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A B S T R A C T

This paper explores the grain-size composition effect on flexural and micro-structural features of fiber reinforced 
cementitious tail-rock fill (FRCTRF). The FRCTRF mixes considered contained a stationary solid concentration of 
70 wt% and a cement/tail rate of 1:6, and were cured for an age of 7-day for strength tests and microstructure. 
Three-point bending test shows that FRCTRF’s bending property is upgraded by totaling gravel rock. Adding 
fiber to FRCTRF’s bottom can enhance its peak deflection. With rising gravel particle size/dosage, FRCTRF’s peak 
deflection displays a trend of falling first and then growing. Accumulating polypropylene fiber could advance 
FRCTRF’s post-peak strength features as well. FRCTRF sample containing gravel has a large stress drop, and 
adding gravel rock could essentially boost FRCTRF’s post-peak brittle-ability. In conclusion, this study provides a 
strong scientific and theoretical underpinning for optimizing artificial false roofs employed recently in modern 
underground metalliferous mining operations.

1. Introduction

Ore deposits enclosing valuable minerals are important ways to 
safeguard the national economy (Xue et al., 2023). While mining brings 
huge profits, it also creates natural destructions like surface subsidence 
(Wang et al., 2023a), aquifer structures’ devastation (Wang et al., 
2023b), and large waste production (specially gravel rock and tailings 
(Yang et al., 2024)). Realizing the resource use of tailings, gravel rock, 
and other wastes is an important way for green development (Li et al., 
2021; Sadrossadat et al., 2020; Yilmaz et al., 2013). Tailings and gravel 
rock are made into fill ingredients, which alleviate the tricky of surface 
subsidence and dispose of mine waste (Qi and Fourie, 2019). Mining 
filling system is booming, the downcut backfill mining system can pre-
vent workers from working under the exposed roof, and in mining 
process using downcut filling technique, construction of a strong arti-
ficial roof is very critical (Yan et al., 2022). The consolidated fill tech-
nology includes cemented tailings fill/cemented paste fill (CTF/CPF 
(Yang et al., 2023; Yilmaz et al., 2010; Carnogursky et al., 2023),). 
Traditional fill materials are customarily made by blending tail/ce-
ment/water (Yu et al., 2022). Curing conditions (i.e., time (Sari et al., 

2023), temperature (Bull and Fall 2020)), experimental tool 
(Benzaazoua et al., 2006), aggregate grading (Lyu et al., 2023), chemical 
composition (Koohestani et al., 2018), and cement type (Perumal et al., 
2020) tend to affect traditional fill’s strength features (Jiang et al., 
2024a). The greater the proportion of a given binding type in CTF/CPF, 
the better the mechanical properties (Zhang et al., 2022; Johansson 
et al., 2024). Nevertheless, even a slight escalation in the cement dosage 
will unavoidably upsurge the costs of mining and backfilling operations, 
negatively affecting sustainable growth in mines (Fang et al., 2023).

Some researchers (Hu et al., 2024; Kasap et al., 2022; Jiang et al., 
2024b; Zhu et al., 2024a) have exposed that totaling certain additives to 
the fill mixtures could boost their strength features. To end up this 
research gap, scholars have fulfilled large quantities of works on 
enhancing strength features of the backfill with various additives, 
covering fibers (i.e., polypropylene (Hou et al., 2023), polyacrylonitrile 
(Huang et al., 2021), glass (Jan et al., 2022), polyvinyl alcohol (Li et al., 
2023a), basalt (Wang et al., 2023c), and palm (Chompoorat et al., 
2023)) and others (i.e., Alfa (Ajouguim et al., 2023), straw (Chen et al., 
2020), jute (Jo et al., 2015), metakaolin (Niu et al., 2020), and rubber 
(Wang et al., 2021a)). Advancing 3D printing technology (Bianchi et al., 
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2024; Dong et al., 2022; de Moraes et al., 2024) has recently appealed 
attention for those doing research in civil and mining engineering fields. 
Hence, some researchers (Samiratou Yaya et al., 2024; Gencel et al., 
2022; Zhao et al., 2023a) have used 3D printing technology to produce 
3D printing polymer mesh to enhance fill’s mechanical properties. Some 
other enhancement additives such as carbon nanotubes, nanocellulose, 
and cellulose acetate have also attracted scholars’ attention, and these 
additives have good modification properties (Falliano et al., 2022; Zou 
et al., 2024; Qiu et al., 2023). Compared with non-fiber-reinforced CTF, 
composite fiber-reinforced CTF has been determined to enhance me-
chanical properties (Zhang et al., 2023). Some scholars (Zhu et al., 
2024b; Haruna and Fall 2022) have explored the suitability of filling 
underground gobs enriched with cement-based constituents and fiber 
reinforcement. Researchers have studied tensile features (Dash et al., 
2023), freeze-thaw features (Jiang et al., 2017), dynamic load properties 
(Qin et al., 2021), microscopic composition (Zhang et al., 2024), tem-
perature influence rule (Xu et al., 2022), and durability (Guler and 
Akbulut, 2023) of fiber reinforced cementitious materials (Zou et al., 
2023) based on influencing factors such as fiber length (Hou et al., 
2024), type (Xu et al., 2019) and content (Consoli et al., 2017). Sun et al. 
(2023) used scanning electron microscope (SEM) and Particle Flow Code 
3D (PFC 3D) model to further study failure approach and fiber 
strengthening mechanism of layered CTF (LCTF) with fiber reinforce-
ment. Jiang et al. (2022) modified composite fiber two-ash by 
uniaxial-compressive and splitting-tensile experiments. Mechanical 
properties of iron tailings were analyzed while acquiring the optimum 
ratio of LCTF specimens. Xue et al. (2021) scrutinized impact of type/-
content of fiber, solid dosage, and binder-tail (b/t) rate on CTF’s 
crack/post peak toughness through orthogonal design scheme’s 
three-point bending experiment. Wang et al. (2024) studied strength 
features of CTWRB subjected to diverse proportions, and analyzed in-
fluence of aggregate PSD under continuous gradation on strength 
properties of CTWRB. Komurlu (2023) used micro-grid fiber as an 
innovative stabilizer to further enhance cement-based rock fills’ com-
pressive/tensile strengths. Naoum et al. (2023) assessed the capacity of 
PZT-based SHM method for identifying changes in structural integrity of 
a RC structure by connecting PZT sensors having numerous arrange-
ments. Ahmad et al. (2021) studied the features of fibers and their 
inducing factors on FRCBM’s damaging characteristics.

Mining waste restricts its development prominently (Xu et al., 2020; 
Li et al., 2023b). In particular, the crushed stone left in the mining 
process is employed to partly substitute tailings to formulate crushed 
stone-tails consolidated backfill into the goaf, and its mechanical char-
acteristics attract the research of researchers. Huang et al. (2023) used 
uniaxial compressive strength (UCS) experiment and SEM micrographs 
to further investigate microstructure/strength performance of gellable 
tailor-rock crushing fill containing gold/tungsten tails and rocks. Qin 
et al. (2024) studied impacts of grain-size composition on strength, 
energy and structural features of cement-based tail-rock fill (CTRF) 

containing a solid fraction of 70 wt%. Qiu et al. (2022) tested acoustic 
emission features of tail-waste rock fill subjected to uniaxial compres-
sion conditions and obtained fill’s strength and deformation character-
istics. Zhao et al. (2023b) established a new CTRF strength development 
model having waste rock mass fraction and damage coefficient defined 
as key factors. Yin et al. (2023) inspected experimentally the strength 
characteristics of cementitious tailings waste fill (CTWF) by combining 
extensive laboratory testing with deep learning. Gao et al. (2023) set 
diverse amounts of waste rocks and tails and solidification heats to 
investigate impact of diverse circumstances on cemented fill’s poros-
ity/strength property. In addition, mine-fill engineering is affected by 
practical factors and often adopts the method of stratified fill, so artifi-
cial stratified interface deserves attention (Wang et al., 2021b). Jiao 
et al. (2023) scrutinized the impacting mechanism of boundary irregu-
larity on bonding quality of layered cementitious fills by using UCS 
experiment, and surface roughness/particle size detection. Li et al. 
(2023c) quantitatively analyzed LCTF’s porosity and density in the 
course of the solidity (compression) process through expending gray-
scale parameters of X-ray computed tomography scan pictures.

At present, strength features, failure approaches, and microstructure 
of fills with fiber reinforcement and solid waste modified fills were 
studied under different test conditions. However, due to rock fragment 
content/particles, laboratory studies of strength/microstructure fea-
tures of fiber reinforced cementitious tail-rock fill (FRCTRF) samples are 
still strictly required. This paper innovatively leads new rehearsal of 
joining crushing stone into FRCTRF’s upper layer. To study strength 
impact and mechanism of composite FRCTRF samples, SEM micromor-
phology and EDS analysis were observed while three-point tensile 
experiment was undertaken in well-equipped lab environment. Diverse 
classes of FRCTRFs were created by bearing in mind diverse gravel 
dosage and grain dimeter.

2. Materials and methods

2.1. Materials

2.1.1. Gravel rock
Gravel rock (contains no clay and limited fine particles or dust) 

comes from a Chinese mine, and is employed to make filling specimens. 
Porosity, water content and specific gravity of rock is 47.6 %, 8.93 %, 
and 1.72, respectively. Particle dimeter gradations of the rocks are 
divided into three groups: 1–2 mm, 2–4 mm, 4–6 mm (Fig. 1). Maximum 
particle diameter of rock (20 mm) does not exceed one-fifth of mold’s 
interior particle. Rock particles are graded by the matching displace-
ment method, and the weighted mean value of rock particles with a 
particle of 5–20 mm is used to replace the content of large rocks.

2.1.2. Mineral tailings and binders
The coarse-sized tails covering active components provided by a 

Fig. 1. Particle diameter gradations of gravel rocks: (a) 1–2 mm; (b) 2–4 mm; (c) 4–6 mm.
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metallic U/G mine in Shandong were employed as the key solids in the 
lab test. OPC (normal Portland binder class 42.5 R) is nominated as a 
fundamental cement for the formation of fill bodies. Tail’s/binder’s 
particle widths and distributions was distinguished using a Rigaku Ul-
tima IV X-ray diffractometer (XRD) tool. Fraction of smaller particles 
(less than 20 μm) affecting FRCTRF’s rigidity, flow, and microstructure 
was 49.8 wt% (Fig. 2). Note that ordinate in Fig. 2 is the volume fraction.

Tails’/binder’s oxide analyses were detected via a scanning XRF- 
1800 (Fig. 3). Test parameters are: skimming rapidity 300 s/min, 
power 60 kV, current 140 mA. One can observe that tails’/cement’s CaO 
content is the highest, which is 56.4 % and 52.2 % respectively.

2.1.3. Fiber
According to earlier studies, adding polypropylene fiber (PP fiber) to 

CTF can increase its deflection/flexural strength (FS). In this study, only 
PP fiber reinforced FRCTRF was used. Being an efficient reinforcement 
product, PP has a better elasticity and ductility than others. The length, 
density, tensile strength, and elongation parameters of PP fiber are 
respectively 12 mm, 0.89 g/cm3, 398 MPa, and 28 %.

2.2. Forming and curative practices

The current work’s basic intention is to study impact of gravel rock 
dosage/particle size on FRCTRF’s strength characteristics. The gravel 
content in FRCTRF was taken into account as a control group (0 % 
control), and 3 diverse gradations: 10 %, 30 %, and 50 %. 3 diverse 
grades of 1–2 mm, 2–4 mm, and 4–6 mm were employed to create 
FRCTRF specimens. They were cast into layers holding a height of 20 
mm. In this study, part of the crushed stone was used to replace the 
mortar pouring of tailings in the upper layer, and the mortar with PP 
fiber was used to pour in the lower layer. According to the previous 
research, CTF performance was the best as the rate of PP fiber was 0.6 %, 
so lower mortar’s fiber dosage was 0.6 %. The mortar covers cement/tail 
(c/t) rate of 1:6 so that solid concentration of FRCTRF sample is 70 wt% 
and subjected to curing at a constant period of 7-day. The prepared fills 
were poured into a cuboid mold holding length × width × height: 160 ×
40 × 40 mm. To obtain accurate laboratory strength numbers, mean 
strengths after experiments is taken by removing unusual strength 
numbers.

Prior to fill preparations, layer height was marked on the entire 
molds with a pencil. Usual automatic scales are employed to accurately 

Fig. 2. Grain sizes and profiles of tailing (a) and binding (b).

Fig. 3. Oxide configuration of tailing and binding specimens.
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detect masses of tails/cement/water. Following completing those stages, 
all elements were cast in a blender and mix methodically for 190 s. 
During the mixing process, a pre-determined volume of water is 
appended and blend continues for 3 min. Then, all the prepared filling 
slurry was put in all specimens’ bottom layer and left for 60 min 1-h 
later, the upper filling slurry was created by reiterating the whole pro-
cess, and each mold was poured. FRCTRF specimens are stored in a small 
container holding fixed heat (20 ± 1 ◦C) and wetness (98 ± 2 %). The 
separate demolding time of the entire fills was 2-day. Fig. 4 shows 
FRCTRF’s creating ways being applied in the current trial.

2.3. Three-point bending test

After the corresponding curing age (7 day), the bending/flexural 
performance of the FRCTRF is tested by 3-point bending. The strength 
trial was fulfilled by a fully automatic testing tool (model WDW-200 D, 

max. load:200 kN). The backing point span and pressure speed are 100 
mm and 0.5 mm/min, respectively. Computer can record all the tests 
automatically. At the same time, CTF specimens were photographed 
with cameras for subsequent analysis. In this study, at least 3 specimens 
of each formulation mix were verified for reading strengths, and mean 
result is accepted as ultimate flexural strength. Fig. 5 demonstrates 
experiment tool being applied in the current work.

2.4. SEM-EDS clarifications

To detect FRCTRF’s morphology/microstructure, an advanced tool 
called Zeiss EVO18 (SEM-EDS) has been employed (Fig. 6). This 
advanced system is implemented by using LaB6/W filament for image 
measurement and analysis. During SEM observation, the test limit is an 
extreme accelerating voltage of 20 kV and a tenacity of 3 nm. During 
energy dispersive spectrometry test (EDS), the limits considered were: 
high voltage 15 kV, image size 1000 × 750. Before SEM, the filled 
sample was first dehydrated and then carbon-sprayed twice with the 
LEICA EM ACE600 device. FRCTRF sample to be experienced is placed 
in a space chamber where air is completely emptied.

Fig. 4. FRCTRF’s creating practices in a well-equipped lab environment.

Fig. 5. A laboratory tool for detecting FRCTRF’s flexural strengths.

Fig. 6. A laboratory tool for interpreting FRCTRF’s microstructures.
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3. Results and discussion

3.1. Assessing flexural strength of FRCTRF

Accompanied by the requirements of three-point flexural tests, a 
formulation detecting the flexural strength of FRCTRF is given below 
(Xue et al., 2022): 

σ =
3PL
2bh2 (1) 

where P is peak stress; L is distance amid upper/lower plates; b is layer 
width; h is layer height.

Table 1 shows the flexural strength under different particles and 
gravel rocks. For convenient description, the sample is named in the way 

of “content - particle size - number”. Two control groups were set up, 
where “0%-1-1”, “0%-1-2” and “0%-1-3” were sample without gravel 
rock and fiber, and “0%-2-1”, “0%-2-2”, and "0%-2-3” were sample 
without gravel rock but with fiber in the lower layer. And “0%-2” was 
sample without gravel rock but with fiber in the lower layer (total 
number of prepared samples 30). “0%-2” was sample without gravel 
rock but with fiber in the lower layer. “1–2”, “2–4”, and “4–6” represent 
specimens with 1–2 mm, 2–4 mm, and 4–6 mm gravel added, respec-
tively. Take the number “10%-1-2” as an instance, “10%” and “1–2” 
signify 10% rock dosage and 1–2 mm rock grain diameter. In the table, 
“1, 2 and 3” signify the sum of parallel samples. Table 1 shows the 
average flexural strength, standard deviation, and coefficient of varia-
tion of each specimen after 7-day curing.

Table 1 
FRCTRF recipes.

Sample ID FSa (MPa) SDb COVc Specimen ID FSa (MPa) SDb COVc Specimen ID FSa (MPa) SDb COVc

10%-1-2-1 0.93 0.0449 0.0481 30%-1-2-1 0.87 0.0362 0.0395 50%-1-2-1 0.92 0.0216 0.0239
10%-1-2-2 0.98 30%-1-2-2 0.94 50%-1-2-2 0.90
10%-1-2-3 0.89 30%-1-2-3 0.93 50%-1-2-3 0.88
Average: 0.93 Average: 0.92 Average: 0.90
10%-2-4-1 1.02 0.0639 0.0622 30%-2-4-1 1.00 0.1195 0.1284 50%-2-4-1 1.00 0.0751 0.0797
10%-2-4-2 0.96 30%-2-4-2 0.79 50%-2-4-2 0.97
10%-2-4-3 1.09 30%-2-4-3 1.00 50%-2-4-3 0.86
Average: 1.03 Average: 0.93 Average: 0.94
10%-4-6-1 1.19 0.0633 0.0556 30%-4-6-1 1.05 0.1144 0.1217 50%-4-6-1 0.99 0.0520 0.0529
10%-4-6-2 1.07 30%-4-6-2 0.83 50%-4-6-2 1.02
10%-4-6-3 1.16 30%-4-6-3 0.94 50%-4-6-3 0.95
Average: 1.14 Average: 0.94 Average: 0.98
0%-1-1 0.70 0.0373 0.0704 0%-2-1 0.76 0.0521 0.0494    
0%-1-2 0.77 0%-2-2 0.79    
0%-1-3 0.74 0%-2-3 0.72    
Average: 0.74 Average: 0.76    

a FS stands for flexural strength.
b SD: Standard deviation.
c COV: Coefficient of variation.

Fig. 7. Gravel rock rate influence on mean Flexural Strength behavior of FRCTRFs: (a) particle of 1–2 mm; (b) particle of 2–4 mm; (c) particle of 4–6 mm and (d) 
Stacking diagram under the influence of content.
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3.1.1. Influence of gravel rock rate on FRCTRF’s flexural strength
Fig. 7 demonstrates gravel rock rate impact on mean flexural 

strength of FRCTRF specimens. It can be inferred that the use of partial 
gravel instead of partial tailings in the top layer or the addition of fiber 
in the bottom layer is useful for enhancing FRCTRFs’ strength. 
Discrepancy characteristics of the strength evolution of FRCTRFs con-
taining gravel are different under different gravel particle sizes. Fig. 7
(a–c) demonstrate that, mean FS value of the sample mixed with gravel 
is increased compared with the sample of 0%–1, with an increased range 
of 24.32%–54.05%. 10% - 1–2, 50% - 1–2, 30% - 1–2, 50% - 2–4, 30% - 
2–4, 50% - 4–6 and 30% - 4–6 respectively increased by 25.68 %, 24.32 
%, 21.62 %, 25.68 %, 27.03 %, 27.03 % and 32.43 %, The growth rate 
has changed relatively little. 10%-2-4 and 10%-1-2 increased by 39.19 % 
and 54.05 % respectively. Fig. 7(d) shows the stack bar chart of the 
average FS of each scheme under dosage’s influence. By a dosage in-
crease, mean FS displays a tendency of lessening initially and growing 
later. Overall, mechanical properties of FRCTRF specimens with 10 % 
gravel content are the best.

3.1.2. Rock grain diameter effect on FRCTRF’s stability behavior
Fig. 8 reflects variation of average strength property of FRCTRF 

specimens considering particle size of gravel. Fig. 8(a–c) demonstrate 
that, it can be inferred that under the same gravel content, rising gravel 
grain diameter, mean flexural strength property shows a growing ten-
dency. Fig. 8(d) illustrates that mechanical properties of FRCTRFs 
holding a particle size of 4–6 mm are the best, followed by those with a 
particle size of 2–4 mm.

3.2. Deflection characteristics of FRCTRF specimens

In this bending test, the addition of fiber changes FRCTRF’s bending 
behavior. Peak rebound was used as a reference to analyze each group of 
specimens to scrutinize reinforcement fiber impact. The top rebound is 
the linear dislocation in specimen’s axial track amid preliminary loading 
(with load of 50 N as starting value) and interval for which the highest 
strength is prolonged. Fig. 9 demonstrates variation law of peak 
deflection under the influence of mixing amount and particle size.

Fig. 9(a) and (b) demonstrates that, FRCTRF’s peak deflection can be 

Fig. 8. Different gravel rock grain diameters on mean FS of FRCTRFs with a rate of (a) 10%; (b) 30%; (c) 50%; and (d) Stacking diagram under the influence of 
particle sizes.

Fig. 9. The variation of peak deflection under the impact of dosage and grain size (a) content; and (b) grain size.
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greatly improved after PP fiber is added at the bottom, and the peak 
deflection of FRCTRF is increased by 150 % compared with the sample 
of 0%–2 (that is, the sample of only fiber added at the bottom) and 0%-1 
(the vegan sample). The average peak deflection of FRCTRF with gravel 
added is less than 0%-2. With the inclusion of gravel, the peak deflection 
shows a certain variation law. By dosage’s rise, peak deflection exhibi-
ted a tendency of decreasing initially and growing later. By gravel grain 
diameter’s rise, peak deflection showed a tendency of diminishing 
initially and swelling later, but it had a larger increase than 0%-1. The 
larger peak deflection allows FRCTRF to withstand better deformation, 
so the addition of fiber or fiber and gravel can improve the mechanical 
properties of FRCTRF.

3.3. Gravel rock impact on fill’s stress-strain relationship

Fig. 10 shows the variation law of FRCTRF’s stress-strain curve. One 
can observe that FRCTRFs’ strength decreases rapidly after reaching the 
peak value, in which 0%-1 samples have no posture ability following the 
top value, although other FRCTRF samples still have a confident posture 
ability following the top value. This is because PP fiber changes speci-
men’s post-peak mechanical properties, which is in keeping with con-
clusions of preceding investigations. Fig. 10(a–c) demonstrates that, 
compared to sample 0%-2, FRCTRF sample containing gravel has a 
larger stress drop. Therefore, the addition of gravel makes FRCTRF 
sample more brittle after the peak.

Fig. 10. Gravel rock rate impact on stress-strain correlation of FRCTRF holding a particle size of (a) 1–2 mm; (b) 2–4 mm; and (c) 4–6 mm.

Fig. 11. 0%-1 specimen’s failure mode.
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3.4. Assessing FRCTRF’s failure approaches

Fig. 11 demonstrates failure mode of sample 0%-1. One can witness 
that strength of sample 0%-1 drops rapidly after reaching the peak 
value, and no obvious cracks are found on surface.

Figs. 12 and 13 show the failure modes of samples 0%-2 and 10%-4- 
6. Microcracks appear on the surface of samples 0%-2 and 10%-4-6 in 
the early loading, and the microcracks gradually expand upward with 
the loading of samples. After reaching the peak, sample’s bearing ca-
pacity decreases rapidly, and the cracks gradually open, at which time 
the PP fiber exposed to the air can be observed to play the role of bridge. 
Thus, it can be inferred that adding PP fiber can improve the post-peak 
mechanical properties of FRCTRF specimens.

3.5. Assessing FRCTRF’s microstructural portrayal

Fig. 14 shows SEM images of five diverse FRCTRF rates: 0%-2, 10%- 
1-2, 10%-2-4, 10%-4-6, 30%-1-2, 50%-1-2. The pseudo-color image is 

processed by ImageJ software to improve the image resolution. Fig. 14
(a) and (b) show the microstructure of the control sample (0%-2). 
Obvious layers, pores, micro-cracks, large-size tailings particles, and PP 
fibers can be seen on the surface of sample. The width of the fibers is 
measured to be 140.8 μm, and large quantities of CSH and AFt on surface 
are its main products. Fig. 14(c) and (d) show 10%-1-2 specimen’s 
microstructure. A micro-crack with a width of 39.3 μm is observed. At 
the same time, an obvious trace of broken stone with a size of 663.4 μm 
is observed. In Fig. 14(d), one can observe that CSH and AFt are its 
leading produces. Fig. 14(e) and (f) show the microstructure of 10%-2-4. 
Width of large pores is 414.8 μm and 452.4 μm, respectively. The width 
of two broken PP fibers is 190.8 μm, and there are also some tail sand 
particles with a size of 116.4 μm on the surface. C-S-H and AFt remain its 
main products. As shown in Fig. 14(g) and (h), a stratified interface and 
unbroken gravel particles with a size of 1869.4 μm can be observed 
inside 10%-4-6, and CSH and AFt on surface are its main products. As 
shown in Fig. 14(i), broken fibers and large numbers of big pores can be 
observed in interior of 30%-4-6, which may be the reason for its low 

Fig. 12. 0%-2 specimen’s failure mode.

Fig. 13. 10%-4-6 specimen’s failure mode.
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Fig. 14. SEM views of FRCTRF specimens: (a–b) 0%-2; (c–d) 10%-1-2; (e–f) 10%-2-4; (g–h) 10%-4-6; (i) 30%-1-2; and (j) 50%-1-2.
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strength. Fig. 14(j) demonstrates that there are some micro cracks, 
pores, and large gravel particles in the microstructure of 50%-4-6, with a 
size of 3093.9 μm, and PP fibers on the surface with a width of 148.4 μm.

Figs. 15 and 16 demonstrate the sharing of basic essentials and SEM- 
EDS (examination of FRCTRF sample. Important elements existing in 
cementitious mine fill samples are C, Ca, O, Na, Si, Mg, Cl, K, Al, and Fe. 
C, O, Si, K, and Al values are the highest. They are clustered nearby CSH 
and improve FRCTRF’s bending behavior.

4. Conclusions

Substituting mine waste with gravel rock as a backfill ingredient 
material was inspected in the current work. Various parameters (i.e., 

strength, damage and microstructure) of FRCTRF specimens considering 
diverse gravel rock rates and grain diameters were explored using three- 
point bending test and SEM-EDS. The resulting fundamental deductions 
were made from these lab-supported studies: 

o Adding fiber has a small impact on FRCTRF’s flexural strength, while 
gravel rock has a major impact on its flexural strength. With differ-
ence in gravel particle size/content, the strength shows different 
changes, and the enhancement range is 21.62 %–54.05 %.

o Adding fiber to the bottom of FRCTRF can enhance the peak 
deflection of FRCTRF, and the peak deflection of FRCTRF increases 
by 150% compared with the peak deflection of 0%–1 at 0%-2. 
Observing the peak deflection of FRCTRF with the addition of gravel, 
peak deflection of FRCTRF shows a tendency of decreasing initially 
and increasing by rising gravel particle size/rate.

o Adding PP fiber mends FRCTRF’s post-peak strength features. 
FRCTRFs containing gravel has a large stress drop. Thus, the addition 
of gravel makes FRCTRF more brittle after the peak.

o The surface of FRCTRFs is observed to have pores, layered interfaces, 
broken fibers, broken stone traces, tailings particles, and broken 
stone particles, and the production is mainly CSH and AFt. Tiny pores 
could be witnessed at debris-shedding marks, suggesting that the 
presence of debris caused FRCTRF to create more pores.

In summary, this study has experimentally demonstrated that 
FRCTRF offers much superior strength properties and can be used as an 
effective reinforcement tool in filling construction. However, field-scale 
experimental studies are needed, especially in situ fill tests, to clearly 
reveal the behavior of fill and the problems that may be encountered in 
practice. In particular, the strength of fills reinforced with fiber rein-
forcement and fills supported by different chemical additives will be 
discussed in depth by the same authors in the next studies.

Fig. 15. FRCTRF’s main element map based on SEM-EDS results.

Fig. 16. EDS energy spectrum analysis diagram.
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