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A B S T R A C T

Slag-based cementitious material was synthesized from blast furnace slag, clinker, gypsum, and activator to
replace cement in cemented paste backfill (CPB). We researched the influence of slag-based cementitious material
dosages and curing times on the properties of CPB, including unconfined compressive strength tests, leachate
toxicity and chemical speciation of heavy metal as well as microstructural tests and analyses. The results indicated
that the addition of slag-based cementitious material improved the compressive strength of the CPB, which
attained the compressive strength requirements (�1.0 MPa) at 28 days. The leachate concentrations of Pb, Cr, Cu,
and Cd in CPB decreased as the slag-based cementitious material dosage and curing period increased, which met
the standard (GB 5085.3-2007). The dosage of 10% slag-based cementitious material could effectively immobilize
the heavy metals in the tailings, and the immobilization performance was similar to that of 20% cement, which
indicated the amount of slag-based cementitious material was only half the quantity of cement in CPB. Micro-
structural analysis showed the hydration products included calcium silicate hydrate, ettringite, and portlandite,
which could enhance the bonding force between the tailing grains.
1. Introduction

Mine tailings are solid waste residues generated during the exploi-
tation of mineral resources and contain substantial quantities of heavy
metal [1, 2, 3, 4]. The disposal of untreated tailings using tailing ponds
not only requires large areas but also raises serious concerns regarding
mine safety, the economy, and the environment [5, 6, 7]. In 2007, the
Ministry of Land and Resources advanced a proposal of “green mine”
construction in China [8]. The proper treatment of tailings from mining
and smelting is very important. Cemented paste backfill (CPB) is a
commonly used method for underground tailing management to reduce
tailing discharge and support the roofs of underground stopes, as well as
mitigate the geotechnical and environmental problems associated with
them [9, 10, 11, 12]. CPB is a complex material composed of dehydrated
mine tailings (70–85% of the total solid weight), binders (3–7% of the
total solids weight), and fresh or processed water. It may be transported
and placed into underground openings in any convenient consistency,
which results in zero-waste production [13, 14, 15, 16, 17].

The type and quantity of the binder considerably influence the me-
chanical behavior and cost of CPB. Typically, ordinary Portland cement
(OPC) is the most widely used cementitious material in CPB as it
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augments desirable mechanical behaviors. OPC, when used as the sole
binder, is responsible for more than 70% of the total cost of CPB. In
addition, the OPC production process is energy-intensive and associated
with severe environmental pollution, resulting in huge CO2 emissions.
Several researchers point out that for every ton of OPC produced,
0.85–1.12 tons of CO2 is emitted into the atmosphere [18, 19]. The OPC
manufacturing industry is responsible for approximately 5–8% of the CO2
emission in the world, thereby contributing considerably to the green-
house effect [20, 21, 22].

Hence, the continued application of OPC as a binder will limit the
extensive use of CPB. However, replacing it with a suitable cementitious
material that can support “peak carbon dioxide emissions” and help
realize “carbon neutrality” will promote the use of CPB [23]. Thus,
identifying a low-carbon, low-cost binder to substitute for the OPC has
become critical to decreasing the carbon emissions associated with CPB.
In recent years, CPB technology has been extensively applied across the
world and new kinds of cementitious materials have been developed for
use with CPB. Several studies have been conducted to identify industrial
solid wastes that can partially or even completely replace OPC [24, 25,
26, 27, 28, 29]. Zhang et al. [30] focused on the effect of additives (e.g.,
fly ash, slag, quicklime, etc.) on the rheological and mechanical
mber 2022
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Table 1. Chemical and physical characteristics of the tailings used in the tests.

Chemical composition Mass (wt.%) Physical properties Values

SiO2 38.71 Specific gravity (g/cm3) 2.76

Fe2O3 8.06 Bulk density (g/cm3) 1.29

K2O 2.06 Specific surface (cm2/g) 5675

Na2O 1.98 D10 (μm) 12.1

CaO 13.98 D30 (μm) 29.7

MgO 8.75 D50 (μm) 45.1

Al2O3 8.08 D60 (μm) 54.7

MnO 0.59 D90 (μm) 201.4

SO3 2.04 Cu* 4.5

P2O5 0.54 Cc** 1.3

Notes: Cu: coefficient of uniformity, Cu ¼ D60/D10. Cc: coefficient of curvature, Cc

¼ (D30)2/(D60 � D10).
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behaviors of cemented foam backfill, and investigated the influence
mechanism of the type and quantity of additives on the mechanical
properties of CPB. Sun et al. [31] researched the synthesis and internal
structure of fly ash geopolymer paste backfill materials, paying particular
attention to the effect of density, the proportion of fine gangue, and
dosage of fly ash on the mechanical performance of CPB. He et al. [32]
proposed a method to increase the compressive strength of the cemented
fine tailings backfill by using a composite binder based on industrial
waste. Deng et al. [33] prepared a new CPB comprised of gangue rocks,
fly ash, quicklime, and OPC, which could help build cleaner mines and
power plants. Chen et al. [34] studied the effect of partially replacing
OPC with modified granulated copper slag in CPB and studied the me-
chanical behavior and hydration reaction of CPB activated by two acti-
vators, namely, Na2SO4 and CaO. Jiang et al. [35] investigated the
efficacy of slag as an alternative cementitious material by surveying the
effects on the workability andmechanical behavior of CPB, to help devise
more safe and eco-environmental CPB combinations. Zheng et al. [36]
explored the possibility of utilizing slag as a cementitious material in CPB
and indicated that the dosage of MgO had a considerable influence on the
developed strength of CPB. Zheng et al. [37] considered that the utili-
zation of slag cement could effectively strengthen the tailings with the
addition of limestone. In a study conducted by Eker and Bascetin [38], it
was seen that using silica fume instead of cement could not increase the
mechanical strength of CPB, but also effectively prevent sulphate attacks
in paste backfill mixture.

However, the tailings usually contain a large quantity of heavy metals
(HMs), such as Pb, Cd, Cu, Cr, and As, and the leachate is highly polluting
[39, 40]. It is essential to guarantee that the HMs that leach from the
tailings satisfy existing pollution standards. CPB has been definitively
identified as a useful method for the solidification of mine tailings con-
taining HMs [41]. In previous studies, toxic leaching tests used for the
environmental assessment of treated tailings have been described in
detail. The rare earth tailings-based geopolymer prepared by Hu et al.
[42] not only had good mechanical performance but could also solidify
the HMs well. Li et al. [2] reported that the immobilization of HMs in
bricks made from mine tailings was high, resulting leachate HMs con-
centrations that were all within the stipulated limits. Argane et al. [43]
discussed the environmental behavior of mortars containing base metal
tailings, which indicated that the risk of HMs release from tailings-based
mortars was minor. Zhang et al. [44] researched the immobilization of
high-arsenic-containing tailings by using metallurgical slag-cementing
materials, which indicated that full solid waste materials could be used
to create potential arsenic solidification materials. Zhang et al. [45]
investigated the leaching characteristics of As in green-mining-fill sam-
ples, which revealed solidification/stabilization mechanism of As using
slag-based binder. Wan et al. [46] synthesized geopolymers that could
effectively immobilize Zn when the content of metakaolin was 50%,
which increased the proportion of leached Zn to total Zn from 0.91 to
9.76%. Kiventer€a et al. [39] reported the activation of tailings with cal-
cium hydroxide and 10–25% of slag, which can effectively consolidate
more than 99% of the As after a week of curing. Wan et al. [47] studied
the immobilization speciation of Pb in alkali-activated binders in mine
tailings, which resulted in leachate Pb concentrations of less than 5 ppm.
However, the previous studies focused on the toxicity of the CPB leachate
and ignored the influence of binder quantity and curing period on the
leachability of HMs from CPB.

The above-mentioned binders generally have the disadvantages of
large investment, high cost, poor strength, and complicated processing
requirements, which makes the widespread application difficult. Blast-
furnace slag (BFS) is a solid residue from the iron production industry,
which is produced in blast furnaces as a compound of calcium silicates
and aluminosilicates and generally cooled using water jets [48, 49]. BFS
has long been utilized as a subsidiary substance in cement and concrete
owing to its very good pozzolanic effect. Much research has been done on
the composition, physical and chemical characteristics, and activity of
BFS [50, 51]. In the past few decades, BFS has been commonly used to
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replace OPC in mine fillings, which can facilitate a reduction in the
dosage of cementitious materials. Compared with OPC, BFS offers the
advantages of rapid strength improvement, good durability, and resis-
tance to chemical corrosion [36]. More importantly, the cost of BFS is
only one-third of that of OPC, making it an ideal substitute for the
expensive CPB binder [52]. However, the hydration process and
consolidation mechanism of slag in the paste backfilling process have not
been studied extensively.

The key to improving CPB performance is to identify a suitable
cementitious material not only offering advantages in terms of safety and
strength, but also ensuring the immobilization of HMs in the hardened
CPB. This study focuses on the identification of a novel binder using BFS
as the main raw material, called slag-based cementitious material, which
is used to treat mine tailings in CPB. The major objective of this study is
to comprehensively investigate the mechanical behavior, leachate
toxicity and leachability, chemical speciation of HMs, and micro-level
behavior of CPB under different slag-based cementitious material dos-
ages and curing times. The mechanical properties of CPB were measured
using an unconfined compressive strength (UCS) test. The immobiliza-
tion of HMs (such as Pb, Cr, Cu, and Cd) was tested using the toxicity
characteristic leaching procedure (TCLP) and the chemical speciation
was identified by a modified Community Bureau of Reference (BCR) test.
Besides, the microstructure and hydration products of CPBwere analyzed
by scanning electron microscope (SEM), X-ray diffraction (XRD), fourier
transform infrared spectroscopy (FTIR), and mercury intrusion poros-
imetry (MIP). Finally, the hydration of the slag-based cementitious ma-
terial binding tailings was explored. The results of this study can not only
help reduce the backfilling cost and promote the large-scale application
of CPB but also provide a reference for the reuse of solid wastes (e.g.,
tailings and slag) to mitigate environmental contamination.

2. Materials and methods

2.1. Tailing samples

The tailing specimens used in this study were obtained from a mo-
lybdenum mining site in Luanchuan County, Henan Province, China.
After being transported to the laboratory, the tailings were mixed using a
mixer before sample preparation to homogenize the material. The
chemical compositions and basic properties of the tailing samples are
given in Table 1. SiO2 is the major mineral component at 38.71% by
weight. The other main components are CaO (13.98%), MgO (8.75%),
Al2O3 (8.08%), and Al2O3 (8.06%). In addition, the gradation of the
tailing plays a vital role in the performance of CPB. A well-graded ma-
terial contains an equal representation of all particle sizes with an ideal
uniformity coefficient (Cu) of 4–6 and curvature coefficient (Cc) of 1–3
[53]. For the tailings in this study, the values of Cu and Cc were 4.5 and
1.3, respectively. These results suggest that the tailings utilized in this
research are well-graded.



Table 2. Chemical composition of raw materials used in the experiments (wt.%).

Compounds BFS Clinker Gypsum OPC*

CaO 29.14 59.83 32.41 60.51

SiO2 41.23 21.48 1.21 20.95

Fe2O3 1.89 3.63 0.39 1.97

Al2O3 13.54 4.72 0.61 5.13

MgO 6.85 3.70 1.05 1.68

K2O 1.09 0.54 0.08 0.85

Na2O 0.81 0.69 0.16 0.43

SO3 0.56 0.95 45.25 2.72

Notes: OPC ¼ Ordinary Portland Cement (P.O. 42.5).

Figure 2. XRD pattern of BFS.

Table 3. Basic properties of slag-based cementitious material and OPC used in
the experiments.

Physical properties Slag-based
cementitious material

OPC

Specific density (g/cm3) 2.83 3.18

Specific surface area (cm2/g) 3690 3980
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To identify the complicated mineralogical composition of the mo-
lybdenum tailings, the sample was characterized using XRD. The
mineralogical composition of the homogenized molybdenum tailing
specimen is shown in Figure 1. The main components identified in the
molybdenum tailings are dolomite, kaolinite, feldspar, and phlogopite
phases, with minor phases of calcite, chlorite, and quartz. This agrees
well with the chemical composition which indicates the high proportions
of SiO2, CaO, MgO, and Al2O3 (Table 1).

2.2. Slag-based cementitious material preparation

The binder cost typically has a significant influence on the opera-
tional costs of a paste backfill plant. Artificial pozzolanic products such as
BFS, silica fume, and fly ash can not only improve the strength of the
paste backfill but also decrease the binder wastage and operating costs of
CPB [22, 24, 28, 40, 54]. This research explores the preparation of
slag-based cementitious material using BFS as the main material and
gypsum, clinker, and activator as the additives in the non-calcined con-
dition. The BFS was provided by a steel plant, in Henan Province, China.
Gypsum was purchased from the Yongtai Gypsum Group Co. Ltd., San-
menxia, China. Clinker was obtained from the Mengdian Cement Co.
Ltd., Xinxiang, China. The OPC (P.O. 42.5) used to compare the influence
of slag-based cementitious material on the CPB's compressive strength
and toxicity leachability was purchased from Mendian Cement Co. Ltd.,
Xinxiang, China. The elemental composition of the original materials was
determined by X-ray fluorescence (XRF) spectroscopy and the results are
given in Table 2. However, BFS is usually a low-crystalline phase com-
pound, and its high activity may be attributed to the higher content of the
glass phase. The XRD spectra of the BFS is shown in Figure 2, which is
consistent with its chemical composition. Mineralogical analysis showed
that the slag consisted largely of a vitreous phase and a minor melilite
phase.

The slag-based cementitious materials proposed in the study is
composed of 69 wt.% BFS, 23 wt.% gypsum, 5 wt.% clinker, and 3 wt.%
activator, which are blended and ground for approximately 20 min to act
as the binder. According to the method stipulated in the test methods for
cement mortar (GB/T 1345-2005 [55], GB/T 1346-2011 [56], GB/T
8074-2008 [57], GB/T 17671-1999 [58]), the basic properties of the
slag-based cementitious material were measured and the results are
given in Table 3.

2.3. CPB preparation

The CPB specimens were manufactured by homogenizing the tailings
and binder (slag-based cementitious material or OPC) in a mixer
Figure 1. XRD pattern of tailings sample.

Water requirement of normal consistency (%) 30.8 25.9

Residue on 80 μm sieve (%) 2.1 3.2

Initial setting time (min) 70 135

Final setting time (min) 140 275

UCS (MPa) 3 days 15.3 16.7

7 days 20.5 31.9

28 days 29.3 43.1
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equipped with a double spiral. Tap water was slowly added to the dry
mixture and blended using a high-speed blender for 3–5 min, eventually
reaching a solid percentage of 80%. Subsequently, the fresh compound
was transferred immediately into a triple mold with a side length of 70.7
mm to prepare the hardened CPB. The molds were then sealed and taken
out after one day at room temperature. All the hard samples were allowed
to cure in a humidity chamber maintained at a temperature of 20 � 2 �C
and approximately 90% relative humidity for the curing period. After the
curing, the hardened samples were tested by UCS, TCLP, BCR, SEM, XRD,
FTIR, and MIP to determine their compressive strength, toxicity leach-
ability, and microstructure. In total, the slag-based cementitious material



Table 5. BCR chemical speciation analysis of HMs.

Step Fraction Reagents/1 g of sample Conditions

F1 Exchangeable 40 ml 0.11 M acetic acid
(CH3COOH)

Shaking 16 h at 22 � 5 �C
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additions were 5%, 10%, 15%, and 20% based on the weight of the CPB,
and these samples were denoted as S5, S10, S15, and S20, respectively.
For comparison, the proportion of added binder was 20% by weight
when using OPC as a group and named C20. The mix proportions of the
CPB samples are given in Table 4.
F2 Reducible 40 ml 0.5 M hydroxyl
ammonium chloride
(NH2OH⋅HCl)

Shaking 16 h at 22 � 5 �C

F3 Oxidizable 10 ml 8.8 M hydrogen
peroxide (H2O2)
50 ml 1.0 M ammonium
acetate (CH3COONH4)

Shaking 1 h at 22 � 5 �C
and digested for 1 h at 85
� 2 �C
Shaking 16 h at 22 � 5 �C

F4 Residual Aqua-regia (7 ml 35%
HCl þ 2.3 ml 70% HNO3)

Occasional agitation
2.4. Characterization of CPB

2.4.1. Uniaxial compressive strength tests
To quantify the mechanical properties of the CPB specimens, UCS

tests were performed on the cured samples for different binder types and
dosages. Compressive strength of CPB sample was calculated based on
the method suggested by the ASTM C109/C109M-2016 standard [59].
The UCS was tested by a digital pressure loading machine (JYE-300,
Cangzhou Yaxing Test Instruments Corporation, China) with a capacity
of 300 kN, and the speed was 1 mm/min. Each specimen was in triplicate
to ensure repeatability and accuracy and the mean value of results was
used for analysis.

2.4.2. Leaching toxicity tests
The leaching toxicity test of the HMs was conducted as per the TCLP

defined by the United States Environmental Protection Agency (USEPA).
The TCLP is among the most popular ecological assessment techniques
globally and is very helpful in detecting the dissolution and migration of
HMs in solid waste [13]. Therefore, this study employs TCLP to discover
the toxicity leaching properties of CPB. The CPB specimens were crushed
to particle size less than 9.5 mm for the TCLP. The leaching agent was
prepared by acetic acid and deionized water with a pH of 2.88 � 0.05.
The leaching agent and the crushed particles were mixed at a
liquid-to-solid ratio of 20:1 (L/Kg) and vibrated for 18 h at 30 rpm under
ambient conditions. Each leachate was vacuum filtered through a 0.45
μm membrane filter and leaching concentration of HMs was analyzed
with inductively coupled plasma optical emission spectroscopy
(ICP-OES).

2.4.3. Sequential chemical extraction
In addition to the leaching characteristics, the chemical speciation of

HMs in mine tailings plays an important role in the possible environ-
mental effects. In this study, the HMs distribution was investigated by
modified BCR sequential extraction procedures. This results in four HMs
fractions, namely, extraction of exchangeable fraction, reducible frac-
tion, oxidizable fraction, and residual fraction, which were classified
according to the methods mentioned in Table 5. HMs in each fraction
were determined by ICP-OES.

2.4.4. Microstructure analysis
SEM, XRD, FTIR, and MIP examinations were performed on selected

CPB specimens to observe and identify the crystalline substances,
morphology, porosity, and structure of the hydration products. The
fractured CPB specimens were placed in absolute ethyl alcohol to finish
the reaction process. After 24 h the debris was filtered to remove the
alcohol and dried in an oven until the weight became constant. Frag-
ments of CPB were coated with a conductive metal, and the CPB
microstructure was analyzed by a JSM-5610LV SEM instrument. The
samples were ground using a 45-μm sieve and XRD analysis was carried
out to reveal the mineralogical characteristics. FTIR spectroscopy of
samples was accomplished with Thermo Scientific Nicolet IS 20. MIP test
Table 4. Raw material proportions of the CPB specimens.

Material S5 S10 S15 S20 C20

Slag-based cementitious material (%) 5 10 15 20 0

Tailings (%) 95 90 85 80 80

OPC (%) 0 0 0 0 20
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was conducted on dried CPB by using an Autopore IV 9520 pressure
mercury porosimeter.

3. Results and discussion

3.1. HMs characterization in tailing samples

The pH values of the tailings ranged from 4.6 to 6.5 with an average
value of 5.7, indicating a slightly acidic environment. The acidity of
tailings enhances the fluidity of the potentially toxic HMs and increases
the possibility of environmental damage. The total HMs content and
TCLP results for the tailing samples were analyzed as shown in Figure 3.

As shown in Figure 3, the results indicated that the Pb, Cr, Cu, and Cd
contents in the tailings were significantly higher than the corresponding
background values associated with the soil in Henan Province [60].
Particularly, Pb was the element with the highest concentration of 1377
mg kg�1, which was approximately 61.75 times the allowable value. If
the Chinese agricultural soil environmental quality control criteria (GB
15618-2018) [61] are regarded as the baseline, the Pb, Cr, Cu, and Cd
contents exceed the maximum allowable values, indicating a risk of
contamination. It is particularly noteworthy that the Pb and Cd contents
are not only higher than the risk screening values but also exceed the risk
intervention values. In addition, the leachability of the HMs in the tail-
ings was determined using the standard TCLP procedure. The results
indicated that the leachate concentration of Cr, Cu, and Cd in the
leachate was below the limit prescribed by GB 5085.3-2007 [62]. In
particular, the leachate concentration of Pb was 12.65 mg L�1, which
exceeded the acceptable limit value by 2.5 times. This indicates the need
for appropriate preventive measures for environmental pollution.

To evaluate the environmental impact of HMs present in the tailings,
it is necessary to analyze the mobility and possibility of the release of
HMs along with their availability in the tailings depending on their
chemical forms. The BCR sequential chemical extraction results of HMs
in the tailing samples are shown in Figure 4. As shown in Figure 4, the
percentage distribution of Pd and Cb in different chemical forms differed
from that of Cr and Cu. The partitioning fraction of Cd and Pb was nearly
similar. Cd (59.15%) and Pb (35.41%) had the highest concentrations in
the exchangeable fraction, thereby indicating that Cd and Pb presented
considerable ecological hazards. The reducible fraction contained the
main form of Cu present in the tailing samples (58.14%), and the per-
centages of Cu in the exchangeable, oxidizable, and residual fractions
were lower (15.81%, 14.51%, and 11.54%). Previous studies [3, 63, 64,
65] showed that HMs with a large proportion of the reducible fraction
were sensitive to changes in the pH or redox conditions of the medium,
and were easily released into the environment under acidic conditions.
The potential environmental risks posed by the reducible fraction of Cu
should not be ignored. Unlike Cu, the distribution of Cr differed
considerably among the examined samples. Cr was mainly detected in
the residue fraction (45.36%), while only 12.65%, 20.67%, and 21.32%
of the Cr were found in the exchangeable, reducible, and oxidizable



Figure 3. Total HMs content and TCLP results in tailing samples.

Figure 4. Chemical fractions of HMs in tailing samples. F1: exchangeable
fraction; F2: reducible fraction; F3: oxidizable fraction; F4: residual fraction.

Figure 5. UCS test results of CPB specimens.
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fractions, respectively. The results indicated that Cr showed the strongest
retention characteristics.

3.2. Mechanical properties of CPB

The quantity of binder and the curing time have a remarkable impact
on the stability of CPB, and strength is the most critical factor to access
the mechanical stability of CPB. The UCS tests results of the CPB speci-
mens were presented in Figure 5. The dashed line represents the me-
chanical strength requirement of mine fillings. It shows the variation of
UCS in CPB with different slag-based cementitious material dosages (5%,
10%, 15%, and 20%) and curing times (3, 7, 28, and 60 days). The
comparative experiment was carried out with a 20% OPC content.

At present, there are no universal standards for the compressive
strength requirements of CPB used during exploration and mining.
However, some earlier studies [66, 67, 68, 69] had determined the
required strength value for the excavation and mining stability of the
backfill as up to 1.0 MPa at 28 days. As shown in Figure 5, the UCS of the
CPB specimens meets the requirement for mine filling after a curing time
5

of 28 days. These results revealed that the strength of the CPB samples
showed a considerable increase with increasing binder dosage at all
curing times. Sample S5 had the lowest compressive strength, reaching
approximately 0.42 MPa, 0.73 MPa, 0.92 MPa, and 1.05MPa after curing
for 3, 7, 28, and 60 days, respectively. The highest strength was noticed
for sample S20, reaching approximately 1.13 MPa, 1.74 MPa, 2.38 MPa,
and 2.80 MPa after curing for 3, 7, 28, and 60 days, respectively. When
the dosage of slag-based cementitious material increased from 5% to
20%, the UCS values of the samples increased by 169%, 138%, 159%,
and 167% after 3, 7, 28, and 60 days, respectively. This indicated that the
increase in slag-based cementitious material dosage considerably
improved the mechanical strength of CPB as the higher hydration rate
and increase of hydration products in the slag-based cementitious ma-
terial leads to the development of the compressive strength of CPB. The
results indicated that the quantity of slag-based cementitious material
had a positive impact on the increase in strength regardless of the hy-
dration time.

From Figure 5, it could be seen that the compressive strength of CPB
increased gradually with the curing time, which revealed that there was a
significant positive correlation between the two factors. As the curing
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time increased from 3 days to 60 days, the UCS values increased by
153%, 120%, 116%, and 148% for the tailings solidified by 5%, 10%,
15%, and 20% of the slag-based cementitious material, respectively.
These results revealed that the mechanical strength of all the paste
backfill samples increased visibly with the curing period owing to the
continuous pozzolanic reaction and the generation of many hydration
products such as calcium silicate hydrate (C–S–H), ettringite, and por-
tlandite [34, 36, 53, 70, 71].

Regardless of the binder dosage and curing time, the slag-based
cementitious material produces a stronger backfill material for the mo-
lybdenum tailings. However, in contrast to slag-based cementitious ma-
terial, when 20% OPC was used and the specimens were cured for 3, 7,
28, and 60 days, the magnitude of UCS was much lower at approximately
0.72 MPa, 1.06 MPa, 1.43 MPa, and 1.55 MPa, respectively. These values
were comparable to the content of 10%, which means that only half the
quantity of slag-based cementitious material is required compared to the
cement for the same strength of CPB. To a certain extent, the mechanism
of strength development is different. For example, the strength of CPB
rises rapidly when slag-based cementitious material is used, while a non-
clear increase is observed on CPB samples that use OPC.

3.3. Toxicity leachability of CPB

TCLP tests were conducted to reveal the leaching behavior of HMs in
CPB samples. The HMs leaching results of CPB with different binder
dosages after curing for 3, 7, 28, and 60 days are shown in Figure 6. The
dashed line represents the leachate concentration of Pb, Cr, Cu, and Cd
from the original tailing sample.

As shown in Figure 6, the leachate concentrations of HMs from the
CPB decreased with the increase in slag-based cementitious material in
Figure 6. HMs leaching res
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all the samples, and the HMs in the leachate from CPB stabilized by slag-
based cementitious material were very low and within the prescribed
limits. In addition, regardless of whether the tailings were solidified by
slag-based cementitious material or OPC, the increased curing time
reduced the concentration of HMs that leached from the CPB. These re-
sults revealed that the solidification of the tailings could effectively
reduce the leaching concentration of HMs, and maintained it within the
national standard requirement (GB 5085.3-2007) [62]. Therefore, the
slag-based cementitious material showed good immobilization capability
for the HMs material. The TCLP test results showed that the leachate
concentration of Pb in the original tailings was approximately 12.65 mg
L�1, which was much higher than the prescribed limits (5 mg L�1 in
China). After CPB treatment, the leachate concentrations of Pb in all the
CPB samples declined evidently in the range of 0.19 and 2.64 mg mL�1,
which were far below the prescribed limits, with a decrease ranging from
79.13% to 98.50%. Sample S20 after 60 days of curing presented better
HMs consolidation capacity owing to the various hydrates that facilitate
the chemical fixation and physical encapsulation effects [72]. It indicates
that CPB benefits exceedingly concerning the leaching toxicity of tailings
and eventually reaches a relatively stable state of leaching during
long-term storage. Especially, slag-based cementitious material can
inhibit the leaching of HMs in the CPB and reduce the toxicity of tailings
in contrast with the untreated original tailings. This phenomenon is
mainly due to the time- or dosage-dependent hydration reaction of sili-
cates present in the BFS, the pozzolanic reaction between the Ca(OH)2
from the clinker, hydrated BFS, and active components in the tailings,
precipitation reaction of HMs, and absorption of C–S–H formed in the
CPB [63]. A higher binder dosage or longer curing time makes the above
reactions more vigorous and consequently decreases the leaching con-
centrations of HMs in the CPB. Based on the above, the leachable HMs
ults of CPB specimens.
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from CPB decreased significantly with slag-based cementitious material,
indicating that the leaching risk of HMs in the tailings can be mitigated
effectively by using slag-based cementitious material. It was revealed
that slag-based cementitious material could not only have a promotion
effect on the UCS of CPB but also reduce the leaching concentration of
HMs in the tailings. The results of toxicity leaching are coincident with
the results of the above-mentioned compressive strength wherein the
higher binder dosage decreased the leachability of HMs by generating
more hydration products. Earlier studies [39, 73, 74] show that the dif-
ference in the leaching behavior of HMs is not only related to their initial
content in tailings but is also affected by the chemical speciation of the
HMs. This finding is proved based on the HM distribution presented in
Section 3.4.

In addition, the leached HMs concentrations in the OPC-treated tail-
ings were higher than that of the slag-based cementitious material
treatments under the same additives. In contrast with slag-based
cementitious material, the leaching concentrations of HMs in sample
C20 were like those in sample S10. The result reveals that the slag-based
cementitious material dosage is lower than half the OPC dosage, which
achieves the same solidification effect.

3.4. Sequential leaching results of CPB

Themigration and toxicity of the HMs are strongly dependent on their
specific chemical speciation distributions. The results of the BCR
Figure 7. Chemical speciation of HMs in CPB specimens. F1: exchangeable fra
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sequential extraction of the HMs in the CPB samples for different curing
times and binder dosages are shown in Figure 7. The F1 fraction of the
HMs leach easily in nature, resulting in high toxicity; the F2 and F3
fractions are available in the reducing and oxidizing surroundings, which
indicate potential toxicity. Meanwhile, the F4 fraction is unavailable for
leaching and represents the nontoxic fraction [73, 75].

The different fractions have varying effects on the chemical stability
of HMs in the CPB. As shown in Figure 7, the chemical speciation of HMs
was observed to transformwhen the tailings were treated with slag-based
cementitious material. Compared with the chemical speciation of the
HMs in the raw tailing samples, the HMs changed into more stable forms
in all the CPB samples. However, the proportion of each form changed
differently. For Pb, the major transformation of speciation occurred from
the F1 fraction into the F4 fraction, which causes an increase in the F4
fraction from 17.15% to 91.74%. For Cd, the contents of the F1 and F4
fractions both decreased, while the F2 and F3 fractions increased
constantly. Most of the F2 fraction of Cu and Cr were transferred into the
F3 fraction, leading to a considerable increase of the F3 fraction from
14.51% to 78.02% and from 21.32% to 43.40%, respectively. It can be
concluded that the HMs in the CPB transform to a stable form after
curing. This transition can be used to explain the reduction of HMs
mobility in the CPB. As shown in Figure 7, the contents of the F4 fraction
increased during the period from 3 to 60 days, which revealed that slag-
based cementitious material displayed a good stabilization/solidification
capacity for HMs.
ction; F2: reducible fraction; F3: oxidizable fraction; F4: residual fraction.
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3.5. Microstructure characteristic of CPB

The CPB is an inhomogeneous polyphase system composed of a solid
phase that has abundant reaction products, air, and water in the pore
spaces [76, 77, 78]. Therefore, it can be considered to be similar to a
heterogeneous polypore paste-filled body [79, 80]. To survey the internal
microstructure visually, SEM tests of the sample S20 were performed in
Figure 8, which illustrated the SEM of sample S20 after curing for 3, 7,
28, and 60 days, respectively.

Rod-like ettringite and flocculent gel overlap in the CPB samples with
different curing times. A small quantity of the amorphous phase may be
observed in Figure 8(1). Considerable porosity still exists in the CPB after
curing for 3 days, and the pores are very open and partially connected.
The water and binder collected in the pores inhibited the complete re-
action of the tailings and the slag-based cementitious material. The
particles are not bonded closely, and the entire sample is comparatively
loose. In contrast to Figure 8(1), the microstructure of Figure 8(2) is
denser, and the number of hydration products increases greatly, among
which a few needle-shaped particles may be observed. Although hydra-
tion products such as C–S–H and ettringite are present, they are not yet
connected extensively to overlap all the tailing particles. Significantly,
the porosity between the grains decreased greatly, and the surfaces of the
CPB samples had a comparatively flat morphology and dense micro-
structure after curing for 28 days. Figure 8(4) shows that abundant
C–S–H gels and needle-like ettringite are filled into the pores, the hy-
dration products bind the grains together resulting in a more compact
Figure 8. SEM images of sample S

8

structure, and no obvious gaps could be observed in sample S20 after
curing for 60 days. It also shows that sample S20 developed a dense,
glassy microstructure as the curing time increased. This can be attributed
to the continuous hydration reaction in the CPB samples, spherical par-
ticle clusters of the C–S–H gels, needle-like crystals of ettringite, and
other hydration products that form in the vicinity of the tailing grains
[79]. The quantity of the hydration products in the reaction plays an
important role in the physical properties of CPB. The pictures showed
that the size of the rod-like crystal body was approximately 3–5 μm. The
distribution of these ettringite crystals inside the CPB was exceptionally
inhomogeneous, causing the crystals to grow in random directions. Thus,
a majority of the original pores in the backfill body are filled with hy-
dration products, which makes the structure denser and increases
strength. The results demonstrate an improvement in the CPB micro-
structure after different curing periods, which agrees with the compres-
sive strength development with curing periods shown in Figure 5.
However, the major hydration product of OPC is calcium hydroxide,
which is porous and hence, very unfavorable to the development of
strength [81]. Thus, the effect of CPB using slag-based cementitious
material is better than that when OPC is used.

XRD is a rapid analytical technique mainly used to identify the
characteristics of crystalline substances [82, 83]. The mineral phase
characterization of the hardened backfill sample S20 cured for 3, 7, 28,
and 60 days was conducted by the XRD test as shown in Figure 9.

From the XRD analysis of sample S20, it can be found that the number
of hydration products exceeded that of other groups owing to the
20 after different curing times.



Figure 9. XRD patterns of sample S20 at different curing times. 1—Ettringite
2—C-S-H 3—Portlandite 4—C3S 5—Thaumasite 6—Scawtite 7—Calcite
8—Dolomite 9—C-A-H.

Figure 10. FTIR patterns of sample S20 at 3 and 7 days.
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increased curing time. The abundant hydration products support the
visual SEM observations (Figure 8). The primary hydration products of
sample S20 are ettringite, C–S–H, hydrated calcium aluminate (C-A-H),
portlandite, thaumasite, and scawtite. When the curing time is extended,
the peak proportions of the ettringite and C–S–H phases increase in the
CPB specimens, which agree with earlier studies on alkali-activated slag-
based materials [84, 85]. In addition, it was found that a small quantity of
tricalcium silicate (C3S) was formed when the curing period was 3 days,
but this was not observed for other curing durations. It is particularly
noteworthy that the peak of ettringite in sample S20 is quite prominent in
the CPB. Compared with the XRD pattern of the raw tailings, the peak
values of dolomite and calcite decreased significantly, indicating that
these mineral materials might be participants in the reaction. In addition,
the diffraction peaks that characterize thaumasite and scawtite were also
obvious after curing for 28 days and 60 days, respectively. The emer-
gence of carbonate confirmed that carbonation occurred during the CPB
processing.

To further investigate the solidification mechanism of CPB by using
slag-based cementitious material, the functional groups on the surfaces of
sample S20 were characterized by FTIR. The FTIR patterns of sample S20
after being cured for 3 and 7 days are shown in Figure 10.

As can be seen, the FTIR curves of CPB after different curing times
were basically the same. After curing for 3 days, asymmetric stretching
vibrations of O–H bonds in crystalline water at 3433 cm�1 and bending
vibrations of H2O molecules at 1651 cm�1 could be seen in sample S20,
indicating that the slag-based cementitious material hydration reaction
produced a large amount of product containing crystalline water or gel,
which was characteristic of the vibrational absorption of crystalline
water [42, 77]. After curing for 7 days, the strong absorption peak at
3643 cm�1 corresponded to the stretching vibration of the hydroxyl
group on the surface of the octahedron. The absorption band at the po-
sition of 1081 cm�1 belonged to the asymmetric stretching vibration of
SO4

2� [77]. The adsorption peak of 649 cm�1 was caused by bending
vibration of SO4

2�. It was evident that these absorption peaks could be
characterized as vibration peaks of ettringite, which was consistent with
the results of XRD and SEM analysis. The characteristic peaks located
between 780 cm�1 and 1005 cm�1 were caused by the asymmetric
stretching vibration of the Si–O(Al) in C–S–H gels [44]. The peak
attributed to the tetrahedral-tetrahedral ion vibration of silicates had
been shifted from 791 to 786 cm�1 after different curing times, indicating
the breaking down of chemical bonds during activation and forming new
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amorphous products [86]. The FTIR spectra showed a broad peak be-
tween 1100 and 1000 cm�1 assigned to the asymmetric stretching vi-
bration of Si–O–Al or Al–O–Si, which were characteristic absorption
bands indicative of successful hydration reaction [86]. All the end
products showed bending vibrations of Si–O–Si and O–Si–O at 465–460
cm�1 [87]. In addition, the peaks at 1423 cm�1 and 1425 cm�1 charac-
terized the symmetrical vibration of the O–C–O in CO3

2�, which was
caused by the carbonization of the sample in air [77].

As shown in Figure 11, deconvolution in the region from 1200-800
cm�1 using Gaussian fitting [88] further revealed the formation of
slag-based cementitious material reaction products. The absorption
peaks observed at 1105 and 1115 cm�1 could be associated with the
asymmetric stretching vibrations of Si–O bands in the sample [87].
Meanwhile, the peaks detected at 989 and 995 cm�1 in sample could be
attributed to the stretching vibrations of silicates bonded with the acti-
vator, such as Si–O, Ca–O and other structures [86]. In addition, the
bands near 874 and 857 cm�1 were weak and mainly related to Si–OH
bending or tetrahedral bending vibrations [86]. On the whole, the re-
action process made the characteristic peak of Si–O shift significantly,
indicating that some minerals were affected by hydration reaction.

MIP test is often used to gain further insight into the porosity devel-
opment of CPB. The cumulative porosity and pore size distribution of S20
specimen were inspected through MIP for 3 and 7 days curing, as illus-
trated in Figure 12. The effects of curing time on the pore structure
characteristics of S20 specimen were listed in Table 6.

The results of the MIP test clearly showed that the curing period had
influenced the microstructure of CPB. It can be seen that S20 specimen at
7 days had a lower cumulative porosity and a finer pore structure than at
3 days as shown in Figure 12, which indicated the cumulative porosity of
sample decreasing with the extension of curing time. Related researches
showed that the hydration products strongly modified the pore structure
(i.e., reduce the porosity) of the CPB [34, 40, 71]. The slag-based
cementitious material could produce ettringite crystal intermixed with
C–S–H gels on a nanometer length scale. The cumulative porosity curves
and pore size distribution curves demonstrated that the accumulation of
many hydration products in the pores with the extension of curing period
could effectively optimize microstructures and reduce the pore size [52].
Table 6 confirmed that the curing time had influenced the porosity and
pore structure characteristics of CPB. Specifically, the porosity was
decreased from 35.72% at 3 days to 25.47% at 7 days. Higher amount
hydration products could fill the pores among particles, leading to lower
porosity [23]. Both the average pore diameter and median pore diameter
tended to become finer with increasing curing times. The average pore
diameter at 3 and 7 days were 86.88 nm and 40.32 nm, respectively. The



Figure 11. Deconvoluted spectra in the 1200-800 cm�1 for S20 specimen.

Figure 12. MIP test results of S20 specimen at 3 and 7 days.

Table 6. Pore structure characteristics of S20 specimen from MIP data.

Curing times (days) 3 7

Porosity (%, v/v) 35.72 25.47

Total pore area (m2/g) 10.23 12.70

Total intrusion volume (mL/g) 0.22 0.13

Average pore diameter (nm) 86.88 40.32

Volume based median pore diameter (nm) 503.33 337.13

Surface area based median pore diameter (nm) 21.98 11.88
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data proved that curing period promoted slag-based cementitious mate-
rial hydration reaction with the formation of more compact microstruc-
ture and lower total porosity, contributing to a higher mechanical
strength and a better HMs immobilization effect, as shown in Figures 5
and 6. This is consistent with the SEM results.
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4. Discussion

4.1. Hydration reaction of CPB

The sample S20 was subjected to SEM after 3, 7, 28, and 60 days of
curing to verify the mechanical strength measurements. Early on, owing
to the high porosity of CPB, the hydration products could not fill the
pores, resulting in low strength. After curing for 28 days or more, a large
quantity of C–S–H and ettringite appeared in Figure 8(3) and (4). The
rod-like ettringite crystals were scattered around the C–S–H gel and the
transition regions between the tailings and cementitious materials were
narrow, which enhanced the internal connections of the CPB. The pores
were compacted with hydration products, which interpenetrated each
other to augment the mechanical strength of the CPB.

This phenomenon may be principally attributed to the curing time-
dependent hydration reaction of the silicates in the slag-based cementi-
tious material and the simultaneous pozzolanic reaction in the CPB. As
shown in Table 2, the chemical compositions of the OPC and clinker are
essentially the same, mainly involving C3S, dicalcium silicate (C2S), and
tricalcium aluminate (C3A). Large amounts of C–S–H, portlandite (CH),
and C–A–H are derived from the hydration of C3S, C2S, and C3A ac-
cording to formulas (1), (2), and (3), respectively.

C3S þ H2O → C–S–H þ Ca(OH)2 (1)

C2S þ H2O → C–S–H þ Ca(OH)2 (2)

C3A þ H2O → C–A–H (3)

Ettringite is one of the components that improve the stability of the
filler. The rod-like ettringite is produced by a further reaction involving
the rapid dissolution of gypsum to generate SO4

2- and Ca2þ as summarized
in formula (4).

C3A þ CaSO4⋅2H2O þ H2O →C3AS3H32 (4)

The clinker in the slag-based cementitious material dissolves in water
to produce OH�, which is distributed depending on the concentration
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gradient. In alkaline environments, the OH� ion enables the activation of
the bridge oxygen bond and non-bridge oxygen bond, which reacts with
the amphoteric oxide Al2O3 and acidic oxide SiO2 in the slag, and ac-
celerates the hydrolysis of the glass phase. According to the SEM, XRD,
and FTIR test results, the hydration reaction process of the CPB mainly
includes the following steps [89]:

The first step is the dissolution. The alkaline solution causes the
surface of the active materials Al2O3 and SiO2 of the slag to first react
with the OH�. The Al–O–Al, Si–O–Si, and Si–O–Al break and generate
Si(OH)3- and Al(OH)4- , which slowly dissolve and fracture the compact
glassy structure. The relevant chemical reactions are formulas (5) and (6)
as follows:

SiO2(s) þ H2O þ OH�(aq) → Si(OH)3
� (5)

Al2O3(s) þ 3H2O þ 2OH�(aq) → 2Al(OH)4
� (6)

The second step is the hydration stage. The reaction products Si(OH)3�

and Al(OH)4� dissolve in the early stages and react with Ca2þ and OH� to
generate C–S–H, C–A–H, etc. The chemical reactions are formulas (7) and
(8) as follows:

2xSi(OH)3
� þ xCa2þþ mOH� → xCaO⋅SiO2⋅nH2O (7)

2yAl(OH)4
� þ yCa2þþ mOH�→ yCaO⋅Al2O3⋅nH2O (8)

Meanwhile, the particulate slag delivers more amorphous Si and Al to
participate in the reaction and generate more gelling substances [30]. In
addition, it can be found in Figure 9 that the mineral components of the
tailings contain a certain amount of active components (e.g. dolomite,
calcite, etc.), which react with the cementitious materials. The hydration
reactions between the slag-based cementitious material and tailings in
the CPB must be further studied in the future.

4.2. Immobilization mechanism of HMs

Based on the leaching toxicity and HMs chemical fraction of CPB, it
can be shown that slag-based cementitious material is a binder with a
good immobilization effect on HMs. Previous studies indicate that the
immobilization mechanism of HMs is mostly physical encapsulation and
chemical stabilization.

The encapsulation of HMs into a low-permeability matrix is known as
physical encapsulation [4]. Hence, the permeability of the hardened sam-
ples affects the physical encapsulation of HMs. The low permeability of the
samples can reduce the occurrence of naked surfaces and themobility of the
HMs. On the one hand, concerning the mineral composition and micro-
structure, a large quantity of gelatinous hydrated product (C–S–H) and
rod-shaped crystal (ettringite) emerge, and the phase formation reduces the
leachability of HMs from the CPB. Thismay be attributed to the production
of a large number of hydration products that generate a dense structure
which reduces the permeability of the hardened CPB. On the other hand,
the encapsulation influence of HMs relies largely on the compressive
strength because samples with higher strength can retain their integrity
better than those with low strength during the leaching test [90]. From
Figures 5 and 6, it is easy to determine that the leached concentrations of
HMs have a negative correlation with the mechanical strength of CPB.
Particularly, the encapsulation of HMs and the absorptivity of C–S–H
contribute to the reduced leaching concentrations [58, 91].

HMs may be stabilized using three methods, namely, resetting of
particles, changing crystal phases, and replacing parent ions. The hy-
dration products of slag-based cementitious material, such as the C–S–H
and ettringite, play a vital role in solidifying the HMs. The generation of
C–S–H can not only contribute to the mechanical properties and micro-
structure of the CPB but also supply the hydroxyl anions required to react
with HMs to immobilize with the monolith [92]. C–S–H has a high
ion-exchange capacity and specific surface energy, and thus, HMs can be
stabilized by symbiosis and chemical substitution between the layers.
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The presence of gypsum in the slag-based cementitious material can
promote the generation of ettringite, which has excellent mechanical
properties and ion-exchange capacity [93, 94]. Ettringite can not only
stabilize HMs via surface complexes or ion exchange but is also chemi-
cally substituted between the crystal columns and the passageway to
consolidate the HMs [90, 94]. It indicates that ettringite can transform
the chemical speciation of HMs from an unstable form to a stable one in
the CPB. The immobilization of HMs in the CPB will be improved by the
transformation of these HMs to a chemically stable phase [65]. It can be
observed from Figure 6(1) that the residual fraction of Pb increases when
the tailings are treated with slag-based cementitious material, resulting
in the leached concentration of Pb decreasing continuously.

HMs can also be involved in the hydration reaction. As the hydration
reaction proceeds, HMs transform slowly into calcium silicate hydration
products that enter the crystal body via lattice immobilization, which
exists as a more stable structure. Therefore, it can be found that the re-
sults are analogous to the consolidation process in the cement system
[90]. As a result, the more hydration gel that is produced, the more
conducive the situation becomes to obtain better stability. When the HMs
become crystalline and the chemical combination of these HMs enter into
the silicate or aluminosilicate frameworks, it indicates that the HMs can
react with silicate or aluminosilicate to produce insoluble substances, the
consolidation of which produce the vitreous phase [94]. In addition, the
polymerization of Si will increase with the hydration reaction, generating
a precursor with a zeolite-like frame existing as nesosilicate. This frame
provides adequate sorption capacity and high binding potential energy
with HMs [39]. To understand the relationship between the leaching
concentration and morphology of HMs in the CPB, further investigations
are necessary.

5. Conclusion

In this study, slag-based cementitious material was prepared using
BFS, clinker, gypsum, and activator, to replace OPC in mine backfill
pastes. To elucidate the influence of slag-based cementitious material on
the behavior of CPB, the mechanical properties, toxicity leachability,
chemical speciation of HMs, and microstructure evolution of CPB were
explored using UCS, TCLP, BCR, SEM, XRD, FTIR, and MIP tests,
respectively. A series of CPB samples with different slag-based cementi-
tious material dosages (5%, 10%, 15%, and 20%) were prepared and
cured for different durations (3, 7, 28, and 60 days). Based on the results
of the above test, the major conclusions that could be drawn are:

1) The increase in binder dosage and curing time could effectively
accelerate the activity of slag-based cementitious material and greatly
enhance the compressive strength of the CPB. The UCS of sample S20
reached approximately 1.13 MPa, 1.74 MPa, 2.38 MPa, and 2.80 MPa
after 3, 7, 28, and 60 days of curing, respectively, which increased by
59.15%, 64.15%, 64.14%, and 78.34% compared with that of sample
C20 and therefore, met the requirements for backfill in mines.

2) The addition of slag-based cementitious material could decrease the
leachate concentrations of Pb, Cr, Cu, and Cd in the CPB. The HMs
that leached from the CPB specimens did not exceed the permissible
limit. The exchangeable fraction content of Pb, Cr, Cu, and Cd was
strongly correlated with binder dosage and curing time. When the
slag-based cementitious material dosage and curing time was
increased, the exchangeable fraction of HMs in the CPB decreased at
different levels. It showed that HMs were stabilized using slag-based
cementitious material, which reduced their harm to the environment.

3) The main hydration products of CPB were C–S–H gel, ettringite
crystals, and portlandite. As the curing proceeded, the microstructure
assumed a more compact network structure with lower porosity. The
addition of slag-based cementitious material accelerated the hydra-
tion reaction with the generation of denser structures, leading to
better mechanical strength and immobilization effect of the HMs.
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