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Abstract

Purpose. This paper aims to establish a robust soil treatment plan designed to enhance the geotechnical engineering proper-
ties of tailings. The study evaluates the efficacy of various soil additives, including both traditional and non-traditional types,
in reinforcing tailings dam materials.

Methods. A comprehensive experimental program was conducted, where polymeric resin and a combination of recycled
gypsum (B), cement kiln dust (CKD), and ordinary cement (OC) were added to tailings in a controlled laboratory setting. The
assessment methodology included unconfined compressive strength (UCS) tests to determine the optimal treatment percentage,
Oedometer tests to evaluate stiffness and consolidation properties, and direct shear strength tests to assess the material’s
response to shearing.

Findings. The study provides valuable insights into the performance of the CKD:B compound, revealing a critical OC
percentage that must be maintained to prevent sample dissolution in water due to anhydrate presence. The tailings treated
exhibit improved mechanical properties, contributing essential data that can support numerical modeling for assessing the
stability of tailings dams.

Originality. This research offers novel data on tailings treatment, particularly regarding the combination of CKD and B
with OC. The study’s findings advance understanding in the field by identifying the optimal conditions for enhancing tailings
dam stability, which has not been extensively explored in previous literature.

Practical implications. The results of this study contribute to improved tailings storage facility management and environ-
mental best practices. By optimizing soil treatment strategies, the research supports more effective utilization of natural
resources and enhances the safety and sustainability of tailings dam structures.
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1. Introduction stances of tailings dam failures [2]-[4]. Despite the newfound
Mining activities generate tailings as a secondary pro- focus, the incidence of tailings dgm failures has surged nota-
duct, resulting from the process of crushing and grinding ~ bly over the past two decades, with an average of two to five
rocks to extract the valuable “ore”. Typically, the ore content ~ Major failures occurring annually [2], [S]. This alarming
within the raw material ranges from 40 to 0.4%, leading to  trend far surpasses the failure rate observed in conventional
the disposal of significant volumes of mined materials daily ~ €arth dams. Consequently, there is an urgent imperative for a
into tailings storage facilities (TSFs) [1]. A single mine may ~ thorough analysis and assessment to uncover prevalent
generate tailings ranging from 1 to 6 million cubic meters  failure modes and their root causes. )
annually. TSFs come in various types, broadly categorized as Comprehensive risk assessment studies are, therefore,
manmade and natural. Manmade TSFs are further classified  Ccrucial to evaluate the environmental and geohazard risks
into three major sub-divisions: upstream, downstream, and ~ associated with TSFs and to aid decision-making in mitiga-
centerline methods. ting these risks to the surrounding environments and com-
Significant strides have been made in researching and en- ~ Munities, promoting sustainable mining development [3],
hancing the performance of traditional earth dams, resulting ~ [6]-[8]. One significant risk is slope instability of TSFs,
in a mature understanding of established design practices and ~ Which, if occurs, can result in the catastrophic release of
construction methods. This effort has yielded robust design ~ large volumes of stored tailings into nearby habitats and
principles, management guidelines, and construction me- ~ €cosystems. Such events can pose significant challenges,
thodologies. In contrast, tailings dams have historically re- ~ With consequences that may be long-lasting. An illustrative
ceived scant attention from researchers. However, this narra- ~ €xample is the Bent-Rodrigues mine tailings failure of 2015,
tive has begun to shift, likely spurred by documented in- where an upstream tailings dam for iron ore collapsed, result-
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ing in the loss of many lives and the discharge of millions of
toxic materials into surrounding rivers, leading to one of the
largest legal disputes in history.

Extensive investigations of tailings dam failures over a
century have identified key risk factors affecting both active
and abandoned dams [9]. These include Construction me-
thods, compaction issues, elevated fine contents, heightened
PP. weak foundation materials, inadequate consideration of
excess pore water pressure during design, earthquake loa-
ding, static liquefaction.

To illustrate, the tailings dams failure can occur due to
excessive deformation at the embankment’s crest or toe,
often caused by construction on weak foundation materials
like soft clay. Furthermore, inadequate consideration of ex-
cess pore water pressure during the design phase can lead to
elevated water tables in the dam body, exacerbating risks.
Earthquake loading poses another significant risk, inducing
cyclic shearing forces capable of liquefying parts of the dam
body or its foundation soil, thus reducing shear strength.
Static liquefaction may also occur if the time interval be-
tween successive layer placements is insufficient for the
dissipation of generated pore water pressure. This phenome-
non is believed to be a primary factor in reported failures of
normally consolidated tailings dams, where stability relies on
effective shear strength at the slip surface; a decrease in
effective strength correlates with a reduction in the factor of
safety [6], [10]. These findings underscore the critical im-
portance of sound design and construction practices in the
mining industry, necessitating tailings dam designs that meet
safety standards and robust construction methodologies to
ensure stability under various loading conditions.

Among the three primary construction methods, the up-
stream approach is most commonly used due to its efficiency
in managing large volumes of tailings [11], [12]. This meth-
od involves building a dyke to contain early waste, gradually
raising its height “upstream” toward the TSF center. How-
ever, a key drawback is its susceptibility to seismic activity,
leading countries like Chile to abandon it for safety rea-
sons [13], [14]. Consequently, mining companies must ex-
plore alternative methods, increasing costs and time for con-
struction. In contrast, the downstream and centerline methods
have a lower risk of failure [15], [16]. Environmental risks
from TSFs include leaching of toxic materials, overtopping,
and acid mine drainage (AMD). Despite these risks, the
upstream method is favored for its cost-effectiveness and
simplicity. TSF performance is typically evaluated through
finite element modeling and field observations of crust
movement, cracks, and pore pressure. Inclinometers and pore
pressure transducers are used, along with geochemical sam-
pling to control spills proactively.

This paper aims to enhance the tailings used for
constructing upstream tailings impoundments, as literature
indicates they are most likely to fail and have frequently
experienced major incidents [3].

In this study, we introduce a novel treatment approach for
slurred tailings sourced from a gold mine in Northern Ontario.
Our objective is to enhance the performance of tailings ma-
nagement under wet disposal methods. A key focus of our
research is the utilization of ecofriendly recycled materials to
optimize the disposal process in an environmentally friendly
and efficient manner. Through chemical analysis, sedimenta-
tion column tests, consolidation tests, and shear strength
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evaluations, we compare the properties of treated and un-
treated tailings. The insights gleaned from this investigation
offer valuable perspectives on tailings management strategies
and contribute to mitigating associated risks.

2. Methods

2.1. Scope of work

A detailed experimental program was conducted to study
the impact of additives on tailings under compression and
shearing. The process involved assessing the physical pro-
perties of tailings and additives, then mixing them to enhance
stiffness and strength. The dual objectives were to use waste
materials as additives and improve the geotechnical proper-
ties of tailings. Figure 1 illustrates the treatment methodolo-
gy. Optimization techniques determined the optimal admix-
ture percentage, followed by oedometer and direct shear
tests. All tests adhered to ASTM standards.

Mixing at discharge

Untreated tailings location

Recycled gypsum

Figure 1. Proposed treatment scheme

Traditional additives like lime, cement, fly ash, recycled
gypsum, cement Kiln dust, and slag furnace are common,
while newer options include polymeric derivatives, fibers,
and emulsified polymers. Traditional and non-traditional
additives were tested in controlled lab studies to evaluate
their effect on shear strength, addressing TSF failure issues
linked to tailings’ inherent weaknesses. As the non-
traditional additives results were not promising, their results
have been excluded from this study. Tailings samples from
Golder Associates, Northern Ontario, were analyzed for
physical, chemical, and mechanical properties. Notably,
hazardous materials like Arsenic, Cadmium, Chromium, and
Lead were found in concentrations exceeding Canadian
Drinking Water Guidelines’ Maximum Acceptable Limits
(MAC) by significant margins.

ASTM procedures and the Unified Soil Classification Sys-
tem (USCS) (ASTM 2487) classified the soil as silt. Results,
shown in Figure 2 and Table 1, detail the mean particle size,
Dso%, effective particle size D10%, coefficient of uniformity
(C.), and coefficient of curvature (Cc). The oven-dried tailings
were sieved through a #40 U.S. sieve, crushed, and tested for
liquid limit (LL), plastic limit (PL), and plasticity index (PI)
using Casagrande’s apparatus (ASTM D4318). The tailings
were classified as low plasticity silt, ML.

2.2. Testing program

Traditional additives admixtures of recycled gypsum and
cement kiln dust have been used to assess the strength and
stiffness gain when added to tailings.
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120 strength of tailings. Recycled gypsum (referred to as B) was

blended with cement kiln dust (CKD) at various ratios, and
these mixtures were combined with tailings at different per-
centages. The recycled gypsum was milled and sieved

100

80 through #20 U.S sieve and heated for at least 2 hours in oven
= at temperature of 140°C. Figure 3 shows the recycled gyp-
5 60 sum and the final product, bassanite.

40 (@ (b)
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0
10 1 0.1 0.01 0.001 0.0001

Sieve opening, mm

Figure 2. Sieve analysis test and hydrometer test’s graph for tailings

Table 1. General physical properties of tailings

Index parameters Value

USCS of the tailings ML

Mean particle size, Dso (mm) 0.045 Figure 3. Preparation of bassanite: (a) recycled gypsum (B) ready
Effective particle size, Dio (mm) 0.0175 for grinding; (b) final product

Coefficient of uniformity, Cu 3.4

Coefficient of curvature, Cc 0.8 Similarly, the CKD was milled and sieved through #40
Liquid limit, LL (%) 48 US sieve. The recycled gypsum and CKD were then mixed
Plastic limit, PL (%) NP together. The mixture was then proportioned according to
Liquidity index, LI 1.34 Table 2 and dry mixed before slowly being added to the
Specific gravity, Gs 2.69 slurry while being stirred. The additives were incorporated at

levels of 5, 10, and 20% of the total weight of the tailing’s

These additives are commonly used in practice, which ~ samples. Subsequently, batches were cast in plastic molds
have been known for a very long time (sometimes dating  and subjected to unconfined compression strength (UCS)
back to prior B.C) such as lime, cement, fly ash, gypsum,  testing at 7 and 14 days. This investigation aimed to analyze
cement kiln dust and slag furnace. The aim of using these  the impact of increasing recycled gypsum percentages on the
two types of binders was to improve the strength and stiff-  mix composition. Upon evaluating the effects of gypsum
ness of the tailings. The testing program involved unconfined  across different proportions, the optimal B:CKD ratios were
compressive strength testing for optimization purposed. identified and subsequently applied throughout the remainder
of the study. The recycled gypsum and CKD were then
mixed. The mixture was then proportioned according to

Initially, an optimization study was conducted to assess  Taple 2 and dry mixed before slowly being added to the
the effectiveness of traditional additives in enhancing the  sjyrry while being stirred.

2.3. Optimization study

Table 2. Laboratory test matrix

. # of samples
0
Category % of admi. / Ms Compound UCsS Oedometer DST Purpose / notes
A. Optimization 150 1;:0!le 1%‘?201%)%C 297 — — Define optimum treatment
study 20 ’20_1‘ 9 — — percentage
. Little improvement when
B. Stiffness and 10 1CKD:1B B 2 6 soaked in water
Strength evaluation 75 0.45CKD:0.45B:0.10C - 2 6 Overcome solubility
' 1CKD:1B:10C - 2 6 of anhydrite
2.3.1. Unconfined compressive shear strength Molds were placed on a shaking table for 2 minutes, then

cured in air at room temperature for 24 hours before being
capped for 7 and 14 days (Fig. 4).

UCS tests were conducted with a strain-controlled ma-
chine at 4.3 mm/min, with samples tested after 7 and
14 days. A total of thirty samples were cast, with half
tested at each curing interval. Post-curing, samples
underwent UCS testing. In many cases, the failure plane
was unclear, and water content was measured to determine
dry unit weight. Figure 5 illustrates the final sample setup
before testing.

UCS tests were performed on treated tailings specimens
with additives (CKD:B mixture) at 5, 10, and 20% by
weight, following ASTM (D2166) standards. Additives were
mixed into slurried tai-lings using a hand mixer for homoge-
neity. Typically, conventional admixtures reach most of their
strength in 28 days, while gypsum-treated soil achieves peak
strength in 14 days [15], [17], [18]. The slurry was mixed for
5 minutes, poured into greased cylindrical molds (50 mm
diameter, 33.3 mm height), and layered with 10 taps using a
2 mm diameter rod.
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gauge to measure the vertical displacement

2.4. Final tailings treatment scheme

To achieve enhanced strength, traditional additives were
used. Paper [11] highlighted the effectiveness of a blend of
recycled gypsum, bassanite (B), and CKD in improving
tailings properties. Therefore, recycled gypsum and CKD
were chosen for tailings treatment in this study. The strength
of soil treated with the CKD:B mixture was evaluated
through unconfined compression strength testing.

Based on the optimization study, two treatment ap-
proaches using CKD, basanite (B), and ordinary cement
(OC) were applied to tailings 1. Treated tailings were pre-
pared by blending the slurry with: 10% admixture
(1CKD:1B), 7.5% admixture (1CKD:1B:10C), and 7.5%
admixture (0.45CKD:0.45B:0.10C). Ordinary cement was
included because DST samples without it dispersed almost
immediately when soaked in water, attributed to calcium
sulfate dehydrates water solubility [14].

The slurry was poured into a kneader bowl, with admix-
ture added gradually while stirring. The kneader’s speed was
gradually increased, and mixing continued for 5 minutes to
avoid bleeding or segregation. The mixture was then poured
into square molds (62x62x20 mm) and allowed to set
at room temperature.

2.4.1. Stiffness and strength tests

This section presents the scope of tests and the details of
the followed procedures highlighting the constraints and
overreaching goals.
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2.4.2. Oedometer test

The tailings arrived in slurry form (L1 = 1.34), prompt-
ing an initial sedimentation column test. The void ratio of
the tailings was determined from the results of the Oedome-
ter test. A bottom-perforated cylindrical mold was utilized
to contain the soil slurry, allowing it to settle naturally for a
period of 24 hours. To decrease water content and facilitate
grain-to-grain contact between soil particles, the cylindrical
sample was subjected to a pressure of 0.25kPa for
24 hours, based on the observed behavior of the soil during
sedimentation column testing. Following 24 hours of de-
watering, the soil was carefully transferred to the Oedome-
ter ring. A water content (w:%) sample was extracted
from the cylindrical sample to measure the initial water
content, and the Oedometer test was conducted in accor-
dance with ASTM (D2435) standards using conventional
50 mm samples with height of 19 mm utilizing convention-
al Oedometer (mechanical). The sample underwent
12 hours of consolidation in the oedometer, with an initial
water content of 51.1%. Figure 6 illustrates the setup
utilized for dewatering the slurry to achieve a zero-effective
stress void ratio. The setup comprises a plastic cylinder, a
porous stone, and a filter paper.

(@)

(b)

Filter paper

Figure 6. Setup utilized for dewatering the slurry: (a) the tools
used for the dewatering setup; (b) perforation to allow
collecting water from bottom

The testing apparatus featured a square box measuring
60x60 mm, complete with a fully computerized data logging
system. It incorporated two LVDTs (accuracy of £0.01 mm)
for recording vertical and horizontal displacements, seam-
lessly integrated with the laboratory data logging program,
Daisy. Additionally, the machine was outfitted with two nor-
mal loading cells — one positioned vertically to the box, and
another shifted to enable mechanical loading through a lever
arm. The maximum normal pressure applicable was 0.6 MPa.

Tests were conducted in adherence to ASTM (D3080)
standards, employing strain-controlled loading at a rate of
0.03 mm/min. Each material underwent preparation of at
least three samples, subjected to testing at three distinct nor-
mal stress values to establish the shear strength envelope of
the material under examination. The ratio of the shear box’s
inner dimension to the largest particle size encountered was
maintained at 30, surpassing the minimum established ratio
of 10 as per laboratory standards. Furthermore, the thickness
to maximum particle size ratio was set at 20, exceeding the
minimum value of 6 [19] (ASTM D 3080).
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3. Results and discussion

3.1. Unconfined compressive strength (UCS)

During all 45 UCS tests, the shear was accomplished over
duration of 240 seconds. Figure 7 shows a typical sample
after the completion of testing for both treated and untreated
tailings samples.

Well defined shear plane

Figure 7. Shear planes of tailings samples: (a) untreated sample;
(b) treated sample

As can be noted from Figure 7, the failure plane was not
well-defined for sheared treated tailings samples, unlike
those untreated samples. After shearing was completed, the
water content was measured to establish the dry unit weight,
which was found to be increasing with increasing additive
concentration due to filler effects. Effects of internal forces
one the treated soil.

Under undrained conditions for unconsolidated clay
samples, the maximum undrained strength is theoretically
independent of principal stresses, o1 and os. Therefore, in
theory, applying confinement without allowing consolidation
does not impact the undrained strength. However, in sce-
narios where vertical stresses and associated settlement
fluctuate over time, it is crucial to acknowledge the changes
occurring within the treated material and how these varia-
bles influence its parameters.

Wetting and drying cycles can induce volumetric altera-
tions to the treated soil, modifying its internal structure. Ad-
ditionally, if the treated soil is situated within a freeze-thaw
active region, its bonds will inevitably face internal freezing
and thawing forces, potentially compromising their integrity.
Hence, it is imperative to address these concerns early in the
design phase to prevent unfavorable situations where field
parameters deviate from the desired outcomes.

In this research, no freeze-thaw tests were conducted to
evaluate their impact on the soil structure. Furthermore, it is
noteworthy that the consolidation tests were performed up to
a maximum stress of 800 kPa (the typical range for mine
tailings embankments being between 0-2 MPa) to assess
whether a certain stress or accumulation of stresses could
induce bond breakage. This aspect will be discussed in the
subsequent sections.

3.2. Effects of curing days

Figure 8 illustrates the evolution of unconfined compres-
sive strength of the treated tailings over time using various
treatment schemes. A noteworthy observation from Figure 8
is that reducing the proportion of CKD led to a decrease in
the strength of the treated soil.
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This reduction can be attributed to the increased proportion
of gypsum, as CKD has a stronger strengthening effect com-
pared to recycled gypsum. Conversely, augmenting the percen-
tage of admixture in the tailings resulted in enhanced strength.

It is important to highlight that the recycled gypsum
underwent sieving through a #20 U.S sieve, indicating the
presence of coarse particles resembling fine sand. In contrast,
CKD was sieved through a #40 U.S sieve, indicating finer
particles. Consequently, the surface area of gypsum particles
is smaller compared to CKD, leading to reduced water affini-
ty. consequently, the outer surfaces of gypsum particles ab-
sorb water and set without significant absorption by their
inner parts. This characteristic allows soil treated with gyp-
sum to exhibit higher water content (w:%) compared to soil
treated with CKD or finer gypsum particles.

Furthermore, Figure 8 demonstrates that the strength of
the treated soil increased with longer curing times, progres-
sing from 7 to 14 days. However, the percentage increase in
strength was approximately 10%, suggesting that most of the
improvement occurs within the initial 7 days. This aspect is
advantageous for application in tailings dams as it facilitates
early strength gain.

3.3. Effect of commercial gypsum’s proportion of UCS

To assess the effects of gypsum source on the realized re-
sults, two types of gypsum samples were used. The results
indicated a decrease in unconfined compressive strength with
an increase in the proportion of recycled gypsum in the mix-
ture, attributed to the comparatively higher effectiveness of
CKD. However, it was essential to investigate whether recy-
cled gypsum had a detrimental effect on the strength of the
treated tailings. Thus, powdered gypsum, commonly known
as plaster, was utilized for tailings treatment instead of recy-
cled gypsum. Employing the same procedure for sample
preparation and curing as previously described for the sample
treated with a combination of 10% admixture, nine samples
were casted and left to cure for 7 days before testing.

The results obtained from tests on specimens containing
plaster (designated with the letter P) are compared in Fi-
gure 9 with the results obtained for the same combination but
with recycled gypsum. It is observed from Figure 9 that sam-
ples treated with admixtures including plaster exhibited
higher UCS as the plaster proportion increased. For instance,
the UCS of treated tailings increased by over 100% when the
CKOD: plaster ratio varied from 1:1 to 1:4.
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Figure 9. UCS of tailings treated with 10% admixture with different
CKD: gypsum (recycled and commercial) proportions

These findings clearly demonstrate the effectiveness of
gypsum in tailings treatment. The subpar performance of
recycled gypsum in tailings treatment can be attributed to
two primary reasons: the limited surface area of recycled
gypsum, which consequently impacted the hydrophilicity of
gypsum particles, and the lower calcium oxide (CaO) content
of recycled gypsum (compared to plaster), as evidenced by
the XRF analyses results presented in Table 2.

Understanding the stress-strain behavior of treated tai-
lings is crucial for accurately modeling their performance as
a construction material for tailings dams. Figure 10 illustrates
the stress-strain curve of a specimen treated with 10% ad-
mixture (10-2). Similar stress-strain behavior was observed
in all other specimens. While all specimens exhibited some
degree of strain softening during shearing, no distinct peak-
post-peak behavior was observed.

Stress, kPa

0

10 15
Strain,%
Figure 10. Stress-strain relationship of tailings 2 treated with

(1CKD:2B) at 10% obtained from the UCS tests

0 5 20

It was observed that the proportion of gypsum did
not have a clear effect on the cracking strain, as all samples
developed cracks at approximately the same strain
level. However, the inclusion of cementitious material al-
tered the typical 45-degree cracking plane to multiple
planes of cracking.

Based on its good performance in treatment of the clay-
ey tailings, the admixture of CKD:B with 1:1 ratio was
selected for consideration of treatment of silty tailings
(tailings 1). Two different percentages were considered for
treatment of tailings 1, and the treated tailings were tested
to evaluate their consolidation behavior employing
oedometer tests, and to determine their strength parameters
using direct shear tests.
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3.4. Oedometer testing

The coefficient of compressibility C. indicates the poten-
tial consolidation settlement upon loading cohesive soils
and is given by:

)

Cc= (1)

Here e is void’s ratio and ¢’ is effective stress, subscripts
1&?2 are arbitrary points on the virgin consolidation line.

The coefficient of compressibility (C) typically ranges
from 0.1 to 0.2 for silty soils and 0.2 to 0.3 for clayey
soils [20], [21]. No rebound measurements were taken for the
untreated materials, hence only the Cs values were compared
to those of treated tailings. The measured C. value was found
to be 0.1548. Figure 11 illustrates the volumetric strain of un-
treated tailings against log o', indicating the extent of consolida-
tion settlement. It’s important to note that one of the objec-
tives of treating the tailings was to reduce their coefficient of
compressibility, thereby minimizing consolidation settle-
ment. A significant volumetric strain, up to 20% additional to
the 25% initial settlement due to particles settlement, is rea-
lized when subjecting the tailings sample to a 800 kPa.

loga’, kPa
1 10 100 1000

0 T T —

2 f

af

- —~—
2 6 ~ ~
= ~
z 8 ~
%t o
210 f ~
g I ~
=2 12 - — — Untreated soil ~
o F ~
= 14 | N
N
~N

20 t
Figure 11. Volumetric strain against effective stress of untreated
tailings

Measurements of the coefficient of consolidation (c\)
were conducted for the untreated tailings at various loading
stages to establish both lower and upper bounds. Plotting the
¢y values against e-log ¢’ revealed a general increase in their
magnitude as effective stresses increased. The coefficient of
consolidation ranged from 0.1 to 0.5 cm?/minute, as depicted
in Figure 12. Taylor’s method [22] was employed for c,
measurements. Notably, Figure 12 illustrates that ¢, obtained
from the sedimentation column notably exceeds the average
cv value of 0.38 cm?/minute. It’s worth mentioning that the
tailings experienced a volumetric reduction of 17.05% of
their original volume when consolidated to 765 kPa.

Figure 13 depicts the e-log ¢’ curve comparing untreated
soils with treated soils, providing a visual comparison of
consolidation behavior across various treatment schemes and
untreated tailings. When employing a 7.5% admixture ratio
of (0.45CKD:0.45B:0.10C), the tailings stiffness did not
exhibit a significant increase.
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This could be attributed to either weak or insufficiently
formed bonds, leading to bond collapse when effective stress
exceeded 50 kPa. Conversely, a notable enhancement was
observed in tailings treated with a 7.5% admixture of
(1CD:1B:10C). Volumetric strains notably decreased from
17% to 2%, as depicted in Figure 13. This substantial reduc-
tion is credited to the higher cement content, which promoted
particle bonding and reduced voids within the slurry volume,
consequently lowering water content and void ratio while
increasing dry unit weight. As a result, hydraulic conductivity
was also reduced. Figures 13 and 14 further compare the re-
sults of consolidation tests for treated and untreated tailings.

It is evident from Figure 13 that the effect of a 7.5% ad-
mixture of (0.45CKD:0.45B:0.10C) did not enhance the
stiffness of the treated tailings significantly, possibly due to
weak or unstable bonds leading to bond collapse under in-
creasing effective stresses. However, analysis of shear
strength envelopes for untreated and treated tailings
(0.45CKD:0.45B:0.10C) revealed an increase in cohesion of
the treated material by approximately 11 kPa. This enhance-
ment in cohesion is attributed to the quasi-over-consolidation
resulting from the admixture’s addition to the tailings. None-
thelzess, these acquired cohesive forces were not sustained in
a water environment, as indicated later in the subsection 3.8.

Conversely, considerable improvement was achieved
when the tailings were treated with a 7.5% admixture
of (1CD:1B:10C). Volumetric strains were drastically
reduced from an average strain of 17% to almost 2.21%, as
depicted in Figure 14.
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This significant reduction can be attributed to enhanced
particle bonding resulting from the higher percentage of
cement in the mixture. Additionally, the treatment increased
solids in the slurry volume, reducing water content and void
ratio, consequently leading to a lower void ratio compared to
untreated tailings at any normal stress, thereby creating a
stronger material. This also resulted in a lower hydraulic
conductivity, as observed in Figures 15 and 16. Finally, the
tailings properties used in modeling, both for untreated and
7.5% treated tailings, are presented in Table 3.
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Table 3. Combination made for optimization work for traditional

admixture
Z(;réeKnS g; BF:{étILOD Combination
5% 1:1 5-1
1.1 10-1
10% 2:1 10-2
4:1 10-3
20% 1:1 20-1

3.5. Effects of tailings treatment on the k value

Figures 15 and 16 display the effect of the vertical effec-
tive stress on the hydraulic conductivity values. It is worth
noting that the binder had a substantial impact, one order
of magnitude, on the k value due to the combined bonding
and filler effects.

From Figure 15 and 16, it is proved that the addition of
admixtures resulted in a reduction, around one order of mag-
nitude, in the hydraulic conductivity of the treated tailings
compared to those of untreated tailings due to the smaller
initial void ratio of the treated tailings. Hydraulic conductivi-
ty chosen for modeling was selected based on the average
effective stress anticipated in the field in the numerical mo-
delling part of the current study. Eqeq, Was taken to be the
secant modulus between 100-400 kPa based on the effective
stresses anticipated in the field as well. Untreated tailings
were assumed to be normally consolidated with effective
cohesion of zero. The cohesion amount of 19.6 kPa exhibited
by the untreated tailings was also subtracted from the effec-
tive cohesion of treated tailings.

3.6. Shear strength

The shear strength characteristics of both untreated and
treated tailings were evaluated using two laboratory tests: the
direct shear test (DST). These tests are designed to determine
strength parameters based on expected soil behaviors, con-
sidering factors such as drained or undrained conditions, and
consolidated or unconsolidated states. The anticipated beha-
vior of tailings in the field typically falls between fully
drained and undrained conditions due to variations in soil
gradation at specific distances from the discharge point and
the method of tailings disposal, whether it be saturation (sub-
aqueous, thickened tailings, or dry tailings). These factors
must be considered when assessing the stability condition of
a tailing’s storage facility.

Since the objective of this study is to compare the long-
term behavior of the tailing’s treatment plan, a drained DST
was conducted. Figure 17 illustrates the stress-strain relation-
ships for untreated tailings. It can be observed that the beha-
vior of the tailings exhibited a strain-hardening response,
wherein the shear stress initially increases proportionally to
the strain levels up to a yield point, followed by a dispropor-
tionate increase in strain with minimal stress increase. A
hyperbolic relationship can be fitted to represent the shear
response of the tailings. It is worth noting that no definitive
peak was obtained for any of the shear samples.

As can be noted from Figure 18, the shear stress-normal
stress relationship was linear with a constant slope represent-
ing an angle of internal friction equal to 42°C. However, the
shear stress-normal stress relationship exhibited an intercept,
which suggests the untreated tailings material has some
cohesion. The observed apparent cohesion may be attributed
to two possible reasons.
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Figure 18. DST results of untreated tailings

Effects of thixotropy: Janzak et al. (2007) and Rout et al.
(2013) reported that the tailings exhibited some cohesion
intercept. This also could be supported by the observation
from e-log ¢’ curve (Fig.13) which exhibits an initially
curved line at low stresses but became straight line at pres-
sure higher than 25 kPa. This observation, however, might be
attributed to the fact that the sample was tested at water con-
tents higher than its LL and the initial part of the curve does
not necessarily have to be a straight line.

The ¢’ intercept is a result of test’s errors related to varying
dry density and void ratio of tested specimens. Indeed, achie-
ving a specific dry density at confining pressure and high void
ratio is almost impossible to attain. The tailings were prepared
at low dry densities, in the order of 1200-1400 kg/m3, and they
were soaked in water and loaded to reach the desired normal
stress. This led to inevitable settlement, which in turn altered
the initial void ratio and consequently the dry density which
led to some over consolidation of the specimen that resulted
in the apparent ¢’ intercept. The author is of this opinion this
is @ more plausible explanation. This is supported by the fact
that the e values established after shearing the samples were
all around 8% lower than the initial void ratio at which the
samples were prepared.

Another important aspect is that Figures 18 shows that
the peak shear stress (zf) — normal stress relationship for the
untreated tailings is not linear, but rather is semi-exponential,
which entails that the friction angle and cohesion of the treated
tailings are not constants as typically assumed. The z/N best
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fit line might flatten at high stresses, which means that there
could be a limiting effective stress beyond which the shear
strength becomes constant. Thesis [18] reported that [21] had
a similar observation where he noted that the friction angle
decreased until it stabilized at normal stresses higher than
276 kPa [18]. This may be an important observation for as-
sessment of tailings dams’ stability, especially for high dams
of more than a hundred meters, i.e., effective stresses that
could reach a few MPa. If a constant friction angle is as-
sumed in the numerical modeling to assess the stability of
such tailing’s dams, then it might be possible that the safety
factor is overestimated.

3.7. DST treated samples preparation

Three distinct treatment schemes utilizing cement kiln
dust (CKD), bassanite (B), and ordinary cement (OC) were
employed. The treated tailings were prepared by blending the
tailings slurry with three different admixture ratios: 10% of
admixture (1CKD:1B); 7.5% of admixture (1CKD:1B:10C);
and 7.5% of admixture (0.45CKD:0.45B:0.10C). Ordinary
cement was introduced into the mixture due to observations
that DST samples soaked in water one day before testing,
without cement, dispersed almost immediately upon immer-
sion. Papers [15], [23] attributed this behavior to the water
solubility of calcium sulfate hemihydrate.

The process began by pouring the slurry into the kitchen
kneader bowl, followed by the gradual addition of the admix-
ture while stirring the slurry. The rotational speed of the knea-
der was then increased gradually. Mixing was carried out for a
predetermined 5-minute duration to prevent bleeding or segre-
gation of the mixture. The resulting batch was subsequently
poured into specially fabricated square boxes measuring
62x62x20 mm. These batches were left to cure at normal room
temperature. Figure 19 depicts freshly cast treated samples.

Figure 19. Improved tailings DS samples

Initially, two treatment approaches were implemented for
tailings: one with 10% admixture by total weight (1CKD:1B),
and the other with 7.5% admixture by total weight
(0.45CKD:0.45B:0.10C). These samples were cast and left to
cure at room temperature for 3 days before being soaked in
water for saturation prior to testing. However, it was observed
that the samples treated with 10% admixture of (1CKD:1B)
dispersed in the water shortly after immersion, indicating
weak bond formation. Conversely, the samples treated with
7.5% admixture of (0.45CKD:0.45B:0.10C) maintained their
shape. Consequently, a third treatment scheme was intro-
duced, where another set of samples were prepared with 7.5%
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admixture by total weight (1CKD:1B:10C) using the same
procedure, but with a curing period of 7 days.

Once the specified curing period elapsed, the treated
samples were subjected to direct shear testing at various
normal stresses to assess their shear strength. The normal
stresses were incrementally applied, starting from 10 kPa and
doubling with each increment until reaching the desired
stress level. Additionally, treated samples were placed in
oedometer rings to investigate their consolidation behavior.
All samples underwent dry curing at room temperature and
were plastic wrapped to prevent moisture-induced desiccation.

3.8. Direct shear test results of treated tailings

It should be mentioned that for the treated materials tested
in the DST, each load increment was kept constant for one
hour, which is long enough for all excess pore water pressure
to dissipate. This is based on the lowest coefficient of conso-
lidation that was obtained from the oedometer tests to mea-
sure the time for full dissipation. The untreated tailings,
however, were prepared from oven-dried tailings that were
crushed and compacted to achieve void ratios, which corre-
spond to the effective stresses from e-log ¢’ curve. Conse-
quently. They were kept under pressure and soaked with tap
water and left to saturate for 24 hours. Each load increment
in DST was kept constant for one hour to allow all EPP to
dissipate. In addition, very slow loading (strain rate of
0.03 mm/min) was applied to ensure shear induced EPP is
dissipated. It should be mentioned that the water used her is a
tap water for both tests to avoid result’s bias. The tailings are
usually submerged in acidic environments and the effect of
this acidity should be given consideration. It is reported that
pH variation has an effect on the shear strength parameters of
the soil [24]. Figure 20 shows one sample after it was sheared.

Filter paper

Figure 20. Treated tailings sheared DST sample

The failure plane was horizontal along the contact of the
upper and lower parts of the untreated sample; however,
there was some deviation from the horizontal failure plane
for the treated soil, which was caused by the cementitious
bonds that forced the failure to happen on the weakest plane,
deviating slightly from the horizontal direction, Figure 20.
Figure 21 displays the shear strength envelop for the treated
tailings with 7.5% (1CKD:1B:10C) [3], [25].

Figure 22 compares the shear strength envelope of tai-
lings treated with 7.5% admixture of (1CKD:1B:10C) with
that of the untreated tailings. It can be seen from Figure 22
that the shear strength of the treated soil is substantially
higher than that of untreated tailings due to the cementitious
bonds established by the additive used.
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The 7.5% admixture of (1CD:1B:10C) treatment resulted
in substantial cohesive bonds that were manifested by cohe-
sion intercept of 184 kPa, considering a straight line curve fit
as shown in Figure 22. The 7.5% (0.45CKD:0.45B:0.10C)
had little to no effect on the shear strength envelope other
than 11 kPa increase in cohesion. The cohesion gain in this
case is attributed to higher dry density and not to cementi-
tious bonds [26]-[28].

Based on the shear strength tests conducted in this study,
the strength properties of treated and untreated tailings are
provided in Table 4.

Table 4. Tailings properties

Material C' ' Eoed k, cm/sec
Untreated 0 38 9400 9.12357E-08
tailings
Treated tailings
(1:1:1) 184 38 300284 6.01838E-09

These properties can be used in developing proper treat-
ment schemes and numerical models that can aid in assessing
the stability of tailings dams treated with the proposed
admixture combination.

3.9. Further research

Further research on mine tailings geotechnical improve-
ment and recycling will be undertaken with the aim to reduce
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the environmental risks associated with these tailings and to
enhance the efficiency of our globe natural resources. Poly-
meric emulsions and other industrial and naturally occurring
materials will be studied with the aim of finding alternative
uses for tailings, assess their potential as raw materials for
various industrial and infrastructure applications such as
brick manufacturing and liner materials for earthen dams.

4, Conclusions

The experimental program involved treating mine tailings
with different traditional and non-traditional additives to
improve their engineering properties. The improvement was
assessed in terms of deformation shear strength parameters.
Based on the results of the experimental investigation, the
following conclusions may be drawn.

Use of cementitious materials that increase the shear
strength and stiffness is desirable.

Traditional additive of recycled gypsum with cement kiln
dust (1:1) was proven to be the best tested proportion in
terms of adding cohesive strength to the non-cohesive tai-
lings and enhancing its stiffness. However, soaking in water
may affect its integrity.

Adding ordinary cement to the admixture at the propor-
tions 1CKD:1B:10C prevented the adverse impact of water.
The admixture at 7.5% by total weight has substantially
improved the shear strength parameters and resulted in cohe-
sive strength of 184 kPa.

Based on experimental observations, the change of shear
strength parameters with confining pressure increases should
be considered in numerical modeling/design calculations.

In field applications, sufficient curing time should be
allowed in order for the material to gain its strength. At least
7 days of curing should be allowed before adding another
layer to avoid the adverse impact of water and enable most of
the shear strength gain before loading the treated tailings in
the staged construction.
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Po3kpuTTs nepeBar BUKOPUCTAHHSA Nepepo0dJIeHUX BiIXOAIB NP reoTeXHIYHi

00po01i XBOCTOCXOBHUIIL: CTAJMI MigXia
S.A. Ansmapenax, M. X. Exs Harrap

Mera. [locnimkeHHs eheKTUBHOI cTparterii 00pOoOKH IPYHTY 3 METOIO TIOKPAILICHHS T€OTEXHIYHNX XapaKTEPUCTHK XBOCTOCXOBHUIIL. Y poOOTi
OLIIHIOETHCS €(PEKTUBHICTD PI3HUX IPYHTOBHX JIOMIIIIOK, 30KpEMa, SIK TPAAUIIHHIX, TaK 1 HETPpAIUIIHHNX, IS 3MIITHEHHS JaMO XBOCTOCXOBHIII.

MeToauka. Po3po0ieHO KOMIIIEKCHY eKCIIEPHMEHTAIbHY MPOrpaMy, Y MeKax KOl JI0 XBOCTIB B J1Ja0OPAaTOPHHUX YMOBax J0/aBaJIH TTOIMEPHY
cMolTy Ta KoMOIHAIIifo TTepepoOICHOTO Tilcy, MMy EMEHTHHX Tiedeil 1 3BUJaifHoro meMeHTy. 11 OliHKN e()eKTHBHOCTI 0OpOOKHM 3aCTOCOBYBAIH
BUNpoOyBaHHs Ha oxHOBicHMH cTrcK (UCS) 3 MeTOor0 BU3HAUESHHSI ONTUMAJIBLHOTO BMICTY JIOMIIIOK. BrkoHyBamucs: BUIpoOyBaHHS 11 OLIHKH
JKOPCTKOCTI Ta BJIACTUBOCTEH! YIIUILHEHHS, 8 TAKOXK BUIPOOYBAHHS Ha MPSIMUI 3CYyB JUIS aHAJII3y peakiii MaTepiady Ha 3CyBHI HaBaHTA)KCHHSI.

PesyabTaTu. BecranoBneHo, 1o TpaauiiiiHa JOMIIIKa 3 HepepoOIeHoro rincy 3 neMeHTHUM musioM (1:1) BUsSBHIACs HalKpaIlow BUIPOOY-
BAHOIO MPOTIOPII€I0 3 TOUKH 30pYy J0AABAHHS MIlJHOCTI 34CTUICHHS O HEe3B SI3HUX XBOCTIB Ta IMTiJBUILECHHS iX )KOPCTKOCTI, IPOTE, 3aMOYyBaHHS
y BOJIi MOXe€ BIUIMHYTH Ha IXHIO ITICHICTE. BCTaHOBNEHO, 110 10JaBaHHS 3BHYAHOTO IIEMEHTY B cyMim y mpomopuisx 1LIT:1I":131] 3anobirio
HecnpusATuBii aii Boau, ae LI — nementaunit mun, I' — rine, 31 — 3Bnvaitanii nement. Jlominika y kigpkocTi 7.5% Bif 3aranbHOl Baru CyTTEBO
TMOKpAIIMiIa MapaMeTpy MIIHOCTI Ha 3CYB Ta MpuU3Beia 10 MinHocti 3uervienHs 184 kIla. BusHaueHo, 1m0 06pobIieHi XBOCTH JEMOHCTPYIOTh
MOKpAIIeHI MEXaHIuHi BIIACTHBOCTI, 10 HAJa€ BXKIIMBI JaHi ISl YUCIOBOTO MOJIETIOBAHHS Ta OLIHKH CTIHKOCTI JaMO XBOCTOCXOBHIII.

HayxoBa HoBH3HA. BusiBieHO HOBI 3aKOHOMIPHOCTI IOAO0 OOPOOKM XBOCTOCXOBHIN, 30KpeMa, KOMOIHAIi MMy IEeMEHTHUX Iede i
3BHYAIfHOTO LIEMEHTY, IepepoOJICHOrO Tilcy Ta 3BHYaifHOro eMeHTy. OTpHMaHi pe3ysbTaTH CIPUSIOTH KPalioMy PO3yMIHHIO MEXaHI3MiB
MiBUILEHHSI CTIHKOCTI 1aM0 XBOCTOCXOBHILL, 1110 paHilie He 0yJI0 JOCTaTHHO BUCBITIICHO y HayKOBIH JIiTepaTypi.

ITpakTHyHa 3HAYNMIiCTb. Pe3ynbTaTn JOCITIIKEHHS CIPUSIOTH IOKPAIICHHIO YIPABIIHHS XBOCTOCXOBHIAMH Ta BIIPOBA/UKCHHIO HaM-
Kpalux eKOJIOTIYHUX MpakTuk. OnTHMIi3amis METOAiB OOpOOKH IPYHTY M03BOJsS€ €()EeKTHBHILIC BHKOPHCTOBYBATH MPUPOIHI PECypCcH Ta
migBHIIye Oe3MeKy Ta CTIHKICTh KOHCTPYKIiN 1aMO XBOCTOCXOBHIL.

Kntouosi cnosa: xeocmocxosuwa, 2e0mexHiyni pusuxi, NOKpAwjeHHs IPYHMYy, ynpasiinia eioxooamu, nepepooxa
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