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ABSTRACT

| A series of experiments were conducted on uranium mill tailings from the
'

tailings pile in Grand Junction, Colorado, to determine their consolidation
characteristics. Three materials (sand, sand / slimes mix, slimes) were loaded
under saturated conditions to determine their saturated consolidation behav-
ior. During a separate experiment, samples of the slimes material were kept
under a constant load while the pore pressure was increased to determine the
partially saturated consolidation behavior.

Results of the saturated tests compared well with published data. Sand
consolidated the least, while slimes consolidated the most. As each material
consolidated, the measured hydraulic conductivity decreased in a linear fashion
with respect to the void ratio.

Partially saturated experiments with the slimes indicated that there was
little consolidation as the pore pressure was increased progressively above 7
kPa. The small amount of consolidation that did occur was only a fraction of
the amount of saturated consolidation. Preliminary measurements between pore
pressures of 0 and 7 kPa indicated that measurable consolidation could occur in

f this range of pore pressure, but only if there was no load.
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EXECUTIVE SUMMARY

The tailings (waste) from uranium mills are usually slurried into pits
that are open to the atmosphere. Regulations have been proposed to have these
tailings piles covered to minimize the amount of radon gas that escapes and to
drain the piles to minimize the leaching of contaminants to the ground water.
One result of these actions is that the tailings will consolidate, with con-
current settlement of the pile surface. Since movement of the pile surface may
rupture the cover, models have been proposed to assess the surface settlement
problem. These models require data on tailings consolidation characteristics,
of which little exists.,

This report details the experimental procedures used in measuring tailings
consolidation characteristics and the results generated at Pacific Northwest
Laboratory (PNL) with the support of the U.S. Nuclear Regulatory Commission
(NRC). Specifically, the procedures measuring saturated consolidation, hydrau-
lic conductivity, and partially saturated consolidation are explained. The
tests were conducted on three types of tailings material: slimes, sand / slimes
mix, and sand.

Our results confirm previous reports that show slimes material consoli-
)

dates the most of the three types. When the load on the sample was increased
from 10 to 1255 kPa, we found that the slimes settled 21% in height, the
sand / slimes mix 11%, and the sand 5%. Measured hydraulic conductivity values
decreased with decreasing void ratio. When compared at similar void ratios,
the slimes conductivity was an order of magnitude lower than the sand / slimes
mix, which was two orders of magnitude lower than the sand.

Partially saturated testing was cunducted only on the slimes material
because time was limited and the slimes were expected to consolidate more than
the other materials. For pore pressures up to 55 kPa, however, the amount of
partially saturated consolidation was minimal compared to the amount measured
under saturated loading. The consolidation during our desaturation tests was
about 10% of that reported by others (Sherry 1982). We believe the discrepancy
is the result of differences in measurement methodologies and recommend further
work to reconcile the disparity between measurements.

Changes in the degree of saturation during the partially saturated tests
were small for slimes. At 55 kPa pore pressure, the samples were still nearly
saturated.

I
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1.0 INTRODUCTION

Uranium mill tailings piles emit radon gas to the atmosphere and are a
source of ground-water contamination. Various methods for mitigating these
problems have been and are continuing to be investigated. Currently, the con-
sensus among investigators is to place an earthen cover on the piles and drain
them. The cover will limit the amount of escaping radon gas and dust, while
the drains will remove the mechanism (free-water drainage) that carries con-,

I taminants to the ground water. Both techniques, however, contribute to the
consolidation of the tailings material and thus the settlement of the tailings
pile surface. The potential exists for the cover to be ruptured by such a
surface settlement, thus rendering the cover less effective as a radon t'arrier.

To explore the possibilities of cover disruption as the piles settle,
numerical models are used that can account for tailings consolidation under
both saturated and partially saturated conditions. The models, however, are
only as good as the input data, and data are lacking on the hydraulic and'

stress properties for tailings material.

Several researchers have measured some of the material properties required
to simulate the tailings piles. Martin et al. (1980) examined and sampled two

i tailings piles (Grand Junction, Colorado, and the Vitro site, Salt Lake City,.

Utah). They found that the finer materials such as slimes held more water at a
given pore pressure than the coarser materials. When samples were compacted to
a higher density, they were able to hold more water at a given tension than

; under their looser, less-compacted condition. Veyera and Nelson (1981) also
measured the moisture characteristics of tailings material. In addition, they
extended their analysis to estimate unsaturated hydraulic conductivity func-
tions for tailings using the method of Brooks and Corey (1964).

'

Sherry (1982) measured the void ratio and degree of saturation changes
that occurred as he varied both the stress and tension exerted on his sam-
ples. With this data, he was able to construct three-dimensional surfaces that
related the dependent variables (void ratio and degree of saturation) to the
independent variables (effective stress and tension). This was done in accord

; with the work of Fredlund and Morgenstern (1976), who proposed using such sur-
feces to describe partially saturated consolidation. The surfaces generated,
however, were unexpected because they indicated that swelling could occur as
the samples dried (as the pore pressure was increased).

h This report details the experimental work done at Pacific Northwest
Laboratories (PNL) to measure tailings material properties. Specifically, iti

outlines the procedures used to measure saturated consolidation, saturatedo
'

hydraulic conductivity at each step of the consolidation experiment, partially
saturated consolidation, and the degree of saturation during the partially
saturated testing. The report analyzes the experimental results and includes
all of the generated data in an appendix. The tallings material was from the
Grand Junction, Colorado, mill tailings pile,

1.1
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2.0 CONCLUSIONS AND RECOMMENDATIONS

Models have been developed to simulate the consolidation and drainage of
uranium mill tailings piles so that effective decisions can be made as to when
to place covers that will reduce radon gas emissions from the piles. For these
models to be useful, they must account for changes in both the saturated and
partially saturated zones, and this requires extensive data on tailings con-
solidation characteristics.

An effort was made at PNL to measure the consolidation characteristics forthree separate tailings materials: slimes, sand / slimes mix, and sand. Sum-
marizing conclusions are listed below,

Under saturated conditions, slimes consolidated the most (21%),e
followed by the sand / slimes mix (11%), and the sand (5%).

Secondary consolidation was measurable and significant for thee
slimes.

The hydraulic conductivity of the slimes and sand / slimes mix*

s decreased nearly linearly as the void ratio was decreased during
saturated consolidation. No major decrease occurred in the
conductivity of the sands, probably because there was little
consolidation.

For up to a pore pressure of 55 kPa, partially saturated consoli-e
,

dation of slimes was minimal compared to consolidation under a
load. This result contradicts previous work (Sherry 1982).

Even at a pore pressure of 55 kPa the slimes remained nearlye
saturated.

Based on the experimental results and on the experience gained in per-
forming the experiments, we can think of several experimental improvements.

The bubbling pressure of the porous plate used in the partially*

saturated consolidometer should be increased to at least 220 kPa to
account for pore pressures to be expected in an actual tailings pile.

The loading plate of the partially saturated consolidometer should be*

h redesigned to be light enough so that the slimes material can bear
its load. In that way, data could be gathered starting from Satura-i

tion rather than at a pore pressure of 7 kPa, as was done.

The sample preparation process should be standardized so that initial*

void ratios for a given material can be duplicated from experiment to
experiment.

i
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We recommend further research in two areas:

An effort should be made to perform more partially saturated coa-*

solidation tests for slimes. The data generated for this report do
not agree with data reported previously by Sherry (1982).

Secondary consolidation was shown to be significant for slimes..

Therefore, future research might endeavor to explore and quantify the
degree of secondary consolidation in saturated as well as partially
saturated tailings.

)
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3.0 EXPERIMENTAL DEVICES AND PROCEDURES

Two separate types of consolidometers were used for the saturated and
partially saturated consolidation tests. Because of the difference in both the

, equipment and methodology, the saturated and partially saturated tests are
given separate discussions.

3.1 SATURATED CONSOLIDATION

Saturated consolidation tests have been conducted for several decades;
thus, test equipment and procedures are well standardized and documented in
nearly every soil mechanics text. The tests discussed here were conducted with
a fixe'
Unit),gingconsolidometer(HighCapacityConsolidationApparatus, Doubleas shown in Figure 1.

3.1.1 Device

The fixed-ring consolidometer consisted of a sample base and two rings,
which held a cylindrical sample. The inner ring provided lateral confinement
(zero radial strain) to the sample, and the outer ring formed a reservoir that
allowed the sample to be submerged to maintain saturation. The base provided
two outlets that were hydraulically connected to the sample base. One outlet
was connected to a falling head permeameter for direct-sample permeability
measurements, and a second was connected to an overflow reservoir. Two porous
stones butted against the loaded faces of the sample, permitting free water
drainage during consolidation. While the lower surface was fixed, the upper
porous stone, backed by a rigid loading plate, moved downward under load to
compress or consolidate the sample. Samples were 11.3 cm in diameter and up to
3.8 cm in height. Loads were applied to the sample using a system of weights
and levers. This loading system provided a constant load pressure over a long
period of time.

Changes in sample height were measured to determine the sample volume
under applied loads. Two methods were employed. First, the sample height was
measured indirectly by measuring the height of the upper loading plate surface
above the inner ring. To account for tilting of the loading plate during the,

test, two measuromonts were made 180 apart on the edge of the plate and aver-
aged to determine the true mean sample height. This direct mcqsurement was

)

added to the height of the uppor ring to determine the sample height plus the
combined thickness of the upper porous stone and loading plate. Subtracting

I the latter yielded the true sample height. Changes in sample height were also
measured directly from a dial gauge mounted over the center of the upper load.
ing plate and attached to the consolidometer base. While the dial gauge has a
greater precision (2 pm or 0.002 mm) than the direct measurement (25 pm or
0.025 mm), both were employed as a check.)

(a) Product of 50!L TEST, Inc., Denver, CO 80239.

3.1
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FIGURE 1. Fixed-Ring Consolidometer

3.1.2 Procedure

To simulate field conditions of tailings emplacement by sedimentation, the
sample was emplaced in a loose initial state. For tailings slimes, this was
achieved by creating a liquid slurry consisting of two parts tallings to three
parts distilled water by weight. Tne mixture was dispersed in a high-speed
blender and then poured into the inner ring of the consolidometer. The sample
then stood for 24 h to allow for sedimentation. Because of their rapid rate of
sedimentation, some of the tallings sand samples were emplaced in a different j
manner. The inner ring of the consolidometer was filled with water and the
sands added slowly in a dry state untti a suitable sample height was attained.

Following sample emplacement, the consolidometer was capped with the upper
porous stone and loading plate and installed in the loading frame. An initial
sample height was then measured and a load increment applied. Changes in the
sample height, as read from the dial gauge, were recorded versus elapsed time
with time between readings increasing with elapsed time. Because displacement
initially varies approximately as the square root of time, readings were
typically taken at 0.09, 0.25, 0.49, 1.0, 2.25, 4.0, 6.25, 9.0, 16.0, 25.0,
36.0 min, etc., following each load appitcation. This process was continued
untti the rate of displacement decreased drastically. Tallings slimes were
generally observed closely for about 2 h, while tailings sands required only J

3.2
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about 30 min. A few additional readings were taken thereaf ter for a minimum
period of about 24 h. Some tests were run for 48 to 72 h to better evaluate
secondary consolidation effects; others were run for several days because of
testing schedule interruptions. The test was then repeated by doubling the
existing applied load pressure. The smallest applied load pressure was 10 kPa
and the largest 1255 kPa. Sample permeability was measured at the end of a
load increment test using the falling head permeameter.

After completing the last load-increment test, the sample was removed from
the consolidometer, weighed, oven dried for 24 h. and reweighed. Ten-gram

j samples representing each tailings material were then used to determine parti-
cle density. These data were necessary to determine the void ratio and final
saturation from the measured sample volume change data.

3.2 PARTIALLY SATURATED CONSOLIDATION

in contrast to saturated tests, partially saturated tests have been con-
ducted by only a few experimenters. The majority of such tests have been
conducted using a modified triaxial test apparatus. Triaxial tests have the
advantage of permitting three-dimensional deformation, since the zero radial
strain boundary is replaced by a constant radial stress boundary. For a
slurried sample. however, a rigid radial boundary is necessary to support the
sample because it lacks structure. A Rowe consolidometer (Rowe and Barden
1966) was modified to conduct the partially saturated tests discussed here.
This device is similar in design but considerably larger than the device used
previously by Sherry (1982) to measure partially saturated consolidation of
uranium mill tallings.

3 .2 .1 Device

A diagram of the modified Rowe consolidometer used for these tests is
shown in Figure 2. As with the fixed-ring consolidometer, a cylindrical sample
was loaded axially with lateral confinement. Sanple diameter was 25 cm and
sample height from 3.5 to 4.3 cm. The principle of operation was the same as
for the fixed-ring consolidometer with several differences. First, the verti-
cal load was applied to the upper loading plate via a pressurized rubber dia-
phragm as opposed to weights and levers. As a consequence, the upper portion
of the consolidometer was sealed off from the atmosphere. Second, to permit
free drainage of pore water through the upper porous plate, a connecting tube,

was provided. This tube also provided a convenient means of measuring sample
displacement and height in a similar manner to that previously described for
the fixed-ring consolidometer.

t

Further modifications of the Rowe consolidometer were required to adapt
the device to partially saturated consolidation measurements. Foremost was theconnection of a pore air pressure line. Positive pore air pressure was applied

/ through the connecting tube mentioned previously. To facilitate drainage, a
high air-entry porous plate (100 kPa bubbling pressure) was placed in the con-
solidometer base. A spiral groove connected to central and peripheral outlets
was used to remove air bubbles that diffused through the porous plate.

3.3
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FIGURE 2. Modified Rowe Consolidometer

External connections to the Rowe consolidometer are shown schematically in
Figure 3. A pressurized air supply was connected to a pressure regulating
manifold, which controlled both the axial load and pore air pressures via regu-
lators R1 and R2, respectively. When applying pore air pressure, one of the
differential pressure regulators (D1 or 02) was employed. These regulators
automatically increased the load pressure to compensate for the increasing pore
air pressure and maintained a Constant effective load pressure (0-u ), where oa
is the total load and u, is the air pressure.

A drainage loop connected to the Rowe consolidometer's grooved base was
used to measure changes in sample water content and purge air from the loop.
When a sample was draining, outflow was routed to the graduated cylinder for
measurement. Periodically, the peristaltic pump was used to circulate water
through the loop to remove entrapped air bubbles from the system. The bubbles
were caught in the inverted pipette. Their volume was used to correct the
recorded outflow reading.

)

)
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3.2.2 Procedure

Sample preparation for the Rowe consolidometer was identical to that
described previously for the fixed-ring consolidometer, except that the water-
slimes ratio was 5:2 instead of 3:2. Af ter a slimes sample was slurried into
the apparatus, it was allowed to drain to equilibrium with the outlet about -

8 cm below the porous plate. The sample height was measured directly. The
outlet was then lowered to 70 cm below the plate and the sample drained until )
it was in equilibrium (pore pressure = 7 kPa). The height was again mea-
sured. We were forced to start each experiment with a pore pressure of 7 kPa
instead of zero because saturated slimes would not hold the platen (the upper
loading plate) up; the platen would sink into the slimes. Once the pore pres-
sure reached 7 kPa, the platen could be added. The loading diaphragm and cover l

plate were then added and bolted in place. One of the differential pressure
regulators was set to the maximum desired effective load pressure (o-u )* )aRegulator R1 was subsequently used to control the load pressure, o, under /

saturated conditions (u =0).a

Once the system stabilized, the initial height of the connecting tube, as
referenced to the cover plate surface, was measured and the dial gauge zeroed.
A load increment was applied, and dial gauge readings were recorded in a sim-
Ilar f ashion as described for the fixed-ring consolidometer. This process was
repeated until the maximum effective load pressure was reached, at which point
the differential regulator took over control of the load pressure.

Time was allowed for the sample to fully consolidate at the maximum load
pressure before desaturating. The peristaltic pump was then used to purge air
from the drainage loop. Initial readings were then recorded for the dial
gauge, outflow graduated cylinder, and air-trap pipette. To accommodate water
outflow and maintain a constant back pressure in the drainage loop, the outflow
tube to the graduated cylinder was kept 10 cm below the porous plate level.
Desaturation was begun by increasing the pore air pressure via regulator R2.
The load pressure was automatically increased simultaneously, thus maintaining
a constant effective load pressure. Changes in sample height and outflow were
subsequently monitored. The outflow rate decreased with time until it stopped,
then air started to enter the outflow tube. We tried to end each experiment
just as the outflow rate reached zero. Upon reflection, we realized that the
movement of air into the outflow tube may have signified sorption by the sample
before a final equilibrium was reached. The solution would have been to con-
nect the outflow to a fluid reservoir. This is true only if no air leaks or
vapor losses were occurring from the system.

Following stabilization (when water ceased to flow out of.the sample), air
was purged from the system, all readings were recorded, the pore air pressure
incremented, and the process repeated. Periodically, the outflow valve was
closed and the pump turned on to purge the system of air. This usually lasted
less than 5 min, then the pump was turned off and the outflow valve reopened. t
The volume of air that collected in the air trap was used to correct the out-
flow reading. For example, if 10 ml of water flowed out and 5 ml of air were
collected, the corrected outflow amount was 10 minus 5, or 5 ml. Occasionally

qduring an experiment, the air trap was completely filled with air and had to be

3.6
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reset. This was accomplished by closing all valves to the consolidometer and
outflow and refilling the air trap with water. The outflow was then opened and
the system allowed to equilibrate. Only then were the valves to the consoli-
dometer opened. When equilibration at the maximum applied pore air pressure
was completed, the sample was removed and a new sample loaded.

i To map out the void ratio surface as a function of the state variables
(o-u ) and (u -u ), where u is the pore water pressure, each sample wasa a w g
consolidated under near-saturated conditions to a different desired effective
load pressure (a-u Values of the stress statevariables (u -u ) a), and then desaturated.i

and (a-u ) for which void ratio values were determined area w ashown in Figure 4.
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FIGUREj. Stress Paths for Partially Saturated Consolidation Experiments
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4.0 RESULTS

Representative samples of three tailings materials were taken from the
uranium mill tailings pile in Grand Junction, Colorado for analysis. Particle-
size distribution curves for the three materials, which we have called sand
(SA), sand / slimes mix (SS), and slimes (SL), are shown in Figure 5. Table 1
shows the percentages of sand, silt, and clay. A total of 16 saturated con-
solidation tests were performed: 5 on sands (SA-3 to 7), 5 on the mix (SS-1 to
5), and 6 on the slimes (SL-1 to 4, 7, and 8). Three partially saturated
consolidation tests were performed with the slimes material only (SL-9,10, and
12). Only a portion of the data will be presented here. A complete summary of
all data can be found in Appendix A.

4.1 SATURATED CONSOLIDATION

Test results for slimes sample number SL-3 are shown in Figure 6. Dis-,

placement is shown as a function of the square root of elapsed time for each
load increment. The following observations are of note:

The initial load increment resulted in the largest observed total*

displacement. This results from the lack of distinct soil structure
while in the initial slurried state.

All curves indicate an initial, large displacement upon loading, the*

magnitude of which increases with increasing pressure increments.
This initial displacement probably results from the compressibility

f of small amounts of air trapped within the soil pores (Lowe et al.
1964). If so, the trapped air may be present as a result of sample
preparation in a high-speed blender.

Following the initial large displacement, the turves are approxi-' e

mately linear, with the linear portion increasing in length for
larger applied pressures. This linear portion corresponds to theo-
retical predictions of primary consolidation (Taylor 1948; McNabb
1960); that is, the portion of the consolidation curve corresponding
to dissipation of excess pore water pressure. At larger applied
pressures, soil permeability was significantly reduced, lengthening
the time period required for primary consolidation.

The continued consolidation of the sample, even after periodse

exceeding one day, indicates that time-dependent strain (secondary
consolidation) is a measurable component of total consolidation of
slimes. Measured sample conductivities indicate that primary con-
solidation was completed after a few hours. The large magnitude of
the observed secondary consolidation is likely a result of the loose
structure of the tailings slimes. Similar behavior has been observed
for highly sensitive clays (Lo 1961; Walker 1969) as well as a vari-
ety of other silts and clays (Mesri 1973) with high natural water
contents. The depositional environment of these soils is often

f
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TABLE 1. Particle Size Breakdown for Three Tallings
Materials (sand, 2-0.5 m;
silt, 0.5-0.002 mm; clay <0.002 mm)

Sand Silt Clay
Material % % %

Slimes 36 43 21

Sand / Slimes Mix 55 33 12 '

Sand 85 6 9

,
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!

quite similar to that of tailings. The degree of secondary consoli-
dation increases with the size of the applied pressure increment.

Test results for sands sample number SA-3 are shown in Figure 7 in the
same manner as for the slimes sample. The following observations are of note:

4.3
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The initial load increment did not create as large an initial*

displacement as it did with the slines,

Following the initial displacement, little further displacemente
f occurred. The relatively high conductivity of the sands, combined
I with the small height of the sample, allowed primary consolidation to

occur almost instantaneously.
! The total change in sample height was about one-fourth that of thee
! slimes sample SL-3. Although some secondary consolidation occurred,
.

its magnitude also was considerably less then that of the slimes.

Void ratios were computed for each sample following each loading incre-
) ment. These results are presented in Figures 8 through 10 for the three tail-

ings materials. Following standard convention, we have plotted void ratio
versus the log of effective stress, which in this case was the total applied

f load at the end of each loading increment. Many soils are characterized by ai linear relationship between void ratio and log effective stress, at least at
effective stresses exceeding any preconsolidation stress. When such a linear
relationship is observed, the slope of the line is called the compression
index. While most standard settlement calculations assume a constant com-
pression index, this was not the case for the tailings material tested here.
Similar results were obtained by Nelson et al. (1983) for tests on uranium4

tailings from Shiprock, New Mexico.

Although there was reasonable agreement among the tailings slimes data of
Figure 8, there was a small difference between samples 1 through 4 and 7 and

I 8. Samples 7 and 8 exhibited slightly lower initial void ratios and higher
final void ratios. After running samples 1 through 4, the supply of tailings
was nearly exhausted. New tallings material was obtained from Grand Junction,
and we found that the new slimes material particle-size distribution was
slightly different from the old. The old slimes material sand, silt, and clay
percentages were 36, 43, and 21, respectively, whereas the new material per-
centages were 12, 68, and 20. Because samples 7 and 8 were run with the new
material, this may have accounted for the differences from samples 1 through 4.I

less agreement was found among the sand / slimes mix data of Figure 9, event

though the samples were taken from the same batch. The initial void ratios
varied from 0.8 to 1.25, which may indicate an inconsistency in the preparation
method. The decreases in void ratio were similar for all samples as the effec-
tive stress was increased, although samples with higher initial void ratios had
greater decreases in void ratio than those with lower initial void ratios.

Good agreement was found among the sand samples, although samples 5
through 7 were prepared differently than samples 3 and 4. The sand was mixed
with water before pouring it into the consolidometer for samples 3 and 4.
Samples 5 through 7 were air dry when poured into the consolidometer, which was
filled with water. We changed the preparation method because we suspected that
the sands might quickly segregate in the consolidometer before the excess water
drained, causing the sands to layer. If that were so, there did not appear to
be much difference between the two sample preparation methods.
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t

Of the three '1aterials, the slimes consolidated most. The average per-
centage decrease in height of the slimes samples was 21%, it was 11% for the
sand / slimes mix and only 5% for the sands.

Direct measurements of sample conductivities were conducted for all slimes
and sand / slimes mix samples and for sand sample SA-7. The average conductivity
of each material is plotted versus effective stress in Figure 11. In general,
we found that

* The more silt and clay present in the sample, the lower the
conductivity.
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For the slimes and sand / slimes mix materials, the conductivity,e

decreased as the void ratio decreased.
.

The measured conductivity values varied considerably from sample toe

sample, most likely because of differences in sample packing.o

f 4.2 PARTIALLY SATURATED CONSOLIDATION

Three separate partially saturated consolidation tests were conducted with
j the slimes material under stresses (o-u ) of 2, 41, and 220 kPa. The stress ofa

2 kPa (the weight of the platen and an aluminum spacer) was smaller than most
stresses expected in a tailings pile and thus served as a lower boundary
condition. The stress of 220 kPa is the stress that would be felt at

'
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the bottom of a 12.2-m tailings pile that had a cover stress of 60 kPa and was
completely desaturated; it acted as an upper boundary condition. The stress of
41 kPa served to define, to some degree, the surface between the two
boundaries.

The first observation to note about these experiments is the time required
to complete them. On the average, it took 50 days from the time the sample was
emplaced until the experiment with that sample was completed. There are two
reasons: First, it takes a long time for any sample to reach equilibrium after
being subjected to a step increase in load or pore pressure. As equilibrium is (
approached, the hydraulic gradient driving flow decreases, and outflow slows
down. Therefore, the more steps in the experiment, the longer the total
experiment time. Secondly, the conductivity of partially saturated material is

1
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much lower than its saturated counterpart. Lower conductivity means reduced
flux and longer times till equilibrium is attained.

The second observation is the state of the samples once the experiments
were finished. Sample SL-9 had concentric cracks in the surface. The cracks

f were less than 1 mm in thickness and of unknown depth. The implication is that
consolidation in this case was not one-dimensional. The experiment, however,
measured only vertical consolidation and not' total consolidation. This finding
has ramifications for determining void ratio and degree of saturation values.
By ignoring consolidation in other than the vertical dimension, calculated void
ratios are overestimated and degree of saturation values underestimated. Sam-
ples SL-10 and SL-12 did not exhibit surface cracking. This might be explained

4.9
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by the fact that those samples were loaded quite heavily (41 and 220 kPa) prior
to desaturation; whereas, sample SL-9 only experienced a load of 2 kPa.

,

The third qualitative observation is that all three samples were still
quite wet at pore pressures of 55 kPa. In fact, samples SL-9 and SL-12 and the
upper half of sample SL-1J were so wet that, with a little vibration from our
hand, they became somewhat liquified and flowed. The observation that the
slimes were very wet was borne out by the saturation data, where saturation
values were in the 95 to 99% range for samples SL-9 and SL-12.

We noted that the lo..er half of sample SL-10 was sandier than the top half
and that it did not flow when vibrated. Sample SL-10 also had a lower degree
of saturation (80%) at a pore pressure of'55 kPa than the other samples. In
going from a pore pressure of 27 to 55 kPa, we saw a large amount of outflow.
So much outflow occurred that it exceeded the capacity of the outflow graduated
cylinder. At first, we thought there was a leak in the system, but a subse-
quent investigation found no apparent leaks. After the experiment had ended,
however, we found that the sample was layered such that the upper half was
slime-like and the lower half sandy. This could have resulted from the sample
preparation method, where we allowed the slurried material to settle. We
reasoned that in changing the pore pressure from 27 to 55 kPa, we exceeded the
air-entry value of the upper finer layer and saw the rapid drainage of the
lower sandy layer. We cannot prove this, but we did perform some experiments
to illustrate the problem.

In the first experiment, we poured a water: slime slurry (5:2 ratio) into
filter funnels, allowed the slurry to drain to a pore pressure of 1 kPa, dried
the sample, then sampled the upper and lower halves for particle-size analysis.
The average sand, silt, and clay percentages for three repetitions were 0, 63,
and 37 for the upper halves and 18, 65, and 17 for the lower halves. This
experiment confirmed that particle-size segregation could occur during sample
emplacement.

Samples SL-9 and SL-12 did not exhibit particle-size layering; this was
probably because these samples were reslurried in the Rowe consolidometer after
the platen started to sink (before we decided to take the sample to a pore
pressure of 7 kPa in advance of placing the platen). The platen was removed,
water added, and the sample reslurried. We performed a second set of experi-
ments to duplicate this. Again, we poured a water: slime slurry, (5:2 ratio)
into filter funnels and allowed the mixture to drain to a pore pressure of
1 kPa. At that point, water was added to the sample, but the water: slime ratio
was 3:2 instead of 5:2. The samples were remixed, drained, dried, and sampled
as before. The average sand, silt, and clay percentages were 6, 75, and 19 for
the upper half and 6, 74, and 20 for the lower half. Essentially no particle-
size differentiation occurred between the upper and lower halves of the sam-
ples, which would indicate that samples SL-9 and SL-12 were homogenous.
Although it is likely that sample SL-10 was layered, we still performed the
consolidation calculations and included them in this report.

,

IResults of the change in height of sample SL-9 versus time are shown in
|

Figure 12 (o-u was 2 kPa). Of the four pore pressure step increases,a

|
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the largest consolidation occurred following a pore pressure increase from 7 to
14 kPa. Total consolidation caused by desaturation over the pore pressure
range of 7 to 82 kPa appears to have been considerably less than that caused by
sample loading under saturated conditions; e.g., the total change in sample
height for sample SL-9 was 0.028 cm. Looking back at Figure 6 and sample SL-6,
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note that every load increase resulted in a greater change in sample height
than the total change by desaturation from 7 to 82 kPa.

Figure 13 contains plots of void ratio versus pore pressure for the three
stress levels examined for slimes. Note the large drop in void ratio as the
samples were taken from a pore pressure of 1 to 7 kPa before any load was
placed on the samples. The load was applied only after the pore pressure was 7
kPa because the samples could not sustain the load when saturated. We do not
know if the large changes in void ratio between pore pressures of 1 and 7 kPa
would have occurred if the sample had been preloaded before the pore pressure
was increased. For increases in pore pressure above 7 kPa, little change
occurred in void ratio, no matter which stress level was used.

Following the consolidation caused by the load addition at 7 kPa pore
pressure, the void ratio decreased monotonically as the sample was desaturated
(see Figure 13). In contrast, Sherry (1982) reported that the void ratio for
slimes increased then decreased as the sample was desaturated. Sherry, how-
ever, followed different stress paths than we did, and we believe his results
reflected the hysteresis inherent in the paths chosen. As the sample was
desaturated, we saw about 10% of the change Sherry reported in the void
ratio. For instance, from our data the calculated slope (C ) of the void ratio
versus pore pressure curve for a stress of 2 kPa is 0.02. kecalculateda
slope of 0.32 from Sherry's data for a stress of 7 kPa. Several possible
explanations exist. First, we used material from Grand Junction, Colorado, as
opposed to Shiprock, New Mexico. Second, we used different equipment and
procedures. Third, we followed stress paths chosen to avoid hysteresis, and
Sherry did not.

The degree of saturation data is sparse (Table A.2, Appendix A). Com-
parisons between stress levels should be limited, because the initial void
ratios were so varied (1.7,1.9, and 2.1). In addition, sample SL-10 experi-
enced significant drainage, which we attributed to sample layering. The degree
of saturation of sample SL-10 at a 55 kPa pore pressure was 80.3%; and the
corresponding values for samples SL-9 and SL-12 were 96.9 and 99.5%, respec-
tively. The latter two values bear out the visual observations that the sam-
ples were quite wet, even at pore pressures of 55 kPa. Sherry (1982) reported
saturation values of 82 to 98% under similar conditions. These values are
slightly drier than the values we have reported, but they are still very wet.
Differences can also be attributed to material characteristics because Sherry
used different slimes material than were used in our tests. Sherry extended
some of his experiments to a 220 kPa pore pressure, for which his lowest
recorded saturation value was 70% for a stress of 7 kPa.

!
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TABLE A.1. Results of Saturated Consolidation Tests

Applied Sample Hydraulic
Sample Stress Height Void Conductivity

7
Number (kPa) (cm) Ratio (m/s x 10 )
SA-3 2 3.396 0.785 --

) 10 3.387 0.784
20 3.383 0.778

} 39 3.375 0.773
78 3.364 0.765

157 3.349 0.760
314 3.329 0.749
471 3.316 0.742
628 3.305 0.736

,
1255 3.271 0.720

1

SA-4 2 3.294 0.777 --

'

10 3.289 0.774
20 3.282 0.770
39 3.273 0.766
78 3.257 0.755

157 3.243 0.751
314 3.220 0.740
471 3.204 0.732
628 3.191 0.729

1255 3.156 0.715

SA-5 2 2.860 0.855 --

10 2.848 0.848
20 2.839 0.843
39 2.829 0.837
78 2.812 0.825

157 2.797 0.817
314 2.775 0.800
628 2.747 0.784

1255 2.706 0.756

SA-6 2 2.835 0.854 --

10 2.820 0.842
20 2.809 0.834
39 2.797 0.824
78 2.779 0.814

157 2.762 0.807
314 2.737 0.789
628 2.705 0.769

1255 2.663 0.741

I A.1
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TABLE A.1. (Contd)

Applied Sample Hydraulic |

Sample Stress Height Void Conductivity
7Number (kPa) (cm) Ratio (m/s x 10 ) |

SA-7 10 3.061 0.772 --

20 3.054 0.769 75.3
39 3.042 0.768 75.3 |
78 3.029 0.754 80.7

157 3.011 0.750 80.5
314 2.988 0.738 --

628 2.959 0.719 79.1
1255 2.920 0.699 67.3

SS-1 1 1.334 1.253 --

I2 1.328 1.243 --

10 1.317 1.225 12.50
20 1.307 1.209 8.54
39 1.292 1.182 4.78
78 1.276 1.156 4.40

157 1.255 1.121 --

314 1.230 1.078 3.59
628 1.196 1.021 2.65

1255 1.160 0.960 --

SS-2 1 3.320 0.805 --

2 3.300 0.794 --

10 3.261 0.773 --

20 3.249 0.767 0.305
39 3.223 0.753 0.300
78 3.190 0.735 0.285

157 3.152 0.714 0.256
314 3.109 0.691 --

628 3.066 0.667 0.183
1255 3.030 0.648 0.167

SS-3 1 3.485 0.857 --

2 3.477 0.853 --

10 3.386 0.804 --

20 3.355 0.788 0.299
39 3.333 0.775 0.289
78 3.289 0.752 0.275

157 3.254 0.733 0.230
314 3.198 0.704 --

628 3.155 0.681 0.182 j
1255 3.112 0.658 0.163 .

!
1
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TABLE A.1. (Contd)

Applied Sample Hydraulic
Sample Stress He19 t Void Conductivityh

7Number (kPa) (cm) Ratio (m/s x 10 )
SS-4 2 2.705 1.147 --

10 2.672 1.121 3.71
20 2.654 1.099 3.50
39 2.626 1.075 3.84
78 2.591 1.046 3.85

157 2.549 1.016 3.52
314 2.505 0.978 3.09
628 2.439 0.931 2.51

1255 2.429 0.889 2.11

SS-5 2 2.515 0.922 --

10 2.482 0.889 1.43
20 2.466 0.882 1.43
39 2.443 0.862 1.59
78 2.415 0.847 1.69

157 2.380 0.823 1.53
314 2.342 0.792 1.36
628 2.286 0.765 1.16

1255 2.229 0.715 0.905

SL-1 2 1.969 1.849 --

10 1.831 1.651 0.460
20 1.809 1.618 0.458
39 1.781 1.577 0.420
78 1.732 1.507 0.376

157 1.676 1.426 0.347
314 1.613 1.335 0.274
628 1.547 1.239 0.227

1255 1.443 1.088 0.146

SL-2 2 1.849 1.900 --

10 1.707 1.677 0.460
20 1.666 1.614 0.458
39 1.626 1.550 0.420
78 1.572 1.466 0.376

157 1.532 1.402 0.347
314 1.458 1.287 0.274
628 1.392 1.183 0.221

1255 1.301 1.040 0.140
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i

TABLE A.1. (Contd)

Applied Sample Hydraulic
Sample Stress Height Void Conductivity

7Number (kPa) (cm) Ratio (m/s x 10 )
St-3 1 1.930 1.868 --

2 1.897 1.819 0.607
10 1.816 1.698
20 1.783 1.649 0.560
39 1.748 1.596 0.549
78 1.689 1.509 0.457

157 1.646 1.445 0.401
'

314 1.552 1.306 0.307
628 1.481 1.200 0.229

1255 1.400 1.079 0.159
,

SL-4 1 1.826 1.842 --

2 1.814 1.822 0.726
10 1.704 1.652 --

20 1.669 1.597 0.571
39 1.641 1.553 0.542
78 1.600 1.490 0.465

157 1.555 1.419 0.409
314 1.471 1.289 0.312
628 1.410 1.194 0.226

1255 1.331 1.071 0.168

SL-7 2 2.868 1.566 --

10 2.840 1.541 0.449
20 2.827 1.530 0.447
39 2.804 1.509 0.429
78 2.776 1.484 0.419

157 2.743 1.455 0.389
314 2.690 1.407 0.371
628 2.624 1.348 0.352

1255 2.540 1.273 0.267

SL-8 2 2.934 1.686 --

10 2.906 1.661 0.463
20 2.891 1.647 0.452
39 2.868 1.626 0.413
78 2.842 1.602 0.409

157 2.809 1.572 0.389
314 2.756 1.523 0.355
628 2.687 1.461 0.328 |

1255 2.609 1.388 0.301

|
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TABLE A.2. Results of Partially Saturated Consolidation Tests

Sample Degree of
Sample -u a-u Height Void Saturation

u$Pa$ (kPa) (cm) Ratio (%)(i Number

SL-9 1 0 4.321 1.695 100.0
7 0 4.059 1.531 --

i 7 2 3.955 1.466 --

7 2 3.917 1.443 99.5
14 2 3.907 1.437 99.4
27 2 3.896 1.429 98.9
55 2 3.891 1.427 96.9
82 2 3.884 1.422 95.9

SL-10 1 0 3.604 2.091 100.0
7 0 3.437 1.948 --

7 14 3.327 1.855 --

1 21 3.312 1.841 --

1 27 3.284 1.817 --

1 41 3.274 1.809 --

7 41 3.236 1.777 --

14 41 3.208 1.751 --

27 41 3.188 1.734 --

55 41 3.183 1.731 80.3

SL-12 1 0 3.528 1.942 100.0
7 0 3.366 1.806 --

7 2 3.335 1.781 --

7 14 3.259 1.717 --

7 27 3.203 1.571 --

7 55 3.152 1.628 --

7 110 3.076 1.566 --

7 220 3.035 1.531 --

7 220 3.023 1.520 --

14 220 3.020 1.518 --

27 220 3.015 1.515 --

55 220 3.007 1.508 99.5

|

f

I

(

; A.5

_ _ _ _ - _ _ - _ _



i

NUREG/CR-4087
PNL-5339

RU

DISTRIBUTION

No. of No. of
Copies Copies

0FFSITE P. J. Garcia
U.S. Nuclear Regulatoryi

F. Swanberg Commission
U.S. Nuclear Regulatory Office of Nuclear

Comission Regulatory Research
Office of Nuclear Washington, DC 20555

Regulatory Research
Washington, DC 20555 Thomas Nicholson

U.S. Nuclear Regulatory
E. F. Conti Commission
U.S. Nuclear Regulatory Office of Nuclear

Comission Regulatory Research
Office of Nuclear Washington, DC 20555

Regulatory Research
Washington, DC 20555 Peter Ornstein

U.S. Nuclear Regulatory
G. N. Gnugnoli Comission
U.S. Nuclear Regulatory Washington, DC 20555

Commission
Office of Nuclear C. N. Ostrowski

Materials Safety and U.S. Nuclear Regulatory
Safeguards Comission

Washington, DC 20555 Office of Nuclear
Regulatory Research

D. Alexander Washington, DC 20555
U.S. Nuclear Regulatory

Comission John Starmer
Office of Nuclear U.S. Nuclear Regulatory

Regulatory Research Comission
Mail Stop 1130 SS Washington, DC 20555
Washington, DC 20555

! R. D. Smith
' L. L. Reratan U.S. Nuclear Regulatory
! U.S. Nuclear Regulatory Comission
' Comission Washington, DC 20555

Office of Nuclear
Regulatory Research U.S. Nuclear Regulatory

Washington, DC 20555 Commission
Division of Technical Informa-

Dick Codell tion and Document Control
U.S. Nuclear Regulatory 7920 Norfolk Avenuei

Commission Bethesda, MD 20014,

; Washington, DC 20555

Distr-1



-- ____ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _

| No. of No. of
Copies Copies

Fred J. Molz, Director Ron Lantz
School of Engineering and Intera Environmental

Engineering Experiment Consultants, Inc.
Station 11999 Katy Freeway

Auburn University Suite 610
Auburn, AL 36849 Houston, TX 77079

Genevieve Segol John Price
Bechtel Civil and Minerals, Jacob's Engineering

Inc. 5301 Central Avenue NE
P.O. Box 3965 Suite 1700
San Francisco, WA 94119 Albuquerque, NM 87108

P. M. Kearle Walter Barber
Bendix FEC Jacobs-Weston Team
P.O. Box 1569 5301 Central Ave., Suite 1700
Grand Junction, CO 81502 Albuquerque, NM 87108

D. R. Tweeton T. N. Narasimhan
Twin Cities Research Center Lawrence Berkeley Labs
Bureau of Mines University of California
5629 Minnehaha Avenue South Berkeley, CA 94720
Minneapolis, Mn 55417

Daniel B. Stephens
Steve Mitzell Geosciences Department
E.G.G. Idaho Inc. New Mexico Institute of
P.O. Box 1625 Mining and Technology
Idaho Falls, ID 83415 Socorro, New Mexico 87801

Dean M. Golden George T. Yeh
EPRI Room 203, Bldg 1505
3412 Hillview Avenue Oak Ridge National Laboratory
P.O. Box 10412 P.O. Box X i
Palo Alto, CA 94303 Oak Ridge, TN 37830 ;

I
J. W. Mercer S. W. Childs
Geotran Inc. Department of Soil ' Science
P.O. Box 2550 Gregon State University
Reston, VA 22090 Corvallis, OR 97331

Keros Cartwright George Barr
Illinois State Geological P.O. Box 5800

Survey Sandia National Laboratory
615 E. Peabody Drive Albuquerque, NM 87185 ;
Champaign, IL 61820

Felton Bingham k
P.O. Box 5800
Sandia National Laboratory

;

Albuquerque, NM 87185

Distr-2

_-. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



No. of No. of
|

Copies Copies

Joe Fernandez FOREIGN
Sandia National Laboratory
Albuquerque, NM 87185 Dr. Eshel Bresler

Soil Physicist
Don Diego Gonzales Agricultural Research
UMTRAP Program Organizational
Sandia iiational Laboratories The Volcanic Center
Albuquerque, NM 87185 Institute of Soils and Water

P.O.B. 6
Maurice Veatch Bet Dagan, 50-250
Shannon and Wilson, Inc. ISRAEL

; 1105 North 38th
Seattle, WA 98103 Or. Robert W. Gillham

i Department of Earth Sciences
1 Todd Miller Universit) of Waterloo.

United Nuclear Corporation Waterloo, Ontario
*

Mining and Milling Operations CANADA N2L361
P.O. Drawer QQ
Gallup, NM 87301 Dr. G. de Marsily

Ecole Nationale
Shlomo Neuman Superieure des Mines
Department of Hydrology and Centre d'Informatique

Water Resources Geologigue
University of Arizona 35, Rue Saint-Honore'
Tuscon, Arizona 85721 77305 Fontanebleau

FRANCE
George Bloomsburg
University of Idaho Dr. P.A.C. Raats

j Moscow, 10 83843 Institute for Soil Fertility
| P.O. Box 30003

i Clinton Case 9750 RA HAREN (Gr)
Desert Research Institute THE NETHERLANDS

j: University Nevada System
i . P.O. Box 60110 ONSITE' Reno, NV 89506

Pacific Northwest Laboratory

Department of Soil Science and D. W. Dragnich
Biometeorology M. J. Fayer (30)

College of Agriculture M. G. Foley
Utah State University G. W. Gee
Logan, UT 84322 P. C. Hays

C. T. Kincaid
David Dunbar T. J. McKeon'

Woodward-Clyde Consultants A. E. Reisenauer
3 Embarcadero Center, Suite 700 D. R. Simpson4

| San Francisco, CA 94111 L. L. Wendell
! Publishing Coordination (2)

Technical Information (5)

Distr-3

s

. - - ____ _ _____________________



o.__._.__ .__w.....___.._,.so..,

NUREG/CR-4087'#f,"$$' BIBLIOGRAPHIC DATA SHEET
i PNL-5339

ni ~n oct,o~i o r-. ..ve u f
, ,,, t. .so su.r ir o 2a....<..

Measurements of Uranium Mill Tailings
Consolidation Charactt'istics

. o.n ,p, co. a uo
N oo~,-

f |
....

December / 1984. .u , mo. ,,,

M. J. Fayer * Fi ai oa' 'avio
UQN , *e 1k.A

I Februarf 1985
'

, . ,.oacr... p o. u,,, w ...., . . .. o. .. u o. s. ~. 4. , ,0 . . . . . . ,uso .oo. . ss . ,.. < , c ,

Pacific Northwest aboratory / Task 3
j * " ' "" ' ' * " " "P.O. Box 999,

! Richland, Washingto 99352 B2370

|
to ss'o%s0 ming ORG. Nit.,lom %.Ut .No w.auN') .O. E ss esas 4,. t.a Co.es s i. etosatPom,

! Division of Radiation Pr rams and Earth Sciences
; Office of Nuclear Regulato Research Topical

U. S. Nuclear Regulatory Co ission j n a oo cou aio ,,--- .-
Washington, D. C. 20555 r

Y
1, SUPP<tMENr. A v %Q,t $

|

| .......c.,-,

l Experiments were conducted on uranium i 11 tai ngs from the tailings pile in
Grand Junction, Colorado, to determine t ir c nsolidation characteristics.
Three materials (sand, sand / slimes mix, si e were loaded under saturated
conditions to determine their saturated cens idation behavior. During a
separate experiment, samples of the slimes . ial were kept under a con-
stant load while the pore pressure was inct ase to determine the partially
saturated consolidation behavior.

Results of the saturated tests compared w 1 with pu ished data. Sand consoli-1

dated the least, while slimes consolidat the most. each material
consolidated, the measured hydraulic con uctivity decrea d in a linear
fashion with respect to the void ratio.

Partially saturated experiments with tt slimes indicated tha there was
little consolidation as the pare press're was increased progre ively above
7 kPa. The small amount of consolida on that did occur was on1 a fraction
of the amount of saturated consolidat: on. Preliminary measuremen between
pore pressures of 0 and 7 kPa indica 2d that measurable consolidati could
occur in this range of pore pressure but only if there was no load.
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