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PREFACE

As part of a Florida Institute of Phosphate Research project titled
“Evaluation of Phosphatic Clay Disposal and Reclamation Methods”,
Ardaman & Associates, Inc. performed a comprehensive study to
evaluate the engineering properties of a wide range of phosphatic
clays and sand-clay mixes, and developed a methodology for fore-
casting the performance of phosphatic clay settling areas during
disposal and reclamation. The findings of this study are presented in
a series of six complementary volumes.

Laboratory evaluations of the engineering properties of phosphatic
clays and sand-clay mixes were performed on phosphatic clays from
twelve different mine sites. Volumes 1, 2 and 3 titled “Index
Properties of Phosphatic Clays”, “Mineralogy of Phosphatic Clays”,
and “Sedimentation Behavior of Phosphatic Clays", respectively,
present extensive data on the twelve clay sources selected in the
study. The findings were used to screen the samples and select six
clays covering the full range of anticipated behavioral character-
istics. The selected clays were subjected to a comprehensive testing
program for determining engineering parameters pertaining to
consolidation and strength. Extensive sophisticated strength testing
of three of the six phosphatic clays and corresponding sand-clay
mixes was then subsequently undertaken. The results are presented
in Volumes 4 and 5 titled ‘Consolidation Behavior of Phosphatic
Clays” and “Shear Strength Characteristics of Phosphatic Clays”,
respectively.

Concurrent with the laboratory evaluation of phosphatic clay engi-
neering properties, a theoretical model to evaluate disposal systems
was developed. The finite difference program SLURRY can also be
used in reclamation planning. In an attempt to verify and refine the
prediction modeling technique, a preliminary field investigation
program at six phosphatic clay settling areas ranging from retired to
active sites was undertaken. Volume 6 discusses the theoretical
model and presents a comparison of predictions based on laboratory
data with actual field measurements.

A more extensive second phase field testing program is proposed to
further refine and improve predictive capability based on actual
field conditions. Conventional phosphatic clay disposal and the



sand-clay mix disposal methods can then be critically evaluated for
phosphatic clays with differing characteristics to quantify advan-
tages/disadvantages of disposal/reclamation methods and outline
their relative merits. The results should allow mine planners to
select an optimum disposal method based on the clay characteristics
at a particular mine.
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ABSTRACT

The sedimentat ion behavior  of  twelve  phosphat ic  c lays  was
invest igated wi th  over  100 laboratory  se t t l ing tes ts .  The
sedimentation behavior of sand-clay mixes for three of the twelve
clays were investigated with 22 additional laboratory settling tests.
Settling tests on the phosphatic clays consisted of a constant initial
height settling test series with an initial height of 24 cm and initial
solids contents of 1, 3 and 8%, and a variable initial height settling
test series with initial heights of 6, 12, 18 and 24 cm for initial
solids contents of 3 and 8%. The final settled solids contents,
settling rates, and void ratio versus effective stress relations at low
stresses, were determined from these test series. Settling tests on
sand-clay mixes investigated the effects of initial clay solids
content, sand-clay ratio, and type of sand tailings.

For an initial solids content of 3%, which is similar to the solids
content of clay from primary launders, the final 30-day settled
solids content of phosphatic clays varied from 5.4 to 17.8% with an
average of 10.9%. The lowest settled solids content versus time
relationship occurred for the Agrico-Saddle Creek clay and the
greatest settled solids content versus time relationship occurred for
the CF Mining-Hardee clay. The settling behavior of these two
clays bracketed the range of settling behavior encountered for clays
tested in this investigation and that reported for other clays.
Hence, the sedimentation behavior of the specific Agrico and CF
clays sampled for this investigation reflect the range encountered
for Florida phosphatic clays.

The behavior of phosphatic clays was generally consistent with the
Michaels and Bolger (1962) theory for the settling behavior of
flocculated clay suspensions. The Michaels and Bolger methodology,
therefore, was used to extrapolate results from the laboratory
settling tests in a limited size container to the field situation of an
“infinite size container".

A comparison of final settled solids contents for phosphatic clays
sampled at different times from the same mines was made from



data reported in the literature. The comparison indicated that the
variability in final settled solids content of phosphatic clays
produced at a given mine over time may be as large as occurs for
clays from all Florida mine sites.

The only practical correlation found between the index properties
and sedimentation behavior of phosphatic clays was between liquid
limit and final settled solids content for a specific initial solids
content. The correlation is not universally valid and has a
correlation coefficient of about 0.80, but the results are considered
applicable for estimates of sedimentation behavior in the absence of
settling tests.

Settling tests on sand-clay mixes indicated that clays which settle to
a relatively low final clay solids content without sand also settle to
a relatively low final clay solids content with sand. The addition of
sand tailings does little to increase the final clay solids content of a
relatively poor settling clay relative to that of a relatively good
settling clay. The final clay solids content at the end of settling
increases slightly with increasing sand-clay ratio, but if the volume
occupied by the sand is accounted for as an equivalent water phase,
the effective clay solids content may be adversely affected at high
sand-clay ratios. The initial clay solids content required to prevent
segregation of the clay and sand during settling varied significantly
for the phosphatic clays. The final settled clay solids content
achieved for clay alone from an initial solids content of 3% appeared
adequate to prevent segregation. Variations in mineralogy of sand
tailings from 60% quartz and 40% apatite to 85% quartz and 15%
apatite were found to have no effect on sand-clay mix sedimentation
behavior.
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Section 1

RESEARCH BACKGROUND AND OBJECTIVES

1.1 Introduction

The sedimentation or settling behavior of phosphatic clays is of interest to
determine the  in i t ia l  so l ids  contents  of  c lays  af ter  deposi t ion  wi th in  an
impoundment and the time required to reach a given solids content due to gravity
settling. The settling behavior is also required in adequately sizing settling areas
to provide sufficient retention time for sedimentation. Moreover, it could
qualitatively indicate the relative compressibility of phosphatic clays.

A wide range of settling behavior has been reported for Florida phosphatic clays
(Lamont et al., 1975; Roma, 1976; and Keshian et al., 1977). The range of settled
solids contents achieved after 30 days is generally reported to vary from 6-16%  
when starting from initial solids contents of 3-4%.

1.2 Previous Research

A series of sedimentation tests were reported by Lamont et al. (1975) on 15
phosphatic clays collected from 15 of 16 beneficiation plants in operation in
Florida at the time the study was performed. The clays, therefore, represent a
broad range of geographic location and, hence, a potentially broad range in
sedimentation behavior.

Results from the Lamont et al. (1975) settling tests are presented in Table 1-1 and
Figure 1-1. The settling tests were reportedly performed from an initial solids
content, Si, of 3.7% in 1,000 cm glass graduated cyclinders. As shown, phosphatic
clays exhibit a wide range of settling characteristics with "final" settled solids
contents at 30 days of 5.7 to 15.9%. Therefore, some phosphatic clays exhibit
little gravitional settling increases in solids content from 3.7 to 5.7% in 30 days;
while other phosphatic clays exhibit substantial increases in solids content from
3.7 to 15.9% in 30 days. The average final settled solids content for the 15 clays
was 10.8%.

The laboratory settling rate, Q, measured at the clay/supernatent interface during
the first 4 hours of each test is shown in Figure l-2 versus the final settled solids
content, The maximum settling rate for each test was measured during this time
increment, and ranged from 0.16 to 1.77 in/hour for the 15 clays tested. Over the
range of test data, we found a linear relation of increasing settling rate with
increasing final solids content of the form shown in Figure 1-2. The correlation
coefficient, r, of 0.81 indicates that 66% of the variability in settling rate is
explained by the final settled solids content.

Data from a series of sedimentation tests reported by Roma (1976) on phosphatic
clay from the USSAC-Rockland and Mobil-Fort Meade mines are shown and re-
interpreted in Figures 1-3, 1-4 and 1-5. The clays were highly plastic with
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plasticity indices and liquid limits of 103% and 145% and 125% and 160% for the
Mobil and USSAC clays, respectively. The reported specific gravities were 2.94
and 2.86, respectively, for the Mobil and USSAC clays.

Results from the series of sedimentation tests on Mobil phosphatic clay for initial
solids contents of 2.86, 4.79 and 8.78% are shown in Figure l-3. These tests were
performed in 6 cm diameter containers from an initial height, Zo of 28 em. As
shown, the Mobil clay “settles" to average final solids contents at about 100 dayst
of 10.8, 12.0 and 14.0% from initial solids contents of 2.9, 4.8 and 8.8%,
respectively. The results indicate that for a given clay, a slurry prepared at an
initially lower solids content will not obtain as high a settled solids content with
time as a slurry prepared at an initially higher solids content.

Figures 1-4 and 1-5 present our interpretation of results reported by Roma (1976)
from a series of five variable height sedimentation tests on USSAC phosphatic
clay at an initial solids content of 7.46%. These tests were performed in 6 cm
diameter containers. The initial sample heights tested were 15.3, 28.4, 39.2, 60.5
and 103.1 cm. As shown in Figure 1-4, the average solids content at 21 days
varies from 11.6 to 11.9% for initial sample heights of 28.4 to 103.1 cm, indicating
that for a sufficiently large initial sample height, for a given initial solids content
and container diameter, the settling behavior is relatively independent of the
initial sample height.

A plot of maximum laboratory settling rate Q1, versus the inverse initial sample
height (1/Zo) is found to yield a linear relation for initial sample heights of 28.4 to
103.1 cm as shown in Figure 1-4. The theory of Michaels and Bolger (1962)*
indicates a linear relationship should exist between these variables for naturally
flocculated clay suspensions. The ordinate intercept from this relation indicates a
maximum "field” settling rate, Q1', of 1.92 cm/hour for an infinitely large initial

height (i.e., 1/Zo =    = 0). The abscissa intercept from this relation indicates a
yield height, Zv1 , of 27.3 cm for the 6 cm container diameter and initial solids

%content of 7.45 . The yield height is defined as the minimum height at which the
clay will exhibit free-fall gravity settling in a given size container. The differing
solids content versus time behavior obtained from the settling test with an initial
height of 15.3 cm resulted therefore, because the initial height was less than the
yield height, and hence presumably no free-fall gravity settling occurred.**

The linear relation between final settled height and height of clay solids suggested
by Michaels and Bolger was applied to the Roma (1976) data and is shown in Figure
l-5. In this figure, the height of clay solids is represented as    where     
S/ (S + (1-S)ρ), Zo is the initial height, S is the initial solids content, and p is the
specific gravity of clay solids. Based on the agreement in behavior exhibited by
tests reported by Roma (1976) for USSAC phosphatic clay with the Michaels and

*See Section 2.4 for a detailed explanation of the Michaels and Bolger (1976)
methodology for interpretating settling tests.
**The increase in solids content observed for this sample is due to compression
settling and consolidation of the clay suspension.
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Bolger (1962) theory for both the Q1 versus 1/Zo and ZF versus       relations,
the theory appears applicable to interpretating results from settling tests on
phosphatic clays.

1.3 Purpose of Investigation

Although the range of final settled solids contents and settling velocities reported
by Lamont et al. (1975) probably represent the range of values likely to occur for
phosphatic clays, there is a lack of settling test results reported for phosphatic
clays where quantitative mineralogic composition and engineering index and
consolidation properties are also known. Settling test results reported in the
literature for phosphatic clays have also generally not been evaluated with
methodologies available for extrapolating data obtained in the laboratory to field
conditions. Moreover, there is no comprehensive data reported on the settling
characteristics of sand-clay mixes. Accordingly, as part of research project FIPR
80-02-002 “Evaluation of Phosphatic Clay Disposal and Reclamation Methods”
performed for the Florida Institute of Phosphate Research, twelve phosphatic
clays, sampled from various sites, were subjected to detailed laboratory settling
tests and interpretated with the theory of Michaels and Bolger (1962) for the
settling behavior of flocculated clay suspensions. Detailed settling tests on sand-
clay mixes prepared from three phosphatic clays were also performed. The sites
were selected to provide a range of geographic locations and mining concerns.
The locations of the mine sites are illustrated in Figure 1-6 and the specific
settling areas and sampling dates are summarized in Table 1-2.

The purpose of performing settling tests for the present investigation was to
determine the range of initial solids contents and settling behavior occurring for
phosphatic clays where index properties, consolidation properties and mineralogy
are well established. The effects of various sand-clay ratios and initial solids
contents on the settling behavior of phosphatic clays, therefore, can be thoroughly
invest igated for  a  wide range of index and consolidation properties and
mineralogy. The settling test results can also be used to characterize the relative
consolidation behavior of the clays and sand-clay mixes by determining the
increase in solids content with time, and the final self-weight solids contents at
low effective stresses.

1.4 Scope of Investigation

The scope of the investigation of the sedimentation behavior of phosphatic clays
included determining the settling characteristics of twelve phosphatic clays to
al low us  to  screen the  behavior  and se lect  c lays  wi th  di f fer ing se t t l ing
characteristics for evaluation of phosphatic clay disposal and reclamation
methods. The settling characteristics of sand-clay mixes were investigated for
three of the twelve clays.

The sedimentation behavior of the phosphatic clays was investigated with over 100
laboratory settling tests. The sedimentation behavior of sand-clay mixes was
investigated with 22 laboratory settling tests. The procedures used to perform
and interpret the settling tests are described in Section 2. The settling test
results are reported in Sections 3 and 4 for phosphatic clays and sand-clay mixes,
respectively. In Section 4, correlations between sedimentation behavior and index
properties are also presented.
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Table l-2

MINE SITES AND SETTLING AREAS
SELECTED FOR PHOSPHATIC CLAY

LABORATORY INVESTIGATIONS
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SETTLED SOLIDS CONTENT VS. TIME FOR 
CLAY AT INITIAL SOLIDS CONTENT OF 3.7% 

FIGURE 1-1
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FINAL SETTLED HEIGHT FOR USSAC PHOSPHATIC
CLAY AT INITIAL SOLIDS CONTENT OF 7.46%

FIGURE 1-5



MINE SITES SELECTED FOR INVESTIGATION

FIGURE 1-6
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Section 2

EXPERIMENTAL SCHEME, TESTING METHODS
AND QUANTITATIVE INTERPRETATION METHODOLOGY

2.1 Introduction

The sedimentation behavior of clays determined from laboratory settling tests is
dependent on the procedures used to determine that behavior. The initial solids
content, initial sample height and sample diameter used for laboratory tests
influence the settled solids content and settling velocity of laboratory samples.
Extrapolation of laboratory settling tests from a limited size container to the
field situation of an “infinite size container”, therefore, must be performed with a
methodology considering these effects.

The sedimentation behavior of twelve phosphatic clays were investigated with
over 100 laboratory settling tests. The sedimentation behavior of sand-clay mixes
were investigated for three of the twelve phosphatic clays with 22 additional
laboratory settling tests. The procedures used to perform these tests and criteria
used to evaluate the results are presented in this section.

2.2 Experimental Scheme

Three ser ies  of  laboratory set t l ing tes ts  were performed to  evaluate  the
sedimentation behavior of phosphatic clays and sand-clay mixes (Figure 2-1):

Constant initial height settling tests
Variable initial height settling tests
Sand-clay mix settling tests

Constant initial height settling tests were performed on twelve phosphatic clays
at three different initial solids contents. These tests were performed from an
initial height, Zo, of 24 cm in 10.4 cm diameter settling columns. Initial solids
contents, Si of 1.0, 3.0 and 8.0% were used in this test series. Results from the
constant initial height settling tests were used to: determine the range in settling
behavior of phosphatic clays; and allow selection of clays which display the range
in settling characteristics of phosphatic clays for further detailed conventional
settling and sand-clay mix settling tests.

Based on results from the constant initial height settling tests, eight phosphatic
clays were selected for variable initial height settling tests*. The eight clays
were chosen to represent the range in settling behavior and index properties of
phosphatic clays.** These tests were performed at initial solids contents of 3.0

*Phosphatic clay from the AMAX, Agrico, Beker, CF, IMC, Mobil, Oxy and USSAC
mines were selected.
**Refer to Volume I for presentation of the index properties of the twelve
phosphatic clays.
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and 8.0%. Initial heights of 6, 12, 18 and 24 cm were used, corresponding to 25,
50, 75 and 100%, respectively, of the total slurry weight used in the 24 cm high
samples. Results from these tests were used to: establish the void ratio (or solids
content) versus effective stress compressibility curve at low stresses   = 0.10 to
1.0 lb/ft ) as detailed in Section 3.4; and to obtain parameters describing the
settling characteristics of flocculated clay suspensions (see Section 2.4.2).

Sand-clay mix settling tests were performed on three selected phosphatic clays*.
The tests were performed from an initial height of 24 cm and two initial clay
solids contents, Sic, dependent on the specific clay. The final solids content
measured on the constant initial height settling tests with Si = 3.0% were used as
a guide in selecting the initial clay solids contents for the sand-clay mix settling
tests. Sand-clay ratios, SCR, of 1:1, 2:1 and 3:1 based on dry weights of solids
were used for each initial clay solids content. Sand tailings from corresponding
mines were used in preparing the sand-clay mixes.

2.3 Testing Methods

Laboratory settling tests were performed in Plexiglas graduated settling “columns"
10.4 cm in diameter and 30.5 cm high. A total of 30 columns were used in this
investigation allowing the performance of 30 settling tests simultaneously. A
photograph of the settling columns is shown in Figure 2-2.

After preparing a sample to a desired initial solids content, the clay slurry was
poured into the settling column to a desired initial sample height. The clay was
thoroughly mixed after placement within the column with a hand-held stirrer to
provide a homogeneous sample, and remove any segregation of particles which
occurred during placement of the clay in the column. The columns were securely
covered with clear plastic wrap to prevent evaporation of supernatent during the
test period. The tests were performed in a fluorescent lighted room and were not
exposed to direct sunlight.

Performance of the settling tests consisted of visually monitoring the height of
clay slurry-supernatant interface versus time. Depending on the behavior of the
clay, initial readings were obtained of height versus time in the range of one
reading every 1 to 10 minutes. Subsequent readings were obtained at increasing
time intervals. The tests were continued for a period of 30 to 40 days, until the
height remained relatively constant.

After completion of the test, the solids content of the settled clay was measured
for comparison to the calculated value based on final height and initial solids
content. The supernatant pH and specific conductance at the end of the test was
measured to determine if a significant change in supernatant chemistry occurred
over the test period. For sand-clay mix settling tests, the percent soil fraction by
dry weight passing a U.S. Standard No. 200 sieve (74 µm sieve size) was
determined for the top and bottom half of the sample to check if segregation of
clay and sand occurred during the test.

*Phosphatic clays from the Agrico, CF and USSAC mines were selected.
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2.3.1 Presentation of Test Results

Plots of the height of interface versus time and average solids content below the
interface versus time are presented for each series of settling tests, The initial
sample height, final sample height, initial solids content, final solids content and
final supernatant pH and specific conductance are also included on the figures.

The height of interface versus time readings were manually input into data files
on a HP 9845B mini computer. The average solids content below the interface
versus time and incremental settling rate between readings was then calculated
for all readings and the results plotted on a HP 9872B plotter. The average solids
content below the interface, Sk, for any height Of interface, Zk, at time k was
calculated from the relation:

where:  is the specific gravity of solids and Zs is the height of clay solids
determined from the relation:

where: Zo is the initial height and Si is the initial solids content. The incremental
settling rate was calculated as the ratio of the change in height to the elapsed
time between two successive observations.

2.4 Interpretation Methodology

Michaels and Bolger (1962) provide a comprehensive methodology for interpreting
the results of settling tests and extrapolating data obtained in the laboratory from
a limited size container to the field situation of an “infinite size container”.*
Their model is based on the premise that the settling rate is not directly
dependent on primary clay particle sizes, but rather on flocs consisting of clusters
of particles. The flocs possess a small but finite strength that allows them to
remain intact under the mild surface shear forces experienced in gravity
settling. At slow shear rates (as occur in settling tests), the flocs in turn group
into clusters designated as “aggregates"
characteristics.

that give the suspension its settling

The settling behavior of dilute suspensions differs from that of more concentrated
suspensions as depicted in Figure 2-3. The settling rate is defined as the rate of
settling of the interfacial plane between the clay slurry and the supernatant. The

*The Michaels and Bolger methodology was developed from studies of the
sedimentation behavior of kaolinite. Kaolinite was selected for investigation
because the characteristics of kaolinite are generally well understood, therefore,
allowing interpretation of settling behavior in terms of particle to particle
interactions. The use of kaolinite to develop the model does not limit its
application to other non-kaolinitic clays.
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settling rate of dilute suspensions over much of the settling range is constant with
time and independent of the size of container used. This settling behavior is
characteristic for solids contents generally less than 1% and is, therefore, of little
practical interest.*

At intermediate slurry concentrations (i.e., greater than a solids content of l%),
the clusters of flocs or aggregates settle as a coherent network. The initial
settling rate, Q, is very low, but increases with time, reaching a maximum value,
Ql, at time t1 when free-fall settling ends and consolidation presumably begins.
Distinguishing sedimentation, the increase in "particle” concentration due to
gravity settling “without particle-to-particle contact” (i.e., at zero effective
stress), completely from consolidation, the increase in solids content as a result of
the applied self-weight effective stress, is an almost impossible task since both
phenomena undoubtedly proceed simultaneously particularly in the mid-stages of
settling.

M i c h a e l s  a n d  B o l g e r  ( 1 6 6 2 )  b a s e  t h e i r t heo ry  fo r  i n t e rmed ia t e  s lu r ry
concentrations on the experimental fact that during the early free-fall settling
period, there exists a region extending from the interface a certain distance
downward whose density is constant and equal to the density of the original
suspension. This equal density zone, "plug" or control volume varies in length
during the test. Its weight is supported by buoyancy, fluid friction due to upward
flow, the aggregate network (i.e., shear forces at the walls of the container), and
the compressive strength of the underlying compressed zone of material.

By establishing equilibrium of forces on the control volume, Michaels and Bolger
obtain the general settling equation for flocculated suspensions:

where: field settling rate in an infinitely large container (Q' varies
with time)
laboratory settling rate in a container having a diameter,
Do, and an initial height, Zo (Q varies with time)
yield diameter
yield height (Zy varies with time)

*Phosphatic clay from primary launders is typically deposited in settling areas at
an initial solids content of 3-4%, and hence is not characterized as a dilute
suspension. Phosphatic clay from the secondary launder, however, is typically at a
solids content of 1.0% and may exhibit settling behavior similar to a dilute
suspension.
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The significance of the yield diameter and yield height is that if Do < Dy or if Zo <
Zy then Q is zero, which means that the slurry will not undergo free-fall
settling. It will, however, exhibit consolidation or compression settling which the
Michaels and Bolger theory does not model.  For  a  given clay volume
concentration,      Dy is dependent on the yield shear stress between the
container wall and the settling slurry plug, and Zy is dependent amongst other
things on the compressive yield strength of the aggregate network. The above
equation indicates that if Do and Zo are sufficiently large, the settling rate in the
laboratory is equal to the settling rate in the field. Dy/Do can be taken equal to
zero if a large diameter container is used since Dy for solids contents up to 8% is
generally smaller than 0.3 cm**.

Note that the effects of container height and diameter in the settling equation are
uncoupled since the settling rate depends on the ratios Dy/Do and Zy/Zo . This is
obviously not true for compression and consolidation settling where the ratio of
height of clay sample to container diameter influences the friction force
experienced at the container walls.

Michaels and Bolger derive equations that can be used to determine the following
parameters that influence settling behavior:

maximum laboratory settling rate
maximum field settling rate
yield height at maximum settling rate
floc volume concentration
aggregate volume concentration
average pore diameter

These parameters can be determined from graphical solutions as subsequently
illustrated.

2.4.1 Height Effect and Field Settling Rate

For a given initial solids content and corresponding clay volume concentration,
extrapolation of laboratory settling rates in a given size container to field settling
rates can be determined from tests with varying initial heights. As shown below,
the maximum field settling rate, Q’1,
settling rate, Ql,

is determined from the maximum laboratory
from tests with varying initial heights, Zo, by constructing a

plot of 1/Z o versus Ql.
linear relationship.

For intermediate concentrations, this plot ideally yields a
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The ordinate intercept on this plot is the maximum field settling rate, Q’1,
corresponding to an infinitely high sample (i.e., l/Z0 =    = 0). The inverse of
the abscissa intercept is the yield height at the maximum settling rate, Zyl.

Similar plots may be prepared at different times, say tα  instead of t1,  to
determine Zyα and Q’α. Using this approach for several values of to allows
extrapolation of the field settling rate, Q'α ,  at any time to from laboratory
settling rates at the same time.

2.4.2 Floc Volume Concentration and Final Height

Physically, the floc volume concentration     is the ratio of the volume of the
flocs to the total volume of the clay suspension. Flocs consist of small clusters of
clay particles. The floc volume concentration depends on the type of clay
minerals and the initial solids content or clay volume concentration. For a given
clay, the size of the flocs increases with increasing initial solids content.

For a given initial solids content or clay volume concentration, the corresponding
floc volume concentration can be determined from tests with varying initial
heights. As shown below, the floc volume concentration is determined from the
slope of the linear portion of the curve obtained by constructing a plot of     
versus final height, ZF.
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Physically,     is the height of clay solids.
solids content the final height,  Z ,F

Hence, for a given clay and initial
must increase as the initial height, Zo,

increases. Assuming that the clay flocs form a final structure that can be
modeled as a random, closely-packed array of uniform spheres, where the solid
volume fraction is 0.62*, the final settled height of a suspension with initial height
Zo, is:

where b is a constant additional height resulting from the presence of an upper
low density settled zone where the flocs are not as closely packed.

2.4.3 Aggregate Volume Concentration and Pore Diameter

At the slow shear rates which occur in settling tests, the flocs of clay particles
group into clusters designated as aggregates. From settling tests with varying
initial clay volume concentrations, Michaels and Bolger (1962) show that the
aggregate volume concentration and pore diameter can be determined from a
linear plot of    versus  .
varying initial solids content or    with Q' 1 and   determined as described in

A series of tests on a clay is necessary with

Sections 2.4.1 and 2.4.2, respectively. From these data a plot of    versus       
is obtained for a given clay as shown below.

Physically, the aggregate volume concentration,     is the ratio of the volume of
the aggregates to the total volume of the clay suspension. An aggregate is
composed of flocs with entrained inter-floc water. The total volume of the clay

*Physically, a solid volume fraction of 0.62 implies that the ratio (Zflocs/ZF) =
0.62, where Zflocs is the height of flocs.
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suspension, therefore, is composed of aggregates with entrained inter-floe water 
and inter-aggregate “free” water. When aggregates comprise the entire volume of 
the suspension, no free-fall gravity settling occurs and Qrl is zero. The intercept 
of the linear relation between Q’,/o, and $F, 
of 1.0. For other values of Q1 

therefore, corresponds to a $A value 

is determined from the ratio o t 
/$K and corresponding value of +F, the Value of $A 
$ to the abscissa intercept. 

The pore diameter, d , is the average diameter of the drainage paths between 
aggregates. According to Michaels and Bolger, given enough time in a container 
of infinite size, the drainage paths between aggregates tend to approach the 
configuration of smooth vertical tubes rising through the aggregate network, at 
which time the settling rate increases to the maximum value, Qtl. At this point, 
the maximum settling rate is: 

(5) 

where g is gravitional acceleration, y, is the unit weight of water, P is the 
specific gravity of clay solids, P 
absolute viscosity of water, and ‘ps 

is the supernatant specific gravity, uw is the 

when 4 
is the ratio $A/$ 

F 
= 0 the ordinate intercep of Qf /$ is Al! 

l S 
l&J--P > 

value o d can be determined. Conversely, w 
gyw 

. From t$is relationship, 
dP I32 IA and the 

en Q’, = 0, he abscissaWintercept 
of +F is l/eAF from which $A can be determined for any $J~. . 

Note that the floe and aggregate volume concentrations, $F and @A, respectively, 
are not only dependent on clay minerals but also on the initial solids content or 
clay volume concentrations, 0,. 

2.4.4 Diameter Effect 

If the diameter of the laboratory settling test container, Do, is not greater than 
the yield diameter, D of the clay suspension, there is no gravity settling or 
accelerated settling &!te period. Michaels and Bolger show that the yield 
diameter can be determined from the equation: 

Dy = 4(ry/g) / Y w@-Pw)+H (6) 

where ry is the yield stress of the clay suspension. 

For kaolinite at an initial solids coytent of 8.0% (9, = 0.0321, Michaels and Bolger 
report a yield stress of 3 dynes/cm and a yield diameter of 0.24 cm. Hence, for 
many clays and for initial solids contents less than 8.0%, the yield diameter is 
small. For the container diameter of 10.4 cm used during this investigation the 
ratio D /D would be 0.023 for kaolinite at an initial solids content of 8.0%. 
TherefoFe, &uation 3 predicts that settling rates in a 10.4 cm diameter container 
would be only 2.3% less than in a container of infinite diameter. For most 
applications the diameter effect is, therefore, negligible unless consolidation 
takes place subsequent to settling. 
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PHOSPHATIC CLAY FROM 
12 MINE SITES 

, h 
* 

-.‘..", . \.;: 
,*f ,: '. 

CONSTANlMmALHEiGHlfEStSE~S 
3 SETTLING TESTS PER CLAY: 

OH,=24 cm 
Si=l,O, 3.0 & 8.0% 

VAf&WNfllALHElGHTTESfSERES 
8 SETTLING TESTS ON 8 OF 12 CLAYS: 

*H0=6, 12, 18 & 24 cm 
j&73.0% 

l &=6.,12, 18 & 24 cm 
853.i =8.. 0 % 

SAND-CLAY MIX TEST SERIES 
6 SETTLING TESTS ON 3 OF 12 CLAYS, 
AT 2 DIFFERENT INITIAL CLAY SOLIDS 
CONTENTS: 

aH,=24 cm 
SCR=l:l, 2:l & 3:l 
Sic’Sic(l) 

*Ho=24 cm 
SCR=l:l, 2:l & 3:l 
sic'si,(2) 

NOTATION: H =INITIAL SAMPLE HEIGHT; S.=INITIAL SOLIDS CONTENT; SCR=SAND-CLAY RATIO; 
ST =INITIAL CLAY SOLIDS CONtENT; AND Si (1) AND Si (2)zVARIABLE INITIAL 
CLAY SOLIDS CONTENT CEPENOENT OF SPECIFfC CLAY SAMbLE. 

EXPERIMENTAL SCHEME FOR 
EVALUATION OF SEDIMENTATION BEHAVIOR 

FIGURE 2-l 
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SETTLING “COLUMNS” 

FIGURE 2-2 
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TYPlCAL HEIGHT VS. TIME CURVES FOR DILUTE AND
INTERMEDIATE CONCENTRATION FLOCCUATED CLAY SUSPENSIONS

FIGURE 2-3
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Section 3

SEDIMENTATION  BEHAVIOR OF PHOSPHATIC CLAYS

The objective of the present investigation of the sedimentation behavior of
phosphatic clays is to determine the range of settling behavior and final solids
contents of phosphatic clays after deposition and gravity settling within an
impoundment, and to attempt to determine the physical parameters governing the
settling behavior of phosphatic clays. To achieve this objective over 100
laboratory settling tests on twelve phosphatic clays were performed with various
initial solids contents and sample heights.

All settling tests performed on the phosphatic clays are presented and evaluated
in this section. The results from constant initial height settling tests with initial
solids contents of 1.0, 3.0 and 8.0% are first reported. The results from variable
initial height settling tests are then presented for eight of the twelve clays with
interpretations of physical parameters according to the Michaels and Bolger (1962)
methodology. Finally, the void ratio (or solids content) versus effective stress
compressibility curves at low stresses inferred from the settling tests are
described.

3.2 Constant Initial Height Settling Test Series

Constant initial height settling tests were performed on each of the twelve
phosphatic clays. An initial height, Zo, of 24 cm was used for the test series.
Initial solids contents, Si, of 1.0, 3.0 and 8.0% were selected to provide settling
characteristics for the range of initial solids contents likely to result for clay
slurry from a primary launder and to provide samples exhibiting dilute suspension
settling behavior (Si = 1.0%), intermediate concentration settling behavior (Si =
3.0 to 8.0%)* and compression settling behavior (Si = 8.0%) as defined by Michaels
and Bolger (1962).

The constant height settling tests were evaluated to determine solids content
versus time, settling rate versus time, and the final solids content achieved after
30 to 40 days when settling was assumed to be complete as no significant
additional settling was observed.

3.2.1 Final Solids Content

Results from constant initial height settling tests graphically summarized as solids
content versus time are presented in Figures 3-1, 3-2 and 3-3 for initial solids

*It was anticipated that some clays with an initial solids content of 8.0% would
exhibit intermediate concentration settling behavior while others would exhibit
compression settling behavior.
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contents of 1.0, 3.0 and 8.0%, respectively. The final solids contents selected for
each clay are listed in Table 3-1 and are also shown on the figures. Height of
interface versus time, height of interface versus the log of time, and average
solids content versus time plots for each of the settling tests are presented in
Appendix B, Figures B-1 through B-36.
summarize relevant test data.

Appendix A, Tables A-1 through A-12

As shown in Figures 3-1, 3-2 and 3-3, the test results clearly indicate that
significant variability exists between the settling behavior of phosphatic clays at
each initial solids content. Some phosphatic clays exhibit little gravitational
settling increse in solids content, while others exhibit significant increases in
solids content. For an initial solids content of 3.0%, the increase in solids content
due to gravitational settling varies from a low of 2.4% (i.e., from 3.0 to 5.4%) to a
high of 14.8% (i.e., from 3.0 to 17.8%). The settling behavior of the twelve clays
generally occurs in three groups as shown in Figure 3-4. For all initial solids
contents the, lowest solids content versus time relationship occurs for the Agrico-
Saddle Creek samples, and the highest solids content versus time relationship
occurs for the AMAX-Big Four and/or CF Mining-Hardee samples. The remaining
nine clay samples yield a range of solids content versus time relationships
intermediate between these extremes. Figure 3-5 illustrates the typical behavior
of the lowest (Agrico), average (USSAC), and high (CF) solids content versus time
relationship.

The minimum, maximum and average final solids contents measured on the twelve
clays are summarized in Table 3-1 for each initial solids content. The average
final solids contents for initial solids contents of 1.0, 3.0 and 8.0% are 9.7, 10.9
and 12.9%, respectively. The variability from these averages are significant as
indicated by coefficients of variation (C.V.) of 22.0.to 43.5%. For an initial solids
content of 3.0%, the Agrico clay yields the minimum final solids content of 5.4%,
5.5% below the average, and the CF clay yields the maximum final solids content
of 17.8%, 6.9% above the average. The range of settling behavior measured on
the twelve clays is consistent with settling behavior observed on other phosphatic
clays (Table 3-1). The results from an initial solids content of 3.0% agree with the
range of 5.7 to 15.9% and average of 10.9% reported by Lamont et al. (1975) for
15 phosphatic clays tested with a somewhat similar initial solids content of 3.7%
(Figure 1-1).

The settling test results generally indicate that for a given clay, a slurry prepared
at an initially lower solids content will not obtain as high a settled solids content
with time as a slurry prepared at an initially higher solids content. This behavior
was also noted by Roma (1976) from settling tests performed on Mobil-Fort Meade
phosphatic clay (Figure 1-3). For example, for the USSAC-Rockland clay shown in
Figure 3-6, a slurry with an initial solids content of 1.0% settles to a final solids
content of 7.7%, whereas a slurry with an initial solids content of 3.0% settles to
a final solids content of 9.3%.

The percent settling completed versus log time for the Agrico, CF, Mobil and
USSAC phosphatic clays from an initial solids content of 3% is presented in Figure
3-7. As shown, the clays which settle to the lowest final solids content also
require a greater time to complete the same percentage of settling. The poor
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settling clays, therefore, are characterized by both a relatively lower final settled
solids content and relatively slower rate of "settling" than the good settling
clays.

Measurements of supernatant pH and specific conductivity obtained at the end of
the settling tests were consistent with values determined prior to testing. No
significant changes or trends on supernatant pH or specific conductivity were
observed during the 36 day settling test period.

3.2.2 Laboratory Settling Rate

The maximum laboratory settling rates, Q1, measured for each clay at initial
solids contents of 1%, 3% and 9% are summarized in Table 3-2 and Figure 3-8.
The maximum settling rates consistently decrease with increasing initial solids
content. For a given initial solids content, however, the maximum settling rate
varies considerably between phosphatic clays. Samples from Agrico-Saddle Creek
and CF Mining-Hardee consistently yield the slowest and fastest maximum
settling rates, respectively.

For a given initial solids content, the maximum laboratory settling rate increases
as the final settled solids content increases. As shown in Figure 3-9, for clays
with an initial solids content of 3% the maximum laboratory settling rate
increases from 0.2-0.4 cm/hour for final settled solids contents of 6 to 10% to 8.4
cm/hour for a final settled solids content of 17.8%, A trend of increasing settling
rate with increasing final settled solids content was also observed by Lamont et
al. (1975).

The maximum laboratory settling rate is an instantaneous settling rate that occurs
relatively early in the settling test in comparison to the time required to reach
the final settled solids content. Figures 3-10, 3-11 and 3-12 illustrate the time at
which the maximum settling rate occurs, t1, and the solids content at this time,
St1, for Agrico, CF and USSAC phosphatic clays at initial solids contents of 1.0,
3.0 and 8.0%, respectively.* As shown, the time required to reach the maximum
settling rate increases for clays with slower settling rates and lower final settled
solids contents. For each initial solids content, however, the clays have a
relatively similar solids content at the time of the maximum settling rate. For
initial solids contents of 1.0, 3.0 and 8.0%, the average solids contents at the time
the maximum settling rate occurs are 1.2, 3.5 and 8.2%, respectively.

While the maximum laboratory settling rate is of interest to characterize the
settling behavior of phosphatic clays, the average settling rate from the initial to
final solids content is more appropriately represented by the average secant
settling rate, Qs. The average secant settling rate is the slope of the line between
the initial and final height of interface versus time. For determining the average
secant settling rate the final height and time were defined at the intersection of

*These clays are representative of clays with low, high and average final settled
solids contents, respectively.
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the linear portion of the tail end of the height of interface versus time curve with
the initial. curved portion of the settling curve (Figures B-13 through B-24). Table
3-3 presents the average secant settling rates determined for an initial solids
content of 3%. As shown, the average secant settling rate ranges from 0.026 to
0.073 cm/hour and averages 0.054 cm/hour.

3.2.3 Comparison With Settling Tests on Primary and Secondary Launder Clay
Samples

The results from settling tests on primary and secondary launder clay samples are
summarized in Table 3-4. Height of interface versus time and versus log time
plots are presented in Appendix B, Figures B-13 through B-36. The initial solids
contents for these tests were similar to the solids contents determined for the
primary and secondary launders.*

As shown in Table 3-4, the measured final solids contents for the primary and
secondary launder samples, SF(m), agreed in general with the predicted solids
contents, SF(p) based on the constant initial height settling tests for corresponding
settling area phosphatic clay with initial solids contents of 1, 3 and 8%. The basis
for each predicted solids content is shown in Table 3-4. For primary launder
samples with initial solids contents of 2.8 to 6.4%, the predicted final solids
contents are, on the average, 15% greater than measured. For secondary launder
samples with initial solids contents of 0.5 to l.l%, the predicted final solids
contents are, on the, average, 10% less than measured. The differences between
measured and predicted values are generally small, especially if one considers that
the clay samples are not likely to be identical. Settling tests performed on
se t t l i ng  a r ea  s amp le s  d i l u t ed  t o  1% a r e  be l i eved  r ep re sen t a t i ve  o f  t he
sedimentation behavior of secondary launder clays, and settling tests performed
on settling area samples diluted to 3-8% are representative of the sedimentation
behavior of primary launder clays.

3.3 Variable Initial Height Settling Test Series

Variable initial height settling tests were performed on eight phosphatic clays.
The eight selected included the Agrico, AMAX, Beker, CF, IMC, Mobil, Occidental
and USSAC phosphatic clays. ** Initial solids contents of 3 and 8% were selected
and initial heights of 6, 12, 18 and 24 cm were used. The variable initial height
settling tests were evaluated in detail with the Michaels and Bolger (1962)
methodology to determine parameters describing the settling characteristics of
flocculated clay suspensions. Void ratio versus effective stress relationships at
low stresses were also determined from the variable initial height settling tests.

*Refer to Volume 1, Section 2, Table 2-2 for the solids contents measured on
samples from the primary and secondary launders.
**The Estech phosphatic clay was also tested with variable initial heights for an
initial solids content of 3%.
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Solids content versus time and height of interface versus time plots for each
settling test are presented in Appendix C, Figures C-1 through C-34.

3.3.1 Field Settling Rate

For a given initial solids content, Si, or clay volume concentration,    and
several settling tests with varying initial sample heights, the maximum field
settling rate can be extrapolated from maximum laboratory settling rates using
the Michaels and Bolger (1962) methodology. Comparison of the extrapolated
field settling rate and the measured laboratory settling rate shows the effect of
limited sample height or container diameter relative to what is expected to occur
in the field for an “infinite size container”.

The maximum field settling rate is determined from the relationship between the
maximum laboratory settling rate, Q1, for various initial heights, Zo. The
maximum field settling rate, Q’1 , corresponds to Q1 for a 1/Zo value 0 i.e.,
infinite container height). Graphical plots of Q1 versus 1/Zo for each clay at
initial solids contents of 3 and 8% are shown in Appendix D, Figures D-1 through
D-17. The height of interface versus time and time at which the maximum
settling rate occurs for each initial height are also shown on these figures.

Typical plots of Q1 versus 1/Zo are presented in Figure 3-13 for selected clays at
an initial solids content of 3%. The extrapolated maximum field settling rates are

shown at 1/Zo = 0 or the ordinate intercept. For most phosphatic clays, the
maximum laboratory settling rate measured for an initial sample height of 6 cm
(l/Zo = 0.167 cm-l) was beyond the linear portion of the Q1 versus 1/Z0 curve
used to determine the maximum field settling rate.* Hence, only 2 or 3 data
points were available to extrapolate the data to the maximum field settling rate.

Table 3-5 presents the maximum field settling rates determined for each
phosphatic clay at initial solids contents of 3 and 8% using the procedure
illustrated in Figure 3-13. A comparison of maximum field and laboratory settling
rates** as a function of final settled solids content is shown in Figure 3-14 for an
initial solids content of 3%. Least squares linear regression analyses of maximum
laboratory and maximum field settling rates versus final settled solids contents
are also shown. The regressions indicate that field settling rates are greater than
laboratory settling rates measured on samples with initial heights of 24 cm. For a
final settled solids content of 8% the field settling rate is faster by a factor of 2.4
and for a final settled solids content of 18% they differ by a factor of 1.3. Similar
differences also result for clays at an initial solids content of 8%.

3.3.2 Yield Height

The significance of the yield height, Zy, for a given initial solids content is that if
the initial sample height, Zo, is less than Zy, there is no gravity settling or

*Except for the AMAX and Beker phosphatic clay samples (Figures D-2 and D-3).
**Maximum laboratory settling rates from initial sample heights of 24 cm.
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accelerated settling rate period. Instead, the interface of the suspension subsides 
at a continuously decreasing rate. For gravity settling to occur, therefore, the 
initial sample height must be greater than the yield height. 

Using the graphical methodology of Michaels and Bolger (19621, the yield height at 
the time of the maximum settling rate, Zyl, was determined for initial solids 
contents of 3 and 8%. Generally, for a given clay mineralogy, initial solids 
content and pore fluid chemistry, the value of Z 
test Z will vary, but wilI approach the value of y?! 

is constant. During a settling 

versusY1/Z curves presented in Appendix D, Figur P 
as t approaches tl. The Q 

s D-l through D-17 were use a 
to determke Z On these figures the abscissa intercept of the initial linear 
portion of ,the c&&e, corresponding to Ql = 0, is the inverse of the yield height. 
Figure 3-13 illustrates the determination of the yield height at the time of the 
maximum settling rate for several clays. 

Table 3-5 presents the yield height at the time of the maximum settling rate 
determined for each phosphatic clay at initial solids contents of 3 and 8%. The 
yield heights are in the range of 2.4 to 14.2 cm and 2.1 to 17.1 cm for initial solids 
contents of 3 and 8%, respectively. These yield heights are greater than the 
initial heights of some of the test samples indicating that “free-fall” gravity 
settling did not occur where the yield height was greater than the initial height. 
Theoretically, the yield height for an initial solids content of 8% should be greater 
than for an initial solids content of 3%. For three clays (AMAX, IMC and Mobil), 
however, the reverse relationship was found due to difficulties in accurately 
extrapolating the test data. 

To predict settling rates which occur in the field from laboratory sized settling 
experiments the effect of the initial sample height can be determined for the case 
of the maximum settling rate from the equation: 

Q1 = &I1 { 1 - (Zy,/Zo)) (1) 

Where: 
QT 

= maximum laboratory settling rate 

P 
= maximum field settling rate 

= initial sample height 
z;1= yield height at maximum settling rate 

For a range in yield heights, Z of 3 to 10 cm, which probably includes the yield 
heights for most phosphatic cl@& the value of ZyI/Zo for initial sample heights 
of 24.0 cm varies from 0.125 to 0.417. The maximum field settling rate, 
therefore, is generally on the order of 14 to 72% greater than measured in the 
laboratory on 24.0 cm high samples. This result is useful to correct laboratory 
settling rates measured on clay samples where numerous tests are not performed 
to quantitatively determine the effect of sample height as done in Section 3.3.1 
above. 

3.3.3 Yield Diameter 

If the diameter of the settling test container, Do, is not greater than the yield 
diameter, Dy, of the clay slurry, there is no gravity settling or accelerated 
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settling rate period. Michaels and Bolger (1962) show that the yield diameter can
be determined from the equation:

The yield diameters determined for the Agrico, CF, Mobil and USSAC phosphatic
clays for initial solids contents of 3 and 8% are summarized in Table 3-6. The
yield diameters are relatively small and range from 0.11 to 0.51 cm.

The effect of the yield diameter can be evaluated from the equation:

For yield diameters of 0.11 to 0.51 cm and a settling test container diameter of
10.4 cm, the ratio Dy/Do varies from 0.011 to 0.05. The maximum field settling
rate, therefore, is only l to 5% greater than measured in the laboratory in a 10.4
cm diameter container.

3.3.4 Floc Volume Concentration

The Michaels and Bolger (1962) methodology is based on the premise that the
settling rate is not directly dependent on individual clay particle sizes, but rather
on flocs consisting of clusters of particles.The floc volume concentration,  
depends on the type of clay minerals and the initial solids content or clay volume
concentration. The size of the flocs increases with increasing initial solids
content. Further, for a given initial solids content the greater the floc volume
concentration, the lower the final settled solids content.

The floc volume concentration is determined by the slope of the linear portion of
the curve obtained by constructing a plot of     versus the final settled height,
ZF. These plots are presented in Appendix E, Figures E-1 through E-17 for each
phosphatic clay for initial solids contents of 3 and 8%. The least squares linear
regression equations for the fitted lines are also shown on the figures and
summarized in Table 3-7.

The determination of the floc volume concentration is based on the assumption
that the clay flocs form a final structure of random, closely-packed array of
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spheres having a solid volume fraction of 0.62. The final settled height of a
suspension, therefore, can be written as:

By definition, the floc volume concentration,     is the ratio HF/Zo. Equation 4,
therefore, can be rewritten as:

Where  a and b  are  leas t  squares  es t imators  for  the  s lope and in tercept ,
respectively. Combining equations 5 and 6 yields the following expression for    

The floc volume concentrations determined from Equation 7 are presented in
Table 3-7 and graphically summarized in Figure 3-15 as a function of the clay
volume concentration which is directly related to the initial solids content. As
shown, the floc volume concentration varied from 0.092 to 0.313 for an initial
solids content of 3% and from 0.229 to 0.525 for an initial solids content of 8%.
Agrico phosphatic clay displayed the greatest floc volume concentrations and CF
clay generally displayed the lowest floc volume concentrations.

Figure 3-16 illustrates a correlation found between the slope, a, or normalized
floc volume concentration at an initial solids content of 3%,          and liquid
limit for the nine phosphatic clays investigated on this study and three additional
phosphatic clays from the Agrico-Fort Green Mine. As shown, ten of the twelve
clays plot along a linear relation between liquid limit and      with a
correlation coefficient of 0.984. The Beker and Mobil clays, however, yield
behavior not consistent with the other clays, which indicates that the correlation
is not applicable to all phosphatic clays. Despite the two outliers, the correlation
appears  appl icable  to  most  c lays  and shows an increase  in  f loc  volume
concentration with increasing liquid limit or plasticity.

Physically, the floc volume concentration is the ratio of the volume of the flocs to
the total volume of the clay suspension. Flocs are composed of clusters of clay
particles plus inter-floc water. For a given initial solids content, the greater the
floc volume concentration the greater the amount of inter-floc water, and hence
the lower the final settled solids content. For an initial solids content of 3% and
corresponding clay volume concentration of 0.011, the floc volume concentrations
are 0.092 and 0.313 for the CF and Agrico clays, respectively. Therefore, for the
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floe volume approximately 3 times larger than the CF sample. 

3.3.5 Aggregate Volume Concentration and Pore Diameter 

At the slow shear rates which occur in settling tests, the floes of clay particles 
group into clusters designated as aggregates. From settling tests with varying 
initial clay volume concentrations, 4 

cr: 

, Michaels and Bolger (1962) show that the 
aggregate volume concentration an pore diameter can be determined from a 
linear plot of OF versus &I,/+ . 

?i 
Since a sufficient number of settling tests at 

differing oK were not performe to accurately define the linear $ versus Q’ 
relation, it was assumed that the two data points availaole for each clay h 

/oK 
rom 

initial solids contents of 3 and 8% were on the linear portion of the curve. This 
assumption is reasonable since the deviation from linearity occurs near the 
ordinate intercept (Section 2.4.3). The results obtained with this assumption are 
presented in Table 3-8 and graphically summarized in Figure 3-17. 

Physically, the aggregate volume concentration is the ratio of the volume of the 
aggregates to the total volume of the clay suspension. For an initial solids 
content of 3%, @A varies from 0.33 to 0.59 for the CF Mining and Agrico-Saddle 
Creek clays, respectively. These values indicate that the aggregates compose 
33% and 59%, respectively, of the total volume of the suspension with “free” 
inter-aggregate water comprising the remaining volume of the suspensions. At an 
initial solid content of 8%, $A, varies from 0.90 to 0.99 for all eight clays tested. 
These values indicate that aggregates comprise almost the entire volume of the 
suspension. Since there is little or no “free” inter-aggregate water there can be 
no significant free-fall gravity settling. Instead, the interface slowly subsides due 
to the squeezing-out of the inter-aggregate water. 

As shown in Table 3-8, the ratio of the aggregate volume concentration to the floe 
volume concentration, CAF, varies from 1.88 to 3.96. For an aggregate volume 
concentration of 1.0, therefore, the corresponding floe volume concentrations 
range from 0.53 to 0.25 (i.e., l/C 
are composed of approximately 5 & 

). Physcially, this means that the aggregates 
floes and 50% water, and 25% floes and 75% 

water, respectively. When the aggregate volume concentration is 1.0 no “free- 
fall” settling occurs. The floe volume concentrations for each clay at which the 
aggregate volume concentrations equal 1.0 are shown on Figure 3-18. The 
corresponding clay volume concentrations generally vary from 0.030 to 0.035, 
indicating that for initial solids contents greater than 8 or 9% no “free-fall” 
settling occurs. 

The pore diameters, shown in Table 3-8 are constant over the range of 
aggregate volume cone 
diameters range from 27x10- 

ns of 0.33 to 1.0 used in the calcui$tions. The pore 
cm for the Agrico clay to 81x10 cm for the CF 

clay. The larger pore diameters occur for the faster settling rates. For pure 
kaolinite, which settles much faster than phosphatic clays, Michaels and Bolger 
(1962) report a pore diameter of 180~10-~ cm for initial solids contents of 4 to 
8%. 
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The settling behavior of phosphatic clays can be explained by the floe volume 
concentration, @F, and/or aggregate volume concentration, o *. At a given initial 
clay volume concentration, 9,, or initial solids content, S., en e clays that exhibit 
a higher $F and, hence, higher (!)A have a greater amount oif trapped inter-floe and 
inter-aggregate water and, hence, will not settle as much as clays with lower floe 
and aggregate volume concentrations. Therefore, the higher 6, clays will have a 
lower final settled solids content, S 

x 
. 

which exhibit larger aggregates an 
Moreover, the higher @F clays at a given Si 

more trapped water are characterized by a 
smaller effective pore diameter and more tortuosity and, hence, a slower rate of 
settling. For example, referring to Figure 3-18 at an initial solids content of 3% 
(k = O.Oll), the CF clay which has a much lower @ than the Agrico clay is 
expected to settle faster and to a higher solids content t K an the Agrico clay. 

The same phosphatic clay has a higher floe and aggregate volume concentration at 
increased initial solids content, S. (see Figure 3-18). Hence, the higher S or 
clay sample will not settle as h. muc Nevertheless, the higher Si sample wil i ? sett e 
to a higher final settled solids content SF as was illustrated in Figure 3-6. At an 
initial solids content, Si, of 1% and 8%, the USSAC clay settled to final solids 
contents, S 

B 
, of 7.7% and 11.4%, respectively. Note that the settled solids 

content of .7% for an Si of 1% is approximately equal to the starting condition at 
an initial solids content of 8%. However, when the higher Si sample is mixed in 
preparation for settling, the aggregate network that would have been formed in 
the settled sample (SF = 7.7%) is broken up and some entrapped water is released 
until a new more extensive aggregate network is reformed due to the larger 
quantity of clay in the higher S. sample at the same initial slurry height. The 
partial release of entrapped 4 wa er is sufficient to result in an increase in S 

F 
. 

(This finding is consistent with the theory of consolidation which would indica e 
that the higher S. clay would be subject to a higher effective stress and, hence, 
additional consoh *a ation resulting in a higher S .) Moreover, the higher Si clay has 
a higher floe and aggregate volume concen rations lz and hence a longer more 
tortuous pore water path. It is, therefore, expected to settle at a slower rate. 

As shown in Table 3-8 and Figure 3-18, the phosphatic clays are naturally 
flocculated to varying degrees. Had this not been the case, the above conclusions 
would not have been valid since colloidal particles would have remained in 
suspension precluding the formation of a clear supernatent/settled clay 
interface. 

3.3.6 “Final” Settled Height and Field Solids Content 

Using the equations that were presented in Figures E-l through E-17 and 
summarized in Table 3-7, the “final” settled height for any initial height at initial 
solids contents of 3 and 8% can be obtained. As shown in Figure 3-19 for 
phosphatic clays at an initial solids content of 3%, the final settled height varied 
considerably between clays with the same initial sample height. Agrico 
phosphatic clay consistently yielded the greatest final settled heights, and CF 
phosphatic clay yielded the lowest final settled heights. 

*As shown in Table 3-8, an increased bF corresponds to an increased eA. 
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Based on Equation 6 presented above, it can be shown that the final average solids 
content, SF, for a given initial height can be calculated from the following: 

sF = pc/ { ~-1 +a(b + Z,4,)/Z,~,) ) 

Where: 

oc 
= specific gravity of clay solids 

ci = 

b = ~~YX,ot’e %t.~~~1~Y %g Ei& Z,$K curve 

For relatively small values of initial height in comparison to the b value, the 
average final solids content increases slightly with increasing initial sample 
height. For large values of initial height in comparison to the b value, the average 
final solids content remains essentially independent of initial height. 

3.4 Void Ratio Versus Effective Stress 

The final settling test heights and solids contents were used to estimate the solids 
content (or void ratio) versus effective stress compressibility curves at the very 
low effective stresses that result from limited self-weight consolidation.* 
Although results from settling tests have been used to establish compressibility 
curves at low effective stresses (Carrier and Keshian, 19791, the simplifying 
assumptions involved (constant solids content with depth, linear effective stress 
distribution with depth, and no significant change in effective stress across the 
layer) render such a relationship somewhat questionable unless additional testing 
is performed and an iterative procedure used to render the relationship more 
accurate. In this study, the effective consolidation stress ijvc, and void ratio, e, 
were determined from settling tests on the same clay with initial heights of 6.0, 
12.0, 18.0 and 24.0 cm. The effective stress vs. void ratio relationship was 
developed for the lowermost initial 6.0 cm clay zone for each test. This was 
accomplished by first determining ZE, (Jvc and e for the 6.0 cm high test sample. 
The final height, ZF, of the 6.0 cm high sample was then subtracted from the final 
height of the 12.0 cm high sample to determine the ZF and e of the lower 6.0 cm 
zone of the 12.0 cm high sample. This iterative approach was continued for the 
18.0 and 24.0 cm high samples. The advantage of this approach over the simpler 
technique of taking one average avc and e for each test is that it accounts for 
variations in solids content with depth. 

The void ratio versus effective stress relationship developed for each clay from 
the variable height settling tests using this approach and from the constant height 
settling tests using the simpler average approach are shown in Appendix F, Figures 
F-l through F-9. Tables F-l through F-9 summarize relevant data used to 
determine the void ratio versus effective stress relationships. Least squares 

*Solids content, S, and void ratio, e, are related 
where p is the specific gravity of clay solids. 

by the expression: e = (o(l-S)/S), 
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power function linear regressions of the form          are shown on Figures F-1
through F-9 for seven of the clays where the data were sufficiently consistent to
yield meaningful regressions.* Table 3-9 summarizes the power function
coefficients α and β. Selected uncharacteristic data points were not included in
some of the regressions.** The power function relation between void ratio and
effective stress was generally found to yield the highest correlation coefficient
from several forms of relationships (i.e., linear, exponential, power function,
hyperbola, inverse linear and inverse hyperbola).

Figure 3-21 compares the void ratio versus effective stress relationships at low
effective stress determined for five phosphatic clays. As shown, the clays exhibit
a wide range of compressibility behavior. The Agrico phosphatic clay exhibits the
highest void ratio at low effective stresses with a range in void ratio of 70 to 24
for effective stresses of 0.10 to 2.0 lb/ft2 . In contrast, the CF phopshatic clay
exhibits the lowest void ratio, with a range in void ratio of 15 to 11 for the same
stresses.

The power function coefficients α and β seem to be governed by the plasticity of
the clay. The α coefficient tends to increase with increasing plasticity index, PI,
as shown in Figure 3-22. Similarly, the β coefficient increases with increasing
plasticity index. Physically, these trends indicate that the higher the plasticity of
the clay: (i) the higher the void ratio at a given stress; and (ii) the greater the
compressibility of the clay. Although the trends in the data are clear, linear
regression analyses performed on α and β as a function of the plasticity index
indicated relatively low correlation coefficients of 0.78 and 0.73, respectively.

3.5 Variability in Sedimentation Behavior at a Given Mine Site

The settling test results clearly indicate that significant variability exists between
the sedimentation behavior of phosphatic clays from different mine sites. A
comparison of settling tests from Lamont et al. (1975) and Roma (1976) with
current tests from the same mine sites, however, also reveals relatively large
differences. The final settled solids contents at approximately 30 days from the
three series of settling tests are summarized in Table 3-10.

Although the final settled solids contents from the Lamont et al. (1975) series of
tests should be slightly higher due to the higher initial solids content, the
difference between the series of tests are occasionally much larger than can be
explained by this factor. As shown in Figure 3-4, the maximum expected increase
in final settled soids content by increasing the initial solids content from 3.0 to
3.7% is on the order of 1.0%. The most significant difference in sedimentation
behavior is observed for the Agrico-Saddle Creek phosphatic clay. In this study
the Agrico clay displayed the lowest final settled solids content, whereas in the

*Regressions were not performed on the AMAX and Estech test data.
**The data omitted from regression analyses are indicated by a question mark on
Figures F-1 through F-9,
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Lamont et al. (1975) study the Agrico clay displayed the greatest final settled
solids content. These results clearly indicate that large differences in the
sedimentation behavior of phosphatic clays occur at a given mine site, and that
the difference can be as large as occurs for clays from all Florida mine sites.

3.6 Correlations Between Index Properties and Sedimentation Behavior

Correlations between index properties and sedimentation behavior are useful to
allow prediction of the sedimentation behavior of phosphatic clays without
performing numerous relatively time consuming laboratory settling tests at least
for preliminary evaluations. Correlations can also be used to screen numerous
clay samples from a given site to allow selection of representative samples for
further laboratory testing. Finally, correlations between index properties and
sedimentation behavior provide a basis for comparison of phosphatic clays from
numerous sources.

3.6.1 Methodology

Correlations between index properties and sedimentation behavior were evaluated
sta t i s t ica l ly  to  y ie ld  predic t ive  re la t ionships  and indicate  the  degree  of
correlation between variables. Statistical analyses were performed with the
General Electric Information Service Statistical Analysis System II Program
STATII* routine CURV. Regression analyses of bivariate data were performed
with the curve-fitting routine CURV, which fits six curve types to the data:
straight line; exponential; power function; hyperbola; reciprocal of straight line;
and reciprocal of hyperbola.

3.6.2 "Final" Settled Solids Content

The only practical correlation found for sedimentation behavior was between
liquid limit and final settled solids content for a specific initial solids content.
The f ina l  se t t led  sol ids  content  for  an  in i t ia l  so l ids  content  of  3% and
corresponding liquid limit for the twelve phosphatic clays studied in this
investigation and seven additional clays are presented in Table 3-11. As shown in
Figure 3-23, there is some variability in the data, but a reasonable correlation was
found indicating decreasing final settled solids content with increasing liquid
limit. The correlation coefficient, r, of 0.784 indicates tht 61% of the variability
in final settled solids content is explained by variations in liquid limit. The
standard deviation of the estimated final solids content is 2.3%, indicating that
67% of the measured solids content values fall within ±2.3% of the estimated
values based on the established correlations.

Figure 3-24 illustrates a comparison of predicted versus measured final solids
contents based on the liquid limit correlation. As shown, 9 (47%) of the predicted
values are within ±10% deviation from the measured values, 14 (74%) of the
predicted values are within ±20% deviation from the measured values, and 5 (26%)
of the predicted values are beyond ±20% deviation from the measured values.
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Attempts to improve the accuracy of the correlation were made using final
settled void ratio instead of final settled solids content. The final void ratio and
final settled solids content are related by the expression ef = ρ(1-SF)/SF, where ρ
is the specific gravity of clay solids. The calculated values of the final void ratio
are presented in Table 3-11. As shown in Figure 3-24, a linear correlation was
found between the liquid limit and final settled void ratio. The correlation
coefficient of 0.803, however, is only slightly improved from the value of 0.784
found for the liquid limit versus final solids content correlation. Either
regression, therefore, is equally satisfactory for predicting the settling behavior
of phosphatic clays.

Settling tests performed on twelve phosphatic clays indicated a wide range of
settling characteristics. The sedimentation behavior of the phosphatic clays were
evaluated in detail to determine the solids contents of phosphatic clays just after
deposition within an impoundment, the time required to reach a given solids
content due to gravity settling, the final self-weight consolidation void ratio
versus effective stress relation, and the applicability of the Michaels and Bolger
(1962) methodology relating to the settling characteristics of flocculated clay
suspensions for evaluating the settling characteristics of phosphatic clays. The
significant practical findings obtained are summarized below.

Based on settling tests with an initial height of 24 cm and initial solids contents of
1, 3 and 8%, the following behavioral characteristics were observed:

For an initial solids content of 3%, which is similar to the solids content
of clay from primary launders, the final 30-day settled solids content
varies from 5.4 to 17.8% with an average of 10.9%.

The lowest settled solids content versus time relationship occurs for the
Agrico-Saddle Creek clay tested and the greatest settled clays content
versus time relationship occurs for the CF Mining-Hardee clay. The
settling behavior of these two clays brackets the range of settling
behavior encountered for phosphatic clays tested in this investigation
and that reported for other clays. Hence, the sedimentation behavior of
the specific Agrico and CF clays sampled for this investigation reflect
the range likely to be encountered for Florida phosphatic clays.

For a given clay, a slurry prepared at an initially lower solids content
will not achieve as high a final settled solids content with time as a
slurry prepared at an initially higher solids content.
behavior was also noted by Roma (1976).

This expected

The time required to achieve a given percent of the final settled solids
content varies considerably between phosphatic clays. Clays which
settle to a relatively low final solids content settle slower and require a
longer time than clays which settle to a relatively high final solids
content.
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Settling tests with initial sample heights of 6, 12, 18 and 24 cm were performed
with initial solids contents of 3 and 8% to evaluate the parameters describing the
settling characteristics of flocculated suspensions according to the methodology
of Michaels and Bolger (1962). Based upon results from variable initial height
settling tests on eight selected phosphatic clays, an evaluation of the various
parameters that influence settling behavior indicate:

The settling behavior of phosphatic clays is consistent with the Michaels
and Bolgers (1962) theory.   Their  methodology, therefore, is applicable
for interpretating results from settling tests on phosphatic clays.

For  an  in i t ia l  so l ids  content  of  3%,  which is  of  most  pract ica l
importance since primary launder slurry concentrations are typically in
the range of 3-4%, the maximum field settling rate is greater than
measured in the laboratory on 24.6 cm high samples by factors of 2.4 to
1.3  for  f inal  se t t led  sol ids  contents  of  8  to  18%, respect ively .
Laboratory  se t t l ing ra tes ,  therefore ,  should  be  increased when
predicting field settling rates to account for the effects of limited
container height.

The yield height and yield diameter for phosphatic clays with initial
solids contents of 3 and 8% where found to vary from 2.4 to 17.1 cm and
0.11 to 0.51 cm, respectively. In general, therefore, an initial sample
height greater than 18 cm should be used for laboratory settling tests on
phosphatic clays to achieve "free-fall" gravity settling. For yield
diameters of 9.11 to 0.51 cm, a container diameter of 10 cm will reduce
the settling velocity by only 1 to 5% from what is expected in the
field.

Phosphatic clays are naturally flocculated to varying degrees. For an
initial solids content of 3%, the floc volume concentration of phosphatic
clays  ranged f rom 0.092 to  6 .313.  Physically, the floc volume
concentration is the ratio of the volume of the flocs to the total volume
of the clay suspension, where flocs are composed of clusters of clay
particles and inter-floc water. Therefore, for the same initial solids
content, some phosphatic clays form flocs approximately 3 times larger
than other clays. The higher the floc volume concentration, the lower
the final settled solids content.

For an initial solids content of 3%, the aggregate volume concentration
of phosphatic clays ranged from 6.332 to 0.598. Physically, the
aggregate volume concentration is the ratio of the volume of the
aggregates to the total volume of the clay suspension, where aggregates
are composed of clay flocs and inter-aggregate water. These values
indicate that clay slurries starting at 3% initial solids content are
composed of 33% to 59% clay aggregates and 66% to 41% “free” inter-
aggregate water. At initial solids contents of 8 to 9% the aggregate
volume concentrations are approximately 1.0, indicating that no "free"
inter-aggregate water exists. Hence, at these solids content free-fall
settling does not occur.
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Void ratio versus effective stress compressibility curves were determined for the
phosphatic clays from the final settling test heights and solids contents. The
phosphatic clays exhibited a wide range of compressibility behavior. The Agrico
phosphatic clay displayed the highest void ratio at a given stress, with a range in
void ratio of 70 to 24 for effective stresses of 0.10 to 2.0 lb/ft2.  Conversely, the
CF phosphatic clay displayed the lowest void ratio, with a range in void ratio of 15
to 11 for the same stresses. The relationship between void ratio , e, and effective
stress, σvc, was best modeled by a power function of the form    :           
coefficients   and β generally increased with increasing plasticity index over
ranges of 17.6 to 30.8 and -0.15 to -0.36, respectively.

A comparison of final settled solids contents for phosphatic clays sampled at
different times from the same mine was made using data reported in the
literature. The comparison indicated that the variability in final settled solids
content of phosphatic clays produced at a given mine over time may be as large as
occurs for clays from all Florida mine sites.

The only practical correlation found between index properties and sedimentation
behavior was between the liquid limit and final settled solids content. Although
considerable variation exists in the data, the correlation is satisfactory for
predicting final settled solids contents when laboratory settling tests are not
available.

Gary Albarelli
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Table 3-l

FINAL SOLIDS CONTENT FOR PHOSPHATIC CLAYS WITH
INITIAL SOLIDS CONTENTS OF 1.0, 3.0 AND 8.0%
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Sample 

Agrico-Saddle Creek 3.0 0.90 45.91 0.999 0.313 8.0 0.80 27.98 0.999 0.525 
AMAX-Big Four 3.0 0.00 15.69 0.997 0.108 8.0 0.30 12.01 0.999 0.229 
Beker-Wingate Creek 3.0 0.45 23.57 0.999 0.162 8.0 0.85 18.49 0.999 0.350 

CF Mining-Hardee 3.0 0.12 13.34 0.999 0.092 8.0 0.26 13.33 0.999 0.250 
IMC-Noralyn 3.0 0.40 29.84 0.998 0.200 8.0 0.84 22.30 0.999 0.413 
Mobil-Nichols 3.0 0.34 20.34 0.999 0.134 8.0 0.86 17.50 0.999 0.317 

:. Table 3-7 

PLOC VOLUME CONCENTRATiON FOR PHOSPHATIC CLAYS 

ZF = b +a(Z,bR) 

Occidental-Suwannee River 3.0 0.40 25.68 0.999 0.175 8.0 0.30 23.35 0.999 0.439 
U SSA C-Rockland 3.0 0.90 30.15 0.999 0.202 8.0 0.94 22.53 1.000 0.418 

Where: S. = Initial solids content; b and a = Least squares estimators for intercept and slope of Z 
r = Correiation coefficient; $F = Floe volume concentration; @R = Clay volume concentration; an 8 

4 versus ZFI 
6 and ZF = 

Initial and final heights, respectively. 



Table 3-8 

AGGREGATE VOLUME CONCENTRATION AND PORE DIAMETER OF PHOSPHATIC CLAYS 

--k-k& 
Yw(PK- ~,h$/(32 VW/g> 

(cm/see) 
c&, 

(lo- cm) 
Q'l 

(cm/hour) 
Q' /OK 

(cm hour) 3) Sample 

Agrico-Saddle Creek 
Agrico-Saddle Creek 

AMAX-Big Four 
AMAX-Big Four 

Beker-Wingate Creek 
Beker-Wingate Creek 

CF Mining-Hardee 
CF Mining-Hardee 

IMC-Noralyn 
IMC-Noralyn 

Mobil-Nichols 
Mobil-Nichols 

Occidental-Suwannee River 
Occidental-Suwannee River 

USSAC-Rockland 
USSAC-Rockland 

3.0 0.0110 
8.0 0.0303 

3.0 0.0111 
8.0 0.0307 

3.0 0.0111 
8.0 0.0305 

3.0 0.0110 
8.0 0.0302 

3.0 0.0108 
8.0 0.0299 

3.0 0.0106 
8.0 0.0292 

3.0 0.0110 
8.0 0.0303 

3.0 0.0 108 
8.0 0.0299 

0.720 65.45 
0.063 2.08 

0.0442 

0.265 

0.269 

0.394 

0.0452 

0.302 

0.0207 

0.0562 

26.98 

66.82 

67.13 

80.56 

27.06 

68.64 

18.52 

30.17 

6.15 554.05 
2.74 89.25 

5.80 522.52 
0.120 3.93 

10.42 947.27 
4.15 137.42 

0.938 86.85 
0.247 8.26 

6.71 633.02 
0.444 15.21 

0.510 46.36 
0.120 3.96 

1.18 109.26 
0.297 9.93 

Where: Si = Initial solids content; $R 
concentration; C 
clay solids; p w = Q 

F = Ratio of 
= Clay volume’tioncentration; Q’l = Maximum field settling rate; $F = Floe volume 

@A/OF; $A = Aggregate volume concentration; de = Pore diameter; P 
pecific gravity of water; u w = Absolute viscosity of water; g = Gravitational acce Y 

= Specific gravity of 

of water. 
eration; y, = unit weight y 

2 
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FIGURE 3-9
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FIGURE 3-15
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Section 4

SEDIMENTATION BEHAVIOR OF SAND-CLAY MIXES

4.1 Introduction

Little published data exists on the sedimentation behavior of sand-clay mixes.
Since the sand-clay mix disposal method is potentially a feasible disposal
alternative, at least at some mine sites, the effects of adding sand on the
sedimentation characteristics of phosphatic clays are of interest. The objective
of the present investigation on the sedimentation behavior of sand-clay mixes,
therefore, was to determine the effect of adding sand tailings on settling
behavior, and on the final solids contents of phosphatic clays after deposition and
gravity settling within an impoundment. To achieve this objective, 22 laboratory
settling tests were performed on three phosphatic clays with varying sand-clay
ratios.

All settling tests performed on sand-clay mixes are presented and evaluated in
this section. Phosphatic clays from the Agrico, CF and USSAC mines were
selected for sand-clay mix settling tests. These three clays are representative of
relatively poor, good and average settling clays, respectively, and should indicate
the effect of sand-clay mix on the range of phosphatic clays likely to occur.
Various initial clay solids contents, sand-clay ratios and types of sand tailings
were used to determine the effect of these parameters on the settling behavior of
sand-clay mixes. Figure 4-1 summarizes the sand-clay mix laboratory settling
test program.

4.2 Testing Methods and Nomenclature

Constant initial height settling tests were performed on each sand-clay mix. An
initial height, Z ,o of 24 cm was used for this test series. Initial clay solids
contents, Sic, of 8 and 12% were used for each phosphatic clay. An additional
initial clay solids content of 16% was also used for the CF phosphatic clay. The
range of initial clay solids contents was selected to include the final solids
contents achieved after settling without sand from an initial solids content of 3 to
8%.

Sand-clay ratios, SCR, of 1:1, 2:1 and 3:1 by dry weight were used with each
initial clay solids content. In practice, the SCR is often defined by the ratio of
the dry weight of material retained on the 150 sieve (+150) to the dry weight of
material passing the 150 sieve (-150). Based on particle size analyses presented in
Volume 1*, the sand tailings typically have 96% by dry weight retained on the 150
sieve and 4% by dry weight passing the 150 sieve. Phosphatic clays typically have
96% by dry weight passing the 150 sieve and 4% by dry weight retained on the 150

*Refer to Volume 1, Section 2.6 for the particle size distribution of phosphatic
clays and Volume 1, Section 3.2 for the particle size distribution of sand tailings.
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sieve. Hence, for these average values a definition of sand-clay ratio by ratio of
dry weight of sand to clay or by ratio of +150 to -150 material yields the same
result. Depending on the actual particle size distributions of the phosphatic clays
and sand tailings being mixed, however, the two definitions may often yield
different values, but the differences will likely be small.

4.2.1 Nomenclature

For sand-clay mixes it is useful to define both the solids content of the combined
sand and clay, or total solids content, and that of the clay phase alone (assuming
all free water is within the clay phase), or clay solids content. The initial total
solids content,  Si t ,
expression:

and initial clay solids content,  Sic,  are related by the

Sit = (1 + SCR)/((1/Sic) + SCR) (1)

The final total solids content, SFt, and final clay solids content, SFc, are also
related by an identical expression. Rearranging terms in Equation 1 for SFc in
terms of SFt yields the relation:

SFc = 1/[((1 + SCR)/S Ft) - SCR]  (2)
The final actual total void ratio, eft, and final clay phase void ratio, efc  , are also
used in evaluating the settling test results. The final total and clay void ratios are
defined, respectively, by the following equations:

ef t  = (ρ(1-SF t)/SF t) (3)

efc = eft(1 + (ρcSCR/ρs)) (4)

Where: ρ is the effective specific gravity of the solids in the sand-clay mix; ρC is
the specific gravity of clay; and ρs, is the specific gravity of sand. The effective
specific gravity of the solids in the sand-clay mix is given by the following
relation:

The clay solids content, Sc, has been defined as the ratio of weight of clay solids
to weight of clay solids and water. This definition neglects the presence of the
sand both in terms of weight and volume. If the volume of sand is included as an
equivalent water phase (i.e., displaced pore water), then the effective clay solids
content, Sc, is related to Sc by the expression:

Moreover, if the volume of sand is accounted for as an equivalent displaced water
phase, then the effective clay void ratio,   
by the expression:

is related to the clay void ratio, ec,

(7)
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4.3 Sand-Clay Mix Settling Tests

4.3.1 "Final" Solids Contents

Results from constant initial height settling tests on sand-clay mixes graphically
summarized as average total solids content versus time and height of interface
versus time are presented in Appendix G, Figures G-1 through G-16. Individual
test results and relevant data for each clay are also summarized in Appendix G,
Tables G-1 through G-3.

The final settled clay solids contents, SFc, achieved for various sand-clay ratios
and initial clay solids contents, Sic, are summarized in Table 4-1. The total
initial, Sit, and final, , solids contents are also presented along with the final
effective clay solids content, SFc . As with the clay settling tests, the sand-clay

SFt

mix settling tests indicate significant variability in the final clay solids content of
various phosphatic clays. For an initial clay solids content of 12% and sand-clay
ratio of 2:1, the final clay solids contents range from 12.9 for the Agrico clay, to
15.3% for the USSAC clay, to 19.1% for the CF clay as shown in Figure 4-1.
Hence, the variability in settling behavior of sand-clay mixes is as great as the
settling behavior of clay alone.

The sand--clay mix settling test results indicate that a clay which settles to a
relatively low final clay solids content without sand, also settles to a relatively
low final clay solids content with sand. Hence, the addition of sand tailings does
little to increase the final clay solids content of a relatively poor settling clay
(i.e., Agrico clay) relative to that of a relatively good settling clay (i.e., CF
clay).

4.3.2 Effect of Sand-Clay Ratio

The effect of sand-clay ratio on settling behavior and final settled clay solids
content, SFC, is illustrated in Figures 4-3 and 4-4. As shown in Figure 4-3 for
USSAC sand-clay mixes, the final clay solids content increased with increasing
sand-clay ratio from about 11.0% without sand to 13.5% at a SCR of 3:1 Figure 4-
4 illustrates that this trend occurred for each clay tested. Least squares linear
regression analyses indicate that the trend is significant, since the correlation
coefficients, r, were relatively high in the range of 0.95 to 0.98. The correlations
indicate that the increases in clay solids content at the end of settling due to
sand-clay mixing are not very large. For the four data groups where regression
analyses were performed, the increase in clay solids contents at the end of
settling above that which occurs for clay alone ranged from 50 to 84% of the
sand-clay ratio. Hence, for a sand-clay ratio of 3, the clay solids contents
increased by 1.5 to 2.5%. The higher the initial clay solids content, the lower the
relative increase with increasing sand-clay ratio.

It should be emphasized that the beneficial effect of sand-clay ratio is not as
prominent with regards to the effective clay solids content, Sc. As shown in
Figure 4-3 for USSAC sand-clay mixes, the increase in final effective clay solids
content for various sand-clay ratios is less than 1% (see shaded band in Figure 4-
3). Hence, the effective clay solids content increased only to a minor degree due
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to the added weight of the sand. In effect, the main role of the sand during
settling is to displace an equivalent volume of pore water.

Figure 4-5 illustrates the trend in final effective clay solids content, Sc, with
increasing sand-clay ratio, SCR, for each clay tested. In general, as the SCR is
increased from 1:1 to 3:1, SFC remains relatively constant or decreases slightly.
This indicates that when the SCR is substantially increased the volume occupied
by the sand becomes relatively greater than the volume of water effectively
displaced; i.e., the additional sand is not as effective in displacing pore water.
For some clays mixed at some initial clay solids content, the final effective clay
solids content, Sc, increases slightly with increased sand-clay ratio up to a SCR of
1:1 (see Figure 4-5).

4.3.3 Effect of Initial Clay Solids Content

The effect of initial clay solids content on the settling behavior of sand-clay
mixes is of interest to determine the clay solids content which must be achieved
initially by either conventional settling or pre-thickening prior to adding sand
tailings for sand-clay mix disposal. Further, the initial clay solids content
required to prevent segregation of the clay and sand during settling must also be
established.

The sand-clay mix settling tests indicate that for a given clay and sand-clay ratio,
a slurry prepared at an initially lower clay solids content will not obtain as high a
settled clay solids content with time as a slurry prepared at an initially higher
solids content. This behavior is illustrated in Figure 4-5 for USSAC sand-clay
mixes with a sand-clay ratio of 2:1 and initial clay solids contents of 8 and 12%.
Similar behavior was also observed during clay settling tests (Section 3.2.1).

The effect of initial clay solids content on segregation of sand and clay particles
during settling was determined by measuring the percent soil fraction by dry
weight passing the U.S. No. 200 sieve (74 µm mesh size) within the top and lower
halves of the settled slurries. These results are presented in Table 4-2. The ideal
percent soil fraction passing the U.S. No. 200 sieve shown in Table 4-2 is based on
the assumption that the clay contains 100% -74 µm size particles and that the
sand contains 0% -74 µm size particles.

The results indicate that Agrico and USSAC sand-clay mixes prepared with initial
clay solids contents of either 8 or 12% did not segregate during settling. The -74
um size fractions within both the top and lower halves of the settled slurry of

these samples were always within 1% of each other and within 1 to 2% of the ideal
-74 µm size fraction.

Sand-clay mixes prepared with CF clay at initial clay solids contents of 8 and 12%
displayed segregation. The CF sand-clay mix prepared from an initial clay solids
content of 8% was unable to retain the sand in suspension, and segregation was
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visually observed during the settling test. * Segregation was not visually obvious
during the settling test for the CF sand-clay mix prepared from an initial clay
solids content of 12%. Particle size analyses performed on the top and lower
halves of the settled slurry, however, indicated that some segregation occurred as
evidenced by -74 µm size fractions 4 to 7% greater in the upper half than in the
lower half. As shown in Table 4-2, an initial clay solids content of 16% was
required to prevent segregation of the CF sand-clay mix.

Table 4-3 presents a comparison of initial sand-clay mix clay solids contents
required to prevent segregation with final settled clay solids contents achieved for
clay alone from an initial clay solids content of 3%. As shown, sand-clay mixes
prepared with initial clay solids contents approximately equal to or greater than
the final settled clay solids content achieved for clay alone from an initial solids
content of 3% displayed no segregation. Conversely, sand-clay mixes prepared at
an initial clay solids content below the final clay solids content achieved for clay
alone from an initial solids content of 3% displayed segregation. The degree of
segregation also increased as the initial clay solids content decreased.

Based on this comparison, the initial sand-clay mix clay solids content required to
prevent segregation varies significantly for the phosphatic clays. The settling
tests performed during this investigation suggest that the final settled clay solids
content achieved for clay alone from an initial solids content of 3% is adequate to
prevent segregation.

4.3.4 Effect of Type of Sand Tailings

The effects of variations in the type of sand tailings on settling behavior were
investigated for Agrico and CF sand-clay mixes. As noted in Volume 1, Section 3,
the gradation characteristics of the Agrico, CF and USSAC sand tailings were
similar. Hence, no effects from gradation were expected. As outlined in Volume
2, Section 5, however, the mineralogy of the CF and Agrico sand tailings varied
considerably. The Agrico sand tailings contained 60% quartz and 40% apatite,
whereas two CF sand tailings samples contained 85 and 15% and 94 and 6% quartz
and apatite, respectively. The corresponding specific gravities were 2.86 for the
Agrico sand tailings, and 2.72 and 2.69 for the two CF sand tailings samples.

Despite the variation in sand tailings mineralogy, no effect on the final settled
clay solids contents of the sand-clay mixes were observed. As shown in Table 4-1,
the Agrico sand-clay mix final settled clay solids contents were similar for both
series of tests, although the sand tailings contained 60% quartz and 40% apatite in
one series of tests and 85% quartz and 15% apatite in the other.

4.4 Void Ratio Versus Effective Stress

The final sand-clay mix settling test heights and clay solids contents were used to

*Due to the large amount of segregation observed, the test was terminated and no
final solids contents or particle size analyses were performed.
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estimate void ratio versus effective stress compressibility curves at the low
effective stresses that result from self-weight consolidation. Since tests with
varying ini t ia l  heights  were  not  performed for  the  sand-clay mixes ,  the
compressibility curves were established assuming that: the final clay solids
contents were constant with depth; the effective stress distribution was linear
with depth; and the effective stress at mid-height governed compressibility. The
clay void ratio, ec and effective clay void ratio, ec, versus effective stress
relationships developed for the Agrico, CF, and USSAC clays from this method are
presented in Figures 4-6, 4-7 and 4-8, respectively. Tables G-1, G-2 and G-3
summarize individual calculated void ratios and effective stresses.

The clay void ratio versus effective stress relations for sand-clay mixes have been
assumed by other investigators to be the same as the void ratio versus effective
stress relation for clay alone. As shown in Figures 4-6 and 4-8 for the Agrico and
USSAC clays, respectively, this assumption appears justified at low stresses, since
the clay void ratio versus effective stress determined from sand-clay mix settling
tests agrees well with the void ratio versus effective stress relationships
determined from clay settling tests. Note, however, that the effective clay void
ratio diverges from the established relationships at high SCR, indicating that the
effective clay solids content at the same effective stress would be higher for the
clay without sand (or with little sand). The void ratio versus effective stress data
determined from the CF sand-clay mix settling tests (Figure 4-7) displayed
greater relative variability than data determined from either the Agrico or
USSAC clays. If data exhibiting partical segregation is discarded, the agreement
between the effective clay void ratio, ec, and the void ratio versus effective
stress relationship for clay alone is relatively good at a SCR of about 2:1. At a
SCR of 1:1,ec is lower and, hence, Sc, is higher, than would have been predicted at
the same effective stress from the clay without sand relationship. At a SCR of
3:1, the opposite trend is observed.

4.5 Summary and Practical Implications

Settling tests performed on sand-clay mixes on three phosphatic clays indicated a
wide range of settling characteristics. The sedimentation behavior of the sand-
clay mixes were evaluated to determine the effects of initial clay solids content,
sand-clay ratio, and type of sand tailings. The three clays selected for preparing
sand-clay mixes, Agrico, CF and USSAC, were representative of relatively poor,
good and average settling clays, respectively, and should indicate the effect of
sand-clay mix on the range of phosphatic clays likely to occur in Florida. The
significant practical findings obtained from the sedimentation behavior of sand-
clay mixes are summarized below.

Based on settling tests with an initial height of 24 cm, initial clay solids contents
of 8, 12 and 16%, and sand-clay ratios of 1:1, 2:1, and 3:1, the following behavior
was found characteristic of sand-clay mixes:

Clays which settle to a relatively low final clay solids content without
sand, also settle to a relatively low final clay solids content with sand.
The addition of sand tailings does little to increase the final clay solids
content of a relatively poor settling clay relative to that of a relatively
good settling clay.
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The final clay solids content at the end of settling increases slightly
with increasing sand-clay ratio but if the volume occupied by the sand is
accounted for as an equivalent water phase, the effective clay solids
content may be adversely affected at high sand-clay ratios.

The initial clay solids content required to prevent segregation varies
significantly for the phosphatic clays. The final settled clay solids
content achieved for clay alone from an initial solids content of 3%
appears adequate to prevent segregation.

Variations in mineralogy of sand tailings from 60% quartz and 40%
apatite to 85% quartz and 15% apatite were found to have no effect on
sand-clay mix sedimentation behavior.

Void ratio versus effective stress compressibility curves were determined for the
sand-clay mixes from the final settling test heights and final clay solids
contents. Although the void-ratio versus effective stress relationship developed
for the clay appears to be also valid for the clay phase of sand-clay mixes,
siginificant deviations from this relationship were found for some clays at some
sand-clay ratios.
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CLAY SOLIDS CONTENTT VS. LOG TIME FOR
PHOSPHATIC CLAYS WITH INlTIAL CLAY SOLIDS

CONTENT OF 12% AND SAND CLAY RATIO OF 2:1



CLAY SOLIDS CONTENT VS. LOG TIME FOR
USSAC-ROCKLAND SAND-CLAY MIXES WITH

INITIAL CLAY SOLIDS CONTENT OF 8%



EFFECT OF SAND-CLAY RATIO ON
FINAL SETTLED CLAY SOLIDS CONTENT
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FIGURE 4-4
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EFFECT OF SAND-CLAY RATIO ON
FINAL EFFECTIVE CLAY SOLIDS CONTENT

FIGURE 4-5



CLAY SOLIDS CONTENT VS. LOG TIME FOR
USSAC-ROCKLAND SAND-CLAY MIXES WITH SCR OF 2:1
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CLAY VOID RATIO VS. EFFECTIVE STRESS FOR
AGRICO-SADDLE CREEK SAND-CLAY MIXES

FIGURE 4-7
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CLAY VOID RATIO VS. EFFECTIVE STRESS FOR
OF MINING-HARDEE SAND-CLAY MIXES

FIGURE 4-8 



CLAY VOID RATIO VS. EFFECTIVE STRESS FOR
USSAC-ROCKLAND  SAND-CLAY MIXES   

FIGURE 4-9 



5-l

Section 5

REFERENCES

Ardaman & Associates, Inc. (1982). "Characterization of Agrico Fort Green Mine Waste
Phosphatic Clays,” Report of Agrico Chemical Company, Mulberry, Florida.

Ardaman & Associates, Inc. (1982). "Settling Area A-11 Cooling Pond and Gypsum Stack
Feasibility Study,” Report to New Wales Chemicals, Inc., Mulberry, Florida.

Ardaman & Associates, Inc. (1981). "Brewster-Lonesome Waste Phosphatic Clay
Laboratory Test ing and Evaluat ion of  Sand/Clay Mixes ,”  Report  to  Aztec
Development Company, Orlando, Florida.

Carrier, W.D. and Keshian, B. (1979). “Measurement and Prediction of Consolidation of
Dredged Material," Twelfth Annual Dredging Seminar, Sponsored by Texas A&M
University, Houston, Texas.

Keshian, B., Ladd, C.C. and Olson, R.E. (1977). “Sedimentation-Consolidation Behavior
of Phosphatic Clays," Geotechnical Practive for Disposal of Solid Waste Material,
ASCE Specifalty Conference, Ann Arbor, Michigan.

Lamont, W.E., McLendon, J.T., Clements, L.W. and Field, I.L. (1975). "Characterization
Studies of Florida Phosphate Slimes,” Report of Investigations 8089, U.S. Dept. of
Interior, Bureau of Mines, Washington, D.C.

Michaels, A.S. and Bolger, J.C. (1962). “Settling Rates and Sediment Volumes of
Flocculated Kaolin Suspensions," Ind. Eng. Chem. Fundamentals, Vol. I, No. 1.

Roma, J.R. (1976). “Geotechnical Properties of Phosphate Clays," M.S. Thesis,
Department of Civil Engineering, M.I.T., Cambridge, Massachusetts.



A-l 

Appendix A 

SUMMARY OF TEST RESWLTSl?ROM 
CONSTANT AND VARIABLE INITIAL 

HEIGHT SEZ’TLING TESTS 



Table A-I. 

SE’lTLINO TEST REWJLTS POW 
AGRECO-SADDLE CREEK PHOSPHATIC CLAY 

InitiaI Conditions 
Final 

Conditions Settling Rates Yield Height Floe Volume Aggregate Volume Pore Diameter 
tl Concentration Concentration 

(minutes) +n +a %I (lo- cm) 

Primary 6.4 0.0240 27.0 0.648 7.5 22.7 0.035 - 3,105 
Secondary 1.0 0.0036 26.6 0.096 4.3 6.3 52.06 - 26 
SA-2 1.0 0.0036 24.0 0.087 3.5 6.6 0.706 - 676 

SA-2 
SA-2 
SAG? 
§A-2 

3.0 0.0110 24.0 0.264 5.4 13.2 0.156 0.720 881 0.313 
3.6 0.0110 18.0 0.198 5.5 9.7 6.369 0.720 139 0.313 
3.0 0.0110 12.0 0.132 5.1 7.0 0.180 0.720 140 9.0 0.313 
3.0 0.0110 6.0 0.066 4.5 4.6 0.096 0.720 236 9.0 0.313 

0.568 26.98 
0.588 26.96 
0.586 26.98 
0.566 26.98 

§A-2 8.0 0.0303 24.0 0.728 9.0 21.2 0.031 0.063 2,159 9.7 0.525 0.987 26.98 
SA-2 8.0 0.0303 18.0 0.546 9.0 15.9 0.039 0.063 2,357 9.7 0.525 0.987 .26.96 
§A-2 8.0. 0.0303 12.0 0.364 8.5 11.2 0.009 0.063 3,786 9.7 9-525 0.967 26.98 
SA-2 8.0 ’ 0.0303 6.0 0.182 8.3 5.6 0.004 0.063 2,512 9.7 0.525 0.987 26.96 

Where: Sf = Initial solids content; $g = Clay volume concentration; Zo@h = Height of ciay solids; Zo = Initial heigh%; 

SF = Final solids contene Zf = Final height; Ql = Maximum Laboratory settling rate; Qrl = Maximum 

field settling rate; tl = Laboratory time of maximum settling rate; Zyl = Yield height for maximum settling rate; $f = Floe volume concentration; 

$a = Aggregate volume concentration; and dp = Average pore diameter. 



Sample 

Initial Conditions 
Final 

Conditions Settling Rates Yield Height Floe Volume Aggregate Volume Pore Diameter 
Concentration Concentration 

$p $a 

SA BF-1 1.0 0.0037 24.0 0.088 17.8 1.2 - - 

SA BF-1 3.0 0.0111 24.0 6.267 16.4 4.0 5.60 6.15 46 2.4 0.108 

SA BF-1 3.0 0.0111 18.0 0.200 15.1 3.2 4.91 6.15 67 2.4 0.108 

SA SF-1 3.0 0.0111 12.0 0.134 16.4 2.0 5.40 6.15 49 2.4 0.108 
SA BF-1 3.0 O.Olfl 6.0 0.066 18.0 0.9 3.60 6.15 35 2.4 0.108 

SA BF-1 8.0 0.0307 24.0 0.736 19.7 9.0 2.65 2.74 171 2.1 0.229 

SA BF-1 8,O 0.0307 18.0 0.552 18.8 7.1 2.25 2.74 113 2.1 0.229 

SA BF-l 8:O 0.0307 12.0 0.368 18.6 4.8 3.50 2.74 68 2.1 0.229 
SA BF-1 8.0 0.0307 6.0 0.184 18.9 2.4 I-80 2.74 26 2.1 0.229 

0.420 66.82 
0.420 66.82 
0.420 66.82 
0.420 66.82 

0.907 66.82 
0.907 66.82 
0.907 66.82 
o.soa 66.82 

Where: Si = h&al solids content; $K = Clay volume ~oaeeatratio~~ Zoek = Height of clay solids; Z, = Initial height; 

SF = Final solids eontent; Zf = Final height; QI = Madmthm laboratory settling rate; Qfl = Maximum 

field settling rate; tl = Laboratory time of maximum settliing rate; Zyl = Yield height for ma~m~m settling rate; $, = Floe volume concentration; 

$ a = Aggregate volume ~on~en~at~o~~ and dp = Average gore diameter. 

P 
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Table A-6 

Sample 

Initial Conditions 
Final 

Conditions Settling Rates -- 
Yieid Height Floe Volume Aggregate Volume Pore Diameter 

t1 Concentration Concentration 
(minutes) @a +A (10 

Primary 
i:“B 

0.0198 24.0 0 4’75 12 6 9 8 0.60 39 
Secondary 0.0028 24.0 0’067 14’6 1’2 
SAA-13 1.0 0.0035 24.0 0.084 1117 I:9 

15.00 5 
53.60 10 

SA-13 8.0 0.0293 24.0 0.703 14.6 13.2 0.144 247 

§A-13 3.0 0.0106 24.0 6.255 11.6 5.9 1.50 3.67 29 14.2 0.150 
SA-13 3.0 6.OE06 18.5 0.191 12.0 4.3 0.774 3.67 203 14.2 9.150 
SA-13 33.; ii ;;1”oOf 12.6 0.128 11.3 3.0 0.600 3.67 68 14.2 0.150 
§A-13 . . 6.0 0.064 Il.? 1.5 0.498 3.67 68 14.2 0.150 

Where: Si = Initial solids eontent; 4, = Clay volume concentration; Z,‘bh = Height of clay solids; 2, = Initial heig’ht; 

SF = Final solids content; Zf = Final height; Ql = maximum laboratory settling rate; Qll = Maximum 

field settling rate; tI = Laboratory time of maximum settling rate; Zyl = Yield height for maximum settling rate; $+ = FHoc volume concentration; 

$ a = Aggregate volume concentration; and dp = Average pore diameter. 



Table A-7 

Samole 

HOPEWELL-HILLSB 

Initial Conditions Final Conditions Settling Rates 

Pilot Plant 1.0 0.0035 24.0 0.085 6,4 3.7 15.00 Pilot Plant 3.0 0.0108 24.0 0.25 8.7 a.0 2.40 iii 
Pilot Plant 8.0 0.0297 24.0 0.713 11.7 16.0 0.060 600 

Where:Si = Initial solids content; 4 K = Clay volume concentration; Zo$ k = 

Height of clay solids;E$ = Final solids content; Zf = Final height; 

l’vlaximum laboratory settling rate; QV1 = Maximumfield settling rate; t1 = 

Laboratory time of maximum settling rate. 



Table A-8 

SRTMJNG TRST RRSULTS Fi)R 
IMC-NORALYN PHOSPHATE CLAY 

SampIe 

Primary 
Secondary 

SA N-14 
SA N-14 
SA N-14 

SA N-14 
SA N-14 
SA N-14 
SA N-14 

SA NJ14 
SA N-14 
SA N-14 
SA N-14 

Initial Conditions 
Final 

Conditions Settling Rates . 

& (cm) (cm/hour) km/hour) fmhktes) 
zP Ql $‘l 

6.0. 0.0221 26.8 0.593 8.2 19.3 0.057 - 105 
0.5 0.0018 26.5 0.048 11.0 1.0 66.90 10 

ITO 0.0036 24.0 0.086 10.5 2.2 21.75 11 
3.0 0.0108 24.0 0.260 10.2 6.7 0.618 0.938 876 

8.0 0.0299 24.0 0.718 11.2 16.8 0.046 - 2,155 

3.0 0.0108 24.0 0.260 8.6 8.1 0.324 0.938 
3.0 0.0108 18.0 0.195 8.4 6.2 0.402 0.938 
3.0 ** 0.0108 12.0 0.130 7.8 4.5 0.240 0.938 
3.0 0.0108 6.0 0.065 7.9 2.2 0.198 0.938. 

8.0; 0.0299 24.0 0.718 11.1 17.0 0.156 0.247 
8.0 0.0299 18.0 0.538 11.2 12.6 0.162 0.247 

8.0 O-0299 12.0 0.359 10.4 9.0 0.084 0.247 

8.0 * 0.0299 6.0 0.179 9.8 4.8 0.042 0.247 

212 
61 

365 
78 

542 
620 
744 
352 

Yield Height Floe Volume Aggregate Volume Pore Diameter 
Concentration Concentration 

4p $A 
ds (lo- cm) 

9.2 0.203 

9.2 0.200 0.466 ‘27.06 
9.2 0.200 0.466 27.06 
i:f 0.200 0.200 0.466 0.466 27.06 27.06 

;:t 0.413 0.413 0.949 0.949 27.06 27.06 

7.6 0.413 0.949 27.96 
7.6 0.413 0.949 27.06 

Where: Si = Initial solids content; 9~ = Clay volume concentration; Z,Q, k = Height of clay solids; Zo = Initial height; 

SF = Final solids content; Zf = Final height; Ql = Maximum laboratory settling rate; Q’l = Maximum 

field settling rate; tl = Laboratory time of maximum settling rate; Zyl = Yield height for maximum settling rate; eF = Floe volume concentration; 

ea =.Aggregate volume concentration; and dp = Average pore diameter. 

B 
W 



Table A-9 

SETTLING TRST RESWLTS POR 
MQBIL-MCHOLS PHOSPHATE CLA 

PinElI 
Initial Conditions Conditions Settling Rates Yield Height Floe Volume 

8. s Concentration 
SampIe (9%, & 

z zl$ Q 
(c$ (corn7 & (cm) km/iour) km/hour) (mikes) 

zF Q’P 
4% 

Primary 3.3 0.0131 26.7 0.350 10.2 9.3 2.40 3 
SA N-3 1.0 0.0035 24.0 0.084 9.8 2.3 36.00 5 

SA N-3 3.0 0.0106 24.0 0.254 12.3 5.5 4.42 6.71 133 10.7 0.134 0.41’6 68.64 
SA N-3 3.0 0.0106 18.0 0.191 12.1 4.2 1.680 6.71 264 10.7 0.134 0.417 .68.64 
SA N-3 3.0 0.0106 12.0 0.127 11.3 3.0 1.086 6.71 265 10.7 0.134 0.411 68.64 
SA N-3 3.0 0.0106 6.0 0.064 PO.7 1.6 0,468 6.72 37 10.1 0.134 0.417 68.64 

SA N-3 8.0 ‘: 0.0292 24.0 0.701 14.0 13.1 0.102 0.444 3153 9.7 0.317 
SA N-3 8.0 0.0292 18.0 0.526 13.8 10.0 0.204 0.444 84 9.7 0.317 
SA N-3 8.0 0.0292 12.0 0.350 13.0 7.2 0.084 0.444 690 9.7 0.317 
SA N-3 8.0 0.0292 6.0 0.175 12.3 3.8 0.084 0.444 690 9.7 0.317 

Aggregate Volume 
Concentration 

aa 

0.985 68.64 
0.985 68.64 
0.985 68.64 
0.985 68.64 

Pore Diameter 

Where: Si = Initial solids content; @M - - Clay volume concentration; Z, & = Height of clay solids; Zo = Initial height; 

SF = Final solids content; Zf = Final height; Q1 = Maximum laboratory settling rate; Q’I = iVIaximum 

field settling rate; tl = Laboratory time of maximum settling rate; Zyl = Yield height for maximum settling rate; @F = Floe volume concentration; 

$ tp = Aggregate volume concentration; and dp = Average pore diameter. 



Sample 

SA-8 

SA-8 
SA-8 
SA-8 
SA-8 

SA-8 
SA-8 
SA-8 
SA-8 

Table A-10 

Final 
h&id Conditions Conditions Settling Rates 

s 
d, k & km/houP) (am/how) (mirkes) 

Ql Q'a 
- 

1.0 0.0536 24.0 5.087 6.3 2.9 19.50 18 

3.0 0.0110 24.9 0.264 9.6 7.2 9.330 0.510 130 
3.0 0.0110 18.0 0.198 9.6 5.4 0.270 9.510 461 
3.0 0.0110 12.0 0.132 8.9 3.9 0.216 0.510 67 
3.0 Q.0110 6.0 0.066 8.5 2.1 0.174 0.510 69 

8.0 0.0303 24.0 0.128 10.8 17.5 Cr.048 0.120 2,153 
8.0 0.0303 18.0 0.546 11.1 12.7 0.024 0.120 895 
8.0 :: 0.0303 12.0 0.364 10.6 6.9 0.024 0.120 996 
8.0 0.0303 6.0 5.182 IO.3 4.6 0.018 0.120 1,618 

Yield Height 

&!I 

8.5 0.175 0.377 16.52 
a.5 0.175 0.377 18.52 
8.5 9.175 0.377 19.52 
8.5 0.175 0.377 19.52 

14.4 
14.4 
14.4 
14.4 

Floe Volume 
Concentration 

@Jn 

0.439 
0.439 
0.439 
0.439 

Aggregate Volume Pore Diameter 
Concentration 

4.4 

0.946 .I&52 
0.946 16.52 
0.946 18.52 
0.946 18.52 

.#?@%! Si = fnitid solids eontent; $g = Clay volume concentration; Z,& = Height of clay solids; Z, = Initial heighti 

SF = Final solids content; Zf = Final heigb:ht; Ql = maximum labotatosy settling fate; Q’l = Maximum 

field settling rate; tl = Laboratory time of maximum settling rate; Zyl = Yield height for maximum settling rate; @F = Floe volume concentration; 

4a = Aggregate volume ~~~~e~teation~ and dp = Average pore diameter. 



Table A-PI 

Settling Rates 

QBS ee 
ur) (cmfhuud (minutes) 

Yield Height FLoc V&me Aggregate Volume Pore Diameter 
% 
( x14 

CQncentFatiQR Concentration 
c $0 4, % m- cm) c1 

$A-$ 8.0 0.6299 24*0 Q*718 mu P7.1 0.174 0.297 1,535 9.8 0,418 0.950 30.17 
SA-6 8*U OJI299 18.Q 0,538 HL8 13,l 0,138 O-29? 1,535 9.8 0*41$ 0,950 310x7 
$A-6 8*0 om99 f2,Q 0.359 PO,4 9,o 0,054 0,297 1,535 9.8 0.418 0.956 30. I? 
SA-6 8A um99 6.0 UJ8U 9.5 5.0 0.030 0.297 51% 9.8 0*418 0.958 383 



Table A-12 

SlWTLlNG TEST RESULTS FOR 
WR GRACE-FOUR CORNERS PHOSPHATE CLAY 

Initial Conditions Final Conditions Settling Rates 

Sample 

Pilot Plant 
Pilot Plant 
Pilot Plant 

h c::, %i!f zF (cm) 
Ql t1 

(cm/hour) (minutes) - -- 

E 0.0036 24.0 0.087 7.2 3.2 37.80 15 
0.0110 24.0 0.246 9.5 7.3 0.918 475 

8.0 0.0303 24.0 0.728 12.9 14.4 0.234 52 

Where: Si = Initial solids content; 4R = Clay volume concentration; Zo6k = Height of 

clay solids;SF = Final solids content; Zf = Final height; Ql = Maximum 

laboratory settling rate; Q’l= Maximumfield settling rate; tl = Laboratory 

time of maximum settling rate. 
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Appendix  B

GRAPHICAL PLOTS OF SOLIDS CONTENT AND HEIGHT
OF INTERFACE VERSUS TIME FOR CONSTANT INITIAL

HEIGHT SETTLING TESTS



FIGURE B-1

SETTLING TEST - SOLIDS CONTENT VS. TIME FOR
AGRICO - SADDLE CREEK PHOSPHATIC CLAY



SETTLING TEST - SOLIDS CONTENT VS. TIME FOR
AMAX - BIG FOUR PHOSPHATIC CLAY

FIGURE B - 2



SETTLING TEST - SOLIDS CONTENT VS. TIME FOR
BEKER - WINGATE CREEK PILOT PLANT PHOSPHATlC CLAY

FIGURE B-3



SETTLING TEST - SOLIDS CONTENT VS. TIME FOR
BREWSTER - HAYNSWORTH PHOSPHATIC CLAY.

FIGURE  B - 4





SETTLING TEST - SOLIDS CONTENT VS. TIME FOR
ESTECH -- WATSON PHOSPHATIC CLAY

FIGURE B-6
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sYM0OL SAMPLE ZfJ ZF si SUPERNYENT SF PH 
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SAz8 

24.0 24.0 2.8 7.2 .3.0 1.0 8.3 9.6 7.5 7.5 if8 
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lO,boO ’ 20,ko 30,000 40,600 

TIME, t (minutes) 

SETTLING TEST - SOLIDS CONTENT VS. TIME FOR 
OCCDDENTIAL - StJWANNEE i3lVER PHOSPHATIC CLAY 

FIGURE B-10 
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SETTLING TEST - SOLIDS CONTENT VS. TIME FOR 
WR GRACE - FOUR Cm PllOT PLANT PHOSPHATIC CLAY 

FIGURE B-12 * 
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2f 

24 

2; 

2c 
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t 
SYMBOL MMPLE -5i h ZF si w PM 

(cml (cm) (%I 0 (crrhoshn 
0 SA BF-I 24.0 1.2 LO 17.8 7.5 185 

El . SA BF-I 24.0 4.0 30 16.4 7.6 290 

4 SA ff-I 24.0 9.0 0.0 19.7 7.7 360 

20,&I ’ 30,bo 

TIME, t (minutes) 

SETTLING TEST - HEIGHT VS; TIME FOR 
‘AMAX ,,y 8#) F&M# ~itOSPHArrC CLAY 

FIGURE B-14 ” 
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TIME, t (minutes) 

SETTLING TEST - HEIGHT VS; TIME FOR 
. a?mgf*wA~~~ciAY 

FIGURE B-18 ’ 
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SETTLING TEST - HEIGHT VS. TIME FOR 
MC-liKwIALyNMncCLAY 

FI GltkE B- 20 





B-23 
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SETTLING TEST.- HEIGHT VS. TIME FOR 
oc~~-&ajw~fmw#bmATlccuY . ‘ 

FIGURE B-22 





FIGURE B-24
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Appendix C

GRAPHICAL PLOTS OF SOLIDS CONTENT AND HEIGHT
OF INTERFACE VERSUS TIME FOR VARIABLE INITIAL

HEIGHT SETTLING TESTS



SAMPLE Zo Z F Si SF 

km) icd (%I (%I 

30,3GI? 40,000 

TIME, t (minotes) 

60,000 

TEST - 
ARIOUS INITIAL.. SAMPLE HEI 
R1CO-SADDLE CREEK PHOSP 
AT INITIAL SOLIDS CONTENT OF 3% 

FI GURE C-l 





FIGURE C-3



FIGURE C-4
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I-- .- 

- 

_--.-_ 

- 

(cm) km) tohI ioh) 

. 
30,00@ 40,000 

TIME, t (minutes) 

60,000 

SETTLING TEST - SOLIDS CONTENT VSw TIME FOR 
VARIOUS INITIAL SAMPLE HEIGHTS FOR 

OCCIDENTAL-SUWANNEiE RIVER PH0SPHATIC CLAY 
AT INITIAL SOLIDS CONTENT OF 3% 

FI GURE C- 14 j 



ZF Si SF 

C-16 

SUPERNATENT 
PH G 

km) (cm) toA) 1%) (urnhod m) : 24.0 18.0 12.7 17.5 8.0 11.1 10.8 7.8 410 

0” 
8.0 8.0 

SE 12.0 8.9 8.0 10.6 8.1 % 
6.0 4.6 8.0 10.3 8.0 810 

3 lO,cQO 20,300 30+?00 40,000 60 

TlME , t (minutes) 

SETTLlNG TEST - SOLIDS CONTENT VS. TIME FOR 
VARIOUS lNlTlAL SAMPLE HEIGHTS FOR 

OCCDENTAL-SUWANNEE RIVER PHOSPHA’IIC CLAY 
AT INITIAL SOLIDS CONTENT OF 8% 

FIGURE C-15 
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Appendix D

GRAPHICAL PLOTS OF HEIGHT OF INTERFACE VERSUS
TIME FOR DETERMINATION OF MAXIMUM FIELD SETTLING RATE



D-2 

__ -._^_ - ___ -.-.A----.. ,---.-.+----- .-...- -. -4 

--.----....+---- 

I I I I I I 
loo 200 400 600' 

TIME, t (tinutes) 

0 

SETTLING TEST - HEIGHT VS. TIME FOR 
VARIOUS ItJlTlAL SAMPLE HEIGHTS FOR 

AGRIC&SILZ)DLE CREEK PHOSPHATIC CLAY 
AT INITIAL SOLIDS CONTENT OF 3% 

FIGURE D-l 



D-3 

36 

32 

28 
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600 800 
TIME, t (minutes) 

SJZTTLJffi TEST - HEM VS. TJME FOR 
VARiOlJS INITIAL SAMPLE HEMS FOR 

AMAX-BIG FOUR PHOSPHATIC CLAY 
AT IN1TIAL SOLIDS CONTENT OF 3% 

FIGURE D-2 
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FIGURE D-5
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FIGURE D-7
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Appendix E

GRAPHICAL PLOTS OF FINAL SETTLED HEIGHT VERSUS
HEIGHT OF CLAY SOLIDS FOR DETERMINATION OF

FLOC VOLUME CONCENTRATION



24.0 

T- 
20 

tm) 
$K ‘1 

FL06 VOLUME CONCENTRATION AND 
FINAL SETTLED HEIGHT F0.R 

AGRICO-SADDLE CREEK PHOSPHATIC CLAY 
AT INITIAL SOLIDS CONTENT OF 3% 

FIGURE E- Lb 



6.0 
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FLOC VOLUME CON’CE’hi~RIitlON AND 
FINAL SETTLED HEIGHT FOR 

AMAX BIG FOUR PHOSPHATIC CLAY ‘-- 
AT INlTIAL SOlllM CONTENT dt=3% 

FIGURE E-Z 



FIGURE E-3
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FLOC VOLUME CONCENTRAtlQN AND 
FINAL SETTLED HEIGHT FOR- 

ESTECH-WBTSON- PHOSP)iAT& CLAY 
AT iNiTlAL SOLIDS CONTENT OF 3% 

FIGURE t-5 







IZ.O- 

11.0. 

io.o- 

-z 9.0- 

2 

z 8.0- 
- 

f; 
t" Y 7.0 - 

9 
r- 

6.0- 

iii 
7 5.0- 
7! 

8 z 4.0- 

s 
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E-9 
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(c :m) (cm) km1 
24 0.01 IO 0.264 7.20 
I8 0.0110 0.198 5.40 
I2 0.0110 0. I32 3.90 
6 0.0110 0.066 2.05 

I 

:m) (cm) km1 
24 0.01 IO 0.264 7.20 
I8 0.0110 0.198 5.40 
I2 0.0110 0. I32 3.90 
6 0.0110 0.066 2.05 

i+ = 0.40+ 25.66 zo#+ K i+ = 0.40+ 25.66 Zo#+ K 

I I I I I I I I I I I I 

FLOC VOLUME CONCENTRATION AND 
FINAL SETTLED HE.lGHT FOR 

OCCIDENTAL-SUWANNEE RIVER PHOSPHATlC 
CLAY AT INITIAL SOLIDS CONTENT OF 3% 

FIGURE E-8 
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FIGURE E-9 
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Appendix F

VOID RATIO VERSUS EFFECTIVE STRESS
RELATIONSHIPS DETERMINED FROM SETTLING TESTS



F-2



F- 3



F-4





F-6



F-7



F-8



F-9



F-10





F-12 
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EFFECTIVE STRESS, C& (lb/f@) 

2.0 4.0 

VOID RATIO VS. EFFECTIVE STRESS FOR 
AMAX-BIG FOUR PHOSPHATIC CLAY 

FIGURE F-2 ’ 
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0.40 0.60 0.80 I.0 

EFFECTIVE STRESS, & (Ib/ft*) 

VOID RATIO VS. EFFECTIVE STRESS FOR 
CF MINING-HARDEE PHOSPHATIC CLAY 

FIGURE F-4 
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VOID RATIO VS. EFFECTIVE STRESS FOR 
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FIGURE F-5 
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Appendix G

GRAPHICAL PLOTS OF SOLIDS CONTENT AND
HEIGHT OF INTERFACE VERSUS TIME FOR

SAND-CLAY MIX SETTLING TESTS



Table G-l 

SANDCLAY MIX SRTTLING TEST RESULTS FOR 
AGRICO-SADDLE CREEK qHOSPHATlC CLAY 

SCR 

1:1* 
2:1* 
3:1* 

1:1** 
2:1** 
3:1** 

2:1* 

Sample Data 
Initial 

Conditions Final Conditions 
Void Ratio - 

Effective Stress Data 

2.75 24.0 1.427 8.0 14.8 10.2 18.4 18.8 24.61 12.17 70.70 2.56 50 
2.74 24.0 2.086 8.0 20.7 10.1 25.3 19.0 24.69 8.11 74.30 3.70 33 34 33 
2.74 24.0 2.704 8.0 25.8 11.3 33.7 17.3 21.88 5.38 79.41 4.82 25 - 

2.82 24.0 1.394 8.0 14.8 10.3 18.7 18.5 24.20 12.27 70.98 2.60 50 51 50 
2.83 24.0 2.026 8.0 20.7 10.9 26.8 17.7 22.70 7.71 75.52 3.80 33 34 34 
2.84 24.0 2.619 8.0 25.8 11.6 34.4 16.8 21.19 5.41 80.36 4.94 25 26 25’ 

2.74 24.0 3.117 12.0 29.0 12.9 30.7 22.4 18.84 6.19 77.46 5.54 33 34 34 

Particle Size Analysis 

Ideal Top Half Lower Half 
(%) (%I (a;) 

Where: SCR = Sand-clay ratio by dry weight; p = Effective specific gravity of solids; Z, = Initial height; Z, = Height of solids; 
Sic = Initial solids content of clay; Sit . 
S 

= Initial total solids content; SFc = Final clay solids content; 
Ft = Final total solids_content; ZF.= Final height; e 

Yt = Total unit weight; ovc 
- Final void ratto of clay; eft = Final total void ratio; 

= Effectrve stress at mid&yer. 

Equations: Sit = (I + SCR)/((l/Q) + SCR) 

efc = eft (1 + ~,SCR/P,) ) 

S Fc = 1/ (((1 + SCR)/SFt) - SCR ) 

*Agrico clay mixed with CF sand tailings with p, = 2.72. 
**Agrico clay mixed with Agrico sand taiiings wtth p, = 2.86. 

? 
ry 



Table G-2 

SAND-CLAY MIX SETTLING TEST RESULTS FOR 
CP MINING-HAltDEE PHOSPHATIC CLAY 

Sample Data 
Initial 

Conditions Final Conditions 
Void Ratio - 

Effective Stress Data Particle Size Analysis 

p3 k/cm 1 
efc eft 

-- 
Ideal 
(%) 

Top Half Lower Half 
w (%I 

12.42 6.13 77.84 3.90 50 57 50 
11.84 3.88 84.59 5.54 33 36 29 
11.57 2.84 90.68 7.10 25 27 23 

SCR 

1:1* 
2:1* 
3:1* 

1:1* 
2:1* 
3:lf 

1:1** 
2:1** 
3:1** 

2.76 24.0 2.158 
2.74 24.0 3.118 
2.74 24.0 3.984 

12.0 21.4 18.4 31.0 15.4 
12.0 29.0 19.1 41.4 15.2 
12.0 35.3 19.4 49.1 15.3 

16.0 27.6 24.6 39.4 15.3 
16.0 36.4 22.7 46.9 17.0 
16.0 43.2 24.7 56.7 16.2 

16.0 27.6 25.4 40.6 14.7 
16.0 36.4 27.6 53.3 14.1 
16.0 43.2 26.2 58.6 15.4 

2.76 24.0 2.911 
2.74 24.0 4.141 
2.74 24.0 5.221 

8.59 4.24 83.33 5.24 50 
9.46 3.10 88.96 7.40 33 
8.52 2.09 97.60 9.32 25 

33 31 

8.19 4.02 83.99 5.20 50 41 39 
7.32 2.38 94.23 7.36 33 27 27 
7.89 1.92 99.22 9.28 25 22 21 

2.74 24.0 2.930 
2.72 24.0 4.166 
2.72 24.0 5.251 

Where: SCR = Sand-clay ratio by dry weight; P = Effective specific gravity of solids; Z, = Initial height; Zs = Height of solids; 
Sic = Initial solids content of clay; Sit y  
S 

Initial total solids content; SFc = Final clay solids content; 
Ft = Final total solids content; ZF = Flnal height; e 

Yt = Total unit weight; G,, = 
Effective stress at mid-~y;~nal void ratlo of clay; eft = Final total void ratio; 

Equations: Sit = (1 + SCR)/((l/Si,) + SCR) 

efc = eft (1 + (P,SCRlp,) ) 

S Fc = l/ [(fl + SCR)/SF$ - SCR) 

*CF clay mixed with CF sand tailings with P, = 2.72. 
**CF clay mixed with CF sand tailings with ps = 2.69. 



Table G-3 

SAND-CLAY MIX SKM”LING TEST RESULTS FOR 
USSAC-ROCKLANII PHOSPHATE CLAY 

Sample Data 

1:1* 2.76 24.0 1,422 8.0 14.8 
2:1* 2.74 24.0 2.086 8.0 20.7 
3:1* 2.75 24.0 2.713 8..0 25.8 

1:1* 2.76 24.0 2.157 12.0 21.4 14.4 25.2 19.8 16.72 8.18 74.37 3.89 
2:1* 2.74 24.0 3.118 12.0 29.0 15.3 35.2 18.9 15.60 5.05 80.35 5.55 
3:1* 2.73 24.0 3.996 12.0 35.3 15.7 42.8 18.6 15.09 3.65 85.62 7.08 

Initial 
Conditions Final Conditions 

Void Ratio - 
Effective Stress Data 

22.4 22.0 15.3 19.94 9.76 72-61 2.56 50 52 52 
13.3 31.5 14.5 f8.37 5.95 78.02 3.72 33 35 34 
13.5 38.4 14.6 18.10 4.38 82.47 4.8 1 25 27 26 

efc eft 
(Ib:h 3, I-- - - 

Particle Size Analysis 

50 51 
33 33 
25 26 25 

Where: SCR = Sand-clay ratio by dry weight; p= Effective specific gravity of solids; Zo ;-I Initial height; Z, = Height of sokk; 
Sic = Initial solids content of clay; Sit 
s 

= Initial total solids content; Spc = Finai clay solids content; 

4 
:t = Final totttI solids content; ZF: = Final height; c 

t = Total unit weight; Ovc = 
c = Final void ratto of clay; eft = Final total void ratio; 

Effective stress at mid- ayer, f  

tiqrutt ions: Sit = f  1 + Sr:R)/it l/Sic) + SCR) 

efc = eft II + beSCRIPs)) 

s,:, - 1/ (((1 + SCR)/S,q) - SCRj 

*USSAC clay mixed with USSAC sand tailings withp s = 2.71. 
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CLAY 
SYMBOL SAMPLE 20 ZF si SF 

TOTAL SUPERNfENf 
31 SF PH 

(cm) (cm) (%I (%I (%I (OhI (urnhoe/&) 
SCR 1:l 24.0 18.5 8.0 .10.3 14.8 18.7 --- --- 
SCR 2:l 24.0 17.7 8.0 10.9 20.7 26.8 --- --- 
SCR 3:1 24.0 16.8 8.0 11.6 25.8 34.4 --- --- 

20,coo 30,oco 
TIME, t (minutes) 

SETTLING TEST-SOLIDS CONTENT VS. TIME FOR 
AGRICO-SADDLE CREEK SAND-CLAYMIXES 

WITH INITIAL CLAY SOLIDS CONTENT OF 8% 

FIGURE G-l 
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CLAY 
SYMBOL SAMPLE 20 ZF si SF 

TOTAL SUPERNfENT 
$1 SF PH 

(cm) (cm) loI01 (%I (%I toA) (umhor/cm) 

g SCR SCR 2:l 2:l 24.0 24.0 22.4 19.0 12.0. 8.0 10.1 12.9 29.0 20.7 25.3 30.7 --- 7.9 --- 560 

I I I I I 

lO,Ob 20,000 ’ 30,oco 40,om 

T I ME, t ( minutes) 

0 

SETTLING TEST-SOLIDS CONTENT VS. TIME FOR 
AGRICO-SA’bICTLE -CREElt SANblCLAY 

MIXES WITH SCR QF %I 

FIGURE G-3' 
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CLAY 
SYMBOL SAMPLE 20 2F si SF 

TOTAL SUPERNfENt 
si SF PH 

(cm) (cm) (%I 1%) (%) (%I (umhodcm) 
; SCR SCR 2:l I:1 24.0 24.0 17.0 15.3 16.0 16.0 '22.7 24.6 27.6 36.4 39.4 46.9 7.4 --- --- 760 

A SCR 3:l 24.0 16.2 16.0 24.7 43.2 56.7 7.3 880 

0 

SCR I:I 
CI . 

A LL) SCR 32 . A--A 
I I I I 1 I 

10,000 20,000 30,cm 

TIME, t (minutes) 

40,cxD 

SETTLING TEST-SOLIDS CONTENT VS. TIME FOR 
CF MINING-HARDEE SAND-CLAY MIXES 

WITH INITIAL CLAY SOLIDS CONTENT OF 16% 

FIGURE G-5 





G-11 
-F 

CLAY 
SYWOL SAMPLE 20 ZF si SF 

TOTAL SUPERTTENT 
si SF ti 

(cm) (cm) (%I (OhI (%I (%I (umhor/im) 

; SCR SCR 2:1 1:l 24.0 24.0 15.3 14.5 8.0 8.0 ' 12.4 13.3 20.7 14.8 22.0 31.5 8.0 7.9 475 4bO 
A SCR 3:1 24.0 14.6 8.0 13.5 25.8.38.4 8.0 475 

I 

I I I I I I 
0 IO,000 20,000 30,om 40,oco 50, 

T I ME, t ( minutes) 

SETTLING TEST-SOLIDS CONTENT VS. TIME FOR 
USSAC-ROCKLAND SAND-CLAY MIXES 

WITH INITIAL CLAY SOLIDS CONTENT OF 8% 

FIGURE G-7 
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24 

22 

20 

. . . 
k h . - . 

3-- 

,- 

-L- 

CLAY 
SYMBOL SAMPLE fo ZF si SF: S-F ti 

SUPERYTENT 

(cm) (cm) tohI (%I (o/o) (*A) (umhodcml 

g SCR SCR 2:1 I:1 24.0 24.0 19.0 18.8 8.0 8.0 10.2 10.1 20.7 14.8 25.3 18.4 7.9 7.9 560 560 

A SCR 3:3 24.0 17.3 8.0 11.3 25.8 33.7 7.7 570 

I 
lo 20,( 

G-14 

I 
Psmo =2.72 

I I I 
x) Xl,000 4 0,ooo =,m 

TIME, t (minutes) 

SETTLING TEST-HEIGHT VS. TIME FOR 
AGRICO-SADDLE CREEK SAND-CLAY MJXES 
WITH INITIAL CLAY SOLIDS CONTENT OF 8% 

FIGURE G-10 
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26 

24 

22 

2c 
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l--- 

3--- 

i- 

I-- 

0 

CLAY 
SYmoL SAWLE 20 ZF Si 

TvmL SUmyTEMT 
SF si SF ti 

(cm) (cm) (OhI (%I 1%) (%I bJrnho8/cm) 

SCR 2:1 24.0 22.4 12.0 12.9 29.0 30.7 --- --- 
SCR 2:1 24.0 19.0 8.0 10.1 20.7 25.3 7.9 560 

I 
, 
I 
I 

/ , 

i . 

lO,bOO 20,&D ’ 30,600 ’ 

TIME, t (minutes) 

G-.1 5 

SETTLING TEST-HEIGHT VS. TIME FOR 
AGRICO-SADDLE CREEK SAND-CLAY’ 

9 MIXES WITH SCR OF 2:l 

FIGURE G-11 







28 

26 

24 

CLAY mm 
SYMBOL SAMPLE Zo 2~: Si SF SUPERNqATENT si -SF w 

(cm) (cm) (OhI (OhI (%I (OhI (umhdcm) 

g SCR SCR 1:1 2:1 24.0 24.0 14.1 14.7 16.0 16.0 25.4 27.6 27.6 36.4 53.3 40.6 --- --- --- --- 

b SCR 3:1 24.0 15.4 16.0 26.1 43.2 58.6 --- --- 

20,hco ’ 

TIME, t (minutes) 

G-18 

% 

SETTLING TEST-HEIGHT VS. TIME FOR 
CF MINING-HARDEE SAND-CLAY MIXES 

WITH INITIAL CLAY SOLIDS CONTENT OF 16 

FI GURE G- i4 



26 

24 

6 

SCR 1:l 24.0 15.3 8.0 12.4 14.8 22.0 7.9 475 
SCR 2:l 24.0 14.5 8.0 19.3 20.7 31.5 8.0 480 

A SCR 3:l 24.0 14.6 8.0 13.5 25.8 38.4 8.0 475 

0 IO 00 2v33 33,000 40,ooo !5c 

TIME, t (minutes) 

10 

SETTLING TEST-HEIGHT VS. TIME FOR 
USSAC-ROCKLAND SAND-CLAY MIXES 

WITH INITIAL CLAY SOLIDS CONTENT OF 8% 

G--l9 

xx) 

FI GURE G- 15 
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26 

24 

6 

CLAY TOTAL 
SYMBOL SAMPLE to ZF si SF SUPERNtTENT si SF d-t 

(cm) bd (OhI (*P&9 W0) (OhI ~umhos/cml 

g SCR SCR 2:l I:1 24.0 24.0 19.8 18.9 12.0 12.0 15.3 14.4 21.4 29.0 25.2 35.2 8.2 9.3 465 610 

A SCR 3:l 24.0 18.6 12.0 15.7 35.3 42.8 8.4 595 

G-20 

20,003 30,000 

TIME, t (minutes) 

SETTLlNG TEST-HEIGHT VS. TIIWlE FQR 
USSAC-ROCKLAND SAND-CLAY MIXES 

WITH INITIAL CLAY SOLIDS CONTENT OF 12% 

FIGURE G-16 


