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)e use of ground granulated blast furnace slag (GGBFS) is environmentally sustainable and prevalent in the cement industry, but
the original alkali-activated slag binder cannot be used for mine backfilling. Few reports have studied slag binders with high slag
proportions (>90%) and low-cost activators (solid waste is used) that have higher performance than cement for backfilling. To
increase the utilization of slag in the mining industry, this work presents a new slag binder (SB) comprised of 91% slag powder and
9% activator (3% clinker, 5% desulfurized gypsum, and 1%mirabilite). Its performance was evaluated by testing its strength, yield
stress, and viscosity, which are three key properties for backfilling. We also investigated its microstructure using SEM, XRD and
thermogravimetric analysis (TG/DTG). )e results showed that the SB composites have a slightly lower early-age (<3 d) strength
but a higher long-term strength (>28 d). Although the SB backfilling composites had a twofold higher yield stress and nearly the
same viscosity as Portland cement, the pressure drop in a pipe was only slightly higher through friction factor modeling. )e
proposed SB may provide a sustainable binder for the mining industry with better performance and lower cost.

1. Introduction

)e metallurgical and mining industries produce large
quantities of by-products and solid wastes such as slag, waste
rock, and tailings, which are generally disposed of in
landfills, which raises environmental issues. Blast furnace
slag is generated during iron manufacturing, and 95% of it is
comprised of four main oxides: calcium, magnesium, silicon,
and aluminum [1]. Blast furnace slag has been used for
centuries in many fields. For example, some of the first-
known uses of blast furnace slag were as railroad ballast, as a
concrete aggregate, in bituminous surfaces, asphalt mix-
tures, pavement structures, unbound base courses, and
embankments [2–6]. Slag is most commonly used in the
cement industry due to the similar chemical compositions of
the two materials. It is ground to a cement-like grain size
known as grounded granulated blast furnace slag (GGBFS)
and then used as a cement additive and independent binder
[7, 8].

A traditional cement raw material is clinker, whose
production is accompanied by large quantities of greenhouse

gas emissions, dust air pollution, and excavated clay soil for
calcination. )e replacement of GGBFS with clinker can
address these issues. An academic report found that
replacing 45% of ordinary Portland cement with blast fur-
nace slag would result in a 37% reduction in total CO2
emissions [9]. )e use of a higher slag proportion in cement
can decrease the total energy required for cement
manufacturing [10]. Important applications of alkali-acti-
vated slag binder and slag composite binder used in mortar
and construction concrete have been reported [11–14];
however, these binders may not be applicable for mine
backfilling, which is vastly different from ordinary concrete.

Mine backfill slurries are mixtures of binder, aggregate,
and water that are homogeneously mixed in a surface plant
and then transported to fill underground voids by gravity or
pumping through pipelines [15]. Compared with normal
concrete, mine backfill has special characteristics such as
follows: (i) low binder content Bw% (mass percentage of
binder/solid mass), which is determined by the geological
conditions of the mine and the functionality of the filling
body. It usually ranges from 2 to 8% [16], but in most mines
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in China, 10–20% is used due to complex geological con-
ditions, such as high in situ stresses and crushed wall rock. In
ordinary concrete, Bw% is more than 30%. (ii) High water/
cement ratio (W/C). )e W/C is< 1.0 for construction
concretes, while mine backfill has a larger W/C of 2–10 to
improve flow through pipeline transport [17]. (iii) Backfill
aggregate can be composed of many different materials, such
as tailings, waste rock, solid waste, river sand, and Gobi sand.
Aggregate also has a large content of fine particles (<75 μm);
for example, fine particles may account for more than 80% of
tailings [18]. Construction concrete generally has a rigid fine
particle content limit of <5%. )e strength of concrete
significantly decreases upon increasing the fine particle
content [19]. (iv) Tap water may be used for mixing mine
backfill, but processed water rich with chloride ions, metal
ions, sulfate ions, and many other chemicals are generally
used. )ese ions can have complex effects on hydration
reactions [20].

With these unique characteristics, the slag binders
originally developed for building and civil construction may
no longer be suitable for mine backfill. Binders are often
specially developed and should be validated for use at mine
sites. For example, Olivier used four pozzolanic by-products
(waste glass, copper slag, wood bottom ash, and coal fly ash)
mixed with Portland cement and GGBFS to create low-cost
binders for use in mine cemented paste backfill [21]. )e
cement replacement level of 35%–45% was validated. Jiang
developed an alkali-activated slag with an activator/slag ratio
of 0.3 (slag proportion 77%), and the paste backfill work-
ability and early-age compressive strength were confirmed
[22].

However, there are few reports of slag binder with large
slag proportions (>90%) and low-cost activators (solid
waste) with a higher performance than cement for mine
backfill. In this study, a new slag binder made of 91% slag
and 9% activator is presented and examined for mine
backfill. Validation tests were performed on the strength and
rheological properties (yield stress and viscosity), which are
three key properties for backfill. We also investigated the
microstructure using SEM, XRD, and thermogravimetric
analysis (TG/DTG) to compare the material with ordinary
Portland cement type I (PCI) and PCI-slag blended binder to
evaluate its performance.

2. Materials and Methods

2.1. Materials

2.1.1. Binder Materials. )ree kinds of binders were used:
PCI (CB, which is used industrially), 50/50 PCI-slag blinded
binder (BB, which is widely used in many other mines and
literature), and the proposed slag binder (SB). )e slag was
obtained from JISCO in Gansu Province, China, and ground
into GGBFS in a local plant. Many studies have reported that
the hydration of GGBFS can be activated by alkali [23] and
sulfate [24]. Here, a combination activation was applied, in
which a small amount of clinker was used to generate an
alkali environment, desulfurized gypsum (a solid waste by-
product of thermal power plants or iron-steel plants) was

used as a sustainable sulfate activator, and a very small
amount of mirabilite was added to improve the early
strength. )e SB consisted of 91% GGBFS, 3% clinker, 5%
desulfurized gypsum, and 1% mirabilite. )e main physical
and chemical properties of PCI and GGBFS are listed in
Table 1. GGBFS is an acidic slag (M0< 1), and the quality
coefficient K> 1.2 indicates that it has a good hydration
property.

2.1.2. Aggregate. To validate the applicability of the SB for
mine backfilling, a practical high-density backfill (HDB)
slurry of a nickel mine in northwest China was used. A Gobi
sand aggregate was obtained from themining site, which was
excavated from the Gobi, and then sieved and milled in a
processing plant to eliminate extra-coarse particles and
ensure that the maximum grain size was <5mm. )e final
grain size distribution of Gobi sand is shown in Figure 1,
which has a fine particle (<75 μm) content of 16.5%.

2.1.3. MixingWater. Tap water was used as the mixing water
to simulate an actual engineering situation. Although water
chemistry can affect some properties of the backfill slurry
[25], this is beyond the scope of this research, which focuses
on strength and rheological properties.

2.2. Test Methods

2.2.1. Uniaxial Compression Strength (UCS) Tests. )e UCS
is an important parameter for mine backfilling, because it
determines the functionality of the filling mass body, the
backfill slurry configuration, the backfilling cost, and mining
profitability; therefore, it was used to evaluate the binders in
this research. UCS tests were performed on specimens with
three different binders for different curing times (1, 3, 7, and
28 d) in accordance with the ASTM C109 standard. A mi-
croprocessor-controlled electronic universal testing ma-
chine LGS100K model was used with a loading capacity of
100 kN and an accuracy of 0.5%.)e loading rate was 1mm/
min during the tests. Before the tests, a high-density backfill
(HDB) mixture was prepared using the practical mixing
proportion of binder content of Bw %� 20% and a solid mass
concentration of Cw %� 78%. )e binder, aggregate, and
water were mixed in a mixing machine for 5 minutes and
then poured into a cube triple-module with a side length of
7.07 cm. )e module was sealed by a plastic wrap to prevent
water evaporation and then placed into a temperature-
controlled chamber at 23°C for the designated curing time.

)e test for each specimen was repeated at least three
times to ensure accuracy and repeatability, and the average
value was reported as the strength of the tested sample.

2.2.2. Rheology Tests. Rheology is another important feature
for mine backfilling, since the slurry is transported by
pipeline, and the slurry flow in a pipe is dominated by its
rheological properties. )us, it is essential to evaluate the
rheological properties when applying a backfill material,
which is generally characterized by its yield stress and
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viscosity; therefore, rheology tests were performed using a
Brookfield RST Soft Solids Tester (RST-SST) Rheometer and
a Rheo3000 software for the HDBwith different binders.)e
tests were conducted at room temperature using a four-blade
vane spindle VT-40-20. )e rheometer was set to controlled
shear rate (CSR) mode, and HDB samples were sheared at a
shear rate range of 0–200 s−1. Before the tests, all materials
were homogeneously mixed in a mixing machine for 5min,
and then the sample was placed in a 600mL low-formGriffin
beaker for measurement. During the test, samples were first
sheared at a maximum rate (200 s−1) for 2min to simulate
the shear that occurs in practice during mixing before
slurries are directly dumped into a pipeline system without
silencing. )en, the sample was sheared from a rate of
200 s−1 declining to 0 s−1 over 100 s, with data recorded every
10 s.

2.2.3. Microstructural Analysis. Microstructural analysis,
including thermal analyses (thermogravimetry (TG), dif-
ferential thermogravimetry (DTG)), scanning electron mi-
croscope (SEM), and X-ray diffractometry (XRD), were
carried out to inspect the HDB properties. TG/DTG and
XRD were conducted on the three binder paste samples,
which were a mixture of binder and water with a W/C ratio
of 1. )e SEM samples were made from the cracked cube
after UCS tests. To prepare paste samples, the binders and
water were mixed using the same procedure and then sealed
in a chamber for the desired curing time. Prior to tests,
samples were dried in an oven at 40°C until mass stabili-
zation and then ground into powders for measurement.

)ermal analyses were carried out using an SDT-Q600
TGA from TA Instruments, which allowed the simultaneous
measurement of weight loss, heat flow, and transition
temperature changes. )e paste samples (about 10mg) were
heated in an inert nitrogen atmosphere at a rate of 10°C/min
up to 800°C during tests.

XRD was conducted to acquire the mineralogical and
chemical compositions of the HDB. It was performed using a
Bruker D8 advance diffractometer. )e scanning was carried
out over a 2θ range of 5–70° with a step width of 0.02° and a
scanning speed of 1°/min.

SEM observations were performed with a JEOL JSM-
6700F, operating in a backscatter electron mode.

3. Results and Discussion

UCS and rheological properties were examined to validate
the applicability of sustainable slag binder as mine backfill.

3.1. Strength (UCS) Development of the HDB with Different
Binder Agents. )e UCS developments of the HDB samples
with three binder agents (CB-HDB, BB-HDB, and SB-HDB)
are shown in Figure 2.

It can be seen that the BB-HDB has the lowest strength
for all times, HDBwith a blended binder, and slag binder has
nearly the same minimum strength after curing for 1 d and
3 d. Although HDB with PCI binder has the highest early
strength (<7 d), the SB-HDB shows the highest strength at
7 d and 28 d. PCI binder has the highest early strength, and
partial replacement with slag reduced the UCS. )e devel-
oped slag binder has a better performance for midterm (7 d)
and long-term strength (28 d).

3.1.1. Early-Age Strength (Curing ≤3 d) and Hydration
Products. BB-HDB has the lowest strength at 1 d and 3 d of
0.41MPa and 1.23MPa. SB-HDB has a slightly higher 3 d
strength of 1.33MPa, while CB-HDB has the highest 1 d and
3 d strength of 0.77MPa and 1.97MPa, respectively. )e
highest strength for CB-HDB was attributed to the rapid
hydration rate of its main components (C3A, C3S, and
C4AF). )e hydration process begins immediately when
water is added to produce hydration products, such as
hydrated calcium silicate (C-S-H), calcium hydroxide (CH),
and ettringite (AFt) [26]. In contrast, slag has a slow hy-
dration rate, and slag particles are only hydrated after an

Table 1: Chemical and physical properties of PCI and GGBFS.

Chemical composition PCI (%) GGBFS (%) Physical properties PCI GGBFS
CaO 62.82 37.95 Specific gravity 3.1 2.9
Fe2O3 2.7 0.63 Specific surface area (m2/kg) 430 460
SiO2 18.03 38.34 Fines content (<45 μm) (%) 88 95
Al2O3 4.53 12.3 Basicity coefficient, Mo — 0.90
MgO 2.65 7.82 Quality coefficient, K — 1.50
MnO 0.41 0.48 D10 (μm) 2.85 4.48
K2O 0.73 0.52 D50 (μm) 17.04 12.13
SO3 3.82 0.2 D90 (μm) 43.67 61.68
Note: Mo� (CaO+MgO)/(Al2O3 + SiO2); K� (CaO+MgO+Al2O3)/(SiO2+MnO+Ti2O).
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Figure 1: Grain size distribution of Gobi sand.
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alkali activator reacts with water to produce CH [27]. )e
active ingredients of the slag create a silicic-rich gel, which
then reacts with CH to produce C-S-H gel. Furthermore, slag
can react with sulfate activator (gypsum) to generate
ettringite [28]; however, gypsum has a very low solubility in
water, which means this hydration process will last for a long
time. SEM images were collected to inspect the micro-
structures of CB-HDB and SB-HDB, as shown in Figure 3.

As illustrated in Figure 3, the main hydration products,
such as C-S-H (clusters) and ettringite (bars), were observed
in both samples after curing for 3 d. CB-HDB was more
developed with denser and bigger C-S-H and ettringite
clusters, while SB-HDB was less developed with many un-
filled voids. Consequently, SB-HDB has lower early-age
strength due to the presence of more voids and less-de-
veloped hydration products. A TG/DTG analysis of binder
paste was conducted for validation, as shown in Figure 4.

Figure 4 shows that there are three DTG peaks or weight
loss for both binder pastes. )e first weight loss occurs
around 100°C, which is a result of the dehydration reactions
of some hydrates such as C-S-H, carboaluminates, ettringite,
and gypsum [29]. )e second weight loss occurs near 400°C,
which is caused by the dehydroxylation of calcium hy-
droxide [30]. Finally, a third peak is observed near 700°C,
which is attributed to the decomposition of calcite [31].
Overall, the total weight loss for the CB paste (21.5%) is
larger than that of SB (14.5%) after curing for 3 days, which
demonstrates that the amount of hydration products for CB
is larger. Although the third peak of SB is considerably lower,
which indicates a lower hydration rate, the first peak for SB is
higher, which indicates that SB has a greater amount of C-S-
H after curing for 3 days due to the reaction of slag with CH.
)e extra consumption of CH implies a lower second peak
for SB, even though the second peak for both binders is
relatively low.

3.1.2. Midterm (7 d) and Long-Term Strength (28 d). )e
UCS of backfill cured for 28 days is mainly controlled by the
binder content Bw %. It is a crucial parameter for mine
design, because it determines the mixing proportion and,
thus the backfill cost. In this case, the 28 d UCS of the or-
dinary CB-HDB is 5.27MPa, which is 1.05 times higher than
the design requirement (here, a minimum of 5MPa is re-
quired for ground support at 28 d curing, which is deter-
mined in the strength design process due to the extremely
high in situ stress load, underhand cut-and-fill mining
method requirement, and large portion of coarse Gobi sand
used as aggregate). )e UCS of BB-HDB is 5.08MPa which
is 96.4% of CB-HDB, but the UCS for SB-HDB reached
5.69MPa which is 1.14 times higher than the requirement.
)is result implies that the combination activation SB has a
higher performance than SB during long-term curing, which
is beneficial for mining in both mechanical properties and
cost. )e higher long-term performance is attributed to the
second hydration process of slag with alkali and sulfate. )is
produces complex products, such as ettringite (AFt), gyp-
sum, C-S-H, hydrocalumite, and dolomite. )e XRD pat-
terns of the three binder pastes after curing for 28 d are
presented in Figure 5 to illustrate the difference in hydration
products.

It can be seen that SB produces more complex hydration
products, but Portlandite (CH) is absent because (i) SB only
contains 3 wt% clinker, which generates only a small amount
of CH; (ii) the 91 wt% GGBFS in SB can react with CH to
generate extra C-S-H gel. )erefore, CH in the SB is
completely consumed and absent in Figure 5. Reports have
shown that CH does not improve the strength, but it is
harmful to the interface transition zone (ITZ), which re-
duced the strength [32]. In sum, the absence of CH and the
extra C-S-H contribute to the higher mechanical perfor-
mance of the SB. More AFt and dolomite (CaCO3) were
detected for the SB due to its complex hydration reaction.
Higher mechanical performance is typical of more extrusive
paste backfill with ultrafine tailings [33–35]. )e cost of SB
comprised of 91% GGBFS which can vary geographically,
but in China, it is generally 100 CNY/ton cheaper than
ordinary Portland cement. Besides, the binder has more
environmental benefits, such as lower greenhouse gas
emissions, use of natural raw materials during cement
production, and iron and steel industry sustainable
development.

3.2. Rheological Properties of the HDB. )e rheological
properties of the HDB with different binder agents were
evaluated and compared. Similar to most reported materials,
the HDB slurry exhibited Bingham plastic flow, as shown in
Figure 6. Although there are some unusual points in Fig-
ure 6, which are supposed to be caused by the collision of
rotational vane spindle (length 40mm and diameter 20mm)
and large aggregate particles (maximum diameter 5mm),
the Bingham model fitting shows a reasonable result with an
adjusted R2> 0.9.
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3.2.1. Yield Stress. From Figure 6, the practical use of CB-
HDB had the lowest dynamic yield stress of 5.90 Pa, which
fully meets the requirement for gravity transport. )e yield
stress increased to 7.1 Pa when half of PCI was replaced by
GGBFS in BB-HDB, and it nearly doubled to 11.50 Pa for
SB-HDB when 91% GGBFS was used. )is finding indicates
that the backfill slurry with GGBFS has a higher yield stress
than without GGBFS, which can be explained by the fol-
lowing two mechanisms: (i) GGBFS has a larger specific
surface area and fine particle content than PCI; therefore, the
formed cementitious gel has a larger surface area when
mixed with water, which will, in turn, capture more free
water molecules.)us, the distance between solid particles is
reduced, and flocculation and interparticle attractive forces
are enhanced, which increases the minimum external force
required to break the microstructure (yield stress) and in-
duce flow; (ii) GGBFS can improve the grain size distri-
bution of the mixtures because of its finer particle size
(d50 �12.13 μm.)is allows the tiny pores between aggregate
particles to be filled, which reduces the porosity and pro-
duces more compact mixtures with a higher packing density,
which increases the yield stress.

)is finding is consistent with many other studies in the
literature. References [36, 37] found that the slag grains with
more edges produced high shear stresses, and a higher slag
percentage produced higher normal shear stresses.

3.2.2. Viscosity. Figure 6 also shows that the viscosity only
slightly changed, regardless of the binder agent. )ey are
0.431 Pa/s, 0.455 Pa/s, and 0.446 Pa/s for CB-HDB, BB-HDB,
and SB-HDB respectively. )e apparent viscosities were
nearly the same as the three HDB during the test, as shown in
Figure 7. It can be observed that the apparent viscosity
completely overlapped for the three HDB and remained
constant at 0.4 Pa/s when the shear rate exceeds 50 s−1. It can
be concluded that the binder type does not affect the vis-
cosity in this case.

3.2.3. Discussion on Rheological Properties. From the above
results, the binder agent only slightly changed the yield stress
but had nearly no effect on the viscosity for the HDS;
however, it is difficult to determine how large of a change of
the viscosity will be significant. )e magnitude of the rhe-
ological property changes is far from practical use when
expressed in terms of yield stress and viscosity. Another
widely used practical parameter is the pressure drop or
friction factor, which evaluates the pressure loss of the
backfill slurry when transported via pipeline. )e friction
factor is closely related to the yield stress, viscosity, and
engineering conditions, such as the pipe diameter, flow state
(laminar, turbulent, and transition flow), flow rate (velocity),
Reynolds number, and slurry bulk density. Manymodels can
be used to predict the friction factor with high accuracy
[38, 39]. To better evaluate the practical applicability of the
SB, the pressure drop of the three HDBs will be calculated
and compared using a friction factor correlation.

Before selecting the model, the flow state of the HDB
under practical conditions should be determined, which is
evaluated by the Reynolds number Re as shown in
equation (1):

(a) (b)

Figure 3: Microstructures (SEM) of (a) CB-HDB and (b) SB-HDB after curing for 3 days.
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Re �
ρv D

μp

, (1)

where ρ is the slurry bulk density, kg/m3; v is the flow
velocity, m/s; D is the pipe diameter, m; and μp is the plastic
viscosity of a Bingham plastic fluid, Pa/s.

In this case, the pipe diameter was 110mm, the flow
velocity in the pipe ranged from 2.0m/s to 3.0m/s, the bulk
densities of the BB-HDB, CB-HDB, and SB-HDB were
1740.5, 1744.8, and 1736.08 kg/m3, respectively, and the
plastic viscosities are shown in Figure 8. )e calculated Re
ranged from 840 to 1336, which falls in the laminar flow
regime (Re< 2100). Furthermore, HDB behaves as a Bing-
ham plastic fluid as shown earlier; consequently, the

Buckingham–Reiner friction factor correlation [39] was
used to calculate the friction factor, as shown in equation (2):

f �
64
Re

1 +
1
6
He
Re

−
64
Re

He4

f
3Re7

  , (2)

where f is the friction factor; He is the Hedstrom number and
He � ((ρD2τB)/μ2p); and τB is the yield stress of a Bingham
plastic fluid.

Once the friction factor is determined, the friction head
loss can be determined by the Darcy–Weisbach equation
[28] using the following equation:

f �
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Figure 5: XRD patterns for (a) CB, (b) BB, and (c) SB pastes after curing for 28 days.
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where hf is the friction head loss, g is the acceleration of
gravity (m/s2), and L is the length of the pipeline (m).

Finally, the friction head loss can be converted to a
pressure drop im according to the following equation:

im �
ρghf

L
�
ρfv

2

2D
. (4)

According to the described procedure, the calculated
pressure drops for the three HDB are shown in Figure 8. PCI
has the lowest pressure drop, while the slag binder with 91%
GGBFS has a slightly higher pressure drop than HDB
(approximately 350 Pa/m), even with the doubled yield
stress and a small increase in viscosity mentioned earlier. In
other words, the flowability of the SB-HDB was not much
different than that of PCI.

4. Conclusions

)is work reported a slag binder for mine backfilling with a
large slag proportion (>90%), low-cost activator (solid
waste), and higher performance than cement. Strength and
rheology tests (yield stress and viscosity) as well as micro-
structure analysis using SEM, XRD, and TG/DTG were
conducted to compare its performance with ordinary
Portland cement type I (PCI) and PCI-slag blended binder.

)e proposed slag binder consists of 91% GGBFS, 3%
clinker, 5% desulfurized gypsum, and 1% mirabilite, and it
has a lower cost and is more environmentally friendly than
cement. )e backfill slurry with PCI binder had a higher
early strength due to the fast hydration rate of clinker, while
the developed slag binder has better mechanical perfor-
mance after midterm (7 d) and long-term (28 d) curing,
which is beneficial for practical mining applications.

)e rheological properties showed that adding slag to HDB
produced a higher yield stress, while changing the binder type
did not significantly change the viscosity; however, a more

practical parameter—the pressure drop calculated from the
Buckingham–Reiner friction factor correlation—showed that
SB-HDB was not significantly different than PCI, which in-
dicates that SB is suitable for mine backfilling.

)e validation tests showed that the proposed SB can
provide a sustainable binder choice for the mining industry
with better performance and a lower cost.
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