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Abstract: The present study investigates the effect of β-hemihydrate gypsum (HG) dosages on
the mechanical and microstructural performance of cemented paste backfill (CPB) produced from
sulphide-rich mine tailings using NaOH-activated slag (NAS) as the major binder. X-ray diffraction
(XRD), scanning electron microscopy (SEM) and mercury intrusion porosimetry (MIP) analyses
were carried out to elucidate the mineralogical composition and microstructure of NAS-HG-CPB
samples. The results illustrate that the main hydration products of NAS-HG-CPB from sulphide-
rich tailings are crystalline (CaSO4•2H2O and ettringite (AFt), 3CaO•Al2O3•3CaSO4•32H2O) and
amorphous. The results also show that the 28 d unconfined compressive strength (UCS) of CPB with
30 wt. % HG replacing NAS increased by 52% compared to the UCS of CPB containing no HG, and
both have stable long-stage (180 d) UCS (i.e., no strength loss). Excess HG addition (=50 wt. %)
reduced the early-stage (528 d) UCS of NAS-HG-CPB and led to unstable long-stage (180 d) UCS
by the formation of secondary gypsum. The use of 30 wt. % HG replacing NAS in NAS-HG-CPB
accelerates the hydration process of ground granulated blast furnace slag (GGBS) in the alkaline
solution by forming ettringite (AFt), leading to the denser microstructure and improved mechanical
performance in comparison with CPB containing no HG. The NAS-HG binder with low dosages of HG
(530 wt. %) will be a promising binder for stabilising sulphide and non-sulphide tailings and
CPB production.

Keywords: cemented paste backfill; sulphide-rich tailings; NaOH-activated slag; β-hemihydrate
gypsum; strength development

1. Introduction

Sulphide-rich tailings are produced during the beneficiation or the treatment of sul-
phide ores and concentrates. Conventionally, tailings have been deposited into tailings
storage facilities, leading to severe environmental, geotechnical and economic problems.
Acid mine drainage (AMD) [1,2] is a major environmental and economic hazard influ-
encing the world’s mining industry. The sulphide minerals (e.g., pyrite FeS2) present in
tailings may be oxidised to form an acidic solution when in contact with air (or oxygen)
and water. The acidic waters generated can significantly impact the local ecosystem and
dissolve the heavy metals present in tailings [3]. The traditional means of mitigating AMD
in tailings storage facilities involves the use of water or an impermeable cover to isolate
them from the environment. Over the past few decades, cemented paste backfill (CPB) has
become a promising alternative method for safe and environmentally responsible tailings
disposal [4–6]. CPB is a mixture of dewatered tailings with a solid content between 70% and
85%, a hydraulic binder (often ordinary Portland cement, OPC) and water (fresh and/or
mine processed). The mixed CPB slurry may then be pumped into mined cavities to form
support systems and working platforms [7,8].
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The mechanical performance of CPB is governed by various influencing factors. While
non-ferrous mine tailings are used in backfill operations, the high sulphide content may
influence CPB’s durability, especially when ordinary Portland cement (OPC) is used as the
binder. Sulphates (SO4

2−) and acidity resulting from the oxidation of sulphide minerals
(i.e., pyrite) in the presence of water and air may cause potential durability problems
(i.e., strength loss) in CPB. The reaction between sulphates and the cement hydration
product (Ca(OH)2) generates secondary gypsum (CaSO4•2H2O) and ettringite (AFt) with
highly expansive properties, which may lead to the formation of micro-cracks in CPB, thus
reducing the CPB’s strength and stability [9,10]. Additionally, the acidity generated by
the oxidation of sulphide minerals weakens the C-S-H gels and portlandite, eventually
reducing CPB stability [11,12]. In order to solve this problem, alkali-activated slag (AAS)
has been utilised as an alternative binder to OPC. Compared to OPC, AAS cement is more
durable against acid and sulphate attack [13–16].

On the other hand, a large amount of waste gypsum (i.e., phosphogypsum, fluor gyp-
sum and flue gas desulphurisation (FGD) gypsum) tends to cause serious problems, such as
land occupation, water pollution, particulate pollution and ecological destruction [17–19].
Very careful management is required if phosphogypsum is to be used as a construction
material or fertiliser, because it can exhibit radioactivity [20], and contains soluble salt [21]
and harmful impurities such as fluorides and phosphates [22]. In general, only modified
phosphogypsum can be used as a construction material [23–25]. At present, a considerable
amount of waste gypsum is disposed of at landfills. Peyronnard et al. [26] investigated the
possibility of reusing waste gypsum for supplementary cementitious materials in mine
backfill. The researchers demonstrated that the CPB formed using 4.5 wt. % binders (40%
PC—36% waste glass—24% anhydrite (fluor gypsum)) mixed with mining waste could
produce a unconfined compressive strength (UCS) of 0.6 MPa after 14 days of curing.
Jiang et al. [27] used hemihydrate phosphogypsum and quicklime to prepare a low-cost
filling binder, finding that the 3 d and 28 d UCS of the filling body mixed by the filling
binder and the addition of 0–160% tailings in hemihydrate phosphogypsum was between
2 and 9 MPa, which can meet the strength requirements of various mining methods.
β-hemihydrate gypsum can be obtained by calcining waste gypsum at about 125 ◦C.

In recent years, it has been reported that the use of AAS can produce CPB with higher
long-stage (360 d) strength and stronger resistance to aggressive media [28]. However,
the early age (528 d) strength of CPBs using AAS as binders is lower. The activation
of ground granulated blast furnace slag (GGBS) by sulfates has been deeply studied by
some researchers in the field of building materials. For example, super-sulfated cements
(SSCs) are binders comprising ground granulated blast furnace slag (GGBS), generally
present at levels higher than 80%, calcium sulfate (10–20%) and small quantities of activator,
which can be Portland cement (or clinker), or even other alkaline activators, such as lime
or potassium hydroxide [29]. The proposed system in this study differs from SSC-based
building materials because it includes higher water–solid ratios and a lower binder dosage.
At present, there are no studies on the effect of β-hemihydrate gypsum (HG) dosages on
the properties of CPB from sulphide-rich mine tailings using NaOH-activated slag (NAS)
as binders.

In order to increase the early-stage strength of CPB using NAS as binders and
effectively recycle waste gypsum to solve the environmental problem, the effect of β-
hemihydrate gypsum dosages on the mechanical performance and microstructure of CPB
using NaOH-activated slag as binders is investigated in the current study. A series of X-ray
diffraction (XRD), scanning electron microscope (SEM) and mercury intrusion porosimetry
(MIP) analyses was carried out to elucidate the mineralogical composition and microstruc-
ture of CPB samples associated with mechanical performance.
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2. Materials and Test Methods
2.1. Test Raw Materials
2.1.1. Tailings

About 500 kg of wet tailings containing approximately 25 wt. % of water was sourced
from a lead-zinc mine in Southern China, and was used in the present study. The particle
size distribution (PSD) of the tailings was determined by a BT-9300H particle size analyser
(Dandong baite instruments Co., Ltd., Dandong, China). As shown in Table 1, in terms of
grain-size distribution, the tailings consisted of 48.85% fine particles (<20 µm), and their
size is classified as medium [30].

Table 1. Physical properties of tailings and HG andGGBS used.

Physical
Properties

SSA(a)

(m2/kg)
>100 µm (wt. %) >45 µm (wt. %) D50

(µm) <20 µm (wt. %)

Tailings 668.7 19.0 35.8 21.3 48.8
GGBS 681.5 0 3.3 9.8 76.4

HG 339.2 3.6 36.3 34.2 31.3
(a) SSA is the specific surface area.

The metal ion (i.e., Fe, Pb, Cu, Zu) content of tailings was determined with the
use of atomic absorption spectroscopy (AAS). Other chemical elements were determined
according to the methods specified in the Chinese standards: GB/T 176-2017 (methods
for chemical analysis of cement). The chemical composition of the tailings is provided
in Table 2. The sulfur content of the tailings is 21.09 wt.%, and is considered high [31]. An
X-ray diffractometer was used to analyse the mineralogical phases of raw tailings. The
results in Figure 1a indicate that the only sulphide phase in the sampled tailings is pyrite,
while the other mineralogical phases are quartz, calcite, dolomite, and muscovite.

Table 2. Chemical properties of tailings, GGBS and HG used.

Chemical
Composition

(wt. %)
SiO2 Al2O3 Fet

(a) CaO MgO Pb Cu Zn S

Tailings 11.23 2.65 19.80 20.06 0.40 0.90 0.46 0.45 21.09
GGBS 31.68 12.77 2.89 40.8 4.76 - - - 0.85

HG 0.98 0.50 - 34.68 0.26 - - - 17.1
(a) Fet is the total Fe content in dry tailings and GGBS.

2.1.2. Binders and the Mixing Water

In this present study, NaOH-activated slag (i.e., ground granulated blast furnace slag
(GGBS)) mixed with different contents of β-hemihydrate gypsum was used as the binder.
The chemical properties of GGBS and HG were tested according to the methods specified
in the Chinese standards: GB/T 176-2017 (methods for chemical analysis of cement) and
GB/T 5484-2000 (methods for chemical analysis of gypsum), respectively. The GGBS is
a grade S95 product sourced from the local market. Its physical and chemical properties
are presented in Tables 1 and 2. The mineralogical analysis of GGBS, shown in Figure 1b,
indicates that the GGBS has a glassy phase structure.

Pure chemical reagent NaOH was used as an alkali-activator in this study, sourced
from Shanghai Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. The gypsum used
in this study was HG (CaSO4•0.5H2O) (see Figure 1c), a commercial product produced
by calcining FGD at ~125 ◦C. The physical and chemical properties of HG are shown in
Tables 1 and 2.

Pure chemical reagent citric acid, sourced from Shanghai Sinopharm Chemical Reagent
Co., Ltd., was used as a retarder.

Tap water was used for the CPB preparations.
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Figure 1. The X-ray diffraction (XRD) profiles of tailings (a), GGBS (b) and HG (c). 
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ter content) of each mix was designed to achieve the same fluidity test value (180 mm). 

According to the mixture proportions shown in Table 3, raw materials, including tail-
ings, GGBS, NaOH, HG and the retarder, were mixed using a laboratory cement mortar 
blender for approximately 5 min to obtain homogenised pastes. The pastes were subjected 
to a fluidity test, then poured into cubic (40 × 40 × 40 mm) moulds. The prepared speci-
mens were sealed and cured at a temperature of 20 ± 2 °C and a relative humidity of 90 ± 
2% for three days before demolding.  
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2.2. Test Methods
2.2.1. Mix Designs and Sample Preparations

In this study, a total of 10 mix designs, as outlined in Table 3, were examined. In
order to maintain the same rheological properties in all different mix designs, the solid
content (or water content) of each mix was designed to achieve the same fluidity test
value (180 mm).

Table 3. Mix designs and their properties.

Pastes
Tailings

(Dry Mass)
(wt. %)

GGBS
(wt. %)

NaOH
(wt. %)

HG (a)

(wt. %)

Solid
Content
(wt. %)

NaOH (b)

(mol/L)
Fluidity

(mm)

NAS-HG0 - 97 3 - 71.4 2.62 180
NAS-HG30 - 67.9 2.1 30 72.7 1.92 180
NAS-HG50 - 48.5 1.5 50 72.9 1.38 180
NAS-HG70 - 29.1 0.9 70 71.8 0.8 180
NAS-HG100 - - - 100 69.3 - 180

B14NAS-
HG0 86 13.58 0.42 - 73.7 0.4 180

B14NAS-
HG30 86 9.51 0.29 4.2 73.9 0.28 180

B14NAS-
HG50 86 6.79 0.21 7.0 73.9 0.2 180

B14NAS-
HG70 86 4.07 0.13 9.8 73.8 0.12 180

B14-HG100 86 - - 14 73.4 - 180
(a) HG had 0.15 wt. % citric acid as a retarder; (b) NaOH (mol/L) is the molarity of the NaOH in the water of the fresh pastes.

According to the mixture proportions shown in Table 3, raw materials, including
tailings, GGBS, NaOH, HG and the retarder, were mixed using a laboratory cement mortar
blender for approximately 5 min to obtain homogenised pastes. The pastes were subjected
to a fluidity test, then poured into cubic (40 × 40 × 40 mm) moulds. The prepared
specimens were sealed and cured at a temperature of 20 ± 2 ◦C and a relative humidity of
90 ± 2% for three days before demolding.

2.2.2. Fluidity Tests

Fluidity tests were carried out for both fresh NAS-HG-CPB pastes and the same pastes
after resting for one hour. The pastes were initially poured into the micro-slump cone
(height × upper diameter × lower diameter = 60 × 70 × 100 (mm)) on the centre of the
electric jump table specified by the Chinese standard (GB/T 2419-2005). After lifting the
micro-slump cone vertically and shaking the electric jump table five times, the spread
diameter of the paste can be recorded as the fluidity of the paste.

The 180 mm fluidity value measured by the above fluidity tests corresponds
to the 180 mm slump value measured by the slump cone (height × upper
diameter × lower diameter = 300 × 100 × 200 (mm)) according to the Chinese standard
(GB/T 50080-2002) [32].

2.2.3. Unconfined Compressive Strength (UCS)

UCS is a widely accepted and essential property of CPB for controlling the quality of
the backfill. UCS tests, in triplicate, were conducted at the predetermined curing periods
(3 days, 7 days, 14 days, 28 days, 56 days, 120 days and 180 days) by a digital display
pressure testing machine (YWE-300, Wuxi Xiwei Test Instruments Corporation, Wuxi,
China) with a maximum capacity of 300 kN (see Figure 2). According to the cement mortar
strength test methods (ISO) (GB17671-1999), the actual compression area of the test sample
should be measured.



Minerals 2021, 11, 283 6 of 14

Minerals 2021, 11, 283 5 of 14 
 

 

Table 3. Mix designs and their properties. 

Pastes 
Tailings 

(Dry Mass) 
(wt. %) 

GGBS 
(wt. %) 

NaOH 
(wt. %) 

HG (a) 
(wt. %) 

Solid  
Content 
(wt. %) 

NaOH (b) 
(mol/L) 

Fluidity 
(mm) 

NAS-HG0 - 97 3 - 71.4 2.62 180 
NAS-HG30 - 67.9 2.1 30 72.7 1.92 180 
NAS-HG50 - 48.5 1.5 50 72.9 1.38 180 
NAS-HG70 - 29.1 0.9 70 71.8 0.8 180 
NAS-HG100 - - - 100 69.3 - 180 

B14NAS-HG0 86 13.58 0.42 - 73.7 0.4 180 
B14NAS-HG30 86 9.51 0.29 4.2 73.9 0.28 180 
B14NAS-HG50 86 6.79 0.21 7.0 73.9 0.2 180 
B14NAS-HG70 86 4.07 0.13 9.8 73.8 0.12 180 

B14-HG100 86 - - 14 73.4 - 180 
(a) HG had 0.15 wt. % citric acid as a retarder; (b) NaOH (mol/L) is the molarity of the NaOH in the 
water of the fresh pastes. 

2.2.2. Fluidity Tests 
Fluidity tests were carried out for both fresh NAS-HG-CPB pastes and the same 

pastes after resting for one hour. The pastes were initially poured into the micro-slump 
cone (height × upper diameter × lower diameter = 60 × 70 × 100 (mm)) on the centre of the 
electric jump table specified by the Chinese standard (GB/T 2419-2005). After lifting the 
micro-slump cone vertically and shaking the electric jump table five times, the spread di-
ameter of the paste can be recorded as the fluidity of the paste. 

The 180 mm fluidity value measured by the above fluidity tests corresponds to the 
180 mm slump value measured by the slump cone (height × upper diameter × lower di-
ameter = 300 × 100 × 200 (mm)) according to the Chinese standard (GB/T 50080-2002) [32].  

2.2.3. Unconfined Compressive Strength (UCS) 
UCS is a widely accepted and essential property of CPB for controlling the quality of 

the backfill. UCS tests, in triplicate, were conducted at the predetermined curing periods 
(3 days, 7 days, 14 days, 28 days, 56 days, 120 days and 180 days) by a digital display 
pressure testing machine (YWE-300, Wuxi Xiwei Test Instruments Corporation, Wuxi, 
China) with a maximum capacity of 300 kN (see Figure 2). According to the cement mortar 
strength test methods (ISO) (GB17671-1999), the actual compression area of the test sam-
ple should be measured. 

 
Figure 2. Digital display pressure testing machine. 

2.2.4. XRD, SEM and MIP Analyses 
After the UCS test, the representative specimens (including both the surfaces and the 

centres of the test samples) were stored in ethanol to arrest the hydration process, and 
then were dried at a low temperature (about 65 °C to assess the constant weight for XRD, 
SEM and MIP analyses. 

Figure 2. Digital display pressure testing machine.

2.2.4. XRD, SEM and MIP Analyses

After the UCS test, the representative specimens (including both the surfaces and the
centres of the test samples) were stored in ethanol to arrest the hydration process, and then
were dried at a low temperature (about 65 ◦C to assess the constant weight for XRD, SEM
and MIP analyses.

X-ray diffraction analyses were used to identify crystalline hydration products. XRD
was carried out on the D/Max-2500 PC X-ray diffractometer (Rigaku Corporation, Tokyo,
Japan) using a scanning range from 2.5◦ to 55◦ (2θ), with a scanning speed of 2◦/min. The
microstructure of the samples was examined under a JSM-7500F (NIDEC Corporation,
Tokyo, Japan) field emission scanning electron microscope operated at 10 kV accelerating
voltage. The pore size distribution and total porosity were evaluated using the AutoPore
IV9500 V1.09 (made in China) according to the GB/T 21650.1-2008. The mercury injection
apparatus pressed 0.485 N/m.

3. Results and Discussion
3.1. Effects of HG Dosage on the Fluidity of NAS-HG-CPB Pastes

The effects of HG dosage on the fluidity values of fresh NAS-HG-CPB pastes rested
for one hour are shown in Table 4.

Table 4. The fluidity of fresh NAS-HG-CPB pastes resting for 1 h.

Pastes
Tailings

(Dry Mass)
(wt. %)

GGBS
(wt. %)

NaOH
(wt. %)

HG (a)

(wt. %)

Solid
Content
(wt. %)

Fluidity
(mm)

Fluidity
(1 h) (mm)

B14NAS-HG0 86 13.58 0.42 - 73.7 180 180
B14NAS-HG30 86 9.51 0.29 4.2 73.9 180 153
B14NAS-HG50 86 6.79 0.21 7.0 73.9 180 139
B14NAS-HG70 86 4.07 0.13 9.8 73.8 180 125

B14-HG100 86 - - 14 73.4 180 144
(a) HG had 0.15% citric acid as a retarder.

From the results in Table 4 we can see that, with the increase in HG dosages, the
fluidity values of fresh NAS-HG-CPB pastes are stable. In contrast, the fluidity values
of the NAS-HG-CPB pastes after resting for one hour decreased with the increase in HG
dosages, which is probably caused by the rapid reaction between HG and water.

3.2. Effects of HG Dosages on UCS of NAS-HG-CPB

The UCS development of NAS-HG-CPB with different HG dosages is shown
in Figure 3. As shown in Figure 3, the 3 d and 7 d UCS values of CPB with B14NAS-
HG0 binder are 2.0 MPa and 5.2 MPa, respectively, and the 28 d and 180 d UCS values
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are 6.9 MPa and 10.4 MPa, respectively. The early-stage (3 d and 7 d) UCS values of CPB
with B14NAS-HG30 binder are lower, but the UCS values of CPB after curing for 7 d are
higher than those of CPB with B14NAS-HG0. The 28 d and 180 d UCS values of CPB with
B14NAS-HG30 are 10.5 MPa and 11.3 MP. This means that the 28 d UCS values of CPB
with 30 wt. % HG replacing NAS (i.e., B14NAS-HG30) were increased by 52% compared
to CPB without HG incorporation (i.e., B14NAS-HG0), and both have stable long-stage
(180 d) UCS (i.e., no strength loss).
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Figure 3. The unconfined compressive strength (UCS) development of NAS-HG-CPB with different
HG dosages.

When the HG dosage is 50 wt. %, the UCS values of CPB after curing for 28 d decreased
gradually. The 28 d UCS of CPB with B14NAS-HG50 binder is 5.5 MPa, but the 180 d UCS
is 4.0 MPa, which decreased by 27.3% compared with the 28 d UCS. When the HG content
is 70 wt. %, its 28 d UCS is 2.1 MPa, while its 180 d UCS is 1.3 MPa, which decreases by
38.1% compared with 28 d UCS. As for HG–CPB formed using pure HG as the binder, there
is no UCS in the early-stage (within 28 d), but with the increase in curing time, the 180 d
UCS value of HG-CPB reached 1.0 MPa.

3.3. Mineralogical Composition and Microstructure Analyses
3.3.1. XRD Analyses

Figure 4 shows the XRD profiles of NAS-HG pastes and NAS-HG-CPB after 28 d
of curing.

As shown in Figure 4a, the major hydration products of the NAS paste are amor-
phous phases (i.e., amorphous hydrated products and unreacted GGBS) and crystalline
(hydrotalcite-like, Ht). With the addition of HG, the major hydration products of NAS-HG
pastes become crystalline products (CaSO4•2H2O and ettringite) and amorphous hydration
products. With the increase in HG incorporation, the crystalline products (CaSO4•2H2O
and ettringite) also increased, and the amorphous hydration products decreased.
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Figure 4. XRD profiles of NAS-HG pastes (a) and NAS-HG-CPB (b,c).

As demonstrated in Figure 4b, the hydration product ettringite (AFt) in CPB-28d
with B14NAS-HG30 binder was detected compared to the tailings. The formation of AFt
consumed the hydration product CaSO4•2H2O, and the high spectrum peaks of the tailings
and the overlaps of the spectral lines meant the CaSO4•2H2O was undetected. There is
a weak secondary gypsum (CaSO4•2H2O) peak in the XRD pattern of CPB-180d with
B14NAS-HG30 binder, but no strength loss is noticed.

As shown in Figure 4c, the hydration product CaSO4•2H2O in CPB-28d with a
B14NAS-HG70 binder was detected. Moreover, the diffraction peak of CaSO4•2H2O
in CPB-180d with a B14NAS-HG70 binder is significantly enhanced, and a 38.1% strength
loss is seen when the curing period is increased from 28 to 180 d, due to secondary gypsum
formation. Whether the sulphide present in the tailings is involved in the formation of
secondary gypsum should be the subject of further investigation.

This could imply that the main hydration products of NAS-HG-CPB are crystalline
(CaSO4•2H2O, ettringite (AFt)) and amorphous hydrated products, as compared with
those of NAS-HG pastes.

3.3.2. SEM Analyses

Figure 5 shows the SEM profile of CPB-28d with B14NAS-HG0, B14NAS-HG30 and
B14NAS-HG70 binder, respectively.
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As demonstrated in Figure 5a, amorphous products are present in CPB-28d with
B14NAS-HG0 binder, and the edge of the tailings is invisible. Figure 4b shows that the
hydration products consisted mainly of amorphous hydration products intermixed with
minor amounts of crystalline hydration products (i.e., ettringite), which are different from
the microstructure in CPB-28d with B14NAS-HG0 binder. As a result, the incorporation
of appropriate HG significantly enhanced the 14 d and 28 d UCS of the NAS-HG-CPB
samples compared with the NAS-CPB samples. Figure 4c shows that for CPB-28d with
a B14NAS-HG70 binder, the edge of the tailings is visible, and the hydration product
CaSO4•2H2O is coated with amorphous hydration products scattered among the tailings
particles, resulting in the loose microstructure that leads to the low UCS.

3.3.3. MIP Analyses

Figure 6 shows the cumulative porosity and differential porosity of NAS-HG-CPB at
180 d. Figure 6a shows that the total porosity of CPB-180d with a B14NAS-HG0 binder
is 35.4%, and its corresponding UCS is 10.4 MPa. With the addition HG of 30 wt. %, the
total porosity becomes 33.7%, and the corresponding UCS is 11.3 MPa. With the further
addition of HG, the total porosity of CPB-180 with B14NAS-HG50 binder is 36.0%, and the
corresponding UCS is 4.0 MPa. The results show that the 180 d UCS of NAS-HG-CPB has a
negative correlation with the total porosity.
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It can be seen from Figure 6b that HG incorporation changes the pore distribution of
the structure. The types (crystalline or amorphous) and contents of hydration products
play an essential role by filling the voids in the tailings particles. With the increase in
HG incorporation, the porosity associated with pores of sizes less than 0.1 µm diameter
decreased.

3.4. Hydration Mechanism

The hydration mechanism of NAS-HG-CPB involves a complex process, including the
hydration reactions of the binders (i.e., HG and NAS) and the internal corrosion reactions
associated with the oxidation of the sulphide phases present in the tailings. HG hydration
is the process of absorbing water and converting it into dihydrate gypsum (DG). Most
researchers agree that the process leading to DG formation involves a solution mechanism,
which includes three stages: the dissolution of HG, the formation of DG nuclei and the
crystallisation of DG [33]. The hydration mechanism of traditionally alkali-activated
materials mainly includes the following steps: (1) the OH- ions in the alkaline solution are
adsorbed on and into particles containing active components, breaking the bonds of Ca-O,
Al-O and Si-O, catalysing the hydrolysis of Si4+ and Al3+ and resulting in the formation
of Si-OH and Al-OH species; (2) the dissolved SiO4 and AlO4 monomers polymerise
into oligomers or gels; (3) the network of gels reorganises, further increasing the local
structural order [34–37]. At present, there are no studies on the hydration mechanism
of NAS-HG-CPB. However, the effect of the phosphogypsum (PG) in alkali-activated
ground granulated blast furnace slag (GGBS) on the reactivity, strength development and
long-stage matrix properties was investigated as a function of alkali activator [38]. The
main conclusions are that (1) PG completely dissolved and took part in the solid reaction
product formation, and a hydraulic binder was created; (2) the main hydration products
are amorphous, intermixed with thenardite and minor amounts of secondary gypsum
and undissolved merwinite. Combining the hydration mechanism of the existing HG and
NAS as well as the results of this study, the hydration mechanism of NAS-HG-CPB can be
proposed as follows:

The NaOH in NAS-HG-CPB dissolved and formed an alkaline solution when in con-
tact of water, and the HG in NAS-HG-CPB absorbed water and was converted to dihydrate
gypsum (DG, CaSO4•2H2O) with a certain solubility. The calcium, aluminium and sul-
phate anions dissolved from GGBS particles and primary DG can form crystalline phases
at the early-stage (528 d). Simultaneously, the Na, Ca, Al and Si dissolved from the GGBS
particles and NaOH polymerise into oligomers or gels. The network of gels reorganises,
further increasing the local structural order to form amorphous phases. The crystalline
products are ettringite (AFt) and primary dihydrate gypsum. The amorphous phases are
calcium-aluminosilicate-hydrate (C-A-S-H), intermixed with thenardite, minor amounts of
secondary gypsum, and undissolved merwinite [38] and sodium-aluminosilicate-hydrate
(N-A-S-H) [39].

When 30 wt. % HG replaced NAS in NAS-HG-CPB, DG almost entirely took part in et-
tringite (AFt) product formation, leading to the DG being undetected at 28 d
(see Figure 4b), and denser microstructures compared to the NAS-CPB without HG incorpo-
ration (see Figure 6). The formation of ettringite consumed the calcium and aluminium ions
in the alkaline solution, resulting in the further dissolution of GGBS. It can be inferred that
appropriate HG incorporation accelerates the hydration process of GGBS in the alkaline
solution by forming ettringite (AFt). Therefore, the 28 d UCS of CPB with 30 wt. % HG
replacing NAS increased by 52% compared to that of CPB without HG incorporation. CPBs
with 30 wt. % HG replacing NAS and without HG incorporation have stable long-stage
(180 d) UCS (i.e., no strength loss). The results are attributed to the dense microstructure
resulting from the cumulated hydration products (see Figure 5a,b). The formation of
hydration products has a significant effect on preventing the oxidation reaction of sulphide
in NAS-HG-CPB. The effect of gypsum dosages between 0 and 30 wt. % on the properties
of cemented paste backfill using alkali-activated slag also needs to be further studied.
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When the excess HG (=50 wt. %) replaced NAS in NAS-HG-CPB, the DG did not
fully participate in ettringite (AFt) product formation, leading to DG being detected at 28 d
(see Figure 4c). In this stuy, the total binder (NAS and HG) dosage is 14% of the total solid
content in CPB, and the NAS dosage in NAS-HG-CPB decreased with the increase in HG
dosage. The Na, Ca, Al and Si were present in the NAS binder involved in the formation
of amorphous hydration products. Therefore, the increase in HG dosage resulted in the
reduction of the amorphous phase in NAS-HG-CPB, leading to the loose microstructure
(see Figures 5c and 6) and the 28 d UCS reduction. In addition, the NAS-HG-CPB with the
excess HG has the unstable long-stage (180 d) UCS value compared with 28 d UCS, which
is attributed to the formation of secondary gypsum (see Figure 4c).

From the technical benefits, we conclude that the NAS-HG binder with low dosages
of HG (530 wt. %) is a promising binder for sulphide tailings, and other tailings such as
iron ore tailings, as the NAS-HG-CPB has high early-stage strength. On the other hand, the
waste gypsum (i.e., fluor gypsum, phosphogypsum and flue gas desulphurisation (FGD)
gypsum) materials are readily available at low cost in China. Therefore, using NAS-HG as
a binder in CPB will result in great economic and environmental benefits.

Additional research efforts are required to assess the effect of gypsum addition on
heavy metal immobilisation in sulphide-rich cemented paste backfill. These studies may
include the assessment of the potential toxicity of the produced NAS-HG-CPB by leaching
tests [40–42] as well as mineralogical and microstructural analyses.

4. Conclusions

In this study, the effects of gypsum on the mechanical performance and microstructure
of sulphide-rich cemented paste backfill using NaOH-activated slag as binders were inves-
tigated. The dosage of HG does not influence the instant fluidity of fresh NAS-HG-CPB
pastes. However, after resting for one hour, the greater the HG content, the lower the
fluidity value is. The incorporation of 30 wt. % HG replacing the NAS in NAS-HG-CPB
accelerates the hydration process of GGBS in the alkaline solution by forming ettringite
(AFt), leading to a denser microstructure. The CPB with 30 wt. % HG had a 28 d UCS
value that was increased by 52% compared with the CPB containing no HG. CPBs with
30 wt. % HG and without HG incorporation have stable long-stage (180 d) UCS values
(i.e., no strength loss), which is attributed to the dense microstructures due to the forma-
tion of hydration products. A high HG dosage (=50 wt. %) reduced the CPB 28 d UCS
value, which resulted from the loose microstructure caused by the decrease in amorphous
hydration products, and led to the unstable long-stage (180 d) UCS vaue due to the forma-
tion of secondary gypsum. The main hydration products of NAS-HG-CPB derived from
sulphide-rich tailings are crystalline (ettringite (AFt), CaSO4•2H2O) and amorphous hydra-
tion products, intermixed with thenardite and minor amounts of secondary gypsum and
undissolved merwinite.

Besides this, using NAS-HG as a binder in CPB can result in significant economic and
environmental benefits, such as providing a new solution for waste gypsum utilisation.
The effects of gypsum dosages between 0 and 30 wt. % on the performance of cemented
paste backfill using NaOH-activated slag as binders, as well as whether the sulphur present
in in the tailings is involved in the formation of secondary gypsum, should be subjects of
further investigation. The potential toxicity of the NAS-HG-CPB produced by the toxicity
characteristics leaching procedure (TCLP) should also be carefully assessed.
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