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Abstract

Quarry dust (QD) landfill causes environmental issues that cannot be ignored. In this
study, we systematically explore its potential application as a supplementary cementitious
material (SCM) in cemented paste backfill (CPB), revealing the activated mechanism of
modified QD (MQD) and exploring the hydration process and workability of CPB con-
taining QD/MQD. The experimental results show that quartz, clinochlore and amphibole
components react with CaO to form reactive dicalcium silicate (C;S) and amorphous glass
phases, promoting pozzolanic reactivity in MQD. QD promotes early aluminocarbonate
(M,) formation through CaCOj3-derived CO52~ release but shifts to hemicarboaluminate
(H.) dominance at 28 d. MQD releases active Al** /Si** due to calcination and deconstruc-
tion, significantly increasing the amount of ettringite (AFt) in the later stage. With the
synergistic effect of coarse—fine particle gradation, MQD-type fresh backfill can achieve
a 161 mm flow spread at 20% replacement. Even if this replacement rate reaches 50%, a
strength of 19.87 MPa can still be maintained for 28 days. The good workability and low
carbon footprint of MQD-type backfill provide theoretical support for—and technical paths
toward—QD recycling and the development of low-carbon building materials.

Keywords: quarry dust; calcination; cemented paste backfill; hydration; mechanical strength

1. Introduction

With rapid industrialization and urbanization, the generation of solid waste such as
quarry dust (QD) has significantly increased, presenting serious environmental concerns.
QD is a fine residue generated during quarry operations and aggregate processing; due to
limited landfill space, potential air pollution, soil degradation, and threats to groundwater
quality, QD presents considerable disposal challenges [1-3]. Its uncontrolled disposal can
exacerbate environmental deterioration, affecting ecosystems and human health. Mean-
while, extensive mining activities across the globe have produced substantial mined-out
areas, known as goaf areas, causing severe geological hazards such as land subsidence,
surface instability, and surrounding infrastructure risk [4-6]. Therefore, developing sus-
tainable methods for reutilizing QD in industrial applications, particularly for mine backfill
purposes, emerges as an urgent environmental and socio-economic necessity, offering
practical solutions to mitigate adverse environmental impacts and effectively stabilize
mining sites.
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Substantial research efforts across the globe are currently focused on exploring sus-
tainable reutilization pathways for QD. The construction industry in particular has been
at the forefront of QD reuse, with researchers extensively investigating its potential role
as an aggregate and supplementary cementitious material (SCM) [7,8]. QD can be ef-
fectively utilized to enhance the mechanical properties of concrete and address natural
sand scarcity [9,10]. The material not only serves as an aggregate replacement but also
contributes to reducing concrete production costs, making it an attractive option for con-
struction projects. Research also indicates that incorporating limited QD into concrete
mixes can, to some extent, improve the compressive strength and elastic modulus; however,
over 20% fine QD would lead to a decline in mechanical performance [11]. Additionally,
the development of both plasticized and non-plasticized concrete mixes utilizing QD has
demonstrated favorable properties for both fresh and hardened concrete, further validating
its application in construction [12]. The artificial neural network models employed have
shown that QD enhances particle shape and grading, which are crucial for achieving op-
timal concrete performance [13]. Moreover, QD is marketed as a replacement for natural
sand; various applications have been identified, including its use in asphalt mixes and as
bedding sand for block paving. Optimal asphalt concrete performance can be obtained
when the maximum QD aggregate particle size is 10 mm [14]. This versatility not only helps
in managing waste from quarrying activities but also supports sustainable construction
practices, aligning with global initiatives for reducing environmental harm. However,
despite these documented advantages, the broader commercial adoption of untreated QD
remains limited by critical constraints, primarily its inherent low pozzolanic reactivity
and insufficient hydration activity. Consequently, further research and effective activation
strategies are needed to overcome these limitations.

Several activation techniques have been extensively explored to address these inherent
limitations. Mechanical activation via prolonged grinding has been reported to increase
surface area and improve pozzolanic reactions, although this approach often involves
considerable energy consumption and demonstrates limited long-term effectiveness. It has
been found that after 120 min of mechanical activation (400 rpm), the Si dissolution per-
centage increases from 1.55% to 6.25%, while that of Al increases from 4.83% to 20.86% [15].
Chemical activation, involving alkali- or sulfate-based activators, has been extensively
investigated, showing promising improvements in early-age strength development and
hydration processes [16]. Samples with a sodium hydroxide to sodium silicate ratio of
1 exhibited the best mechanical performance, regardless of curing time [17]. However,
chemical activation often leads to increased complexity in formulation control and concerns
regarding potential environmental impacts. Thermal activation, notably calcination, has
emerged as a highly effective method for enhancing the pozzolanic reactivity of QD. By
transforming crystalline phases into amorphous ones, this process significantly improves
its reactive potential and cementitious activity. Zhang et al. proved that, after 825 °C
calcination, disordered silicate phases are generated, thus improving the dissolution of
free Al and Si [18]. Zhao et al. also demonstrated that calcined QD-based binders exhibit
excellent compressive strength at 1000 °C, indicating a lower cost and more favorable
environmental performance [19].

However, due to the comprehensive effects of raw materials, processes, equipment
and environmental factors, the chemical composition of QD varies greatly. During iron
ore beneficiation, QD is generated as an inevitable by-product, primarily originating
from dust collection during crushing, grinding, screening, and transportation. These
dust particles are captured through removal systems (such as bag filters, electrostatic
precipitators, or wet scrubbers) and form QD, the composition of which is complex. It
predominantly consists of iron oxides (Fe;O3, Fe30y4), along with associated silica (SiO,),
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alumina (Al,O3), calcium—magnesium compounds, and trace heavy metals (e.g., lead,
zing, and arsenic). Physically speaking, QD exhibits an extremely fine particle size, low
bulk density, and high susceptibility to airborne dispersion. Current resource utilization
strategies include recycling iron elements through sintering feed reuse, pellet blending, or
hydrometallurgical techniques [20,21]. QD with elevated hazardous components requires
solidification/stabilization treatment prior to secure landfill disposal in order to comply
with environmental regulations. Nevertheless, improving the reactivity and hydration
potential of iron-rich QD via calcination remains a rare strategy.

Recognizing these research gaps, the present study introduces an approach that in-
tegrates calcination and calcium-increasing modification techniques for substantially en-
hancing QD hydration activity. Initially, QD was mixed and calcined with calcite (CaCO3)
at 900 °C to optimize its reactive properties. A comprehensive suite of characterization
techniques—including X-ray diffraction (XRD), Fourier transform infrared spectroscopy
(FTIR), and scanning electron microscopy (SEM) [1]—was applied to systematically investi-
gate the modification-induced structural, chemical, and morphological changes in order
to clarify the activation mechanisms. Then, we rigorously evaluated the practical perfor-
mance of the modified QD (MQD) as a SCM in cement-based materials. Key performance
metrics, including fluidity and strength behaviors, were systematically assessed. These
experimental evaluations aim to verify not only the improved fundamental properties of
QD, but also its suitability and efficacy for applications in practical engineering scenarios,
particularly in mine backfill operations.

2. Materials and Methods
2.1. Materials

In this paper, QD was taken from an iron ore dressing plant in Shanxi province. QD
powder was sieved using a 1 mm sieve and dried in an oven at 50 °C before being stored
for later use. Calcite, obtained from the local building materials market, was employed as
a calcium-enhancing agent and mixed with QD for calcination. It is mainly composed of
calcium carbonate, with a purity of 99.6%. Ordinary Portland cement (OPC, 425 R), also
obtained from the local market, was used as the main cementitious material for backfill
preparation; its chemical composition is shown in Table 1. Tap water was used to prepare
fresh backfill slurry.

Table 1. Chemical compositions of QD and OPC (%).

Oxides Si02 Fe203 A1203 MgO CaO NaZO K20 TiOZ P205 503 LOI
QD 48.46 19.75 12.20 7.05 6.55 247 1.39 0.91 0.61 0.27 4.53
OoPC 20.85 3.68 5.28 3.08 61.54 0.21 0.68 - - 1.53 -

2.2. Sample Preparation

Performing X-ray Fluorescence Spectroscopy (XRF) on QD showed that it contained
48.46% Si0,, 6.55% CaO, 12.20% AlyO3, 19.75% Fep;O3, and 7.05% MgO (see Table 1). The
main consideration is that dicalcium silicate (C,S) and aluminate are the main products
during low-temperature calcination, and this requires reducing the calcium-silicon ratio to
promote solid-state reactions. As such, the optimal range for producing active silicate is
1.0~1.2 (molar ratio), while that for generating the aluminate phase is approximately 0.15.
Therefore, the QD/ calcite mass ratio was set to 2:1. With this proportion, the total CaO in
mixed materials reached 23.86%, with QD contributing 4.26 g, calcite 19.6 g, 5iO, 31.5 g, and
Ca/Si =~ 0.8, while the aluminum-silicon ratio approached 0.15. This formula compensates
for calcium deficiency in QD while retaining Al,O3 (7.93 g) and Fe;O3 (12.84 g), promoting
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cementitious activity. The MgO decreased to 4.58% after mixing and dilution, preventing
excessive formation.

At 600 to 750 °C, CaCOj3 generally decomposes at an accelerated rate. Its decom-
position rate is affected by the raw material particle size and the atmosphere inside the
mulffle furnace; however, not all the CaCOj is completely decomposed. At 750 to 850 °C,
decomposition is nearly complete, and CaO becomes the active component, participating
in the subsequent solid-state reaction [18]. Hence, calcination temperature is set to 900 °C
to ensure complete CaCO3 decomposition while balancing the silicate network, promoting
amorphous phase formation, and triggering MQD reaction activity, avoiding the vitrifica-
tion or excessive sintering caused by high temperatures. The heating rate is 10 °C/min,
and the calcination holding time is 60 min.

To evaluate the workability of modified QD as an SCM in cemented paste backfill
(CPB), fresh samples were prepared based on the experimental scheme shown in Table 2.
For comparison, both raw and modified QD were mixed with OPC. To reduce pipeline
transportation resistance, inhibit segregation and settlement, and shorten the solidification
period to enhance early strength, a mass concentration of 75% was selected. The mass
ratios were set at 1:9, 2:8, 3:7, and 5:5, respectively. Such mass ratios enable the backfill to
achieve greater mechanical strength, meaning it meets the strength requirements for filling
along the side of the abandoned roadways in coal mines.

Table 2. The mix proportions of cemented paste backfill (CPB) samples (%).

Sample OoPC QD MQD Concse(zlltllition
S1 90 10 - 75
S2 80 20 - 75
S3 70 30 - 75
S4 50 50 - 75
S5 90 - 10 75
S6 80 - 20 75
S7 70 - 30 75
S8 50 - 50 75

2.3. Analytical Methods

To access the transformation of MQD and CPB hydration, serval microscopic detection
technologies were applied; their technical parameters are described in the following. It is
worth noting that the samples were vacuum-dried at 60 °C for 12 h to largely remove the
physically adsorbed water.

(1) XRD test: The phase changes in MQD and CPB hydration were characterized using
the Shimadzu 7000 X-ray diffraction analyzer (Tokyo, Japan). The test samples need to be
ground and sieved through a 200-mesh sieve. They should present no granular feel when
touched, and have a uniform particle size and a sample mass above 0.1 g. Test parameters:
X-ray source of Cu-Ko, counting time of 0.24 s/step, slit width of 0.02°, scanning range of 5
to 70°, and scanning speed of 5° /min.

(2) FTIR test: The chemical structure and functional group changes in MQD were
analyzed using a Thermo Scientific Nicolet iS50 Fourier transform infrared spectrometer
(Waltham, MA, USA). The spectral range was set from 4000 to 400 cm ™! with a resolution
of 4 cm~!, and each spectrum was acquired through 32 scan accumulations. The potassium
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bromide (KBr) pellet method was employed for sample preparation to ensure optimal
infrared transmission characteristics.

(3) SEM observation: The surface morphology and microstructure evolution of MQD
were examined using a Zeiss Sigma 300 scanning electron microscope (Oberkochen, Ger-
many). The samples were platinum-coated using a Leica EM ACE600 sputter coater (Leica
Microsystems, Wetzlar, Germany) to enhance conductivity, followed by imaging under
high-vacuum mode with an accelerating voltage of 10 kV. Secondary electron (SE) detectors
were employed to capture topographical and compositional contrasts, respectively.

(4) TG analysis: The thermal decomposition behavior and mass loss characteristics of
CPB hydration were investigated using a Netzsch STA 449 F5 Jupiter simultaneous thermal
analyzer (Selb, Germany). Tests were conducted under a nitrogen atmosphere (50 mL/min)
at a heating rate of 10 °C/min from room temperature to 1000 °C. Approximately 15 mg
powder samples were placed in alumina crucibles, with an empty crucible serving as
a reference. Derivative thermogravimetry (DTG) curves were analyzed using Proteus
software (https://www.labcenter.com/ (accessed on 29 July 2025), Labcenter Electronics,
Burnsall, UK) to identify dehydration and decarbonation.

(5) Fluidity measurement: The rheological performance was evaluated according
to [18] using a mini-cone slump. Fresh mixtures were filled into truncated cone molds
(height 60 mm, top/bottom diameters 36/60 mm) and lifted vertically at 0.5 mm/s. The
final spread diameter was measured at least twice, and the average value was taken
as fluidity.

(6) Compressive strength test: A hydraulic universal testing machine equipped with
a 200 kN load cell was employed following the C39/C39-18 standard [22]. Cylindrical
specimens (50 x 100 mm) were axially loaded at a speed of 1 mm/min until failure.
Strength values were calculated as Fmax/A, with results normalized to 3- and 28-day
cured samples.

It needs to be emphasized that fluidity and compressive strength tests must be con-
ducted more than three times, with the average value taken to reduce errors. Moreover,
when obvious incorrect data are obtained during the test, the samples need to be retested
until the results of the two tests are close.

3. Results and Discussion

3.1. MQD Mineral Phase Transformation
3.1.1. XRD Analysis of QD/MQD

The XRD spectrum of the raw materials (Figure 1a) before calcination shows that
the surrounding rock of the iron ore is mainly composed of quartz (S5iO;), clinochlore
(Mg, Fe)sAl;SizO19 (OH)g) and hornblende (Cay; (Mg, Fe, Al)5SigO2 (OH)z). Among
them, quartz is mainly marked by characteristic reflections at 20 = 26.6° (d = 3.34 A),
20.8° (d =4.26 A) and in the range of 25°~30°; clinochlore’s characteristic reflections are
distributed at 20 = 6.2° (d = 14.2 A) and 12.4° (d = 7.1 A); and hornblende’s characteristic
reflections are concentrated at 20 = 8.9° (d =9.9 A) and 29.9° (d = 2.99 A). The existence
of these mineral phases indicates that the raw materials are mainly silicate minerals,
including iron-magnesium layered silicate and chain silicate, and their structural stability
is controlled by the state of coordination between the hydroxyl group and metal cation [23].
The significant existence of quartz in the XRD pattern of calcined products indicates its high-
temperature stability (see Figure 1b) [24]. At the same time, dicalcium silicate (CaySiO4, C;S,
20 = 32.1°, 34.3°), anorthite (CaAl,Si;Og, 20 = 27.8°, 30.5°), calcium iron oxides (CaFe,Oy,
20 =33.2°,35.6°) and iron oxides (Fe; O3, 26 = 35.4°) were newly formed. Furthermore, the
broad gentle dispersion band of the amorphous glass phase (20 = 20°~35°) indicates that
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part of the silicate melt is not crystallized during cooling, while the hornblende residual
reflections suggest its incomplete decomposition [25].

(@)

+—Quartz (b) +—Quartz
a—Clinochlore A-C,S
&—Hornblende #—Hornblende

* v v—Calcium oxide

a-Ferric oxide
v—Calcium iron oxides

e—Anorthite

40 50 60 70 10 20 30 40 50 60 70

20 (°) 20 (°)

Figure 1. QD and MQD XRD patterns: (a) QD, (b) MQD.

During the calcination process, calcium carbonate (CaCOs3) decomposes into CaO and
CO; at roughly 600 °C~800 °C. The resulting CaO acts as an alkaline flux and undergoes a
solid-phase reaction with silicate minerals in the surrounding iron ore rock [26]. Quartz
and CaO form C,S through a diffusion control mechanism at 900 °C. The reaction can be
expressed as 2CaO + S5i0,—Cay5i04. The decomposition of clinochlore and hornblende
releases AI*, Fe?* /Fed* and Mg2+, where AI’* combines with CaO and SiO, to form
anorthite (CaO-Al,03-2Si0,), while Fe3* reacts with CaO to form CaFe,Oy4. The generation
of iron oxides may originate from the oxidation of Fe?* in hornblende (4FeO + O, —2Fe;03).
The existence of residual hornblende indicates that its thermal decomposition kinetics
is hindered, perhaps by the strong Si-O-Si bond in its chain structure and local anoxic
environment [27]. The formation of the amorphous glass phase is related to the cooling
of low-melting-point eutectic mixture [28]. The complexity of its composition leads to
insufficient crystallization driving force. To sum up, the heterogeneous coexistence of
calcined products reflects the combined effect of thermodynamic equilibrium and kinetic
limitations in the reaction path, and the ratio of CaO addition and calcination time may
need to be further optimized to achieve complete mineral conversion [29].

3.1.2. FTIR Analysis

Compared with the raw material, the infrared spectrum of the calcined product
showed significant structural reorganization characteristics (see Figure 2). The decrease
in band intensity at 450 cm~! and 454 cm ™! indicates that the bending vibration mode of
5i-O tetrahedron in silicate minerals has changed, which may be related to the collapse
of clinochlore and hornblende lamellar/chain structures in the raw materials [30]. The
thermal decomposition of such minerals leads to the breakage of their Si-O-M (M = Mg, Fe,
Al) bonds, the depolymerization of local silicon-oxygen networks and their recombination
into amorphous phases, thus weakening the intensity of low- wavenumber bands [31].
The sharpening of the band around 750 cm™! is related to the enhancement of Si-O-Si
symmetrical stretching vibration and Si-O-Al asymmetric stretching vibration, suggesting
increased newly formed anorthite after calcination [32]. In addition, the disappearance
of the band at 924 cm™!, which is attributed to Al-O-Si or Mg-O vibration, confirms the
complete destruction of clinochlore and/or partial decomposition of hornblende in the raw
material at high temperatures [33]. The sharpening of the band at 990 cm !, corresponding
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to Si-O-Al/Fe vibration in anorthite/calcium ferrite, directly reflects the crystallization
process of the new silicate phase [34]. The significant enhancement of the asymmetric
stretching vibration of CO32~ at 1413 cm ™! indicates the incomplete decomposition of
calcium carbonate during calcination. This might be related to the uneven heating of mixed
materials [35].

(@) si-0 si-o —QD () si-0-al —QD (c) ——QD
! - ——MQD ——MQD

i
i
i
i
i
i
i

T T T T T T T * T T T T
400 500 600 700 80(800 1000 1200 1400 1600 1800 3000 3200 3400 3600 3800 4000
Wavenumber (cm™") Wavenumber (cm ™) Wavenumber (cm™")

Figure 2. The infrared spectrum of QD and MQD: Wavenumber (a) of 400~800 cm~1,
(b) 800~1800 cm ! and (c) 3000~4000 cm L.

The broadening and enhancement of hydroxyl (-OH) absorption bands in the
3417-3557 cm ! region reveal the complexity of hydroxyl evolution in calcined systems [36].
Although, in theory, a high temperature promotes layered/chain silicate dehydroxylation,
the enhanced band may originate from the following mechanisms: (1) the high specific
surface area of the nascent amorphous glass phase promotes the chemisorption of ambi-
ent water molecules on its surface during cooling, forming Si-OH or Fe-OH bonds [37].
(2) The partial dehydroxylation of residual hornblende leads to the reconstruction of the
hydrogen bonding network of hydroxyl groups in its structure, enhancing the vibration
dipole moment [38]. (3) The surfaces of iron oxides undergo hydroxylation in an oxidizing
calcination atmosphere [39]. The above process is consistent with the detection results
of hornblende residues, iron oxides and amorphous phases in XRD, indicating that the
apparent enrichment of the hydroxyl group is actually the superposition effect of mineral
decomposition kinetics lag and interfacial re-reaction. In addition, the band changes in
the 450-990 cm ! interval further verify the transformation of the silicate network from
a layered/chain topology to a framework or island structure, driven by the CaO charge
compensation effect on the silicon-oxygen tetrahedron [40].

3.1.3. SEM-EDS Analysis

Figure 3 shows the QD and MQD SEM-Mapping results. It can be seen that the local
enrichment of Ca and Si in QD(1) is consistent with the primary occurrence state of quartz
and a small amount of carbonate, while the wide area of Fe distribution suggests that it may
exist in the form of hornblende or cryptocrystalline iron oxide [41]. The relative scarcity
of Al and Mg indicates that clinochlore accounts for a limited proportion in this area [42].
The global enrichment of Fe in QD(2) may originate from the Fe-Mg chain structure
of hornblende or the dispersive distribution of secondary magnetite (Fe304) in the raw
material, while the local enrichment points of Si and Mg may correspond to clinochlore and
hornblende [43]. The above differentiation phenomena reveal the microscopic heterogeneity
of mineral phases in the raw materials, and the symbiotic mode of Fe-Mg-Al silicate and
quartz/carbonate is controlled by the geochemical distribution of elements under the
original diagenesis [44].
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Figure 3. QD and MQD mapping and SEM observations.

MQD(1) mapping after calcination shows the global distribution of Ca, Si, and Mg,
indicating that CaO, derived from the decomposition of CaCO3, undergoes a solid-phase
diffusion reaction with silicate minerals at high temperatures to form homogenized dical-
cium and a glass phase [45].The local enrichment of Fe and Mg may correspond to calcium
ferrite or incompletely reacted hornblende debris; their migration ability is limited by the
low diffusion coefficient of Fe3* in silicate [46]. The local enrichment of Ca in MQD(2)
is spatially separated from the main enrichment areas of Si, Al, Mg, and Fe, suggesting
that phase separation has occurred. The localization of Ca may originate from unreacted
CaO particles or anorthite crystal core sites, and the wide distribution of Si-Al-Mg-Fe is
related to the formation of amorphous glass phases and magnesium silicates. This spatial
differentiation indicates that the diffusion of Ca?* during calcination dominates silicate
network reorganization; however, high-valence cations such as AIP* and Fe3* are limited to
local areas due to charge balance requirements, resulting in multiphase coexistence. This
phenomenon highlights the decisive influence of differences in cation migration rates in
solid-state reactions on the final product microstructure [47].

Overall, under calcination at 900 °C, we see the complete decomposition of clinochlore
and partial decomposition of hornblende in the raw materials. Their layered/chain siloxane
networks disintegrate due to dehydroxylation and metal-O bond breaking; these bonds
correspond to reconstructed -OH peaks at 3417-3557 cm ™! and the disappearance of Al-O-
Si/Mg-O peaks at 924 cm~! in the FTIR results. The released AI** and Fe** combine with
the CaO derived from the decomposition of CaCOj3, forming anorthite and calcium ferrite.
Concurrently, CaO reacts with reactive SiO; via solid-phase diffusion to generate C,S,
though most of the quartz remains intact due to its high thermal stability. The incomplete
decomposition of hornblende is closely linked to the resistance of its chain-like Si-O-Si
bonds to thermal breakdown, as well as the hindered oxidation of Fe?* under local oxygen-
deficient conditions [48]. The amorphous glass phase originates from the cooling of a
multicomponent silicate melt, whose compositional complexity reduces crystallization
driving forces. SEM-Mapping reveals kinetic competition between the global diffusion
of Ca®* and the localized enrichment of Fe**/ AI**, ultimately leading to the multiphase
coexistence of crystalline and glass phases and residual minerals. Additionally, incomplete
CaCOj3 decomposition and enhanced hydroxyl adsorption may arise from uneven heat
transfer due to material mixing heterogeneity and the chemisorption of water molecules on
the surface of the nascent amorphous phase [49].
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3.2. Hydration Evolution of QD/MQD-Containing CPB
3.2.1. XRD Analysis of QD/MQD-Containing CPB

The XRD results in Figure 4 revealed the significant regulatory effects of QD and
MQD on the hydration product compositions of CPB (51~58). At 3 days of hydration,
the reflection intensity of monocarboaluminate (M., CagAl, (CO3)(OH)1,-:6H;0) increased
with QD dosage. This is attributed to the partial dissolution of residual trace carbonate
in raw materials under highly alkaline conditions, releasing CO32~ that promotes the
preferential combination of tricalcium aluminate (C3A) to form M.. The weak presence
of hemicarboaluminate (H¢, CagAl;(CO3)g.5 (OH)13-6H,0) was limited by the increased
mole ratio of CO3/(CO;3; + 20H) in the early stage [50]. At 28 days of hydration, M,
intensity decreased while H, significantly increased. This occurred because, despite the
continuous dissolution of CaCOj3 in QD replenishing CO32~, the massive consumption
of free CO32~ by ettringite (CagAl (SO4)3 (OH)12-26H,0, AFt) formation and calcium
hydroxide carbonation reduced its concentration below a critical threshold, making H,
the thermodynamically stable phase. Notably, chinochlore and hornblende exhibited high
chemical inertness under ambient alkaline conditions due to their layered/chain silicate
structures, whereas AI**/Fe3* remained unreacted. The evolution of aluminate phases was
solely governed by cement-derived C3A and QD carbonates [51].

1-Ferric oxide 2-Quartz 3-AFt
2 4-Hornblende 5-H, 6-C,S

1-Clinochlore 2-Quartz 3-AFt 4-Hornblende (b)
5-H,6-M, 7-CH 8-Calcite 9-C,S 10-C,S
4
4
2
5 3
3

7 7-CH 8-Calcite
783 7 7 8 5 709 S4 \UL{
S3 NCL‘*AJ S7

S2 S6
s il $s
T T T T T T 1 T T T T T T 1
10 20 30 40 50 60 70 10 20 30 40 50 60 70
20 () 26 ()

(C) N\ 2 1-Clinochlore 2-Quartz 3-AFt 4-Hornblende (d) 7 3 1-Ferric oxide 2-Quartz 3-AFt
4 4 7 5-H,6-M_ 7-CH 8-Calcite 9-C,S 10-C,S 2 4-Hornblende 5-H, 6-C,S
M at 7-CH 8-Calcite

5 2 3 2
1 28 sl o
3 1|37 | 9 72 77
: 233 082 1o s4 2 8, 7
"\\m 3 e
% ) )
S2 S6
WM S1 S5
T T T T 1 T T T T T T 1
10 40 50 60 70 10 20 30 40 50 60 70

26 ()

26 (%)

Figure 4. XRD patterns of CPB containing (a) QD at 3-day hydration, (b) MQD at 3-day hydration,
(c) QD at 28-day hydration, and (d) MQD at 28-day hydration.

In contrast, the MQD-containing system showed extremely low H. intensity and
undetectable M. at 3 days; however, it displayed relatively significant H. enhancement at
28 days. This is attributed to the calcination-induced dissociation of mineral topological
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structures, enabling the rapid release of free AI>* to directly participate in H nucleation.
The evolution of AFt reflection intensity further confirmed MQD'’s relatively high reac-
tivity. At equivalent dosages, the AFt intensity in MQD-cement systems consistently
exceeded that in QD-cement systems, with amplified intensity growth at 28 days. This
indicates that calcination-generated calcium ferrites and amorphous phases accelerated
Fe3*/ Al3*-sulfate interfacial reactions [52]. Notably, CH intensity decreased with increas-
ing QD/MQD dosage, while samples with QD exhibited lower CH reflection intensity
than MQD-containing samples. This suggests that calcined MQD products contained
reactive silicates/aluminosilicates and extra quicklime, generating additional CH during
hydration. The calcite reflection intensity decreased with QD/MQD dosage but increased
with curing time, revealing kinetic competition between aluminate phase formation and
carbonate precipitation [53]. The residual unreacted quartz/ferric oxide content showed
positive correlations with QD/MQD dosage, highlighting mass transfer limitations at inert
mineral-cement interfaces.

3.2.2. TG Analysis

As illustrated in Figure 5, the derivative thermogravimetric (DTG) profiles recorded
for 28-day hydrated specimens revealed multiple distinct peaks associated with thermal
decomposition processes. These characteristic mass loss events were principally attributed
to structural dehydroxylation reactions and carbonate-containing compound decompo-
sition within cementitious hydrates; this is consistent with previous observations in the
literature [54]. Through thermogravimetric analysis, three critical phase parameters were
systematically quantified: (1) chemically bound water (CBW) content, as determined
through 50-550 °C mass variation (see Chemical Equations (1) and (2)); (2) calcium hy-
droxide (CH) concentration, derived from 400 to 550 °C decomposition characteristics (see
Chemical Equation (3)); and (3) carbonate (C) proportion, as calculated using 550-850 °C
mass differentials (see Chemical Equation (4)) [55].

C-S-H-nH,0—C-S-H + nH,O (1)
3Ca0-ALO3-3CaS0,-32H,0—3Ca0-Al,05-3CaSOy + 32 H,O )
Ca(OH),—+CaO + H,O 3)

CaCO3;—Ca0 + CO, (4)

According to the calculation results in Figure 6, the contents of CBW, CH, and C all
decrease with increasing QD and MQD dosages; however, the MQD-containing systems
exhibit significantly higher values than their QD-containing counterparts. For example,
sample S5 (10% MQD) shows CBW, CH, and C contents of 22.45%, 12.14%, and 17.89%,
respectively, which are 3.2%, 3.1%, and 2.5% higher than those of sample S1 (10% QD).
Even at 50% dosage, sample S8 (MQD) maintains higher values (13.28% CBW, 6.08%
CH, 10.02% C) than sample S4 (QD). This difference is attributed to the high reactivity
of calcined products. C,S formed during calcination enhances hydration by releasing
calcium ions and silicon-oxygen tetrahedra, promoting C-S-H gel formation and increasing
CBW [56]. Additionally, aluminum ions from MQD’s amorphous glassy phases accelerate
ettringite nucleation, which consumes CH, leading to CH consumption. The XRD results
further validate this, as intensified ettringite peaks confirm enhanced aluminum release
and interfacial reactivity [57]. MQD-containing systems have high CH values as reactive
silicates /aluminosilicates generate additional CH during hydration.
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at 28-day hydration.

The C content in the QD-incorporated sample decreased by 40.9% with increasing
dosage, while the MQD-incorporated sample showed a 44.0% reduction, indicating that
calcination promotes calcium carbonate decomposition and recarbonation synergy. FTIR
detects residual CO3%~ peaks in calcined products, where alkaline dissolution replenishes
carbon sources and stabilizes calcite via carbonation. In contrast, raw ore’s intact calcium
carbonate crystals and low solubility limit carbonation, while inert minerals like clinochlore
and hornblende occupy interfacial space, hindering hydration [58]. Consequently, a high
QD dosage reduced CBW and CH to 56.5% and 45.2% of S1’s values. Calcination enhances
MQD'’s contribution by destroying inert mineral structures, releasing active Al/Si ions,

and optimizing interfacial reactions, whereas QD’s stability and mass transfer limitations
dominate performance degradation.

3.3. Workability of QD/MQD-Containing CPB

Fluidity and uniaxial compressive strength (UCS) are two core indexes for evaluating
CPB properties. The former quantifies the deformation capacity of slurry during trans-
portation through a slump or flow spread test; this directly affects construction feasibility
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and must take pipeline transportation efficiency and anti-segregation stability into account.
UCS characterizes the bearing capacity of the solidified backfill, which must meet engi-
neering mechanical design requirements; its development law is related to the hydration
process and long-term durability of backfill.

3.3.1. Fluidity

As shown in Figure 7, the change in slurry flow spread of 10%~50% when QD and
MQD replace cement, respectively, shows a nonlinear law of first rising and then falling,
with the two systems showing differentiated attenuation characteristics. In detail, the flow
spread of the QD system is 148 mm, 156 mm, 135 mm and 102 mm at 10%, 20%, 30%
and 50% substitution ratios, respectively. In turn, the packing densities are 0.647, 0.662,
0.638 and 0.591 [6,59]. The flow spread of the MQD-containing systems corresponds to
141 mm, 161 mm, 144 mm, and 118 mm, and the packing density is 0.653, 0.678, 0.659,
and 0.624. It can be seen that the flow spread of both increases at a low dosage of below
20%, and the fluidity peak of MQD reaches 161 mm at 20%; this is significantly higher
than QD’s performance at the same dosage. However, at a high dosage of 50%, QD
expansion decreases sharply to 102 mm, while MQD remains at 118 mm with a more
moderate attenuation amplitude. The D5y (Dsp: The median diameter, indicating that
50% of the particle volume is smaller than this size.) values of QD and MQD are 12.2 pm
and 11.5 um, respectively; these are significantly larger than that of cement (8.84 um).
Its coarse particles can fill the voids formed by fine particles in cement, reducing water
demand. At this time, the packing densities of QD and MQD systems increased to 0.662
and 0.678 at 20% dosage, respectively, indicating that a tightly packed structure was formed
between particles, the yield stress of the slurry was reduced, and the flow spread was
improved [60]. The D[3,2] (D[3,2]: A surface area-weighted average that characterizes
particle size based on surface area) value of MQD is 4.33 um, which is slightly higher
than that of QD (4.84 um), indicating that the average surface area of MQD particles is
smaller and the water demand is further optimized; as such, its peak fluidity (161 mm)
exceeds that of QD (156 mm). In MQD-containing systems, more water can be employed to
wrap solid particles to form a water film; fluidity is positively correlated with water film
thickness [61,62]. After the dosage exceeds 30%, the proportion of coarse particles is too
high, resulting in gradation imbalance, and the original, fine particle-dominant system is
destroyed. The D[4,3] (D[4,3]: The volume mean diameter, a volume-weighted average
that emphasizes the size distribution based on particle volume.) value of QD is 17.0 um,
which is significantly higher than that of MQD (16.7 um), and the Dgg (Dgg: The diameter
at which 90% of the particle volume is smaller.) of QD and MQD are 39.1 pm and 40 um,
indicating QD’s wider particle size distribution. As such, the friction resistance between
coarse particles intensifies, and the packing density drops sharply to 0.591 at 50% dosage.
Slurry flow resistance increases sharply, and the flow spread drops to 102 mm. For MQD,
the high D[3,2] value of 4.33 pm and the low D[4,3] value of 16.7 um indicate that its particle
shape may be closer to spherical or the surface may be smoother; as such, a 0.624 density
can still be maintained at high dosage and flow property attenuation can be slowed down.
Due its better particle size parameters balancing coarse particle proportions, its surface
area and its morphological characteristics, MQD shows stronger adaptability in both high
and low dosage ranges.
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Figure 7. (a) Flow spread of samples; (b) particle size of OPC, QD and MQD; (c) packing density of
both QD- and MQD-containing systems.

3.3.2. Compressive Strength

As seen in Figure 8, the strength of QD/MQD-containing backfill decayed nonlinearly
with increasing substitution ratio, but S5~58 showed significant mechanical advantages
due to its better packing density and chemical activity. Under a replacement rate of 10% to
50%, the UCS value of QD-containing backfill (51~54) dropped sharply from 20.54 MPa
to 9.05 MPa at 3-day hydration, marking a decrease of 55.9%, and the strength dropped
sharply from 33.21 MPa to 16.87 MPa at 28-day hydration (a decrease of 49.2%). The
strength of the MQD-containing backfill decreased by 48.8% and 45.1%, respectively, at the
same hydration times. It is worth noting that the 28-day strength (19.87 MPa) of S8 under a
high replacement rate of 50% is still close to the UCS value of S3 at 30%, revealing that its
effective strength support ability is maintained even at high dosages. This phenomenon is
partially related to their differing particle size distribution. The D[3,2] of MQD is 4.33 um,
which is smaller than the 4.84 pm shown by QD; the corresponding specific surface area
is increased, promoting the rapid nucleation of early hydration products. The Dsy of
MQD is 11.5 um while that of cement is 8.84 pm, forming complementary gradation. The
particle packing efficiency is optimized, and the packing density at a 20% replacement
rate is 0.678; this is significantly higher than the 0.662 seen in QD at the same dosage. The
compact physical structure delays defect formation under a high substitution rate. MQD’s
compactness only decreases by 2.8% to 0.659 at a 30% dosage, while that of the QD system
decreases by 3.6% to 0.638, resulting in a sharps drop of 34.7% and 24.9% in S3’s mechanical
performance at 3 and 28 days at 30% dosage, respectively.



Minerals 2025, 15, 817

14 of 19

P~
S
=

Unconfined compressive strength (MPa)

40

40

—~
=2
=

I 3d

I 3d
[ 284

Unconfined compressive strength (MPa)

20 30 50 10 20 30 50
Additionratio (%) Addition ratio (%)
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MQD backfill displays stable strength due to the mineral phase reconstruction and
multi-scale reactivity activated by calcination. The XRD results showed that the 28-day
peak intensity of hydration products such as AFt and calcite in the MQD-type backfill
was higher than that in the QD-type samples (see Figure 9). This can be attributed to
the destruction of the layered clinochlore structure by calcination; the release of active
A% directly participated in hydration product nucleation [63]. At the same time, residual
calcium carbonate was calcined, continuously supplementing CO32~. The TG data proved
that MQD'’s carbonate content was 10.02% higher than that of QD (8.17%) at 50% dosage.
These data further revealed that the CBW (13.28%) and CH (6.08%) contents of MQD-type
backfill were 12.3% and 18.6% higher, respectively, than those of QD-type at high dosages.
This indicates that the active C,S generated by calcination continuously hydrates to form
C-S-H gel (see Figure 9) and that the released Si**/Al3* accelerates CH consumption by
adsorbing hydroxyl groups, forming a dynamic enhancement mechanism. On the other
hand, in QD-type samples, the chemical inertness of minerals such as clinochlore and
hornblende leads to decreased interfacial transfer efficiency, attenuating the hydration
process of cementitious systems. Nevertheless, the synergistic effect of physical gradation
optimization and chemical activity release enables MQD-type backfill to achieve enhanced
particle filling and hydration regulation when used to replace cement.

Speaking broadly, in this article, the performance of QD/MQD-based cementitious
material was studied and compared. Due to its better particle gradation, MQD has a D[3,2]
value of 4.33 um and a Dsg of 11.5 um, enabling better slurry fluidity. Calcination releases
active aluminum ions and silica ions from MQD, promoting hydration product formation
and leading to better backfill mechanical performance [64]. This advantage stems from the
synergistic effect of physical filling and MQD’s chemical activity; this not only optimizes
particle density, but also continuously enhances the hydration reaction through mineral
phase reconstruction [65].

As evidenced by the authors of [66-69], the CO, emissions in OPC production are
0.82 kg/kg, at a cost of 60.0 USD/ton. Considering the energy consumption of grinding and
calcination, the CO, emissions of MQD production are 0.12, while the cost is 13.1 USD/ton.
According to the mix proportions of MQD-cement-based CPB, as shown in Table 2, the CO,
emissions of S5~58 are around 0.75, 0.68, 0.61 and 0.47 kg/kg, respectively. In addition,
the cost per compressive strength of S5~S8 are roughly calculated to be 1.53, 1.57, 1.83
and 1.84 USD/ton/MPa; taking into account the influence of certain experimental factors,
these values are 0.82 kg /kg and 2.02 USD/ton/MPa for the control sample. It can be seen
that MQD-cement-based CPB displays lower CO, emissions and costs. As such, we have
developed low-cost backfill materials that perform well; we did this by replacing cement
with MQD, which not only reduces cement consumption, but also reutilizes industrial
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waste, providing a feasible solution for environmental protection and low-carbon building

materials in mining.

Figure 9. SEM observation of CPB: S1~S8 (CSH: calcium silicate hydrate; AFt: ettringite; CH:
Porlandite; C: calcite).

4. Conclusions

This study aims to recycle QD as an SCM to reduce costs and cement consumption and
lower the carbon footprint in construction. We comprehensively investigated the mineral
phase transformations of MQD, the hydration of QD/MQD-cement-based CPB, and their
workability. Based on the experimental results, we draw the following conclusions:

(1) During calcination, QD reacts with CaO at high temperatures, forming C,S, anor-
thite, calcium ferrite, Fe;O3 and amorphous glass phases. Most of the quartz remains
due to its high thermal stability, while residual hornblende peaks indicate incomplete
decomposition; this is attributed to the strong Si-O bonds in its chain structure.

(2) QD promotes early M, formation through CaCOj3-derived CO52~ release; however,
it shifts to H. dominance at 28 days due to CO3%~ depletion via AFt formation and carbon-
ation. In contrast, MQD's calcination-induced structural dissociation enables rapid AI**
release, suppressing early M, foration while significantly enhancing H. and AFt formation
at later stages due to reactive aluminates/ferrites. TG analyses confirm MQD-type backfill
exhibits higher CBW, CH, and carbonate retention than QD-type samples; this is attributed
to pozzolanic reactivity being promoted.

(3) At 20% substitution, slurry containing MQD achieves a flow spread of 161 mm and
a packing density of 0.678 by balancing coarse—fine particle ratios. Even at 50% substitution,
MQD-type backfill retains a 28-day strength of 19.87 MPa, which is close to that of the
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QD-type sample at 30% replacement. The former exhibits superior performance over the
latter in both fluidity and mechanical strength due to its optimized particle gradation
and enhanced chemical reactivity. This synergy positions MQD as a sustainable cement
substitute with robust adaptability across substitution ranges.
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