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Study on the synergistic hydration
mechanism of granulated blast
furnace slag-carbide slag-based
cementitious materials and the
properties of full-solid waste
backfill materials

Jianmin Li%, Liwen Guo%23", Jiayong Zhang?3"“, Ye Li%3, Li Ma* & Kai Wang®

The synergistic utilization of multiple solid waste is an effective means of achieving green filling

and resource utilization of solid waste in mines. In this paper, the synergistic effects of solid waste
granulated blast furnace slag (GS) and carbide slag (CS) as cementitious materials (GCCM) are
investigated, along with their preliminary feasibility in combination with coal gangue (CG) and furnace
bottom slag (FBS) for the preparation of backfill materials. The synergistic hydration mechanism,
mechanical properties, working performance of GCCM and GBC were studied, and the environmental
impact and cost-effectiveness of GBC were evaluated. The results indicate that when the molar

ratio of n(Ca0)/n(SiO, +Al,0,) is 0.635 in GCCM, CS has a significant alkaline excitation effect on

GS. In addition, the hydration products mainly composed of C-(A)-S-H gel, AFm and hydrotalcite.
However, when the concentration of OH" is high in GCCM, Ca(OH), preferentially precipitates, leading
to a reduction in the amount of main hydration product C-(A)-S-H gel. Moreover, GBC has better
competitive strength performance than ordinary Portland cement (OPC). The optimal compressive
strength of GBC at 28 days is 19.699 MPa, with a standard slump is 228 mm, fully meeting the strength
and transportation requirements for mine filling. The heavy metal leaching rate at 28 days meets the
requirements of GB 8978, demonstrating potential for carbon reduction and cost savings. The full-solid
waste GBC developed in this study can replace cement as a backfill material, which is of significant
importance for achieving green mining, the synergistic utilization of solid waste resources, reducing
filling costs, and enhancing environmental benefits.

Keywords Binary solid waste cementitious material, Carbide slag, Synergistic hydration mechanism,
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According to the data of the Annual Report on the Development of the Coal Industry in 2023, the raw coal
production of China is expected to reach 4.71 billion tons by 2023, while coal consumption will grow by 5.6%.
Furthermore, the available coal resources are projected to exceed 13.79 billion tons'. Due to the large thickness
of the overburden and the complex geological conditions, most of coal resources are mined underground rather
than open-pit®. The traditional fully mechanized caving mining method leads to a series of problems such as
surface subsidence, destruction of ground buildings, destruction of aquifers, and pollution of the environment
by gangue hills®. Academician Qian put forward the concept of “green mining” in 2003, and filling mining has
become an effective way to realize the green mining of coal mine disaster reduction and reduction®. In addition,
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a series of laws, regulations and policy documents such as the reduction of mineral resource tax, the replacement
of production capacity and the new solid waste law provide opportunities and guarantees for the development of
filling mining. It is imperative to carry out research on backfill mining technology.

Cement paste backfill (CPB) is widely used in underground mines around the world. Traditional paste backfill
usually contains ordinary Portland cement (OPC) as a cementing agent, and its cost accounts for 60% ~80% of
the cost of backfill materials®. According to the data of the National Bureau of Statistics, the cement production
of China has long ranked first in the world. The national output of cement above scale is 2.02 billion tons, and the
corresponding carbon emission is about 1.1 billion tons, accounting for about 12% of the total national carbon
emission. In addition, the coal-based solid waste (mainly including coal gangue, furnace bottom slag, fly ash,
desulfurization gypsum, etc.) of China has accumulated a stock of tens of billions of tons, with a rapid growth
of 1.5 billion tons one year, accounting for more than half of industrial solid waste. The low comprehensive
utilization rate and large storage capacity of solid waste lead to the increase of environmental pollution risks such
as water, soil and gas, which threatens the safety and health of the public. Therefore, efficiently utilizing solid
waste to produce solid waste-based cementitious materials (SWBCM) is one of the most effective ways to achieve
the reduction, resource recovery, and harmless disposal of solid waste, which can also lower the filling costs and
carbon emissions associated with cement production®.

As a new type of low-carbon cementitious material, SWBCM is mainly composed of industrial solid waste
such as fly ash (FA), granulated blast furnace slag (GS), steel slag (SS)”. However, the low alkalinity environment
affects hydration reaction, resulting in a low early strength of SWBCM, which limits its promotion and
application®. Zhou et al. studied the hydration properties of steel slag-red mud-cement-based composite mortar,
and found that a single doped steel slag hindered the hydration process of the composite material, and the early
strength of the composite material decreased®. At present, chemical alkali activators are often added to improve
the strength of SWBCM. However, the traditional alkaline activator solution is mainly composed of sodium
silicate (SS) and sodium hydroxide (SH), which is not only expensive but also energy-consuming!?. Compared
with the traditional OPC-based concrete mixture, its use will cause environmental problems such as human
health risks, freshwater ecotoxicity and a tenfold increase in ozone layer consumption potential'!. Based on the
high concentration of cemented backfill technology, the effects of several activators on fly ash-based cementitious
backfill materials were studied by Yu. The results show that Na,SiO, provides the most effective activation,
leading to an increase in strength, while the backfill cost also rises'2. On one hand, using low-modulus water
glass can enhance mechanical performance, while it complicates the process, generates significant heat during
use, and may lead to issues such as excessively rapid setting times. On the other hand, low-modulus water glass
is not easily stored at room temperature and requires on-site preparation. Hence, it is particularly necessary to
explore low-cost alkaline substances that can replace traditional alkali activators.

Carbide slag (CS) is an industrial alkaline solid waste produced by the hydrolysis of calcium carbide during
the production of polyvinyl chloride. The main component is Ca(OH), (CH), and 1.5~1.9 tons of CS can be
produced for each ton of PVC!. Due to the lack of effective methods for large-scale waste utilization, CS is
mainly stored in open space and reprocessed after long-term drying, resulting in land occupation, waste of
calcium resources, soil, groundwater and environmental pollution'. In fact, CS has small particle size and low
pretreatment cost. In recent years, researchers have begun replacing strong alkaline activators with alkaline
solid waste to activate potentially reactive aluminosilicate materials for the production of new binders, aiming
to reduce costs and address the issue of short curing times caused by strong alkaline activation. Guo used soda
residue, CS and ground granulated blast furnace slag to prepare a binder, which can obtain better mechanical
properties'>. A new type of low carbon cementitious material was synthesized by Bai et al. using CS, soda
residue, red mud and FA as raw materials, the compressive strength has reached 10.7 and 22.1 MPa after sealed
curing at room temperature for 3 and 28 days'®. Furthermore, the amount of coal gangue (CG) generated from
coal mining and furnace bottom slag (FBS) produced by coal-fired power plants is steadily increasing. The
primary disposal methods of CG and FBS are stockpiling and landfilling, which not only occupy land resources
but also lead to various environmental pollutants. Chen et al. have shown that fine particles less than 1.25 mm
in FBS account for more than 50%, which was beneficial to improve the strength of the filling body and form
a dense skeleton structure. Adding an appropriate amount of FBS as fine aggregate in coarse aggregate CG can
slow down the crack propagation speed of the filling body under stress'”. The above research provides a certain
feasibility theory for reducing the pollution of solid waste to the environment and developing new means of
resource utilization.

In summary, while many studies have focused on the preparation of SWBCM from solid waste, information
on the use of CS as a solid alkaline activator to replace traditional cement binders is still limited. Furthermore,
there is less research on the preparation of GBC for mine backfill using coal-based solid waste, such as CG and
FBS, as aggregates, in conjunction with GS and CS as cementitious materials, especially in a full-solid waste
system. The synergistic effects between GS and CS, the mechanical properties and failure mechanisms of mine
backfill materials, the solidification ability of heavy metal ions, and cost-effectiveness have been less explored.
Therefore, GS was used as an aluminosilicate raw material, CS as an alkaline activator, and CG and FBS as
aggregates to prepare full-solid waste backfill materials GBC by leveraging the complementary advantages of
these solid wastes. The hydration products of GCCM were characterized using X-ray diffraction (XRD), in-situ
Fourier-transform infrared spectroscopy (in-situ FTIR), scanning electron microscopy with energy dispersive
spectroscopy (SEM-EDS), thermogravimetric analysis (TG-DTG) and Brunauer-Emmett-Teller (BET)
methods, and the synergistic hydration mechanism of GCCM was revealed. The mechanical properties of the
GCCM and GBC were tested through unconfined compressive strength (UCS) tests. Additionally, the working
characteristics, environmental impact and cost-effectiveness of GBC were studied by varying the content of
GCCM. This research aligns with the concepts of “treating waste with waste” and “treating disaster with waste”,
and promotes the use of multi-source solid waste for preparing mine backfill materials, which significantly
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Type | Mad/% | Vad/% | FCad/% | Aad/%

FBS |0.58 1.72 | 1.63 96.07

CG 1.49 11.46 | 8.80 78.25

Table 1. Industrial analysis results of aggregates.

Fig. 1. The proportion diagram of chemical composition of aggregate.

reduces the carbon emissions associated with Portland cement production. The approach also offers advantages
such as the use of local materials, cost-effectiveness and environmental sustainability.

Experimental materials and properties
Solid waste and mixing water were used as the main experimental raw materials, including CG, FBS, GS and CS,
and the mixing water was laboratory tap water.

Aggregate
CG is taken from a coal mine in Tangshan, and FBS is provided by a coal-burning power plant. The industrial
analysis data of CG and FBS are shown in Table 1. The results indicate that the moisture, volatile matter, and
fixed carbon content of CG are higher, while the ash content is lower. In contrast, the composition of FBS shows
the opposite trend. This can be attributed to the fact that FBS primarily consists of residues remaining after
combustion, with most of the volatile components having been eliminated during the process.

The XRD test results of the aggregate are shown in Fig. 1. The main components of FBS and CG are SiO,,
Al O,, Ca0, Fe,0,, K,0 and TiO,, accounting for 92.0 and 97.8% of the total components in FBS and CG,
respectively. The FBS used in the experiment is mainly composed of quartz and mullite'®. The main component
of CG is quartz, which belongs to clay coal gangue. A large amount of SiO, ensures the high hardness and
deformation resistance of CG.

Cementitious materials

GS was purchased from Henan Wuhu Environmental Protection Technology Co., Ltd., which is a by-product
of blast furnace ironmaking and serves as the main silicon-rich aluminate precursor. The appearance of GS is
grayish white solid powder, the flow ratio is 97%, and the activity indexes of 7d and 28d are 84.1 and 98.3%,
separately. The density is 3.10 g/cm?, the loss on ignition is 0.87%, and the water content is 0.43%. After drying
(105 °C drying to constant weight) and sieving (200 mesh standard sieve), XRE, XRD and SEM tests were carried
out to determine the chemical composition, mineral composition and microstructure of the raw materials. As
shown in Fig. 2, the main chemical components of GS are SiO,, Al,0, and CaO, and the calculated alkaline
coefficient M, is 0.77, which belongs to acidic slag; the mass coefficient K is 1.62, which belongs to high active
slag. The XRD pattern in Fig. 3 of GS has a “steamed bread peak” at 20° ~ 40°, showing a typical diffuse diffraction
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Fig. 2. The chemical composition ratios of GS and CS.
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Fig. 3. XRD spectrum of GS and CS.

pattern of amorphous glassy materials, with a small amount of crystalline compounds SiO,, calcite (CaCO,) and
gehlenite(C,AS). The GS structure in Fig. 4A is mainly cryptocrystalline, showing irregular prismatic and flaky.

CS was provided by a chlor-alkali company in Tangshan province. After standing for 7 days, the CS slurry
exhibited a layered structure, with a colorless, clear alkaline solution on top, primarily composed of CH, and a
lower layer of CS slurry, which had a wet basis moisture content of 89.58%. The main chemical components of
CS are CaO, along with small amounts of SiO, and Al,O,. The M, of CS is 21.63, categorizing it as an alkaline
waste residue. The K of CS is 31.75, significantly higher than that of GS. This indicates that, under a specific blend
of cementitious materials, CS can provide suitable hydration activity and strength development effects for GS.
XRD analysis shows that the primary crystalline compounds are CH and minor amounts of calcium carbonate
(CaCO,). SEM images in Fig. 4B reveal that CS mainly consists of a loose block structure with numerous platy
crystal forms of CH, while CaCO, crystals are present in granular or microcrystalline forms within the CS.

Figure 5 shows the infrared spectra of GS and CS. The broad absorption peak at 3423 cm™! corresponds
to the stretching vibration of the -OH bond in H,O, while the weak absorption peak at 1639 cm™ is caused
by the bending vibration of -OH, reflecting the internal vibrational absorption characteristics of the water
within the crystals. The absorption peak near 1430 cm™ is attributed to the asymmetric stretching vibration
of the C-O bond'. In the low-frequency region of the GS spectrum, the absorption peaks at 450 ~700 and
956 cm™! correspond to the silicoaluminate groups in GS, representing the presence of Al-O and Si-O bonds,
respectively'®. In the CS spectrum, the absorption peaks of CH appear at 3639 cm™! (stretching vibration of the
-OH group) and 1624 cm™ (bending vibration of H-O-H), while the absorption peak at 869 cm™! for carbonate
is generated by the symmetric stretching vibration of CO,*"°.
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Fig. 5. FTIR spectra of GS and CS.
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Fig. 6. The particle size distribution of GS and CS.

The particle size distribution of GS and CS are shown in Fig. 6. The median particle sizes of GS and CS are
13.144 and 4.977 pm, respectively. The smaller particle size of CS allows it to effectively fill the voids in GS,

facilitating the activation of alkali reactions. Based on formulas Cu = %15501 and U = %Dg%’ﬂ, the uniformity

coefficients of GS and CS are 7.952 and 11.821, respectively, with curvature coefficients Cu of 1.388 and 0.769.
These values indicate that GS exhibits good particle size distribution, while CS demonstrates poor grading. The
grading uniformities (U) are 1.354 and 2.141, separately. Since the multimolecular layer adsorption theory (BET
theory) method does not require assumptions about particle shape or semi-empirical formulas'?, the specific
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Raw materials/

wt.% Element molar ratio of mixture slurry
Samples ID | GS | CS n(Ca0)/ n(Si0,) | n(Ca0)/ n(SiO,+AL0,) | Water-cement ratios (mL/g) | Curing condition
G9Co 93 |7 1.279 0.388
G8C1 83 |17 1.640 0.499

20+1C,

G7C2 73 |27 2.089 0.635 0.5 90 +5%R.H
G6C3 63 |37 2.663 0.808
G5C4 53 |47 3421 1.042

Table 2. GCCM experimental mixing ratio. # G*C*: G in G* is GS, * is the percentage of GS content in
GCCM, Cin C*is CS, * is the percentage of CS content in GCCM.

surface areas were measured using nitrogen adsorption. The specific surface area of GS is 1.585m?/g, while that
of CS is significantly higher at 23.371m?/g, indicating a much greater surface area for CS.

Experimental scheme and method

Experimental scheme

The strength development of GCCM primarily relies on the hydration reactions of GS and CS. To investigate the
hydration reactions of GCCM cementing system and the synergistic reaction mechanism between the GS and
CS, GCCM was prepared using GS and CS as raw materials without interference from filler aggregates. Referring
to the previous studies and a large number of experimental studies®?*2!, the mass ratios of GS to CS were set
at 93:7, 83:17, 73:27, 63:37, and 53:47, and the solid concentration was 66.6% (water-to-solid ratio of 0.5). The
schematic diagram of test process was shown in Fig. 7. CS in wet slurry state (WCS) was subjected to air-drying,
oven-drying, and grinding for pretreatment. Then, dried GS, CS, and tap water were weighed according to
the proportions listed in Table 2 and mixed by mechanical stirring for 3 min until a homogeneous slurry was
obtained. The fresh slurry was poured into cylindrical molds with dimensions of ®50mm x 100 mm (D x H),
and vibration was applied on a vibrating table for 60 s to eliminate air bubbles. The molds were covered with
cling film and placed in a constant-temperature and constant-humidity curing chamber (95 +1%RH, 20+ 1°°C).
After 24 h, the specimens were demolded and cured to the required age. The in-situ infrared conversion of
GCCM fresh grout with optimal strength at 28 days was monitored during the early hydration stages. UCS tests
were conducted on the GCCM samples at 3, 7, 14 and 28 days of curing. The microstructural properties of the
hydration products of GCCM were characterized using XRD, SEM-EDS, BET and TG analyses.
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Based on the optimal 28d UCS mix ratio of GCCM, and drawing on previous studies and preliminary
experiments?!, GBC series samples with a mass concentration of 77% (water-to-solid ratio of 0.3) were prepared,
with mixing and curing conditions identical to those of GCCM. CG and FBS aggregates were sieved and weighed
according to the proportions shown in Table 3. Specifically speaking, FBS was passed through a 0.8 mm standard
square-hole sieve as a fine aggregate. GS was sieved to obtain GS with particle size range of 0~2, 2~5 and
5~10 mm as coarse aggregate. The principle of 1/5 of the minimum diameter is introduced, assuming that the
total mass of aggregate required for the preparation of a standard sample is M,, the aggregate mass required for
the particle size range between d, and d, satisfies the following formula:

d \" [ d \"

where: d___represents the maximum particle size, which takes 10 mm, n represents the Talbot gradation index,
which takes 0.4.

GBC was prepared with FBS:CG =1:1, and the proportion of CG aggregates in different particle size ranges was
52.5,23.3 and 24.2%, respectively. The slump and extensibility of the fresh GBC slurry were measured using the
mini slump test. After 28 days of curing, the leaching characteristics of heavy metal ions from GBC specimen
were studied to preliminarily assess the filling properties and feasibility of producing GBC from full-solid waste.

Experimental method

Industrial analysis: The industrial components such as moisture, volatile matter, ash, and fixed carbon in CG and
FBS were determined using a fully automatic industrial analyzer (5E-MAG6700, Changsha Kaiyuan Instruments
Co., Ltd., China). Each sample was tested three times, and the average values were recorded.

Particle size distribution: Using anhydrous ethanol as a dispersing medium, the particle size distribution of
GS and CS was analyzed with a laser particle size analyzer (NRTG100-D, Shandong Niket Analytical Instrument
Co., Ltd., China).

XRD: Mineral composition analysis of GCCM was performed using an X-ray diffractometer (D8 Advance,
Bruker, Germany) with a Cu target, operating at 40 kV and 20 mA. The 20 scanning range was from 10° to 90°,
with a scanning speed of 5°/min and a step size of 0.01°.

FTIR: The molecular structure and functional group changes of GS and CS were analyzed using a Fourier-
transform infrared spectrometer (VERTEX70, Bruker, Germany) via KBr pellet method in the transmission
mode within the range of 4000 to 400 cm™.

SEM-EDS: A scanning electron microscope (JEOL JSM-IT100A, Japan) coupled with Energy Dispersive
Spectroscopy (EDS) was used for observing the microstructure and surface elemental composition of GS,
CS, GCCM and GBC 30. After compressive strength testing, small blocks from the axial positions of GCCM
and GBC samples at different ages and ratios were crushed and immersed in anhydrous ethanol to terminate
hydration for 7 days. The samples were then placed in a vacuum drying oven for 12 h. Representative specimens,
with a flat upper and lower surface and a height not exceeding 2 mm, were gold-sputtered for morphological
and energy spectrum analysis.

Flowability: According to GB/T 8077-2012, freshly mixed solid waste slurry of GCCM was placed into a
frustum-shaped mold, and the upper surface was leveled with a spatula. The timing started when the mold
was vertically lifted, lasting for 30 s. The average sum of the maximum horizontal and vertical diameters of the
flattened slurry was taken as the result for one flowability test, with three tests conducted for each ratio to obtain
the average value.

Bleeding rate: The bleeding rate was determined by the ratio of the volume of water that separated from the
slurry of GCCM after standing for 1 h to the original water content of the slurry.

Compressive strength and elastic modulus: The uniaxial compressive strength and elastic modulus of GCCM
and GBC at the specified curing age were tested using an elastic modulus device (HTB-2, Jinan Mineral Rock
Testing Instrument Co., LTD, China). The sample dimensions were ®50mm x 100 mm, with a loading speed of
0.05kN/s. The average values of three samples’ test results were recorded as the strength value?.

In-situ Infrared: An in-situ diffuse reflectance Fourier-transform infrared spectrometer (INVENIO
S, Bruker, Germany) was employed to measure the in-situ transformation of the fresh slurry of GCCM
(n(Ca0)/n(Si0, + AL,O,) =0.635) during curing in the range of 600 to 4000 cm™". This involved using a Harrick
diffuse reflectance accessory and a low-temperature nitrogen-cooled MCT/B optical detector. The temperature
was maintained at 25 °C, with a monitoring duration of 360 min. The thoroughly mixed GS-CS slurry was
immediately placed into a small crucible positioned centrally on the sample stage, with the optical path adjusted
to achieve a reflection intensity between 2 and 9.8.

Samples ID | GBC25 | GBC30 | GBC35 | GBC40
GCCM 25 30 35 40
FBS+CG 75 70 65 60

Table 3. Experimental mixing ratio of GBC (wt.%). # GBC* indicates that the GCCM content accounts for *%
of the total solid mass.
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Thermogravimetric Analysis: A synchronous thermal analyzer (PerkinElmer STA 6000, USA) was used to
assess the thermogravimetric (TG) curve of the hydration products of GCCM in a nitrogen atmosphere, heating
from room temperature (30 °C) to 1000 °C at a rate of 20 °C/min.

BET: The specific surface area of the hydration products of GCCM was calculated using a BET surface area
analyzer (BK112T, Beijing Jingwei Gaobo Technology Co., Ltd., China) based on the adsorption/desorption
curves, and the pore sizes of the materials were calculated using the BJH model based on the nitrogen desorption
data.

Slump: A mini slump cone (®5cm x @10cm x 15 cm) was utilized to evaluate the flow performance of GBC.
The slump cone was pre-wetted, and the freshly mixed slurry was placed inside the cone and compacted in three
stages with a tamper. Excess slurry on the surface was scraped off with a spatula. The height of the slurry vertical
drop was measured as the “slump” with results averaged over three tests. The horizontal spread distance was
measured as the “expansion’, following the same calculations as the flowability testing.

Heavy metal leachate concentration: In accordance with GB 18,599-2020, leachate was prepared from
GBC samples that had been solidified for 28 days (crushed and screened through a 3 mm sieve) and their raw
materials according to national standard HJ 557-2010. The concentrations of heavy metal ions in the leachate
were detected using an Inductively Coupled Plasma Mass Spectrometer (ICP-MS, Agilent 7700, Shanghai Xiyan
company, limited, China) and compared to the GB 8978 comprehensive discharge standard for wastewater?*.

Results and analysis

Analysis of synergistic reaction mechanism of GCCM

Analysis of mineral composition of hydration products

The XRD patterns of G7C2 at different ages are shown in Fig. 8. Compared with the XRD patterns of GS and CS
(Fig. 3), new hydration products, such as AFm, amorphous C-(A)-S-H, and hydrotalcite (HT), were observed
in GCCM. This suggests that CS promotes the hydration of GS, which is consistent with the findings of Zhang
et al.?%. Specifically, CS provides a highly alkaline environment for the hydration of GS*. Under the alkaline
activation of CS, Ca**, Mg?*, SiO 44‘ and AI’* ions are released from GS. These ions combine with SO 42‘ and
CO.?" in the alkaline and high calcium environment to form hydration products such as AFm, C-(A)-S-H and
HT*. As shown in Fig. 8A, with the extension of curing time (from 3 to 14 days), the intensity of the CaCO,
diffraction peaks gradually decreases, the intensity of the CH diffraction peaks slightly decreases. While the
diffraction peaks of AFm crystals and HT gradually increase, and the area of the prominent “hump” between
20° and 40° increases. This indicates that the partial dissolution of CaCO, and CH promotes the formation of
hydration products such as AFm, hydrotalcite and C-(A)-S-H gel. Additionally, the higher calcium content in
CS promotes the crystallization of CH in the alkaline environment, CH undergoes carbonation, leading to the
formation of CaCO328, while CH and CaCoO, primarily derived from the raw material CS.

As the curing time reaches 28 days, the intensity of the CaCO, diffraction peaks increases, primarily due
to the carbonation of CH, which leads to an increase in the amount of CaCO,. As shown in Fig. 8B, with the
increase in the molar ratio of n(CaO)/n(SiO,+ Al 0,), the area of the prominent “hump” initially increases
and then decreases. This suggests that the amount of C-(A)-S-H gel increases at first and then decreases. The
increase in CS content raises the alkalinity of the system, promoting the hydration reaction of GS and favoring
the formation of more hydration products. However, when the ratio of #(Ca0)/n(SiO, + Al,O,) exceeds 0.635,
the high alkalinity environment induced by CS causes an excess of OH" ions, which preferentially react with Ca?*
to form CH, leading to its crystallization on the GS surface. This inhibits the hydration reaction to some extent,
resulting in a decrease in gel content®.

Analysis of in-situ structural transformation of hydration products
Figure 9 shows the in-situ infrared spectra changes of GCCM with a n(Ca0)/n(SiO, + Al,O,) ratio of 0.635 over
reaction times within 360 min. The analysis reveals that, as shown in Fig. 9A, the absorption peak at 1141 cm™!
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Fig. 8. XRD patterns of GCCM samples. (A) Different ages of G7C2; (B) Different n(CaO)/n(SiO, + Al,0,).
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Fig. 9. In-situ infrared spectra of GCCM. (A) 700 ~ 1800 cm’}; (B) 3500 ~ 3700 cm™".

shifts to 1066 cm™ after 360 min. On one hand, under the alkaline activation of CS, the amorphous phase of the
silicates in GS dissolves, causing the Si-O-Si(Al) bonds at 1141 cm™ to break. As the hydration time increases,
the number of chemical bonds contributing to the absorption peak gradually decreases, resulting in a continuous
decrease in the peak intensity”. On the other hand, after the Si-O-Si(Al) bonds are broken, the electron cloud
distribution around the oxygen atoms in the [SiO,] and [AlO,] tetrahedra undergoes significant changes. This
alteration in the electron cloud distribution affects the vibrational characteristics of the chemical bonds, causing
the absorption peak to shift to 1066 cm™!, where it exhibits Si(Al)-O stretching vibrations. This change indicates
a reduction in the polymerization degree of the [SiO,] and [AlO,] tetrahedra, which is inferred to result from
the incorporation of CS, promoting the formation of a large amount of low-polymer gel structures containing
more C-(A)-S-H gel*. In addition, the absorption peak of the CO,*~ group at 745 cm™" exhibits a shift to lower
wavenumbers and a gradual increase in intensity, which is related to the carbonation reaction of CH?®. The
absorption peak at 1532 cm™! becomes progressively sharper and more pronounced with the prolongation of the
hydration time, which may be attributed to the increasing densification of the hydrogen bonding network in the
hydration products as the hydration reaction proceeds®!. Furthermore, the band at 1690 cm™ is attributed to the
asymmetric stretching vibration of H-O-H in free water, typically present in the form of liquid water or adsorbed
water32. However, after 360 min, this band shifts to 1638 cm™!, which is assigned to the bending vibration of
H-O-H, reflecting the presence of hydroxyl structures in the C-(A)-S-H gel****. In Fig. 9B, the absorption peak
at 3643 cm™! corresponds to the O-H bond vibration in CH. It is observed that the intensity of this absorption
peak increases with the extension of the hydration reaction time, which may be related to the transformation
of CH from an amorphous to a crystalline state. These findings also support the progression of the hydration
reaction and corroborate the XRD results.

Microscopic morphology analysis of hydration products

When the ratio of n(Ca0)/n(SiO, + Al O,) is 0.635, the microstructural morphology of GCCM at different curing
ages is illustrated in Fig. 10. It can be observed that the microstructure of GCCM is characterized by complex
arrangements of flaky, layered, and network-like amorphous structures. In Fig. 10A, influenced by the early
curing age and incomplete hydration reactions, the structure appears relatively loose with numerous irregular
voids. The surface displays layered structures, hexagonal plate-like CH crystals approximately a few micrometers
wide, as well as some GS particles that have been partially corroded by alkalis. Additionally, the presence of
cross-linked, honeycomb-like, and fibrous C-(A)-S-H gel is a primary contributor to the formation of the three-
dimensional network structure and overall strength. In Fig. 10B-F, as the curing age increases, the quantity of
C-S-H gel and C-A-S-H gel (as confirmed by EDS analysis) increases, leading to the formation of gel particles
with irregular shapes and similar sizes. These particles further accumulate and interconnect, resulting in a denser
microstructure. Concurrently, the amount of CH decreases, and the surface of the samples shows a significant
presence of petal-like AFm crystals (Fig. 16F) along with a small quantity of cubic CaCO,. The interlocking of
hydration products serves as a filler and reduces voids, contributing to a more compact microstructure that
favors the strength development of GCCM?. Furthermore, as the ratio of n(CaO)/ n(Si0, + Al,0,) increases,
the number of pores in GCCM initially decrease and then increase. The samples in Fig. 10a,c exhibit a loose
internal structure compared to Fig. 10b. This is because when the n(CaO)/n(SiO, + Al,0,) ratio is low, the CS
content is limited, and the lower alkalinity environment results in fewer GS hydration products, which affects
the structural densification of GCCM. Conversely, when the ratio of n(Ca0)/n(SiO, + Al,0,) is 1.042, the high
alkalinity environment promotes the preferential precipitation of CH crystals, leading to a relative reduction in
the hydration products, which is consistent with the XRD results.
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Fig. 10. SEM image of GCCM. (A) G7C2 of 3d age; (B,C) G7C2 of 7d age; (D) G7C2 of 14d age;
(E,;F) G7C2 of 28d age; (a) n(CaO)/n(SiO, + Al,0,) =0.388; (b) n(Ca0)/n(SiO, + Al,0,)=0.635;
(0)n(Ca0)/n(SiO, + Al,0,) =1.042).
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Fig. 11. TG-DTG curves of G7C2 at different ages.

Thermogravimetric analysis of hydration products
Figure 11 presents the TG and DTG curves of GCCM (n(CaO)/n(SiO,+Al,0,)=0.635) at different curing
ages. The TG curve exhibits a continuous decline, while the DTG curve reveals four distinct weight loss peaks.
Notably, the weight loss peaks in the temperature ranges of 30~130 °C and 130~200°C are significantly
different. These ranges are attributed to the decomposition of hydration products C-(A)-S-H and AFm, as well
as the evaporation of physically bound water, which are closely related to the sample composition*’. The weight
loss occurring between 200 and 550 °C is associated with the dehydroxylation of CH. Meanwhile, the weight loss
peak in the 550 ~750 °C range corresponds to the thermal decomposition of CaCO,, arising either from CS or
from carbonation during the solidification of GCCM and CH?. As shown in Table 4, with the increase in curing
age, the mass loss rate of hydration products and CaCO, significantly increases, which is related to the increased
formation of C-(A)-S-H gel, AFm, and the carbonation of CH into CaCO,. The presence of the weight loss peak
again confirmed the formation of hydration products, which was consistent with XRD and in-situ FTIR results.
Figure12illustratesthe TG-DTGcurvesfor GCCM samplescured for28 daysatvaryingn(Ca0)/n(SiO, + AL, O,)
ratios. The characteristic absorption peaks are consistent with those in Fig. 11. To quantitatively analyze the
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Ages | Mic.a)s-ngarm) | Mcn | Mcacos
3d 5.608 5.878 | 3.653
7d 5.644 5.864 | 3.932
14d 7.237 5.620 | 4.459
28d | 8.928 5.423 | 4.831

Table 4. Mass loss rate of hydration products in G7C2.
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Fig. 12. TG-DTG curve of GCCM.

Samples ID | M, M, | M, «

G9Co 4.772 | 3.221 | 4.371 | 40.771
G8Cl1 6.510 | 4.064 | 5.871 | 54.087
G7C2 8.928 | 5.423 | 4.459 | 67.413
G6C3 6.605 | 5.643 | 4.167 | 58.151
G5C4 6.347 | 5.745 | 3.947 | 57.126

Table 5. Mass loss rate and hydration degree of hydration products.

impact of n(Ca0)/n(SiO, + AL, O,) on the hydration degree of GCCM, the content of hydration products based
on the thermal mass loss of C- (A) S H, AFm, CH, and CaCO, in the 28d hydration system were calculated. The
calculation formula are as follows*

M. = M; + My + 0.41M5 (2)
M.
f— 3
*T 024 @)
74
w(CH) = My x = (4)
’I.U(C&CO3) = M5 X % (5)

where: M, is the mass loss rate due to the decomposition of hydration products C-(A)-S-H and AFm, M, is
the mass loss rate associated with the thermal decomposition of CH, M, is the mass loss rate corresponding to
the decomposition of CaCO,, M, represents the mass loss rate of chemically bound water in the cementitious
material; w(CH) and w(CaCO, ) denote the contents of CH and CaCO, in the hydration reaction system,
respectively, « is the degree of hydrat1on

The loss rate of weight loss and hydration degree for GCCM is shown in Table 5. As the ratio of
n(Ca0)/n(SiO, + Al,O,) increases, the mass loss rate of M, and the degree of hydration (a) first increases and
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Percentage of pore size/%
Micropores /nm | Mesopores /nm | Macropores /nm
Samples ID | 0.50 ~2.00 2.00~50.00 50.00 ~100.00 BET surface area /(m?/g) | Pore volume / (cm®/g) | Adsorption average pore size /nm
G5C4 1.77 73.69 24.54 30.650 0.094 15.589
G6C3 0.99 71.07 27.95 31.554 0.118 14.930
G7C2 1.07 66.54 32.39 32.839 0.178 12.225
G8C1 0.53 63.20 36.28 28.656 0.174 21.329
G9COo 0.55 61.12 38.33 27.958 0.149 24.286

Table 6. Performance of hydration products of GCCM in BET analysis.

120

0.20 0.20 0.010
——sum_dV2 —=—sum_dV2
ik ——dV2/dD 1 S 015 ——dV2/dD 0.008
it o s a
| £ 8 0.006 =
.10 g o010 /\\\ N
3, :l 0.004 5
£
2 0.05 o ‘ 2005 0.002
" b -’
90 0.0 a 0.00 = N 0.000
1 10 100 1 'DUD( N 100
DD(nm i
0.20 (nm) 0.010 0.20 0.010
. w‘ sum_dV2 ——sum_dV2
~ L 015 ——dV2/dD 0.008 S ods ——dV2/dD 0.008
@ 'E N =6 0.15
E g \ 0.006 S g A, 0.006 2
£0.10 oS00 S
- ] A\ > 2 ]
& = A 00045 = 3\ 0.004 =
= e \ g \ =
) 60 [ =oost /\}/ 0.002 2005 0.002
E - i ’_\\\\
0.00 - 0.000 a® =
= 1 10 100 0.00; 10 T i
s DD(nm) DD(nm)

%015 ~——dV2/dD }‘ )
30 ?()us = ? G5C4
e oo ——G6C3
. o G7C2
= e ——G8C1
‘ ——G9CO

0.00 0.25 0.50 0.75 1.00
PIP,

Fig. 13. N, adsorption-desorption isotherms and pore size distribution curves of GCCM.

then decreases, the sample with a molar ratio of n(CaO)/n(SiO, + Al,0,) =0.635 exhibits the highest hydration
degree (a=67.413), which is consistent with the XRD and SEM results.

BET analysis of hydration products

After 28 days of hydration, the specific surface area and pore size test results of the GCCM at different
n(Ca0)/n(SiO, + Al O,) ratios are summarized in Table 6. The N, adsorption specific surface area ranged from
27.958 to 32.839m?/g, while the total pore volume varied between 0.094 and 0.174cm?/g. The average pore
size ranged from 12.225 to 24.286 nm. All GCCM samples exhibite abundant mesopores (61.12 to 73.69%),
a significant number of macropores (24.54 to 38.33%), and a small amount of micropores (0.53 to 1.77%). A
positive correlation was observed between the specific surface area and total pore volume of the samples, while
a negative correlation was found with the average pore size. This indicates that the development of the pore
structure in GCCM has a direct impact on both the internal specific surface area and pore volume. The GCCM
with an n(Ca0)/n(SiO, + Al,O,) ratio of 0.635 exhibited a relatively high specific surface area, total pore volume,
and smaller average adsorption pore size, measuring 32.839m?/g, 0.178cm?/g, and 12.225 nm, respectively.

The N, adsorption-desorption isotherms and pore size distribution for each sample are illustrated in Fig. 13.
The results indicate that the hydration products of GCCM display a type IV adsorption isotherm, suggesting the
presence of a porous adsorbent exhibiting capillary condensation in a binary composite system. Additionally,
the intermediate region contains H,-type hysteresis loops, primarily caused by the presence of layered particles.
This suggests that the pore structure predominantly comprises cylindrical, planar, slit-shaped pores and wedge-

Scientific Reports | (2025) 15:1947 | https://doi.org/10.1038/s41598-025-86509-7 nature portfolio



http://www.nature.com/scientificreports

www.nature.com/scientificreports/

shaped pores, with no distinct saturation adsorption plateau, indicating that the pore structure is irregular'®. This
is due to the presence of hydration products in different forms, particularly flocculent, fibrous, honeycomb-like,
and gel-like C-(A)-S-H, which have a porous network structure, as well as plate-like CH and petal-like AFm,
among others. These findings regarding the pore structure are consistent with the microstructural characteristics
observed through SEM.

Synergistic hydration mechanism of GCCM

The microscopic characterization of GCCM hydration products showed that there is a synergistic hydration
reaction between GS and CS. In the hydration system, GS serves as a reactive raw material containing silica
and alumina, while CS acts as an alkaline activator, providing a conducive alkaline environment and a calcium
source that favors the hydration process. The activation effect of CS on GS is noteworthy, with the GCCM slurry
primarily engaging in chemical reactions among the amorphous glass phase, C,AS and portlandite.

The reaction mechanism diagram of the GCCM is illustrated in Fig. 14. When CS dissolves in water, it
generates a high pH environment by releasing OH™ and Ca?* ions (as shown in Reaction (1)). CS continuously
provides GS with a rich alkaline environment, the silica-oxygen protective layer on the surface of GS is
damaged, causing the release of Ca?* and Mg?* ions from GS. Under long-term exposure to a strongly alkaline
environment, the glassy network structure of the silica-alumina phase in GS gradually depolymerizes, which
facilitates the cleavage of Si-O-Si(Al) bonds in the GS glassy phase. This leads to the depolymerization of GS,
generating oligomers such as [AI(OH),]" and [SiO(OH),]" complexes (Reactions (2) and (3))%0. These complexes
gradually diffuse from the surface of GS into the solution, further react with Mg?*, Ca?* and OH ions, leading to
the formation of hydrotalcite (HT) and different forms of C-S-H gel, such as fibrous, flocculent, and honeycomb
structures (Reaction (4) ~ (5)). In addition, the free AI** ions generated from the dissolution of the amorphous
glass phase and C,AS in GS enter the C-S-H and form C-A-S-H (Reaction (6)), resulting in an increase in total
pore volume*!. Due to the presence of SO, and AL O, in both GS and CS, some SO, ions are generated during
the hydration process. In a high Ca?* concentration and alkaline environment, petal-like AFm crystals are formed
(Reaction (7)). Furthermore, the free CH in the pore water can absorb CO, from the air and water, leading to
carbonate reactions that produce insoluble CaCO, precipitates (Reaction (8)). When the concentration of OH- is
high in GCCM, CH preferentially precipitates (as confirmed by SEM, in-situ FTIR and XRD analysis) (Reaction
9))-

Analysis of mechanical properties of GCCM and GBC

UCS analysis of GCCM and GBC

Figure 15 illustrates the compressive strength of GCCM. The results indicate that the compressive strength of
GCCM with same mix ratio increases with the growth of curing age, showing significant changes in strength
values at different ages. Specifically, the compressive strength values at 7 days compared to those at 3 days
exhibited increases of 87.1, 87.5, 71.2, 117.3, and 98.9%, respectively. Furthermore, the strength values at
28 days, when compared to those at 14 days, showed increases of 17.7, 42.5, 46.9, 15.9, and 11.5%, separately.
This indicates that the hydration reaction of GS and CS is relatively rapid within the first 7 days. As the curing
time extends, the hydration products gradually adhere to the surface of the GS, forming a coating that impedes
further hydration reactions of the GS, resulting in a gradual decrease in reaction rate and a reduction in the
increment of compressive strength. Under different mix ratios, the strength values of GCCM at various ages
exhibit a trend of initially increasing and then decreasing as the #n(CaO)/n(SiO, + Al,0,) ratio increases, with

et !
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Fig. 14. Mechanism diagram of synergistic hydration of GCCM.
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Fig. 15. Compressive strength of GCCM.

Fig. 16. Compressive strength of GBC. (S) Interface morphology of GBC35.

this trend being most pronounced at 28 days. This is attributed to the increased amount of main hydration
products such as C-(A)-S-H and AFm, which enhance the density of the GCCM. While neither CaCO, nor CH
directly contributes to strength, the ongoing hydration reactions increase the content of hydration products on
the surfaces and around the GS and CS particles, reducing the distance between particles. The repulsive forces
between particles are gradually overcome by van der Waals forces, leading to interlocking and agglomeration of
crystals and hydration products, which fill the voids and pores between the sample particles. This phenomenon
increases the roughness of GCCM surface and enhances the specific surface area (as confirmed by BET analysis),
thereby improving the mechanical properties and micro-densities of GCCM!'3#%. However, in systems with a
high n(Ca0)/n(SiO, + AL,O,) ratio, the lack of silica-alumina phases that consume CH results in an increased
quantity of CH precipitating as a monolayer structure. This inhibits further dissolution and transport of Ca?*
and OH ions, with CH adhering to the surfaces of GS particles obstructing the dissolution of the reactive silica-
alumina components, leading to a reduction in the quantity of primary hydration products like C-(A)-S-H (as
evidenced by SEM, XRD and TG analysis), ultimately resulting in a decrease in the strength of the matrix.
Based on the UCS results for GCCM at 28d presented in Fig. 9, the optimum ratio of G7C2 was selected as the
cementitious material for the GBC. As shown in Fig. 16, the compressive strength of the GBC at 28d exhibits a
“anti-hook” trend, initially increasing and then decreasing with the increasing GCCM content. This observation
is consistent with the findings reported by Fan*’ and Wu et al.*%. The GBC achieves its maximum compressive
strength values at 3 days and 28 days, reaching 5.656 MPa and 19.699 MPa, respectively, which meets the
6 MPa UCS requirement for most coal mines*. These values are also higher than those of conventional OPC
backfill materials*, and the ratio can be adjusted according to practical needs. The increase in GCCM content
from 25wt.% to 30wt.% results in the generation of more hydration products such as C-(A)-S-H gel and AFm,
facilitating the filling of voids between aggregates. This enhances the consolidation capability of the aggregates,
leading to a denser microstructure that improves the compressive strength of the GBC. However, when the
GCCM content exceeds 30wt.%, on the one hand, the proportion of aggregates decreases. The aggregates have
a rigid framework role in the filling body, which fails to provide effective support, diminishes effective force
transfer and negatively impacts the strength of the GBC. On the other hand, some microcracks were observed in
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the micro-interface of the GBC35 sample (as shown in Fig. 16S). It is found that there are flaky CH crystals tends
to accumulate at the boundaries of the aggregates. These crystals interact weakly with the aggregates primarily via
van der Waals forces or hydrogen bonding, which facilitates the initiation of cracks at the aggregate interfaces?’.
This indicates that the interface bonding between the aggregate and the GCCM matrix is not ideal in GBC35.

Analysis of stress—strain curve characteristics

To analyze the brittle-ductile failure mode of GCCM, the stress—strain curves of representative GCCM at 28d are
plotted in Fig. 17A-E. The stress—strain curve of the GCCM can be divided into five distinct stages: a concave
curve (I: densification stage), a inclined line (II: linear elastic stage), a convex fluctuating curve (III: plastic
deformation stage), a concave curve (IV: post-peak failure instability stage), and a descending curve (V: post-
peak residual load-carrying stage).

The stress—strain curves of GBC under uniaxial compression with varying GCCM contents are shown in
Fig. 17F. The loading process can be divided into four stages: the initial densification stage (OA segment), the
elastic compression stage (AB segment), the plastic failure stage (BC segment), and the post-peak failure stage
(CD segment). It is observed that during the post-peak failure instability stage, as the GCCM content increases,
the rate of decrease in stress after reaching the peak value accelerates, indicating a more pronounced brittle
characteristic of the GBC*®. This phenomenon occurs possibly because the increase in GCCM alters the internal
pore structure and defect distribution within the GBC, making it easier for microcracks and voids to form stress
concentration zones, which accelerates crack propagation and material failure.

Analysis of elastic modulus
The strength of the samples is evaluated using the elastic modulus, defined as the slope of the rising segment of
the stress—strain curve, which reflects the stiffness characteristics during the elastic phase. The variation curves
of the elastic modulus for both GCCM and GBC are shown in Fig. 18A,B, respectively, and their trends follow
a polynomial function characterized by exponential decay. According to the fitting results, as the CS content
increases, the elastic modulus of GCCM initially increases significantly before gradually decreasing, which is
consistent with the trend in compressive strength. When the ratio of n(CaO)/n(SiO, + Al,0,) in GCCM increases
from 0.388 to 0.635, the elastic modulus of GCCM increases by 205.88%. The proper increase in CS leads to a
higher amount of hydration products, which contributes to fill the pores and cracks within the GCCM, reducing
internal defects and optimizing its microstructure. Consequently, GCCM can better resist deformation under
stress, significantly enhancing its elastic modulus. However, when the ratio of n(Ca0)/n(SiO, + Al,0,) exceeds
0.635, CH preferentially precipitates in a high OH" environment, resulting in a decrease in the proportion of
C-(A)-S-H and a corresponding decline in the overall strength of GCCM.

The elastic modulus of GBC exhibits a trend of first increasing and then decreasing with the increase in
GCCM content. Ata GCCM content of 30wt.%, the elastic modulus reaches its maximum value of 3.3GPa, which
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Fig. 17. Stress—strain curves of GCCM and GBC specimens. (A) G5C4; (B) G6C3; (C) G7C2; (D) G8C1; (E)
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is significantly higher than that of filling body specimens with 5wt.% cement content®, and it also demonstrates
a quicker transition into the elastic phase *°. The hydration of GCCM generates C-(A)-S-H gel products, which
possess cementing properties, enhancing the bond strength between aggregates and improving the interface
bonding, thereby strengthening the overall structure of the GBC and increasing the elastic modulus. However,
when the GCCM content exceeds 30wt%, a large amount of GCCM reduces the relative amount of aggregates,
weakening the overall skeletal strength of the backfill body. In addition, the hydration products of GCCM tend to
form new voids or cracks around the aggregates, weakening the interface bonding and impairing stress transfer.

Failure mechanism analysis

To investigate the failure modes of GCCM and GCB, a comparative analysis was conducted based on the content
of CS, GCCM proportion, and curing age. Observations from Fig. 19 reveal that under axial loading, GCCM
begins to exhibit micro-cracks at the ends, which gradually develop into long cracks that extend the height of
the specimen over time. Two nearly parallel main cracks are formed on the left and right sides of the specimen,
accompanied by a network of layered micro-cracks in the surrounding area. A bulging phenomenon resembling
an “H” shape with a thickness of approximately 3 mm is observed on the surface of the specimen. As both
longitudinal and lateral deformations increase, spalling occurs in the form of thin plates, all of which are results
of stress concentration and crack propagation. The failure modes of GCCM can be categorized as follows:
X-shaped conjugate shear failure, single-shear plane failure, and splitting failure®'. The varying proportions of
GS contribute to the complexity of the internal microstructure of GCCM, resulting in uneven stress distribution
that influences the failure modes.

During uniaxial compression, the GBC exhibits certain longitudinal and transverse deformations. A main
crack, close to the height of the specimen, appears on the surface, accompanied by multiple short cracks.
However, compared to GCCM, the number of visible cracks is fewer, and their widths are smaller. It is observed
that as the GCCM content increases, the visible damage to the 3d GBC specimen intensifies, and the degree of
diagonal shear failure in the 28d GBC specimen also increases, predominantly characterized by splitting and
tensile failure®!. At 3d curing age, the hydration reaction is not yet complete, leading to insufficient gel network
strength and weak bonding between the aggregates and the cementitious material interface, making the material
more prone to failure under stress. The hydration of GCCM progresses sufficiently at 28d, enhancing the gel
network and improving the bonding effect between the GCCM matrix and the aggregates. Additionally, the
further propagation and connection of internal micro-cracks lead to the gradual spalling of the ends of the GBC,
resulting in an increase in the area of the pits and a corresponding rise in the degree of damage.

Morphology analysis of GBC

Figure 20 shows the morphology of GBC. Prior to crushing, GBC exhibits a uniform and dense block structure
with a slightly rough surface, predominantly gray in color. After conducting mechanical tests on GBC samples
at 28d, a morphological analysis reveals that the shape is irregular with sharp edges, exposing the internal FBS,
GS particles and the GCCM matrix structure. Various forms of damage were observed, including CG splitting
failure, GCCM matrix fracture, and interface failure between the aggregate and the GCCM matrix, resulting
in an internal structure resembling a “dense suspension”>%. Once the slurry solidifies, a small number of
unreleased air bubbles create cavities within the material. The CG itself is internally loose and porous, which
contributes to the notable porosity of GBC.

Further microscopic analysis of the GBC30 at 28d using SEM shows a dense transition zone at the interface
between the GCCM and the aggregates, indicating strong bonding without any significant pores or micro-
cracks. EDS results in Fig. 20 reveals the presence of numerous hydration products such as honeycomb-like,
three-dimensional network, and fibrous C-(A)-S-H gel at the bonding interface. These products fill the gaps
between the aggregate particles, forming a compact cementitious structure. From a microstructural perspective,
the dense cementitious matrix and the strong interfacial bonding between the aggregates and the matrix align
with the higher mechanical strength test results observed for GBC30.
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Working performance of GCCM and GBC

Flowability and water bleeding rate of GCCM

The test results shown in Fig. 21 indicate that the flowability and water bleeding rate of the GCCM slurry samples
significantly decrease with an increase in 7(Ca0)/n(SiO, + Al,O,), and the color of the slurry transitions from
medium gray to gray-white. On one hand, the cumulative volume of CS at 10 pm is greater than that of GS (as
shown in Fig. 5), and its specific surface area is also higher than that of GS, which has a higher water absorption
capacity. This results in a reduction in the free water content in the slurry, alleviating the bleeding phenomenon.
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It also weakens the lubricating effect between particles, making it more difficult for solid particles to slide against
each other during shear, thus increasing the viscosity of the slurry and reducing its flowability>%. On the other
hand, as the n(CaO)/n(SiO, + Al,0,) molar ratio increases, the incorporation of CS progressively rises, the
dissolution of CH in water generates an exothermic reaction that consumes water in the system and effectively
bounds a greater amount of free water, thereby reducing both its liquidity and water bleeding rate.

The fluidity of GBC

The slump test is a crucial indicator of the cohesion and frictional resistance of slurry materials. Following the
guidelines of GB/T 50,080, a micro slump test apparatus was utilized to measure the mini-slump value of GBC
30 freshly mixed grout. The test results in Fig. 22 indicate that the mini-slump and extensibility of GBC decrease
as the GCCM content increases. This is primarily due to the significantly smaller particle size of the GCCM
compared to CG and FBS, which have a higher specific surface area. As a result, GCCM absorbs more water,
increasing the internal friction within the slurry, leading to a reduction in both slump and extensibility>>.
Research indicates that backfill materials with a mini-slump greater than 7.1 cm are considered to possess good
transportability?!. Therefore, GBC exhibits excellent fluidity, allowing for effective pipeline transportation.

Environmental impact and cost analysis of GBC

Leachability of heavy metals in GBC

As summarized in Table 7, detectable concentrations of heavy metals such as Hg, Cr, and Pb were found in both
the GBC samples and their raw materials. However, all measured values fall within the maximum allowable
discharge limits for heavy metals as specified in GB 8978, “Comprehensive Discharge Standards for Wastewater”
A comparison with the raw materials reveals that the concentrations of Hg and Pb in the cured GBC samples
are both lower than those in the raw materials. The target element Cr was found at concentrations of 0.0206
and 0.0275 mg/L in GBC30 and GBC40, respectively, both of which are below the maximum content levels
for CG. This indicates that GBC has a good capacity for heavy metal immobilization, attributed to the rich
presence of C-(A)-S-H gel and other hydration products that facilitate heavy metal solidification. These findings
are consistent with the research results of Yang et al.2!.
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Raw material and GBC samples Standards limits
Elements | CG FBS | GS Cs GBC25 | GBC30 | GBC35 | GBC40 | GB 8978 Unit
Hg 4.7085 | 3.1050 | 5.4334 | 3.8256 | 2.7674 |2.6662 |2.8934 |2.8373 |50 ug/L
Cr 0.0384 | 0.0194 | 0.0212 | 0.0222 | 0.0243 | 0.0206 | 0.0254 |0.0275 | 1.5 mg/L
Pb 0.0116 | 0.0038 | 0.0056 | 0.0055 | 0.0038 | 0.0034 | 0.0041 |0.0039 |1.0 mg/L

Table 7. Heavy metal leaching results of raw materials and GBC samples.

Raw materials CG FBS CS GS Mixing water | OPC
Type Solid waste/ By-product | Solid waste/ By-product | Solid waste/ By-product | Product Tap water Product
GWP (kg CO,-eq/kg) | - 3.12x1072 6.70x1072 1.69x107% | 1.55x 10~ 0.92
Cost (RMB/kg) 0.10 0.10 0.15 0.17 6.40x 1073 0.40

Table 8. GWP and cost analysis of GBC raw materials.
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Fig. 23. GWP and cost of OPC and GBC for 1 t mixture.

GWP and cost analysis of GBC

A lifecycle assessment (LCA) was conducted to compare the global warming potential (GWP) and costs of
the fully solid waste GBC backfill material with those of OPC-based backfill materials, as presented in Table 8.
The emission data for various raw material impact factors were referenced from GB/T 51,366, the China Life
Cycle Data Center (CLCD), relevant literature®”$, and the Ecoinvent 3.8 database®. In this analysis, only the
highest transportation costs for CG and FBS were considered, while the impact of CG on the comprehensive
cost index and implicit CO, index was omitted due to its carbon emissions primarily resulting from self-
ignition during storage®. Additionally, energy consumption and associated carbon emissions from CS during
drying and grinding are inevitable. Calculating with an electricity cost of 0.5RMB/kWh and a carbon emission
factor of 0.785 kg/kWh®!, the energy consumption and carbon emissions were determined to be 18 kWh/t and
0.014 kg/kWh, respectively. The final calculations depicted in Fig. 23 demonstrate that, taking GBC30 sample
as an example, compared to OPC backfill materials, the global warming potential and cost of 1 ton of GBC
were reduced by 41.27 and 50.14%, separately. It is particularly emphasized that the carbon emissions from CS
are difficult to quantify; thus, the study references the calculations for quicklime in industrial production®!.
Therefore, the actual carbon emissions from GBC are likely to be even lower. Furthermore, the utilization rate
of the OPC filling material in this assessment was assumed to be 75%*, while GBC achieved a 100% utilization
of full-solid waste. In conclusion, GBC serves as an environmentally friendly mining backfill material that
effectively reduces costs, decreases carbon emissions, and enhances solid waste utilization efficiency.

Conclusion

The synergistic hydration mechanism of preparing GCCM using industrial solid waste GS and alkaline solid
waste CS has been revealed, and the practicality of GCCM cementing FBS and CG as underground mine backfill
materials has been explored. The conclusions are as follows:

(1) A significant synergistic effect exists between GS and CS. Under the activation of CS, reactive minerals
in CS dissolve, and generating hydration products primarily composed of C-(A)-S-H gel, AFm phase and
hydrotalcite, which are crucial for the improved strength of GCCM.

Scientific Reports |

(2025) 15:1947 | https://doi.org/10.1038/s41598-025-86509-7

nature portfolio



http://www.nature.com/scientificreports

www.nature.com/scientificreports/

(2) When the molar ratio of n(Ca0)/n(SiO, + Al,O,) is 0.635, the UCS of GCCM and GBC at 28d are 18.987
and 19.699 MPa, respectively. Both GCCM and GBC display typical elastic—plastic characteristics in their
stress—strain curves. Under compression, GBC exhibits tensile failure and oblique shear failure, accompanied
by end spalling. The fracture surface exhibits damage patterns including aggregate fracture, GCCM matrix
fracture, and fracture at the aggregate-GCCM matrix interface.

(3) The developed GCCM offers eco-friendly, low-carbon alternatives to traditional cement and holds sig-
nificant potential in the mining industry, as well as in structural concrete, road construction, and other civil
engineering projects. The incorporation of FBS and CG into GCCM enhances its effectiveness as mine backfill
GBC, supporting sustainable mining practices and reducing the environmental impact of mining activities.
(4) The strength, fluidity and leaching of GBC meets the filling strength, transportation and environmental
requirements for mining applications. Compared to OPC-based backfill materials, GBC offers economic, and
carbon reduction advantages.

Future research should explore the effects of varying additive amounts and curing conditions on the performance
of GCCM and GBC, as well as long-term performance assessments, including durability and microstructural
evolution, to optimize formulation design and broaden its application scope.

Data availability
The datasets used and analyzed during the current study available from the corresponding author on reasonable
request.
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