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COMPACTION CRITERIA FOR METAL AND NONMETAL TAILINGS

By C. M. K. Boldt'

ABSTRACT

The Bureau of Mines studied the compaction characteristics of metal
and nonmetal tailings. Densities of the tailings and zone of compaction
influence, compactive effort, and cost of equipment are related to
changes in the factor of safety for specific grain-sized tailings and
embankment configurations.

Field testing was accomplished in two distinct phases. The first
phase investigated the effectiveness of using a nuclear gauge on metal
and nonmetal tailings to produce rapid, instantaneous measurements of
moisture content, wet density, and dry density. The results of the
nuclear gauge testing are presented in chapter 1.

Chapter 2 presents a comparison of the compactive effectiveness of
three different pieces of construction equipment on a coarse-gralned
metal tailings pond. The three pieces of equipment chosen for study
were a D8H track-mounted dozer, a D500 rubber—-tired dozer, and a SP848
vibratory smooth-drum compactor.

Tcivil engineer, Spokane Research Center, Bureau of Mines, Spokane, WA,



CHAPTER 1.--NUCLEAR GAUGE APPLICABILITY ON MINE WASTES

INTRODUCTION

Since 1963, the Bureau of Mines has
conducted field density tests on tailings
and wastes using the rubber-balloon meth-
od, in accordance with ASTM D2167-66, and
the sand-cone method, ASTM D1556-64. Al-
though these tests have been adequate in
obtaining in-place densities, the bulki-
ness of the test apparatus and the labor
and time-intensive mode of securing re-
sults are drawbacks.

Surface nuclear source 1instruments
capable of measuring moisture content and
density are not new. Advances in tech-
nology, however, have resulted in 1im-
proved reliability of the 1nstrument and
ease of operation. At present, nuclear
gauges are used extensively by the con-
struction industry to monitor soil com—
paction properties and conformance to
specifications.

Although the use and reliability of the
nuclear gauge in natural, compacted soil
are generally accepted, a question re-
mained as to its performance on processed
mill tailings and waste piles. Side-
by-side density tests were conducted on
metal mine tailings ponds in Arizona,
California, and Washington, and a coal
preparation plant's compacted waste pile
in West Virginia. In the case of the
metal tailings tests, nuclear gauge re-
sults were compared with results from
the Washington Balloon Dens-o-meter.2 As
part of another Bureau project (1),3 the
preparation plant coal waste pile was
tested using the nuclear gauge and the
sand-cone method.

Specifically, the present investigation
compares the results of in-place density
readings obtained by the balloon den-
simeter and the Troxler model 3411 nu-

specific products does
Bureau of

2Reference to
not imply endorsement by the
Mines.

3Underlined numbers in parentheses re-
fer to items in the list of references at
the end of this report.

clear gauge on the metal tailings. The
procedures used and the test results ob-
tained are discussed in detalil 1in the
following sections.

TEST METHODS

Rubber-Balloon Test

The ASTM—-approved method of conducting
the rubber-balloon in-place density test
involves placing a template on the
ground, mounting the densimeter on the
template, and securing a zero reading.
A test hole is then dug, which has a
minimum required volume dependent on the
maximum particle size of the material
to be tested, thickness of the compact-
ed layer, and capacity of the equipment
(ASTM standard test D2167-66). The test
hole is measured for volume by replac-
ing the densimeter on the template and
filling the void with the membrane-
enclosed fluid. All material from the
hole is kept 1n an airtight container
and is welghed, dried, and weighed again

to determine the water content and dry
density.
The Washington Balloon Dens-o-meter

(fig. 1) meets the ASTM requirements and
is used frequently by the Bureau for in-
place density tests on tailings ponds.
Some of the disadvantages of wusing the
rubber-balloon method are

1. The weight and size of the densi-
meter and necessary equipment make it
difficult for one person to carry.

2. The rubber membrane
to breaking or leaking.

is susceptible

3. TFor each test conducted, the soil
from the excavated hole must be scrupu-
lously preserved and weighed in a labora-
tory setting to determine the water con-

tent and subsequent dry density.4

470  avoid handling large samples, the
excavated material can be weighed in the
field and only a representative sample of
soil analyzed for water content.



FIGURE 1. - Balloon densimeter.



4, The time required to obtain the dry
density averages 16 h., This reflects
only the ASTM-recommended drying time and
does not take into account the elapsed
time of transporting the sample to the
laboratory. Field drying can be accom—
plished in 20 min; however, final results
should be based on laboratory ovendrying.

5. Since the volume 1s obtained by
pressurizing the fluid-filled membrane,
the material being tested should not de-
form easily nor should the test hole have
too rough a surface.

Sand-Cone Test

The sand-cone method is similar to the
rubber-balloon test in that a hand-dug
hole is filled with a calibrated medium
in order to measure the volume-—in this
case, clean, dry, calibrated sand. Fig-
ure 2 illustrates the sand-cone apparatus
and test procedure. After the excavated
material is weighed and the water con-

tent determined, the dry density can be
calculated.
The disadvantages of wusing the sand-

cone method are

l. The sand-cone apparatus and neces-
sary equipment for conducting this test
are bulky and difficult to transport for
repetitive testing.

2. For each test conducted, the soil
from the excavated hole must be scru-
pulously preserved and weighed to deter-

mine the water content and subsequent dry
density.

3. The time required to calculate the
dry density averages 16 h. If there was
a mobile laboratory at the site, the time
to complete the test would still be
20 min; however, the convenience of on-
site determination of moisture content,
wet density, and dry density would be
available,

4. A supply of clean, dry, calibrated
sand must be maintained.

5. In material with large particles,
it 1is difficult to excavate the hole
smoothly and fill all the voids.

Nuclear Gauge Test

For the particular gauge studied, the

nuclear source emits cesium-137 gamma
photons from a submerged source to sen-
sors located on the instrument. As the

of the material increases, more
scattered by the test ma-
This phenomenon is

enabling the di-
density. Figure 3

density
photons are
terial's electrons.
internally calibrated,
rect readout of wet

illustrates the typical direct transmis-
sion mode of density readings.
readings,

For mois-

ture americium-241:beryllium

FIGURE 2. - Sand-cone apparatus.



Gauge

Surface

FIGURE 3. - Nuclear gauge.

neutrons are emitted from a source in the

middle of the bottom plate with the de-
tectors immediately adjacent. The mois-
ture content reading is based on hydro-

the emitted neutrons. If
is present (water form is
gauge), 1ncreased water

gen's slowing
more hydrogen
assumed by the
content is read.

Direct readings are computed and dis-
played for percent Marshall, percent
Proctor, wet density, dry density, and
percent moisture when the correspond-
ing buttons on the gauge keyboard are
pressed.

The nuclear source densimeters have
the following disadvantages, inherent
in the theory behind the photon-neutron
principle:

1. In elements higher than atomic No.
30, fluorescence occurs. This photoelec—
tric interference happens when an elec-
tron falls back into a normal orbit from
the excited state after being hit by the
photon. In construction soils, this
would not be a major problem; however,
mineral wastes or ore bodies can contain
significant concentrations of the ele-
ments above atomic No. 30 (i.e., lead,
uranium, mercury, molybdenum, silver,
gold, and arsenic), which can affect the
direct wet density readings.

readings will be
adjusted 1if the

2. The moisture
affected and must be

material contains a significant amount ot
hydrogen not in water form. This is true
for organics, either as a mineral pro-
cessing additive or in the material it-
self, such as coal.

3. Since the gauge 1is based on molecu-
lar interaction, readings may be mislead-
ing 1in materlals contalning a signifi-
cant amount of voids. Accuracy of the
gauge increases with 1increasing density;
therefore, in tailings or waste vock,
which have been loosely deposited, irreg—-
ular readings may be generated. It is
important that the gauge operator be
familiar with the material's properties
to recognize this condition.

uses radioactive
transport, dis-

4, Because the gauge
material, the storage,
posal, and use of the gauge are closely
regulated, with correspondingly strict
recordkeeping and operating procedures.

5. The operator may lose a "feel" for
the soil, since tests are quick and to-
tally instrumented.

TEST PROCEDURE

At each site, tests were conducted
along a line at designated intervals,
starting at the perlphery and running in-
ward toward the pond area.

At each sample station, the ground was
prepared by leveling the area with as
little disturbance as possible. The test
using the nuclear source method was usu-
ally conducted first, since it involved
less area disruption. Next to the nu-
clear test site, not more than 3 ft away,
but far enough to miss the direct trans-
mission probe hole, the balloon or sand-
conducted. All

cone control test was
nuclear source tests used the direct
transmission geometry (the radiation

source positioned from the bottom of the
gauge by inserting a probe down a pre-
punched hole) with the source set at 4 in
below the surface., This was done to more
closely parallel the balloon testing pro-
cedure, which involved digging an average
6-in—-deep test hole below the balloon
densimeter plate.



Soil samples obtained from the balloon
tests were brought back to the Bureau for
weighing and drying.

TEST SITES

Test sites were chosen for their diver-
sity in mined mineral content. Wastes
from coal, =zinc, copper, and iron were
tested. At each site, multiple tests
were conducted and the results tabulated
for comparative purposes,

Test site A 1is located in West Vir-
ginia, The nuclear gauge method was com-
pared with the sand—-cone method in a pre-
vious Bureau project entitled "Compaction
Criteria for Coal Waste Embankments™ (1).
The waste studied was from a coal prep-
aration plant and consisted of a variety
of materials, including mudstones,
shales, stiff clays, and weakly cemented
sandstones. The wastes were used to con-
struct an impoundment for fly ash and
fine refuse.

site was built in con-
various construction
compactive ef-

The test
trolled layers, and
equipment was studied for
fectiveness. Therefore, the test re-
sults indicate varying degrees of den-
sities. The dimportant consideration,
however, 1is still valid, namely, the
performance of a nuclear gauge on mining
wastes.

Test site B is located in Washington
State. This zinc operation has not been
active for over 10 yr. The tailings em—
bankment was constructed by the upstream—
spigoting method and consists primarily
of limestone and quartz,

in Arizona.
with

and D are
copper mines

sites C
are primarily

Test
These

secondary mineralization of silver, gold,
selenium, and molybdenum. Both tailings
ponds use the upstream-spigoting method
of deposition, with the wastes consisting
of schist, quartz, magnetite, and pyrite.

Test site E is an iron ore mine located
in California. The tailings material
consists of quartzite, andesite, and
limestone.

TEST RESULTS

Of the five sites, three sites (A, B,
and C) produced direct nuclear wet den—
sity readings having between a 3.2- and
4.,2-pcf average discrepancy with the con—
trol test readings. The average discrep-
ancy was calculated as the average of the

whole number difference between the nu-
clear and control readings. This dis-—
crepancy is within the 3- to 5-pcf range

of acceptance as specified by ASTM D2922-
78, standard test method for density of
soil and soil-aggregate in-place by nu-
clear methods (shallow depths).

Site D contained extremely wet, silty
tailings, averaging 20 pct molsture. As
the tests were conducted, the nuclear
gauge visibly settled into the material,
and the side walls of the excavated hole
probably deformed during the volume cali-
bration of the balloon densometer,

At site E, all of the direct readings
from the nuclear gauge were higher than
those from the rubber-balloon control
test.

Tables 1 through 5 summarize the com—
parative readings at each test site and
include the average discrepancies between
the nuclear gauge readings and the con-
trol test readings.



TABLE 1. — Site A, coal waste

Sam—- | Wet density, [Dry density, Moisture [Wet density [Dry density Moisture
ple pcf pef content, pct|difference,!|difference,!|difference,

Sand |Nuclear|Sand |Nuclear|Sand |Nuclear pcf pcf pct
lo..| 120.0f 123.2 |112.1] 104.4 |5.7 18.8 +3.2 =7l +13.1
2..0| 123.4| 123.9 |115.3) 107.2 |7.0 15.5 +.5 -8.5 +8.5
3.0 121.1| 125.3 |114.2| 110.7 |6.1 13.3 +4.2 =3s5 +7 .2
4o.s| 122.6| 119.4 |115.1| 104.0 |6.4 14.6 -3.2 -11.1 +8.2
5...| 124.3| 123.8 |116.7| 108.6 |6.5 14.1 =45 -8.1 +7.6
6...| 130.1| 129.1 |120.8| 109.9 (7.7 17.5 -1.0 -10.1 +9.8
Teoo| 122.4) 119.4 |117.5]| 107.4 |4.1 11.2 —3.0 -10.1 +7.1
8...| 120.6| 123.6 |113.1( 105.8 |6.7 16.9 +3.0 =73 +10.2
9...| 134.1| 132.0 [124.2| 113.7 |8.0 16.0 =241 -10.5 +8.0
10.. | 140.8| 129.7 |130.3| 113.6 |8.1 14.2 -11.1 -16.7 +6.1
11..| 137.3( 131.2 |128.3| 115.4 |7.0 13.6 -6.1 -12.9 +6.6
12..| 135.8] 128.1 |128.3| 112.2 |5.9 14.2 =77 -16.1 +8.3
13..| 126.4| 121.7 |118.0( 100.6 |7.1 20.2 -4,7 -17.4 +13.1
l4..| 134.8| 128.5 |125.2| 110.8 7.7 16.0 -6.3 -14.4 +8.3
15..| 133.4| 136.8 |126.0| 124.5 |5.9 10.7 +3.4 -1.5 +4.8
16..] 145.0| 135.2 |135.5| 120.4 |7.0 12.3 -9.8 -15.1 +5.3
17..| 138.5| 138.6 |129.,7| 123.5 |6.7 12.2 o 1 —6+.2 +5.5
"Difference = nuclear test result — control test result.

TABLE 2, - Site B, zinc tailings

Wet density, Dry density, Moisture Wet den— |Dry den- Moisture
Sam- pcf pcf content, pct [sity dif-|sity dif-|difference, '
ple [Balloon|[Nuclear|Balloon|[Nuclear |[Balloon|[Nuclear|ference,'|ference, pct

pecf pcf
l...|] 116.8 113.6 105.1 99.4 11.1 14.3 +3.2 =5l +3+2
2...| 111.8 109.8 101.2 98.8 10.5 11.2 -2.0 -2.4 +.7
3...] 113.1 110.0 106.4 102.4 6.3 745 ~3.1 -4.,0 +1.2
4...12138.9 | 109.9 | 124.7 96.4 | 11.4 14,1 -29.0 | -28.0 +2.7
S5sss| 114.9 113.3 101.7 98.7 13.0 15.7 -1.6 -3.0 +2.7
6ose 97.6 108.6 92.9 97.7 5.1 11.1 +11.0 +4.8 +6.0
Teeo| 119.5 115.3 110.4 103.3 8.2 11.7 -14,2 =Tl +3.5
8eeo| 117.7 115.2 104.3 98.3 12.8 17+2 +2:5 -6.0 +4.4
9...| 109.8 109.1 103.6 99.1 6.0 10.1 -.7 —4s5 +4.1
10..| 108.6 109.6 103.9 101.3 4.5 8.2 +1.0 =2 b +3.6 7
11..| 110.5 110.9 101.4 98.8 9.0 12.3 +.4 =2.6 433
12,.] 111.5 109.5 102.7 97.2 8.6 12.6 -2.0 —5.5 +4.0
13..] 107.0 107.2 100.3 97.6 6.7 9.9 +2.0 ~2.7 +3..2
'Difference = nuclear test result - control test result.
’Balloon membrane disengaged.
TABLE 3, — Site C, copper tailings

Wet density, Dry density, Moisture Wet den- |Dry den- Moisture
Sam— pcf pcf content, pct sity dif-|sity dif-|difference,
ple [Balloon|Nuclear|Balloon|Nuclear Balloon|Nuclear| ference, '| ference, pct

pcf pcf

lows 97.4 98.6 90.0 93.6 7.8 5.3 +1:2 +3.6 ~2.5
2... 95.2 99.7 80.5 86.6 19.1 15,2 +4.5 +6.1 -3.9
3eces 95.3 98.0 84.5 90.8 12.8 i) +2.u.7 +6.3 -4.9
4,..| 100.8 105.5 92.0 93.9 9.6 12.3 +4.7 +1.9 +2.7
5000/ 101.9 104.1 87.0 89.6 17.2 16.3 +242 +2.6 =Tl

TDifference =

nuclear test result - control test result.



TABLE 4. - Site D, copper tailings

Wet density, Dry density, Moisture Wet den—- [Dry den- Moisture
Sam- pcf pcf content, pct |sity dif-|sity dif-|difference, !
ple |Balloon|Nuclear|Balloon|Nuclear|Balloon |[Nuclear ference, ! |[ference, ! pct
pcf pcf
lis 106.7 115.8 | 87.4 92.9 22.0 24,7 +9.1 +5.5 +2.7
2.. 88.0 120.7 67.8 92.4 29.8 30.7 +32.7 +24.6 +.9
3. 86.4 117.1 71.1 92.3 21.6 26.8 +30.7 +21.2 +5.2
4,. 97.5 120.7 79.5 96.7 22.6 24,8 +23.2 +17.2 $242
5.. 110.2 115.7 91.8 95.5 20.1 21.4 +5.5 +3.7 -1.3
6.. 103.7 121.2 | 85.8 96.5 20.9 25+6 +17.5 +10.7 +4.7
7o 113.5 121.7 94,0 96.9 20.7 25.5 +8.2 +2.9 +4.8
8.. 105.2 117.7 83.2 92.0 23.5 28.0 +12.5 +8.8 +4.5
L [T 103.5 119.9 87.1 96.5 18.8 24,3 +16.4 +5.5 +5.5
10..| 105.6 114.7 89.6 96.6 17.8 18.8 +1.0 +1.0 +1.0
'Difference = nuclear test result — control test result.
TABLE 5. — Site E, iron tailings
Wet density, Dry density, Moisture Wet den—- |[Dry den- Moisture
Sam— pcf pef content, pct sity dif-|sity dif-|difference,
ple [Balloon|Nuclear|Balloon|Nuclear|Balloon|[Nuclear|ference, ! |ference,' pct
pcf pcf

l.. 102.2 114.7 87.4 101.1 5.7 13.6 +12.5 +13.7 +7.9
244 106.9 110.4 92.5 98.2 5.0 12.4 +3.5 +5.7 +7.4
3iw 99.1 108.9 87.5 99.1 | 5.7 9.9 +9.8 +11.6 +4.2
4., 90.6 106.2 78.4 95.1 5.2 11.6 +15.6 +16.7 +6.4
SPF 98.8 108.2 85.3 96.5 6.4 12.1 +9.4 +11.2 +5.7
6.. 96.9 118.0 | 83.6 106.0 5.9 11.3 +21.0 +22.4 +5.4
Teo 113.5 118.8 | 98.4 107.0 5.3 11.0 +5.3 +8.6 +5.7
8.. 98.2 112.1 87.6 99.7 5.7 12.4 +13.9 +12.1 +6.7
9.. 91.7 97.4 | 79.9 88.4 6.2 10.2 +5.7 +8.5 +4.0
10..| 101.3 108.2 | 90.1 97.7 12.4 10,7 +6.9 +7.6 +1.7
'Difference = nuclear test result — control test result.

Study of the data shows that moisture parallel each other from one sample sta—

readings from both the nuclear gauge and
control test on all sites

the

Moisture content, pct

tended to

tion to another.
is taken in part from table 1:

The following

example

Moisture difference between

sample stations, pct

Nuclear Control

Sample l.... 18.8 5.7

Sample 2.... 15.5 7.0

Difference.. 3.3 - 1.3 =

Sample 2.... 15.5 7.0

Sample 3.... 13.3 6.1

Difference.. 2,2 - 0.9 =
At site A, 7 of the 17 nuclear-versus-— stations
control moisture content readings var- ly two
ied more than 2.0 pct between sample

2.

1.

or three

0

3

readings

Sites B through E recorded on-—

varying more

than 2.0 pct between sample stations.



The hydrogen content of the coal waste
explains the more varied moisture data at
site A, while at the remaining sites the
majority of readings were consistently
parallel. It is deduced that once the
nuclear gauge is calibrated for moisture
at each site, the readings would be with-
in tolerances for direct dry density
readings.

In comparing the wet density readings
from the nuclear gauge with the control
test readings, the average discrepancies
at sites A, B, and C were within the ASTM
tolerances of 3 to 5 pcf. This was an-—
ticipated since no overriding reason for
discrepancies existed prior to testing.
Adequate control tests could not be ob-
tained at site D because of excessively
wet material. However, site D's nuclear
wet density readings could be assumed
correct since calculating the volume of
the hole is not necessary, unlike in the
control test. Also, the nuclear source
determination of wet density does not de-
pend on a physical "volume of a hole"
variable. Site E's nuclear and control
wet density readings were neither within
ASTM tolerances nor significantly alike.
This could be attributed to the visible
amount of magnetically attracted material
in the samples, indicating a considerable
amount of diron. Because the nuclear
moisture content readings are not affect-
ed by heavy metals, they remained within
the paralleling trend of the remainder of
the test sites,

CONCLUSIONS

Sites A through C, representing coal,
zinc, and copper wastes, were read di-
rectly for wet density without correction
of the nuclear gauge, and the discrepan—

cies fell within ASTM-approved toler-
ances. Site D's nuclear wet density
readings could be assumed correct, but
adequate control tests could not be
obtained.

Site E, representing iron tailings,
produced wet density readings outside

ASTM tolerances. This could be caused by
the high level of iron residue left in
the tails after mill processing.

The nuclear gauge should have been cal-
ibrated for moisture correction on all of
the tailings studied. Since this was not
done during the field testing, the dry
density readings were also nontolerant.

The conclusions of this investigation
cannot, at present, be used to generalize
that all coal, zinc, and copper wastes
can be directly read for density and
moisture with the nuclear gauge, or that
direct density or moisture readings can-
not be taken on any iron tailings. Even
on the same site, direct nuclear readings
cannot be automatically assumed to be
accurate merely because past correlations
have shown them to be, since the mineral
composition of tailings and wastes can be
changed by a change in the ore body or
milling process.

After the instrument has been cali-
brated for the site, the rapid and simple
procedures involved in obtaining readings
make the nuclear gauge a valuable tool.
However, because of the instrument's
strict operative and maintenance guide-
lines and calibration requirements, it
would have limlited wusefulness wunless a
considerable number of moisture and den-
sity tests are needed or immediate tests
results are necessary.

In the area of research, numerous mine
sites are tested in the course of a
study. The advantage of quick and imme-
diate test results at each site 1is coun-
tered by the necessity of conducting cal-
ibration control tests by either the bal-
loon or sand method. This would entail
transporting two sets of instruments to
each site, plus the equipment to conduct
welghing and drying of the soil samples
in the field. This cumbersome disadvan-

tage may be avoided if taillings are
shipped to the home laboratory prior to
tests at the study sites. The nuclear

gauge can then be precalibrated by con-
ducting the control and nuclear tests on
the tailings, which should be placed at
optimum moisture and contained in a box
roughly 18 by 18 in and 4 in deeper than
the depth of measurement.
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CHAPTER 2.--COMPACTION OF METAL TAILINGS

INTRODUCTION

The objective of this phase was to ob-
tain scientific data concerning compac—
tion efforts and corresponding densities
in metal and nonmetal tailings ponds.
Both advantageous and detrimental effects
are anticipated when tailings are com-
pacted. As an example, compaction of an
embankment could increase the factor of
safety by increasing the shear strength
of the material. This would allow the
mine operators to consider increasing the
total height or steepening the embankment
to increase the disposal capacity of the
site. However, when the density of the
impoundment and the height of the pond
increase, the pond 1level and phreatic
surface could rise because of horizontal
slime layer buildup from segregation dur-
ing compaction or less seepage capacity
of the tailings. This rise could offset
the stability gained by densifying the
tailings. Also, mechanical manipulation
of the tailings need not necessarily mean

the tailings are being compacted. If
sands are not completely saturated or
ovendry while being worked, bulking may
occur.

Three pieces of construction equipment
were studied on various grain-sized tail-
ings, to derive a relationship linking
work effort and costs to factor of safe-
ty. The three pieces of equipment chosen
for study were the 1965 Caterpillar D8H
track-mounted dozer, a 1965 Hough D500
rubber-tired dozer, and a 1974 Rexnord
SP848 17,000-1b  vibratory smooth—drum
compactor. The characterizations of each
type of equipment are 1listed separately
in the "Equipment Specifications"” section
in this chapter.

Increases in density were correlated to
increasing shear angles and decreasing
permeabilities. The U.S. Army Corps of
Engineers two-dimensional, finite-element
seepage program was used to determine
the phreatic surface location and
flow changes at the embankment exit face
(2). A program using both Bishop's and

Fellenius' method of slices was wused to
calculate factor of safety associated
with increasing density (3).

TATILINGS CHARACTERISTICS
AND COMPACTION

Previous studies have shown that cohe-
sionless sands with a relative density
(D) of 50 to 60 pct will not liquify un-—
der seismic motion less than 0.1 g (4).
However, hydraulically placed tailings
tend to achieve no greater than 50 pct
relative density (5). Although slurry
densities can be increased to increase
the density of the deposited tailings, an
optimum limit exists after which any in-
creases in slurry density will not pro-
duce any higher deposited density (6-7).

and total
necessary to

The frequency, amplitude,
weight of a vibrating unit
achieve compaction were studied by
Forssblad and Hall in 1965 and 1968 (8-
9). The U.S. Army Corps of Engineers
found that cohesionless material with
little fines could be compacted by vibra-
tion (10), and Townsend, in 1972, quanti-

fied it to soils with less than 12 pct
fines (11). In all of the studies,
greater densities could be achieved by

the cohesionless
saturated

vibratory methods when
material was compacted in a
state,

Specific equipment was developed to
achieve maximum density with a minimum of
work. Vibratory rollers, sheepsfoot
rollers, vibratory sheepsfoot rollers,
and vibratory probes were wused. Even
conventional earthmoving machinery was
adapted to compact soils, Sowers, in
1970, studied the influence zone of the
treads of a crawler tractor (lg) and
found that the soils did not densify to
any great degree 3 or 4 in below the
treads. Table 6, taken from CANMET's Pit
Slope Manual (13), lists some convention-
al construction equipment and their com—
pactive zones of influence, with the num-
ber of passes necessary to obtain maximum
density.
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TABLE 6. — Comparative influence' of various equipment (13)

Compacted |Cover-
Equipment type and applicability |[lift thick-| ages Remarks
ness, in

Sheepsfoot rollers: For fine- 6 24-6 |Foot contact——5- to 12-in? area
grained soils or dirty coarse- 36-8 | and 250~ to 500-psi pressure for
grained soils with more than 20 fine-grained soil (P1>30); 7~ to
pct passing No. 200 mesh; not 14-in? area and 200- to 400-psi
suitable for clean coarse-grained pressure for fine-grained svil
soils. Particularly appropriate (P1<30); 10- to 14-in? area and
for compacting impervious zone 150~ to 250 psi pressure for
for earth dam or linings where coarse—grained soil. Efficient
bonding of 1lifts is important. compacting of wet soils requires

less contact pressure than for
the same soils at lower moisture
contents.

Rubber-tired rollers:

For clean coarse-grained soils 10 3-5 |Tire inflation pressures 60 to 80
with 4 to 8 pct passing No. 200 psi for clean granular material
mesh. or base course and subgrade com—

For fine-grained soils or well- 6- 8 4-6 paction; wheel load 18,000 to
graded, dirty coarse-grained 25,000 1b; tire inflation pres-
soils with more than 8 pct sures 1n excess of 65 psi for
passing No. 200 mesh. fine-grained soils of high plas-

ticity; for uniform clean sands
or silty fine sands, use large-
size tires with pressure of 40
to 50 psi.

Smooth-wheel rollers:

Appropriate for subgrade or base 8-12 4 |Tandem—type rollers for base
course compaction of well- course compaction, 10— to 15-ton
graded sand-gravel mixtures. weight, 300 to 500 1b per lineal

inch of width of rear roller.

May be used for fine-grained 6— 8 6 |3-wheel roller for compaction of
soils other than in earth dams; fine-grained soil; weights from
not suitable for clean, well- 5 to 6 tons for materials of low
graded sands or silty uniform plasticity to 10 tons for mate-
sands. rials of high plasticity.

Vibrating baseplate compactors: 8-10 3 |Single pads or plates should
For coarse-grained soils with weigh no less than 200 1b; may
less than about 12 pct passing be used in tandem where working
No. 200 mesh; best suited for space is available; for clean
materials with 4 to 8 pct passing coarse—grained soil, vibration
No. 200 mesh, placed thoroughly frequency should be less than
wet. 1,600 c¢/min.

Crawler tractor: Best suited for 10-12 3-4 |No smaller than D8 tractor with
coarse—grained soils with less blade, 34,500-1b weight for high
than 4 to 8 pct passing No. 200 compaction.
mesh, placed thoroughly wet.

Power tamper or rammer: For dif- 44— 6 2 |30-1b minimum weight; considera-
ficult access, trench backfill; 26 ble range is tolerable, depend-
suitable for all inorganic soils. ing on materials and conditions.

'Requirements for compaction of 95 to 3Passes for coarse-grained soil.

100 pct Standard Proctor maximum density.

2passes for fine-grained soil.

4For silt or clay.
>For coarse-grained soils.
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The use of construction equipment to
provide vibratory-type compaction on mine
tailings was documented by Mittal in 1977
and 1981 (14-15). On material slurried
at 40 to 45 pct solids and 30 pct passing
200 mesh, he found that compaction by
wide-track dozers, as soon as the taill-
ings were deposited, helped enable the
mine to increase the embankment height
from 40 ft, using overburden waste, to

300 ft, using tailings.

EQUIPMENT SPECIFICATIONS

Three different pieces of equipment
were studied for their effects on metal
and nonmetal tailings. The individual
equipment specifications are shown 1In

figures 4, 5, and 6. No in-house modifi-
cations were made. Selected specifica-
tions for the equipment are given 1in ta-
bles 7 through 9.

FIGURE 4. - D8H tracksmounted dozer.



FIGURE 5. - D500 rubber-tired dozer.

FIGURE 6. - SP848 vibratory smooth-drum roller.




14

TABLE 7. — Selected specifications for
D8H track-mounted dozer

HOrsSepower.seesssoscssscssosssssns 285
Blade typE€eesscsscescsconssscss 8U
Gross weight plus blade....lb.. 60,000
Fuel tank capacityieesessoegal.. 134

Hourly operating and mainte-

NANCe COSLSeesssossesssnssssee $130
Average downtime...e.eseesspcts. 20
Average operating speed...mph.. 2
Ground bearing pressure...psi.. 8

TABLE 8. — Selected specifications for
D500 rubber-tired dozer

Horsepowereeesssscsccsscsssonss 635
Blade typE€esccsessssssssosssass D500 coal
Gross weight plus blade....lb.. 150,000
Fuel tank capacityeesessossgal.. 380
Hourly operating and mainte-—

NANCE COStSesseessasscnssssscs $229
Average downtime...esseeespcta. 20
Average operating speed...mph.. 4
Ground bearing pressure...psi.. 58

TABLE 9. - Selected specifications for
SP848 vibratory smooth—drum roller

HOrSepowereesesecscscssccssocssans 87
Gross weighteeseseeesescesslbe, 16,700
Fuel tank capacityeeeseeeso.gal.. 55
Hourly operating and mainte-

NANCE COBLESssssscssosnssessisns $48
Average downtime...ssseee.pCta. 20
Average operating speed..,.mph.. 2
Vibratory drum dimensions, in:

Diametersscssscesccsscssscsas 60
Widthesesssesesosescsecccnsss 84
Drum dynamic forcessseess.psi.. 27,000
Ground bearing pressure'..psi.. 18

'Dynamic on drum only.
FIELD TEST DATA

Taconite Tailings——Site 1

Field testing was done at three dif-
ferent 1locations on the site 1 pond
(fig. 7). The taconite tails are direct-
deposited at the embankment periphery,
forming an upstream beach (fig. 8). The

Site 1

Seepage
pump 30

Pond \

Bargeg

Emergency basin

.
N
Emergency tunnel aulle!'*%g:,

Concentrator

FIGURE 7. - Site 1 tailings basin plan.

LEGEND
—— Compaction site

beach is then pushed by D500 and D8H doz-
ers to the next 5-ft 1ift on the crest
(fig. 9).

The grain-size analysis showed no ap-
preciable differences among samples from
the three equipment test 1line locationmns.
Therefore, laboratory tests were conduct-—
ed on combined samples from all three lo-
cations. Figure 10 shows the combined
taconite tailings grain—-size distribution
curve compared with curves of other typi-
cal metal tailings.

At each equipment test line, an average
slope of the beach was taken. Density
samples were obtained prior to equipment
testing and after each consecutive pass.
Tables 10 through 12 tabulate the effects
of each piece of equipment on the tail-
ings. The relative densities listed re-
flect the concerns of E. T. Selig's work
(16) in which a random error of *10 to 15
and a systematic error of 25 to 30 points
were found. This makes values greater
than 100-pct relative density possible.
The net density change 12 in below the
surface was also taken for the DBH and
SP848 procedure and is listed in tables
10 and 12. Figure 11 graphically illus-
trates the change in density with each
equipment pass.
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FIGURE 8. - Taconite tailings, direct-deposited.

Copper Tailings

Field testing was started on lead-zinc
tailings at a second site; however, the
bearing capacity of the tailings was in-
sufficient to support the test equipment.
Since alternate test sites in Arizona and
Colorado had been shut down for a year,
owing to poor market conditions, and had
been altered by dust suppressants and
beach activity, this portion of the proj-
ect could not be investigated.

However, during the course of the proj-—
ect, after-the-fact density readings were
taken on a copper tailings pond that had
been compacted by a modified track-
mounted transporter.

Density readings were taken at three
areas of the tailings pond. Area 1 had
been upstream-spigoted a year earlier and
had not been altered except by time and

weather. Area 2 was compacted by a D8H
dozer only as a consequence of building
up a 15-ft 1lift on the dike. Area 3 was
carefully compacted by a modified, four-
track-mounted swamp transporter with a
rated ground pressure of 2.5 psi, unload-

ed (fig. 12). A bucket wheel excavator
then removed beach material through a
conveyor for dike ©bullding. Figure 13

shows the setup for the operation. It
should be noted that this type of dike
building procedure has been questioned as
a design consideration since the borrow
area trench parallels the entire dike.
This trench then acts as a catchment
basin, building up a shell of less perme-—
able composite tailings just within the
embankment face (17).

The gradation of the tailings ranged

from 52 to 10 pct passing the 200 mesh
sieve, Table 13 summarizes the density
readings.
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FIGURE 9. - Embankment crest being built.

Cob- Gravel Sand ~_Fines
bles|coarse| Fine [Coarse/Medium Fine Silt(none plastic)to
clay(plastic)
U.S. Standard Sieves
6 31-1/23/4 3/8 4 1016 30 50 100 200
0
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FIGURE 10. - Gradation curves of typical metal tailings.
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TABLE 10. - Density change per pass for D8H track-mounted dozer
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Dry Moisture, | Void Relative 12-in depth | 12-1n depth
Station density pct ratio density (Yyot)s pef (Ydry)> pef
(v), pef (e) | (D.), pet
0+00:
In SitUeeccosassnsns 106.57 6.2 0.768 -23.0 NA NA
18t PASSesanssnsne 110.00 5.7 .713 =645 NA NA
2d PASSeescvcosona 128.52 6.0 466 67.6 NA NA
3d pP3SSescccccauns 115.23 7.3 635 16.9 NA NA
4th PASSeveosssoess 114.41 6.7 . 647 13.4 NA NA
O+40:
In 8ltUsecssscsvsne 108.49 6.9 « 737 -13.6 118.58 108 .68
1St PASSessesensns 117.90 4.4 . 598 28.0 NA NA
2d PBSSesecsoncens 122,83 4.6 .534 47.2 NA NA
3d paSS.ecvcsvossus 110.85 5.3 .700 -2.5 NA NA
A4th PASSesssassaas 115.14 7.1 . 637 16.5 132.91 128.38
0+88:
In SitUsesccsssses 115.95 3.8 625 19.9 NA NA
18 PASSecscconces 124,27 5.7 .603 26.5 NA NA
2d PASSeevessnsvna 112.53 7.1 o745 5.1 NA NA
3d PASSsescsscvoss 97.33 7.3 2336 ~73.3 NA NA
4th DaSSesesscncns 114.86 4.6 641 15.3 NA NA
1+50:
In 8itUesevcsssons 112.15 7.2 <680 3.4 132.61 124.41
1SL PaSS.cereecnes 115.62 6.9 630 18.5 NA NA
2d PASS.eesccsones 99.16 10.0 .901 -62.6 NA NA
3d pPaSSisesccssvas 121.99 8.2 <545 44,0 NA NA
4th P8SSeesvssvess 111.12 9.2 696 =-1.3 133.83 125.19
NA HNot analyzed.
NOTE.—-Summary of test factors:
Combined soil sample v4.ymax = 136.9 pcf, Y4, ymin = 110.7 pef.

Slope of sample line {average) = 1.5 pect.

Speed of machinery (average) = 1 to 2 mph,
Vibration: 0.55-g acceleration, 0.78~in/s velocity, 0.002-in displacement.

Tailings direct-deposited 4/3/82, tested 6/10/82.

LABCRATORY TEST DATA

Prior to and after field testing, a
series of laboratory experiments was con~
ducted on tailings shipped from site 1.
Since no field tests could be conducted
on site 2, all laboratory tests were on
site 1 tailings only. Modified Proctor
tests and vibratory minimum and maximum
density tests indicated the tailings
reached a higher maximum density din the

dry

state using vibration.

Tests were

also conducted taking into conslderation

time, work, and density, where

where

and

W = work,

*xi
il

o
It

W = FD,

force or weight of impactor,

distance or displacement,
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TABLE 1l1. — Density change per pass for D500 rubber-tired dozer

Station Dry density | Moisture, | Void ratio | Relative density
(v), pef pct (e) (Dy) pct
0+00:
In sltUiecisinesssncsosssaninse 129.41 2.6 0.456 70.6
18t DASSessesccsescsscsssnnss 141.38 2.6 «333 170.6
2d DaSSecsssesssscssnsesscnce 137.69 2.2 .376 95.8
3d pasSecescensessscacesasssas 142,60 2.7 . 145 111.0
LT DO 00066 5w 808 @:00 0056 0mes 138.47 2.7 .361 99.2
1+55:
In BltUecssessssssesewunennses NA NA NA NA
18t PASSecosssviansvoonaossines 146.55 1.9 .289 121.7
20 DABBevsesenmrsesseosssesss 126.48 2.2 490 60.5
3d PaSSecsscsescavcssecnssnsce 151.28 2.2 «246 133.7
4th PASSecscesscssscscessssses 132.75 1.1 .420 81.6
2+00:
In 8itUeceescensosnsssnensases 118.27 21 .593 29.5
18t PASBeweccssvwosrsnwmassses 116.58 3.3 .616 2245
NA Not analyzed.
NOTE.--Summary of test factors:
Combined soil sample Y4,y max = 139.08 pcf, Y4, min = 112.23 pef.
Slope of sample line (average) = 4 pct.
Speed of machinery (average) = 3 to 5 mph.
No vibration test.
Tailings direct-deposited 1/22/82, tested 6/9/82.
The vibration was analyzed wusing a
portable vibration meter capable of
5 —— 7 T ey reading acceleration, velocity, and
T / ! ——DeH displacement,
wll. / i - — —sP8ds
@ / | '\\\\ Figure 14 charts the change in dry den-
a | / ' ~s sity in relation to time on the vibration
N \ ] T table, which was set at a given velocity,
w \ | — s
g L N : <f’// i acceleration, and displacement.
® ~
3 /// L«m-c«n s Falling-head permeability results
N { | e —t ////:> ] ranged from 2.77 x 1073 cm/s at minimum
\ | e density to 4.36 x 1074 cm/s at maximum
tn s Lo ’Ii%;__7,<_7#74~4*_7i20 density. This range would put the tail-
DRY DENSITY, pef ings in the medium to low permeability

FIGURE 11. - Average surface density per

equipment pass.

classification of sand.
the relationship between
permeability.

Figure 15 shows
density and



TABLE 12. — Density change per pass for
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SP848 vibratory smooth-drum roller

Dry Moisture, | Void Relative 12-in depth | 12-in depth
Station density pct ratio | density | (Y,e+), pcf (Ydry): pcf
(v), pcf (e) | (D), pct
0+00:
In 8ltuscsessseonancsns 122.99 ho7 0532 47.8 134.25 126.92
1St PaSBecsssvesconsssns 122,15 5.0 .543 44,6 NA NA
2d Pa8Seccssssscscssans 118.82 4.8 .586 31.7 NA NA
3d pasSecessessccssanns 120.93 5.5 .558 40.0 NA NA
Gth PABSs s v s eswanassees 120.93 5.0 .558 40.0 NA NA
5th pasSececccecsssnccss 118.02 5.5 +597 28.5 144,40 133.22
0+45:
In SitUsscecscosarsccsns 109.72 6.3 el 1.7 -7.8 141,56 134.32
1t pasSeesesncesscsscs 119.09 4,2 .582 32.8 NA NA
2d pPaSSesecesccasssccss 126.95 5.8 484 62.1 NA NA
3d pa88Secesssvonssssses 112.36 5.4 677 4.3 NA NA
4th PasScecessassscssssee 116.31 4,2 .620 21.4 NA NA
5th PaASSaesecsssessscsas 125.71 4,6 .499 57.8 145,12 135.90
0+90:
In 8iltUceesesccosssscss 132.51 4,6 422 80.8 NA NA
lat pagSeisesssssssssve 116.98 4.9 .611 24,1 NA NA
2d PasSeccescccecccscses 123.95 4.8 .520 51.4 NA NA
3d PaBSecccsssecsessnves 123.44 L7 | D27 49,5 NA NA
4th PasSesseccsesccsnsns 126.36 5.0 491 60.1 NA NA
S5th pPaSSecescsccsssscssce 123.14 4.8 .530 48.4 NA NA
NA Not analyzed.
NOTE.--Summary of test factors:
Combined soil sample Y4, max = 140.28 pcf, Ydrymin = 111.27 pcf.
Slope of sample line (average) = 2.8 pct.
Speed of machinery = 1 to 2 mph.
Vibration: 1.1-g acceleration, l.4-in/s velocity, 0.02-in displacement.
Tailings direct—deposited 4/82, tested 6/11/82.
TABLE 13. - Density changes of copper tailings
Dike crest Beach
Location and depth Density Relative Density Relative
(Ygry)» pef density (Ydry): pef density
(Dy), 22 pet (d.),! pect
Area 1, not altered:
Surfaceccescscsccssccsosnssoossssne 109 100 92 59
] ftosensscsssassenansssnvosescnen 105 NA 91 NA
2 fLunsesosnnnosunnimesseseseunains 95 NA 85 29
3 Blovnssivensasemensssessssssmesss 83 20 NA NA
Area 2, D8H dozer:
Surfacescsssossssicossisvisinsosss 105 100 92 59
l ftecaceoonansoennssossssesensise 95 NA 89 NA
2 ftacsossancsossssonncssnosoonses 92 NA 81 10
3 ECeissnwmensramiomssnoesssensnieesss 85 29 NA NA
Area 3, low-ground-pressure
tracked vehicle:
Surfdcessivisssissssivaemesiadvess 98 81 106 100
1l ftoesesscoasoinsonscsvsssasesosss 96 NA NA NA
2 ftesoessosrnnnsssscsonanmsesness 89 NA NA NA
J Bt esssoaasmansnsasesssseiaenssss 81 10 91 55

NA Not analyzed.
D = Ymax(Y i len).
F Y wax = Yoin)
YYmax = Ymin

2A‘verage Ymin = 79 pcf; average Ypayx = 106 pef.



FIGURE 13. - Conveyor system.
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Average in situ density=121.7
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FIGURE 14, - Time-density curve for site 1
tailings.
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FIGURE 15. - Density-permeability curve for
site 1 tailings.

Drained, triaxial shear tests were con-—
ducted on the combined tailings sample to
determine shear strengths at different
densities. The results are shown in

figure 16.
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tailings.

In order to compare changes 1in factor
of safety with increased density, an
idealized embankment was assumed. The
embankment (fig. 17) was assumed to
have a 3-to-1 sloping embankment face,
a vertical height of 300 ft, and an
upstream-spigoted beach slope of 2 pct.
It also included layers of 1less pervious
materials in the substrata and was homo-
geneous in the beach area, isotropic, and
not affected by consolidation.

The pond was assumed to be in a steady-
state flow situation with an impermeable
layer at the base of the embankment and
no perched water.

TEST RESULTS

To effectively compare the changes in
density on a given material that were due
to a given machine, each piece of equip-
ment was analyzed for influence zone of
compaction, change 1in density produced
per pass, and cost per cubic yard to com-
pact the coarse-grained tailings.
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Soil 1 Soil Il Soil Il | Soil 1V
Soil YypPeissiassnsimnsviammai Coarse Fine Slime Base
Dry density (Vgry)....pct .. 111-138 130 130 130
Permeability (K).. ft/min .. {0.011-0.0034(0.00098|0.000098/0.0098
Shear angle (#)......deg .. 39-46 38 30 40

Tvaries with compaction.

2-pct slope

300r
3-to-1 face
200 —
4
M
z
(®
100 —
: Trial
> DMIN
w Soil Il
-
w5 Soil Il
: Soil 1V
Impermeable
-100 | | | 1
0 500 1,000 1,600 2,000

DISTANCE, ft
FIGURE 17. - ldealized 300-ft embankment.

The information from tables 10, 11, and
12, documenting the change in surface
density after every pass, combined with
an economic analysis of the cost to oper-
ate each machine (table 14), indicates
that the vibratory smooth-drum roller,
while having the lowest cost per cubic
yard, did not increasingly compact the
tails. The D500 significantly increased
the density of the tails after the first
pass but only undid what was done on sub-
sequent passes, owing to excessive welght
and shearing of the material, and the D8H
alternately compacted and sheared the
tails (fig. 18). Forssblad (8) mentioned
the effects of vibratory compaction on

the immediate surface of sand and gravel-
ly soils with very little binder. In
vibratory roller compaction, the density
of the surface layer was not affected by
variations in the intensity of vibration
of the wunit, but at the same time, the
density achieved with vibration was high-
er than without wvibration. And, while
surface densities changed little or even
decreased with continued vibratory com-
paction, subsurface densities increased
to a maximum reached in approximately 6
to 10 passes., This phenonenon can de-
scribe the change in density per pass of
the D8H and the SP848.
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TABLE l4. - Costs of compacting equipment!

D8H track- D500 rubber-| SP848 vibratory
mounted dozer | tired dozer smooth—-drum roller
Original equipment COSt.esscsccccess $300,000 $600,000 $70,000
Aemopl GOSEL, o sbnnsenennsiisabbsenen $150,000 $300,000 $35,000
Hourly operating cost:
Ownershipsescsososossoencennsscscssn $94 $188 $22
Fuelesanvnsvsnmuvensmmnsssasosness 15 20 5
OperatOreesccsssoscccscssssssscnsnss 2] 21 21
LOEEAL s o0 miniomninmemninsesioenmssse 130 229 48
Distance covered in 1 heceoesecsoomis 1.0 2D 0.75
Compactive influence..eeeeses..yd>/h. 307 1,467 1,027
Cost per yd> per PassS .eeeeceseceess $0.42 $0.16 $0.05
Cost per yd3 for 70-pct D, %ceeesesss $1.26 $0.16 (%)

Useful 1life of

each piece of equipment:

7 yr; usage: 1,600 h/yr = 2,000 h/yr

- 20 pct downtime was used for all equipment, assuming the equipment is used for con-

tinuous compacting.
ZAnnual costs,

as a percentage of original equipment cost:

repairs, 15 pct; interest and taxes, 20 pct; total, 50 pct.
3Distance covered in 1 pass = forward and reverse.

‘D, = relative density.

>The SP 484 was not capable of compacting the tailings to 70-pct D..

Table 6 recommends either a rubber-
tired roller or heavy-tracked vehicle on
coarse—grained materials. Although the
tails at site 1 are considered coarse and
wet, it was not possible to keep them in
a saturated condition because of their
high permeability. Therefore, the D8H
dozer would probably do better on a finer
grained material, which would be able to

hold water through the compactive effort,

5 Y
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o KEY ;
52'— ——— DB8H <: =
—-— D500

z — —SP848 \t:,<:i

1 <

-0.60 0 0.60

AVERAGE DRY DENSITY CHANGE, pcf/ps

FIGURE 18. - Average density change for each
equipment pass.

depreciation, 15 pct;
Rudimentary vibratory readings were
taken on the D8H, SP848, and laboratory

vibratory table in an effort to correlate

work to change in density (fig. 19).
Vibration readings were not taken on the
D500 because there was no safe spot on

which to mount the transducer and obtain
readings while the unit was 1in motion.
The vibratory table produced a classic,
asymptotic relationship between work and
cumulative change in density. The D8H
and SP848 gave no indication of a similar
relationship, although the SP848 did have
fewer wvariations than the D8H. This
could be attributed to the dozer's sec-
ondary and ineffective vibratory effort
compared with the vibratory efficiency of

the smooth—-drum roller.

Computer analyses using two—dimensional
finite—-element programs were used to
locate the phreatic surface in an ideal-
ized 300-ft embankment. The program is

based on Darcy's law for steady-state
flow and was developed by the U.S. Army
Corp of Engineers Waterways Experiment

Embankment geometry, den-

Station (2).
given densities),

sity (permeability at
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FIGURE 19. - Work to produce changes in density.

headwater 1level (pond elevation), and
tail water level were 1input. Various
pond elevations were 1nput to reflect
beach distances of 230 to 930 ft from

the crest of the embankment.> The
SThis was necessary since the program
altered the velocity of seepage through

the embankment to reflect decreasing per-
meability, rather than raising the pond
level., If it had been possible to show a
rise in pond level, this rise could have
then been directly related to a higher
phreatic surface and a subsequently af-
fected factor of safety.

permeability-density relationship was
taken from figure 15. Figure 17 de-
scribes the embankment geometry used.

After the phreatic 1level was located
for each given parameter, a factor of
safety analysis was run wusing Bishop's
method of slices (3). Bishop's and Fel-
linius' factors of safety are computed
for circular failure by 1nputing minimum

failure circle dimension, embankment
geometry, soll properties--density (y),
cohesion (c), and shear angle (¢)-—and
phreatic surface location. Figure 20

shows the relationship between changes in
density and factor of safety for various
assumed pond elevations.

According to the factor of safety (FS)
analysis, the idealized 300-ft embankment
would be considered "safe" (FS »1.5) for
pond levels reflecting minimum beach dis-
tances of 200 ft when the tailings are
compacted to 70-pct relative density.
For noncompacted tailings, the beach dis-
tance is 600 ft. To compact the tailings
from an in situ density of 117 pcf to 70-
pct relative density of 128 pcf would
cost $0.16/yd> for the D500 and $1.26/
yd3 for the D8H; the SP848 would never
achieve 70-pct relative density.

If the D8H were used to compact an em—
bankment 300 ft high by 1,500 ft long by
200 ft deep in order to take advantage of
a smaller beach, the extra cost would be

$4,200,000, versus mnoncompaction and a
beach distance of 600 ft.
In running iterative factors of safety

with varying pond heads, a correlation
became apparent. As the pond level in-
creased (headwater closer to the embank-
ment crest), the factor of safety did not
continue to change as anticipated. Fig-
ure 20 shows a progressing relationship
between factor of safety and increasing
density until the head reached 291 ft
(530 ft from the crest). With the head
at 297 ft, the factor of safety relation-

ship began regressing.

The hypothesis is that, as the phreatic

surface reaches an optimum location
at the bottom one-third of the embank-
ment, all higher pond 1levels fail to
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substantially change this location. This
hypothesis, combined with the relatively
small zone of influence of the failure
circle (DMIN), was used in solving for
the factor of safety. In the factor of
safety analysis for the 1dealized 300-ft
embankment, a DMIN equal to 20 ft was
used, where DMIN is the vertical dis-
tance between the embankment face and the
slip circle for the maximum slice (fig.

17).
A sensitivity analysis shows the in-
fluence of DMIN on a cohesionless em—

bankment (table 15). A failure where
DMIN equals 20 ft gave a factor of safe-~
ty of 1.26, while a DMIN of 40 ft pro-
duced a factor of safety of 1.44. In
tailings embankments that easily exceed
300 £t 1in height, failure circle depths
must be carefully chosen to reflect the
severity of the failure and its relation-
ship to the actual stability of the
structure,

TABLE 15. - Results of varying DMIN!

DMIN, ft ( FS? ([ DMIN, ft | FS? | DMIN, ft| FS? | DMIN, ft | FS?
looesos | 1ol74 | 1leueeee | 16213 | 2lecnsee | 16262 3leeeess | 14346
2e00000 | 1ol77 [ 1200000s | 1e218 | 22000ene | 14266 320000ss | 1.359
3eeeoee [ 12182 [ 13c00eee | 16225 23c0uees [ 16270 | 33cceess | 1.366
beveose | 14185 || 1besenee | 14231 (| 24000unne | 10275 3400eees | 1.373
Seevses | 14189 || 15ccanes | 16236 250 000ee | 12280 350000ss | 1.381
Goeesos | 16193 (| 16e0eene [ 16240 | 2600eees | 1285 360cesss | 1,388
Teoooos | 10196 ([ 17c0eees [ 1e245] 270 00eee | 16290 3700eees | 1.414
Bevoeoo | 1.200 |[18aveves [ 10249 | 2800ceee | 16329 | 380ceees | 1,422
Geveoos | 10204 [19c0eeee [ 16253 29c000ee | 12336 3%9ce0ases | 1.429

10eeoeee | 14208 || 20000eoe | 16257 || 3000eoes | 16341 | 4000sees | 1,437

lyertical distance between the embankment face and the slip cir-
cle for the maximum slice.
2Factor of safety.
NOTE.——Summary of test factors:
Y = 100 pcf
¢ = 30°,
c =0,
slope of embankment face = 2 to l.
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CONCLUSIONS

Based on the field and 1laboratory data
collected and the assumptions made during
the analysis of the data, the followilng
conclusions can be drawn:

1. If all three types of equipment
started at the same in situ density, the
D8H track-mounted dozer and the D500

rubber-tired dozer would increase the

density of the coarse tailings to at
least the 70-pct relative density point.
The SP848 vibratory smooth-drum roller

would not increase the density to the 70-
pct relative density point.

2. There was a net gain in surface
density, comparing in situ with final
pass, for all three pieces of equipment.
However, the D8H produced sinusoidal den-
sity readings reflecting compaction, then
shearing of the material after each pass.
The D500 compacted the material on the
first pass, then sheared for the follow-
ing two passes. The SP848 compacted on
the first pass, then achieved very little
change on all subsequent passes.

3. The low—ground-pressure, four-
tracked, converted transporter increased
the surface density of the finer grained
tailings beach significantly-—from an av-
erage 59-pct relative density for spigot-

ed only tails to 100-pct relative den-
sity. It was estimated to take between
four to six passes of the machine to

achieve the increases in density.

4, Visual observation of the condition
of the copper tailings indicated the
fines tended to migrate to the surface
with compaction. This type of potential
horizontal layering could lead to higher
water surfaces throughout an embankment,
owing to perched water, than would be the
case 1f the embankment were more homo-
geneous and noncompacted.

5. The coarse coal waste compaction
study (1) determined that the vibratory
smooth—-drum roller showed the most

promise for effective compaction (grain
size, minus 3 in with 60 pct passing 3/4-
in mesh and O passing 200 mesh). In this
study, the vibratory smooth-drum roller
was the least desirable method of in-
creasing density on coarse tailings

(grain size, minus 3/8 in with 60 pct
passing 40 mesh and 6 pct passing 200
mesh).

6. Shear strength test results indi-
cated an increase from 30° for the un-
compacted coarse tailings to 43° for
tailings compacted at 70-pct relative
density.

7. None of the equipment tested on the
coarse tailings (D500, D8H, and SP848),
or the low-ground-pressure tractor trans-
porter on the finer grained tailings,
possessed a compactive influence zone
deeper than 12 in. Therefore, compaction
efforts must be continuous while the
tailings are being discharged. Compac-—
tion only after an embankment 1ift 1is
completed is ineffective. However, deep-
er compaction depths are obtainable.
Broms and Forssblad (1§5 cited a maximum
depth of compaction of 8.5 to 10 ft (2.5
to 3.0 m) on natural sand deposits com—
pacted with much larger 10- to 15-ton
vibratory units, but 20 to 30 passes were
required to achieve the depth.

In a mining environment, daily tonnages
to the tailings pond are assumed to be
constant. Therefore, decreasing the per-
meability of the embankment by compaction
would raise the pond water level if pump-
ing, evaporation, and seepage remained
constant. Increasing pond levels, owing
to added compaction, did increase the
factor of safety number for a denser ma-
terial; however, the DMIN had more of an
impact. The slip circle, in this study,
occurred in approximately the same loca-
tion for all iterations on the saturated
face and was shallow in depth. There—
fore, once the face reached a minimum
saturated condition, the factor of safety
numbers did not significantly change.
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