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Abstract: With the vigorous development of the world’s mineral resources, the global ecological
environment has been severely damaged. The tailings cemented filling technology is an important
way to realize the green and low-carbon development of the mining industry. However, sulfur-
containing tailings from metal mines can destroy the stability and strength of cemented tailings
backfill. Therefore, it is imperative to reduce the harm of the sulfur-containing tailings to the strength
of cemented tailings backfill. Firstly, based on the research results of sulfur-containing tailings
cemented backfill in recent years, this paper reviews the influence of sulfur-containing tailings on
the strength of cemented backfill. Accordingly, the mechanism of strength failure of cemented
backfill caused by sulfur-containing tailings is further studied, and the erosion failure of sulfide
and sulfate is deeply discussed and analyzed. In addition, three control measures are proposed,
including adjusting the combination of filling materials and optimizing the filling ratio, controlling the
oxidation conditions in the filling process, and adding ad-mixtures as a supplement. Finally, the main
conclusions and outlooks of this review are summarized. The purpose of this review is to provide
guidance to improve the strength and durability of the cemented sulfur tailings backfill, effectively
treating metal tailings, and to propose some ideas for the further improvement and development of
the tailings cemented filling technology.

Keywords: cemented sulfur tailings backfill; sulfur content; sulfur-containing tailings; sulfate attack;
failure mechanism; control measure

1. Introduction

Mineral resources are the material basis for sustainable economic and social devel-
opment, also the precious natural wealth of a country or a region. However, mining has
generated a large number of tailings which caused severe pollution and significant harm
to the environment [1]. The global tailings rules meeting held in March 2019 established
global tailings management standards and supported governments to incorporate tailings
management standards into their national legislation and policies [2]. Tailings and environ-
mental issues have been in the spotlight in the world nowadays, and achieving green and
sustainable mining has become a common theme in the mining industry [3].

As a new technology to realize the green sustainable development of mine resources,
cemented tailings filling technology has been widely promoted and applied in tailings
treatment. [4,5]. Scholars have found that sulfur content in tailings will have a great impact
on the strength of cemented tailings backfill. China’s Code for Design of Nonferrous Metal
Mining (GB50771-2012) has strict regulations on the sulfur content of tailings cemented
backfill, which should not exceed 8% [6]. Most metal tailings are faced with the problem
of high sulfur content (Figure 1), so it is crucial to study sulfur-containing tailings in
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cemented backfill. Only by mastering the failure mechanism of sulfur-containing tailings
on the strength of the cemented tailings backfill can we prevent mining accidents, improve
technical defects and efficiently treat metal tailings [7].
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Figure 1. Sulfur content in some metal mines [8-30].

The innovation of this paper is to clarify the type and mechanism of sulfide erosion and
sulfate erosion, define three specific failure modes of sulfate erosion, including expansion
failure, cohesive failure, and stress failure, and put forward the corresponding control
measures. In addition, the influence of sulfur content and the age of cemented sulfur tailings
backfill on its strength has revealed that the principle of improving the strength of cemented
backfill by sulfur-containing tailings in the primary stage of filling is expounded. We hope
this review can provide a comprehensive understanding of the strength of cemented sulfur
tailings backfills and help and guide in the practical application of metal tailings treatment.

2. Influence of Sulfur-Containing Tailings on the Strength of Cemented Tailings Backfill

According to relevant studies, sulfur-containing tailings as a backfill material can
significantly affect the strength and mechanical properties of cemented backfills; the sulfur
content in tailings and the age of cemented roles in increasing or decreasing the strength of
cemented tailings backfill.

Li et al. (2019) [31] studied the influence of various sulfide content in tailings on the
cemented backfills strength deterioration and tested the uniaxial compressive strength of
the samples with other sulfur content (6 wt%, 12 wt%, 18 wt%, and 25 wt%, namely, T1, T2,
T3, and T4) (Figure 2). After curing for some time, the cemented tailings backfill’s strength
changed with sulfur content and curing time. It was found that after SEM microstructure
analysis of the samples cured for 28 days (Figure 3), the porosity and texture looseness of the
cemented tailings backfill with different sulfide contents can be significantly distinguished.
That is to say, the cemented tailings backfill with other sulfur content has significant
differences in strength and stability. Hou et al. (2022) [32] obtained the stress—strain
curve of the cemented sulfur tailings backfill (CSTB) by the uniaxial compression tests
(Figure 4). The peak stress, residual stress, and peak strain of CSTB with different sulfur
contents were different under uniaxial loading in Figure 4. Moreover, Hou et al. [32,33]
investigated the damage evolution of CSTB to reflect the mechanical performance of CSTB
under load. Finally, The change in the damage growth rate of CSTB clearly shows the
difference in compressive strength and load-bearing capacity (Figure 5). Damage crack
evolution characteristics of CSTB (Figure 6) reflect the strength degradation of CSTB at
different sulfur content. (the orange, blue and green parts represent the fracture surface
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range, large-scale failure crack and microcrack of CSTB, respectively). Yin et al. (2021) [34]
investigated the relationship between the sulfur content of CSTB at different ages and
uniaxial compressive strength (UCS), (see Figure 7a), and the histogram of 28 days splitting
tensile strength (STS) and sulfur content of CSTB (Figure 7b). As shown in Figure 7a, the
UCS value ages increased when the sulfur content of samples aged 7 d, 14 d, 28 d and 56 d
increased from 6% to 12%. As the sulfur content increased from 12% to 25%, the UCS of
CSTB of different age groups decreased. However, the magnitude of the rise and fall in UCS
is different. Moreover, Figure 7b showed when sulfur content increased from 6% to 12% and
then to 25%, the 28 d STS of CSTB increased first and then decreased. If the sulfur content is
12%, the UCS of CSTB at different ages and 28 d STS of CSTB reached the maximum. Zhan
et al. (2018) [35] investigated the effect of sulfur content on the different strength indexes
(compressive strength, tensile strength, shear strength) of CSTB by uniaxial compression
tests, Brazilian splitting tests and shear tests (Figure 8). When the sulfur content is 4%,
the compressive strength and the shear strength of CSTB reach the maximum of 1.43 MPa
and 2.53 MPa, respectively, the tensile strength is 0.37 Mpa. When the sulfur content is
4%~16%, the compressive strength and shear strength decreased to 0.6 MPa and 0.54 Mpa,
respectively, at a higher rate, and the tensile strength decreased to 0.31 MPa at a slower rate.
When the sulfur content is 16%~20%, the compressive strength, the tensile strength, and the
shear strength of CSTB have no obvious change, which is stable at 0.6 Mpa, 0.18 MPa and
0.45 MPa, respectively. Therefore, it can be concluded that the tailing’s sulfur content has a
significant impact on the strength of cemented backfill. Jiang et al. (2017) [36] explored the
impact of the sulfur content of tailings on the performance of cemented tailings backfill
(CTB), adjusted the sulfur content of tailings to 6.1%, 12%, 18% and 25%, respectively, and
measured the change in uniaxial compressive strength. When the sulfur content is less than
12%, the strength of CTB aged 7 d and 14 d decreased with increasing sulfur content, but
the strength of CTB aged 28 d increased. When the sulfur content exceeds 12%, the strength
of the CTB aged 7 d, 14 d and 28 d decreased with increasing sulfur content. The lowering
of CTB strength is the fastest, while sulfur content is 12 to 18%. When the sulfur content is
25%, compared with the CTB with a sulfur content of 6.1 %, the strength of the CTB at the
age of 28 d decreases by 69.3%. When sulfur content is 6% and 12%, CTB’s strength of 28 d
is 21.1% and 3.6%, respectively, lower than that of the CTB at the age of 14 d. Therefore, it
can be concluded that the strength of CSTB is influenced not only by sulfur content but
also by age. Moreover, the critical value of sulfur content of CSTB is different at different
ages. Dong et al. (2019) [37] studied the strength changes of four different sulfur-content
cemented paste backfill (CPB) samples within 28~360 days (Figure 9). Figure 9 shows that
the strength of CPB specimens has been increasing until 90 d and the increasing rate of
CPB is different. The strength of the S5 (5 wt%) was the largest for 90 days, and the sulfur
content of S5 was in the middle of the four specimens. After 90 days, the strength of CPB
samples began to decline. From 90 to 360 days, the strength of 52, S5, 510 and S15 decreased
by 11.8%, 12.3%, 20.7% and 32.7%, respectively. Therefore, there is a critical value in the
sulfur content of CPB, and the strength of the CPB can be maximized within a specific
curing time. After a period of curing, the strength of CPB continues to decline.
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Figure 2. Variation of UCS fillings with different sulfur content [31].

Figure 3. SEM images of tailing samples with different sulfide content [31].
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Figure 4. Stress—strain curve of CSTB under uniaxial loading [32].
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Figure 5. Damage Value and Axial Strain Curve of CSTB [32].

Figure 6. Failure crack evolution characteristics of CSTB under uniaxial loading [32].
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Figure 7. Relationship between sulfur content and UCS and 28 d STS of CSTB samples: (a) Uniaxial
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Figure 9. The UCS of samples with different sulfur content [37].

In summary, as shown in Figure 10, the strength will decrease when the sulfur content
in the cemented tailings backfill is too high to exceed the critical value. When the sulfur
content is less than the critical value, the strength of the cemented tailings backfill will
increase at an early age. The critical value of sulfur content in tailings and the aging time of
the cemented backfill, which influence the increasing and falling, are currently uncertain
and need further study.

From a long-term perspective, sulfur-containing tailings have an adverse effect on
the strength of the cemented backfill. Therefore, understanding the failure mechanism of
sulfur-containing tailings on the strength of cemented backfill is very important.
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Figure 10. Relationship between critical value of sulfur content and age on strength of cemented
tailings backfill.

3. Failure Mechanism of Sulfur Tailings on Strength of the Cemented Tailings Backfill

The influence of sulfur content in tailings on the strength of the cemented backfill
is mainly reflected in two aspects: increase and decrease (Figure 11). In response to the
reduction of backfill strength, it is a prerequisite to study the damage mechanism of sulfur-
containing tailings to the strength of cemented backfill for regulation and prevention.
When sulfur-containing tailings are used as filling materials, the sulfur content should be
controlled. Because of the interaction of sulfur-containing minerals (mainly pyrite-type
sulfide minerals) with air and water, sulfide minerals are oxidized to generate sulfate
ions, which have a destructive effect on cementitious materials. The sulfur content is
usually considered to have an adverse effect on the later cemented tailing backfill strength.
Moreover, if the cement sulfur filler contains sulfate and other oxides, the adverse influence
on the strength of cement backfill is significant [30].
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Figure 11. Mechanism of sulfide tailings on the strength of cemented tailings backfill.

The hydration reaction of silicate cement as the main component of cementitious
filler can continue for many years. In response, a large amount of Ca(OH),, C-S-H, and
other products are generated. Finally, a tight, mutually cemented hardening system is
formed. The sulfide erosion and sulfate erosion of the cementitious filler by the sulfur-
containing tailings destroy this stable system and consume a large number of hydration
products, which damage the cementitious filler’s internal structure and deteriorate its
strength. Eventually, cracks appear, and the cemented tailings backfill is decomposed
(Figure 12) [30].
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Figure 12. Schematic diagram of the decomposition process in cemented tailings backfill [30].

3.1. Sulfides Erosion

Once starting, sulfide erosion is highly severe. On the one hand, SO4?>~ generated
by the oxidation of sulfides, will combine with other metal ions to produce ettringite,
gypsum, magnesium sulfate, calcium silicon carbide, and other salt compounds, resulting
in sulfate erosion damage. On the other hand, during the oxidation reaction of sulfides,
the large amounts of H* generated will react with alkaline hydration products to reduce
the alkalinity of the cemented tailings that backfill the internal system [38,39]. To ensure
calcium equilibrium in the design and maintain the PH, components with cementing ability,
such as hydrated calcium silicate, are no longer stable, and decalcification reactions occur.
At the same time, H+ will cause the dissolution of the cement structure. The characteristic
of this damage is that there are almost no large cracks on the surface of samples and the
samples will not swell [40,41].

When the pyrite is entirely dissolved by oxidation, the solid phase morphology of the
particles changes, and the internal microstructure is deformed (Figure 13). Taking the tailings
with 15% sulfur content as an example, the pyrite content in the tailings accounts for about
1/4 of the total mass. It can be expected that with the extension of time, about 1/4 of the
particles inside the specimens will eventually dissolve, and the cemented tailings backfill
skeleton will be missing or deformed, thus reducing the pressure-bearing capacity [42].

deformati&

Tailings

H,0

Pyrite

dissolution

Hydration
products

Figure 13. Failure of cemented sulfur tailings backfill skeleton [37].
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3.2. Sulfate Attack

The sulfate source of cemented sulfur tailings backfill erosion is classified as external
and internal. External sulfate ions are mainly provided by the external environment, such
as river seawater immersion and soil corrosion. Sulfate ions enter the interior from the
surface, the erosion from the outside to the inside [43]. The internal sulfate ions are mainly
provided by the oxidation of sulfide minerals in tailings.

3.2.1. Ettringite Type Sulfate Erosion

When the cemented sulfur tailings backfill is in an alkaline environment (PH > 12),
the main erosion product of sulfate is ettringite. The initial reaction of cement hydration
produces a large amount of Ca(OH),. Sulfate will react chemically with Ca(OH), and
3Ca0OeAl,O3 to make secondary ettringite (see the following Equations (1)—(3)) [44,45].
When Ca(OH); is consumed, SO4%~ will react again with hydrated calcium silicate (C-S-H),
causing decalcification of C-S-H to produce Ca(OH); [46,47].

3Ca0e AL O3 + 3Ca’" +3504%~ + 26H,0—3Ca0Oe Al,0;03CaSO,032H,0 1)
3Ca0OeAl,030Ca(OH), + xH,0 + 2Ca’* + 350,42~ + (31 — x)H,O—CaOeAl,0303CaSO,32H,0 ()
3CaOoA12030CaSO4 + XHzo + 2Ca2+ + 80427 + (32 — X)H20—>3CaO.A120303CaSO4.32H20 (3)

3.2.2. Gypsum Type Sulfate Erosion

When the PH value in the cemented sulfur tailings backfill is lower (PH < 10.5) and
the sulfate concentration in the capillary pores is more significant than 1000 mg/L, the
main erosion product is gypsum, both Ca(OH), and C-5-H in the hydration products will
react with sulfate and form gypsum. The generation of gypsum consumes a large number
of Ca(OH),, and gypsum crystals volume expanded by 1.24 times, which continues to grow
after filling the interstices of the cemented tailings backfill [48,49].

3.2.3. Magnesium Sulfate Erosion

The erosion mechanism of magnesium sulfate is shown in Figure 14. When the solution
PH is between 9-10, a layer of Mg(OH), and gypsum will be formed on the mortar surface
immediately. As the magnesium sulfate solution continues to penetrate and diffuse inside
the mortar, magnesium hydroxide (Mg(OH),) will eventually decompose in several places,
thus establishing flow channels. C-5-H starts to be attacked and transformed into M-S5-H.
The mortar’s final failure is due to the deprivation of strength and integrity caused by the
conversion of C-S-H to M-S-H [50,51].

Gypsum (G) Brucite (B)

Mortar
Diffusion

Step 1 Step 2
MgS0, solution: 7 MgSO0, solution:
g o v M g 5
PH=7-8 PH=9-10
Gypsumand
ettringite M-S-Hand gypsum

Zones with
gypsum and
ettringite

Cracked
interior

Step 3 Step 4

Figure 14. Mechanism of magnesium sulfate attack [50].
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3.2.

4. TSA- Type Sulfate Erosion

TSA-type (thaumasite form of sulfate attack) sulfate erodes the cemented tailings

backfill even more severely than the above-mentioned three kinds of erosion mechanisms.
The appearance of thaumasite is white needle crystal with length of 2~6 um, which will fill

the
isd

3.3.

Tab

3.3.

mortar cracks and cause serious erosion of mortar. [52]. The TSA-type erosion process
ivided into four stages [47].

50,2~ diffuses from the outside to the inside of the filling, while Ca(OH); in the pore
solution gradually leaches out to the outside.

Gypsum, as an intermediate product, is transformed into ettringite.

Ca(OH);, is consumed, C-S-H decomposes, and gypsum production.

Generation of calcium silicon carbide.

The Sulfate Evosion Mechanism

The main types and mechanisms of sulfate attack are shown in Table 1. According to
le 1, a specific classification and the means of sulfate erosion damage are summarized.

1. Expansion Damage

The quality and properties of the cemented fillings are greatly influenced by internal

and external factors (Figure 15) [30]. The damage to the cemented tailings backfill is mainly

bas

ed on internal factors, and the expansion damage is the most obvious one among the

internal factors.
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Figure 15. Internal and external factors affecting the strength of cemented sulfur tailings backfill [30].

Expansion damage is mainly due to sulfate erosion in the cemented tailings backfill to
produce products having expansion characteristics, such as ettringite and gypsum, causing
crystalline expansion-type erosion damage. These crystalline minerals are more significant
in volume than the original solid-phase components, causing swelling, cracking, spalling,
and disintegration of the cemented backfill, destroying the cemented backfill.

Barricade Load ]

(Instability, failure, hydrostatic pressure)
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Table 1. Main types of sulfate attack.

Erosion Erosion Erosion . . .
Sulfate Medium Targets Environment Erosion Mechanism Failure Degree
o . . Ca(OH)z, the A.lkahne Generate s&gnlflcant Expansion and cracking of
Ettringite /503 aluminum environment expansion of the exterior
phase (PH > 12) internal stress
Expansion erosion, The cemented sulfur
depletion of the alkaline tailings backfill’s stability
G 2 o Low pH . . .
ypsum SOy C-S-H phase environment causing decreases, the exterior
(PH < 10.5) o .
decomposition of C-S-H  layer-by-layer spalling, and
and Ettringite the aggregate is exposed.
The amount of cracking
Magnesium o P o Low pH Lower the solution pH increases, causing the
Sulfate /Mg C-S-H phase (PH < 10) convert C-S-H to M-S-H cemented sulfur tailings
backfill to disintegrate.
Calcium Silicon Weaken the cementiteous
Carbide S04%~/CO3%>/ C-S-H Medium pH Consumption of large properties of cement, and
(TSA-type sulfate HCO;~ phase (PH > 10.5) amounts of C-S-H s-often cemented sulfur
erosion) tailings backfill.

As a result, the strength of cemented backfill is significantly reduced [46,47].

The ettringite and gypsum will fill into the original pores of the cemented backfill at the
beginning, reducing the number of large pores and increasing cemented backfill strength.
However, when the number of expansive crystals generated is too much, the original
pore fissures can no longer fully accommodate a large number of expansive crystals. The
swelling action expands the pore spaces and generates new large pores, causing internal
structural deterioration and strength reduction of the cemented backfill. Large pore fissures
will allow more sulfate and expansive crystals to enter the interior of the cemented backfill
for erosion to occur, generating more amounts of expansive products and intensifying
erosion. Thus a repeated vicious cycle is formed, and this process leads to more severe
damage to the cemented backfill (see Figure 16) [52,53].

‘/Macropore filliﬁ ) \
completed Cracks appear

/ Start filling \

a9 909 2
(. ) )\( F) ( -)) ‘)T-)\ n‘)/.: ' 5 AE:SH (;SFI:
D) /1\( ) > '),)//X '> > AFtAF F(iS_H
( ‘\\( )/ ’ g CSH2 /( CSH
D) 0O) CSH ) o) ‘\ /
( )‘/l o B /i:SH\ ° CS"' (SS:C%H

Figure 16. Expansion failure process.

3.3.2. Bonding Performance Damage

Cement hydration produces C-5-H, which has good bonding properties. However, C-
S-H will convert into hydrated magnesium silicate (M-S-H) (See Equations (4)—(6)). M-S5-H
has a poor bonding property and a lower strength [54]. As M-S-H generation increases and
erosion deepens, some parts of the PC mortar sample were deteriorated deeply, and were
surrounded by accompanying gypsum deposits [51]. The low solubility of the generated
Mg(OH); will accelerate the reaction, facilitating the consumption of Ca(OH),. This causes
the pH value to decrease, thus promoting the decomposition of C-S-H and generating more
M-S-H, significantly reducing cemented backfill strength and eventually leading to loss of
concrete strength [55].



Buildings 2023, 13, 51 12 of 19

Ca(OH); + MgSO; + 2H,0—CaSO4e2H,0 + Mg(OH), (4)
3Ca0e2Si0,03H,0 + MgSO, + 8H,O—3(CaSO,e2H,0) + 3Mg(OH), + 2S5i0,e3H,0  (5)
2Si04%~ + 4Mg?* + 3H,0—3Mg0e2Si0,2H,0 + Mg(OH), (6)

The generation of calcium silicon carbide in silicate cement consumes large amounts
of C-S-H and Ca(OH); (see Equation (7)). The cementation of the cement is weakened,
causing the strength to decrease. Cement is transformed into a loose material with no
cementation and strength [52].

C3S,H; + CH + 2CC + 2MS + 28H—2C3SCSH; 5 + 2MH @)

The Ca(OH); and C-5-H can contribute to maintaining and enhancing the cemented
backfill strength, which is continuously dissolved and decomposed. The reduction of
cementation products leads to the loss of bond properties between aggregates and reduces
the strength of the cemented backfill [53,56].

3.3.3. Stress Failure

On the one hand, crystallization pressure is produced when sulfate is supersaturated
in pores of cemented tailings backfill through capillary action [56]. On the other hand, the
change of crystalline water contained in sodium salt (Na;SO4010H,0O) and magnesium
salt (MgSO4eH,0, MgSO,406H,0) causes volume expansion. Especially in the conversion
process of anhydrous mannite into mannite, the volume expands by about 315%, which
makes the tensile stress of the cemented backfill increase. If the tensile stress due to
expansion exceeds the ultimate tensile stress of cemented backfill, cracks will begin to
appear inside the cemented tailings backfill. The tensile and compressive stress can work
together to make the structure crack, and strength significantly reduces in the cemented
tailings backfill [42,53].

In summary, sulfate erosion is a complex and gradually varying process resulting from
the comprehensive impact of internal and external factors.

4. Control of Cemented Sulfur Tailings Backfill

To effectively reduce the harm of sulfur tailings, improve the cemented tailings filling
technology. The author starts by adjusting the combination of filling materials, optimizing
the filling ratio, and controlling the filling process (Figure 17).

Select cementing agent

Add admixtures Desulfurization treatment
Reduce tailings
\—) \ stacking time

Filling slurry Headframe
preparation station Concentrator

Reduce filling time

Maintain high
water saturation

FiIIing:
body -

Ore pile

Figure 17. Regulation of filling process using sulfur tailings.
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4.1. Blending Cementitious Materials

Cementing material is an essential component of cemented sulfur tailings backfill. Ap-
propriate cementing materials can effectively reduce the adverse effects of sulfur-containing
tailings on the cemented tailings backfill. Cement, fly ash and slag are the most commonly used
cementitious materials in the industry. Their properties and advantages are shown in Figure 18.

Dosage and Strength | - —
positive correlations Porous material
Prevent gypsum
formation

P

'

—_

.. Cement
b

Mining Cement
contains volcanic ash

Extra space inside

Provide sufficient
space for the
resulting expansion

As activator can |
obtain excellent |

cement hydration

Effectively reduce
reaction

strength

cementitious
material

And greenness

Figure 18. Properties of three kinds of cementitious material.

4.1.1. Selection of Cement

Recent studies have shown that the cement type has a significant impact on the
strength of cemented backfill and filling quality. Li et al. (2004) [57] compared the strength
of cemented paste filling (CPF) using mining cement (cement with volcanic ash as the main
component) and general-purpose cement as cementitious materials. They found that the
former’s strength is higher. The strength of the cemented backfill prepared by mining
cement is 40% higher than that of general-purpose cement. The reason for this lies in the
presence of volcanic ash in the mining cement, which reduces the hazards posed by the
chemical reaction between sulfate and cement in the cemented sulfur tailings backfill [58].

According to the different sulfur content of tailings, the most favorable cement type is
selected to increase the strength of the filling material and save the filling cost.

4.1.2. Application of Fly Ash

Fly ash derives from burned carbon particles, which contain various oxides such as
5i0;, Al;O3 and CaO. The SEM images (Figure 19) are shown that fly ash is composed of
spherical particles of different sizes.

5.0kV x1.00k

Figure 19. SEM image observed for fly ash cenosphere [59].
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Fly ash has suitable activation property and gelation properties. It can not only

improve the fluidity of filling slurry and improve the later-stage strength of cemented
backfill but also can reduce the cost of cementitious materials [60]. Its function principle
mainly has the following two points:

Si0; and Al O3 in the fly ash react with Ca(OH); formed by hydration of 3CaOeSiO,
and 2Ca0eSiO, in cement to form stable mCaOeSiO,enH; 0, xCaOeAl,O30yH,0 and
CaO ¢ Al,03025i0,04H,0, which prevents the reaction of sulfate ions with Ca(OH);
and reduces the damage of sulfate on the cemented sulfur tailings backfill [39,59].
Fly ash is a porous material, which can provide additional space for the expansive
cemented sulfur tailings backfill, ensure that the cemented sulfur tailings backfill does
not collapse due to expansion in the late stage, and maintain the integrity and strength
of the cemented tailings backfill. Experimental results show that fly ash can effectively
avoid the decrease of cemented backfill strength with high-sulfur tailings [60].

In summary, fly ash can be used as a cementitious material instead of part of cement

and can be mixed with cement to maximize its effect.

4.1.3. Properties of Slag Cementitious Materials

Slag comes from industrial waste discharged during ironmaking. Slag cementitious

material is a kind of green cementitious material with stable performance. In mine filling,
slag cementing material is chosen as the cementing agent to for -m a filling body with high
compressive strength. According to recent studies, cementitious materials with excellent
properties can be prepared by adding a suitable amount of strong alkali into slag as activator
material [61,62].

4.2. Control of Oxidation Conditions

Control measures for common oxidation conditions are shown in Table 2.

Table 2. Sulfide oxidation mitigation measures.

Measures Advantages Disadvantages
Desulfurization treatment Decreasing Sulfl.,l%‘ content in Complex and
sulfur tailings costly process
R ili lati . N . e
educe tatlings accumulation Reduce sulfide oxidation Insufficient use of tailings
time in the air
N Reduction of sulfide oxidation Filling material
Shorten filling time . .
and sulfate formation mixing uneven
Mamta.l n high wa ter . Slow down the
saturation of tailings Limit the entry of oxygen

cemented filling body curing time

The oxidation of sulfide aggravates the erosion of sulfate. Slowing down the sulfide

oxidation is a crucial measure to solve the strength loss of cemented sulfur tailings backfill.

Desulfurization treatment. According to the Ercikdi et al. (2013) experiments [63],
the strength of the colluvial filler treated with desulfurization of sulfur-rich tailings
was higher than that of the undesulfurized sulfur-containing tailings. Therefore, high-
sulfur tailings can also be desulfurized to reduce the sulfur content of sulfur-containing
tailings to improve the cemented tailing’s backfill strength. However, the cost of the
desulfurization process is high [64].

Slow down sulfide oxidation. The oxidation of sulfide aggravates the erosion of sulfate.
Slowing down the oxidation of sulfide is a crucial measure to solve the problem of
strength decline of tailings filled with sulfur. Reducing the stacking time of tailings
in the air before making filling paste can reduce the amount of sulfate produced
by sulfide oxidation and fundamentally lessen the effect of sulfate on the long-term
strength of cemented tailings backfill [65,66]. The filling with sulfur-containing tailings
should be completed in a relatively short time, and the inlet duct should be closed as
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much as possible after the completion of filling to reduce the oxidation of the cemented
tailings backfill. In addition, maintaining the higher water saturation of the cemented
tailings backfill limits the entry of oxygen, which is an important measure to inhibit the
production of sulfate in the cemented tailings backfill and prevent sulfate erosion [40].

4.3. Adding Admixture

Adding an appropriate amount of admixture to the cemented sulfur tailings backfill

can slow down the speed of strength failure and extend the service life of the cemented
tailings backfill. Common admixtures and effects are shown in Table 3.

Table 3. Admixture Types and Effects.

Admixture Effect Principle

Blocking pores and reducing
sulfate reaction
Accelerate the formation of
C-5-H, Shorten the setting time

Silicon powder Sulfate resistance

Sodium silicate Accelerate hardening of

filling body of filling body.
Citric acid Interior of dense filling body Se?ﬁ?fiéé;;izﬁzznpgzs_eg an
Polypropylene fiber Physical reinforcement fgﬂjﬂf de]fgfj;t(glflfilrk:g r?;:(i
High-efficiency Improved durability Reducing water content

water-reducing agent

The following is a detailed analysis of the action principle of the additives listed

in Table 2.

Adding silicon powder. Silicon powder is an excellent concrete admixture. Du et al.
(2004) [67] conducted sulfate attack experiments and found that the sulfate resistance
of mortar is proportional to the silicon fumes content. By observing the difference
between silica powder mortar and ordinary mortar at the microscopic level, it is
found that the microscopic pore structure of cement stone adding silica powder as the
additional material was significantly denser than that of ordinary net mortar. Silica
powder can seal the pores of cement structure, reduce the number of micropores and
make the overall system more compact, thus slowing down the reaction of sulfate and
cement hydration. The sulfate erosion is diminished, thus improving the strength and
stability of the cemented backfill.

Adding sodium silicate. The hydrolysis of sodium silicate in an aqueous solution
generates silica sol and NaOH (see Equation (8)), both of which accelerate the genera-
tion of C-S-H, thus shortening the coagulation time of the filler and improve the early
strength of the cemented tailings backfill [68].

Nay,0eSiO, + 2H,0 = SiO,-H,O + 20H ™ + 2Na*

Adding citric acid. Although citric acid increases the coagulation time of the cemented
backfill, it is helpful to improve the late strength of cemented backfill. The reason
is that the secondary expansion phase can fill the void between C-S-H and make
the interior of cemented tailings backfill more compact. According to the conclusion
obtained from experiments, adding 0.3% citric acid can achieve a less retarding effect
on the high-sulfur tailings backfill [36]. At the same time, the strength of cemented
tailings backfills aged 28d increased by 27.3%. Thus, the filling requirements can
be met, and it is the best measure to optimize the performance of cemented sulfur
tailings backfill.

Adding polypropylene fiber. Adding polypropylene fiber into sulfur tailings cemented
backfill can significantly improve its mechanical properties. The interface between
polypropylene fiber and cemented backfill will produce a bonding effect, which can
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resist the strength degradation of the backfill and improve its durability. Moreover,
polypropylene fiber forms a unique spatial skeleton structure, which can play the role
of physical reinforcement and improve the overall compressive strength of cemented
backfill [32,33].

e  Adding high-efficiency water-reducing agent. High-efficiency water-reducing agent
is an organic polymer molecule that adheres to cement particles and tailings and dis-
perses them by internal electrostatic and spatial forces, thus changing the rheological
properties of cemented tailings backfill. Moreover, by reducing the water content, the
expected strength of the sulfur-containing tailings of the cemented filling body can be
achieved, and the durability can be improved [69,70].

5. Conclusions and Outlooks

This review makes an in-depth analysis and discussion of the effect of sulfur-containing
tailings on the strength of cemented filling. The types and principles of sulfide and sulfate
erosion, which are the main factors affecting the strength of cemented sulfur tailings backfill,
are reviewed. The main conclusions and outlook can be summarized as follows.

Sulfur-containing tailings can improve the cemented backfill strength in a specific time.
On the one hand, because of the self-gluing effect of sulfide in sulfur-containing tailings,
sulfide particles and filling particles can bond together, which significantly improves the
strength of the cemented sulfur tailings backfill. On the other hand, sulfate as an early
strength agent can promote the hydration and hardening of the cement.

A sulfide attack is more severe once it starts. On the one hand, with the progress of
the sulfide oxidation, the cementitious components such as C-5-H are decomposed, and
the cemented sulfur tailings backfill is softened. On the other hand, sulfide particles such
as pyrite dissolve, and the skeleton of the cemented sulfur tailings backfill is missing or
deformed, reducing the bearing capacity.

The sulfate erosion in sulfur-containing tailings is the main reason for the strength
failure of the cemented tailings backfill. The mechanism of action is mainly the expansion
damage produced by the crystallization of sulfate, which increases the internal tensile stress
and external compressive stress of the cemented sulfur tailings backfill, making the cracks
in cemented tailings backfill increase and the strength significantly reduced. Moreover, the
process of sulfate generation leads to the loss of bonding properties between the aggregates
and a decrease in the strength of the cemented tailings backfill.

The control of cemented filling of sulfur tailings mainly starts by adjusting the com-
bination of filling materials and optimizing the filling ratio. Through the deployment of
cementing materials, the oxidation conditions of sulfur-containing tailings are controlled in
the filling process, and a certain amount of additives are added appropriately.

Overall, the discussion in this paper is based on the existing results but lacks experi-
mental demonstration. The strength and mechanical properties of the cemented tailings
backfill are significantly affected by the sulfur-containing tailings. The strength of the
cemented tailings backfill will be enhanced in the early stage. However, the strength of
the cemented sulfur tailings backfill will gradually decrease again in the later stage with
the increased aging time. The critical value of sulfur content in tailings and the aging
time affecting the strength of cemented sulfur tailings backfill are still uncertain and need
further study.
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