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Abstract

Full tailings from nickel ore beneficiation were used to replace a portion of rod
mill sand as aggregate, orthogonal experiments and neural network prediction
models were employed to prepare a novel full tailings-rod mill sand cementi-
tious backfill material using iron ore slag powder as the active material and
desulfurized ash and quicklime as the main activators, and the microstructure
and hydration products of this material were analyzed. The results show that
when the mass fraction of added full tailings is 30%, the compressive strengths
of the novel cementitious backfill material at 3 d, 7 d, and 28 d reach 1.73 MPa,
4.22 MPa, and 6.93 MPa, respectively, representing increases of 8.13%, 51.8%,
and 34.0% compared with cement, which meets the backfill strength require-
ments for nickel mines. The main hydration product of the novel cementitious
backfill material is C-S-H gel; flocculent C-S-H gel forms a densely structured
cementitious matrix that tightly bonds the aggregate together, resulting in high
mechanical strength. The use of this novel cementitious backfill material enables
a 30% utilization rate of full tailings.
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Abstract

Using unclassified tailings from a nickel mine to partially replace rod milling
sands as aggregates, a new type of backfill cementitious material was prepared
through orthogonal experimental design and neural network prediction mod-
eling. The active material was iron slag powder, with desulfurized ash and
quicklime serving as the primary activators. The microstructure and hydra-
tion products of this material were analyzed. Results demonstrate that when
the mass fraction of unclassified tailings is 30%, the compressive strength of
the new cementitious backfill material reaches 1.73 MPa, 4.22 MPa, and 6.93
MPa at 3 days, 7 days, and 28 days, respectively—representing improvements of
8.13%, 51.8%, and 34.0% over ordinary Portland cement. These values satisfy
the backfill strength requirements for nickel mining operations. The primary
hydration product is C-S-H gel, which forms a dense, flocculent structure that
tightly binds the aggregates together, resulting in high mechanical strength.
This novel cementitious backfill material enables 30% utilization of unclassified
tailings.

KEY WORDS: inorganic non-metallic materials, new backfill cementitious
materials, unclassified tailings-rod milling sands, iron slag powder

1. Introduction

The cost of cementitious materials constitutes a significant portion of backfill
mining expenses, directly impacting the economic viability of cut-and-fill min-
ing operations. Currently, cement represents one of the primary cementitious
materials for backfill applications, with cement costs accounting for one-third
to one-half of total backfill costs [1-3]. Consequently, developing low-cost, high-
strength alternative backfill cementitious materials represents a critical chal-
lenge for mining enterprises.

China generates over one billion tons of tailings annually from large-scale tailings
storage facilities. While tailings are inexpensive mining waste materials, they
contain substantial quantities of fine mud particles. When cement is used as the
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binding agent, the resulting backfill exhibits very low strength, thereby increas-
ing mining costs and reducing economic benefits. Most mines currently employ
classified tailings for backfill, achieving a tailings utilization rate of merely 8.2%
[4-6]. Waste materials with certain pozzolanic activity, when properly activated,
can form cementitious materials characterized by high efficiency, low cost, and
satisfactory performance that meet the requirements for tailings cementation
[7-11]. The application of new backfill cementitious materials such as blast fur-
nace slag, fly ash, and red mud, combined with high-concentration cementation
technology, enables efficient utilization of tailings [12-14]. Researchers including
Mostafa Benzaazoua and Erol Yilmaz have investigated the use of sulfur-rich
tailings in mine backfill, demonstrating that both tailings content and cementi-
tious material type significantly influence backfill strength [15-19].

The development of low-cost novel backfill materials and comprehensive utiliza-
tion of unclassified tailings can reduce backfill costs, improve economic benefits,
and decrease waste discharge to protect the mine environment. Therefore, devel-
oping new cementitious backfill materials using unclassified tailings-rod milling
sand mixtures offers substantial economic and environmental advantages. This
study investigates the preparation of a novel cementitious backfill material us-
ing unclassified tailings from a nickel mine to partially replace rod milling sands
as aggregates, employing orthogonal experimental design and neural network
prediction models with iron slag powder as the active material and desulfurized
ash and quicklime as the primary activators.

2. Experimental
2.1 Materials

The primary cementitious materials used in this study included iron slag powder,
desulfurized ash, quicklime, and 32.5R Portland cement, with sodium sulfate,
sodium sulfite, and sodium chloride serving as early-strength agents. Iron slag
powder functioned as the main cementitious component in the new backfill
material, produced by grinding water-quenched blast furnace slag into powder
form. The material has a density of 2.88 g/cm?®, a basicity coefficient of 1.04
(classifying it as acidic slag), and a slag quality factor of 1.73—significantly
exceeding the national standard of 1.2, indicating high pozzolanic activity. The
chemical composition is presented in .

Desulfurized ash, a byproduct from semi-dry flue gas desulfurization in thermal
power plants, is an industrial solid waste composed primarily of Ca,SO5-0.5H,0
and Ca,SO,. Quicklime is ordinary construction lime consisting mainly of CaO
and MgO.
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2.2 Aggregates

The experimental aggregates consisted of rod milling sands and unclassified
tailings, with their physicochemical properties and particle size characteristics
listed in and . The unclassified tailings were obtained from a tailings dam. As
shown in the tables, these tailings are neutral materials without cementitious
activity, meeting the requirements for mine backfill materials, with a density of
2.87 g/cm®. However, the tailings feature fine particle size, high mud content,
and large variation coefficients, making their application in mine backfill with
cement as the binder particularly challenging. Rod milling sands serve as the
primary aggregate for nickel mine cemented backfill.

2.3 Material Preparation and Characterization

Iron slag powder was used as the active material, with desulfurized ash, quick-
lime, and sodium sulfate as activators for cementation stimulation tests. Un-
classified tailings replaced portions of rod milling sands as backfill aggregates at
three ratios: 2:8, 3:7, and 4:6 (tailings:rod milling sands). An orthogonal experi-
mental design was employed, with factors and levels listed in . The cement-sand
ratio was 1:4, slurry concentration was 78%, and all material additions were ex-
pressed as mass fractions.

A total of nine groups of backfill material specimens were cast using standard
triplex molds (70 cm x 70 cm x 70 cm). After curing in a standard constant tem-
perature and humidity chamber (20°C, 96% humidity), the compressive strength
at 3 days, 7 days, and 28 days was tested using a universal testing machine.

An improved BP neural network was utilized, with the first seven sets of strength
test data serving as training samples and the last two as test samples for learn-
ing and training to establish a neural network strength prediction model. Using
this model, strength predictions were conducted for the three tailings:rod milling
sand ratios (2:8, 3:7, and 4:6) by setting different addition gradients of quick-
lime, desulfurized ash, and sodium sulfate. The predicted compressive strength
data for 3 days, 7 days, and 28 days were analyzed using quadratic polynomial
stepwise regression in the DPS data processing system. Subsequently, MAT-
LAB optimization toolbox was employed to optimize the mix proportion of the
unclassified tailings-rod milling sand cementitious material, with the constraint
Rs;d > 1.5 MPa, R,d > 2.5 MPa, and Rygd > 5.0 MPa, and the optimization
objective function Max(Rsd + R;d + Rggd). The optimized results were then
verified experimentally.

To meet the high early-strength requirements of nickel mine backfill and max-
imize tailings utilization, the 3:7 ratio was selected for further early-strength
experimental studies based on the optimized cementitious material proportion.
Building upon extensive exploratory tests, sodium sulfite and sodium chloride
were selected as early-strength agents, with a cement-sand ratio of 1:4 and slurry
concentration of 78%.
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A comparative strength test analysis was conducted between the final deter-
mined unclassified tailings-rod milling sand cementitious material and ordinary
cement. The test parameters were a cement-sand ratio of 1:4 and slurry con-
centration of 78%. X-ray diffraction (XRD) using an Ultima IV diffractometer
and scanning electron microscopy (SEM) using a Quanta 250 microscope were
employed for comparative analysis of hydration products and microstructure to
elucidate the hydration mechanisms of both materials.

3. Results and Discussion

3.1 Strength of Unclassified Tailings-Rod Milling Sand Cementitious
Material

The orthogonal test data for the unclassified tailings-rod milling sand cementi-
tious material activated by quicklime, desulfurized ash, and sodium sulfate are
presented in . Variance analysis and optimal proportion analysis results are
provided in and [Figure 1: see original paper].

As shown in [Figure 1: see original paper|, the relationship curve between aver-
age compressive strength yield and tailings:rod milling sand ratio indicates that
after tailings addition, the compressive strength of specimens exhibits a linear
decreasing trend at 3 days and 7 days with increasing tailings proportion, while
the 28-day strength shows an increasing trend. The variance analysis results in
also demonstrate that the tailings:rod milling sand ratio has the highest range
value, exerting the greatest influence on backfill material strength, particularly
on early 3-day strength. As the tailings:rod milling sand ratio increases, the
average 3-day compressive strength decreases from 1.03 MPa at 2:8 ratio to
0.58 MPa at 4:6 ratio—a reduction of 43.7%. However, tailings addition benefits
later-age strength development, with the average 28-day compressive strength
increasing from 5.87 MPa at 4:6 ratio to 8.83 MPa at 2:8 ratio—an improvement
of 50.4%. The variance analysis optimal value for 28 days being 4:6 confirms
this observation.

Quicklime and desulfurized ash, as primary activators, significantly influence the
material’ s hydration reaction. Both are beneficial for later-age 28-day strength
but reduce 3-day strength with increasing addition amounts. Sodium sulfate,
as an early-strength agent, markedly enhances 3-day strength, with the high-
est addition level of 4% producing the maximum 3-day compressive strength.
However, sodium sulfate addition diminishes later-age strength, making 2% the
optimal amount for 28-day strength. Experimental results show that 7-day
and 28-day compressive strengths can reach 4.16 MPa and 6.71 MPa on aver-
age, respectively, while the maximum 3-day compressive strength is 1.23 MPa.
Therefore, the critical challenge for the new backfill material is improving 3-day
strength, with optimal early-strength selections for quicklime and desulfurized
ash being 5.5%-6.0% and 16%-17%, respectively.
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3.2 Neural Network Strength Prediction Model

For the neural network strength prediction model, training result analysis di-
agrams for 3-day, 7-day, and 28-day test samples are presented in [Figure 2a:
see original paper]-[Figure 2c¢: see original paper]. In these figures, solid lines
represent simulation fitting curves, dashed lines indicate where predicted values
equal experimental values, and R represents the correlation coefficient between
network output and target output. A correlation coefficient closer to 1 indicates
better agreement between network output and target output, reflecting superior
network performance. All three prediction models exhibit correlation coeffi-
cients R > 0.99, demonstrating high prediction accuracy for backfill strength.

Using MATLAB optimization toolbox with the constraints R;d > 1.5 MPa,
R,d > 2.5 MPa, and Rygd > 5.0 MPa, and the objective function Max(Rsd
+ R;d + R,gd), the mix proportions were optimized for all three ratios. The
optimal proportions and verification test results are listed in . Verification
tests confirm that the established BP neural network strength prediction model
provides highly reliable predictions, and the regression-optimized proportions
demonstrate high accuracy. The optimized new cementitious backfill material
meets the nickel mine backfill strength requirements of $ $2.5 MPa at 7 days
and $ $5.0 MPa at 28 days. However, only the 2:8 ratio achieves the required
3-day strength of $ $1.5 MPa (1.91 MPa), while the 3:7 and 4:6 ratios fall below
this threshold.

3.3 Early Strength of Unclassified Tailings-Rod Milling Sand Cemen-
titious Material

To enhance tailings utilization, the 3:7 ratio was selected for early-strength
experiments using sodium sulfite and sodium chloride as early-strength agents.
A five-factor, four-level orthogonal expanded test was conducted, with results
presented in , where X, X,, X3, X,, X;, and Xg represent the mass addition
fractions of quicklime, desulfurized ash, sodium sulfate, sodium sulfite, sodium
chloride, and iron slag powder, respectively.

As shown in , based on the optimized cementitious material proportion, the
addition of sodium sulfite and sodium chloride as early-strength agents further
improves the early 3-day compressive strength of the 3:7 ratio cementitious ma-
terial. When the addition amounts of sodium sulfite and sodium chloride are
both 1.5%, the 3-day compressive strength increases from 1.47 MPa to 1.73
MPa—an improvement of 17.7%—enabling the 3:7 ratio material (with 30% tail-
ings addition) to meet the nickel mine cemented backfill strength requirement.
Simultaneously, the 7-day and 28-day compressive strengths reach 4.22 MPa
and 6.93 MPa, respectively, also satisfying the mine’ s requirements. The final
optimal proportion for the unclassified tailings-rod milling sand cementitious
material is determined to be: quicklime 5.5%, desulfurized ash 16.5%, sodium
sulfate 2.5%, sodium sulfite 1.5%, sodium chloride 1.5%, and iron slag powder
72.5%.
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3.4 Comparison with Cementitious Materials

Comparative test results between the new backfill cementitious material and
ordinary cement at four tailings addition ratios are presented in . The results
indicate that both materials exhibit decreasing 3-day compressive strength with
increasing tailings proportion. However, the new cementitious material demon-
strates significantly higher compressive strength than cement, showing better
adaptability to tailings aggregates and particularly favoring later-age strength
development. For the 3:7 ratio (30% tailings addition), the 3-day, 7-day, and
28-day compressive strengths are 8.13%, 51.8%, and 34.0% higher than those
of cement, respectively, overcoming the low early-strength limitation of cement-
tailings systems.

The current primary backfill cementitious material for this nickel mine is 32.5R
cement, costing 320 yuan/ton, whereas the new cementitious backfill material
costs only 168.7 yuan/ton. Based on a backfill concentration of 78%, cement-
sand ratio of 1:4, and cement density of 0.31 g/cm?, replacing 30% of rod milling
sands with tailings saves aggregate costs of 22.8 yuan/m?, cementitious material
costs of 7.3 yuan/m?, and total backfill costs of 30.1 yuan/m3.

[Figure 3a: see original paper] and [Figure 3b: see original paper| present
XRD spectra of the new cementitious material and ordinary cement at differ-
ent ages. Both materials exhibit similar hydration processes, with hydration
product diffraction peaks primarily located in the 2 range of 20°-30°. The
new cementitious material’ s hydration products are dominated by calcium sil-
icate hydrate (C-S-H) gel, while cement hydration products are mainly ettrin-
gite [CagAly(SO,)5(OH), - 26H,0]. Both also contain calcium hydroxide from
quicklime hydration and small amounts of unreacted gypsum.

At the 3-day hydration stage, bulging peaks appear at 2 values of 26.8°, 29.7°,
and 39.6°, indicating ettringite and C-S-H gel formation. Characteristic peaks at
2 = 20.8° and 36.2° correspond to gypsum (the main component of desulfurized
ash) and calcium hydroxide from initial hydration, respectively. With increasing
age, gypsum and calcium hydroxide further participate in hydration reactions,
transforming into ettringite and C-S-H gel, resulting in reduced peak intensities
and decreased contents. The peaks of ettringite and C-S-H gel continuously
increase with age, reaching relatively high intensities at 28 days, indicating
substantial production of these hydration products. Comparatively, ettringite
peaks are higher in cement than in the new material, particularly at 3 days,
demonstrating faster hydration of cement. Conversely, C-S-H gel peaks are
higher in the new material than in cement, especially at 28 days, indicating
significant improvement in later-age strength. The final primary cementitious
products—ettringite and C-S-H gel—tightly bind with aggregates to form an
integrated mass, collectively contributing to backfill strength.

The main hydration reactions are: 3CaO -SiO, + 2Ca0O - SiO, + H,O — 2Ca0O -
Si0, + H,O + Ca(OH),
Ca(OH), + SiO, + H,O — C-S-H
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[Figure 4a: see original paper]-[Figure 4c: see original paper] present SEM im-
ages of the new cementitious material at different ages, while [Figure 4d: see
original paper]-[Figure 4f: see original paper| show cement specimens. These
images confirm the XRD analysis results. Cement hydration products are dom-
inated by needle-like ettringite, while the new cementitious material primarily
produces flocculent C-S-H gel. At 3 days, both materials generate needle-like
ettringite and plate-like calcium hydroxide with relatively large voids between
hydration products. The new material contains less ettringite but more calcium
hydroxide, primarily from CaQ hydration in quicklime. As hydration progresses,
substantial flocculent C-S-H gel forms, interweaving and bonding with minor
needle-like ettringite. At 7 days, plate-like calcium hydroxide crystals decrease,
and structural voids between hydration products become noticeably smaller. At
28 days, the flocculent C-S-H gel and needle-like ettringite bond more densely, in-
dicating progressively higher degrees of hydration and crystallization with larger
crystal particles, correspondingly enhancing backfill strength. The new material’
s hydration products, dominated by C-S-H gel, form a very dense structure with
minimal voids, which is the primary reason for its significant later-age strength
enhancement. The cementitious hydration products fill aggregate voids, tightly
binding aggregates together to form an integrated strength mass, substantially
improving cemented backfill strength.

4. Conclusions

1. Using a neural network strength prediction model and MATLAB opti-
mization toolbox, the optimal proportion for the unclassified tailings-rod
milling sand cementitious material was determined. Based on early-
strength test results using the optimized proportion, the final mix
ratio is: quicklime 5.5%, desulfurized ash 16.5%, sodium sulfate 2.5%,
sodium sulfite 1.5%, sodium chloride 1.5%, and iron slag powder 72.5%.
This cementitious material enables 30% tailings utilization, achieving
compressive strengths of 1.73 MPa, 4.22 MPa, and 6.93 MPa at 3 days, 7
days, and 28 days, respectively.

2. Compared with ordinary cement, the new cementitious material demon-
strates better adaptability to tailings aggregates, particularly favoring
later-age strength development. For the 3:7 ratio (30% tailings addition),
the 3-day, 7-day, and 28-day compressive strengths are 8.13%, 51.8%, and
34.0% higher than cement, overcoming the low early-strength limitation
of cement-tailings systems.

3. The hydration products of the new cementitious material are dominated
by C-S-H gel. In the initial hydration stage, substantial plate-like calcium
hydroxide and minor ettringite form, creating relatively large structural
voids. As hydration progresses, the flocculent C-S-H gel structure becomes
very dense, filling aggregate voids and tightly binding aggregates together
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with minimal voids remaining, thereby substantially improving cemented
backfill strength.
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