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Abstract: Cemented tailings backfill (CTB) not only boosts mining safety and cuts surface environmental pollution but also recovers ores
previously retained as pillars, thereby improving resource utilization. The use of alternative reinforcing products, such as steel fiber (SF),
has continuously strengthened CTB into SFCTB. This approach prevents strength decreases over time and reinforces its long-term durab-
ility, especially when mining ore in adjacent underground stopes. In this study, various microstructure and strength tests were performed
on SFCTB, considering steel fiber ratio and electromagnetic induction strength effects. Lab findings show that combining steel fibers and
their distribution dominantly influences the improvement of the fill’s strength. Fill’s strength rises by fiber insertion and has an evident
correlation with fiber insertion and magnetic induction strength. When magnetic induction strength is 3 × 10−4 T, peak uniaxial compress-
ive  stress  reaches  5.73 MPa for  a  fiber  ratio  of  2.0vol%.  The cracks’ expansion mainly  started  from the  specimen’s  upper  part,  which
steadily  expanded  downward  by  increasing  the  load  until  damage  occurred.  The  doping  of  steel  fiber  and  its  directional  distribution
delayed crack development. When the doping of steel fiber was 2.0vol%, SFCTBs showed excellent ductility characteristics. The energy
required for fills  to reach destruction increases when steel-fiber insertion and magnetic induction strength increase.  This study provides
notional references for steel fibers as underground filling additives to enhance the fill’s durability in the course of mining operations.

Keywords: electromagnetic induction; steel fiber; cemented tailings backfill; strength; microstructure

  

1. Introduction

Mining, which involves extracting valuable minerals from
the  earth,  plays  a  crucial  role  in  the  growth  of  a  country’s
economy [1].  However,  with  the  gradual  depletion  of  shal-
low and high-grade ore resources at the surface [2], the deep
high-ground pressure and the massive generation of tailings
have become two problems that must be addressed during the
mining  process [3–5].  To  effectively  treat  tailings [6],  im-
prove  mining  safety [7],  and  reduce  surface  environmental
pollution [8], scholars and practitioners most often investig-
ate  applying  cement-based  tail  backfill  methods  for  the  ef-
fective  and  safe  management  of  underground  mined-out
stopes [9–11]. Cement-based tail backfill (CTB: a combina-
tion  of  cement,  tailings,  and  water  with  a  small  number  of
mineral/chemical  additives)  is  broadly  used  in  most  mines
because  of  its  low-cost,  easy-to-implement,  and  environ-
mentally  friendly  properties [12–13].  CTB  technology  also
can recover precious and rare metals [14], as well as ores that
were  previously  retained  as  pillars [15],  thereby  improving
overall  resource utilization [16].  However,  despite its  many
advantages,  the  CTB  system  still  faces  some  persuasive

problems [17].  For example,  the fill’s  strength and stability
must be further improved, as well as its efficiency and eco-
nomy [18–19].

In  recent  years,  most  practitioners  and  researchers  have
directed in-depth indoor lab/field testing on strength features
and  microstructure  of  cement-based  backfills  to  continu-
ously promote CPB technique development [20–23]. The ad-
dition of specific additives, such as fibers, to the fill  matrix
can evidently enhance its  strength properties [24–27].  Con-
sidering  the  leading  disadvantages  (e.g.,  brittleness)  of  ce-
ment-based  materials,  using  fibers  as  dispersed  reinforce-
ments within the matrix could be inhibited to form a compos-
ite  product  of  high quality  for  a  wide range of  applications
[28–29]. Among others, steel fibers are regularly preferred in
cement-based materials because of their high tensile strength
and thermal expansion [30]. The composite can display strain
hardening and deformation hardening behavior when appro-
priately attached to a cement-based matrix, thereby remark-
ably enhancing the strengths [31–32]. Xue et al. [33–34] and
Huang et al. [35] explored  experimentally  that  mixing
polypropylene  and  glass  fibers  in  CTB specimens  not  only
improves the uniaxial compressive and flexural strengths but 
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also effectively inhibits the expansion of cracks. Wang et al.
[36] adopted  rice  straw  ash  to  substitute  part  of  the  binder
within  CTB  specimens.  They  found  that  the  fill’s  strength
disclosed  a  growing  inclination  by  increasing  the  substitu-
tion rate of rice straw ash in a certain range. Guo et al. [37]
established that adding recycled tire polymer fibers (RTPF)
to CTB implicitly  improved its  mechanical  properties.  This
finding  was  predominantly  attributed  to  RTPF’s  excellent
pore size distribution and long-term hydration properties. Re-
searchers [38–40] have found that the fiber’s connecting im-
pact  fulfills  a  momentous duty in  deterring crack extension
and enhancing the matrix’s toughness and mechanical prop-
erties.

However, the fibers’ chaotic scattering within the fill lim-
its  their  bridging  efficiency [41].  Crack  bridging  efficiency
becomes high if fibers are well oriented and distributed ana-
logous to the main tensile stress direction [42–43]. If fibers
are randomly distributed within the matrix,  then their  capa-
city to tie fissures/cracks will not be fully utilized [44–46]. To
solve this problem, Huang et al. [47] adopted an L-designed
tool,  which  significantly  improved  ultra-high  performance
concrete  (UHPC)  steel  fibers’ orientation  and  substantially
enhanced  their  mechanical  properties.  Javahershenas et al.
[48] evaluated the brittleness index of steel  fiber reinforced
concrete (SFRC) as a result of diverse exposure intervals by
modulating SFRC’s exposure time to a standardized magnet-
ic area. They verified that SFRC’s strength exhibited an in-
creasing  trend  with  time.  Yoo et al. [49] released  that  the
fiber  number  at  cracks increased with  increasing fiber  ratio
within  the  fill  matrix,  incrementing  the  bonding  space
between fiber and matrix,  as well  as the fiber’s linking im-
pact.  Qing et al. [50] found  that  the  fiber-reinforced  con-
crete’s flexural/tensile/shear/fracture characteristics were sig-
nificantly higher than those of non-fiber-reinforced concrete,
having randomly distributed fibers and excellent resistance at

diverse  strain  rates.  Li et al. [51] elucidated  experimentally
that positioning fibers within a cementitious composite mat-
rix influences water movement and seriously affects the fill’s
microstructure/bonding properties around the steel fibers. Mu
et al. [52–53] analyzed  the  modeling/experimental  results
and  concluded  that  the  reinforcing  impact  of  steel  fiber’s
aligned  distribution  is  significantly  better  than  the  random
distribution’s enhancement effect.

At present, studies on cement-based composites armored
by steel  fiber  focus on the impact  of  performance on high-
performance  cementitious  products,  such  as  concrete.
However, studies considering the direction of fiber distribu-
tion to further augment the fill’s strength features are limited.
Hence, in the current investigation, the combined effects of
varying  steel  fiber  ratios  and magnetic  induction  intensities
on  the  stress–strain  curve,  strength,  and  microstructure  of
backfill were systematically examined using uniaxial testing
and scanning electron microscopy (SEM) microanalysis. 

2. Experimental 

2.1. Materials
 

2.1.1. Minefill elements
Tungsten tails attained from a Chinese underground mine

were representatively sampled as aggregate. Initially, tailings
were dried in a furnace at 100°C for 15 h to ensure test accur-
acy. Upon completion of the drying process, the tailings were
rapidly conserved in a sealed room to prevent the influence of
humid air.  A laser-based (LS-POP,  OMEC, China)  particle
sizer was adopted to detect its particle size distribution under
wet  conditions.  The  tails’ chemical  composition  was  ana-
lyzed  using  X-ray  fluorescence  spectrometer  (XRF)  (scan
speed: 315°·min−1; voltage: 55 kV; current: 135 mA). Fig. 1
demonstrates the physical/chemical findings of the tail speci-
men.
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Fig. 1.    Particle analysis (a) and chemistry (b) of the cement type adopted.
 

Ordinary  portland  cement  (OPC)  42.5R  produced  by  a
Chinese  company  was  selected  as  a  cementitious  material.
The laser particle size analyzer and XRF spectrometer were
adopted to experimentally test the cement’s particle sizes and
chemical composition, as demonstrated in Fig. 1. Fig.  1 in-
dicates that the average (D50) and effective (D10) particle sizes

of the cement specimen were 7.73 and 2.01 μm, respectively.
Other principal physical properties,  such as specific surface
area and relative density, were recorded at 1376 m2·kg−1 and
2.7 g·cm−3, respectively. The main oxides within the cement
were  detected  as  CaO  and  SiO2,  which  accounted  for
60.01wt% and 21.64wt%, respectively.
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Fig. 2 demonstrates that the D50 and D10 particle sizes of
the tails were 113 and 9.95 μm, respectively. Moreover, the
cement’s specific surface and relative density values were re-

corded at 297.6 m2·kg−1 and 3.1 g·cm−3, respectively. Key ox-
ides in tails were detected as SiO2 and CaO, accounting for
47.33wt% and 23.27wt%, respectively.
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Fig. 2.    Grain analysis (a) and chemistry (b) of tails specimen adopted.
 

The metropolitan  water  was  adopted  as  mixing  water  to
thoroughly blend the tails and cement. The effect of chemic-
al composition in tap water on the test strength properties was
neglected during experiments. 

2.1.2. Magnetic induction equipment and steel fiber
In this study, end-hooked steel fibers created by a Chinese

(Hebei)  firm  were  used  to  prepare  SFCTBs  with  a  25  mm
fiber length. Table 1 reveals the fiber’s specific practical in-
dex  parameters,  whereas Fig.  3 demonstrates  its  physical
morphology.

A steel  fiber  orientation  device  suitable  for  triple  square
molds  is  designed  in  this  study,  following  the  preparation
method  of  ring-oriented  steel  fiber-reinforced  cementitious
materials  in  the  literature [54]. Fig.  4 shows  the  magnetic
field orientation device. According to Ampere’s rule, a uni-
formly strong magnetic field is shaped in an area enclosed by
a helical coil. Moreover, the magnetic induction strength (B)
could be adjusted by fine-tuning the current’s strength within

the device, and steel fibers are rotated under an electromag-
netic field’s action. Magnetic induction strength (B) could be
computed using Eq. (1) as follows [39]:

B =
μ0nI

l
(1)

where n is the coil’s turning number, I indicates the current
intensity  via  wire  (A), µ0 refers  to  the area’s  magnetic  per-
meability  constant  (4π ×  10−7),  and l represents  twice  the
coil’s length (m).

The mechanism of the influence of steel fibers and elec-
tromagnetic induction strength on the mechanical properties
of the filling body lies in the following: steel fibers can bridge
the  cracks  within  the  filling  body,  effectively  reducing  the
brittleness of the matrix and improving the toughness of the
matrix. In the same way, steel fibers rotate under the action of
the applied external electromagnetic field, increasing the ori-
entation coefficient and improving the mechanical properties
of the filling body.

  
Table 1.    Summary of technical data of end-hooked steel fiber

Type of steel
fiber

Length /
mm

Diameter /
mm

Length/diameter
fraction

Density /
(g·cm−3)

Tensile strength /
MPa

Elastic modulus /
GPa

End-hooked 25 0.75 33.33 7.75 1.215 195
 

Fibers  incorporated  into  mortar  are  affected  by  gravity,
buoyancy, magnetic force and viscous resistance. Moreover,
the direction of gravity and buoyancy is vertical, and the ef-

fect  on  fiber  orientation  is  negligible.  However,  a  suitably
large  magnetic  force  is  required  to  overcome  the  effect  of
viscous  resistance  and  rotate  the  steel  fibers [55]. Fig.  4
demonstrates  the  distribution of  magnetic  inductance in  the
magnetic field orientation device used for trials, as well as in
the orientation tool.
 

2.2. SFCTB sample creating/curing steps

The key goal of the current study is to scrutinize the effect
of the direction and rate of steel fiber distribution on the fill’s
mechanical features.  Fill  specimens’ limits were considered
as follows: solid concentration (70wt%), cure age (7 d), ce-
ment/tail fraction mass ratio (1:4), whereas steel fiber ratios

 

Fig. 3.    End-hooked steel fiber’s morphology.
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were considered as follows: 0 (witness specimen), 0.5vol%,
1.0vol%, 1.5vol%, and 2.0vol%. A total of 51 fill specimens
were  created  by  considering  three  samples  for  determining
the mean results. Table 2 illustrates the fill structure, where
group A includes fills without steel fibers added; group B in-
volves  fills  created  at  a  magnetic  induction  strength  of  0;
group C encompasses fills created at a different magnetic in-
duction strength.
 
 

Table 2.     Lab-made specimens’ recipe as  a  function of  mag-
netic induction and fiber content

Group Sample
number

Magnetic induction
strength / (10−4 T)

Fiber content /
vol%

A A1 0 0

B

B1 0 0.5
B2 0 1.0
B3 0 1.5
B4 0 2.0

C

C1 1
0.5C2 2

C3 3
C4 1

1.0C5 2
C6 3
C7 1

1.5C8 2
C9 3
C10 1

2.0C11 2
C12 3

 
For  filling  specimen  preparation,  the  required  materials

are initially gathered, the amount of materials for each group
is calculated, and the YHC60001 electronic scale is used to

achieve  an  accurate  weight.  The  raw  materials  with  solid
phase  are  combined  into  a  homogeneous  mixture,  water  is
added and mixed well, and then a mortar blender is used for
mixing for 3 min. When the slurry achieves the desired fluid-
ity,  the  steel  fibers  are  gently  and  evenly  joined  and  then
mixed for 3 min until  the fibers are evenly circulated. Sub-
sequently, the created fibers are loaded into cubic specimen
holders (70.7 mm × 70.7 mm × 70.7 mm) made of acryloni-
trile butadiene styrene (ABS) plastic, and fills are added and
allowed to stand for 2–3 min until the fiber is evenly dissem-
inated. Then, the fiber-based fills are placed into these square
molds made of ABS plastic upon completion of slurry pour-
ing. In order to steer the steel fibers, the mold is placed in the
fiber  orientation device and on the vibration table.  The ori-
entation device is then activated, with the magnetic induction
strength set to 1 (2, 3) × 10−4 T. The slurry is fully vibrated for
2 min. After sufficient vibration, the steel fibers are oriented
under the influence of the magnetic field, and then the orient-
ation device is turned off.

Finally,  all  the  fills  were  cast  in  a  customary-built  room
for curing, and specimens were de-molded 24 h after casting
until the specimens were maintained for 7 d. After complete
curing,  the  fill’s  upper/lower  sides  were  smoothed  and  re-
fined,  and  mechanical  tests  were  conducted,  following  the
measurement  of  their  initial  physical  limits. Fig.  5 demon-
strates  the  flowchart  for  creating  steel  fiber-reinforced  fill
specimens. 

2.3. Strength experiments

Strength  trials  were  undertaken  on  lab-made  specimens
with  diverse  magnetic  induction  strengths  and  steel  fiber
doping to obtain SFCTB’s macromechanical limits. The spe-
cimens were verified by employing a high-accuracy micro-
computer-controlled 5969 universal material test tool (Fig. 6)
manufactured  by  Instron  Corporation.  The  tested  SFCTB
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G: Gravity
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Fig. 4.    Magnetic field orientation device used in the test.
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specimens  were  sanded  and  polished  prior  to  the  tests  to
eliminate the effect of surface unevenness on the experiment
findings. Throughout the loading process, the load rate was
maintained  at  1  mm  per  minute  until  the  specimens  were
damaged.  Meanwhile,  all  data  during  the  loading  process
were recorded in real-time and saved in the computer system.
 
 

Experimental
controllerComputer control system SFCTB sample

Fig.  6.     Working view of  the uniaxial  compressive test  device
adopted.
  

2.4. Dissipated energy’s source

According to thermodynamic codes,  material  destruction
is an energy-driven process of continuous development of in-
ternal microcracks, weakening, and eventual loss of strength.
When a filling body unit is deformed by an external force, it
exhibits no heat altercation by external factors throughout the
physical  method.  Therefore,  as  indicated  by  thermodynam-
ics’ first law, energy evolution can be viewed as the change
of  the  entire  input  energy  to  elastic  strain/strain  dissipation
energy  in  fills.  Energy  in  fills  subjected  to  an  unconfined
compression regime is computed using Eqs. (2)–(4) [56–58],
as follows:

U = Ue+Ud (2)

U =
w ε1

0
σ1dε1 (3)

Ue =
1

2Eu
σ1

2 (4)

U Ue

Ud

Eu

σ1

ε1

where  is the total work undertaken by exterior force; 
refers to the unit releasable elastic strain energy, MJ·m−3; 
represents the unit energy dissipation used to create the fill’s
inner  damage/plastic  deformation,  MJ·m−3;  denotes  the
fill’s unloaded elastic modulus, MPa;  represents the value
of stress at a certain moment, MPa;  represents the value of
strain at a certain moment, %. Fig. 7 demonstrates the links
between energy dissipation and strain energy [59].
  

σ
1

E
u

Ud

Ue

O ε
1

Fig.  7.     Energy  dissipation  vs.  strain  energy  in  stress–strain
curve.
  

2.5. SEM microanalysis

At the end of the experimental period, the hydration of the
SFCTB samples was terminated using anhydrous ethanol. A
Zeiss Gemini 300 SEM tool was employed to test the SFCTB
specimens and analyze their internal hydration reactions and
microstructural  features.  The  SEM’s  operating  limits  were
considered as follows: a maximum quickening volt of up to
30 kV, a maximum amplification of 2000000×, and a max-
imum  resolution  of  1  nm.  Prior  to  the  experiment,  the  test
samples  were  dry  internally,  and  then  the  surfaces  were

 

Cement

Tailings

Water

Steel fiber Specimens

Curing system
Slurry mixer Finished pouring

Cube mold Orientation device Vibration table

Fig. 5.    Critical preparation steps for steel-fiber reinforced cemented tailings backfill specimens.
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sprayed  with  platinum for  4  min  using  a  vacuum coater  to
improve the electrical conductivity. Fills were positioned in a
void  hollow for  observation  after  specimen  processing  was
completed. 

3. Results and discussion 

3.1. Strength features
 

3.1.1. Steel  fiber  dosage  effect  on  strength  acquisition  of
SFCTB

Under uniaxial  loading test  conditions,  the peak uniaxial
compressive  stress  (UCS)  and  peak  uniaxial  compressive
stress  increment  ratio  of  SFCTB  specimens  with  the  same
magnetic  induction strength in groups B and C are demon-
strated in Fig.  8 compared with  the  blank control  group A.
The peak stress of the control group A is 1.99 MPa. Fig. 8 il-
lustrates that the peak stress of SFCTB exhibits an increasing
trend by increasing the steel fiber ratio, but with a slight devi-
ation  from Fig.  8(c)  for  steel  fiber  doping of  1.5vol%.  Lab
results are optimal when the steel fiber ratio in the matrix is
2.0vol%. Fig. 8(a) shows that for electromagnetic induction
strength of 0, the peak stress of SFCTB is smaller than that of
control  group  A  when  the  steel  fiber  ratio  of  0.5vol%–
1.5vol%. The primary reason for the effect of the steel fiber
ratio on SFCTB may be that when the fiber ratio is small, the
steel  fiber’s  chaotic  distribution  changes  the  fill’s  original
bond strength but does not provide sufficient bridging across

cracks. Fig.  8(b)–(d)  indicates  that  fill’s  strengths  in  all
groups are higher than those of control under the premise of
maintaining  constant  magnetic  induction  strength  and  in-
creased rates, ranging from 28.43% to 187.94%. The optim-
um  steel  fiber  ratio  is  2.0vol%,  and  the  peak  strengths  in-
crease by 36.68%, 79.40%, 106.03%, and 187.94% when the
magnetic induction strengths are 0, 1 × 10−4, 2 × 10−4, and 3 ×
10−4 T, respectively, compared with the control group A.

Fill’s strength increase is closely related to fiber incorpor-
ation. Fiber has a major role in bridging cracks when the mat-
rix is damaged, reducing the expansion of the cracks and im-
proving the peak stress. Thus, an appropriate quantity of steel
fibers can remarkably increase the fill’s peak stress and im-
prove its overall stability, suggesting considerable engineer-
ing application value. 

3.1.2. Effect of magnetic induction strength on fill’s strength
Fig. 9 shows the link between peak stress and magnetic in-

duction  strength  of  SFCTB  specimens  compared  with  the
control group A as the steel fiber ratio stabilizes. Similarly,
the peak stress of the blank test control group A is 1.99 MPa.
Fig. 9 clearly shows that SFCTB peak stress is positively cor-
related with the magnitude of the magnetic induction strength
except at magnetic induction strength of 2 × 10−4 T and steel
fiber doping of 2.0vol%.

The steel fibers gradually align and eventually achieve a
directional distribution as the magnetic induction strength in-
creases.  The  peak  strength  reaches  its  maximum  when  the

 

0.5 1.0 1.5 2.0

−1

0

1

2

3

−20

0

20

40

Fiber ratio / vol%

U
C

S
 /

 M
P

a

UCS(a) (b)

(c) (d)

UCS increment ratio

U
C

S
 i

n
cr

em
en

t 
ra

ti
o
 /

 %

36.68
2.72

1.80
1.67 1.73

−9.55−13.07−16.08
0.5 1.0 1.5 2.0

0

1

2

3

4

20

0

40

60

80

100

Fiber ratio / vol%

U
C

S
 /

 M
P

a

UCS
UCS increment ratio

U
C

S
 i

n
cr

em
en

t 
ra

ti
o
 /

 %

79.40
3.57

70.85

3.40

2.56

2.96

48.74

28.64

0.5 1.0 1.5 2.0
0

1

2

3

4

0

60

40

20

80

100

120

Fiber ratio / vol%

U
C

S
 /

 M
P

a

UCS
UCS increment ratio

U
C

S
 i

n
cr

em
en

t 
ra

ti
o
 /

 %

106.034.10

3.06

53.77

3.00

50.75

3.27

64.32

0.5 1.0 1.5 2.0
0

2

1

4

3

5

6

40

0

80

140

180

220

200

160

120

100

60

20

Fiber ratio / vol%

U
C

S
 /

 M
P

a

UCS
UCS increment ratio

U
C

S
 i

n
cr

em
en

t 
ra

ti
o
 /

 %

187.945.73

155.28
5.08

3.06

4.72

137.19

53.77

Fig. 8.    Average compressive strength of SFCTB at diverse magnetic induction strengths: (a) 0; (b) 1 × 10−4 T; (c) 2 × 10−4 T; (d) 3 ×
10−4 T.

X.H. Li et al., Microstructural evolution and strengthening mechanism of aligned steel fiber cement-based tail ... 2395



magnetic induction strength is 3 × 10−4 T, the peak strengths
increase by 53.77%, 137.19%, 155.28%, and 187.94% when
the  steel  fiber  ratios  are  0.5vol%,  1.0vol%,  1.5vol%,  and
2.0vol%,  respectively,  compared  with  the  control  group  A.
Under  the  same  steel  fiber  doping  conditions,  increasing
magnetic induction strength can improve peak stress except
at magnetic induction strength of 2 × 10−4 T and steel fiber
doping of 2.0vol%., given that steel fibers within the matrix
become  aligned.  This  alignment  enhances  their  interaction
with the fill, creating a wrapping effect and allowing the steel
fibers to support the load. Simultaneously, during the SFCTB
compression phase, bonding between the two forms ensures
effective transfer of interface stress and maintains appropri-
ate  filling.  This  effective  stress  transfer  allows  the  cracked
areas of the fill to remain well combined, restraining the de-
velopment  of  microcracks  within  the  fill  matrix.  Con-
sequently,  a  high  deformation  capacity  is  maintained,  in-
creasing the fill’s peak stress. 

3.2. Stress–strain analysis

The curvature of stress–strain variation is among the most
imperative  pointers  of  SFCTF’s  strength  features. Fig.  10
demonstrates  the  link  between  stress  and  strain  of  SFCTB
containing  diverse  fiber  ratios  for  the  control  group  A  and
constant  magnetic  induction  strength.  The  damage progres-
sion of the specimen can be divided into four stages, as fol-
lows: (1) Compression stage: the initial pores inside the spe-
cimen  gradually  close,  compacting  the  fill  and  reducing  its

volume.  The  curve  shows  an “upward  concave” shape.  (2)
Linear elasticity stage: the curve appears nearly straight, in-
dicating a linear behavior. At this point, internal changes be-
gin within the SFCTB specimen. (3) Uneven fracture stage:
the  fill  transitions  from  elastic  to  plastic  deformation.  As
cracks increase, the UCS gradually reaches its peak. (4) Post-
destructive  stage:  when  the  SFCTB  reaches  peak  strength,
cracks are gradually delayed by increasing load, and the fill
specimen  is  destroyed.  However,  it  retains  a  certain  load-
bearing capacity.

Fig.  10 illustrates  that  when  steel  fibers  are  dosed,  the
amount of stress change in the linear elastic section of the fill’s
stress and strain curve increases. This change retards the fur-
ther  development  of  cracks  and  increases  the  load-bearing
capacity increases as the fill sustains damage. As a result, the
steel  fiber  ratio  is  generally  positively  correlated  with  peak
stress.

Moreover,  during  uniaxial  loading,  the  fill  without  steel
fibers  in  the  control  group exhibited brittle  damage charac-
teristics,  with  a  rapid  decrease  in  stress  following  the  peak
load.  On  the  contrary,  with  high  steel  fiber  dosage,  i.e.,
1.0vol%–2.0vol%,  SFCTB  specimens  did  not  experience  a
rapid decline in stress after reaching the peak load. This find-
ing  indicates  that  fibers  could  limit  crack  growth  and  en-
hance  SFCTB  toughness.  This  result  suggests  that  adding
steel  fibers  and  their  steering  scattering  improve  SFCTB’s
resistance to deformation damage. 
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3.3. Fills’ failure styles

Fig. 11 presents the images of the SFCTB specimens dur-
ing the degradation process at varying fiber doping and mag-
netic  induction  strengths.  The  test  results  show  that  the
SFCTB specimens exhibited mainly tensile damage, and the
crack extension mainly started from the upper section of the
filled body and slowly extended downward with the increase
in loading until damage occurred. The primary reason for the
damage is  that  the  steel  fibers  are  mainly  distributed  at  the
bottom  of  the  specimen  due  to  their  gravity.  Thus,  the
strength at the bottom is higher and the specimen starts to un-
dergo damage from the top. Fig. 11(e) and (i) demonstrates
the  degradation  process  of  the  clutter-distributed  and  ori-
ented-distributed SFCTB specimens at a steel fiber doping of
2.0vol%,  respectively.  During  the  degradation  process,  the
SFCTB specimens gradually become denser and the strength
decreases  gradually  with  time.  Moreover,  as  cracks  gradu-
ally increase, the sound of steel fibers being pulled out can be
heard,  and  the  damage  exhibits  characteristics  of  cracking
rather  than  breaking.  This  condition  is  mainly  because  the
steel fibers bridge the cracks, enhancing the integrity through
their interconnection with the matrix. Furthermore, the bear-
ing capacity of the specimen is effectively improved [60]. 

3.4. Energy dissipation analysis

The  energy  evolution  features  of  fills  with  varying  fiber
contents and magnetic induction strengths are compared. The

results showed that the change process is similar. Therefore,
representative control group A and SFCTBs having diverse
steel fiber ratios under magnetic induction strengths of 0 and
3 × 10−4 T, respectively, are selected for analysis. The com-
parison  of  stress–strain  curve  and  energy  evolution  charac-
teristics  in Fig.  12 suggests  that  the  energy  dissipation  can
also  be  analyzed  using  four  stages:  (1)  Compression  stage:
the  energy  captivated  by  SFCTB  from  external  loads  is
mostly converted into energy dissipation,  which is  used for
internal pore closure, without elastic strain energy. (2) Linear
elasticity stage: a large amount of the energy provided by the
external load is converted into elastic strain energy, which is
primarily  maintained  inside  the  fill.  (3)  Uneven  fracture
stage: increasing the external load causes the fill to gradually
lose its elasticity and undergo plastic deformation. Moreover,
energy  dissipation  rapidly  progresses,  and  elastic  strain  en-
ergy is diminished. (4) Post-destructive stage: further micro-
cracks appear within the fill, the elastic strain energy is dis-
sipated gradually at a lower level, and the dissipation energy
increases substantially.

Fig. 12 also displays that the increase in steel fiber ratios
gradually increases the energy U required for fill to reach the
destruction.  Moreover,  at  the  same  steel  fiber  ratio,  greater
magnetic induction strength indicates higher energy required
for  SFCTB  specimens  to  reach  the  destruction  phase.  The
dissipated strain energy Ud also shows the same trend as the
energy U. In general, the energy consumed after rupture in-
creases with increasing in steel  fiber ratio and magnetic in-
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duction strength. In addition, the elastic strain energy Ue de-
creases when the specimens reach their  peak uniaxial  com-
pressive stress. The increase in steel fiber doping and the dir-
ectional  distribution  of  steel  fibers  consume  more  energy
mainly  because  in  SFCTB  specimens  under  pressure,  the
fibers of the filling body enhance the adhesion with the mat-
rix,  and the interfacial  stresses are transferred to effectively
prevent the expansion of cracks within the fills, thereby im-

proving the fills’ ability to dissipate energy. 

3.5. Microstructure analysis

Small pieces of SFCTB specimens were selected after the
uniaxial  compressive  test  to  further  investigate  the  internal
structure  of  SFCTB.  Subsequently,  the  SFCTB  specimens
were  immediately  seal-soaked  using  anhydrous  ethanol  for
24 h to terminate their hydration reaction. Then, seal drying
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was performed at 50°C for 12 h, followed by carbon spray-
ing. Fig. 13 shows the SEM images of fills with diverse steel
fiber ratios and magnetic induction strengths. Due to the di-
mensional properties of the fibers and the fact that they are
not prone to fracture, the sections containing steel fibers were
purposely  avoided  in  the  specimens  observed. Fig.  13 also
demonstrates that the hydration conditions of each substance
within the fill produced a large number of hydrating products,
including  needle-like  Aft  (3CaO·Al2O3·3CaSO4·32H2O),
fibrous  C–S–H  (xCaO·SiO2·yH2O)  gel,  and  Ca(OH)2 in
lamellar and flake structures. These products interlocked with
each  other,  ultimately  increasing  the  strength  of  SFCTB.
Many  pores  and  unhydrated  tailings  crystal  particles  were
observed,  and  the  specimens  doped  with  steel  fibers  pro-
duced more pores. Fig. 13(a), (e)–(g), and (i) clearly shows
that the cross-climbing of the fibrous C–S–H gel formed dur-
ing hydration connects originally dispersed cement particles,
tailings particles, and their hydration products. This interac-
tion creates a three dimensional (3D) and structurally dense
matrix  that  reduces  pore  spaces,  thereby  enhancing  the
SFCTB’s strength after curing. Fig. 13(b)–(d), and (h) illus-
trates that the Ca(OH)2 is formed during hydration reaction,
with  extremely  low strength  and  poor  stability.  Ca(OH)2 is
the  first  component  to  be  eroded,  mostly  enriched  at  the
boundary of cement particles and tail grains, and crystallizes
into coarse grains. Consequently, the reduced adhesion at the
interface becomes the weakest  link in  the  fill’s  degradation
process [61].

Figs. 14 and 15 show the major element mapping distribu-
tions,  EDS  (energy  dispersive  spectrometer)  spectra  maps,

and major element percentages for specimens A1 and C9, re-
spectively.  The  figures  illustrate  that  the  major  elements  of
the SFCTB specimens are O, Ca, C, Si, and Al for specimen
A1 and O, C, Ca, Si, and Mg for specimen C9. Moreover, O,
C, Ca, and Si are the four most dominant elements, which are
heavily clustered around CSH gel, resulting in a remarkably
higher strength of the SFCTB specimens. 

4. Conclusions

UCS experiments and SEM observations were carried out
on varying types  of  SFCTBs to  explore  the  effects  of  steel
fiber ratio and magnetic induction strength on SFCTB’s mi-
crostructure  and  strength  features,  determining  the  fills’
mechanical/microstructural evolution. On the basis of experi-
mental outcomes, the subsequent assumptions were obtained.

(1) SFCTB’s main damage mode is tensile, and the crack
expansion  mainly  starts  from  the  fill’s  upper  section  and
gradually expands downward with the increase in load until
the damage occurs.

(2) When the steel fiber ratio is 2.0vol%, SFCTB solidi-
fies during destruction, such as cracking, but not breaking.

(3)  As  fiber  ratio  and  magnetic  induction  strength  in-
crease, relatively high energy is required for SFCTB to reach
its destruction.

(4) Fiber insertion enhances the bond between the fill and
the interface, effectively preventing the expansion of cracks
in  the  fill  and improving the  energy dissipation capacity  of
the fill. 
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