabil-
ity, are conputed.

Alternatively, one could try to neasure directly as
many paraneters as possible and avoid the use of the
governing equation, reducing the nunber of assunptions
concerning the theoretical behavior of the nmaterial. For
exanpl e, measuring the pore pressure distribution in a
conventional oedoneter could lead to the conpressibility
curve by only using the effective stress principle. Wth
the rapid developnent in the areas of electronics and
instrunentation the use and acceptance of this last approach

will definitely grow
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The University of Colorado's CRD test (Schiffman and
Ko, 1981; Scully et al., 1984; Znidarcic, 1982) can be
classified in the first one of these categories. The test
uses a single-drained 2-inch specinen. The anal ysis
procedure neglects the self-weight of the material and
assunes the function g(e) to be piecewise |inear in order to
simplify the governing equation (Znidarcic, 1982; 2Znidarcic

et al., 1986); this is given by

k do”

g(e) = - T—TTey Tde (2.3)

where ¢, is the unit weight of water, e is the void ratio,
and the other terns have been previously defined.

The test only neasures the total stress and pore
pressure at both ends of the specinen, as well as its
def ormati on. An iterative procedure using the solution of
the linearized differential equation, in terns of the void
ratio, yields the void ratio-effective stress relationship,
The perneability-void ratio relation can then be conputed
from the definition of g(e). However, Znidarcic (1982)
found that this approach produced a 15% 30% error in the
conput ed val ues of g(e), and therefore the perneability;
this was for a case where the conpressibility relationship
was accurate within 2%

In an alternative nethod suggested to overcone the
above problem the solution of the linearized governing
equation is used as before to obtain the conpressibility
rel ati onshi p. From the theoretical distribution of excess

pore pressure, the hydraulic gradient, i, at the drained
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boundary can be determ ned. Wth this value the coefficient

of perneability is readily obtained from
k =— (2.4)

where v is the apparent relative velocity at the boundary,
equal to the inposed test velocity; in this form k is not
directly affected by errors in the calculated values of
a(e).

Due to the Iimtations of using consolidation tests to
obtain the perneability, Znidarcic (1982) stressed the
i nportance of a direct neasurenent using the flow punp test.
In this technique a known rate of flow is forced, by the
nmovenent of a piston, through the sanple and the generated
gradient is mneasured. This induced gradient mnust be snall
(less than 2) in order to mnimze seepage-induced consoli -
dation (Scully et al., 1984).

The flow punp test is used in conjunction with a step
loading test to generate the perneability-void ratio
rel ati onshi p. This techni que, however, is nore appropriate
in the case of very stiff and perneable sanples (Znidarcic,
1982), where no significant excess pore pressures would be
devel oped. It has been used for slurries at relatively |ow
void ratios (e < 8) (Scully et al., 1984), and soft sanples
of kaolinite (e < 2.8) (Croce et al., 1984).

Znidarcic (1982) has also proposed the wuse of a
sinplified analysis procedure to obtain the perneability
from a CRD test. If the void ratio and therefore the

coefficient of perneability are assumed uniform within the
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speci men, then the pore pressure distribution is found to be
par abol i c. This is justified in those cases where the test
produces very small but neasurable pore pressures at the
undr ai ned boundary. From here the hydraulic gradient and
pernmeability are easily conputed.

An inportant parameter in any CRD consolidation test is
the rate of deformation. This will determ ne the anmount of
excess pore pressure that builds up in the specinen. Most
anal ysis procedures assune that the void ratio within the
sanple is uniform However, even when the weight of the
material is negligible, the pore pressure and the effective
stress are not uniform due to the boundary conditions.

Thus, the assunption of wuniform void ratio could never be

net . Nevertheless, it is desirable to keep the hydraulic
gradient small in order to mnimze the error introduced by
t he assunption. This can be achieved by running the test at
the |owest possible velocity. In the case of the small

strain controlled rate of strain consolidation theory (ASTM
D 4186), an estimate strain rate of 0.0001 %Y mnute is sug-
gested for soils with high liquid Ilimts of 120% 140% the
liquid Iimt of a typical phosphatic clay is even higher.
The test procedure specifies that the strain rate should be
sel ected such that the generated excess pore pressure be
between 3% and 20% of the applied vertical stress at any
time during the test. Unfortunately, there are no equi-
val ent recomendations for the case of large deformation

consol idation tests. It has been suggested that an
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acceptable deformation rate should produce a naxi num excess
pore pressure of up to 30%50% of the applied stress
(Zni darcic, 1982).

A variation of the CRD consolidation test was devel oped
at the U S Arny Engi neer Waterways Experinment Station (WES)
for testing soft, fine-grained materials (Cargill, 1986) and
to replace the use of the standard oedoneter as the tool to
obtain the conpressibility and perneability relationship of
dredged materials (Cargill, 1983). In this test, denoted
|arge strain, controlled rate of strain (LSCRS) test, a 6-
inch in dianmeter specinen of slurry is |oaded under a
controlled, but variable, strain rate; the specinmen height
can be up to 12 inches. The main reason for selecting a
controlled and not a constant rate of strain was to mnimze
testing tinme to, typically, 12-16 hours (Poindexter, 1987).

The WES test nonitors the pore pressure at 12 ports
al ong the specinmen using 3 pressure transducers and a system
of lines and valves, wth the associated problens of system
conpliance and dearing. The effective stress at each end of
the specinen as well as its deformation are also neasured
with tine.

Anal ysis of the LSCRS data requires the use of the
results obtained from the small self-weight consolidation
test (Poindexter, 1987) in order to generate the conpres-
sibility and perneability relationships. In the approach,
the first void ratio distribution in the specinen is

conputed from the neasured effective stress, using the
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value of the compression index, C,, obtained from the self-
weight test; at point i the void ratio is given by
e; = eyef - Cc log(oi/oref) (2.5)
where e, f = reference void ratio on the previously
determined e-o' curve
Oref = value of effective stress at e .¢
o' = effective stress for which e; is being
calculated

Between any two points where the void ratio is being
computed, the volume of solids, 1;, is given by

1; = hy/(1 + ey) (2.6)
where hy = actual thickness of the increment

e; = average void ratio of the increment

Since the total volume of solids is constant throughout the
test, the calculéted void ratio distribution is adjusted to
satisfy this condition. After this adjustment is done, the
Eompressibility curve is extended.further by using the
average values of-effective stress and void ratio of points
next to the moving end as the next reference point. The
process is repeated using the new measured data at increas-
ing loads.

Determination‘of the coefficient of permeabilify at the
moving boundéry of LSCRS test is obtained from Darcy’'s law
using an expression equivalent to equation 2.4, In addi-
tion, the approach obtains the permeabili;y at interior

points from an estimate of the apparent fluid velocity,



19
obtained from the equation of fluid continuity (Poindexter,
1987) .

Many deficiencies have been found in the LSCRS test.
Because of the rapid rate of deformation, consolidation does
not occur uniformy throughout the specinmen and a filter
cake of material forms at the drained boundary. Addi ti onal -
ly, the analysis of the test data requires a trial and error
procedure which depends on the results of a self-weight test
to provide a starting point. Last, but not |east, the test
equi prent is extrenely conplicated and requires frequent
manual adj ustnment and nonitoring. VS is currently working
on the devel opment of a new test device and procedure
(Poi ndexter, 1987) to replace the LSCRS test; it will be a
constant rate of strain apparatus and the test is expected
to last from5 to 10 days. Automatic controlling and
monitoring, through a conputer/data acquisition system wl]
be incorporated in the test.

Conventional consolidation tests, such as the step
|l oading test or the CRSC test are very frequently used to
conplement the results of |arge-deformation consolidoneters
(Ardaman and Assoc., 1984; Cargill, 1983; Poindexter, 1987;
Wssa et al., 1983). In sone cases, conventional testing
met hods and anal ysis procedures have been used exclusively
(Cargill, 1983). These tests are usually conducted on
preconsol i dated specinens to facilitate handling and trim

m ng. Such tests will provide information on the behavior
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of the material at relatively low void ratios (e < 7)

(Ardaman and Assoc., 1984).

Centri fugal Mbdel | i ng

Centrifugal nodelling has been used quite extensively
to predict the consolidation behavior of slurries under
different disposal schenmes (Beriswell, 1987; Bl oonguist and
Townsend, 1984; Mdimans, 1984; M kasa and Takada, 1984,
Townsend et al., 1987). Several attenpts have been nmade to
determned the soil's constitutive relationships from
centrifuge testing (Croce et al., 1984; Mdinmans, 1984,
Townsend and Bl oonguist, 1983) with relatively good results
obtained in the case of effective stress-void ratio rel a-
tion. Per haps, one of the nost valuable applications of
centrifugal nodelling is to validate conputer predictions
(Her nandez, 1985; MVay et al., 1986; Scully et al., 1984)

The nmain advantages of centrifugal nodelling in the
study of the consolidation behavior of slurries are (1) the
duplication in the nodel of the stress level existing in the
prototype and (2) the significant reduction in the tine

required to achieve a given degree of consolidation in the

nodel . This is given by
tm = t /n” (2.8)
where t, = elapsed tine in the nodel

tp = elapsed tine in the prototype
acceleration level in nunber of g's

>
I

X
I

time scaling exponent
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A major problem with centrifugal nodelling is the
determnation of the tine scaling exponent, X. Theoreti cal -
ly, this exponent is 1.0 for sedinentation and 2.0 for
consol i dati on. In Appendix A a proof is presented where the
governing equation of the finite strain self-weight consoli-
dation theory holds in the nodel if and only if x = 2. A
different proof of this result, based on nechanical sinla-
rity, is given by Croce et al. (1984).

However, experinental results based on nodelling of
nodel s and reported by several researchers indicate sonewhat
contradi ctory concl usions. An exponent of 2.0 has been
confirmed for the centrifugal nodelling of the consolidation
of soft kaolinite clay with a relatively low initial void.
ratio of 2.86 (Croce et al., 1984). Scully et al. (1984)
found that the time scale exponent varied from 1.90 to 2.3
for a slurry with initial void ratio of 15; they concluded
that the exponent could be assuned to be 2.0 and that
sedi mentation probably did not occur in the tests.

By contrast, the results of Bloonguist and Townsend
(1984) show that starting with an initial void ratio of 16,
the scaling factor progresses from 1.6 to 2.0. They
attributed these values to the existence of two zones in the
slurry, hindered settlenment and consolidation. As these
zones approach, consolidation predom nates and the theoreti-
cal exponent of 2.0 is achieved; this occurred at an average

solids content of 20.9% (e = 10.3), practically at the end
of the test.
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Constitutive Properties

One of the basic assumptions of any of the formulations
of large strain consolidation theory is that the soil’s
constitutive relationships are of the general form (e.g.

Cargill, 1982)

o’ = o’ (e) (2.7a)
k = k(e) - (2.7b)
and that they are unique for a given material. Equation

2.7a determines how much consolidation will take place,
while equation 2.7b describes how fast this will happen.
Roma (1976) reported that the best compressibility

relationship for phosphatic clays was a power curve of the
form

e = As(o')B (2.8)
Likewise, the permeability relationship was expressed by the
function

k = Ce(e)D (2.9)
Traditionally, it has been accepted that phosphatic clays
can be characterized by these felatidnships (Ardaman and
Assoc., 1984; Carrier and Bromwell, 1980; Somogyi, 19793,
and very little effort, if any,_has been dedicated to
corroborate thé validity of such relationships. This may be
attributed, in part, to the convenience presented by the
simplicity of the expressions and, just maybe, to the bad
habit or tradition of geotechnical engineers to stay with

the "status-quo."
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The parameters A,B,C,D obtained by several studies for

Kingsford phosphatic clay are presented in Table 2-1.

Table 2-1. Kingsford Clay Parameters

Source A B c

D
Ardaman and Assoc. (1984) 26.81 -0.269 - 7.74E-7 3.56
Somogyi et al. (1984) 23.00 -0.237 1.03E-6 4.19
Carrier et al. (1983) 24 .36 -0.290 1.34E-6 3.41
McClimans (1984) 19.11 -0.187 7.59E-14 11.12
Townsend/Bloomquist (1983) 22.30 -0.230 2.03E-9 7.15

These parameters are for o’ in psf and k in ft/day.
Ardaman and Assoc.’'s parameters are based on slurry consoli-
dation tests. and conventional CRSC and incremental loading
tests. Somogyl et al. parameters were obtained from
laboratory slurry consolidation tests and CRSC tests, as
well as field data.

The parameters attributed to Carrier et al. (1983) were
obtainéd from the constitutive relationships proposed by
them in terms of the Atterberg limits of the clay, as
preliminary design properties. These relationships, for a
specific gravity of the solids of 2.7, are given by

e = (0.48PI)(o’)-0-29 B (2.10a)

k = (2.57PI)"%:29(e)%-29/(1+e) (2.10Db)

where PI is the plasticity index in percentage, o’ is in |
kPa, and k is in m/sec. Using a plasticity index of 156%

reported for this clay (Ardaman and Assoc., 1984; McClimans,
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1984), a nunber of data points wth void ratios between 5
and 15 were generated. A log-log linear regression, wth
very high correlation coefficients, led to the paraneters
given in Table 2-1 after the necessary units conversion.
Finally, Mdimns' and Townsend and Bloonguist's paraneters
were obtained by back-calculations from selected centrifugal
tests.

Table 2-1 shows a trenmendous discrepancy in the parane-
ters defining the constitutive relationships, mainly in
those corresponding to the perneability-void ratio relation.
This can be the result of inproper testing techniques, the,
rel ati onshi ps not being unique, or both.

The use of the power functions in conputer predictions
i ntroduces an inportant inconsistency. Under qui escent
conditions, for exanple, the slurry is deposited at a known
and usually constant solids content. According to equation
2.8, the material nust have an initial effective stress
t hroughout its depth. This inplies two things; first, the
initial excess pore pressure will be less than the buoyant
stress and, second, the points at the surface will have an
effective stress which does not exist. The conputer
prograns overcone this inconsistency by inposing on the pond
a dummy surcharge equal to the initial effective stress
(Sonogyi, 1979; Zul oaga, 1986).

The results of several studies suggest that the
constitutive relationships of slurried soils not only are

not power curves, but also are not unique. Speci fically,
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variations in the conpressibility relations have been
observed in different soils, especially at |low effective
stresses (Been and Sills, 1981; Cargill, 1983; Inmai, 1981;
M kasa and Takada, 1984; Scully et al., 1984; Unehara and
Zen, 1982; Znidarcic et al., 1986). These variations have
been attributed by sone to the effect of the initial void
ratio.

Scully et al. (1984) reported the existence of a
"preconsolidation"” effect in the conpressibility curves
obtained from CRD tests; they concluded that this effect was
nost probably the result of the initial void ratio. Simlar
results on the perneability-void ratio relation have not
been specifically reported. However, the curves presented
by several researchers suggest the existence of a zone
simlar to the apparent preconsolidation effect observed in
conpressibility curves (Scully et al., 1984; Znidarcic,
1986) .

Anot her inportant aspect that may be conclusive to
better wunderstand the consolidation behavior of slurries is
their initial conditions when they are first deposited.

Scott et al. (1985) found in their large settling colum

tests that, when the material was first placed in the
cylinders, the pore pressures were equal to the tota

stresses over the full height. A simlar response was
observed in sanples with initial solids content of 10% and
31% In the case of the denser specinen, a uniform decrease

in pore pressure was observed in 30 days, when no
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significant consolidation had taken place; this was attri-
buted to the appearance of an effective stress by
t hi xot r opy. Thus, these results indicate that the slurry
has no effective stress when deposited, regardless of its
initial solids content. If this is the case, the conpressi-

bility relationship can not be unique, at least initially.



CHAPTER 1| |
AUTOVATED SLURRY CONSOLI DOVETER- -
EQUI PMENT AND TEST PROCEDURE

[ ntroduction

This chapter describes the test equipnment and procedure
of a new automated slurry consolidation test, devel oped
specifically to obtain the conmpressibility and perneability
rel ati onships of slurries and very soft soils. Figure 3.1
shows a schematic arrangenent of the equipnent, which con-
sists of the follow ng conponents:
1) test chanber,
2) stepping notor,
3) data acquisition/control system
The followi ng sectionsdescribe in detail each one of these

conponent s. At the end of the chapter, the test procedure

is presented.

The Test Chanber

The specinmen of slurry is contained in an acrylic
cylinder with a dianeterof 0.2 nmeters (8 inches) and 0.35
meters (14 inches) height. Figure 3.2 is a schematic of the
test chanber. The initial height of the specinen can be
varied between 0.10 and 0.20 neters (4-8 inches).

A double-plate piston is used to apply the load on the
specinen; the two plates, 3.75 inches apart, help prevent

27
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tilting of the piston. At the bottom of the piston, a
porous plastic plate allows top drainage of the specinen. A
filter cloth, wapped around the bottom plate, closes the
smal |, nonuniform gap between the piston and the walls of
the cylinder, while allowing water to drain freely.
Oiginally, this gap was filled with a rubber Oring around
the bottom plate; however later, it was found that the
filter cloth served the function better and reduced the
pi ston friction.

Located directly on top of the piston rod, a load cell
neasures the load acting on the specinmen at any tine. Two
| oad cells, 200-Ib and [1000-1b range, both manufactured by
Transducers, Inc. have been used in this research.

Along the side of the acrylic cylinder, two 1-bar (1
bar = 100 kPa = 14.5 psi) and one 20-psi mniature pressure
transducers are used to nonitor the excess pore pressure in
t he speci nmen. Transducer No. 1 is located 1.235 centineters
from the bottom of the chanber. Transducers No. 2 and No. 3
are placed 5 centineters above the previous one. An add-
itional 350-nmbar (5 psi) transducer (No. 4), Ilocated on the
noving piston, is used to. detect any excess pore pressure
building up at the supposedly free-drainage boundary. The
transducers were nounted inside an Oring sealed brass
fitting, which threads directly onto the wall of the
chanber . Locating the transducers directly in contact wth
the specinmen elimnates the problens of tubing, valves, and

system deari ng.
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Al'l the pressure transducers used in the test are nodel
PDCR 81, manufactured by Druck Incorporated, of England.

They consist of a single crystal silicon diaphragm with a
fully active strain gauge bridge diffused into the surface.
These transducers are gage transducers, thus elimnating the
potential problem of variations in atnospheric pressure,

with a conbined nonlinearity and hysteresis of *0.2% of the
best straight I|ine. To resist the effective stress of the
soil, i.e. only neasure pore pressure, a porous filter plate
or stone is placed in front of the diaphragm The standard
porous stone is made of ceramic with a filter size of -3
mcrons; a 9-12 mcrons sintered bronze stone is also

avai | abl e. Figure 3.3 shows a photograph of the PDCR 81 and
a sketch indicating its dinensions.

At the bottom of the specinen another pressure trans-
ducer (3-bar range), wthout the porous stone, is used to
measure the total vertical stress at this point. Thi s
nmeasurenent, coupled with the load cell readings, nakes it.
possible to determne the magnitude of the side friction
al ong the specinen.

A major objective during the design phase of the
equi prent was to make it fully automatic. This presented an
obstacle when trying to define the best way to neasure the
speci men deformation, which was anticipated to be up to 4-6
I nches. The problem was solved using a Direct Current
Linear Variable D fferential Transforner (LVDT) and the

pi voting arm arrangenent shown in Figure 3.2. The LVDT,
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nodel GCD-121-1000 and nmanufactured by Schaevitz, has a
nomnal range of I inch and linearity of =£0.25% at full
range.

The horizontal distances from the pivoting point of the
armto the center of the specinmen and to the LVDT tip were
accurately neasured as 121.2 nmm and 35.6 mm respectively,
which resulted in an armratio of 1:3.40. This arrangenent
al l ows neasuring specinmendeformati ons over 6 inches. The
factory calibration of the LVDT was converted using the arm
ratio to yield directly the deformation of the specinen.
Appendi x B evaluates the converted calibration of the LVDT
and proves that conputations of the deformation are indepen-
dent of the initial inclination of the arm

Figure 3.4 is a photograph of the test chanber show ng
the pressure transducers, the loading piston, the LVDI, and
the pivoting arm Table 3.1 summarizes the information on
the different devices. The recommended excitation for
these transducers is 5 VDC, but this was increased to 10
VDC, the maximum allowed, to inprove the transducer sensi-
tivity. Al t hough the 200-Ib load cell was used in nost of
the tests, the information on the 1000-Ib load cell is also
included since this was used in sone tests where the | oad

was expected to be |arge.
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'

Figure 3.4 - Photograph of/Slurry Consolidometer Chamber .



Table 3-1. Slurry Consolidometer Transducer Information

DEVICE MODEL SERIAL No. RANGE EXCITATION CALIBRATION

TOTAL STRESS PDCR 81 3021 - 3 bars 10 VDC 3.568 mV/psi

PWP #1 - PDCR 81 ' 2998 1 bar 10 VDC 6.370 mV/psi

PWP #2 PDCR 81 2955 1 bar 10 vDC 7.418 mV/psi

PUWP #3 PDCR 81 3092 20 psi 10 vDC 6.900 mV/psi

PUP #4 ) PDCR 81 3241 5 psi 10 vDC 12.80 mV/psi
LOAD- CELL - T182-200-10P1 73169 200 1b 10 vVDC 0.099805 mV/1b
T182-1K-10P1 49650 1000 1b 10 VDC 0.019943 mV/1b

LVDT . GCD-121-1000 3220 2 in +/- 15 VDC 0.117 V/nm

cs


Gary Albarelli
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The Stepping Mt or

The | oad applied to the specinmen is produced by a
conputer-controlled stepping notor and a variable speed
transm ssion arrangenent, |ocated as shown in Figure 3.1.
The stepping notor is a key elenent of the apparatus; its
versatility is crucial in allowng different types of
| oadi ng conditions.

The stepping notor is manufactured by Bodine Electric
Conmpany, nodel 2105, type 34T3FEHD. It operates under 2.4
VDC and 5.5 anps/phase. The notor has a m ni num hol di ng
torque of 450 oz-in and a SLEW (dynamic) torque of 400 oz-

in, producing 200 steps per revolution or 1.8 degree per

st ep.

The notor is driven by a THD 1830E Mdul ar Transl ator,
nodel No. 2902, also nade by Bodi ne. The translator uses
and external 24 VDC power supply. The phot ograph of Figure

3.5 shows the front panel of the translator (left), and the
stepper notor (right), while Figure 3.6 presents a schematic
di agram of the back of the instrument with the cover

renmoved, showi ng the connections to the stepping notor. For

this configuration, the following resistances are required

Suppression Resistor: R 13 ohms @ 18W
Series Resistors (2): R = 3.6 ohms @ 175W
Logic Resistor: R; = 15 ohms @ 2W
All control line connections to the stepping notor control
card are nmade through a 15 pin. "D' connector, | ocated on the

side of the translator. For manual (front panel) control of
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Figure 3.5 < Motor Translator, Gear Box, and Stepper Motor
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the notor, pins 6 and 13 of the connecter are junped. A
switch that allows this junping was installed next to the
transl ator. In this way the control of the notor can be
easily switched between manual and conputer. Manual
operation of the notor is very inportant during setting up
and dismantling of the test.

The variable speed transm ssion (gear box), nade by
Graham converts the notor rotation into vertical novenent
of a threaded rod, which acts directly on the |oading piston
(Figure 3.5). Even if the nmotor is running at full speed,
the gear box allowsm nute novenent of the |oading piston.
During the testing program the speed control of the gear
box was set at its maxi mum producing a vertical displace-
ment in the order of, 3E-05 mmi step. Figure 3.5 also shows
the load cell at the bottons of the threaded rod.

Figure 3.7 shows a photograph of the entire test

assenbl y. The equi prent was nmounted on a steel frane.

The Conputer and Data Acquisition/Control System

Figure 3.8 shows a photograph of the conputer system
used to control and nonitor the test. The conputer is a
Hewl ett Packard, nodel 86B, with 512 KB of nenory and a
build-in BASIC Interpreter.

The data acquisition/control system has two conponents:
an HP-3497A and an HP-6940B, both nmanufactured by Hew ett
Packar d. The HP-3497A, a state-of-the-art data acquisition

and control wunit, is used to nonitor the pressure
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Figure 3.7 - Entire Slurry Consolidometer Assembly
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transducers, load cell, and LVDT outputs. The unit can be
renotely operated from the conmputer or through the front
panel display and keyboard.

The 3497A Digital Voltnmeter (DVM installed in the unit
is a 5% digit, 1 mcrovolt sensitive voltneter. Its
assenbly is fully guarded and uses an integrating A/ D
conversion technique, which yields excellent noise rejec-
tion. Its high sensitivity, together wth autoranging and
noi se rejection features, makes it ideal for neasuring the
| ow | evel outputs of thernocouples, strain gauges and other
t ransducers. The DVM includes a programmabl e current source
for high accuracy resistance neasurenents when used sinulta-
neously with the voltneter.

The 3497A DVM assenbly is very flexible and can be
configured to neet alnost any neasurenent configuration. It
may be progranmed to obtain a maxi num of 50 readi ngs per
second in 5% digit node or 300 readings per second in 3%
digit node. The 3497A DVM nmay be programmed to delay before
taking a reading to elimnate any problem with settling
tinmes. SSmlarly, the DVM assenbly can be programmed to
take a nunber of readings per trigger with a programmabl e
del ay between readings. This feature, conbined wth
internal storage of sixty 5% digit readings, permts easy
st and- al one data | oggi ng.

Installed in the 3497A, there is a 20 channel anal og
signal reed relay nultiplexer assenbly. This assenbly is

used to multiplex signals to the 3497A DVM Each channel
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Figure 3.8 - Computer and Data Acquisition/Control System
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consists of three, low thernmal offset dry reed relays, one
relay each for H, Lo and Guard. The |[ow thermal offset
vol tage characteristics of this nultiplexer makes it ideal
for precise low |level measurenments of transducers. The
relays may be closed in a random sequence or increnent
between progranmable |imts.

The other conponent of the data acquisition/control
system the HP-6940B Miltiprogramer, provides flexible and
conveni ent I nput/Qutput expansion and conversion capability
for conputers. This versatility has made the Miltiprogram
mer an inportant part of many different types of automatic
systems, including production testing, nonitoring and
control (e.g. Litton, 1986). In the current application,
however, the 6940B, interfaced to the conputer through the
HP- 59500A Ml tiprogrammer Interface, is used exclusively to
control the stepping notor.

A stepping notor control card, nodel 69335A, was
installed in the Miltiprogranmer. The card is programmed by
a 16-bit word originating at the conputer to generate from 1
to 2047 square wave pulses at either of two output termnals
of the card. Wien these outputs are connected to the
cl ockwi se and counterclockwi se input termnals of the
stepping notor translator, the output pulses are converted
to clockwi se or counterclockw se steps of the associated
not or . As the card is supplied from the factory, the output
is a waveform of positive symetrical square-wave pul ses

with a nom nal frequency of 100 Hz. If this frequency is
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not suitable, it can be changed to any val ue between 10 Hz
and 2 kHz by changing the value of one resistor and one
capacitor in the card. The output frequency can also be
made programable by connecting to the card an external
programmabl e resistor.

During early stages of the research, the Miltiprogram
mer was also used to nonitor all the devices by neans of
Rel ay Qutput/Readback and H gh Speed A/D Vol tage Converter
cards, as used by Litton (1986). El ectrical noise rejection
in the low |level outputs of the pressure transducers and
| oad cell-was attenpted by neans of analog low pass filters
(Mal nstadt et al., 1981). Several prelimnary tests were
perfornmed using this hardware configuration, whereby each
transducer output was obtained as the average of 10-20
i ndividual readings, to further reduce any noise. It was
found, however, that the level of noise in the response was
still unacceptable. Therefore, it was decided to undertake
a detailed investigation of the transducers response using
different size capacitors. In addition, the use of digital
filters (Kassab, 1984) was incorporated, and the HP-3497A
was tried for the first time, as an alternative to the
Mul ti programrer. Appendi x C describes the study undertaken.
It was concluded, as a result of the study, that the HP-
3497A would be used to nonitor all transducers. In the case
of the LVDT, the output is not affected so nuch by noise.

However, it was decided to change it to the HP-3497A al so
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and to |eave the HP-6940B exclusively to control the

st eppi ng not or.

The Controlling Program

The program that controls the test, called SLURRYl, was
witten in BASIC for the HP-86B. It is a user-friendly
program and presently allows two types of test: a Constant
Rate of Deformation test (CRD) and a Controlled Hydraulic
Gradient test (CHG. However, other types of | oading
conditions can be very easily incorporated in the program
such as constant rate of |oading, step |oading, etc.

In the CRD test, the program sends a signal to the
stepper notor every half-second to turn forward a given
nunber of steps, corresponding to the desired rate of
def or mati on. A calibration between nunber of steps and
vertical displacenment of the piston was nade for the gear
box speed set at its maxi mum value; the value obtained was
30, 000 steps/ mm Based on this value, the two deformation

rates used in the testing program correspond to the notor

speeds given in Table 3-2.

Table 3-2. Deformation Rates in CRD Tests

Def ormati on Rate (nmimn) Steps/m n
0. 008 240

0.02 600
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In the CHG test,the excess pore pressures at the
bottom and top of the specinen,as well as the specinen
deformation, are continuously nonitored. The average
hydraulic gradient acrossthe specinmen is conputed from this
i nformati on. If the gradient differs from the desired val ue
by nore than a defined percentage, the notor is activated
forward or backward accordingly to keep the gradient wthin
the desired range. The required nunber of steps at any
nmonment is estimated from the previous value of nunber of
steps per unit change in gradient. The experience with the
tests perfornmed in this study shows the effectiveness of
this approach.

SLURRY1 is organized in a main program and several
subrouti nes. The main program reads the input information
and contains the two routines that control the CRD and CHG
tests, as described previously. Ei ght subroutines interact
with the main program to perform the operations described
bel ow.

Subroutine CALIBRATIONS reads the calibration factors
for all the devices froma file on disk; it allows changing
or adding new devices to the file, after displaying the
current configuration on the nonitor. Subroutine | N TIALI-
ZATION takes the initial readings of the transducers and
LVDT; it also prints the general test information and
headi ngs of the results table.

Subroutine STEPPING activates the notor as requested

by either the CRD or CHG routines. Subrouti ne RUNTI ME
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eval uates the elapsed tine of the test at any nonent.
Subrouti nes READLOWCLT and READH GHVOLT read consecutively
all the devi ces.

Subrouti ne CONVERTDATA wuses the readings of the
transducers and LVDT, and their calibrations, to conpute all
the pressures, l|oad, and specinmen deformation; these
paraneters are stored on disk for future data reduction.
Subrouti ne TESTEND deci des whether any of the conditions to
finish the test has been reached. Appendi x D presents a
flowchart of the main routine of SLURRYlI, and a listing of

the full program

Test Procedure

The test, being controlled by the conputer, runs by
itself wthout any hunman assistance. However, setting up
the apparatus requires 2 to 3 hours and is sonewhat conpli -
cat ed. This section describes details of the test proce-
dur e.

In broad terns, the test procedure consists of the
followng steps: (a) specinmen preparation, (b) deairing and
calibration of the pressure transducers, (c) filling the
chanmber with slurry and adjusting the load cell and LVDT,
(d) initiating conputer control, (e) reading devices
periodically, (f) coring specinen at the end of the test,
and (g) reducing data.

The specimen is prepared in a 5 gallon plastic bucket

just before the beginning of the test. The slurry is



48
strongly stirred with an egg beater attached to an electri-
cal drill, to provide a uniform solids content. To reach
the desired value of solids content, quick determ nations of
this value were nade using an Ohaus Misture Determnation
Bal ance. This turned out to be a very handy tool. | f
needed, water or thicker slurry was added to the mx to
achieve the desired solids content. Due to the lack of
avail abl e supernatant water in sufficient anount, tap water
was used in nost of the tests. Two sanples were always used
to perform a regular water content determ nation, from which
the initial solids content was determ ned. It was found
that the solids contents obtained with the Misture
Determ nati on Balance were always within +0.5% of the oven-
determ ned val ues.

An inportant part of the test preparation procedure is
the vacuum system shown schematically in Figure 3.09. Thi s
is used to fill the test chanber with deaired water to
produce full saturation of the porous stones and to take the
zero readings of the pore pressure transducers (under
hydrostatic conditions). The operation of the vacuum system
is controlled by a series of four 3-way valves, used as
described in the follow ng paragraph.

Water is sucked into the chanber by turning the vacuum
punp on with all four valves in the "a' position. The wat er
can be drained out of the chanber by gravity. However, the
process is accelerated by pulling the water with vacuum with

valves 1 and 3 in the position 'b', and valves 2 and 4 in
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Figure 3.9 - Vacuum System
Table 3-3. Valve Positions in Vacuum System
QOperation . Valve 1 Valve 2 Valve 3 Valve &
Fill with water a " a ‘a a
Drain water b a b

Fill withAslurry a b a a,b
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the position "a'; toward the end of this process, however,
care nust be exercised to prevent the entrance of air into
the water container. To avoid this, the vacuum punp is
turned off and valve 4 is vented (position 'b') when nost of
the water has been drained; the remaining will drain by
gravity. The vacuum system is also used to fill the chanber
with slurry prepared in a container at the desired solids
content. To do this, valves 1 and 3 nust be set to the
position "a', while valve 2 is on the 'b' position. Tabl e
3-3 summarizes the valve positions required for each
operati on.

The following is a list of the steps followed in the
t est procedure:
1. Assenble the vacuum system set the piston to the sanple
height, and pull deaired water into the chanber.
2. Turn on the transducers power supply and HP-3497A; check
the supply voltage of 10 Volts by reading it from the front
panel of the HP-3497A Allow a warmng up tinme of 10-15
m nut es.
3. Apply full vacuum to the chanber to deair the porous
stones; check how fast the transducers respond by turning
t he vacuum on and off several tines.
4. Check the calibration of all five transducers by raising
(or lowering) the height of water by 10 cm and taking the
corresponding voltage readings using the front panel of the
HP- 3497A; the conputed change in height of water nust be 10 *

1 cm
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5. Set the height of water to the height to be used in the
test.

6. Run the program SLURRY1 and enter the required data
(sanple height, initial solids content, etc.); the program
will take the zero readings of the pore pressure transducers
at this point.

7. \Wen pronpted by the program drain the water and pull
the slurry into the chanber using the vacuum system check

that the piston is at the right height. The program has

paused at this nonent.

8. Take the vacuum attachrment off and set the notor control
switch to "manual ".

9. Set up the load cell by operating it manually, the LVDT,
and the pivoting arm

10. Add water over the piston to reach the-desired height
(usually 11 cm over the slurry height), as used for the
zero readings; this is done to guarantee that the piston is

al ways subner ged.

11. Change the notor control to "conmputer"” and check that
the LVDT power supply is on.
12. After everything has been verified press the "CONT" key
to resune the conmputer control of the test.
13. SLURRY1 prints heading of the output printout and the
test starts.

From this nonment the control and nonitoring of the test
is conpletely taken by the conputer. Readi ngs of the

different devices are taken periodically as specified by the
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user. The time of reading, pressures, |oad, and specinen
deformation are stored on a disk file specified by the user,
for future data reduction. The test stops automatically
when the nmaximum tinme specified is reached. Term nati on of
the test also occurs when any of several abnornmal conditions
occurs, such as exceeding a pressure transducer or the |oad
cel I.

Once the testis conpleted and the chanber attachnents
have been renoved, the supernatant water is renoved and the
specimen iscored using a device simlar to that used by
Beriswill (1987) in his centrifuge bucket. The cored
material was sectioned into three pieces to determne the
solids content near the top, at the mddle, and near the
bott om of the specinen. Due to the difficulties in obtain-
ing a good sanple, no attenpt was nmade to determ ne the
solids content-depth relationship. An average final solids
content was determned from these three val ues.

The allowed deviation in the transducers response,
recommended in step 4 of the test procedure, is the result
of observations about the transducers sensitivity during the
testing program Table 3-4 shows the results of one pre-
test verification of the calibration/sensitivity of all five
pressure transducers.

Wth water in the test chanber, a set of readings, R,
was taken using the front panel of the HP-3497A The hei ght
of water was then increased by exactly 10 cm and new

readi ngs were taken, R,. Wth these values and the factory



53

Table 3-4. Verification of Transducer Calibration
Transducer R, Ry Calibration Ap Ah
No. (mV) (mV) (mV/psi) (psi) (em)
T.S. -1.58s6 -2.115 3.568 0.1483 10.43
1 -17.610 -18.568 6.370 0.1504 10.58
2 -22.856 -24.002 7.418 0.1545 10.87
3 9.363 8.364 6.900 0.1448 10.18
4 8.698 6.970 12.800 0.1350 9.50

calibration factors, the change in hydrostatic pressure,

was computed.

pcf, the change in the height of water,

Assuming the unit weight of water as 62.4

Ap,

was computed.

Four of the five transducers gave heights above 10 cm,

with a maximum deviation of 0.87 cm for transducer No.

2.

Surprisingly, in this test the total stress transducer (3-

bar range) did not produce the maximum deviation,

and pore

pressure transducer No. 4 (5-psi range) did not produce the

minimum.

similar results were observed in other tests, the low
deviation was attributed, at least partially, to the

beneficial effect of not having the porous disc.

In the case of the total stress transducer,

The

where

relatively large deviation of pore pressure transducer No. &

is probably the result of the random nature of the varia-

tion,. In another test, for example, the same transducer

gave a deviation of only 0.024 c¢m when the height of water

was increased by 10 cm.

These observations led to the conclusion of allowing a

deviation of *1 cm, when checking the calibration of the

transducers prior to the test.

One centimeter of water
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(0.014 psi) is taken as the approximate sensitivity of these

pressure tr ansducers.



CHAPTER |V
AUTOVATED SLURRY CONSOLI DOVETER- -
DATA REDUCTI ON

| nt r oducti on

A main objective during the devel opnment of this new
test was to nmake direct neasurenents of as many variables as
possible, in order to mnimze the use of theoretical
principles or assunptions. The fornulation of the two
constitutive relationships required in finite strain
consolidation theory involves three variables, nanely, void
ratio, effective stress, and coefficient of perneability.
Direct neasurenent of these paraneters is not feasible.
Instead, they will be evaluated from well accepted soil
nmechani cs principles, such as Darcy's law and the effective
stress principle, using the neasured values of |oad, excess
pore pressures, specinen, deformation, and others.

The follow ng sections describe the proposed nethod of
data analysis to obtain the constitutive relationships of
the slurry. In the analysis, the specinen is treated as an
element of soil with uniform conditions, although it is
recogni zed that the void ratio and other paraneters change
with depth nostly due to the boundary conditions. Thi s
assunption was necessary due to the lack of a proper nethod
to measure this variation. Thus, the specinmen wll be
characterized by average values of void ratio, effective

55
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stress, and coefficient of permeability. If certain condi-
tions of the test are controlled, the errors introduced by
this assumption can be minimized as will be discussed later

in this chapter.

Determination of Void Ratio

A direct evaluation of the void ratio in a sample of
soil is not usually possible since volumes are not easily
measured. Instead, the void ratio is most commonly obtained
from unit weights and the use of phase diagram relation-
ships. 1In the slurry consolidometer, however, an average
value of void ratio can be readily obtained from the
specimen height and the initiai conditions.

Figure 4.1 shows the phase diagrams of the specimen
initially and at any later time, t. Two assumptions are
made at this point, namely, that the slurry is fully
saturated and that the volume of solids in the specimen, V;,
does not change throughout the test. Both of these assump-
tions can be made with confidence.

From Figure 4.la, the total volume of specimen at the
beginning of the test can be expressed as

Ashj -‘(1 + ej)Vg (4.1)
where A is the cross section of the specimen, hj is the
initial height, and e; is the initial void ;atio.

At time t (Figure 4.1b), the height of the specimen has
been reduced to h, due to the compression of volume of voids

AV. The volume of the specimen is now
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Ach = (1 + e)eVg (4.2)
where e is the new void‘ratia

Dividing equation 4.2 by equation 4.1 and solving for
the void ratio leads to

e = (h/h;)-(1+e;) - 1 (4.3)
considering that both A and V, are constant.

The phosphate industry uses the term solids content, S,
to describe the consistency of the slurry. This is defined
as

S(%) = ‘(ws/wt)-loo' (4.4)
where W, is the weight of solids, and W is the tota
wei ght . It can be easily shown that this is related to the
water content by the relation

S(% = 100/(1 + w (4.5)
where w is the water content in decimal form

From phase diagrans, it is easily proved that

S-e = G-w (4.6)
where S is the degree of saturation, and G is the specific
gravity of the solids.

Conbi ning equations 4.5 and 4.6, for a degree of
saturation of 100% leads to a useful relationship between
the void ratio and the corresponding solids content of the

slurry. This is

S(%W = 100 -G/ (G + e) (4.7)
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Determination of Effective Stress

The evaluation of an average value of effective stress
involves a large number of variables, including the applied
load, specimen weight, four excess pore pressures, and
sample and piston friction. First, the effective stress at
the location of each transducer is expressed as

g’ = op +* 0y - Up - Ug (4.8)

-g” 1is the effective stress
-op 1s the total stress component due to the applied load
w 1s the total stress component due to the specimen weight
-up, is the hydrostatic pore pressure and
-u, is the excess pore pressure recorded in the transducer.
The buoyant stress is defined as
Iy =Aaw - oup = 75*2 (4.9)
where z is the depth of the transducer and vy 1is the buéyant
unit weighﬁ, to be computed from the average void ratio as
Tb = 7w (G = 1)/(1 + &) ' (4.10)
Substituting equation (4;9) into equation (4.8) we obtain
g/ = ogp t+ Op - Ug (4.11)
The total stress op is to be computed from the load
cell reading, but it must include two important effects,
namely, piston -and sample friction. 1In order to account for
the first one of these effects in the CRD test, dummy tests
were run with the piston in watér, while recording the load
cell feadings. The values obtained for two different

deformation rates are reported in next chapter. The



60
estimated piston friction is subtracted from the load cell
readings in the actual test to obtain a corrected load
value, P. In the case of the CHG test, due to the nature of
the test, the behavior of piston friction is expected to be
more erratic and unpredictable, and no attempt was made to
estimate its wvalue.

The reading of the 3-bar PDCR 81 pressure transducer
installed at the bottom of the chamber, o., is used to
estimate the side friction along the specimen. The zero
reading of this total stress transducer is taken after the
specimen is placed in the chamber. Therefore, if there
were no friction, this transducer would record the stress
induced by the piston load. However, this is not the case.
In a very simplistic approach, the difference between oy
and the piston pressure, att,.obtained from the corrected
load cell reading is distributed linearly with depth to
evaiuate the fotal stress induced by the motor load og.

This 1is
om = ¢ - (0ge - orp)e(z/h) (4.12)
where z is the depth of the transducer under consideration.
‘Once the effective stress has been computed at the
depth of every transducer, the average effective stress is
_obtained from the area of the .0’ -z curve as
o’ = (Area under o’-z)/h (4.13)

Figure 4.2 shows schématically the variation of o' with

depth, indicating the distances between transducers in the

test chamber. The effective stress exactly at the bottom of
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the specimen is assumed equal to of. For this case the

average effective stress simplifies to

o’ = [1.23509+2.5(01+20%+05)+%(h-11.235) (o4+0f)]/h (4.14)
where aj represents the effective stress at the jth trans-

ducer, and h must be in centimeters.

T 1.235 em

Figure 4.2 - Variation of Effective Stress with Depth

Obviously, if the specimen has deformed such that the
pPiston passes beyond the location of'transducér No. 3, or
even No. 2,lequation 4.14 must be modified accordingly not
to include those transducers readings. The corresponding
equations are gi&en below.

For transducers i and 2 in the specimen (h < 11.235 em.),

5’ = [1.2350] + 2.5(0q+0%) + %(h-6.235)(o5+04)]/h  (4.15)
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For only transducer 1 in the specinen (h < 6.235 cm,
o’ = [1.23504 + %(h - 1.235)(oq + 04)]/h (4. 16)

It nust be enphasized that these equations are valid only
for the dinensions of this particular chanber, as given in
Chapter 1I11.

In this approach it is inportant that the distribution
of effective stress with depth be close to uniform to
conform to the assunption of specimen uniformty. This can

be obtained by having a relatively small hydraulic gradient

across the specinen. In the CHG test this can be easily
achi eved since the gradient is controlled. In the CRD test,
however, the hydraulic gradient is not controlled. Thus, to

overcone this limtation the rate of deformation can be
slowed sufficiently to produce acceptable pore pressure

rati os.

Determnation of Perneability

The coefficient of perneability, k, is obtained from
Darcy- Gersevanov's law (MVay et al,, 1986):
n(Vg - Vg) = -ki - YD
where n is the soil porosity,

V; is the fluid velocity,

vV, is the solids velocity, and

i is the hydraulic gradient.
A second equation, however, is needed in order to solve for
the coefficient of perneability. McVay et al. (1986)

expressed the nmass conservation of the fluid phase as



63

bq , Sn , 4.18)
e * TT 0 | (

and the volune conservation of the solids as

§[1-n] + 6[(l-n)Vs_]_

= 4.19
5t S 0 ¢ )

where g = n-V is the exit fluid velocity, and
€ is the spatial coordinate.
Repl acing equation 4.18 into equation 4.19 leads to

§g , S[(l-mVe]l _ 4
b se

(4.20)

Being a function of only one independent variable, equation
4.20 can be directly integrated to give
q + (1-n)V, = constant (4.21)
and replacing the expression for g, we obtain
nV; + (1-n)V, = constant (4.22)
Since at the bottom boundary Vi = V, = 0, equation 4.22
further reduces to
nVg + (1-n)Vg = 0O S (4.23)
This equation representsthe condition of continuity of the
t wo- phase system at any given tinme t, and was first proposed
by Been and Sills (1981). Conbi ning equations 4.17 and 4.23
to elimnate the fluid velocity leads to
Vg = kei’ , | (4.24)
the relationship from which the coefficient of perneability
wi Il be eval uat ed. By substituting equation 4.24 into
either equation 4.17 or 4.23, an expression for the fluid

velocity, is obtained. This is

Ve = - 1-m) 4y o ki (4.25)
; n
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which can be expressed in ternms of the solids velocity by
using equation 4.24 as
Vg = -Vg/e (4. 26)

Equations 4.24 through 4.26 allow an interesting
conpari son between snall and |arge deformation consolidation
processes. First, equation 4.24 shows that, for a given
hydraulic gradient, the higher the coefficient of perneabil-
ity, the higher the velocity of solids. Let us consider,
for exanple, a slurry consolidation under its own weight
froman initial void ratio of 15 (S = 15%. At the end of
the consolidation process,the slurry will probably have
def orned about half of its initial height, reaching a void
ratio around 6 or 7. Experimental data to be presented in
Chapter V will reveal that such a slurry has an initial
perneability in the order of 10* cn sec.

If the sane clay existed in a natural state with a void
ratio of only 1 or 2, it would probably have a, perneability
in the order of 10°® cnisec;this is 10,000 tinmes smaller
than that of the slurry with initial void ratio of 15. The
consolidation of such a material would be considered a snall
strain process. Thus, assuming the same hydraulic gradient,
the solids velosity of the second material (snmall strain)
would be 10,000 tinmes smaller than that of the former (large
strain). This sinple exanple may help to justify the
assunption of a rigid skeleton i.e. zero solids velocity,

made in small strain consolidation theory.
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Additionally, the fluid velocity expressions also pro-
vide, sonme information that may help to understand the
di fference between snmall and large strain consolidation
t heori es. It can be observed from equation 4.26 that the
fluid velocity is e tines smaller than the solids velocity.
This neans that V; js relatively smaller in the case of a
slurry with a very large void ratio. In a natural clay
stratum where the void ratio is commonly less than 1, the
fluid velocity would actually be larger than the solids
vel ocity.

Returning to the determi nation of the coefficient of
perneability, to obtain its average value, one nust use the
average hydraulic gradient across the specinen and the
average solids velocity. The average hydraulic gradient is
obtai ned from the weighted average slope of excess pore
pressure distribution. The distance between transducers is
used as the weighing factor. The resulting average

hydraulic gradient is

I = (uy - ug)/h/7e (4.27)

which only dependson the excess pore pressure at the

boundari es. The evaluation of the average solids velocity,
on the other hand, presents a problem Speci fically,
between any two readings, taken at times t and t+at , the

mean velocity of the piston represents the solids velocity
at the top of the specinen. This is
Voiston = Ah/At (4. 28)
It is also known that the solids velocity at the bottom

of the specinen is zero. However, the actual distribution
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of Vs along the specinen is not known. Since it is not
believed that the error introduced will be significant, the
average solids velocity is taken as the average of the
solids velocity at the two boundaries, i.e.
Vs = Voiston/? (4.29)
Using equations 4.24 and 4.27 through 4.29, the average
coefficient of perneability is easily obtained from
k = Vg/i = Voige0on/(21) (4.30)
To carry out the data reduction using the approach des-
cri bed above, a BASIC program SLURRY2, was developed to run
in the HP-86B. The program that reads directly the data
stored by SLURRYlI, conputes the average values of void
ratio, effective stress, and coefficient of perneability at
every tine that a set of readings was taken. These val ues,
together with the corresponding tine, specinen height,
gradient, and other parameters, are printed out as they are
conput ed.
For the case of the phosphatic clays of Florida, it has
been suggested that the two constitutive relationships can
be described as power curves of the form (e.g. Ardaman and
Assoc., 1984):
e = A(o’)B (4.31)
k = ceD (4.32)
Using a log-log linear regression, SLURRY2 conputes the
paraneters A, B, C, and D and the correspondi ng coefficients
of correlation. The program can also plot the two curves

(experinental data) using different units and arithmetic or
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| og axes, according to the user's choice. A listing of

SLURRY2 is included in Appendix E



CHAPTER V
AUTOVATED SLURRY CONSCLI DOVETER- -
TEST RESULTS

Testing Program

The material selected for this study was Kingsford
clay, a waste product of the mning operations by |IM
Corporation in Polk County, Florida. This slurry has been
studi ed extensively (Ardaman and Assoc., 1984; Bl oonqui st,
1982; Mcdinmans, 1984), and it is typical of the very
plastic clays found in Florida' s phosphate mnes (Wssa et
al ., 1982). Ki ngsford clay consists nostly of nontnorillo-
nite and has the following index properties (Ardaman and
Assoc., 1984; Mdimans, 1984):

LL = 230% Pl = 156% Gg = 2.71 Activity = 2.2
The testing program developed during this part of the study
consisted of four Constant Rate of Deformation tests and
four Controlled Hydraulic G adient tests. The forner were
intended to investigate the effect of the initial solids
content and the deformation rate upon the conpressibility
and perneability relationships. In the CHG tests the
i nfluence of the hydraulic gradient on the results was to be
st udi ed. The effect of the initial specinen height, about
15 cm for all the tests, was not investigated. Table 5-1

presents the testing conditions of both groups of tests.

68



69

Table 5-1. Conditions of Eight Tests Conducted

Test hi (cm) Si (%) Rate (mm/min) Gradient
CRD

CRD-1 14.7 15.3 0.02 _ ‘ -

CRD-2 14.9 10.2 0.02 ‘ -

CRD-3 15.0 16.2 0.008 -

CRD-4 15.0 10.7 0.008 = -
CHG '

CHG-1 15.0- 15.6 - 2.0

CHG-2 15.0 16.4 - 4.0

CHG-3 15.0 16.3 - 10.0

CHG-4 15.0 16.0 - 20.0

CRD Tests Results

O the four CRD tests, two of them were conducted on
dilute slurries with solids content between 10% and 11%
(CRD-2 and CRD-4), while the other two tests were conducted
on denser specinmens with solids contents in the order of 15%
to 16% (CRD-1 and CRD 3). In each group, one test was run
at a slow rate of deformation of 0.008 minmn (CRD3 and
CRD-4), while the other was run at a faster rate of 0.02
mimn (CRD-1 and CRD 2).

Tests CRD-1 and CRD-2 were performed with an early
version of the test chanber whose differences from the
present design are worth nentioning. Oiginally the
pressure transducers were nounted in a pipe-threaded brass
fitting, which had to be tighten in order to seal properly.
This fitting soon began to crack the acrylic and therefore
it was replaced with the Oring sealed fitting currently
used. In the original chanber,, transducer No. 1 was |ocated
at 0.6 cm from the bottom of the chanber, and not 1.235 cm

as in the present chanber.
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During the devel opnment of the equi pment several pistons
were tried in the chanber to produce a snug fitting with the
m ni mum possi ble friction. In the case of test CRD-1 the
pi ston used was fairly loose and a filter cloth was w apped

around the bottom plate to prevent the escape of slurry, but

allom ng free drainage. This arrangenent allowed the piston
to fall freely in water. Therefore,no piston friction was
included in the analysis of test CRD 1. I nstead, the

subnerged weight of the piston was added to the applied

not or | oad. The resulting additional pressure of 0.0109 psi
Is not significant for nost of the test, but it does affect
the initial portion of the conpressibility curve.

The specinmen of test CRD-1 started at a solids content
of 15.3% (e =14.97) and a height of 14.7 cm The test was
conducted at a rate of deformation of 0.02 mmimn for 62
hours (=2.5 days). Readi ngs were taken every 3.0 mnutes
(124 data points). The final specinmen height was 7.19 cm
and the conputed average solids content was 28.5% (e =
6. 81). Direct neasurenent of the solids content led to an
average value of 28.7% with a variation of 4.7% across the
speci men, which indicates a very good agreenent. Figure 5.1
shows the conpressibility and perneability plots for test
CRD-1 as produced by the data reduction program Bot h
curves show a very well defined behavior.

For test CRD-2, the old chanber was still used but a
much tighter piston was tried. At this point in tine no

attenpt was nade to estimate the magnitude of the piston
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friction, but it was suspected to be large enough to affect
the conpressibility curve. The specinmen in this test began
at a solids content of 10.2% (e = 23.96) with a height of

14. 9. The test was run at a deformation rate of 0.02 mmimn
for 72 hours (3 days), with 30 mnutes between readings. At
the end of the test, the LVDT-based height of the specinen
was 6.02 cm but visual observation of the specinen indi-
cated a value of around 5.7 cm A simlar discrepancy was
also found in the solids content. The conputed val ue was
22.97% (e = 9.09), while the neasured average was 24.37%

with a gradient of 6.98% across the specinen. If the
observed specinmen height of 5.7 cm were accepted as correct,
then the conputed solids content would be about 24% which
agrees very well with the nmeasured val ue. Thi s di screpancy
is attributed to possible disadjustnent of the pivoting arm
LVDT arrangenent.

Wen the data of test CRD-2, wth a dilute specinen,
was first reduced, the average effective stress showed
negative values up to asolids content of about 13.5% The
data reduction programwas |ater nodified to nake zero any
negative effective stress conputed at the location of the
pore pressure transducers. This result seens to indicate
that below this solids content the slurry has no effective
stresses, or these are two low to be detected with the
equi prent used. Once the program was nodified to elimnate
negative values, it was observed that the average effective

stress increased above 0.01 psi (the estimated sensitivity
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of the transducers) when the solids content was again about
13. 4% Figure 5.2 shows the conpressibility and perneabi-
ity curves of test CRD-2 as plotted by SLURRYZ2. The
initial portion of the conpressibility plot (Figure 5.2a)
shows clear evidence of pseudo-static piston friction.
Anot her interesting aspect of the plot is the step-like
shape. This effect may be attributed to a discontinuity in
the conmputed effective stress when the piston passes by
transducer No. 3 (at h = 11.235 cm), as a result of the
anal ytical approach used. However, this irregular effect is
not observed with the same magnitude in all the tests. The
perneability plot, on the other hand, exhibits a well
defined trend with alnost no scatter.

The new chanber described in Chapter [1l was used for
the rest of the tests. It was found that the O R ng seal ed
piston did not fall freely in the chanber; a study was
conducted to estimate the magnitude of the piston friction.
Wth water in the chanber, dummy tests were conducted and
the load cell readings recorded with tine. Si nce transducer
No. 4 did not record any build-up of pressure, it was
assuned that the load cell reading was only reflecting the
piston friction. For the deformation rate of 0.02 nmm mn,
the average friction obtained was 6.5 Ibs,, while for the
rate of 0.008 mimn the average value was 8.6 Ibs; in both
cases the variation of the recorded |oad was very snall.

The testing program carried out in this part of the

research never attenpted to study the statistical validity
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of any particular observation. Neverthel ess, it was inter-
esting to investigate the duplicability of the tests

results. Wth this in mnd, an additional test was con-
ducted with simlar conditionsto those of test CRD 1. Thi s
test, the first one with the new chanber, was originally
intended to be a different test, conducted for 7 days at the
slower rate of deformation of 0.008 nm mn. After the test
had been running for 6 hours, it was sadly discovered that
sonmebody had turned the main breaker off and that the test
had been abort ed. To avoid wasting the specinmen, it was
decided to run a quicker test (3 days) which would approxi-
mately duplicate test CRD 1. The initial height of the
aborted test was 14.7 cm and the initial solids content was
15. 7% Al t hough the specinmenhad deformed about 3 nmm when
the test stopped, no corrections were nmade on the initial

val ues once the test was restarted. The results of both
tests, CRD-1 and its duplicate, are shown in Figure 5.3.
Considering the conditions under which the duplicate test

was conducted and expected variations in the material

itself, it can be said that the results are reproduced quite
wel | .

The conpressibility plot of the duplicate test shows an
abrupt discontinuity in the effective stress. This could be
explained with the same argunents given for test CRD 2.

The other two CRD tests were run at the slower rate of
deformation (0.008 mimin). Test CRD-3 was initiated at a

solids content of 16.2% (e = 14.01) with a specinen height
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of 15 cm After running for 168 hrs (7 days), with 2 hours
between readings, the final height was 7.32 cm (conputed),
while the observed value was 7.1 cm indicating a very good
agr eenent . As for the final solids content, the conputed
value was 29.99% (e = 6.33),while the neasured average was
29.94 with a variation of only 2.66% across the specinen,
again an excellent agreenent. Figure 5.4 shows the conpres-
sibility and perneability curves obtained from test CRD 3.
The fact that the tine interval between readings was
relatively large may have resulted in the |oss of valuable
information during early parts of the test.

Finally, test CRD-4 began at a solids content of 10.66%
(e = 22.70) with the specinmen height at 15 cm This test
was the longest one, running for 216 hr (9 days), and
proving that the apparatus is capable of working for |ong
periods of tine w thout any problem For approximtely 1
day, the results of this test indicated inconsistent
results, such as negative values of perneability. These
results were attributed to the extrenely |ow pore pressures
bei ng read; these points were discarded. At the end of the
test the conputed specinen height was 5.1 cm while the
observed value was 4.5, a quite significant difference. The
conputed final solids content was 27.75% (e = 7.06) and the
nmeasured value was 29.68% wth a variation across the
specimen of only 1.56% Figure 5.5 shows the conpressi-
bility and perneability plots obtained from test CRD 4. The

conpressibility plot shows significant scatter with initial
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evi dence of piston friction and some irregul ar behavior
around an effective stress of 1 psf, in a way simlar to
test CRD 2. Both of these tests started at the |ow solids
content level, and this may be partially responsible for
these results.

Table 5-2 summarizes the conditions of the specinens at
the end of the four CRD tests, and shows the duration of

each test.

Table 5-2. Summary of CRD Tests Results

Test Duration Final Height (cm) Final Solids Cont. (%)
(hrs) Computed Observed. Computed Measured Gradient

CRD-1 62 7.19 7.1 28.5 28.7 4.7
CRD-2 72 6.02 5.7 230 244 7.0
CRD-3 168 7.32 7.1 ©30.0 29.9 2.7
CRD-4 216 5.10 4.5 27.8 29.7 1.6

The results of these tests clearly show that the
variation in solids content with depth is significantly
smaller in those tests perfornmed at the slower rate of
def or mati on. This result is inportant considering the
assunption of specinen uniformty nmade during the analysis
of the data. This condition, however, can never be com
pletely satisfied sincethe excess pore pressure dissipates
faster at the top boundary. Thus, although the total stress
in the specinen is close to uniform (assumng self-weight is
smaller than the notor |oad), the excess pore pressure

distribution is not. Figure 5.6 shows the distribution of
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excess pore pressureand effective stress with depth at two
different times in test CRD 1. The first one, for t = 19.5
hr, corresponds to an average solids content of 18.3% (e =
12.13), and an average effective stress of only 0.11 psi.
The second tinme plotted isat the end of the test (t = 62
hr), corresponding to an average solids content of 28.5%
(e = 6.81) and an average effective stress of 1.27 psi.

It is clear from Figure 5.6 that the effective stress
and therefore the void ratio are far from being uniform wth
depth, especially toward the end of the test when the
hydraulic gradient increases significantly. The pore
pressure ratio, defined in this test as the ratio of the
excess pore pressure in transducer No. 1 to the total stress
at the bottom of the specimen, is comonly used in CRD tests
to limt the magnitude of the excess pore pressure. For
test CRD-1, for exanple, perforned at the rate of 0.02
mmmn, the pore pressure ratio increased up to about 88% at
the end of the test. Contrarily, for test CRD-4, perforned
at the slow deformation rate, the naxi num pore pressure
ratio was about 54% Pore pressure ratios between 30% and
50% have been recomrended by Znidarcic (1982).

The results of the four CRD tests are plotted together
in Figure 5.7. The conpressibility curves shown in Figure
5.7a denonstrate the effects of initial solids content and
rate of deformation. First, all four tests show a "precon-
solidation" effect, which depends on the initial solids

content. Such an effect has been reported w thout any
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explanation by Scully et al. (1984), and can also be
observed in tests reported by Mkasa and Takada (1984).

It is believed that the preconsolidation effect is the
result of testing a specimen that begins in a highly
renol ded state,due to specinen mxing and preparation.
Under such conditions the effective stresses are practically
zero at the beginning of the test, regardless of the initial
solids content. As the specinen is initially stressed, the
soil particles start interacting and regaining the struc-
tural arrangenment that was lost during renolding, in sone
kind of thixotropic effect. Thus, the effective stresses
increase relatively quickly early in the test, without
significant reduction in void ratio, until the conpression
curve reaches a point where it breaks down to enter the
virgin zone. It is believed that this behavior also occurs
in the field since mning slurries are deposited in a very
renol ded condition. Poi ndexter (1987) justifies the use of
renol ded speci mens of dredged material on the basis of the
destruction of any insitu internal structure by the dredging
process.

It is clearly noticeable in Figure 5.7a that the two
| ower solids content curves, CRD-2 and CRD-4, approach
al nost perfectly the virgin zone of the correspondi ng higher
solids content curves, CRD-1 and CRD 3. Thus, the initia
solids content affects the preconsolidation zone, but the
virgin zone slopes areindependent of initial conditions.

The rate of deformation appears to have a simlar effect on
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both the dilute and the dense specinens. In the virgin
portion of the curves, the faster tests (CRD-1 and CRD 2)
plot parallel and to the right of the slower tests (CRD3
and CRD-4). Thus, the slope of the virgin curve is inde-
pendent of deformation rate for the range of these test
condi ti ons.

It is conceivable that a mnor part of the disagreenent
on the conpressibility curves between the fast and slow
tests may be attributed to equi pnment problens. For exanpl e,
test CRD-1 was anal yzed assuming no piston friction; on the
contrary, the subnerged weight of the piston (0.0109 psi)
was added to the effective stress, based on observations
that indicated that the piston noved freely inside the
chanber . However, for subsequent tests this approach was
changed when a new chanber and piston were introduced, and
piston friction was incorporated. However, the nagnitude of
these effects has been analyzed and found to be small.

Their influence will be nore significant early in the test,
when the effective stress are relatively small. For
exanple, at the end. of test CRD-1, if piston friction is
considered, the effective stress would only decrease by

about 5% However, the conparison shows that the effective
stress in test CRD-3 at the sane void ratio is alnost 60%
smal ler than that of test CRD 1.

Thus, the effect of deformation rate on the conpressi-
bility relationship is believedto be a true soil response.

In the case of small strain CRD tests, it is a well accepted
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fact that decreasing the rate produces a decrease in the
nmeasured effective stress (Mesri and Choi, 1987). A
conprehensive study by Leroueil et al. (1985) on five
different natural Canadian clays clearly showed that, at a
given strain, the higher the strain rate, the higher the
ef fective stress. They proposed a rheol ogical nodel in
which the effective stress-void ratio relationship is not
uni que but incorporates the strain rate. Al t hough simlar
results have not been reported for |arge deformation
consolidation tests, there is no reason to elimnate the
possibility of the sane behavior on renolded slurries.

The perneability curves of the four CRD tests,
presented in Figure 5.7b, show |less scatter than those
corresponding to the conpressibility relationship. In this
case the rate of deformation does not have any significant
effect on either the dilute (S = 10-11% or dense (S = 15-
16% speci nmen. Simlar to the conpressibility relation-
ships, the perneability curves show an initial preconsolida-
tion portion, changing at a point which is a function of the
initial solids content. Al curves clearly approach a well
defined virgin zone. A possible explanation for this
behavi or could be found under the sane argunents previously
given to explain the preconsolidation effects observed in
Figure 5.7a. Thus, the virgin slope of the e-k relationship
is independent of initial solids content and defornmation

rate for this range of test conditions.
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CHG Tests Results

The controlled gradient tests were performed under
different hydraulic gradients, but with initial solids
contents of 15% to 16% simlar to those of the constant
rate of deformation tests CRD-1 and CRD-3 (see Table 5-1).
In all the tests the specinen height was 15 cm The
magni tude of the pistonfriction is undetermned in the CHG
tests.

The first test, CHG 1, was set for a low gradient of 2,
allowing a variation of *5% The initial solids content was
15.6% (e = 14.64). The test lasted for 192 hours (8 days),
taking readings every 2 hours for a total of 97 data points,
including the first time the desired gradient was reached at
about 15 m nutes. The final height of the specinen was
conmputed from the LVDT reading as 9.23 cm nmatching al nost
exactly the observed val ue. The final solids content
conmputed was 23.9% while the measured average value was
24.4% with a variation across the specinmen of only 2% Wth

the low gradient used in this test, the recorded val ues of

pressuresand |oad were extrenely small, producing signifi-
cant scatter in the results. The maxi num average effective
stress in this test was less than 0.2 psi. Figure 5.8 shows

the conpressibility and perneability plots of test CHG 1.

The existence of an unpredictable piston friction was a
maj or di sadvantage of the CHG tests. In trying to reduce
its magnitude, the O R ng around the bottom plate was

replaced by a filter cloth, and the friction estinmated for
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constant rates of deformation. It was found that for a rate
of 0.02 mimn the average friction was 1.25 |b conpared to
6.5 Ib with the O R ng. For a deformation rate of 0.008
mimn the friction was 2.06 |b versus 8.6 |Ib when the
O Ring was used. These results led to the decision of using
the filter cloth for the rest of the CHG tests, and sinply
negl ecting the effect of the piston friction.
In the case of test CHG 2, the gradient was 4 = 5%
with an initial solids content of 16.4% (e = 13.77). The
test duration was 168 hours (7 days). Readi ngs were taken
every hour fora total of 169 data points. At the end of
the test the conputed specinen height was 8.33 cm while the
observed value was 8.3 cm The final solids content was
conputed as 27.3% (e = 7.20), and the average neasured val ue
was 28.1% with a variation of 2.2% across the specinen.
Figure 5.9 shows the conpressibility and perneability curves
of test CHG 2. The higher gradient used produces values of
pressures and |load which are read nore accurately by the
devices, which in turn produces better defined curves.

The specinmen of test CHG 3 had an initial solids
content of 16.3% (e = 13.86) and ended at a height of 6.55
cm with an average solids content of 33.0% (e = 5.49)
(conputed values), after 168 hours (7 days) of testing.
Direct measurenents of solids content at the end of the test
produced an average value of 3.5% with a variation of only
0.44% across the specinen,with an observed final height of

6.2 cm The gradient set for this test was of 10 * 5%
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Readings for test CHG 3 were taken every hour, produc-
ing a total of 169 data points. Figure 5.10 shows the plots
produced by SLURRY2 as the data is reduced. Again, the
hi gher gradi ent produces |ess scatter in the results.

The last test, CHG 4, was run at the highest hydraulic

gradient, 20 + 2.5% for 120 hours (5 days). The initial
solids content was 16% Readi ngs wer et aken again every
hour, produci ng 121 data points. At the end of the test the

conputed height was 6.22 cm corresponding to a solids
content of 33.8% The observed final height was 6.0 cm and
the nmeasured average solids content was 35.9% with a varia-
tion of 1.18% across the specinen. Figure 5.11 shows the
plots obtained from test CHG 4. The final conditions for

the specinmens of the four CHG tests are summarized in Table

5-3.

Table 5-3. Summary of CHG Tests Results

Test Duration Final Height (cm) Final Solids Cont. (%)
(hrs) Computed Obsexrved Computed Measured Gr;d}ent
CHG-1 192 7.23 7.2 23.9 24 .4 2.0
CHG-2 168 8.33 8.3 27 .4 28.1 2.2
CHG-3 168 6.55 6.2 33.0 35.0 0.4

CHG-4 120 6.22 6.0 33.8 35.9 1.2
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Figure 5.12 shows the pore pressure and effective
stress distributions at two different tines for one of the
CHG tests. The first time is when the desired gradient of 4
5% is first reached at about 23 m nutes. At this time the
solids content is 16.8% (e = 13.45) and the average effec-
tive stress, occurring nostly on the top fourth of the
specinmen, is only about 0.12 psi. The second set of curves
is practically at the end of the test (167 hours), when the
average solids content is 27.3% (e = 7.21) and the average
effective stress is 0.33 psi, which is still relatively |ow
These plots show that even at relatively |low gradients, the
variation of effective stress with depth is significant.

The results of the four CHG tests are presented
together in Figure 5.13. The conpressibility curves of
Figure 5.13a show a very interesting behavior. First, the
preconsolidation effect is not observed in these curves, due
in part to the fact that the specinen is |oaded very fast
initially, without any reading taken until the desired
gradient is reached. In all the cases, the effective stress
initially junped to a relatively high value, and immediately
started decreasing, contrary to all expectations. After
sonme time the effective stress began to increase again, as
the specinen continued to deform It is interesting to
observe how parallel these initial portions of curves 2, 3
and 4 are. In the case of test CHG 1, with the |ower
gradient, the curve shows a lot nore scatter but a simlar

trend is observed. Al t hough not clearly understood, this

I+
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strange behavior of the initial portion of the conpressibil-
ity curves is attributed to the drastic decrease in rate of
deformation in the controlled gradient tests; for exanple,
the nmean deformation rate in test CHG 3 dropped from a very
high initial value of 0.15 mmmn to about 0.02 mmMmn in
just six hours. This result seenms to corroborate the
conclusion obtained in the previous section concerning the
effect of deformation rate upon the conpressibility.

Figure 5.13a also showshow all four conpressibility
pl ots convergeto a uni que curve. This virgin zone of the
plot is independent of the hydraulic gradient or the
i rregul ar behavior observed in the early portion of the
curves.

The perneability results of the four CHG tests are pre-
sented in Figure 5.13b. The data points fall in a rela-
tively small band. Thus the perneability relationship
obtained from these tests can be said to be independent of
the hydraulic gradient for the range of values considered in

the tests.
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Testing |Influences

In a CRD test,maintaining the defornmation rate
constant forces the hydraulic gradient to increase wth
tine. Conversely, in a CHG test, keeping the hydraulic
gradi ent constant nakes the deformation rate decrease from
very high valuesinitially to extrenely |ow values near the
end of the test. This effect is shown in Figure 5.14, where
plots of the rateof deformation and hydraulic gradient wth
time are showmn for one test of each type. First, it is
clearly observed that neither the rate of deformation in a
CRD test, nor the hydraulic gradient in a CHG is conpletely
constant, due to equipnment characteristics in the first case
and allowed variation in the second.

For the CRD test, the hydraulic gradient remains very
small (less than 2) for the first 2000 m nutes of testing.
After this point, it increases. very rapidly. In the case of
CHG test, the deformation rate is initially very high but
decreases very quickly to a value around 0.02 mimn in 300-
400 m nutes. This deacceleration effect is reduced from
t hat point on.

A conparison of the various constitutive curves clearly
shows that there is a nore irregular behavior in the com
pressibility plots obtained from CHG tests (Figure 5.7a vs.
Figure 5.13a). This is attributed, at |east partially, to
piston friction which probably behaves in a nore erratic and
unpredictable way in the controlled gradient tests, due to

the way the specinen is loaded; its real nmagnitude is
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conpl etely unknown. For the CRD tests, on the other hand,
the piston friction was estimated from tests using only
water, indicating an alnost constant value for a given rate
of deformation.

A conparison of the resultsof two CRD tests (1 and 3)
with two CHG tests (2 and 3) is shown in Figure 5.15. Al l
four tests had an initial solids content around 15% to 16%

The perneability results of the CRD and CHG tests are
in good agreenment, regardless of hydraulic gradient or
def ormati on rate. Conversely, in the case of the conpressi-
bility, at effective stresses of 0.2-0.4 psi (S = 23-25%
the CHG curves approach the virgin portion of the curve
obtained from the test with low rate of deformation (CRD 3).

In all the tests perfornmed to this date, it has been
observed that the perneability plot always shows a better
defined trend with |less scatter. This is reasonable, con-
sidering that the average values of void ratio and coeffi-
cient of perneability are calculated from few paraneters,
nanely the specinmen height and the pore pressures at the
bottom and top of the specinen (which are neasured with the
two nost accurate transducers). The cal cul ated average
effective stress, on the other hand, not only depends upon
four pore pressure neasurenents plus that from the | oad
cell, but also depends on specinen friction estimated from
the total stress transducer reading (not very accurate) and
piston friction, which is conpletely unknown for the GHG

tests and only approximated for the CRD tests. Wth nore
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vari abl es containing nore neasurenent error, it could be
anticipated that the conpressibility plots would show nore
scatter. In addition, the conpressibility relationship
depends nore on the assunption of specinmen uniformty since
t he approach conputes an average value of effective stress
froma distribution that may be highly variable due to the
boundary conditi ons.

A key elenment in the conputation of the coefficient of
perneability is Darcy's |aw Therefore, it is very inpor-
tant to evaluate its validity in the slurry consolidoneter.
Darcy's law is accepted as valid when the fluid flow is
| am nar. The criterion to evaluate this condition is based
on Reynol ds nunber. For the case of flow through porous
medi a, a Reynolds nunber has been defined as (Bear, 1979)

R. = q-d/v (5.1)
where q, the specific discharge, is defined as the volune of
fluid passing through a unit area of soil in a unit time; d,
a representative length of the porous matrix, is taken as
the dianeter such that 10% of the soil by weight is snmaller
(D1g); and v is the kinematic viscosity of the fluid.

CGoforth (1986) found that, for sands, Darcy's |aw was
valid for Reynolds nunbers below 0. 2. A critical value of
Reynol ds nunber in the slurry consolidoneter tests is
probably obtained in a fast CRD test, near the end of the
test when the void ratio is mninmm The specific dis-
charge, q, will be assunmed to the average relative velocity

of the fluid wth respect to the solids particles, since
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bot h phases are noving. For exanple, for test CRD-1 with a
rate of deformation of 0.02 mmmn, the average solids
velocity is 0.01 mimn (1.67E-04 mml sec). Near the end of
the test, when the void ratio reaches a value of 7, the
absolute value of the average fluid velocity is conputed
from equation 4.16 as

V; = (1.67E-04)/7 = 2.38E-05 mmi sec (5.2)
Thus, the specific discharge is sinply

g = 2.38E-05 + 1.67E-04 = 1.91E-04 mi sec (5.3)
Using a value of Dy of 0.002 mm and a Kkinematic viscosity
for water at 75° of 1 nm® /sec (Streeter and Wlie, 1975),
the Reynolds nunber is conputed by substituting Equation 5.3
into Equation 5.1 as

R, = (1.91E-04 mm sec)(0.002 nm)/(l rm¥/sec)

= 3.8E-07 (5. 4)
This very |low value of Reynolds nunber indicates that
Darcy's law is valid in the tests, even for the fast
deformation rate. This result may very well explain the
agreenent obtained in the perneability anong the different
tests, regardless of the rate of deformation or hydraulic
gr adi ent .

The results of the tests reported here suggest that
power functions like equations 4.31 and 4.32 nmay not be the
best mathematical representation of either the conpressi-
bility or pernmeability relationshinp. Al t hough the virgin
zone of the experinental curves could be represented fairly,

well by this type of function, the introduction of the
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initial preconsolidation zone changes the entire picture.
The inmmediate result of this is that the perneability and
conpressibility relationships would not be unique but would
depend on the initial solids content, as denonstrated by the
plots of Figure 5.7. In addition, conputer codes that allow
the input of data points instead of the traditional A B, C
and D power curve paraneters to characterize the soil would
be nore appropriate.

Finally, because of the abnormal behavior of the CHG
conpressibility curves and other disadvantages of the test,
this testing method is not reconmended for practical
applications or even for future study. The CRD test, on the
ot her hand, offers a nunber of advantages, such as the
possibility of anticipating the testing time required to
achieve a desired final condition. The results of the CRD
tests reported in this research are nore reasonable. For
the sake of conparison, the constitutive curves obtained
fromtest CRD-1 are plotted in Figure 5.16, together wth
the power curves fit to the experinental data and other
functions proposed for Kingsford clay (Table 2-1). The
power curve paranmeters obtained for test CRD- 1, which
include the points in the preconsolidation zone, are

A = 18.03 B = -0.165

C = 3.619E-09 D = 6.27
with a correlation coefficient around 0.95 for both curves.
Al t hough the power curves do not show the preconsolidation

effect observed in the CRD test, Figure 5.16 shows that
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the overall behavior of the results of the CRD tests falls

within the range of the other curves.



CHAPTER VI
CENTRI FUGE TESTI NG - EQUI PMENT,
PROCEDURE, AND DATA REDUCTI ON

| nt roducti on

Centrifuge testing has been used quite extensively to
nodel the sedinmentation/consolidation process of slurries,
including the analysis of different disposal techniques
(Beriswill, 1987; Bloonqguist, 1982; Mdinmns, 1984,

Townsend and Bl oonmgui st, 1983), and to a lesser extend to
validate the results of nunerical predictions (Hernandez,
1985; MVay et al. 1986; Scully et al., 1984).

Few attenpts have been made, however, to obtain the
constitutive relationships of the slurry from centrifuge
testing. The conpressibility relationships obtained by
Mcdinmans (1984) and Townsend and Bl oonmgui st (1983) agree
relatively well with the results of other tests (see Table
2-1). Their approach is based on the neasurenment of solids
content with depth after selfweight consolidation, when all
excess pore pressure has been dissipated. Thi s neasur enent
allows determining the void ratio and the effective stress
with depth in the specinen. However, the nunber and quality
of the points obtained with this approach are |argely
dependent upon the quality of the coring process. On the

other hand, the back calculations and curve fitting methods

120
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suggested in these studies to obtain the perneability
rel ati onshi ps yielded paraneters which disagree signifi-
cantly with the results of other tests.

Takada and M kasa (1985) have also used centrifuge
tests for the determ nation of consolidation paraneters.
Simlar to the studies previously cited, the conpressibility
curve is obtained from the water content profile at the end
of the test. The coefficient of perneability is obtained
fromthe initial settlenment rate of selfweight consolida-
tion. They derived the follow ng expression for k, valid
only at the surface of the layer and for the early stage of

sel fwei ght consolidation under single drainage.

where s is the initial settlenent rate,

n is the acceleration level in g's

Ow IS the unit weight of water, and

gy is the initial buoyant unit weight.

In this approach, one test at a given initial void
ratio will represent one point of the perneability plot;
thus, a large nunber of tests with different initial
conditions are needed. Anot her di sadvantage of the approach
Is the difficulty in estimating the initial settlenent rate.

This chapter describes a new techni que devel oped
specifically to obtain the conpressibility and perneability
relationships of soils from centrifuge testing. The
approach is based on neasurenents of excess pore pressure

and solids content with depth and tinme during the test.
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These allow conmputing the void ratio, effective stress, and
coefficient of perneability using a nmaterial representation
of the sanple: Perhaps, the main advantage of the approach
is that the curves are obtained from a nodel with stress
conditions simlar to those existing in the slurry pond,
The follow ng sections of this chapter describe the test

equi prent, procedure and nethod of data reduction.

Test Equi pnent and Procedure

The geotechnical centrifuge at the University of
Florida was used for the testing program carried out in this
st udy. The |-m radius centrifuge can accelerate 25 Kg to 85
g's (2125 g-Kg) (Bloonguist and Townsend, 1984). In the
standard test procedure, the waste clay is contained in a 14
cm diameter by 15.25 cm high cast-acrylic container. Thi s
container is housed in a swinging alumnum bucket, with a
vertical w ndow that allows visual observation of the nodel.
A Polaroid canera in conbination with a photo-electric pick-
off and flash delay are used to nonitor the nodel height
during the test. Figure 6.1 shows a schematic draw ng of
the centrifuge and photographic equi pnent. More detail ed
descriptions of this equi pnent have been reported el sewhere
(Beriswill, 1987; Beriswill et al., 1987, Mdimns, 1984).

A specinen height of 12 centinmeters was selected for
this testing program The distance from the center of

rotation to the bottom of one of the four buckets (bucket A)
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was neasured as 43.125 inches (109.54 cn), and the distances
to the other buckets were adjusted to the sanme val ue. For
a 12-cm specinen, the radius to the center of gravity is
then 103.54 cm Average acceleration levels of 60g and 80g
are achieved in this specimen with angular velocities of 228
and 263 r.p.m, respectively. The radial acceleration
gradient in each case is about +5.6% representing about
+3.59 in a 60g test and +4.6g in 80g test.

Two new el ements were added to the test in order to
acconplish the objectives established. They are the
nmeasurenents of excess pore pressureand solids content wth
depth and tine.

To nmeasure the excess pore pressure distribution, the
acrylic bucket was nodified by attaching three of the

pressure transducers used in the automated slurry consoli -

donmet er described in Chapter I11. Figure 6.2 shows a photo-
graph of the nodified bucket. Information on the three
transducers selected is shown in Table 6-1. The transducers

were located at 1, 5, and 9 centimeters from the bottom of

t he speci nen. For the nodel height used in the tests, this
arrangenent was expected to produce a good pore pressure
curve. The excitation of the transducers was 10 VDC, as
used in the slurry consolidometer tests. Monitoring of the
pressure transducers was done with the HP-3497A also

described in Chapter 111.
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Centrifuge Bucket

Figure 6.2
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Table 6-1. Centrifuge Test Transducer Information
Transd. Distance Serial Factory Zero-Reading in
No. from bottom Number Calibration 12-cm Water (mV)
(cm) (mV/psi) 60g 80¢g
1 1.0 2998 6.370 41.913 61.729
2 5.0 2955 7.418 , 19.145 33.329
3 9.0 3241 12.800 35.308 44.253

An evaluation of the transducer calibration in the high
acceleration level of the centrifuge was necessary. The
results of this study are presented in Appendix F. It was
found that the transducers perfornmed well and that the
factory calibration factors were valid in the centrifuge.
These values were used in the analyses and are also included
in Table 6-1.

The second requirenent of the approach was the solids
content distribution. Two unsuccessful attenpts were nade
to neasure it indirectly. One attenpt tried to correlate
electrical resistivity with solids content, while the other
depended on neasuring the total vertical stress at different
points in the specinen and from there conputing the density
distribution; the density would readily lead to the void
ratio distribution. After failure of these approaches, it
was decided to neasure the solids content directly. Thi s
approach required the design of a system of small sub-
sanples that could be renoved from the centrifuge periodi-
cally. Each individual sub-sanple is contained in a
perforated 2-in PVC tube, as shown in Figure 6.3. The smal

holes 2-cm apart along the side of the tube are designed to
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allow insertion of the nodified 3-cc syringe shown also in
Figure 6.3, and obtain a sanple |arge enough to neasure the,
solids content by the standard procedure. These holes are
sealed wth rubber plugs during the test. Dependi ng on the
current height of the nodel, four to six solids content
points can be obtained, from each sub-sanple.

Three of these sanples can be accommobdated in a 14-cm
acrylic bucket. Three of the four buckets in the centrifuge
are used for this purpose, for a total of nine sub-sanples.
Each bucket is filled with water around the PVC sanplers to
reduce the possibility of slurry |eakage. The fourth bucket
is reserved for the master specinen used to nonitor the
speci men height and pore pressure distribution. Sub- sanpl es
can be obtained at any chosen tinme interval; a good sequence
mght be 1, 2, 4, 6, 8, 12, 24, 36, and 48 hours. Dependi ng
on the initial solids content the obtaining of a reasonably
good solids content profile before 1 hour is very difficult,
due to the diluteness of the material.

An obvi ous disadvantage of the direct neasurenent of
the solids content distribution is that the centrifuge nust
be stopped to take the sanples out. O course, the tine
that the centrifuge is not spinning nust be excluded from
the total elapsed tinme of consolidation, with the starting
and stopping time accounted for as explained bel ow

A BASIC program witten for the HP-86B nonitors the
el apsed tine of consolidation and reads the pressure

t ransducers. A listing of the program is included in
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Figure 6.3 - Sampler for Solids Content Distribution
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Appendi x G Wen the program is run, the user enters the
general test information. Dependi ng on the acceleration

| evel entered, the program selects the appropriate zero
readi ngs for each one of the three transducers. These

val ues were previously obtained from several runs using only
water at the exact nodel height, and are give in Table 6-1
The corresponding calibration factors of the transducers are
incorporated into the program After printing the genera
test data and the headings for the excess pore pressure
table, the program pauses to allow synchronization with the
centri fuge.

Wien the centrifuge is started there is a start-up tine
before reaching the desired accel eration. Bl oongui st et al.
(1984) have shown that for consolidation, the elapsed tine
should begin to be neasured at two-thirds of the start-up
time. Considering that the start-up tine is about two
mnutes, for sinplicity the elapsed tinme of consolidation is
recorded beginning one mnute after starting the centrifuge.

Wth the program paused, the centrifuge is started at

the sanme tine the CONT key is pressed in the HP-86B. The
program will then wait exactly one mnute before setting the
time counter equal to zero. To account for the stopping and

re-starting tinme during the retrieval of each sanple, it is
further assuned that both stopping and start-up tines are
equal (Figure 6.4).

After the conmputer has taken the corresponding pore

pressure readings, the user pauses the program and
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imedi ately stops the centrifuge. Wien spinning has fully
ceased, the sanple is renoved and replaced with a dummy
sanpler with water to maintain proper balance of the
centrifuge. Just before re-starting the centrifuge, the
CONT key is pressed to continue the program Thi s approach
assunes that not including the stopping tine in the elapsed
time is conpensated by continuing the tine count when the
centrifuge is re-started, as shown in Figure 6.4.

The conputer takesthe first readings of the transdu-

cers at 2, 4, 8, 15, 30, and 60 mnutes, tine when the first

solids content sanple is obtained. After that, a set of
readings is taken every hour. These readings and the
corresponding tinme are printed out in a table form A disk

file of these data is not kept since the data reduction is
not done with the HP conputer, but using a FORTRAN program
witten for a DOS-based PC, as described in the next

secti on.

Met hod of Data Reduction

Analysis of the centrifuge data in order to obtain the
constitutive relationships of the slurry is based on updated
Lagr angi an coordi nat es. The use of this coordinate system
IS necessary since the conputations of perneability are
based on the displacenment of material points in the speci-
nmen. In general terns, the approach can be explained as
fol | ows. The nodel is divided into a nunber of equal thick-

ness elenents (10-20), and the reduced coordinates of their
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boundaries, refered to here as material nodes, are calcu-
| at ed. Wien a new distribution of void ratio is obtained
from each sanple, the updated Lagrangi an coordi nate of each
material node can be conputed from its known (constant)
reduced coordinate. By keeping track of the |ocation of
each material node in this way, and using the neasured pore
pressure distribution, it is possible to conpute the effec-
tive stress and the coefficient of perneability at each
poi nt . This involves the use of the effective stress
principle, the generalized Darcy's law, and the principle of
continuity.

A key elenent in the approach to be followed is the
rel ati onship between convective and reduced or material
coordinates (Cargill, 1982). The convective coordinate is
the "real" distance from a reference point, say the bottom
of the specinen, to the point under consideration. The
material coordinate, on the other hand, is a neasure of the
volunme of solids that exists up to that point. If x denotes
the convective coordinate of a point in the sanple, and z is
the corresponding material coordinate, then they nust be
related by the following relation.

dx
Gz -l te (6.1)

The material height of the specinmen is readily obtained by
integrating equation 6.1, considering that the initial void
ratio is constant. This is,

hs
A ey (6.2)
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where h; is the initial height, and ei is the initial void
ratio. If the nodel is to be divided in N elenents, then
the material thickness of each elenment is sinply
Az = z /N (6.3)
and the reduced coordinate of each one of the material nodes

or boundari es between these elenents is

z; = (i - 1) Az (6.4)
for i =1 to (Nt1). O course, the material coordinate of
the first node (i = 1) is zero, and that of the node at the
surface (i= N+1) is z;. It is inportant to bear in mnd
that these material coordinates are tinme-independent, i.e.

the material position of each node does not change through-
out the consolidation process.

The buoyant stress at each nmaterial node is also tine-

i ndependent . At node i this can be easily conputed,
assum ng a constant acceleration field, as

opi = n(CGg-1)(zZ¢-23) 7y (6.5)
where n is the acceleration of the centrifuge in g's, G is
specific gravity of the solids, and g, is the unit weight of
wat er .

At time t,a discrete distribution of void ratio with
depth is obtained from a sanple taken out of the centrifuge,
as shown in Figure 6.5a. It is assunmed that a straight I|ine
connects the points where the void ratio is known. In the
di agram the distance Xj represents the convective coordi -
nate of the jth point and h is the current nodel height.

The nunber of points where the solids content is known is
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denoted by M and the distance between two consecutive
points is |j (equal to 2 cm, except for the top segment).

The material or reduced coordinate of point j can be
obt ai ned integration Equation 6.1 as,

Xj  ax
i I jo T + e(x) (6.6)

where e(x) indicates that the void ratio is a known function
of the convective coordinate Xx.

The integral of Equation 6.6 is nothing nore than the
area under the curve of the inverse of (1 + e) versus X,
schematized in Figure 6.5b. Assum ng straight |ines between
points, the area up to point jis easily obtained from
sinple geonetry as

Ay = Ay + B[(lvey) 1 4+ (lvey_ ) tlely.q (6.7)

for j =2 to M wth A = 0. In particular, the total area,
Ay represents the material height of that particular
sanple, which nust be equal to the value obtained wth
Equation 6.2 assumng that the sanples are exactly equal and
that no errors exist in the sanpling process or integration
schene. The value of Ay conputed for each sanple wll be an
i ndication of the accuracy of the approach.

A second objective for conputing this areas is to
| ocate the current position (updated Lagrangi an coordinate)
of each one of the material nodes, and whose nmaterial
coordi nate was conputed with Equation 6.4. The first step

is to identify in which region the node under consideration

falls, by conparing its reduced coordinate to the areas
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A's. For instance, if A< zij < Ag, then node i falls in
the second region, i.e. between nodes 2 and 3. In general,
let us say that Aj < z; < Aj+1;, as shown in Figure 6.6.

The updated Lagrangi an coordinate of node i is

j-1
hy = v + 3 1y (6.8)
k=1

Thus, the problem reduces to evaluating the distance v

in the region where the node under consideration falls. To
achieve this goal, its reduce coordinate is expressed as
z3'= Aj + 5[(l+e)"L + ee]ev (6.9)

The distance ee is a function of v, and is obtained by
interpolating between points | and j+1; this is

ee = (l+ey) 1 - v(l+es) l-(l4ey 1) 11/1; (6.10)
After substituting Equation 6.10 into Equation 6.9, and

sinplifying, the follow ng quadratic equation in v is

obt ai ned.

[(1+e)) *-(1+ej+) HIv2- 2(1+ej) T (v) + 2(z-A) = 0 (6.11)
O the two real roots of this equation, one will not satisfy
the condition that 0 < v < I;, and it is discarded. The

other root is used in Equation 6.8 to obtain the new
convective coordinate of node i. Al t hough physically the
coordinate z; should fall between two areas A and A+, the
possibility of not finding the right root, or even obtaining
i magi nary roots, still exists if the void ratio distribution

is not correct.
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Figure 6.6 - Location of Material Node i
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Once the distance v is determined, the void ratio at

the node is obtained using Equation.6.ld and

ey = l/ee - 1 (6.12)
The procedure is repeated for each material node. Thus, at
time t the new location of each node and its new void ratio
would be known.

Next, the excess pore pressure and the hydraulic
gradient at each node are obtained from the pore pressure
distribution recorded at the time under consideration. An
example of such a distribution is shown in Figure 6.7. For
simplicity, a linear behavior is assumed between measured
values of u.

Once the excess pore pressure at node i is determined,

the corresponding effective stress is easily obtained using

the effective stress principle. This is,
O’i - Ubi - U.i (6.13)
with op; computed from Equation 6.5. Thus, the void ratio

and effective stress at each material node represent one
point in the compressibility curve. With nine samples
obtained at different times, the approach should yield a
considerable number of points, including a wide range of
effective stress. This apparent advantage may also lead to
a problem, namely, the existence of a large scatter in the
curve. Finally, it is worth mentioning that during the
consolidation process several material nodes will reach the
same void ratio levels in different times and, hopefully, at

the same effective stresses.
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The next objective of the test is to determ ne the
permeabi lity relationship. For a sanple taken from the
centrifuge at tinme t, the void ratio at each material node
has already been determ ned as previously explained. The
determnation of the coefficient of perneability is then
based on equation 4.24, repeated here for convenience.

Vg = kei (6.14)

The hydraulic gradient at time t has been already obtained
for each node from the recorded pore pressure distribution.
However, the instant solids velocity at that precise nonent
is not known. Neverthel ess, an estimate of this can be
obtai ned from the change in convective position of the
nodes. For node i this is

vy - —alfrat) - (0 | (6.15)

where atis the tinme interval between sanples taken, hi (t)
is the convective coordinate of node at time t, and hj(t-at)
is the value at tinme t-ac. This mean solids velocity wll

approach the instant value if the tine interval is small

enough.
Thus the coefficient of perneability for node i, at
time t, is obtained from Equations 6.14 and 6.15 as
ky(e) =—gsil8 (6.16)

1

A new set of pore pressure and void ratio readings
obtained at tine t+at wll allow determ nation of new val ues
of the coefficient of perneability for each material node

As for the conpressibility relationship, this approach would
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yield a large nunber of data points, but considerable
scatter. may exist in the results.

The determ nation of theconstitutive relationships by
the nunerical analysis described above requires a consider-
abl e nunber of repetitive calculations in tinme and space
Therefore, it was necessary to wite a FORTRAN program to
handl e this data reduction. Appendi x H presents a listing

of this program



CHAPTER VI |
CENTRI FUGE TESTI NG RESULTS

Testing Program

A total of five centrifuge tests were perfornmed to
i npl ement the nunerical analysis presented in Chapter VI for
determning the effective stress-void ratio-perneability
rel ati onships, or for other conplenentary analyses. The
material used in the tests was the sane as used in the
slurry consolidoneter testing program nanely Kingsford
wast e cl ay. The index properties of this material were
given in Chapter V.

Table 7-1 summarizes the conditions of the tests
conduct ed. The specific purpose of each test is included in
the table for ease of future reference, as well as a listing

of the necessary data obtained in the test.

Table 7-1. Centrifuge Testing Program

Test Acceleration hy Si Data Purpose
No. (g's) (cm} (%) Obtained of the Test
CT-1 ; 80 12.0 15.72 h,u,s c'-e-k
CT-2 60 12.0 16.05 | h,u,sS vﬂ'-e-k, M/M
CT-3 80 9.0 16.02 h M/M
CT-4 | 60 11.0 16.04 h,u Surcharge.
CT-5 80 11.0 15.95 h,ﬁ ‘ _ Surcharge

142
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The first tw tests, CI-1 and CT-2, were the only two
tests where the specinmen height, pore pressure, and solids
content were nonitored, in order to obtain the constitutive
rel ati onships of the slurry according to the approach
presented in Chapter VI. Tests CT-2 (60g) and CT-3 (809)
were used for a nodelling of nodels (MM; only the specinen
hei ght was nonitored in test CT-3.

After observing an unexpected behavior in the pore
pressure profiles of tests CI-1 and CT-2, and suspecting the
possibility of radial drainage in the specinens, tests CT-4
and CT-5 were designed to apply a surcharge | oad. The rmain
objective of these tests was to observe the behavior of the
pore pressure distribution for conparison with the profiles

observed in tests CT-1 and CT-2.

Determ nation of Constitutive Relationships

Two tests were conducted with neasurenents of pore
pressure and solids content, thus naking it possible to
obtain the constitutive relationships of the nmaterial. The
first test, CI-1, was perfornmed at 80 g's, with a specinen
initial height of 12 cm and initial solids content of
15. 72% Phot ographic nonitoring of the speci men height was
done followi ng the standard UF procedure. The test duration
was 38 hours, and the final nodel height was 5.95 cm

To obtain the void ratio profiles, the sanpling opera-
tion described in Chapter VI was perfornmed at tines of 1, 2,

4, 8, 12, 22, and 38 hours, for a total of 7 sub-sanples.
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These sub-sanples provide a second neasurenent of the
speci men height at the corresponding tine. Figure 7.1
presents the height-log tine relationship for test CT-1
obtai ned from both the photographs and the sub-sanples. The
agreenent between the two nethods is very good.

However, the main objective of the sanpling operation
Is the determnation of the solids content wth depth. Si x
solids content points were obtained at tinmes 1 and 2 hours
five points at tinmes 4, 8 and 12 hours, and only four points
at tinmes 22 and 38 hours. These sanples, obtained wth the
m ni -pi ston sanpler, weigh in the order of 5 grams including
the tare. Once oven-dried, the specinens weigh only around
2 grans. Thus an accurate weight determnation is critical
A 0.01 gram sensitivity electronic balance was used for this
pur pose.

Figure 7.2 presents the solids content profiles for
test CI-1 obtained at various tines. It is inportant to
notice that for the first two or three profiles, the solids
content is larger near the surface, then decreases substan-
tially with depth, and finally increases at the bottom of
t he speci nmen. This behavior is not expected in a self-
wei ght one-di nensional consolidation process, and leads to
the first suspicions that sonmething different is occurring.
Toward the end of the test the solids content distribution
behaved in a nore expected way, specifically the solids

content increases wth depth.
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Monitoring of the excess pore pressure is acconplished
t hrough the conputer/data acquisition system For the first
hour of the test, the nonitoring program takes transducer
readings at 2, 4, 8, 15, 30, and 60 minutes; afterwards, a
set of readings is taken every hour.

An aspect of the test which affects the excess pore
pressure evaluation is the evaporation of supernatant water.
The zero readings of the pressure transducers were obtained
with water in the container at the exact specimen height,
thus representing hydrostatic pore pressure. As super nat ant
wat er evaporates during the test, the hydrostatic pore
pressure decreases (however, the buoyant stress does not
change) . Since the excess pore pressures are conputed every
time from the sane pre-recorded zero readings, there wll be
an error in them equal to the variation in hydrostatic pore
pressure. This effect is depicted in Figure 7.3. An
estimate of the correction for evaporation can be obtained
from the readings of the top transducer (No. 3), once this
is above the slurry-supernatant interface.

In the case of test CT-1, the tine at which the
speci nen height reaches the top transducer (h = 9 cm) is
readily obtained from Figure 7.1 as 163 m nutes. After this

nmonment, transducer No.3 should theoretically read zero

(hydrostatic) pressure. Instead, it reads increasingly
hi gher negative val ues. At the end of the test, transducer
No. 3 recorded a pressure of -1.875 psi. Exam nati on of the

specinen indicated that 1.6 cm of supernatant water had
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evaporated during the test. At 80 g's, this loss of water
represents a decrease in hydrostatic pressure of about 1.8
psi, which is in good agreenent with the value recorded by
t he transducer.

The absolute value of the pressures recorded at
transducer No. 3 fromt = 180 minutes to the end of the test
are plotted versus tine in Figure 7.4. A linear correl a-
tion, indicating a constant rate of water evaporation, is
clearly observed in the figure. A linear regression
analysis led to the following expression for the correction
for evaporation in test CT-I,

Au, = -0.0254 + (8.453E-04)-t (7.1)
where t is the elapsed tinme of test in mnutes. The zero-
intercept of this equationis not zero as expected, but the
error is considered m nor. The correl ation coefficient
found in the analysis was 0.999.

Because of the very high correlation coefficient, i.e.
good agreenent between experinmental readings and best fit
line, it was decided to sinply use the negative of the
pressure recorded at transducer No. 3 as the correction for
evaporation after t = 163 mn. The correction was added to
the excess pore pressures conputed by the nonitoring program
to obtain the correct val ues. The corrected excess pore
pressures at the location of the three transducers are
plotted versus tine in Figure 7.5. The curves show the
expected pressure dissipation. Only the readings at 8 and

15 mnutes seem to be off, with readings that are abnormally
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high in all three transducers. An explanation for this
result has not been found

The excess pore pressure profiles at several times are

plotted in Figure 7.6. The initial buoyant stress distribu-
tion is also shown in the figure. The excellent overl apping
between this and the excess pore pressure curve for t = 2

mnutes leads to a very definite and inportant conclusion
nanely that the effective stresses are initially zero
t hroughout the specinen. This result imediately inplies
that the power curve of equation 4.31 can not represent
properly the conpressibility of the slurry.

As tinme progresses, the excess pore pressure profiles
exhibit a very peculiar and interesting behavior. The
pressure at transducer No. 2 (elevation 5 cm) dissipates at

a rate so fast that the pore pressure profile soon shows a

curvature oppose to that expected. An extrenme exanple of
this trend is observed at t = 12 hours, when the specinen
height is about 7 cm Nevert hel ess, transducer No. 2

registers zero pressure, thus inplying that the top 2
centineters of the specinmen are under hydrostatic condi-
tions.

At first instance, this pore pressure response seened
i npossi ble to explain. To elimnate the possibility of
erroneous transducer readings, other conplenentary tests
were conducted, even sw tching transducer positions. These
tests confirnmed that the response of the transducers was

reflecting a real process taking place in the specinen.
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To explain this strange pore pressure behavior it is
necessary to start by realizing that the transducers are
recording the excess pore pressure along the walls of the
acrylic container. As a result of the specinen deformation
the relative novenent of the slurry with respect to the
bucket walls apparently produces a shearing zone where the
confining horizontal stress is small and the perneability is
relatively higher; this effect, of course, dimnishes wth
dept h. Thus, it is believed that the initial excess pore
pressures, generated by the buoyant weight of the slurry,

di ssipate faster along the bucket-slurry boundary than at
the center of the specinen.

As a consequence. of the above statenent, radia
drainage wll be taking place, at least in the upper part of
the specinen, speeding up the process of consolidation.

This conclusion is consistent with the results shown in
Figure 7.2, where the solids content increased faster near
the surface. Additionally, there is clear visual evidence
that at the end of the test a gap exists between the bucket
wal |s and the upper part of the specinen.

If the above reasoning is correct, then a najor problem
arises, nanely that the process taking place in the centrif-
uge is not one-dinensional consolidation. Later in this
chapter, additional evidence of the possibility of radia
drainage wll be presented, as well as the inplications on

nodel ling of nodels and the tinme scaling exponent.
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Neverthel ess, the data collected in the test will be used in
the nunerical approach to obtain the constitutive relations.

If the hypothesis of radial gradient is correct, it
becones inperative to determne the excess pore pressure
distribution at the center of the specinen. Unfortunately,
pl acing transducers at the axis of the nodel is not an easy
t ask. Consequently, an approxi mati on was nade. It was
assuned that the excess pore pressure profile along the axis
of the specinen was parabolic, and that the value recorded
at transducer No.l1l (elevation 1 cm represents also the
value at the center of the specinen. This last assunption
is justifiable by realizing that the conditions that may
produce radial drainage near the surface of the specinen
di sappear near the bottom

Knowi ng the values of the excess pore pressure at the
elevation of 1 cm and at the top of the specinen, and the
gradient at the bottom an expression for the excess pore

pressure at any elevation, y, is readily obtained as

2
W= - L2 BT (7.2)
(h2-1) (h2-1)

where u; is the excess pore pressure at transducer No. 1,
and h is the current height of the specinen in centineters.
Figure 7.7 shows, as an exanple, the assuned parabolic
distribution for t = 2 hours, along with the excess pore
pressures recorded at the transducers at the sane tine. In
order to idealize a pseudo-one-dinensional situation and

have the opportunity of wusing the nethod proposed in Chapter
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VI, a rather crude but quite |ogical approach was foll owed.
The excess pore pressure and hydraulic gradient required in
the analysis were obtained as the average of the val ues
obtained with the recorded distribution at the boundary and
the assunmed distribution at the center of the specinen. The
data reduction program listed in Appendix H was nodified
accordingly to incorporate this approach. It was expected
that the approximation would, at |east, provide a range
wherein the actual constitutive relationships exist.

Followi ng this approach, the conputer program was run

with the data collected in the test. In the analysis the
specimen was divided into 10 | ayers. A printout of the
output is included in Appendix H The general test infornma-

tion, initial conditions, and the results of the analysis
for the first tinme increnent analyzed (1 hour) are repro-
duced in Table 7-2. Several points of the program out put
are worth highlighting.

The reduced height of the specinen conputed from the
initial height and void ratio is 0.772 cm The solids
content profiles obtained from the sub-sanples allow
conmputing a new value of this height, as explained in
Chapter VI. Conparison of these values with the initia
val ue provides an evaluation of the quality of the sanpling
process. For the first sub-sanple, for instance, the
reduced height of the specinmen is conputed as 0.768 cm an
agreement with the initial value of 0.772 cm that is

excel lent considering the difficulties associated wth
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Table 7-2. Partial Output of the Analysis of Test CT-1

***% Centrifuge Test CT-1 ***

Acceleration level = 80. g

Initial Height 12.0 ¢cm

Solid$ Content = 15.722 . Void Ratio = 14.535
Number of Layvyers = 10

Reduced Height of the Specimen = 0.772 cm

Initial Conditions
Theoretical Gradient = 0.110

NODE H(I) Z2(1) BUOY.ST. EXC.P.P. EFF.STR. GRADIENT
11 12.0000 0.7725 0.0000 0.0000 0.0000 0.1119
10 10.8000 0.6952 0.1502 0.1527 ~0.0024 0.1119

g 9.6000 0.6180 6.3005 0.3054 "0.0049 0.1119
8 8.4000 0.5407 0.4507 0.4501 0.00086 0.1002
7 7.2000 0.4635 0.6009 0.5869 0.0140 0.1002
6 6.0000 0.3862 0.7512 0.7237 0.0275 0.1002
5 4.8000 0.3090 0.9014 0.8664 0.0350 0.1262
4 3.6000 0.2317 1.051s6 1.038686 0.0130° 0.12862
3 2.4000 0.1545 1.2018 1.2108 -0.0080 0.1262
2 1.2000 0.0772 1.3521 1.3831 -0.031¢0 0.1262
1 0.0000 0.0000 1.5024 1.5553 -0.05390 0.1262
New Time = 60.0 min New Height = 10.20 ¢m

New Reduced Height of the Specimen = 0.768 cm

U(I) = 1.268 0.624 0.152 psi
S(J) = 22,19 16.88 17.65 18.68 16.29 %

NODE H . e u Eff.Str. i Vs k (ft/day)
11 10.263  13.988 -0.012 0.012 0.167 0.4824E-03 0.,1228E+00
10 §.152 12.830 0.191 -0.041 0.155 0.4578E-03 0.1218E+00
9 8.121 11.898 0.362 -0.061 0.140 '0.4108E-03 0.1158E+00
8 7.123 12.050 6.514 =-0.063 0.129 0.35486E-03 0.1087E+00
7 §.104 12.356 0.657 -0.056 0.118 ©0.30486E-03 0.3886E-01
8 5.0865 12.5086 0.790 ~-0.038 -0.107 0.2596E-03 0.8895E-01
5 4.017 12.842 0.831 -0.02¢ 0.114 '0.2175E-03 0.6418E-01
4 2.949 13.013 1.062 =~0.011 0.102 0.1808E-03 O0.5605E-01
3 1.853 12.9887 1.183 0.019 6.001 '0.1518E<03 0.4963E-01
2 0.861 10.877 1.279 0.073 0.080 0.9413E-04 0.3237E-01
1 0.000 9.503 1,352 0.150 0.071" G.0000E+00 0.0000E+00
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obtaining the solids content profile. For the other sub-
sanpl es, the reduced height of the specinen ranges between
0.776 and 0.792 cm

Additionally, the neasured solids content profile is
verified by conparing the conputed nodel height and the
phot ogr aphi ¢ val ue. For t = 60 mnutes, for instance, the
phot ograph reveals a nodel height of 10.20 cm while the
conputed value is 10.26 cm which represents an excellent
agr eenent . In other cases, however, the discrepancy is
sonmewhat | arger.

Since the excess pore pressures are not known at t = O,
the values used by the program as an approximation to obtain
the initial conditions correspond to those at t = 2 mn. A
phenonmenon already addressed is observed in the Table 7-2
colum of initial effective stress; all the values (negative
or positive) are small enough to be considered zero for all
practical purposes. These results corroborate the concl u-
sion of zero initial effective stresses. Additionally, the
theoretical initial gradient of 0.11, due to the buoyant
wei ght, conpares well with the values conputed from the pore
pressures recorded at 2 m nutes.

For every time analyzed, the analysis provides a total
of eleven points, with information on |ocation of the point,
its void ratio, excess pore pressure, effective stress,
hydraulic gradient, solids velocity, and coefficient of
permneabi lity. At t = 60 mnutes, the results shown in Table

7-2 indicate that the effective stresses in the specinen are
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still negligible, except at the very bottom As time
progresses, the effective stress front nobves upward as can
be seen in the conplete output printout of Appendix H.

O the 11 points obtained for each tine analyzed, the
one at the surface always has zero effective stress (very
smal |l values are conputed). However, its void ratio does
not remain constantly equal to the initial value, but
instead tends to decrease. It is admtted that this is the
location with the largest possibility of error in the solids
content neasurenent; however, its proximty to the super-
natant water mnmakes it very likely that the error would be an
underestimation of solids content (overestimating the void
ratio). This tendency of the void ratio at the surface to
decrease, regardless of the zero effective stress condition,
has been observed in other studies (Been and Sills, 1981;
Lin and Lohnes, 1984), but has not been expl ai ned.

Figure 7.8 presents the conpressibility and perneabil -
ity plots obtained from the analysis of test CT-1. Qovi -
ously, the conpressibility graph (Figure 7.8a) does not
include the surface point and those points where the
effective stress is either negative or less than 0.01 psi,
the m nimum accurately measured val ue. The plot shows
consi derabl e scatter at void ratios above 9. This is
largely the result of error in the determnation of |ow
solids content val ues. It is clear from the figure how all
the points corresponding to different tines converge to a

uni gue curve. Moreover, each set of points for a given tine
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clearly extends the curve produced by points from previous
times.

Unfortunately, the plot of Figure 7.8a does not provide
information on the first portion of the conpressibility
relationship (e > 12). In order to obtain this information,
it would be necessary to obtain sub-sanples earlier in the
test and inprove the sanpling technique and accuracy of pore
pressure mneasurenent. Consequently, the preconsolidation
effect observed in the results of CRD tests can not be
corroborated wth these test results.

In the case of the perneability graph (Figure 7.8b),
the values calculated by the conputer program correspond to
the prototype coefficient of permeability, which is n (the
centrifuge acceleration in g's) tines smaller than the node
perneability, as denonstrated in Appendix A In the
anal ysis, the bottom point of the specinmen has zero solids
velocity at any time, and therefore does not provide any
perneabi lity information. Simlarly, all the points at the
end of the test (t = 38 hours) are excluded from the pernea-
bility plot because the hydraulic gradient has been reduced
to practically zero (0.001), and the conputed coefficient of
pernmeability is meaningless.

As in the case of the conpressibility plot, the
permeability graph of Figure 7.8b shows significant scatter.
Nevert hel ess, the points define a definite trend. Al t hough
the preconsolidation effect is not fully observed, the curve

seens to flatten at void ratios above 12.
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The second centrifuge test, CT-2, was analyzed follow
ing the sane procedure outlined for test CT-1. Test CT-2
was conducted under a normal centrifuge acceleration of 60
g's, versus 80 g's of test CT-1. The specinmen initial
height was also 12 cm and the initial solids content was
16. 05% The test duration was 48 hours and the final nodel
hei ght was 6.0 cm

Figure 7.9 shows the height-tinme curve obtained for
test CI-2 from the photographs and from direct observation
of the sub-sanples obtained at tinmes 1, 2, 4, 8, 12, 24, 35,
and 48 hours. The agreenent is good, but the sub-sanple
heights are slightly larger due to side effects.

The solids content profiles obtained from the sub-
sanples at various tines are plotted in Figure 7.10. The
first three profiles show solids content at the surface
which are lower than the initial value; this absurd result
is easily explained by the high degree of wetness left on
the surface by the supernatant water. The initial solids
content was used for this point in the nunerical analysis.

The sanme behavior observed in test CT-1, where the
solids content increases relatively faster near the surface,
is also clear in test CIT-2. Later in the test, the solids
content profile behaves as expected, except that at the
surface the solids content increases above the initial
val ue. At the end of the test, two sub-sanples were
obt ai ned for verification. The agreenent between the solids

content profiles of the two sub-sanples was very good.
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For the measurement of the excess pore pressure
distribution, it was decided to re-evaluate the zero
readings of the transducers in the 12 cm of water. A test
conducted for this purpose prior to the actual test recorded
values of 41.913, 19.145, and 35.308 mV for transducers No.
1, 2, and 3, respectively. These values compare well with
those given in Table 6-1 for 60 g's, with a maximum differ-
ence of about 1%. The new values were used to compute the
excess pore pressure.

The evaporation effect was analyzed as explained for
test CT-1, and the correction pressure is plotted versus
time in Figure 7.11. With a coefficient of correlation of
0.998, the equation of the best fit straight line is

Aug = - 0.04584 + (4.334E-04)-.¢ (7.3)

In this case, it was decidéd to use the equation
obtained to compute the correction for evaporation at all
times. After the correction is applied, the excess pore
pressure at the transducers is plotted versus time in Figure
7.12. The curves show the expected pore pressure dissipa-
tion. Figure 7.13 presents the profiles of excess pore
pressure at various times, along with the initial buoyant
stress distribution. Comparison of the latter with the
profile at t = 2 min. again demonstrates that the effective
stresses are initially zero throughout the specimen.

The sequence of excess pore pressure profiles of Figure
7.13 behaves much like that resulting from test CT-1. A

relatively faster dissipation of excess pore pressure takes
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pl ace near the surface, an effect that is consistent with
the solids content profiles of Figure 7.10. Thus, again
radi al drainage seenms to be occurring in the test.
Foll owi ng the same approximation of using the average
of the values at the boundary and at the center of the
specinmen to estimate the one-di nensional excess pore

pressure and hydraulic gradient, the data reduction program

anal yzed the data of test CT-2. Ten layers were also used
in the analysis. A conplete printout of the results is
i ncluded in Appendix H The general test information,

initial conditions, and the results of the analysis for t =
1 hour are reproduced in Table 7-3.

Al the observations made about the results of test
CT-1 are found to be valid for test CI-2 as well. The
agreenment between the initial reduced height of the specinen
and those conputed from the sub-sanples is good. The effec-
tive stresses are initially zero and begin to increase at
the bottom of the specinmen; as tine progresses, an effective
stress front noves upward.

Figure 7.14 shows the conpressibility and perneability
plots obtained from the analysis of test CT-2. Figure 7.14a
does not include those points with effective stress |ess
than 0.0l psi or negative. In the case of the perneability
plot, when the point at the surface results with an abnor-
mally high void ratio (as a result of an erroneous solids
content), the point was discarded. Al so, the perneability

val ues conputed at the end of the test (t = 48 hours) were
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Table 7-3. Partial Results of the Analysis of Test CT-:
*** Centrifuge Test CT-2 *¥*
Acceleration level = 60. g
Initial Height = 12.0 c¢m
Solids Content = 16.052 Void Ratio = 14.175
Number of Layers = 10

Reduced Height of the Specimen = 0.7981 c¢m

Initial Conditions

Theoretical Gradient = 0.113
NODE H(I) Z2(I) BUOY.ST. EXC.P.P. EFF.STR. GRADIENT
11 12.0000 0.7908 0.0000 0.0000 0.0000 0.1184
10 10.8000 0.7117 0.1153 0.1222 -0.0069 0.1194
8.6000 0.63286 0.,2307 0.2445 -0.0138 0.1184%
8 8.4000 0.55386 0.3460 0.5563 -0.0103 ¢6.0991
7 7.2000 0.4745 0.4614 0.4577 0.0037 0.0991
6 6.0000 0.3954 0.5787 0.5592 0.01786 0.099@
5 4.8000. 0.3163 0.6821 0.6664 0.0257 0.1329
4 3.6000 0.2372 0.8074 0.8024 0.0050 0.1329
3 2.4000 0.1582 0.9228 0.9385 -0.0157 0.1329
2 1.2000 0.0791 1.0381 1.0745 ~-0.0364 0.1329
1 0.0000 0.0000 1.1535 1.2108 -0.0571 0.1328
New Time = 60.0 min New Height = 10.80 cm
New Reduced Height of the Specimen = 0.800 cm
U(I) = 1.0285 0.5259 0.1512 psi
S(J) = 21.77 16.67 17.04 17.18 17.80 17.83 16.05 b4
NODE 8 e u Eff.Str. i Vs ¥ (ft/day)
11 10.765 13.895 0.018 -0.018 0.157 0.3432E-03 0.1173E+00Q
10 9.662 12.479 0.160 -0.045 0.146 D.3161E-03 0.1127E+00
9 8.597 12.447 0.291 -0.060 0.143 0.2785E-03 0.1003E+00
8 7.582 12.573 0.418 -0.0790 0.132 0.2410E-03 0.9851E-01
7 6.448 12.9818 0.533 -0.071 0.121 0.2086E-03 0.8989E-01
B 5.335 13.107 0.642 -0.0865 0D.110 0.1848E-03 0.8368E-01
5" 4,216 13.180 0.754 =-0.062 0.117 0.1821E-023 0.6130E-01
4 3.089 13.352 0.881 -0.053 0.105 0.1419E-03 0.5627E-01
3 1.948 13.409 0D.958 -0.035 0.094 0.1260E-03 0.5254E~-01
2 0.902 11.177 1.0386 0.002 0.083 0.82B4E-04 0.3616E-01
1 0.000 9.738 1.087 0.057 0.074 0.0000E+0Q0 0.0000E+0Q0Q
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excl uded because very snall gradients and solids velocities
exist at this nonent, which results in erroneous conputation
of the coefficient of perneability.

A conparison of the constitutive relationships obtained
from centrifuge tests CI-1 and CT-2 is presented in Figure
7. 15. The agreenent between the results of both tests is
very good. These constitutive relationships can be repre-
sented fairly well by power curves of the form of equations
4.31 and 4. 32. A regression analysis with the data of
Figure 7.15 was perforned to obtain the corresponding
paraneters, with the following results

Conpressibility Paraneters from tests CT-1 and CT-2:
A = 16.359 B = -0.204 r = -0.940
Permeability Paranmeters from tests CI-1 and CT-2:
C = 1.029E-06 D = 4.297 r = 0.926
These paraneters are for the effective stress in psf, and
the coefficient of perneability in ft/day. The correl ation
coefficients obtained indicate a fairly good correlation.
The power functions are also shown in Figure 7.15.

In order to quantify the agreenent between the results
of the two tests, the power function paraneters of the data
of test CT-2 only were determ ned. The results of the
regression analysis were

Conpressibility Paraneters from test CT-2 only:

A = 16.956 B = -0.214 r = -0.933
Pernmeability Parameters from test CT-2 only:

C = 1.862E-06 D = 3.958 r = 0.903
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These paraneters conpare very well with those obtained
with the data of both tests. This result clearly shows the
agreenent between the constitutive relationships obtained

from the two tests.

Conparison of CRD and Centrifuge Test Results

During the course of this research two conpletely
different techniques for the determ nation of consolidation
properties of slurries were devel oped, nanely the autonated
slurry consolidonmeter and fully nonitored centrifugal nodel
tests. Accordingly, an excellent opportunity is presented
to conpare the results of the two techniques and eval uate
their effectiveness.

For the purpose of conparison, two CRD tests were
sel ect ed. They are CRD-1 and CRD-3, the two constant rate
of deformation tests with initial solids contents simlar to
those of centrifuge tests CT-1 and CT-2. Figure 7.16 shows
the constitutive relationships obtained with all four tests.
The graphs also show the power function curves obtained wth
the centrifuge data.

The conpressibility plots of Figure 7.16a show a very
good agreenent between the centrifuge data and the virgin
zone of the curve of test CRD 3. The latter is the constant
rate of deformation test perfornmed at the slow deformation
rate. This result tends to corroborate a concl usion of
Chapter V, specifically that CRD tests perforned at very

slow rates describe better the actual soil behavior because
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they conform better to the analysis assunptions. As poi nted
out before in this chapter, the centrifuge curves do not
show the preconsolidation effect observed in the CRD tests.

The perneability plots of Figure 7.16b, on the other
hand, do not show the same good agreenent between CRD and
centrifuge tests. The latter, however, plot parallel to the
virgin zone of the CRD tests. The centrifuge perneabilities
are approximately a half order of mnagnitude higher than the
CRD perneabilities. It is worth recalling at this point
that the centrifuge perneabilities plotted in Figure 7.16b
represent the "prototype" val ues. The "nodel " perneabil -
ities would be even higher, 80 tinmes in test CI-1 and 60
times in test CT-2; thus, the difference between CRD and
"nodel " perneabilities would be about two orders of magni-
t ude. Al though the results of Figure 7.16b do not show a
total agreenent, these results at |east denonstrate that the
"nodel " perneability can not be equal to the perneability of
the "prototype", which agrees with other studies (CGoforth,
1986) .

An explanation for the apparent disagreenent between
CRD and centrifuge test results with regard to the pernea-
bility relationship has not been found. However, it is
inmportant to recall that the process occurring in the
centrifuge showed evidence of radial drainage and that an
approximation was nmade in order to simnmulate a one-dinmensio-
nal consolidation problem Nevert hel ess, a nore detail ed

study is necessary before a definite explanation can be
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f ound. The follow ng sections of this chapter further
address the problem of radial drainage in the centrifuge and

sone of its inplications.

Ef fect of Surcharge on Pore Pressure Response

It is believed that one of the factors that may be
pronoting radial drainage in the centrifuge tests reported
is the absence of large horizontal confining stresses near
the top of the specinen. The pore pressure profiles
measured in the tests perfornmed in the automated slurry
consol i doneter did not show any evidence of possible radial
drainage; in these tests, a large horizontal effective
stress surely existed as a result of the large surcharge
being applied by the |oading piston.

Wth this hypothesis in mnd, it was decided to perform
a centrifuge test with a sufficient surcharge to prevent the
fast radial dissipation of excess pore pressure taking place
near the top of the specinen. The shape of the excess pore
pressure profiles would readily indicate whether radial
drai nage was being prevented. The test was not designed to
obtain solids content profiles, and therefore could not be
used to obtain the soil's constitutive properties.

To apply the surcharge load, a perforated alum num
plate with a vertical rod in the center was constructed.
Underneath the plate and on top of the slurry, filter paper
is placed to allow free drainage while preventing soil

particle mgration. The edge of the plate is wapped with
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teflon tape to reduce friction and at the same tinme prevent
the slurry from being squeezed out around the plate. The
subnmerged weight of the plate is 257.2 grans (0.5665 |Db).

Two surcharge tests were perforned as described in
Table 7-1. The first one, test CT-4, was perforned at 60
g's, while the second, CT-5, was at 80 g's. To start the
test with the piston already submerged, the initial slurry
height was 11.0 cm while the water height was kept at 12.0
cm in this way the zero readings of the transducers wl|
not be changed. The initial solids content of test CTI-4 was
16. 04%

Although it is clear that the "centrifuge weight" of
the plate will change as it displaces away from the center
of rotation, it is assuned that a constant accel eration of
60 g's applies. Using this value, the surcharge |oad
applied by the plate was conputed as 1.445 psi, a value
somewhat |arger than the self-weight buoyant stress at the
bottom of the specinen.

The test ran successfully for less than four hours,
when the photograph revealed that the plate had tilted and
sunk. Neverthel ess, sone useful information could be
obtained from the test results. Figure 7.17 shows the
excess pore pressure profiles obtained from the transducer
readi ngs, along with the theoretical initial buoyant stress
di stribution. The curves show the expected behavior under a

sur charge | oadi ng. Transducers No. 3 (elevation 9 cm and
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No. 2 (elevation 5 cm record relatively high excess pore
pressures, W thout exhibiting the fast dissipation attrib-
uted to radial drainage in tests CI-1 and CT-2. It is not
until t = 3 hours, when the specinmen height is slightly
higher than 9 cm that u; begins to drop

Due to the partial failure of test CT-4, the surcharge
system had to be nodified to prevent tilting of the [|oading
pl at e. This was easily acconplished by constructing an
acrylic cover for the bucket, wth a hole in the center to
allow only vertical displacenent of the vertical rod
connected to the plate. Figure 7.18 shows a photograph of
the test container with the cover and |oading piston
assenbled as for an actual test.

Test CT-5 was perforned at 80 g's with the nodified
surcharge | oading system The specinmen initial height was
11.0 cm (12 cm of water), and the initial solids content was
15. 95% Wth a normal acceleration of 80 g's, the surcharge
| oad applied to the specinen by the |oading plate was
estimated to be 1.927 psi; this value is sonewhat |arger
than the self-weight buoyant stress at the bottom of the
speci nen.

Unfortunately, this test could not be conpleted
successfully either. Al though the plate fitting in the
bucket was initially snug, some slurry started escaping from
the specinmen and depositing on top of the plate. After 8
hours of test, there was about 4 mm of sedinent on top of

the plate, and the test was stopped.
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Figure 7.18 - Bucket Used in Centrifuge Surcharge Tests
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Al though test CT-5 was not conpleted, the results |ed
to inportant conclusions and the nmain objective of the test
was fulfilled. Figure 7.19 presents the height-tine curve
obtained for the test. The excess pore pressure profiles
obt ai ned from the transducer readings are shown in Figure
7.20, along with the theoretical buoyant stress distribu-
tion. Sone apparent abnormalities are observed in the
figure. The first two profiles (2 and 15 mn) show rela-
tively |l ow excess pore pressures, which increase substan-
tially at t = 1 hour. An explanation for this inconsistent
trend can be found by conparing the 2 mn profile with the
initial buoyant stress distribution. It seens inpossible
that in such a short period of tine so nuch excess pore
pressure had been dissipated. Consequently, it is believed
that the first two profiles only reflect part of the plate
surcharge, due to the presence of side friction. As the
pi ston displaces, sone of the friction is released (nost
probably the container is not perfectly round), and the
excess pore pressures suddenly increase.

Figure 7.21 shows the curves of excess pore pressure
versus tinme at all three transducer |ocations. The curves
clearly show how after sone dissipation the excess pore
pressures suddenly increase, nost probably as a result of
sone friction release. It is very likely that during these
periods of time that the friction was substantially reduced,

sone slurry had the chance to escape from the specinen.
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Regardl ess of the friction problem the excess pore
pressure profiles obtained in test CT-5 (Figure 7.20)
indicate that radial drainage was not occurring in the test.
Simlar to the results of test CT-5, and unlike those of
tests CT-1 and CT-2, the excess pore pressures at transdu-
cers No. 2 and 3 do not dissipate too fast. The curves
behave much as expected in a one-dinensiional problem with

sur char ge.

Sone Comments on the Tine Scaling Exponent

The purpose of this section is to present a sonmewhat
specul ative, but definitely valid, analysis about the effect
of radial drainage upon the tinme scaling exponent and
nodel | i ng of nodels. Al though nost of the analysis is
theoretical, sonme experinental results wll be presented as
evi dence of the points being considered.

First, let us review the basic equations used in
nodel i ng of nodels theory. If two centrifugal nodels are
used to nodel the sanme prototype, the prototype tine
corresponding to a given average solids content can be
expressed as

ty = (tg)nf = (typ)n¥ (7.4)
where tp is the prototype tine,
ty is the tinme in nodel 1,
n is the acceleration (g's) in nodel 1,
typis the time in nodel 2,

n, is the acceleration (g's) in nodel 2, and
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X Is the tinme scaling exponent.

The right hand side of Equation 7.4 can be rearranged
in the form

(n1/n)® = tya/ty (7.5)
from which the tinme scaling exponent is obtained as
x = log(tpo/tn1)/log(ny/ny) (7.6)

It is denonstrated in Appendix A and el sewhere (Croce
et al., 1984) that for one-dinensional consolidation the
time scaling exponent is 2. However, an experinental study
presented by Bl oonguist and Townsend (1984) found for
Ki ngsford waste clay an exponent of 1.6 for solids content
up to about 19% and then increasing to the value of 2 at a
solids content around 21% These | ow values of x were
attributed to the existence of hindered settling during nost
of the test, becomng pure consolidation only at the very
end of the test.

If unnoticed radial drainage occurs during a centrifu-
gal nodel test, the nodel time required to achieve a given
degree of consolidation would obviously be reduced, as a
result of a faster dissipation process. If the tine scaling
exponent were to be evaluated from the know edge of the
corresponding prototype tine, and using the relationship

tp = tpen”® (7.7a)
or X = log(ty/ty)/log(n) (7.7b)
the conputed exponent x would be higher than the value it
takes w thout radial drainage. In other words, if the

"true" exponent is 2, a nodel wth radial drainage would
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deceivingly lead to a exponent higher than 2, in order to
obtain the actual prototype time. Bl oongui st (1982) used a
prototype-size test to obtain the time scaling exponent.
The IMC tank test consisted of a steel tank 9° x 14" x 22
deep, in which 20.75 ft of Kingsford clay were deposited at
12.6% solids content and allow to self-weight consolidate
for 403 days. The test was nodelled in the centrifuge at 80
g’'s, obtaining a constant exponent of 1.6. This result
seens to invalidate the above statenent concerning the value
of x when this is obtained from the prototype tine. How-
ever, the tank test itself, though representing the proto-

type, may have been affected by radial drainage considering

its large depth/width ratio.

However, the exponent x is very rarely obtained from
the prototype tine (which is the unknown in the problen),
but from the times in two nodels as expressed in equation
7.6. In this case, the effect of radial drainage upon x
will be different.

During the process of nodelling of nodels, the two
nodel s representing the prototype at different accelerations
will have different heights. Consequently, it is reasonably
valid to believe that they will be affected differently by
radi al drai nage. Let us assune for a nonent that a "per-
fect" nodelling of nodels led to an exponent of 2, based on
two nodel times, t, and t,. Usi ng these values in Equation
7.5, results that

(nl/né)z - tz/tl (7.8)
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If nodelling of nodel tests with radial drainage are
performed, both times would be reduced, but in a different
amount . Let t7 and t> be the new nodel tinmes influenced by
radi al drainage and expressed as
t{ = Cy+ty (7.9%a)
and th = Coety (7.9b)
where C;, and C, aredifferent reduction coefficients.
Substituting t'; and t'5 into equation 7.5 leads to
(nl/nz)x = t'2/t'l
and using equations 7.8 and 7.9,
(n1/mp)* = (Ctp)/(C1t1) = (C3/C1)(ny/np)?  (7.11)
Taking the logarithm of equation 7.11, the follow ng
equation results,
x+log(ny/ny) = log(Gy/C1) + 2+log(ny/ny) (7.12)
and solving for X,
x = 2 + log(Cp/C1)/log(ny/ny) (7.13a)
or x = 2 - log(C1/Cy)/log(ny/ny) (7.13a)

Equation 7.13 shows that if the nodels were affected in

the same anmount by radial drainage (G = C), the exponent
would remain equal to 2. However, it seens logical to
suppose that the shorter nodel will be affected |ess by
radi al drai nage. If, for instance, nodel 1 is the higher

accel eration nodel, and therefore the shorter nodel, then
the coefficient G would be closer to 1 than the coefficient
G, Thus, with the ratios nj/n, and C/C, both |arger than
one, according with Equation 7,13b, the tine scaling

exponent would be less than 2.
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Certainly, equation 7.13 does not have any practical
appl i cati on. However, it serves the purpose of helping to
visualize how the effect of radial drainage upon the node
times may explain an exponent |ess than 2. Such an exponent
will not lead to the correct time in the prototype; it only
represents the value of x that satisfies equation 7.10

Anot her inportant consequence of radial drainage upon
nodel ling of nodel results can be found in the follow ng
reasoni ng. If the effect of radial drainage upon a centri-
fugal nodel depends on its height, then, two nodelling of
nodel s supposedly equivalent (i.e.same acceleration ratio)
may |lead to different exponents. For exanple, a nodelling
of nodels performed with nodels at 100g and 50g is expected
to produce an exponent higher than another nodelling of
nodels with accelerations of 50g and 25g but the sane
acceleration ratio of 2. This is so because the nodels in
the first case are relatively shorter and therefore affected
| ess by radial drainage

The hypothesis that nodelling of nobdels conducted at
different acceleration levels wuld lead to different
exponents was investigated using the test results reported
by Bl oomgui st and Townsend (1984). In this study, a nodel-
ling of nodels wasdone using three nodels, specifically a 6
cm nodel at 80 g's, an 8 cm nodel at 60 g's, and a 12 cm
nodel at 40 ¢'s. From their data, the nodel times corres-
ponding to three different solids content were carefully

obtained as reported in Table 7-4.



196

Table 7-4. Model I'ing of Moddel Results
(Bl oomgui st and Townsend, 1984)
a = 80 g's a = 60 g's a_= 40 g's
S = 16% 91 : 151 289
S = 18% 189 330 628
S = 20% 382 713 1382

Two nodel ling of nodel analyses were done with these
val ues. First, the values at 80 g's and 60 g's were used in
one analysis, and secondly, the values at 60 g's and 40 ¢'s.
The exponent obtained from the analyses are reported in

Tabl e 7-5.

Table 7-5. Time Scaling Exponent Obtained
from Data in Table 7-4

80-60 Mbdel s 60-40 Model s
Si = 16% 1.76 1.60
Si = 18% 1.94 1.59
Si = 20% 2.17 1.63

Several conclusions can be drawn from these results.
First, the exponent is always higher in the 80-60 nodelling
of nodels (shorter nodels). Secondly, this increases wth
solids content at a nmuch faster rate in the case of the 80-
60 nodels, approaching a value close to 2 nuch earlier than
reported by Bl oonmgui st and Townsend (1984).

The results of a three-nodel nodelling of nodels can be

interpreted graphically. If the logarithm of equation 7.7a



197

is taken, the follow ng expression is obtained,

log(ty) = log(ty) + xe+log(m) (7.14)
Since the prototype tinme is a constant, say C, equation 7.14
can be rewitten as

log(ty) = -C + x-log(n) (7.15)

Thus, according to equation 7.15, if different nodel tines
are plotted versus the centrifuge accelerations in |og-Ilog
scales, the resulting plot is a straight |line whose slope is
t he exponent Xx.

Usi ng above interpretation, the values shown in Table
7-5 are plotted in Figure 7.22. For each solids content, a
uni que straight line can be easily fit through the data.
However, Figure 7.22 shows the graphical equivalent to doing
two nodelling of nodels with the data. The 80g and 60g
points are joined by one straight line, and the 60g and 40g
points are joined by another. An apparently mnor but
consi stent change in slope is clearly noticed. The 80 60
line has a larger slope in all three cases, indicating a
hi gher tinme scaling exponent.

Finally, and to conplenment the results of previous
studies with Kingsford waste clay, two of the tests of the
present research were designed to conduct a nodelling of
nodel analysis (Table 7-1). They were test CT-2, perforned
at 60 g's with and nodel height of 12 cm and test CT-3, run
at 80 g's with an initial height of 9 cm Their initial
solids content were 16.05% and 16.02% respectively. Test

CT-2 lasted for 2880 mnutes and the final nodel height was
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6 cm The duration of test CT-3 was 2115 mnutes, with a
final nodel height of 4.55 cm

Figure 7.23 presents the plots of average void ratio
versus log tinme for tests CT-2 and CT-3. The graph shows
t he expected behavior, and the final void ratio of the two
nodel s is reasonably close. The time scaling exponent was
obtained for different void ratios, as presented in Table
7-6.

A very surprising result is obtained from the analysis.
The exponents obtained are extrenely |low, regardless of the
relatively high solids contents. Except for the values near
the beginning and end of the tests, when it is nore likely
to obtain erroneous nodel tinmes, the exponent increases wth
the solids content, as expected.

These nodelling of nodel results appear to be consist-
ent with the reasoning presented earlier about the effect of
radi al drainage on nodelling of nodels. Bl oomgui st and
Townsend (1984) data contains two tests with nodels at 80
g's and 60 g's, with heights of 6 cm and 8 cm respectively
Their analysis produced exponents of 1.6 and above. The
present nodelling of nodels, on the other hand, was done
with nodels at the sane acceleration levels, but with |arger
speci nens, specifically 9 cm for the 80g nodel and 12 cm for
t he 60g nodel . Therefore, it is expected that radial
drai nage would be nore significant in the latter, thus

resulting in smaller tine scaling exponent.
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Table 7-6. Modelling of Models on Tests CT-2 and CT-3

Void Solids Time (min) Time (min)
Ratio Content (%) CT-2 CT-3 Exponent
13 17.25 51.7 33.8 1.48
12 ' 18.42 105.3 77.0 1.09
11 19.77 202.1 144 .1 1.18
10 21.32 332.7 235.4 1.20
9 23.14 . 536.1 359.6 - 1.39
8 25.30 859.3 542.7 1.60
7 27.91 1588.4 | 1042.6 1.46

In summary, there appears to be enough evidence in the
test results reported in this research to believe that sone
degree of radial drainage takes place near the top of
centrifugal nodel specinens. This radial drainage would
definitely reduce the nodel tines, but quantification of the
magni tude of the effect is not possible. The degree of
significance of radial drainage is probably a function of
the specinen height, centrifuge acceleration, and el apsed
time of test. Al this introduces sone uncertainty about
the validity of the tinme scaling exponent obtained from
nodel | i ng of nodels. It appears that a deceivingly |ow
value of x would be obtained from tests with radial drain-
age. However, sonme of the evidence presented here is nostly
circunstantial, and further studies are needed to verify

above concl usi ons.



CHAPTER VI I'|
COVPARI SON OF NUMERI CAL AND CENTRI FUGAL PREDI CTI ONS

| nt r oducti on

An inportant aspect of this research is to use the
obt ai ned constitutive properties of slurries as input
information into |arge deformation consolidation nunerical
anal yses. The results of such nunerical predictions can
then be validated with the results of centrifugal nodel
tests.

Several fornulations of large strain consolidation
t heory have been derived. Anong the nost popul ar ones, for
whi ch conputer codes have been witten, are those by Sonogyi
(1979), Cargill (1982), and Yong et al. (1983). MVay et
al. (1986) derived a general |arge-strain one-dinmensiona
consol i dati on equation, based on continuity of the separate
phases and bal ance of nonmentum of the fluid phase, in terns
of excess pore pressure in conbination with the spatial and
materi al coordi nates. They proved that the other fornms of
t he governing equation can be obtained by sinply adopting a
di fferent dependent variable (e.g. void ratio vs. excess
pore pressure) and the appropriate coordinate system (e.g
reduced vs. spatial coordinates). Several studies (Hernan-

dez, 1985; Zuloaga, 1986; MVay et al., 1986) have shown

202
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that good agreenent exists between the various approaches,
as long as the same soil properties are used.

For the numerical predictions reported here, the
pi ecewi se |inear approach devel oped by Yong and coworkers
(1983) and | ater expanded by Zul oaga (1986) was used. An
i mportant advantage of this programis that it allows the
input of the constitutive relationships in the form of data
points, as an alternative to the traditional power curve
par anet ers.

Many of the features of the program devel oped by
Zul oaga (1986) UF-MGS, such as continuous filling, sand/
clay mxes, etc., were not necessary for the analyses of the
ponds to be considered here. Therefore, a sinplified and
nore efficient version of the program analyzing only
qui escent conditions, was witten in Turbo Pascal. The
program is called YONG TP. This program which allows a
surcharge, was found to run faster than the original pro-
gram A listing of this is included in Appendix I.

A total of five hypothetical ponds were analyzed. All
of the ponds have been nodeled in the centrifuge under
qui escent conditions using Kingsford clay. Two of them were
nodel ed by Mdimans (1984). The first one, pond KC80-6/0
in Mdimns notation, is a 16-ft high prototype, self-
wei ght consolidating from a solids content of 16% The
second one, pond KCB0-10.5/0, is a 27.6-ft high prototype
with initial solids content of 16.3% Her nandez (1985) used

Mcdinans centrifuge data to obtain the prototype el apsed
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time of consolidation. Her nandez reported using an incre-
mental tinme scaling exponent as reported by Townsend and
Bl oomgui st (1983). The settlenment-tinme curves as presented
by Hernandez were used for conparison wth nunerical
predi ctions.

The other three ponds analyzed correspond to the
centrifuge tests CI-1, CT-2/3, and CT-5 as described in
Table 7-1. Pond CT-2/3 denotes a prototype nodeled in the
centrifuge by tests CT-2 and CT-3, used in the nodelling of
nodel s. After the results obtained in Chapter VII concern-
ing the influence of radial drainage on the tinme scaling
exponent, it was decided to use the theoretical value of 2
to obtain the prototype tine for these tests. Test CT-5
offers an specially interesting opportunity of conparing
nunerical and centrifugal predictions in a pond where a
surcharge loading is applied. The initial solids content of

all five ponds to be analyzed was around 16%

The Constitutive Relationships

Through the readily availability of conputer prograns,
several of which have been adapted to run on personal
conputers, the task of predicting the consolidation behavior
of slurry ponds has been greatly sinplified. However ,
without reliable soil properties the results of these
nunerical tools are neaningless. Her nandez (1985) and MVay

et al. (1986) found trenendous disagreenent anong
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predi ctions using different constitutive relationships
reported for Kingsford clay.

It has been found during the devel opment of this
research that the constitutive relationships of renolded
slurries are not unique. Instead, they show a zone simlar
to a preconsolidation effect, which is dependent upon the
initial solids content. Therefore, material characteriza-
tion of the ponds to beanal yzed should be based on | abora-
tory tests with initial solids contents conpatible to that
of the pond.

Unfortunately, the centrifugal nodel tests reported in
Chapter VII did not show this preconsolidation effect for
the reasons already given. Consequently, the results of the
automated slurry consolidoneter tests were the first choice
to characterize the slurry properties. Because of the
irregul ar behavior found on the CHG conpressibility curves,
these tests were not even considered, leaving the CRD as the
best option. O the four CRD tests performed, only two of
them had an initial solids content around 16% (Table 5-1).
In addition, test CRD-3 started at a solids content of 16.2%
and the first reading was taken after 2 hours, when the
solids content was about 16.3% Since the ponds' initial
solids contents are below this value, the results of test
CRD-3 could not be used because the conputer program needs
to determine the initial effective stress of the pond
interpolating from the effective stress-void ratio data

poi nt s. Thus, the results of test CRD-1, with an initial
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solids content of 15.3% were used to characterize Kingsford
waste cl ay. Ten evenly spaced points were selected from

Figure 5.1 to generate the input constitutive curves for the

program As an alternative to the data points, the power
curves fit to the experinmental data of test CRD-1 will also
be used in the predictions. The correspondi ng paraneters

were given in Chapter W

Predi ction of Ponds KC80-6/0 and KCB80-10.5/0

These two ponds are the ones nodeled in the centrifuge
by Mcdimns (1984), and whose prototype behavior was
anal yzed and reported by Hernandez (1985). Appendi x |
i ncludes, as an exanple, the output of the program YONG TP
predicting the behavior of pond KC80-6/0, with the constitu-
tive relationships (data points) obtained from test CRD 1.

Figure 8.1 presents the settlenent predictions of pond
KC80-6/0 obtained using the constitutive relationships
obtained from test CRD-1, as well as the centrifugal nodel.
One nunerical prediction was based on the use of the direct
experinental data points, while the other was obtained using
t he correspondi ng power curve paraneters. The agreenent
between the prediction using direct data points and the
centrifugal nodel is very good. In both cases, however, the
total settlenent predicted was about 0.5 ft less than that
predicted with the centrifuge. The time needed to produce

the total settlenent, as well as the rate of settlenment, are

predicted better with the data points. The prediction based
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on the paraneters obtained from test CRD-1 bisects the
centrifugal nodel prediction, initially underpredicting and
| ater overpredicting the settlenment rate.

To verify the output of the Turbo Pascal program used
in the analyses reported in this research, YONG TP, and to
conparethe results of the piecewise |inear approach wth
Sonmogyi's inplicit schene (1979), pond KC30-6/0 was anal yzed
using the conputer programs UF-MGS (Zul oaga, 1986) and QSUS
(Sonmogyi, 1979). Because of limtations of the latter, the
constitutive relationships of the slurry were represented by
the power curve paraneters obtained from test CRD- 1. Fi gure
8.2 presents the results of the three prograns. The agree-
ment anong them is excellent.

The settlenent predictions of pond KC80-10.5/0 are
presented in Figure 8.3. The agreenent between centrifuga
and nunerical predictions is good. Again, the use of the
power curve paranmeters, instead of the experinental data
points, results in the nunerical prediction curve bisecting

the centrifugal nodel results.
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Prediction of Ponds CT-1, CT-2/3, and CT-5

Pond CT-1, a 31.5-ft prototype, was nodeled in the
centrifuge by the test with the same nane, as reported in
Chapter VII. A nunerical prediction was obtained using the
results of test CRD-1 (data points). The results of the
centrifugal nodel and the conputer prediction are presented
in Figure 8.4.

Surprisingly, the agreenent between centrifugal and
nunerical predictions is very poor. The conputer predic-
tion underestimates both the total magnitude and rate of
settl ement. Simlar results were obtained in the prediction
of pond CT-2/3 presented in Figure 8.5. In this case, two
centrifugal nodels were obtained from tests CT-2 and CT-3.
The agreenent of the two centrifugal nodels is very good.
However, the nunerical prediction suffers the sane short-
comngs found for pond CT-I.

The results of these two predictions led to the believe
that sonehow the material used in the centrifuge tests
reported in Chapter VII was different from the one charac-
terized by the constitutive relationships used in the
pr edi cti ons. In order to investigate this hypothesis, one
of Mcdinmans centrifuge tests, specifically KC80-10.5/0, was
approxi mately reproduced using the material tested in
Chapter VII. McCli mans test KC80-10.5/0 was perforned at 80

g's, with a specinen initial height of 10.5 cm and initial

solids content of 16.3% The new test, denoted by CT-6, was



Prototype Height (ft)

26
24

22

a Cantrifugnl Model

20 o (RO-1 Data Points

18-

6

]‘ ¥ B e S A | A e | A |
IE ) IE 2 1E 4

1£ 3
Prototype Time (days)

Figure 8.4 - Prediction of Pond CT-1 using Constitutive

Relationships obtained from Test CRD-1

¢1¢



Prototype Height (ft)

26
24
22*‘
2-
18
16
14

12

o Centrifugal Model CT-2
o Centrifugal Model CT-3

o CRD-) Dato Points

10
IE ]

‘*I"III" ¥ L3 IIIIIII

‘ 'l‘EI 2 IE 3 IE 4
Prototype Time (days)

Figure 8.5 - Prediction of Pond CT-2/3 using Constitutive
Relationships obtained from Test CRD-1

£1¢



214
also perfornmed at 80 g's, with an initial height of 10.7 cm
and solids content of 15.95%

The settlement plots for both tests are presented in
Fi gure 8.6. These plots show, |eaving no room for doubts,
that the two materials do not behave simlarly. The slurry
of test CT-6 has both l|arger conpressibility and |arger
perneabi lity.

Gven the results of Figure 8.6, the nost reasonable
step to follow was to re-analyze ponds CT-1 and CT-2/3 using
the power curve paraneters obtained from the same centrifuge
tests. These paraneters were given in Chapter VIl and are
repeated here for convenience.

A = 16. 359 B = -0.204 C = 1.029E-06 D = 4.297

The resulting nunerical prediction of pond CT-1 is
conpared wth the centrifugal nodel in Figure 8.7. The
nunerical nodel predicts very well both the total settlenent
and the tine required to achieve this value. Wth regard to
the rate of settlenent, the conputer prediction bisects the
centrifugal nodel curve. This peculiar result is attrib-
uted, at least in part, to the fact that the perneability
rel ati onship does not include the preconsolidation zone.
Because of this, the perneability is initially too |low and
toward the end of the test it is too high. It is also very
likely that radial drainage effects, which are only being
approxi mated, are partially responsible for the initia

di sagreenent between nunerical and centrifugal results.
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A conpari son between neasured and predicted void ratio
profiles for pond CT-1, wusing the centrifuge paraneters, is
presented in Figure 8.8. At the end of the test, the
agreenent between the neasured void ratios and the val ues
predicted by the conputer program is very good, except near
the top of the pond. Theoretically, the void ratio at the
surface of pond should not change. However, the results of
this and other studies (Been and Sills, 1981; Lin and
Lohnes, 1984) reveal that, wthout a known reason, the void
ratio at the surface decreases as the pond consolidates.

The neasured void ratio profile at a prototype tinme of
2.9 years is in good agreenent with the prediction obtained
at 2 years, only for the bottom half of the pond. In the
upper portion of the pond, the two curves depart from each
other, since the predicted curve nust reach the initial void
ratio of 14.53 at the-surface.

Figure 8.9 presents the pore pressure profiles pre-
dicted at four different tines for pond CI-1 and using the
centrifuge power curve paraneters. In Chapter VII, Figure
7.7 showed the neasured excess pore pressure at a tinme of 2
hours (nodel tine), along with the parabolic distribution
assuned to exist at the center of the specinen. At 80 g's
with a tine scaling exponent of 2, two hours in the nodel
represent about 1.5 years in the prototype.

Using the results of Figure 8.9, the excess pore
pressure distribution at 1.5 years (2 hours in the nodel)

was obt ai ned. A conparison of the latter with the results
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of Figure 7.7 is shown in Figure 8.10. The predicted
distribution falls right in the mddle between the neasured
val ues and the parabolic distribution, except near the top
of the nodel. This |ocal departure from the general trend
is sinply due to the difference between the neasured node
height of 9.5 cm and the predicted value of 10.18 cm
Figure 8.7 showed that the nunerical nodel initially
overpredicts the pond height.

The result of Figure 8.10 is consistent wth the
assunption nmade in Chapter VII to obtain the constitutive
rel ati onships from the centrifuge test data. Speci fically,
the assunption was that the excess pore pressure profile was
the average of the neasured distribution at the boundary and
the parabolic distribution assuned at the center. In this
way, a problem where radial drainage exists is approximted
by a one-dinensional situation.

The next pond to be analyzed, CT-2/3, is a 23.6-ft
pr ot ot ype. Figure 8.11 presents the nunerical prediction of
this pond using the centrifuge test paraneters, along wth
the two centrifugal nodels, CT-2 and CT-3. The prediction
of the total settlenment and time for consolidation is
clearly nmuch better than those obtained with the results of
test CRD-1 or the other constitutive relationships proposed
for Kingsford clay. Simlar to pond CT-1, the conputer

predi ction bisects the centrifuge curves.
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A conparison of measured and predicted void ratio

profiles for pond CT-2/3 is presented in Figure 8.12.

Again, the agreenentat the end of the test is very good

except near the top of the pond. The profile neasured at a
prototype tinme of 3.3 years conpares better with the one
predicted at 2 years than with that at 4 years. Not i ce,
however, that the corresponding neasured height at 3.3 years

is closer to the height predicted at 2 years. Thus at these
two times the pond is under nore simlar conditions, which
explains why the void ratio profiles at 2 and 3.3 years are
in better agreenent.

The results of the numerical prediction of ponds CT-1
and CT-2/3, using the centrifuge power curve paraneters, are
very good. Because these, paraneters were obtained from the
data collected from tests CI-1 and CT-2, these results were
expect ed. Nevert hel ess, they denonstrate the validity of
the numerical approach proposed in Chapter VI to obtain the
constitutive properties of slurries from centrifugal node
tests. However, it is necessary to evaluate the reasonable-
ness of these constitutive relationships by predicting other
ponds. The remaining of this chapter will analyze the
predi ctions of ponds CT-5 and CT-6

Pond CT-5 represents a hypothetical prototype corre-
sponding to test CT-5, used for conparison with Mdinmans
test KC80-10.5/0 in Figure 8.6. The prototype height is
28.08 ft and the initial solids content is 15.95% A

conputer prediction of this pond was obtained using the
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centrifuge power curve paraneters. The centrifugal predic-
tion was obtained using the tine scaling exponent of 2 wth
the acceleration level of 80 ¢g's. The results of the
nunerical and centrifugal predictions are shown in Figure
8. 13. The conputer analysis predicts quite well the final
height of the pond and thetotal tine required to achieve
this height. The predicted rate of settlenment is also in
gquite good agreenent with the centrifugal nodel. Simlar to
previous predictions where power curve paraneters were used,
the nunerical prediction bisects the centrifuge curve.

The last pond to be analyzed is pond CT-5, a 28.9-ft
prototype with a surcharge of 263 psf. The centrifugal
nodel test of this pond was only perfornmed for 8 hours for
the reasons given in Chapter VII. Nevert hel ess, this pond
offers an excellent opportunity to validate the nunerical
prediction of a slurry pond with a surcharge I oad.

The pore pressure response observed in test CI-5
(Chapter VIl) provides the basis for a nore confident use of
a time scaling exponent of 2 to obtain the prototype tines
of the centrifugal nodel. For the nunerical prediction, the
centrifuge test paraneters were used, based on the anal yses
of the previous ponds CT-lI, CT-2/3 and CT-6.

Figure 8.14 conpares the nunerical and centrifugal
settlenent predictions of pond CT-5. The agreenent between
the two curves is remarkably good. The predicted excess
pore pressure profiles at various tines is conpared in

Figure 8.15 with the values neasured at the transducers at
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prototype tinmes of 0.7 and 5.8 years. Wthin the limta-
tions of the data, the agreenent between predicted and
nmeasured pore pressureis quite good.

After stopping test CI-5, two sanples were cored and
sliced to determne the void ratio-depth profile. The
centrifuge was stopped shortly after 8 hours of test,
corresponding to a prototype tinme of about 5.9 years.
Figure 8.16 shows the two profiles obtained, along with the
predicted curves at 4 and 6 years. Considering the diffi-
culty of the sanpling technique, it can be concluded that
the neasured profiles exhibit the right behavior and that
their agreenment with the predicted results is good. It is
worth nmentioning here that, because there was no initial
intention of wusing this information, the sanples for the
determnation of the void ratio profile were not obtained
until four days after the end of the test. Thus, sone

swelling definitely had occurred in the specinen.
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CHAPTER 1 X
CONCLUSI ONS AND SUGCESTI ONS FOR FUTURE RESEARCH

Summary and Concl usi ons

1. The main objective of this research was to devel op
techniques to obtain the consolidation properties of
slurries, specifically the effective stress-void ratio

relati onship and the perneability-void ratio relationshinp.
Two techni ques were devel oped. The first one involved the
design and construction of an automated slurry consolidone-

ter, while the second used centrifugal nodel tests.

2. The automated slurry consolidonmeter proved to be an
effective technique for determining the constitutive proper-
ties of slurries. The equipnent is fully autonated,
requiring human intervention only during setting up and

dismantling of the test.

3. The test chanmber is an 8-inch (0.20 m diameter cast
acrylic cylinder. The specinen height can vary between 4
inches (0.10 m and 8 inches (0.20 n). The test nonitors
t he specinmen height, pore pressure distribution across the
speci nen, load, and total stress at the bottom of the

speci nen. A stepping notor is used to produce the | oad,

231



232
which is transmtted to the specinen through a gear system

and | oadi ng pi ston.

4. A Hew ett-Packard conputer and control/data acquisition
system is used to control and nonitor the test. The
controlling conputer program was witten in BASIC A second
program is used to reduce the data and plot the constitutive
curves at the end of the test. The data reduction analysis

uses well-accepted soil nechanics principles.

5. Two different |oading conditions were investigated in the
research, specifically Constant Rate of Deformation (CRD)

and Controlled Hydraulic Gadient (CHG. The CRD test
produced nuch better results and is recommended as the
standard testing procedure. A typical CRD test |lasts
between 3 days and 1 week, depending on the rate of defornma-

tion and the initial and final conditions of the specinen,

6. The constitutive relationships obtained from the CRD
tests show a "pseudo-preconsolidation” effect, which is a
function of the initial solids content of the slurry. Thus,
it is concluded that the constitutive relationships are not
uni que. This particular behavior is attributed to the

initial highly renolded initial structure of the material.

7. In the case of the perneability relationship, the curves

with different initial solids content approach a unique
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virgin zone for the range of deformation rates investigated.
The conpressibility relationship, on the other hand, was
found to be dependent upon the rate of deformation as well
as initial solids content. Therefore, it is recomended
that the test be performed at a slow rate, and val ues around

0.008 mmM m n appear to be appropriate.

8. The results of this research indicate that the constitu-
tive relationships of slurries can not be represented by the
traditi onal power curve paraneters. | nstead, the actual
experinental data points should be used, as input data for

conput er anal ysis.

9. The techni que proposed to obtain the constitutive
properties from centrifugal nodel tests has the advantage of
better sinulating the stress conditions of an actual pond.
Additionally, the approach is not based on average val ues as
is the case with the automated slurry consolidation tests.

I nstead, actual mnmeasurenments of excess pore pressure and

void ratio profiles with tinme are used to obtain the

rel ati onships using the effective stress principle, Darcy's
law, and continuity. A nunerical approach, based on updated

Lagrangi an coordinates and a material representation of the

specinen, is used to analyze the data. A FORTRAN program
was witten for this purpose. However, the approach has
several disadvantages. First, the obtaining of the sanples

for solids content neasurenents is not very accurate.
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Second, the test does not provide information on the
preconsol idation zone because it is not possible, with the
techni que used, to obtain the solids content profile early
in the test. Nevert hel ess, the existence of the preconsoli-
dation zone, at least in the conpressibility curve, is
clearly denonstrated by the fact that a condition of zero

initial effective stresses was observed in the tests.

10. The series of centrifuge tests conducted revealed a
problem with radial drainage in the acrylic bucket. Because
of this, an approximation was necessary in order to sinulate
a pseudo one-di mensional situation and to be able to use the
nuneri cal approach proposed. The radial drainage evidences

di sappeared when a surcharge load was applied to the nodel.

11. It was denonstrated that the effect of radial drainage
upon the nodels may explain the obtaining of a tine scaling
exponent of less than 2 from a nodelling of nodels analysis.
It is recoomended that a value of 2 be used for initial

solids content above 14% 16%

12. The constitutive relationships of the slurry were
obtained from two centrifuge tests perforned at 60 g's and
80 g's. The perneability obtained from the analysis corres-
ponds to the prototype value, which is n (the acceleration

level) times snmaller than the perneability in the nodel. The
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agreenent between the results of the two tests was very

good.

13. The conpressibility relationship obtained from the
centrifuge tests was in good agreenent with the results of
the CRD tests perforned at a rate of deformation of 0.008
nm m n. This result reaffirms the need to perform the CRD
tests at |ow deformation rates. On the other hand, the
perneability relationship obtained from the centrifuge tests
plotted parallel to the virgin zone of the CRD curves.
However, the centrifuge perneabilities are about a half
order of magnitude higher. A full explanation of this

apparent discrepancy requires further investigation.

14. Two groups of hypothetical ponds were predicted using a
pi ecewi se linear solution of the governing equation. One
group corresponds to centrifuge tests reported by Mdimns
(1984), and the other corresponds to centrifuge tests
conducted as part of this research. The two ponds nodel ed
by Mcdimans were predicted using the constitutive relation-
ships obtained from CRD tests, both in the form of data
points and as power curve paraneters. The agreenent between
centrifugal and nunerical nodels was good for both ponds.

The rate of settlenent was predicted better using the

constitutive relationships in the form of data points.
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15. When the CRD constitutive relationships were used to
predict the behavior of the recently conducted centrifuge
tests, the predictions were not good. After some additiona
testing, it was concluded that the material used in the
centrifuge tests was different from the nore virgin slurry
used in the early CRD tests (certainly different from the
material used by Mdimans). This was attributed to severa
factors, including aging of the slurry, the continuing
addition of tap water, and the re-use of the same nmaterial.
Accordingly, the prediction of the hypothetical ponds
nodeled in this research was repeated, this tinme using the
parameters obtained from the centrifuge tests thensel ves.
The agreenent between centrifugal and nunerical nodels was
quite good, not only for those nodel ponds used to obtain
the constitutive properties, but also for two different
nodel ponds, including one with a surcharge. Not only were
the settlenent predictions good, but also the predictions of

excess pore pressure and void ratio were reasonably good.

16. In summary, the use of nunerical nodels is an excellent
tool for predicting the consolidation behavior of slurry
ponds. The constitutive input properties needed in the
analysis can be obtained from either of the techniques

devel oped in this research. However, the CRD automated
slurry consolidation tests are recommended over the centri-
fugal nodel tests. The latter technique is nore appropriate

for validation of computer results.
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Suqggestions for Future Research

1. A major aspect of the automated slurry consolidation
apparatus requiring inprovenent is reducing piston friction.
It is recommended that the present acrylic chanber be
replaced by a netal chanber which will maintain a true bore
and piston dianeter capability. The chanber should be
teflon coated and the piston edge should be sealed using a
teflon ORng to mnimze piston friction and, at the sane

time, prevent edge |eakage of slurry.

2. The range of the total stress transducer at the bottom of
the specinen needs to be reduced from 3 bars to 1 bar, and
the transducer diaphragm should be flush with the bottom of

t he speci nen. An accurate reading of this transducer is

crucial to estimating the side friction on the specinen.

3. The range of the pore pressure transducers should also be
i nproved. On the noving piston, a 1l-psi (75 nbar) transdu-
cer is recomended. The rest of the transducers on the
chanber side should be of 5-psi (350 nbar) to 14.5-psi (1
bar) range. This inprovenent of the transducer sensitivity
is particularly inportant if CRD tests are to be perforned

at |l ow deformation rates. By the sanme token, the range of

the load cell should be limted to 100-200 pounds.

4. The significance of using average values to obtain the

slurry properties is an aspect of the automated slurry
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consol i doneter that deserves further investigation. Thi s
study can be acconplished by performng several tests wth
simlar initial conditions. The tests should be stopped at
different tinmes to obtain the solids content profiles.
These and the excess pore pressure profiles with tine would
allow the obtaining of constitutive relationships in a way

simlar to that used in the centrifuge tests.

5. A nore detailed study of the effect of the deformation
rate is needed in order to make a better recomendation

concerning the appropriate values for the CRD test.

6. The effect of the initial specinen height upon the
constitutive properties needs to be investigated; the use of

a smaller specinmen (5-10 cm) nmay be advisable.

7. Wth respect to centrifugal nodelling, the main short-
com ng of the proposed approach to obtain the constitutive
relationships is the determnation of the void ratio
profile. The technique used in this research yielded
reasonabl e values, but it is not applicable during early
stages of the test when the slurry is still very dilute.
Therefore, if the centrifuge approach is to be devel oped
further, this is the aspect of the test that requires

i mpr ovenent.
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8. The results of the centrifuge tests conducted as part of
this research suggest the existence of radial drainage in
t he speci nen. However, additional testing is necessary to
evaluate this effect and its influence on the tinme scaling
exponent. Since the evidences of radial drainage were not
observed in the tests with surcharge, it is recomended that
a nodelling of nodels analysis using surcharge be carried
out . Such an analysis would allow a better evaluation of

the time scaling exponent.

9. Finally, it is necessary to test other slurries in order
to corroborate the findings of this research. Such study
shoul d concentrate on the CRD test using the autonated
slurry consolidoneter. However, the centrifuge approach-

could be used as a verification tool.
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