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Abstract: Mining is the foundation of modern industrial development. In the context of the “carbon peaking and carbon neutrality” era, coun-
tries have put forward the development strategy of “adhering to the harmonious coexistence of humans and nature.” The ongoing progress and
improvement of filling mining technology have provided significant advantages, such as “green mining, safe, efficient, and low-carbon emis-
sion,” which is crucial to the comprehensive utilization of mining solid waste, environmental protection, and safety of re-mining. This review
paper describes the development history of metal mine filling mining in China and the characteristics of each stage. The excitation mechanism
and current research status of producing cementitious materials from blast furnace slag and other industrial wastes are then presented, and the
concept of developing cementitious materials for backfill based on the whole solid waste is proposed. The advances in the mechanical charac-
teristics of cemented backfill are elaborated on four typical levels: static mechanics, dynamic mechanics, mechanical influencing factors, and
multi-scale mechanics. The working/rheological characteristics of the filling slurry are presented, given the importance of the filling materials
conveying process. Finally, the future perspectives of mining with backfill are discussed based on the features of modern filling concepts to
provide the necessary theoretical research value for filling mining.

Keywords: mining with backfill; cementitious materials; mechanical characteristics; slurry properties; future perspectives

 

 1. Introduction

Presently,  China’s  metal  mines  are  mainly  in  an  under-
ground  mining  mode,  and  the  primary  mining  methods  are
divided  into  three  major  categories:  the  caving,  filling,  and
open-stope  techniques.  The  development  of  the  mining  in-
dustry plays a vital role in the national economy; therefore,
the national government and the scientific community have
attached great importance to and strongly supported such de-
velopment. Moreover, they have made great progress in the
following  aspects:  waste-free  and  environmentally  friendly
mining  technology,  open-pit  to  underground  mining  trans-
ition  technology,  underground  continuous  mining  techno-
logy,  complex  and  hard-exploited  ores  mining  technology,
and intelligent mining technology, among others.

Mining gradually shifts to deeper depths due to the con-
tinuous decline of utilizable ores at shallow depths [1]. Six-
teen metal mines currently operating in China have extended
to a depth of more than 1000 m [2]. Deep mines are facing a
distinct  situation  of “three  highs  and  one  disturbance” and
need to adapt to the requirements of the national mining de-
velopment strategy [3]. However, the technical level of min-
ing, economic constraints, and historic legacy problems, such
as  the  crude  development  of  underground  hard  rock  metal

mines, severely restrict the sustainable and healthy develop-
ment of mines [4]. The new concept of mining continuously
proposed  by  the  government  provides  a  chance  for  revolu-
tionizing traditional mines. China’s 14th Five-Year Plan pro-
posed the “acceleration of the green development of mining,”
which has led to a gradual transition to focus on the compre-
hensive use of deep ores, adhere to innovation and coordin-
ated development, and promote the harmonious coexistence
of humans and nature [5].

Mining  with  backfill  refills  solid  waste,  represented  by
waste  rock and tailings,  into  underground void  (mined-out)
areas, effectively controlling surface subsidence and collapse
and  reducing  mining-induced  geological  disasters  [6].  This
technique  helps  to  realize  the  comprehensive  utilization  of
mining waste, improve the recovery rate of metal/mineral re-
sources, and reduce the depletion rate during re-mining, with
the unique advantage of “one filling to cure three wastes and
one waste to cure two hazards” [7]. In the context of carbon-
neutral  carbon peaks,  China’s  14th  Five-Year  Plans  for  the
enlargement of the raw materials industry and the construc-
tion of waste-free cities put forward the comprehensive util-
ization of mining waste, such as tailings/waste rock [8] and
the  promotion  of  environmentally  friendly  underground
filling of  tailings and other  industrial  solid wastes  [9].  This 
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shows that the firm trend in the progress of mining is a low-
carbon growth of mineral resources employing new techno-
logies and other  means [10].  Mining with backfill  can help
the green development, low-carbon emission, recycling, and
viable growth of traditional mines, which aligns with the op-
portunities  and  challenges  provided  by  the  contemporary
concept of ecological civilization [11].

The  economic  factors,  slurry  quality,  and  environmental
factors govern the development history of mining with back-
fill. The economic factor refers to decreased financial profits
and increased mining costs due to backfill. The low grade of
the metal ore and the large mining depths result in a signific-
ant  increase  in  mining  costs  with  increasing  depth.  Gelling
materials are the key to controlling the filling costs and help-
ing innovate filling mining techniques and technologies [12].
The use of cheap waste materials with potential volcanic ash
activity to prepare mining gelling materials is a hot research
topic in mining with backfill [13]. The slurry quality is im-
portant to meet the conveying necessities and filling quality,
directly  affecting  the  filling  slurry’s  workability/rheological
behavior [14] and whether it  can be adapted to the existing
fill system and achieve high-quality filling [15]. The environ-
mental  factor  refers  to  industry  standards  and  policy  direc-
tions  that  are  constantly  being  put  forward  as  the  national
government and society at large become more aware of en-
vironmental shields [16]. When the filling slurry is delivered
to the mined-out area, the strength and damage progress pat-
terns  of  cemented  backfill  differ  remarkably  based  on  the

curing process and environment in which it is deposited, the
cementing  material,  and  the  form  of  interaction  with  the
nearby rock [15,17]. Hence, in-depth research on the physic-
al behavior of cemented backfill is an operative means to en-
sure the safe creation and stability control of cemented back-
fill in underground metal mines.

This review paper first elaborates on China’s filling min-
ing development history and analyzes its different era char-
acteristics and specific mine sites. It also carefully examines
filling mining in metal mines regarding the progress and pre-
paration of cementitious materials. Moreover, this paper in-
corporates the physical behavior and liquidity performance of
backfilling. Finally, it discusses the change direction of min-
ing with backfill in the emerging era.

 2. Development history of filling mining

With  the  remarkable  improvement  in  filling  mining/
equipment technology, the continuous development of min-
ing with backfill has been greatly promoted [18]. As a func-
tion  of  the  employed  materials/methods,  the  main  backfill
types can be named as dry, water–sand, cemented, high con-
centration  (H-conc)  cemented,  cemented  paste/tailings,
whole  tailings  cemented  paste,  and  emerging  cemented
filling [19]. At the same time, each stage of the improvement
history of China’s mining with backfill has unique features of
the times. Fig. 1 shows the progress history of China’s min-
ing methods, including backfill.
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Fig. 1.    Development history of China’s filling mining methods.
 

Dry filling is  a  method used in the early years,  whereby
waste rock, sand, and gravel were transported to the extrac-
tion  area  through  ore  trucks,  wind,  or  other  mechanical
means [20].  In the 1950s,  dry filling was used in 54.8% of
underground nonferrous metal mines; however, it could not
meet  the  production  supplies  of “strong  mining/extraction/
filling,” and  the  proportion  of  production  was  reduced  to

0.7%  by  1963  [20–21].  Water–sand  filling  refers  to  trans-
porting filling materials, such as tailings sand and gravel, to
the underground in a solid–liquid flow, with a slurry concen-
tration  usually  lower  than  70wt%  [22].  In  the  1960s,  the
Xikuangshan South Mine (1965) first adopted the tailings hy-
draulic  filling  mining  process,  which  slowed  down  surface
subsidence.  The  Xiangtan  Manganese  Mine  adopted  the
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gravel  hydraulic  filling process,  which achieved sound pre-
vention effects [23]. The cemented filling usually uses a mix
of waste rock, process tailings, and hydraulic binder to pre-
pare  filling  slurry,  which  is  pumped  by  pipeline  or  gravity
flow to the extraction zone. The key drivers of this system are
to  eliminate  the  difficulties  of  low  strength  of  water–sand
filling and to seriously segregate the filling slurry [24]. The
successful  use  of  graded  tailings  cemented  filling  at  the
Fankou Lead-Zinc Mine (1968) signified a fresh stage in the
history of China’s filling mining. In the 1960s and 1970s, ce-
mented  filling  required  high  material  gradation  and  was
mainly based on coarse aggregate (e.g., Gobi aggregate, Jin-
chuan  Longshou  Mine,  cement  unit  consumption  of  200
kg/m3). In the 1970s and 1980s, fine sands (e.g., tailings, rod
mill sand) were used for cemented filling. In the 1980s, the
graded  tailings  cemented  filling  was  widely  used  in  mines
[25],  such  as  the  Anqing  Copper  Mine,  Zhangmatun  Iron
Mine,  and  Jiaojia  Gold  Mine.  However,  it  should  be  noted
that  fine tailings are  harmful  to  the environment  due to  the
accumulation  of  fine  tailing  particles  on  the  surface.
Moreover,  graded  tailings  cannot  meet  the  demand  of  the
mine for filling materials.

In 1997, the H-conc cemented filling technology with rod
mill  sand plus cement was achieved at  the Jinchuan Nickel
Mine.  The  slurry  concentration  of  70wt%  was  relatively
higher  than  65wt%;  however,  this  does  not  indicate  a  high
concentration, but rather that the slurry has the features of not
segregating and being able to be transported steadily. In the
late 1980s, H-conc whole tailings cemented filling was suc-
cessfully developed and tested at the Jinchuan Nickel Mine
and Fankou Lead-Zinc Mine [26]. The solid content of whole
tailings cemented filling can reach 70%–78% after dewater-
ing in the underground backfill field. The process is based on
physical/colloid chemistry as the theoretical basis and uses a
high-efficiency  thickener  and  vacuum  filter  to  obtain  wet
tailings. It successfully solves the shortage of filling materi-
als and reduces the impact of pollution on the nearby envir-
onment.  However,  the  process  is  complex,  and  the  cost  is
high  [27].  The  German  Gronde  Lead-Zinc  Mine  first  de-

veloped the cemented paste filling technology. The first ce-
mented  paste  filling  system  was  built  at  Jinchuan  Nickel
Mine in 1996 (the landmark stage), and the second cemented
paste filling system was constructed at the Tonglushan Cop-
per  Mine  in  1999.  The  cemented  paste  filling  method  uses
dewatering technology, H-conc pumping technology, activa-
tion  and  mixing  technology,  and  computer  control  techno-
logy.  Its  overall  process  structure  is  complex,  the  filling
slurry  is  free  from  segregation,  the  strength  of  cemented
backfill  is  relatively  high,  the  cement  consumption  is  low,
and the paste slurry is highly suitable for long-distance trans-
portation. In 2006, the Huize Lead-Zinc Mine built China’s
first cemented paste tailings filling; using an introduced deep
cone thickener,  the filling slurry content can reach 79wt%–
81wt% [28]. According to Circular [2014] No. 48 issued by
the State Administration of Work Safety, China in 2014, the
filling mining method should be the first choice for new un-
derground mines. Moreover, those that cannot use this meth-
od should provide demonstrations from design companies or
experts, showing that the government attaches great import-
ance to filling mining. Combined with the policies issued by
the government in recent years and the emerging filling con-
cepts  proposed  by  scholars  at  home  and  abroad,  the  emer-
ging  cemented  filling  is  defined  as  having  typical  features,
such  as  green,  safe,  efficient,  intelligent,  and  low-carbon
emission [29–32].

 3. Research  and  preparation  of  cementitious
materials

Cementitious materials  are  the cementing agents  used in
filling mining,  and traditional  Portland cement accounts for
60%–80% of the cost of filling materials.  Using potentially
active  solid  wastes  can  reduce  filling  cost,  which  is  in  line
with the green/sustainable progress of mines and has a range
of application prospects. The excitation forms include phys-
ical/chemical  excitations. Fig.  2 shows  the  excitation  prin-
ciple [33]. Physical excitation is defined as using a mechan-
ical means to grind potentially active solid wastes particles to
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Fig. 2.    Illustration of the mechanism of excitation: (a) physical excitation; (b) chemical excitation [33].

G.L. Xue et al., Progress and prospects of mining with backfill in metal mines in China 1457



a  specific  fineness  (grinding  aids  include  water-reducing
agent  and  triethanolamine).  Chemical  excitation  is  per-
formed by adding an alkali/salt substance exciter [34–40].

Xiao [34] used mechanical and chemical means to excite
the  volcanic  ash  activity  of  copper  tailings.  The  results
showed  that  grinding  helped  the  copper  tailings  to  exert
physical filling effects. They improved the mechanical prop-
erties and activity index of the specimens (Fig. 3). Xiao et al.
[41] showed that a rise of 10 m2/kg in the powder’s specific
surface augmented the strengths of cemented backfill with a
cure period of 3, 7, and 28 d by 0.028, 0.057, and 0.122 MPa,
respectively.  The  smaller  the  fineness  of  the  cemented
powder,  the  more  substantial  the  impact  on  the  strength  of
early-age specimens. Second, alkaline excitants cover quick-
lime,  sodium  hydroxide,  water  glass,  and  cement  clinker,
while  salt  excitants  cover  sodium sulfate  and  desulphuriza-
tion gypsum. However, numerous scholars mostly use com-

pound excitants to carry out scientific research to expand the
features of testing material [42–45]. Zhou et al. [39] inspec-
ted the impact of various additive combinations on the early
quality of whole tailings paste filling materials and their ex-
citation mechanism using scanning electron microscope– en-
ergy-dispersive spectroscopy (SEM–EDX) tests. The results
specified the effect of composite exciter-intertwined tailings
particles,  calcium alumina crystals,  and gel  to  build  a  solid
assembly, which improved the strength of the cemented paste
backfill at early periods. Li et al. [46] found that 0.5wt% so-
dium sulfate compounded with a 0.2wt% polycarboxylic acid
water-reducing agent reduced the cement dosage by 2%, in-
creased the collapse degree by 4.1 cm, and shortened the ini-
tial/final set times by 20 min. Using compound excitants can
improve  the  performance  of  filling  slurry  simultaneously
without increasing the filling cost, and the effect is fast and
more suitable for application in the project.
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Fig. 3.    Copper tailings cementation system at different grinding times: (a) volcanic ash activity index; (b) compressive strength [34].
 

The blast furnace slag mainly contains CaO, MgO, SiO2,
and Al2O3. The superior the glass phase content in the slag,
the  greater  the  activity.  The larger  the  specific  surface  area
(particles  with  a  diameter  higher  than 60 µm are  inert,  and
particles with a diameter lower than 30 µm exhibit a domin-
ant character in the backfill’s strength), the better the excita-
tion effect [45]. Under alkaline excitation, the presence of a
calcium-rich  phase  in  the  internal  network  structure  of  the
slag vitreous provides a channel for OH− to enter the vitreous
interior from the surface structure, generating stable materi-
als,  such  as  calcium  silicate  hydrates  (CSH)  gel,  which  in
turn  exhibits  good  water-hardening  activity  [47–49].  Zhao
[50] used a clinker-free copper slag to substitute the binder as
a cementing agent (mixed with MgO), providing theoretical
guidance for the safe use of copper slag. Liu et al. [51] scru-
tinized the mechanism of swelling/cementing characteristics
of magnesium slag and successfully applied it to the field of
mine filling by chemical  modification treatment,  with a  ce-
mented backfill strength of 6.23 MPa at a 28-d curing time.
Wang et  al.  [52]  used a  little  smelting water  ground nickel
slag (with a preferred mass ratio of 85%) as the primary raw
material, desulfurization gypsum and calcium carbide slag as
the primary activator, and Na2SO4 and cement clinker as the

additional activator to prepare mining paste backfill compos-
ites and studied their hydration mechanism. The quality and
activity  of  blast  furnace  slag  can  be  assessed  according  to
Granulated Blast Furnace Slag Used for Cement Production
(GB/T 203-2008). The use of blast furnace slag can provide
practical  economic  and  social  benefits  to  mines  due  to  its
wide source and low cost.

Fly ash (FA) is grayish-brown, and its activity is determ-
ined  by  its  fineness  and  the  dosage  of  aluminosilicate  vit-
reous humor. The dosage of SiO2, Al2O3, and Fe2O3 in FA is
45wt%–60wt%,  20wt%–30wt%,  and  5wt%–10wt%,  re-
spectively.  The  following  are  known  according  to  a  large
number of experimental research results of domestic and for-
eign scholars [53–59]. (1) FA has a “micoaggregate” effect in
cemented backfill, optimizes the structure of the backfill to-
gether with tailings and other materials,  reduces the cost  of
filling, and has good economic/social benefits. (2) Accumu-
lating  FA additive  is  not  favorable  to  the  early  mechanical
strength of cemented backfill, and it has a “slow setting” ef-
fect  but  less  influence  on  the  strength  of  long-term  cured
filling  specimen.  (3)  Adding  FA  can  greatly  increase  the
flowability of the filling slurry, reduce the pipeline convey-
ing resistance, and improve the pumping performance.
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Desulfurization  ash  slag  is  a  by-product  of  the  dry  or
semidry  desulfurization  process  and  is  light  gray  with  a
powdered cement-like  appearance.  Calcium sulfide  and FA
(f-CaO) have unstable chemistry and hydration characterist-
ics, affecting the wide application of desulfurization ash [60].
Yang et al. [40] developed a filling cementitious material for
coarse aggregates of rod mill sand (18wt% of desulfurization
ash),  and  the  strength  of  cemented  backfill  reached  1.57,
3.64, and 7.12 MPa at 3, 7, and 28 d, respectively. Some re-
searchers [61–63] showed that the strength of the aluminate
cement compounding system negatively correlated with the
amount of desulfurized ash, and the expansion rate was com-
pletely linked with the amount of ash. When the amount of
desulfurized ash was  ≥10wt%, desulfurized ash had a  slow
setting effect. Typical industrial by-product gypsum contains
desulphurization gypsum, phosphogypsum, and hemihydrate
gypsum. Desulfurization gypsum exists as individual crystal-
line  particles  of  a  relatively  uniform  size,  with  a  relatively
fast  hydration  rate  and  slow  volume  expansion  rate  after
hardening [64],  so  the  industrial  application has  achieved a
good  promotion  effect.  Phosphogypsum  is  a  by-product
emitted from the production of phosphate compost and phos-
phoric acid, producing approximately 5 t of phosphogypsum
per ton of phosphoric acid [65]. Presently, the external policy

environment has formed a push-back mechanism for the re-
source use of phosphogypsum as a waste material, so the re-
source use and green progress of phosphogypsum cannot be
delayed. Rong et al. [66] used hemihydrate phosphogypsum
(dosed at 427 kg/t) to replace cement as a cementitious ma-
terial, and the 3-d cured strength reached 2.5 MPa. Moreover,
industrial  application  tests  were  conducted  in  a  phosphate
mine. As shown in Fig. 4, the final setting time was augmen-
ted with the increase of desulfurization ash dosage, and the
final setting time of the compounding system was extended
to 135 min when the dosage was 25wt%. The hemihydrate
phosphogypsum  filling  material  prepared  under  activated
conditions  exhibited  fast  early  consolidation  (average  3-d
cured strength of 2.52 MPa), good flow properties (collapse
degree > 26 cm), and low water secretion rate, which helped
in the filling engineering practice.  Although desulfurization
gypsum and hemihydrate gypsum have gained good applica-
tions in filling mining, the composite gelling material system
of  phosphogypsum  has  a  complex  composition  and  low
early  strength,  and it  contains  polluting components,  which
have not been effectively treated and widely applied. There-
fore, raw material selection and cost control are particularly
important  in  preparing  phosphogypsum-based  gelling
materials.
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tailings–hemihydrate gypsum [66].
 

Red  mud  is  an  industrial  waste  from  bauxite  refining,
characterized by a high content of fine particles with a large
specific surface area [67], and is present as admixtures to oth-
er active composites. Studies have shown that red mud helps
to  improve  the  workability  of  the  filling  material  and  in-
crease  the  stability/water  retention  of  the  slurry  [68–69].
When the red mud/FA mass ratio is  3:2,  the binder admix-
ture  is  5wt%,  which  improves  the  durability  of  cemented
backfill  while  reducing  its  permeability  [70],  providing  an
awareness  of  the  large-scale  utilization  of  industrial  solid
waste.

In summary, blast furnace slag, desulphurization ash, red
mud,  gypsum,  and  FA  are  all  typical  bulk  industrial  solid
wastes.  According  to  the  filling  characteristics  and  solid
waste excitation principles, the utilization of industrial solid

waste to develop and make cemented filling products could
not only diminish the backfill costs but also alleviate the en-
vironmental  contamination  problems  triggered  by  the  pres-
ence  of  industrial  waste.  Hence,  developing  whole  solid
waste-based  cementitious  filling  materials  using  industrial
waste as the main raw product is proposed. Fig. 5 shows the
conceptual framework. It can be interpreted that the develop-
ment  of  cementitious  filling  materials  for  solid  waste  starts
with field research in metal mines, collecting available indus-
trial waste, and conducting performance tests and theoretical
analysis. A series of physical or chemical excitation tests are
conducted to select the type of exciter and the dosing amount
and to design a reasonable excitation process. Finally, a ce-
mentitious material for backfill is prepared that meets the re-
quirements of the mine’s safety, low cost, low-carbon emis-
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sion, and technical feasibility. Besides, the relevant industrial
application and in-depth promotion will be carried out after
the industrial production and filling test is passed.

 4. Mechanical properties of cemented backfill
 4.1. Static mechanics

Indoor experiments can directly obtain the strength beha-
vior of cemented backfill and its parameters using orthodox
loading  means,  such  as  uniaxial  compression,  triaxial  com-
pression,  shear,  and  tensile  tests.  Experimental  works  were
conducted  on  creep  features,  loading  and  unloading,  stress
percolation,  and  temperature–stress  coupling  of  cemented
backfill. Tang et al. [71] used uniaxial compression tests and
PFC  granular  flow  software  to  analyze  the  strength/crack
evolution  of  layered  cemented  tailings  backfill.  Some  re-
searchers  [72–73]  explored  the  strength  of  gangue  gypsum
through  uniaxial  compression,  splitting  tensile,  shear,  and
other tests and established a strength prediction model. Guo
et al. [74] used five-step load routes to replicate various load
procedures for working face roofs and established a nonlin-
ear creep basic model with strain rate triggers. The results can
offer a basis for the strategy of hydraulic support’s advance
distance and advance period as well as the reinforcement of
the filling column. Wang et al. [75] studied the stability fea-
tures of cemented backfill subjected to triaxial cyclic unload-
ing  situations  and  found  that  the  backfill’s  damage  style  is
mostly characterized by conjugating shear damage in the up-
per layer and tensile damage in the cross-layer plane. Fig. 6
shows the synergistic effects of heat transfer, seepage, com-
pression, and hydration that occur during filling to consolida-
tion.  The  hydration  process  of  cementitious  materials  is  a
chemical reaction that releases heat, regulates the change in
water pressure between pores by consuming water between
filling  material  substrates,  and  bears  the  ground  stress  with

the surrounding rock. Thus, it can be observed that the multi-
field effect of the quarry environment has an important influ-
ence on the consolidation strength of cemented backfill. Wu
et al. [76] predicted and analyzed the mechanical properties
of the retaining wall through numerical modeling to scrutin-
ize the influence of coupled heat flow, stress, and chemical
effects  of  paste  backfill.  For  the  damage  features  of  crack-
covering backfill under coupled heat force effects, Hou et al.
[77] proposed four diverse damage concepts, namely, macro-
scopic fracture damage, mesoscopic loading damage, meso-
scopic thermal damage, and total damage.
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 4.2. Dynamic mechanics

Blasting loads and mining disturbance influence the real
stress state of cemented backfill. Numerous researchers have
studied the  dynamic behavior  of  cemented backfill  in  three
forms:  diverse  loading  rates,  drop  weight  impact,  and  split
Hopkinson pressure bar (SHPB) testing system. Song et al.
[78] explored the compression damage features of cemented
backfill  and its  energy dissipation characteristics under five
different  loading  rates  by  uniaxial  compression  and  found
that a critical loading rate phenomenon (showing the effect of
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strengthening  before  deterioration)  existed  for  the  lower
strength of cemented tailings backfill. Yang et al. [79] used a
WEP-600 test press and JSL-3000 drop weight impact tester
to  explore  the  strength  features  of  the  Jinchuan  cemented
backfill with nickel slag under dynamic/static loading. They
found that the shear strength of cemented backfill is directed
by its friction angle/cohesion, and the relative shear/displace-
ment  damage  between  particles  under  external  loading  is
dominant. Song et al. [80] used the SHPB testing system to
analyze the dynamic mechanical features of cemented back-
fill  with  diverse  levels  of  alkalized  rice  straw  under  single
and  impact  loads  and  found  that  alkalized  rice  straw  im-
proved the stability/impact resistance of cemented backfill. It
can  be  observed  that  the  research  on  dynamic  mechanical
properties of cemented backfill is gradually gaining attention,
and the SHPB test system has significant advantages over the
drop weight impact and other methods, which can obtain dy-
namic mechanical parameters under a high strain rate.

In 1949, Kolsky [81] laid the foundation of the split Hop-
kinson test  system. In 2008, Li et al.  at  Central  South Uni-
versity developed a combined dynamic–static SHPB test sys-
tem  [82].  In  2009,  Zhao et  al.  at  Monash  University  pro-
posed the true three-axis SHPB test system [83]. In 2020, He
et al. developed a heat–water–force coupled SHPB test sys-
tem,  which  can  simultaneously  achieve  loading  axial  pres-
sure  and  circumferential  pressure  of  0–60  MPa,  permeate
water  stress  of  0–45  MPa,  and  heat  of −100°C  to  +100°C
[84]. The international society for rock mechanics and engin-
eering (ISRM) recommended using a 0.5–1 cylinder for the
dynamic compression test to improve test accuracy [85].  In
addition, Hu et al. [86] numerically studied the coupled body
at the backfill–rock interface and analyzed the mechanical ef-
fects of blast impact on the structure of the coupled body at
the interface. Fig. 7 shows the schematic diagram of differ-
ent dynamic mechanical test principles.

The following were found according to the results of dy-
namic impact mechanics tests on cemented backfill [88–94].

(1) In general, the dynamic features of cemented backfill are
larger than quasi-static ones, and this phenomenon is called
the strain rate impact. In conventional tests, when the strain
rate is less than 10−3 s−1, the strain rate impact is negligible.
When the strain rate is more than 102 s−1, it belongs to a high
strain rate category. Presently, the strain rate in impact test-
ing of cemented tailings backfill has been as high as 300 s−1.
The general test range is mostly below 102 s−1, with a strain
rate  below  50  s−1 at  cyclic  impact.  (2)  Cemented  tailings
backfill dampens the elastic shock wave, and its transmitted
wave amplitude is much smaller than the incoming reflected
wave. (3) Under dynamic loading, cemented tailings backfill
has a high load-bearing capacity, following the law of strain
rate impact (Fig. 8). (4) The mean strain rate of perilous in-
stability of common cemented tailings backfill is about 50 s−1,
which is a strain rate-sensitive material. Under the action of
diverse impact rates, the damage mode of cemented tailings
backfill  is  primarily  manifested  as  instability  under  the  ac-
tion of tension. (5) Under the same impact velocity, the great-
er the cement/sand ratio, the higher the strength of cemented
backfill. As the cement/sand ratio is identical, the greater the
impact rate, the greater the dynamic strength value of cemen-
ted tailings backfill.  (6) There is a compaction and destruc-
tion process of 1–2 times in cemented tailings backfill. The
impact number, the setting of nearby pressure, and the addi-
tion of fiber reinforcement all subsidize to better escalate the
dynamic strength of cemented tailings backfill.

 4.3. Factors influencing mechanical properties

A cemented backfill is a nonhomogeneous material made
by  mixing  aggregates,  cementitious  materials,  and  water  in
proportion  to  each  other.  The  factors  that  influence  its
strength  and  performance  include  the  cement/sand  ratio,
slurry  concentration,  aggregate  gradation,  cementitious  ma-
terials, curing time, curing conditions, water, and control of
the filling system. Normally, the mechanical strength of a ce-
mented backfill rises with a growing cement/sand rate, slurry
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concentration,  and  curing  time.  This  also  indicates  an  in-
crease  in  filling  costs  and a  longer  recovery  period.  As  the
main filling component (80% of the total volume), aggregate
has a key impact on the stability/durability of cemented back-
fill. A high proportion of fine-grained aggregate is not favor-
able  to  the  improvement  in  the  strength  of  the  cemented
backfill material [95–96]. The chemistry and pH of pore wa-
ter in the filling slurry affect the creation of cement hydration
materials,  with  acidic  water  more  likely  to  erode  cemented
tailings backfill specimens [97–99]. Jiang et al. [100] found
that the strength features of sulfur-containing cemented back-
fill material reveal a trend of growing and then falling with
curing time (47.5% at 90 d),  and the strength of sulfur-free
cemented  backfill  increased  with  curing  time  and  then
leveled  off.  Du et  al.  [101]  inferred  that  the  erosion  of  the
chlorine salt solution and the changing trend of compressive
strength  of  cemented  backfill  experienced  a  growth  period,
decline period, and stabilization period.

Filling system control is key to filling production. The re-
liable operation of the system and the stability of the slurry
concentration are significant  to  guarantee the smooth trans-
port  and  successful  application/quality  performance  of
filling. The preparation process and the number of additives
affect the characteristics and quality of cementitious materi-
als, and a reasonable selection of cemented products is essen-

tial  to  meet  the  strength  requirements  of  cemented  backfill
[102]. At the same time, considering that the actual mainten-
ance conditions in underground hard rock mine sites are sig-
nificantly different from those in indoor laboratories, the cur-
ing temperature, humidity, and external loads have a certain
influence  on  the  formation  and  growth  of  the  strength  fea-
tures  of  cemented tailings  backfill  [103–104].  As  shown in
Fig.  9(a),  the  field  strength  of  cemented  tailings  backfill  is
higher than its laboratory strength, and the filling depth at this
time is greater than 300 m [105]. As shown in Fig. 9(b), the
field mechanical strength value of cemented backfill is lesser
than its laboratory strength, and the filling depth at this time
is  less  than  100  m  [106].  Additionally,  the  mechanical
strength  design of  cemented backfill  varies  slightly  accord-
ing to the different requirements for the mechanical strength
value  of  cemented  backfill  during  recycling,  but  usually,
higher strength values are used in China than abroad [107].

 4.4. Multi-scale mechanics

According to the research method and the feature size, the
study of the strength features of cemented backfill can be di-
vided into three levels: macroscopic, mesoscopic, and micro-
scale  [108–112].  Typically,  the  microscopic  scale  range  is
<10 µm, the mesoscopic scale ranges from 10 to 1000 µm,
and the macroscopic scale range is >1000 µm (Fig. 10). The
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macroscopic mechanical behavior belongs to the scale range
visible to the naked eye. When subjected to external loading,
the  macroscopic  deformation  of  cemented  backfill  is
achieved  by  adjusting  the  internal  microstructural  paramet-
ers. The multi-scale and size effect are two diverse concepts.
The  former  refers  to  several  different  study  dimensions,
while the latter refers to the mechanical properties presented
for many different sample sizes. Zhao et al. [113] used elec-
tronic  universal  test  machine,  acoustic  emission,  scanning
electron  microscopy,  and  digital  image  correlation  (DIC)
techniques to explore the multi-scale evolution of a cemen-

ted  backfill  under  single-bearing  load  from  the  emergence,
expansion, and penetration of micro-cracks to the generation
of  macroscopic  cracks.  Zhao et  al.  [114]  prepared  the  five
sets of prismatic specimens with diverse aspect ratios (0.5, 1,
2, 3, and 4) for uniaxial compression tests and explored the
damage  features  of  gangue  cemented  backfill  with  diverse
aspect rates. Song et al. [115] performed mechanical tests on
various sizes of cemented backfill and combined them with
the  ABAQUS finite  element  software  to  compare  and  ana-
lyze the stability of the excavation process of the stope under
the roof of the backfill body with different sizes.
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X-ray scanning, acoustic emission, and nuclear magnetic
resonance techniques are the three common methods used to
study  the  fine  structure  of  geotechnical  testing  materials
[116–120].  As  a  noninvasive  and  nondestructive  imaging
technique,  CT scanning has long been used to  examine the
internal  structure  of  materials.  Image  analysis  software  al-
lows the conversion of CT scan results into numerical mod-
els  or  three-dimensional  (3D)  images  for  more  quantitative
and  visual  analysis  of  the  internal  structure  of  cemented
backfill. Yi et al. [121] used an in situ CT scan to investigate
the  fracture  evolution  of  tailings  colloidal  backfill.  Belibi
Tana et al. [122] used digital imaging technology to quantify
the pore  characteristics  of  the  backfill  material  to  study the
link  between  the  microstructure  and  strength  of  cemented
backfill. Zou et al. [123] used computer imaging methods to
obtain the pore behavior of mixed aerated-filled concrete and
then analyzed the  impact  of  pore  structures  on  the  strength
features  and  frost  resistance  of  aerated-filled  concrete.  It  is
also challenging to capture the interior structural progress of
cemented backfill in real-time during the process of external
loading;  therefore,  numerical  modeling  is  vital  to  revealing
its damage rupture mechanism. Du et al. [124] used FLAC3D

software to mimic the damage and destruction of gas-bearing
coal  and  rock  assemblages  below  triaxial  compression  and
unloading circumferential pressure by reconstructing the 3D
fine structure of  the coal–rock assemblage and analyzed its
damage and destruction characteristics and energy evolution
law. Wei et al. [125] used the COMSOL software to perform
the numerical simulations of the fluid–solid coupling process

under diverse stress conditions and explored the water pres-
sure mechanism on the rock damage process. The common
testing methods at the microscopic scale include SEM, X-ray
diffraction (XRD), and X-ray fluorescence (XRF) [126–127].
Researchers  [128–129]  found  that  calcium  vanadinite  and
CSH gels were produced within cementitious materials after
hydration, which contributed to its consolidation and harden-
ing by XRD and SEM. Loykaew and Utara [130] explored
the microstructural mechanism of the interface between rub-
ber particles and hydration products under diverse mainten-
ance ages and acidic conditions. Xu et al. [131] found that the
morphology  and  size  of  calcium  vanadinite  and  CSH  gels
within cemented backfill  specimens varied at  different  cure
times.

In summary, the methods for investigating the mechanical
features of cemented backfill include basic mechanical tests,
numerical simulations, and theoretical analyses. As shown in
Fig. 11, the results of the basic strength tests are presented in
a multi-scale and multidimensional manner depending on the
test  methods. Simultaneously,  strength tests provide the ne-
cessary  mechanical  parameters  for  numerical  simulations
and have an internal relationship with the numerical simula-
tions. Fundamental theoretical analysis and basic mechanical
tests  govern  excellent  test  approaches.  For  example,  high-
speed  cameras,  Fourier  transform  infrared  spectrometer
(FTIR), DIC technology, and acoustic emission can assist the
mechanical  tests  in  obtaining  more  valuable  data  and  con-
ducting  comprehensive  multi-scale  and  multidimensional
analyses.
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 5. Flow features of the filling slurry
 5.1. Working characteristics

The working features of the filling slurry are evaluated in
terms of collapse, diffusion, consistency, segregation, bleed-
ing rate, and shrinkage (Fig. 12). The collapse, diffusion, and
consistency  properties  reflect  the  flowability  of  the  filling
slurry, the delamination and bleeding rate reflect the stability
of  the  filling  slurry,  and  the  shrinkage  rate  represents  the
denseness  of  the  filling  slurry.  The  degree  of  collapse  is
defined as the change between the final height of the filling
slurry  collapsing  under  its  weight  and  the  top  of  the  col-
lapsed cylinder (the indicator for whole tailings paste filling
slurry is 180–260 mm [132]), and the index of diffusion is the
average of the plane dimensions of the filling slurry. In gen-

eral, the larger the index of collapse and diffusion, the better
the flowability of the filling slurry. The consistency is meas-
ured using a mortar  consistency meter,  which evaluates the
feasibility of piping the filling slurry. The segregation is the
difference between the filling slurry before and after resting
using a mortar consistency meter (the second time the lower
mortar  after  resting  is  taken  from the  segregation  cylinder)
and is a central index to evaluate the step of filling delamina-
tion.  The  bleeding  rate  is  the  percentage  by  mass  of  water
precipitated in the filling slurry compared to the total water
used, with an indicator of 1.5%–5% for whole tailings paste
filling slurry [132]. The shrinkage rate [133] is the percent-
age  of  shrinkage  of  the  volume of  filling  slurry  before  and
after solidification or before and after demolding (others can
use the line shrinkage rate, with the gage of total paste tail-
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ings of <5% [132]), indirectly reflecting the topping rate of
cemented backfill. That is, the effectiveness of filling affects
the stability of the filled quarry area.

 5.2. Rheological properties

Filling  slurry  is  self-flowing  or  pumped  through  the
pipeline  to  the  underground  quarry.  Therefore,  it  needs  to
meet the mine flow performance requirements. The study of
the filling slurry’s rheology is crucial to technical issues, such
as the preparation process, pipeline transport design, and op-
timization of mine filling. The common testing methods in-
clude the rheometer, the L-tube way, and the ring-tube meth-
od, depending on the rheological characteristics of the filling
slurry. The influencing factors hold the slurry ratio (e.g., sol-
id  content,  cement/sand  ratio,  binder  admixture,  and  type),
the  aggregate  ratio  (e.g.,  coarse  aggregate  waste  rock),  and
the particle size gradation. For the rheological test of coarse
aggregate blended slurries, the stability of the data results ob-
tained  using  a  rheometer  was  not  effective,  and  problems
were noted with the distortion of the slurry rheological para-
meters  [134].  Moreover,  the  viscosity  coefficient  and  yield
stress of the filling slurry gradually increased with growing
fines  grade  admixture  [135].  According  to “GB/T  39489-
2020: Technical specification for the total tailing paste back-
fill,” the coarse aggregate and the fine aggregate particle sizes
range from 4.75 to  20 mm and 0.075 to 4.75 mm, respect-
ively, and the yield stress of the whole tailings paste backfill
ranges from 100 to 200 MPa.

With the ongoing development of fluid mechanics, many
scholars have developed various rheological models to char-
acterize the quantitative link between a slurry’s shear stress
and shear rate [136–138]. Among them, the viscosity coeffi-
cient (not constant and is measured in Pa·s), yield stress (the
nature of the resistance to the cohesion of the slurry when the
slurry shifts from a stationary to a moving state), and flow in-
dex (the Newtonian body flow index is 1) are important in-
dicators to evaluate the slurry’s rheology. As cemented paste
fillings,  considered  as  non-Newtonian  fluids,  usually  main-
tains a relatively stable and homogeneous flow during trans-
port. Yin et al. [139] also inspected the impacts of temperat-
ure, tailings/aggregate rate, and healing time on the slurry’s
rheology  and  showed  that  the  shear  stress  was  adversely
linked with temperature and undoubtedly connected with the
value  of  the  tailings/aggregate  ratio  and healing time.  Con-
sidering the high cost of rheometers and the limits of their use
in mines, Wu et al. [140] proposed and compared an analyt-
ical and empirical model to characterize the rheological prop-
erties based on the degree of expansion. Liu et al. [141] de-
veloped an experimental system for vertical tube slurry con-
veying  based  on  electrical  resistance  tomography  based  on
the  flow  behavior  characteristics  of  vertical  tube  self-flow
conveying of paste slurry. Lan and Wu [142] experimentally
derived the flow equation for the pipe layer based on the Her-
schel–Bulkley  model  and  found  that  the  solved  parameters
were in harmony with the outcomes gained from rheometer
tests. Researchers [143] conducted an industrial-scale annu-

lar tube transport test of coarse aggregate paste transport fea-
tures and analyzed the difference between rheometer test res-
ults and annular tube test consequences. It can be interpreted
that most of the methods and devices for measuring the rhe-
ological parameters of the slurry have certain limitations and
need to be selected appropriately.

 6. Prospects in filling mining

The transformation of filling mining technology has a pro-
found  impact  on  metal  mines,  and  the  emerging  cemented
filling has effectively solved many mining challenges since it
is “green,  safe,  efficient,  intelligent,  and  low-carbon.” The
concept  of  new-age  filling  gradually  gains  popularity  and
leads the way in transforming the sustainable development of
mines.

 6.1. Green mining and low-carbon filling

In 2007, the China International Mining Conference first
proposed “green mining.” In 2017, the report of the 19th Na-
tional Congress of the Communist Party of China made the
vital  deployment  of “promoting  green  development.” In
2018, the Ministry of Natural Resources, People’s Republic
of  China issued green mine construction standards  for  nine
industries,  including  nonferrous  metals.  In  2019  and  2020,
more  than  1100  national  green  mines  were  constructed  in
China. The green mining model follows the three basic prin-
ciples  of “sustainable  profitability,  circular  economy,  and
geo-mining  harmony” [144]  and  prioritizes  ecological  pro-
tection.  Resource-saving  and  environment-friendly  mineral
development  technologies  are  developed,  and  the  environ-
mental problems associated with mining and extraction waste
are resolved [5]. Green mining reflects the economic, envir-
onmental,  and  social  benefits  of  mines  by  combining  re-
source reuse, waste rock and tailings backfilling, open space
utilization, and greening of pits [145].

The  filling  mining  technology  is  an  effective  means  to
help achieve a 15% carbon reduction in 5 years based on the
urgent  need  for  low-carbon  development  in  the  mining  in-
dustry  under “the  carbon  peaking  and  carbon  neutrality
goals” [146]. Chen et al.  [147] explored the carbon absorp-
tion capacity and mechanical properties of cemented backfill
at  a  CO2 dosage  of  1.5%,  aiming  to  contribute  to  carbon
emission reduction and promote the environmentally friendly
development  of  the  mining  industry.  Su et  al.  [148]  de-
veloped a technology to prepare FA-based matrix foams suit-
able for mine filling by covering a foaming admixture. Qiu
et al. [149] prepared a low-carbon cemented material alkali-
excited slag for cemented paste filling.

The mining industry is associated with environmental pol-
lution and ecological damage and is a typical representative
of  high  energy  consumption  and  carbon  emissions.  Filling
mining belongs to the category of green mining and should
follow the principle of “localization” and adopt the modes of
waste-free  mining  and  resource  utilization  to  help  achieve
“earth–mine harmony.” Meanwhile, low-carbon resource de-
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velopment is the inevitable trend of mining development, and
the  future  is  full  of  opportunities  and  challenges.  Among
them, energy consumption control during mining, high-value
comprehensive utilization of bulk solid waste, and carbon se-
questration  and  utilization  are  the  main  aspects  of  low-car-
bon emission reduction in filling mining.

 6.2. Smart mining/filling

In  2016,  the Five-Year  National  Plan  on  Mineral  Re-
sources  (2016–2020), China,  proposed  to  briskly  promote
scientific  and  technological  innovation  in  the  mining  in-
dustry and accelerate  the construction of  digital,  intelligent,
informative, and automated mines [150]. In 2018, the Gener-
al  Technical Specification for Smart Mine Information Sys-
tems (GB/T  34679-2017)  formally  included  mine  intelli-
gence in the national standard. The 2020 conference on “5G
+ industrial internet” in the mining industry pointed out that
the  construction  of  5G infrastructure  should  continue  to  be
strengthened  to  create  safe  and  efficient  smart  mines
[151–152].  Thus,  it  can be observed that  smart  mines are a
positive trend in the future growth of mines. On the one hand,
national policies continue to support the modernization of the
traditional mining sector with high technology, such as digit-
al  technology,  driverless  technology,  and  5G  information
technology. On the other hand, mine intelligence helps to re-
duce labor intensity, improve production efficiency, and en-
sure production safety [153].

China has gradually built up mining enterprises with typ-
ical intelligent features. (1) Some enterprises are represented
by intelligent and unmanned equipment. The Xitieshan Lead-
Zinc Mine has achieved unmanned tracked equipment.  The
Fankou  Lead-Zinc  Mine  has  intelligent  mining  equipment
and achieves a  mechanized unmanned mining rate  of  83%.
The Dongguashan Copper Mine has unmanned motor trucks
and has achieved remote control processes. (2) Some enter-
prises  are  represented  by  intelligent  systems  and  integrated
control. The Pulang Copper Mine is one of the first Chinese
metal  mines  with  an  intelligent  system.  The  Xingshan  Iron
Mine  has  achieved  the  goals  of  information  digitization,

equipment  modernization,  and  production  visualization.  (3)
Some enterprises are represented by 5G technology, such as
the “5G  +  artificial  intelligence” remote  control  of  rock
drilling dollies at the Sanshandao Gold Mine. The Laixi Gold
Mine  used “5G  +  VR/AR” technology  to  achieve  network
coverage  of  underground  tunnels.  The  Nannihu  Molyb-
denum Mine employed the “dual 5G” technology in the pro-
duction and management of an open-pit mine.

Domestic  scholars  and researchers  have also  made great
contributions  to  filling  mining  automation  and  intelligence.
Qi et al. [31] analyzed the research progress of the new gen-
eration of artificial intelligence in flocculation and settlement,
filling  proportioning,  and  pipeline  transportation  and  pro-
posed the concept of “intelligent filling system.” Wang et al.
[154] took the mining filling of the Shandong Gold Group as
an example and found that the combination of “artificial in-
telligence  technology,” “intelligent  filling  system,” and
“filling data platform” could achieve a dynamic adjustment
of  filling  process  parameters  and  system  fault  diagnosis.
Chen et  al.  [155]  designed  a “cloud,  edge,  and  end” smart
control  architecture  for  filling  systems,  enabling  the  intelli-
gent operation of production during whole tailings filling in
the  Wushan  Copper  Mine.  Besides,  data  processing  is  per-
formed through methods such as industrial  neural networks
and decision trees. Intelligent models are established to pre-
dict the backfill strength and slurry composition. Moreover,
intelligent  monitoring  equipment  is  installed  to  achieve
filling slurry control [156–163]. All of these are important re-
search  directions  for  intelligent  mine  filling.  In  summary,
based  on  new  technologies,  new  theories,  and  high-tech
equipment,  big  data  and  cloud  platforms  will  be  the  future
development  trend  of  smart  filling  (Fig.  13).  Furthermore,
smart filling is important in promoting the filling technology’s
application and green construction of mines. However, when
filling deep mines,  the stability and reliability of the opera-
tion of intelligent equipment are affected, restricting the rap-
id development of China’s mining modernization. Therefore,
it  is  important  to  increase  investment  in  scientific  research
and promote the localization of intelligent equipment.
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 6.3. Deep mining/filling change philosophy

The development and use of deep ores agree with the stra-
tegic  requirements  of  the  four  areas  of “deep  space/sea/
blue/earth” proposed in the National Medium and Long-Term
Science  and  Technology  Development  Plan  (2006–2020),
China.  Affected  by  the  complex  environment,  deep  mines
face difficulties such as deteriorated operating environment,
increased  risk  of  ground  pressure  disasters,  strong  mining
disturbance,  and  increased  lifting  and  transportation  costs.
Deep high temperatures and high stress are important factors
that  affect  the  quality  of  cemented  backfill.  Among  them,
temperature and stress have a relatively facilitating effect on
the  early  curing  process  of  cemented  backfill  [164–165].
However, the harmful heat generated inside the maintenance
temperature is too high, making cemented backfill  prone to
microfracture  [166].  Furthermore,  the  maximum  confining
consolidation stress determines the degree of excitation of the
strength of cemented backfill, and the load-bearing perform-
ance of the coupled mineral rock–backfill structure is closely
related  to  the  environmental  temperature  and  the  principal
stress  direction [167].  Nevertheless,  the  mechanical  proper-
ties of cemented backfill under the temperature–stress coup-
ling have not yet been clarified. Deep-filling mining is a dy-
namic  process,  and  the  effects  of  cemented  backfill  are
mainly  reflected  in  regional  ground  pressure  control,  im-
provement in the local stress environment, and absorption of
geothermal heat. Hence, it is crucial to reasonably arrange the
recovery sequence and isolation of mines, which can effect-
ively reduce the disturbance impact during the recovery pro-
cess.  Presently,  the  deep-filling  quality  testing  methods  in-
clude in  situ sampling  and in  situ transparent  monitoring.
Materials, such as large deformation anchor rods, are gradu-
ally popularized and applied [168–169].

The  concept  and  strategy  of  changing  the  unfavorable
factors into favorable factors are proposed based on the en-
vironment  of  high  stress/temperature/well  depth  and  mul-
tiple empty areas in deep mining. (1) Disasters, such as rock
bursts, can occur due to factors, including high stresses in the
original  rock  and the  emergence  of  ground pressure  during
mining or increased mining costs with increasing depth. For
underground metal mining, high stress-induced non-blasting
continuous  mining  can  improve  the  efficiency  of  mining
deep hard rocks and reduce the mining costs during blasting
[170]. Second, given the contact mechanism between cemen-
ted  backfill  and  nearby  rock,  the  essence  of “simultaneous
filling” is to use cemented backfill to form an adequate sup-
port for nearby rock and reduce the disasters caused by un-
timely  filling  [30,171–173],  offering  guidance  for  the  pro-
duction  practice  of  complex  ore  bodies  in  mines.  (2)  The
high-temperature environment reduces production efficiency
and  restricts  production  safety.  By  taking  advantage  of  the
high temperatures at depth, solution leaching mining and the
synergistic  mining  of  geothermal  resources  can  be  used  to
harvest  high-value  mineral  resources  and  geothermal  heat
[174].  Alternatively,  functional  cooling/cooling  storage
filling can be used to absorb heat from the nearby rock and

achieve cooling in the form of heat conduction, convection,
and radiation. Heat exchange or extraction pipelines can be
pre-buried  during  filling  [175–176].  (3)  High  well  depth
makes lifting difficult; thus, reform strategies, such as mine
intelligence,  fluidized  mining,  and  filling,  are  beneficial  to
achieve waste rock out of the pit and reduce deep lifting and
mining costs [177–178]. However, reform strategies, such as
fluidized mining, are still in the theoretical conception.

 7. Summary

Filling mining has  undergone decades  of  continuous  de-
velopment  in  China  and is  now mainly  based on cemented
filling,  achieving  filling  targets  such  as  high  concentration,
no  segregation,  and  low  cementitious  agent  consumption,
which can be safely transported to the underground.

The development of mining cementitious materials using
bulk  industrial  solid  waste  is  an  important  future  develop-
ment  direction,  and  material  proportioning  tests  should  be
conducted on local materials to reduce the cost of mine back-
fill.  The  performance  stability  of  cementitious  materials  is
crucial, given the different sources and batches of raw mater-
ials. To promote the application of whole solid waste cemen-
titious materials  in mines,  it  is  crucial  to strengthen the co-
operation  between  mines  and  universities  or  other  research
institutions and to develop the corresponding technical spe-
cifications and quality standards.

Combining  basic  mechanic  tests,  numerical  simulations,
and  theoretical  analyses,  multi-scale  and  multidimensional
research  can  be  performed  on  the  mechanical  properties  of
cemented backfill. Exploring the long-term mechanical beha-
vior  of  cemented  backfill  under  mining  disturbance  condi-
tions, revealing the mechanism of damage and rupture of ce-
mented backfill under the multi-field coupling effect, devel-
oping  experimental  devices  with  true  3D  stress  fields,  and
optimizing coupled rock–backfill mechanical model are im-
portant  directions  for  future  research  in  cemented  backfill
mechanics. Simultaneously, the study of the rheological fea-
tures of the filling slurry should be considered.

Based on forward-looking theories  and technologies,  the
construction  of  high-standard  large-scale  intelligent  mines
and the realization of mining of deep resources will help pro-
mote China’s mines to achieve a comprehensive upgrade in
the industrial structure. The future progress direction of min-
ing with backfill  includes green mining,  low-carbon filling,
smart mining/filling, and deep mining transformation. In ad-
dition, a future study should focus on the construction of the
“industry/academia/research” system  and  then  gradually
form the core competitive advantage of China’s filling min-
ing.
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