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The clarification of the variation on the strength of the cemented paste backfill (CPB) under
the coupling of multi-factor is the foundation of the CPB design of the mine. In this article,
the physical and mechanical properties of the CPB under the coupling effect of curing time,
solid content, and binder content were experimentally and theoretically investigated. The
results show that 1) the increase in binder content can effectively increase the later strength
of CPB. 2) A sensitivity parameter considering the span of multi-factor was constructed,
indicating that the curing time has the greatest impact on the uniaxial compressive strength
(UCS), and the variation in solid content has the least impact on it, which can be verified by
the stress—strain curves. 3) Curing time and binder content can effectively change the
stress evolution, which is reflected in reducing the strain corresponding to the peak stress,
enhancing the characteristics of the peak stress and increasing stress drop. The results of
this study aim to explain the essence of the influence of each factor on the mechanical
behavior of CPB in the view of stress—strain evolution, which will help to better understand
the mechanical characteristics of CPB and quantify the sensitivity of the mechanical
properties to various factors.

Keywords: cemented paste backfill, multi-factor, uniaxial compressive strength, sensitivity analysis, stress-strain
behavior

INTRODUCTION

With the demands of social development and the rapid economic development, mining activities are
becoming more and more active all over the world. As a byproduct in the mining process, tailings are
accumulated as solid waste from mining when recovering valuable mineral resources. It is estimated
that the global annual discharged tailings is between 5 and 7 billion tons (Edraki et al., 2014).
However, China’s annual discharged tailings exceed 1 billion tons, with the total emission amounting
to 10 billion tons (Rong et al., 2017). These massively discharged tailings will inevitably pose a serious
threat to the environmental protection and safe production of mines.

Therefore, the safe and effective disposal of tailings under severe background is a mining
engineering problem that needs to be solved urgently. The mine backfill method, a safe,
environmentally friendly, and efficient method, has been widely used in underground mines
(Yilmaz, 2011; Gorakhki and Bareither, 2017). Generally, the cemented paste backfill (CPB) is
an engineered mixture of tailings, water, and hydraulic binders (2-9% by weight). It contains
typically between 65 and 85% solids (Ercikdi et al., 2014; Cao et al., 2021). In mine production, goaf
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management, mine environmental protection, and mine
economic benefits, it has multiple advantages such as
supporting goafs, increasing ore recovery rate, controlling
surface subsidence, reducing tailings accumulation, and
reducing tailings recovery costs (Wu et al., 2015; Sun et al,
2018). Therefore, it is widely used in mining and management
of mines all over the world (Ding et al., 2018; Jiang et al., 2018; Mu
et al., 2019). However, the prerequisite for the successful
application of filling mining method in mines is the
reasonable setting of CPB strength (Deng et al, 2017; Cao
et al., 2018).

The uniaxial compressive strength is considered to be one of
the important parameters in the design of underground mine
operations, so scholars have carried out research on it. Deng
et al. (2021) carried out the uniaxial compressive strength test
and porosity determination test, which showed that the total
porosity decreased and the CPB strength increased with the
curing time. Li et al. (2020) designed the uniaxial compression
test that considers the solid content of 65, 67, and 69% and
cement-tailing ratio of 1:4, 1:10, and 1:20, and the result showed
that the UCS increases with the increase in solid content and
cement-tailing ratio. Ghirian and Fall (2016) showed that the
curing stress can significantly affect the strength of CPB, for
which the UCS of CPB was increased with the curing stress
within a certain range. Hou et al. (2020) investigated the
influence of curing time on the damage characteristics and
energy dissipation of CPB. The results show that the
prolongation of curing time can effectively hinder the
initiation and expansion of cracks in the specimen to
improve the UCS of the CPB. The strain energy and energy
storage limit required for the deformation and failure of the CPB
increase with the longer curing time. Hou et al. (2018) used fiber
Bragg gratings to monitor the temperature and internal strain
evolution of the after 7-day cured cemented tailings backfill
(CTB) specimens. The results show that the binder content has a
significant effect on the temperature and internal strain. CTB
with a high binder content takes less time to reach the skeleton
formation stage. Ghirian and Fall (2014) studied the evolution
of coupled thermal, hydraulic, mechanical, and chemical
properties of underground CPB by the insulated-undrained
high column test. The results have demonstrated that the
UCS values significantly increase with time due to the
cement hydration process and suction development. Chen
et al. (2021) showed that the increase in curing stress and
curing temperature will increase cement hydration products
to enhance UCS. Kesimal et al. (2005) showed that the binder
mixtures can effectively increase the strength of CPB produced
from sulphide rich tailings. Wu et al. (2020) indicated that
increasing the curing humidity helps the hydration cycle,
thereby generating more products to enhance the strength of
CPB. Li et al. (2020) showed that a 2% increase in solid content
(65, 67 and 69 wt%) results in a 55-88% increase in yield stress.
Xu et al. (2018) constructed the relationship between UCS and
electrical resistivity of CPB. UCS and electrical resistivity
increased with increasing cement-to-tailing ratio, solid
content, and curing time.

Mechanical Characteristics and Stress Evolution
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FIGURE 1 | Particle size distribution of tailings.

TABLE 1 | The main chemical composition of tailings.
Material Composition

Tailings SiOo
93.214

AbO; KO TiOs
4984 1271 0.245

Fe,0s CaO  P.0s
0.227 0022 0016

TABLE 2 | Main chemical composition of PCI-I.

Material Chemical composition
PCI-l (%) CaO SiO, Al,Og FesOs MgO SO3 K>0
43.648 33.930 12.381 3.265 2.655 1.674 1516

To sum up, the scholars used indoor tests to analyze the
effects of single or two factors on the strength of the CPB.
However, the mine condition in different regions has obvious
differences and particularities. Therefore, it is extremely
important to consider the coupling of multiple internal
factors in the process of designing backfill that meet the
needs of different mines according to the mine situation.
However, the current research status is relatively lacking. For
this reason, combining the shortcomings of the above research
fields, the investigation of the strength variation of the CPB were
carried out under multi-factor coupling in the time domain,
which can provide a reference for the design of the strength of
CPB under different conditions.

This article is to consider multi-factors and adopt multiple
methods to explore the evolution mechanism of the CPB in the
strength. XRD technology was used to analyze the formation
mechanism of the CPB strength by consideration of curing time,
solid content, and binder content, and the uniaxial compression
test was carried out to measure the UCS of CPB. The influence of
multi-factor on strength was quantitatively analyzed by
introducing  sensitivity =~ parameter S. Meanwhile, the
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TABLE 3 | The growth rate of UCS with curing time.

Soild content (%) X1-X2 3 (%) 5 (%) 7 (%) 9 (%)
Binder content
(%)
68 1d-3d 10.34 27.76 34.64 39.32
3d-7d 0.59 6.40 10.61 3.68
7d-14d 1.38 1.23 1.86 2.98
14d-28d 0.83 0.98 0.96 0.86
72 1d-3d 11.05 22.13 33.60 32.32
3d-7d 3.13 3.64 2.97 7.10
7d-14d 0.05 2.15 2.08 1.86
14d-28d 1.24 0.58 1.56 1.60
76 1d-3d 1213 13.80 35.03 18.79
3d-7d 2.77 3.22 2.31 5.73
7d-14d 0.88 0.49 1.21 2.76
14d-28d 0.42 0.60 1.34 0.80

Note: r = §£3=U55 ris growth rate of UCS, UCS; s the strength after the change, UCS,
is the strength of the reference condition, and X;-x, is shown in Table 3.

stress—strain curves were used to analyze the difference of the
stress evolution under the influence of multi-factor, and the
essence of the influence of multi-factor on the mechanical
properties of the CPB was clarified.

EXPERIMENTAL PROGRAM

Materials

Tailings

This article selects synthetic silica tailings (ST) as the test
aggregate to achieve the test purposes: 1) The simplicity of the
mineral composition and chemical elements of ST can avoid the
differential process of cement hydration so that the test results are
reasonably explained. 2) Because of the long duration of the test, it
can avoid the difference in chemical stability and mechanical
properties of the CPB caused by the different pouring time. The
particle size distribution with finer particle sizes of the tailing was
selected according to the engineering application (Xincheng Gold
in Shandong province, China) as shown in Figure 1. The main
chemical compositions of tailings determined by x-ray
fluorescence spectroscopy were listed in Table 1.

Hydraulic Binder
Portland cement Type I was used as the binder. The main
chemical composition is shown in Table 2.

Mixing Water

Deionized water was used as the mixing water to prepare the
slurry to ensure that the components in the mixing water would
not affect the test results.

Testing Procedures

Specimen Preparation

Considering the solid content (68, 72, and 76%), binder content
(3, 5, 7, and 9%), and curing time (1, 3, 7, 14, and 28 days) as
influencing factors, the specimen preparation was carried out as

Mechanical Characteristics and Stress Evolution

TABLE 4 | Sensitivity parameter values of factors.

Factor Variable value (m;) AR/Ro Sensitivity parameter (S)
Curing time 3d 37.58% 0.188
7d 84.92% 0.142
14d 151.35% 0.116
28d 205.49% 0.076
Solid content 72% 12.24% 0.009
76% 31.28% 0.012
Binder content 5% 53.41% 0.059
7% 176.10% 0.098
9% 320.14% 0.119

follows: the required tailings, cement, and deionized water were
calculated and weighed. After mixing the tailings and cement
evenly, pour into deionized water and stir for 7 min. The slurry
was poured into a cylindrical standard mold with a diameter of
50 mm and a height of 100 mm for uniaxial compression tests.
Specimens were removed from molds after 24 h and were placed
in a standard curing chamber at 20°C. In addition, the specimens
were sealed before being placed in the chamber to prevent the
influence of moisture in the curing chamber on the hydration
reaction, and then the specimens were taken out to carry out the
test when it reaches the specified curing time.

Testing and Analysis Method

To obtain the physical and mechanical properties of specimens
under different test conditions in the time domain, XRD
component analysis test and uniaxial compression test were
carried out.

XRD test was carried out by used Bruker D8 Advance x-ray
powder diffractometer, which uses a copper target with a
wavelength of 0.15418 nm. The composition analysis of the
cement paste that had reached the designated curing time was
carried out. The samples were crushed first, and the hydration
reaction of the cement paste was terminated with ethanol, then
dried, and sieved to prepare the samples for XRD component
analysis. The continuous scanning time was 2°/min, and the
scanning angle range was 5°-50".

When the specified curing time was reached, the cylindrical
specimen was taken out to be tested from the chamber. The
uniaxial compression tests were carried out according to ASTM
C39. Additionally, three specimens were tested at each
condition. A mechanical loading system was used to conduct
uniaxial tests to evaluate the mechanical properties of the CPB
specimen, and the loading rate was 0.3 mm/min. The
displacement and pressure were monitored by the laser
displacement sensor and the pressure sensor during loading.
The axial strain and stress of the specimen during the uniaxial
compression process were calculated, and the stress—strains
curves of different conditions were shown.

In order to explore the sensitivity of UCS to curing time,
solid content, and binder content, the parameter N; was
introduced to normalize the range of factors. Then, the
parameter S was introduced to calculate the sensitivity
coefficient when factors change and to quantify the
sensitivity of the UCS to each factor.
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RESULTS AND DISCUSSION

Characteristics of Hydration Products
on CPB

It can be seen from Figure 2 that the hydration products
changes with the curing time. In the early curing time,
gypsum and cement clinker are disintegrated, dispersed, and
suspended in the liquid under the action of higher moisture
content and dissolved to produce SO4*, Ca®*, OH™, and Al
(OH)’, which provide an ionic foundation for the production of
Aft (Ettringite). In the early hydration, the hydration reaction of
C;A (3Ca0AL05) is relatively active. Therefore, it is conducive
to the production of AFt. With the continuous dissolution of the
components in the cement, the increase in ion concentration,
and the continuous progress of the hydration reaction, Ca(OH),
reaches a larger value when the curing time is 3 days after the

unsaturated, saturated, and supersaturated stages. Then, its
content declined as the curing time increased (Ma et al,
2019). The hydration reaction of C;S generates C-S-H gel
and CH after the first hydration reaction of C;A. Therefore,
the C;S content decreases as the hydration reaction deepens,
and the C-S-H gel content increases as the curing time increases
(Cui and Fall 2016).

Variation of UCS Under the Multi-Factor
Coupling

Variation of Curing Time on UCS

According to the curve between the curing time and UCS from
Figure 3, it can be seen that UCS shows the same increasing trend
with curing time, that is, it shows a parabolic shape, and the growth
rate of UCS increases with curing time, as shown in Table 3. The
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FIGURE 3 | The value of UCS corresponding to curing times under different solid content. (A) 68% solid content (B) 72% solid content (C) 76% solid content.

growth of UCS increases at the highest rate from 1 to 3 days, and
the value can reach up to 39.32%, which corresponds to a 68% solid
content and 9% binder content. After that, the growth rate of UCS
decreases gradually when the curing time increases.

The essence of curing time reflects the degree and process of the
hydration reaction. In the early hydration process of CPB, the space
filling effect of AFt crystals is the main reason for the early strength
of CPB (Xu et al., 2013). However, flocculent C-S-H gel, needle-
shaped AFt crystals, and cement particles have not fully participated
in the hydration reaction, and discrete tailings particles form a loose
structure, which makes the early strength of CPB lower. With the
increase in hydration degree, the AFt crystals are formed in large
quantities and distributed in clusters, and contact points are formed
with the increasing quantities of C-S-H gels (Zhang et al., 2018).
The water-filled space is constantly being filled and the gap is
reduced by hydration products, and the strength of CPB is
continuously increasing; when the curing time at 28 days, the
hydration process is gradually complete, a large amount of C-S-
H gel is formed in CPB, and meanwhile, AFt crystals and Ca(OH),
crystals are completely formed. The hydration products are evenly
distributed, interconnected, and intertwined (Hu et al,, 2018).
Hydration products, hydration particles, and tailings are
complexly combined in the space to form a dense and stable
multilayer network structure, which makes the CPB have long-

term strength and sufficient resistance to external loads (Hu et al.,
2018). The binder content increases as the solid content and binder
content increase, and the cement particles that can participate in the
hydration reaction increase. The hydration products generated by
the hydration reaction develop into a denser and stable bearing
structure, which strengthens the densification of the structure and
has a stronger compressive strength.

Variation of Binder Content on UCS

The value of UCS increases with the increase in the binder
content and the increase rate is significantly affected by the
curing time from Figure 4. In the early period of the
hydration reaction, the content of hydration products is low
and a stable supporting framework structure has not yet formed.
At the same time, sufficient water in the pores increases the
lubrication between tailings particle, hydration products, and
hydration raw materials. Therefore, when the curing time is 1
day, the increase in UCS caused by the increase in binder content
is relatively small. With the increase in the curing time, higher
initial binder content increases the amount of the hydration
product, and the generated hydration products fill the water-
filled space between the pores. The well-connected pore network
gradually transforms into a dense supporting framework formed
by the interlacing of hydration products, which made the CPB to
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FIGURE 4 | The value of UCS corresponding to binder content under different solid content. (A) 68% solid content (B) 72% solid content (C) 76% solid content.

have higher strength with the increase in binder content. When
the curing time is 28 days, it can be observed that UCS exhibits a
relatively obvious increasing trend under the influence of binder
content. That is, with the hydration reaction gradually becoming
integrity, the influence of the binder content on UCS gradually
appears, indicating that the increase in the binder content can
effectively increase the advanced age of strength.

Variation of Solid Content on UCS

The UCS shows an increasing trend as the solid content from
Figure 5. At the early curing time, the volume of air and free water in
the pores of the CPB sample is relatively small as the solid content,
which effectively reduces the connection and penetration of the
pores, and forms an effective contact framework between tailings
particles, hydration products, and unhydrated cement particles (Liu
et al,, 2020). The CPB with higher solid content has more particles
(Liu et al,, 2021). The load-bearing framework formed between the
tailings particles and the unhydrated cement particles to form an
effective lap between the solid particles. With the gradual
advancement of the hydration process, the amount of hydration
products produced in CPB with higher solids content increases and
the degree of development is improved. The self-desiccation of CPB
in the hydration process not only reduces the water-filled space in
the pores but also provides development space for the generation
and development of hydration products. The spatial distribution of

hydration products greatly improves the framework structure of
CPB, which fills the pore space and creates bonds between the
particles (Ercikdi et al., 2014). The complex, dense, and stable load-
bearing system is formed that combines a gel network composed of
hydration products and a solid particle structure dominated by
tailings. In other words, the enhancement of cohesion of structure
effectively improves the later mechanical strength.

Sensitivity Analysis of Multi-Factor on UCS

It can be seen from the above results that the curing time, binder
content, and solid content can all affect the value of UCS. In order
to describe the effect of the three on the UCS, the three-
dimensional coordinate system is constructed with the binder
content (X axis), solid content (Y axis), and curing time (Z axis) as
the coordinate axis and color to distinguish the value of the UCS
under different conditions, as shown in Figure 6.

According to the value of UCS under different conditions, 68%,
72%, and 76% solid content are indicated by circles, squares, and
triangles, respectively. It can be known from the color distribution
of the spheres that the smaller values of UCS are mainly
concentrated in the lower left area, and the color change
difference is small along the Y axis, which means that the
smaller UCS is determined by the shorter curing time and the
lower binder content, and the increase in the solid content
contributes relatively little to the increase in the UCS. The
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The larger values of UCS are concentrated in the upper right area
and reach the maximum UCS in this area.

In order to quantify and evaluate the variation in UCS which
shows the sensitivity of UCS to the factors due to changes in
curing time, binder content, and solid content, the sensitivity of
UCS to the three is evaluated by defining the sensitivity
coefficient S. Since the value ranges and spans of the curing
time (1-28 days), binder content (3-9%), and solid content
(68-72%) are not within the same scale, the normalized
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parameter N; was introduced to quantify the sensitivity of the
three subsequently,

Nij - max {Amlj, Amzj, Am3]} . (mlj - m,-l)’ (1)

mu My Mz Ny Mys

mij = | My My Mo My
M3 M3z M3
1 3 7 14 287i=1, j=123,45
=13 5 7 9 i=2, j=1234, (2
68 72 76 i=3, j=123

where the subscript i is the influencing factors; the values 1, 2, and
3 indicate that the factors are curing time, binder content, and
solid content, respectively; and j represents the conditions of each
factor. The representative condition of m;; is shown in Eq. 2. m;
is the value of the reference condition; Amy; represents the
difference between the changed value and the reference value,

_R-Ry
-z

where S represents the sensitivity of factors, R is the value of UCS
after the change, and R, is UCS of the reference conditions.
When the sensitivity of factors (curing time, solid content, and
binder content) was analyzed, the UCS values were selected as solid
content 76%,binder content 9%, curing time 1 day; the binder content

9%, curing time 28 days, solid content 68%; and solid content 76%,
curing time 28 days, binder content 3% for reference conditions.
Among them, the relative variation AR/R, can better represent the
change in UCS due to the variable value of different factors, and S is
used to represent the influence of Am to quantify the difference of
UCS caused by the variation of different variable value.

As shown in Table 4, the relative variation AR/R, shows
different degrees of growth as the variable value increases
under different factors. The sensitivity analysis based on the
value of the sensitivity parameter shows that the value of S is
small and it increases from 0.009 to 0.012 when the solid content
increases to 72 and 76%, which indicates that the increase in the
solid content causes a small variation in UCS, that is, UCS is
weakly sensitive to solid content.

The maximum S appears when the curing time is 3 days, which
UCS has the most significant variation in the curing time indicating
the strongest sensitivity. The value of S is big, but it gradually
decreases with the increase in curing time, indicating that the early
strength is more sensitive to the curing time. S gradually increases
with binder content, indicating that the sensitivity of UCS
gradually increases as the cement binder increases.

Stress Evolution

The stress—strain curve can be divided into four stages according to
the characteristics of the curve from Figure 7. Pore compaction stage
(Stage I): the curve is of “superior fovea” shape; CPB is a
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heterogeneous material, in which there are more uneven “sponge”
structures with pores; under the action of a small load, the “spongy”
structure with pores is easy to be compressed; and the pores are
tightly closed under the action of the load, which makes the CPB
produce greater deformation. Elastic deformation stage (Stage I1): the
curve is linear in this stage, and the pores in the CPB are further
compacted as the stress continues to increase. Plastic deformation
stage (Stage IlI): In this stage, the curve is of “inferior fovea” shape,
the slope of the curve gradually slows down, and the stress reaches
the peak. Meanwhile, new micro-cracks sprout in the CPB, and the
continuous increase in stress leads to the expansion of old cracks and
the development of new cracks. Damage and failure stage (Stage IV):
the curve shows obvious “softening” characteristics. The internal
structure of the specimen is constantly destroyed, and the existing
cracks continue to expand, gradually intersect, and merge, causing
the isolated cracks to gradually penetrate, forming a macroscopic
failure zone, and leading to stress drop.

The stress—strain curve of the curing time is 1, 3, 7, 14, and
28 days, for which the corresponding solid content is 76% and the
binder content is 9%, which are selected to analyze the effect of curing
age on the stress—strain curve in Figure 8. The curing time is taken as
a variable. From the stress-strain curves, it can be seen that the
stress—strain curves have obvious differences under different curing
times, which are mainly reflected in the following three aspects: 1)
The strain corresponding to UCS decreases with curing time. The
strain value decreased from 2.715 to 2.225% when the curing time
increases from 1 to 7 days, indicating that the deformation ability of
the CPB against external loads is enhanced. When the curing age is 1
and 3 days, the phenomenon of compression swelling can be
observed during the test, and it is extremely significant when the
curing age is 1 day. The phenomenon can also be derived from the
trend of the stress—strain curve. It can be seen that the curve appears
smooth when the curing time is 1 and 3 days, and the increase in
stress is small with strain. 2) The peak stress characteristics of the
stress—strain curve become more obvious. With the increase in the
curing time, the stress value corresponding to the later curing period
increases and also the growth rate increases accordingly under the
same strain condition. In the curve at the early curing period, the
strain in a certain range corresponding to the peak stress is basically
the same as the peak stress. When the curing time increases to 7 days,
this range is significantly reduced, and the peak stress can be clearly
observed. It is mainly due to an increase in the degree of binder
hydration and the precipitation of a larger amount of hydration
products, as well as suction increase within the CTB specimen with
curing time (Xu et al,, 2019). 3) The post-peak characteristics show
obvious differences with the change in curing time. The stress drop
caused by the internal damage of the sample increases, which can be
intuitively observed from the curve shape; the smooth shape in the
early curing period turns into the steep peak shape in the later curing
period. Therefore, the steeper change in the post-peak response of
CPB with the curing time indicates the development of CPB
brittleness (Libos and Cui, 2020).

It can be seen from Figure 8B that with the increase in the binder
content, the stress—strain curve shows obvious differences. The strain
corresponding to the peak stress decreases from 4.31 to 2.225% when
the binder content increases from 3 to 5% and is similar to the effect
of curing time on the stress evolution, that is, the change in the

Mechanical Characteristics and Stress Evolution

binder content can enhance the peak stress characteristics and also
increase the stress drop. The hydration products increase with binder
content. The hydration product combines individual particles to
form a skeleton structure, and the strength is derived from the
cohesion and friction between the particles (Jiang et al., 2017).

From the sensitivity analysis in Sensitivity Analysis of Multi-
Factor on UCS, it can be seen that the sensitivity of UCS to solid
content is the weakest. This conclusion can be confirmed by the
curves in Figure 8C. The curves of different solid content all show
the obvious peak stress characteristics, and the difference caused
by the variation of solid content is small.

CONCLUSION

In this article, a series of experiments and theoretical analysis
were carried out to explore the law of the strength difference of
the CPB under multi-factor coupling, quantify the sensitivity of
the strength to multi-factor, and clarify the variation of stress
evolution. The main conclusions are as follows:

(1) Compared with the early strength, the increase in the binder
content has a greater impact on the later strength of CPB. Under
the same binder content, as the increased solid content enhances
the particle density inside the CPB, the UCS also increases.

(2) The sensitivity parameter was constructed considering the
effect of multi-factor. The maximum values of the sensitivity
parameters given by the curing time, solid content, and
binder content are 0.202, 0.01, and 0.1, respectively,
showing that the sensitivity of UCS to multi-factor is
curing time > binder content > solid content.

(3) The curing time and binder content can effectively change
the stress—strain evolution referred to three aspects: reducing
the strain corresponding to the peak stress, enhancing the
peak stress characteristics, and increasing the stress drop.
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