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Abstract: To ensure safe and economical backfill mining, the mechanical response of the backfill-rock interaction system needs to be under-
stood. The numerical investigation of the mechanical behavior of backfill-rock composite structure (BRCS) under triaxial compression, which
includes deformation, failure patterns, strength characteristics, and acoustic emission (AE) evolution, was proposed. The models used in the
tests have one rough interface, two cement—iron tailings ratios (CTRs), four interface angles (IAs), and three confining pressures (CPs). Results
showed that the deformation, strength characteristics, and failure patterns of BRCS under triaxial compression depend on IA, CP, and CTR.
The stress—strain curves of BRCS under triaxial compression could be divided into five stages, namely, compaction, elasticity, yield, strain
softening, and residual stress. The relevant AE counts have corresponding relationships with different stages. The triaxial compressive
strengths of composites increase linearly with the increase of the CP. Furthermore, the CP stress strengthening effect occurs. When the IAs are
45° and 60°, the failure areas of composites appear in the interface and backfill. When the IAs are 75° and 90°, the failure areas of composites
appear in the backfill, interface, and rock. Moreover, the corresponding failure modes yield the combined shear failure. The research results
provide the basis for further understanding of the stability of the BRCS.
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1. Introduction

The mining industry plays a key role in national industri-
alization and modernization, which promote the rapid devel-
opment of the national economy [1]. However, mining leads
to large amounts of waste tailings and numerous under-
ground cavities [2—4], which exert great pressure on the en-
vironment [5—7]. These problems have attracted increasing
attention from both the academy and industry [8-10]. Ce-
mented paste backfill (CPB) mining can effectively solve
these problems; thus, it has been used worldwide [11-13].
The CPB slurry composed of tailings, water, and binder was
thoroughly mixed in the surface filling station and transpor-
ted underground by pumping or gravity [14—17]. To prevent
excess pressure exerted on the barricade, CPB with high
strength was first poured into the mined-out area until a cer-
tain height was reached, and CPB with low strength was then
injected [18]. The slurry consolidated underground achieved
a certain strength and coupled with the surrounding rock to
form the underground backfill-rock composite structure
(BRCS), as shown in Fig. 1. Therefore, the mechanical beha-
vior of BRCS under triaxial compression is of great signific-
ance to ensure the safe production of mines.

At present, researchers have made remarkable achieve-
ments in the study of the mechanical behavior of backfill-
rock combinations [20-23]. Moreover, corresponding re-

B4 Corresponding author: Hongjian Lu  E-mail: luhongjian@ncst.edu.cn

© University of Science and Technology Beijing 2023

search results of rock—concrete [24-25], salt-rock [26-27],
and coal-rock [28-30] combinations have been obtained us-
ing physical experiments and numerical simulations.
However, only a few achievements in the study of the mech-
anical properties of BRCS have been made. Koupouli et al.
[31] analyzed the shear characteristics of combinations of
backfill and rock and two different strength backfills. Con-
sidering the deformation mechanism of the interface and the
interaction of asperities, Zhang et al. [32] proposed a strength
model for backfill-rock combinations with an irregular inter-
face based on fractal theory. By conducting mechanical tests,
Xiu et al. [33] analyzed the shear mechanical properties of
the wet and dry interfaces between CPB and rock. By per-
forming numerical simulations, Falaknaz et al. [34] analyzed
the mechanical response characteristics of two adjacent back-
fill stopes. Xu et al. [35] conducted uniaxial compression
tests of stratified backfills and analyzed their acoustic emis-
sion (AE) characteristics. Wu et al. [36] investigated the
shear strength and deformation of CPB—rock under triaxial
compression with interface angles (IAs) of 45° and 60°.
Wang et al. [19] investigated the strength and failure charac-
teristics of composite samples under uniaxial loading. BRCSs
were composed of interfaces, CPBs, and rocks. Notably, the
interfaces were sloping and rough (Fig. 1(a)) because of the
occurrence conditions and mining methods of ore bodies
[19]. However, only a few studies have investigated the tri-
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Fig. 1.

Backfill-rock composite structure (BRCS) engineering model: (a) cemented paste backfill (CPB) in the mining site; (b) en-

gineering model; CPB-H is CPB with high-strength; CPB-L is CPB with low-strength; o is vertical stress in y direction; o, is hori-

zontal stress in x direction; o-; is horizontal stress in Z direction [19].

axial compression mechanical properties of BRCS and con-
sidered the aforementioned interface features simultaneously.
To reveal the mechanical properties of BRCS under triaxial
compression with one rough interface, four IAs, two cement—
iron tailings ratios (CTRs), and three confining pressures
(CPs), including deformation failure, failure patterns,
strength, and AE evolution, corresponding simulation tests
were conducted using the 3D Realistic Failure Process Ana-
lysis (RFPA’P). The mechanical properties of BRCSs with
different nonlinear IAs were systematically investigated by
conducting triaxial compression numerical simulation tests.
The results can provide further insights into the stability of
the backfill-rock interaction system.

2. Experimental
2.1. Triaxial compression analysis method of BRCS

The RFPA™ is a finite element code that can simulate the
failure process of rock and CPB [37-38]. The AE counts re-
flect the cumulative number of damaged elements, and the
AE energy reflects the elastic energy released during the
damage process of rock and CPB elements [39—40].

The Young’s modulus or strength of each finite element is
assumed to follow the Weibull distribution:

m—1 m
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where u is Young’s modulus or strength, u, is the corres-
ponding relevant average, and m is the homogeneity coeffi-
cient [40—41].

The Mohr—Coulomb criterion and maximum tensile stress
criterion are used in RFPA*" [42-43]. The damage variable D
is expressed as follows:
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where E is the elastic modulus of undamaged elements, o,

is the residual strength, & is the strain at the elastic limit, and
&y 1s the ultimate tensile strain [40].

The Mohr—Coulomb criterion is applied to define the
shear damage variable D of elements, which can be ex-
pressed as follows [40,44]:
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where g is the critical strain and o, is the residual shear
strength [40].

2.2. Mechanical parameter calibration and model valid-
ation

The material meso-parameters in RFPA® include elastic
modulus, uniaxial compressive strength (UCS), homogen-
eity coefficient (m), compression—tensile strength ratio, fric-
tion angle, Poisson ratio, residual strength coefficient, ulti-
mate tensile strain coefficient, and ultimate compressive
strain coefficient. The homogeneity coefficient affects the
crack development mode and macromechanical behavior,
and the residual strength coefficient affects the toughness and
bearing capacity of a material [45].

The relationships between the meso-elastic modulus (E,)
of elements and the macro-elastic modulus (£,) of BRCSs
and between meso-UCS (&) of elements and macro-UCS
(o) of BRCSs are expressed as follows:

Eo=Ey/Cg 4)
a9 =09/Cs (%)
where C is the elastic modulus coefficient and Cg is the UCS
coefficient. The relationships between m and Cg and between
m and Cs are expressed as follows:

Cs =0.2047 Inm+0.1156 (©)
Cr = 0.0813 In m +0.7679 )

Moreover, the meso-parameters of the two materials of
BRCS were accurately calibrated. The correction process is
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illustrated in Fig. 2.

Fig. 2 shows the meso-parameters calibration and valida-
tion process of the models. The relative errors between nu-
merical calculation results and corresponding experimental
results meet the requirements (i.e., <5%) [40], and the results
are reasonable.

2.3. Materials and sample parameters

This research is a continuation of a previous study [19].
The tailings used were obtained from an underground iron
mine in Hebei Province, China. The rock samples were blue
sandstone collected from Changsha, Hunan Province, China,
and cut into units. The structure and size of numerical mod-
els, CTRs of backfill samples, and composites were consist-
ent with the parameters in the literature.

2.4. BRCS model building method and constraints

The solid models and constraint files were set up from
ANSYS and imported into RFPA" for calculation and ana-
lysis. Fig. 3 shows the BRCS numerical models. Each model
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was set with a length of 50 mm, width of 50 mm, and height
of 100 mm. The finite element was set as a regular hexagon-
al element with a side length of 1.25 mm. Therefore, each
model was divided into 128000 units.

The models with IAs of 0° to 90° were used for BRCS
parameter calibration and model validation. The models with
TAs of 45°, 60°, 75°, and 90° were used for BRCS triaxial
compression experiments according to the previous results
[19,46], and the triaxial CPs were set as 0.4, 0.8, and 1.2 MPa
to approach the in-site backfill lateral stress monitoring data
range. The displacement load of 0.03 mm/step was applied to
the y-direction of the models until destruction. The CPs were
applied to the x- and z-directions.

3. Results
3.1. BRCS parameter calibration and model validation

Table 1 shows the contents of the model calibration and
validation tests. Fig. 4 shows the comparisons of the
stress—strain curves of the physical experiments and numer-
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Fig. 2. BRCS meso-parameter calibration and validation process.
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Fig. 3. BRCS numerical test models.
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ical simulations. Notably, the stress—strain curves of CPBs
and rock in the numerical simulations are nearly identical to
those in the physical experiments. The relative errors
between numerical and experimental UCS are 3.94% for
CPB with CTR 1:8, 2.88% for CPB with CTR 1:4, and
0.81% for rock, which are all <5%. According to the meso-
parameter calibration process of BRCS (Fig. S1), the calib-
rated meso-parameters of CPB and rock were obtained, as
listed in Table 2.

Fig. 4 shows the comparisons of the experimental (E) and
numerical (N) stress—strain curves of BRCS with different
IAs, and they exhibit good similarity. The maximum relative

error between numerical and experimental UCS is 1.73%,
which indicates the capability of RFPA®® to simulate the
mechanical behavior of BRCS test blocks.

3.2. BRCS triaxial compressive deformation character-
istics

Fig. 5 and Fig. S2 show the BRCS triaxial compressive
stress—strain curves of the numerical tests, which can be di-
vided into five stages, namely, compaction, elasticity, yield,
strain softening, and residual stress. CPs were first applied,
which ensured that the compaction stage was not obvious.
When the IAs are 45° and 60°, the intervals of yield stages

Table 1. Calibration and model validation numerical tests
Type 1As CTR Solid content Test purpose
CPB 1:4, 1:8 70wt% Calibration
Rock Calibration
BRCS 0°, 15°, 30°, 45°, 60°, 75°, 90° 1:4,1:8 70wt% Validation
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Fig. 4. Comparisons of the stress—strain curves of the numerical simulations and physical experiments of (a, b) BRCS with CTR 1:8

and (¢, d) BRCS with CTR 1:4.

Table 2. Meso-parameters of CPB and rock

Sample m E/MPa  UCS/MPa 0/ C-TR PR UTC ucc RSC
CPB with CTR 1:8 1.00 138.40 8.40 34 12 0.28 5.0 100 0.01
CPB with CTR 1:4 1.20 239.08 16.61 34 10 0.28 5.0 100 0.10

Rock 2.50 3385.60 254.10 36 10 0.25 5.0 100 0.01

Notes: m is homogeneity coefficient; £ is elastic modulus; UCS is uniaxial compressive strength; ¢ is friction angle; C-TR is
compression—tensile strength ratio; PR is Poisson ratio; UTC is ultimate tensile strain coefficient; UCC is ultimate compressive strain

coefficient; RSC is residual strength coefficient.
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are long, the stress peak phenomenon occurs, and the curves
of the stress softening slopes are gentle. In particular, when
the IA is 60° and the CTR is 1:4, the stress softening slope is
gentle, the peak strength is close to the residual strength, and
the ductility feature is obvious. When the IAs are 75° and
90°, the intervals of yield stages are short, and the stress peak
points are obvious. After the occurrence of the stress peak
phenomenon, the strengths of the composites decrease
sharply, their residual strengths are far less than the corres-
ponding peak strengths, and brittleness is obvious.

3.3. BRCS triaxial compressive strength characteristics

The Mohr—Coulomb criterion was used as the failure cri-
terion of BRCSs; thus, two parameters, i.e., cohesion and
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BRCS triaxial compressive stress—strain curves: (a) CTR 1:8-IA 45°; (b) CTR 1:4-1A 45°; (c) CTR 1:8-IA 60°; (d) CTR

friction angle, are significant to the composite strength
[32,35]. Through the linear fitting of maximum principal
stress o, and CP o, the characteristic parameters of triaxial
compressive strength were obtained, as shown in Table 3.

The triaxial compressive strength of composites with the
IA of 90° is the highest, followed by those of composites
with TAs of 75°, 45°, and 60°. A good linear relationship
between o7, and o3 was observed, and the correlation coeffi-
cient R* exceeded 0.97. These findings verify the linear
Mohr—Coulomb yield criterion. With the increase of o3, o
increases linearly, and the CP strengthening effect of the
models occurs. The more the IA increases, the more obvious
the CP strengthening effect. Moreover, the change of CTR
has only a slight effect on it.

Table 3. Strength characteristic parameters of BRCSs under triaxial compression

o,/ MPa )
CIR  IAJC) = 20 71204 05-08  os=12 K 0 k 9/()  c¢/MPa

45 0512 0.750 0.9905 1228 0.597 0512 099 3116 0331

‘ 60 0.464 0.725 0.986 1.247 0.653 0464 098 3120 0.287
I8 75 3.684 4.681 5.678 6.675 2.492 3684 097  31.86 1.167
90 14.822 17.033 19.245 21.456 5529 14822 099 3218 3.152

45 2.490 2.750 3.010 3270 0.650 2490 098 3120 1.544

L4 60 0.627 0911 1.195 1.480 0.710 0.627 097 3125 0372
75 9.605 10.662 11.719 12.774 2.641 9.605 097 3188 2.956

90 15.268 17.610 19.951 22.293 5854 15268 099 3220 3.155

Notes: K and Q are the strength related parameters; ¢ is the friction angle; ¢ is the cohesion.
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With the increase of the 1A, the friction angles of BRCSs
slightly increase from 31.16° to 32.18° (CTR of 1:8) and
from 31.25° to 32.20° (CTR of 1:4). Meanwhile, their cohe-
sions change significantly. The cohesion of the composite
with the TA of 60° is the lowest, whereas that with the IA of
90° is the highest. When the As are 60° and 90°, the CTR
has only a slight effect on cohesion. By contrast, when the
IAs are 45°and 75°, the CTR significantly affects cohesion.
Thus, cohesion is sensitive to IA and CTR.

3.4. BRCS triaxial compressive failure evolution analysis

To reveal and analyze the damage growth and distribution
processes of BRCSs, the information on their failure evolu-
tion with different IAs and the same CP (0.8 MPa) and CTR
(1:8), including the AE counts—stress—strain curves, nepho-
grams of the AE points, damage units, and typical stress
points of y axial displacement, is illustrated in Fig. 6 and Figs.
S3 to S5. The damage values 0 and 1 in color sticks represent
intact and completely damaged, respectively, and are de-
noted by red and blue in the displacement color sticks, re-
spectively.

As shown in the compaction and elastic stages of the
stress—strain curve, small numbers of AE counts and dam-
aged elements appear at the lower part of the interface be-
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cause of the coordinated deformation of the two materials. As
the y axial displacement increases, composite deformation
reaches the plastic stage, but the rock part retains a unified
displacement, which indicates elastic characteristics. The
CPB displacement gradually decreases at the contact inter-
face. Then, the damaged units begin to replace the CPB units
and gradually emerge on the interface. The distribution type
of AE points transitions from multipoint in the CPB to con-
centrate on the interface. The crack I; extends along the en-
tire interface from top to bottom. During the post-peak stress
stage, the composites slide along their interfaces, but the
CPBs still have their bearing capacity because of the action of
CP and nonlinear interface friction. With the increase of axi-
al displacement, the CPB units that are perpendicular to the
interface are intensively damaged, and the crack 1, is formed.
The composite is divided into three displacement change
areas by cracks 1, and I,. The displacements between the up-
per half of the CPB and rock are significantly different, the
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the lower half of the CPB and rock are slightly different, and
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from “y” to “v.” In the residual stress stage of the stress—
strain curve, the composite bearing capacity becomes small,
and crack l; extends along the intersection of the “v” flaw.
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Fig. 6. Failure evolution information on BRCS with the IA of 45°.

The AE count curve has obvious multistage characterist-
ics during the composite failure process. During the trans-
ition from the compaction and elastic stages to the plastic
stage, the AE counts increase sharply, and the corresponding
curve segment forms a rising phase (I). In the pre-peak plastic
stage, the AE counts change stably, and the corresponding
curve segment forms a stable phase (I). After peak stress, the
macrocrack 1; appears on the composite, the AE counts in-
crease rapidly, and the corresponding curve segment forms

an active phase (III). Then, the crack 1, develops gradually
while the CPB slides along the crack 1;. Because of the inter-
action of combined cracks, the bearing capacity of the com-
posite decreases rapidly, and the number of AE counts first
increases and then decreases sharply, and the corresponding
curve segment forms a sudden change phase (IV). In the re-
sidual stress stage, the AE counts are small, and the corres-
ponding curve segment forms a calm phase (V).

When the IA is 60° (Fig. S3), the evolution processes of
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the AE point, displacement, and damage unit are similar to
those of the composite with the IA of 45°. However, the loca-
tions of the AE point, damage unit, and displacement change
are significant but mainly concentrated on the interface or
perpendicular to the two interface cracks. The AE count
curve reaches an active period after the stress peak, which
shows a pulse increase or decrease mode mainly caused by
the composite sliding along the nonlinear fracture interface.
After the composite fracture interface slides fully, the AE
counts decrease rapidly and then enter the calm area.

When the IA is 75° (Fig. S4), at the initial load stage, the
deformation degree of the bottom of the CPB is greater than
that of rock, accompanied by a small amount of AE. With the
increase of axial displacement and fully coordinated deform-
ation of the CPB and rock, the displacement of the compos-
ite gradually decreases from bottom to top, and the AE points
and damage units mainly appear in the rock. Near the stress
peak, the damage units and AE points in the upper part of the
rock begin to increase, dense areas appear, and crack 1, devel-
ops. After the stress peak, crack 1, on the rock part expands
downward, and new cracks 1, and crack l; develop simultan-
eously. Crack I; runs through the CPB, whereas the upper
part of crack 1, runs through the rock and its lower part ex-
tends downward along the interface. Cracks I, and 1; form an
x-shaped fracture.

In the compaction and elastic stages, the AE counts are
small, and the corresponding curve segment forms a quiet
phase (I). In the plastic stage, the number of AE counts be-
fore the stress peak increases steadily, and the corresponding
curve segment forms a rising phase (II). After the stress peak,
the composite bearing capacity decreases rapidly and reaches
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the residual stress stage. The numerical change of the AE
counts reaches a calm phase (IV) after a sudden change phase
(I1I).

When the IA is 90° (Fig. S5), at the beginning of loading,
the AE points are distributed in the CPB, and the composite
displacement decreases gradually from bottom to top. With
the increase of the axial displacement, sporadic damage units
appear in the CPB and rock, and the AE points in the rock in-
crease significantly. Crack 1, develops on the rock part, the
units in the corresponding area have some significant shear
damage zones, and the AE points and displacement values on
both sides of 1, are different. After crack formation on the
rock, the composite bearing capacity decreases rapidly.
Meanwhile, crack 1, forms along the interface, crack 1; forms
in the CPB, and an anti-N-shaped flaw forms on the compos-
ite. The multistage characteristics of the AE count curves are
similar to that of the composite with an IA of 75°. The curve
can also be divided into four stages.

3.5. BRCS triaxial compressive failure modes

Fig. 7 shows the failure patterns of the composite with the
IAs 0of 45° and 60°. Their uniaxial compression failure modes
are inclined plane shear failures. Their failure areas appear in
the CPB of the interface, and a fracture zone is formed
between the fracture plane and the interface. The fracture
planes of the composites are similar regardless of CPs, a v-
shaped failure is formed by the intersection of shear cracks
along the upper half of the interface, and the shear cracks are
perpendicular to the interface and penetrate the CPB.

The failure pattern of the composite with an IA of 75° is
shown in Fig. S6(a). Its uniaxial compression failure modes
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include a compression—shear crack in the upper part of the
rock and a shear crack along the interface in the CPB. The
crack cross-exists to form combined shear failure. For the
composite with CTR 1:8 and CP 0.4 or 0.8 MPa, a through
shear crack appears on the rock, and CPB combines a shear
crack along the interface to form an x-shaped conjugate shear
failure. As the compression—shear crack penetrates the rock,
the shear fracture surface penetrates the CPB, the shear crack
extends along the lower part of the interface to form a y-
shaped shear failure, and the BRCS with CTR 1:8 and CP 1.2
MPa is destroyed. For the composite with CTR 1:4, the shear
crack of the rock is combined with the shear slip along the in-
terface to form a shear fracture plane, which accompanies the
formation of failure areas.

Fig. S6(b) shows the failure pattern of the composite with
an IA of 90°. When the CTR is 1:8, its uniaxial compression
failure mode is a shear fracture plane that penetrates the en-
tire structure and accompanies some secondary tensile cracks
in the CPB and rock in the lower part. When the CTR is 1:4,
the uniaxial compression failure mode is one shear crack
penetrating the rock, the other shear crack penetrating the
CPB, and a slipping crack along the interface, which togeth-
er form an anti-N-shaped fracture. Moreover, there are one or
two secondary tensile cracks in the CPB and rock on the anti-
N-shaped fracture. With the increase of CP, its failure modes
are similar to that of the composite with CTR 1:4 under uni-

B=(59° +57°)/2

z z

CTR 1:4-1A 45° CTR 1:4-1A 60°

axial compression, which appears in the middle of the model.
However, no secondary cracks appear. For the angle between
the shear crack throughout the composite and the axial direc-
tion, the composite with CTR 1:4 is greater than that with
CTR 1:8.

The failure modes of composites with different IAs and
CPs are similar. This finding shows that the failure of com-
posites with IAs of 45° and 60° occurred in the CPB, and the
failure of composites with IAs of 75° and 90° occurred in the
CPB and the rock. When the IA is 45°, the slipping crack
along the interface is caused by the uncoordinated deforma-
tion of the CPB and rock, which cannot accurately present
the fracture angle of the composite, and the fracture plane in
the CPB mirrors the fracture angle of the entire structure.
When the TA is 60°, the angle of the crack propagating along
the interface is similar to that of the crack in the CPB; there-
fore, the fracture angle takes the average of the two. When
the IA is 75°, the fracture angle of the composite with CTR
1:8 is the angle of the oblique plane penetrating the compos-
ite, and the fracture angle of the composite with CTR 1:4 is
the average angle of the oblique plane penetrating the rock
and the sliding interface. When the 1A is 90°, the composite
failure is mainly controlled by the rock; thus, the angle of the
shear plane in the rock is determined as the composite frac-
ture angle. The numerical fracture angles (NFAs) of compos-
ites are obtained, as shown in Fig. 8.

p4 z

CTR 1:4-1A 75°

CTR 1:4-1A 90°

Fig. 8. BRCS triaxial compressive fracture angles.

The theoretical fracture angle (TFA) formula is expressed
as Eq. (8), where 3 is the TFA:
B=m/4+9¢/2 (®)

According to Table 3 and Eq. (8), the composite TFAs are
obtained. The range of TFAs is between 60° and 62°, and that
of NFAs is between 58° and 61°. The relative errors between
them are <5%, which verifies the reliability of the numerical
test.

4. Discussion

The stress models used in the triaxial compression tests

can be classified into two types, namely, the IAs are less than
the critical plane angle (i.e., between 45° and 60°), and the
IAs are greater than the critical plane angle (i.e., between 75°
and 90°). The constraints of the test models include the top
section fixed and the bottom section with displacement and
lateral loading (07, = 073). We assumed that only elastic de-
formation occurs in composites under CPs. Therefore, the tri-
axial compression stress models of composites can be re-
placed by their biaxial compression stress models (Fig. 9).
The strain of the CPB and rock and interface friction of the
composite can be calculated according to the static equilibri-
um theory, as expressed in Egs. (9) and (10), respectively.
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Fig. 9. BRCS triaxial compression stress analysis models: (a) the IA is less than the critical plane angle; (b) the IA is greater than
the critical plane angle. ac is the analysis point of CPB; a, is analysis point of interface; ay is the analysis point of rock.
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where &y,_is the vertical strain of CPB, p; is the uniform load
at the bottom section, ps is the uniform load at the lateral of
BRCS, S; is the area of uniform load at the bottom section,
Ec is the CPB elastic modulus, &y,, is the rock strain, E is
the rock elastic modulus, f, is the interface friction, u is the
interface friction coefficient, S is the interface area, S; is the
interface side area, and a is the interface angle.

&ya. = P1/SicEc
Eyay = p1/SiRER (10)
fa = uSp3/S3

where S, is the CPB contact area of the uniform load at the
bottom section, and S is the rock contact area of the uni-
form load at the bottom section.

(1) The IAs are less than the critical plane angle.

In the early stage of loading, the elastic modulus of the
rock and CPB are different. Under the same load, the de-
formation of the CPB is greater than that of the rock. The
composite shows deformation compatibility on the nonlinear
interface, which causes slide failure along the contact inter-
face, but it can be limited by the action of CP. With the in-
crease of load, the CPB deformation reaches the plastic stage,
and the shear crack penetrates the CPB. The composite fail-
ure is mainly controlled by the CPB and interface.

(2) The IAs are greater than the critical plane angle.

The bearing capacity of the rock is greater than that of the
CPB. Thus, the composite failure first appears in the rock,
and its failure mode is a shear failure; then, shear cracks ap-
pear in the interface and CPB. The composite failure is con-
trolled by the CPB, rock, and interface, and the rock is the
main controlling factor.

5. Conclusions

(1) The BRCS triaxial compressive stress—strain curves
can be divided into five stages, namely, compaction, elasti-
city, yield, strain softening, and residual stress. The compos-
ite triaxial compressive strength exhibits a linear growth
trend, and the CP stress strengthening effect occurs. With the
increase of the IA, the CP stress strengthening effect be-
comes more obvious, and the change of CTR has only a
slight effect on it. With the increase of the IA, the friction

angle of BRCS slightly increases, and the composite cohe-
sion changes significantly. Different CTRs have only a slight
effect on composite cohesion. Relative to friction angle, co-
hesion is more sensitive to IA and CTR.

(2) The failure areas of BRCSs with IAs of 45° and 60°
appear in the CPB of the interface, and the v-shaped failure is
formed by the intersection of the shear crack along the upper
half of the interface and the shear crack perpendicular to the
interface through the CPB. The failure pattern of BRCSs with
an [A of 75° and a CTR of 1:8 is a combined shear failure
that occurs in the CPB, interface, and rock. By contrast, the
failure patterns of BRCSs with an IA of 75° and a CTR of 1:4
are a shear fracture plane that occurs in the rock and interface.
The failure zone of BRCS with an IA of 90° forming an anti-
N-shaped fracture is composed of a shear crack penetrating
the rock, a shear crack penetrating the CPB, and a slipping
crack along the interface.

(3) The multistage AE count curves of BRCSs with [As of
45° and 60° could be divided into five regions, namely,
rising, quiet, active, sudden change, and calm zones, and that
of BRCSs with IAs of 75° and 90° could be divided into four
regions, namely, quiet, rising, sudden change, and calm
zones. The mechanical characteristics of BRCSs under triaxi-
al compression are controlled by the IA, CP, and CTR.
Moreover, based on the composite static analysis models, the
composite strength and failure mechanism under triaxial
compression are determined. The mechanical properties of
BRCSs with different nonlinear IAs were investigated
through the numerical simulations of triaxial compression
tests using RFPA®. By referring to relevant literature, we
have proven that this research method is feasible, and the re-
search conclusion can provide a theoretical basis for the sta-
bility analysis of backfill mining.
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