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Abstract: The sublevel open stoping with backfill method has recently been widely used in under-
ground metal mines. The primary CPB stope is frequently affected by blasting in the secondary
ore stope, leading to stope collapse and ore dilution, which has become a common problem and
has received widespread attention. Numerical simulations are carried out in the present work, and
a 1/4 numeral model consisting of a primary CPB stope and a secondary ore stope is built. The
secondary ore stope is divided into four layers on average in the simulation model, and the incident
stress induced by each blasting at the interface of the CPB and ore is simulated. The results show that
the CPB stope in the range within the height of the explosive charge induced horizontal compressive
stress and tensile stress induced from the explosive charge height, while the mined section under the
charge height has no obvious blasting impact. The maximum incident compressive stress is close to
1.2 MPa and occurs in the area closest to the blast hole The maximum induced tensile stress occurs
in the range above the charge height, which is about 0.2 MPa. The stress ratios of the four-layered
lift blasts are 3.6%, 3.8%, 4.0%, and 4.8%, respectively, showing a slight cumulative effect of layered
blasting. In addition, the positive correlation between incident stress and the stress ratio is studied in
the present work, and the results show that the greater the incident stress is, the greater the incident

ratio is.
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1. Introduction

The sublevel open stoping with backfill method has recently been widely used in
underground metal mines [1,2]. It is one of the most important technologies in underground
mines due to its high efficiency and safety [3-5]. The main feature of this technology is
dividing the primary stope (stopes) and secondary stope (blocks) for mining and filling
in turn [6,7]. The primary stope is first blasting-mined and then filled with a backfilling
slurry by sequence. The secondary stope mines after the primary stope. The whole stope
is divided into several layers in height for blasting, and each layer is blasted and mucked
before the next [8,9]. Generally, the height of each blasting layer is in the range of 4-8 m.
Once the stope is mined out, the backfill is required. One typical filling material is the mixed
slurry of cement, tailings, and water with various proportions [10,11]. After a period of a
hydration reaction, the slurry solidifies into solid mass, which can support the surrounding
rock and improve the stress field environment [12,13]. The cemented paste backfills (CPB)
mass of the primary stope is thus frequently affected by the adjacent ore stope blasting,
as shown in Figure 1. A series of problems such as collapse, spalling, support failure, etc.
occurred in the CPB stope due to the exposure and vibration induced by lift blasting in
the ore stope [14—-17]. This is an important problem that affects the high-quality and safe
mining process. It has become the key work of filling mechanics research and has been
widely dealt with by technicians and researchers [18-21].
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Figure 1. Stope mining and backfill sequence. (a) Primary stopes planed; (b) Primary stope layer blast;
(c) Primary stope backfill; (d) Secondary stopes planed; (e) Secondary stope layer blast; (f) Secondary
stope backfill.

For the stability analysis method of the filling stope, Mitchell [22] proposed a method
considering the stope size and assuming the slip plane for calculating the stability of the
CPB stope, which is the application of the limit-equilibrium slip in the backfill mining.
Liu et al. [23]. considered the time factor of the cemented backfill stope, analyzed the
applicability of the Mitchell method, and believed that the results of the Mitchell solution
were closer to the situation under short-term undrained conditions than long-term drainage
conditions for the CPB stope. Lili [24-28] proposed a three-dimension wedge failure model
and suggested the formula under the different disclosed conditions, which improved
and extended the Mitchell method, Peng et al. [29]. proposed a safety factor method to
comprehensively evaluate the impact of mining methods and the quality of the fresh filling
slurry on the CPB; the strength of the CPB is required and then specified with a factor,
which is useful in practice.

The static analysis method still plays a dominant role, and the complex boundary
condition model is constantly proposed, which is essentially an extension of the limit
equilibrium theory. However, with the development of computing technology, more
complex environmental models have been taken into account, in which blasting-induced
damage is one of the most important environmental factors [30-33]. Muhammad Emad
et al. [34]. built a three-dimension numerical model, applied a dynamic load to simulate the
blasting effect to the primary CPB stope, and discovered that failure due to blast vibrations
is initiated at the top of the stope in the form of a wedge rather than at the bottom of the
stope derived from static limit equilibrium theory. They believed that dynamic modelling
is considerably more realistic than traditional static modelling in the failure analysis of
CPB stopes. Suazo et al. [35] studied the effects of the blast hole layout and sequencing of
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detonation to the stope CPB; the result showed that explosives along a direction parallel
to the exposed face of the CPB was the most disadvantageous, with the highest pressure
being caused by blasting and the pressure being up to several megapascals at the barricade
level, which is much larger than of the static result. Li et al. [36]. built a three-dimension
numerical model to simulate the damage of the stope CPB due to an adjacent ore blast;
it was found that a low cement-to-sand ratio of CPB with a lower damage influence is
beneficial to resisting blasting damage.

It is difficult to find the answer with a simple static mathematic model for the CPB
damage induced by the stress wave propagating from the secondary ore stope [37-39].
Numerical simulation is the effective method to research such dynamic load effect [40-42],
but due to the difference in engineering geological conditions, the boundary and mate-
rial parameters for the numerical simulation model are various, so the conclusions are
different [43—46]. However, how the stress wave propagates at the non-uniform interface
between the ore and the CPB stope and how the layered blasting affects the incident stress
in the CPB stope are still unclear and need to be enriched. In the present work, a numerical
simulation model consisting of a primary CPB stope and a secondary ore stope is estab-
lished, and the influence of layered lift blasts on an adjacent CPB stope is analyzed. The
height of the model is 24 m, and the plane size is 6 m x 2m. A typical cylindrical blast hole
with a diameter of 160 mm and a length of 24 m is adopted, which is located 2 m away
from the CPB stope. Based on the typical two-step mining technology, the stope is mined
out by four layered lift blasts. The cumulative effect of lifting blasts on an adjacent CPB is
considered, and the incident stress caused by blasting is analyzed It can be a reference for
the stability research of CPB stopes.

2. Materials
2.1. Tailings

The tailings for the CPB specimen used in the present study were sourced from a
copper mine in south China. Density tests followed the relevant ASTM (American Society
for Testing and Materials) guidelines and the National Standards of P.R.C [47], and the
results illustrate that the tailings have a specific gravity Dg of 3.20. Particle size distribution
(PSD) tests followed ASTM D422-07, and the results show that the tailings below 37 pm
and 75 pm in size account for 60.97% and 77.68% respectively. The PSD (particle size
distribution) of the tailings is shown in Figure 2.
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Figure 2. PSD curve of the copper tailings used in the present work. Particles of the size of the tailings
below 37 um and 75 um account for 60.97% and 77.68% respectively.
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The main contents of the tailings material used in this study are silicon dioxide (5iO,),
iron (TFe), calcium oxide (Ca0O), and aluminum oxide (Al,O3), with mass fractions of
15.15%, 7.05%, 11.15%, and 1.93%, respectively, according to the ICP (Inductive Coupled
Plasma Emission Spectrometer) analysis in the lab.

2.2. Strength Test

CPB samples are drilled from the bottom of the primary stope; the curing time is
more than 60 d. The depth of the sampling hole is 30 m, which is equivalent to 25 m of
the stope. Samples are prepared with a column test specimen that is 50 mm x 100 mm
(diameter @ x length L) in size. Uniaxial compression (UC) tests were carried out on CPB
specimens using a closed-loop servo-controlled testing machine (Instron-1342, Norwood,
MA, USA) with a loading capacity of 500 kN. For an accurate result, the test group consists
of three samples, which are tested separately. Another four CPB samples were prepared and
subjected to a conventional triaxial compression (CTC) test under four different confining
pressure values of 0.2 MPa, 0.3 MPa, 0.4 MPa, and 0.5 MPa by using a 63.5 mm HTC Hoek
triaxial cell as the confining apparatus, following the ASTM D2664 standard. The machine
loading rate for both the uniaxial and triaxial compression tests was set to 0.1 mm/min.

As the UC test result, the uniaxial compressive strength (UCS) of the CPB sample is
2.0 MPa, the axial deformation rate under the peak stress is 1.2%, the Young’s modulus,
as determined by the stress—strain relationship curve, is 195.9 MPa, and the measured
Poisson’s ratio is 0.268. The curves of the deviator stress versus the axial strain of the
in situ CPB under four confining pressures were measured, as shown in Figure 3a. The
relationship between the principal stresses under the ultimate limit state is summarized in
Figure 3b. It is shown that the first principal stress (c7) and the third principal stress (03) of
the CPB in the failure point are linear. Thus, the cohesion (C) and internal friction angle (¢)
were calculated as 41.7° and 0.5 MPa, respectively, based on the Coulomb criterion [48] by
Formula (1).
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Figure 3. Cont.
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Figure 3. Relationship curve of stress—strain and the HJC parameters. (a) CTC deviator stress—strain
curve; (b) Fitting curve of the CTC maximum and minimum principal stress relationship; (c) Fitting
curve of the normalized equivalent stress and normalized pressure relationship.

0y = Fos+ R
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where F and R is are the fitting coefficients of the linear relationship between 7 and o3,
and C and ¢ are the cohesion and internal friction angle.

3. Numerical Modelling
3.1. Method

A 1/4 numeral model consisting of a primary CPB stope and a secondary ore stope
is built; the stope is divided into four layers equally, each layer corresponding to one lift
blasting. Each ore layer will be deleted before the next lift blast, and the cylinder blast hole
is set in the ore stope, 2 m away from the CPB stope. The velocity of nodes is set to zero,
and the stress and deformation of the last blast are retained for each lift blast, except for
the first blast, as a simulation for the mining process. Figure 4 shows the scheme of the lift
blast. The Arbitrary Lagrange-Euler (ALE) algorithm is adopted, in which the explosive
and air elements are set as Euler elements to provide the explosive dynamic load. The CPB
element, ore element, and stemming elements are set as Lagrange elements and contain its
deformation characteristics [49-51].

E: the Fourth lift

£

o]
fe=
I¢]
o
o}

%}
a

Figure 4. Lift blasting model for the primary stop: Lift 1 to Lift 4 are the ore materials in the secondary
stope and will be blasted down in the cut process; the CPB stope is adjacent to the ore stope and will
be affected by the explosive blasting in the ore stope.
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The calculation time for each lift blast is 20 MS, which is long enough for the explosive
detonation process. The time interval is 0.5 MS for each result file, which includes the
unit stress, strain, deformation, and other information. Therefore, 40 result files are output
for each lift blast. The maximum compressive stress exceeds 200 MPa, the tensile stress
exceeds 20 MPa, and the strain exceeds 5% during calculation; the elements fail in the
present work [35,44]. Symmetrical boundary conditions are adopted on the symmetrical
plane of the model, fixed boundary conditions are adopted at the bottom of the model, free
boundary conditions are adopted at the top, and non-reflective boundary conditions are
adopted at the outside of the filling body [36]. Additionally, the gravity of the model itself
is also considered, with the direction towards the negative Z axis in Figure 4.

3.2. Geometric Model

The total width of the model is 8 m, including the ore stope (2 m width) and CPB
stope (6 m width). The diameter of the blast hole is 160 mm and is located on the edge of
the model at the ore stope side to simulate the impact of secondary stope blasting on the
adjacent CPB stope. The height of each continuous blasting lift layer is 6 m along the height
of the model, and four continuous mining blasting layers are set in the height direction.
Therefore, the total height of the model is 24 m; each blast consists of 4 m of explosives and
2 m of stemming, which is roughly equivalent to the mine situation. The parameters are
shown in Table 1.

Table 1. Geometric model parameter for the lift blast.

Properties Symbol Value/Description
Model length (m) L 8
Model width (m) % 2
Model height (m) H 24
Blasting material flow range (a x b) air (m) E 3
Radius of the blast hole (mm) r 160
Distance of the outer hole to the CPB (m) s 2
Height of the layered blast (m) HO 6
Real constants of each region in the model R1~R15 -
Null P1 LAG!
Stem/Null P2~P5 LAG!
~ 1
Model part ORE P6~P9 LAG
CPB P10 ALE?
AIRE P12 ALE?
Explosive/AIRE P11, P12~P15 ALE?
Lateral surface N1 SYMM 3
Lateral surface N2 SYMM 3
4
Mode boundary Lateral surface N3 NB
Lateral surface N4 NB*#
Bottom surface N5 FIXED 5
Top surface N6 FREE ©

1—The element obeyed the Lagrangian formulation; 2—The multi-material element with blank material obeyed
the Euler algorithm; 3—The symmetry boundary was used; 4—Non-reflection boundaries were used; 5—All
nodes on the surface are fixed; 6—Unconstrained free surfaces.

The mesh size used in the elements of the blast hole is less than 0.1 m, while that used
in the ore and CPB was 0.025 m around the blast holes and 0.5 m at the edges. Consequently,
a total of 449,940 finite elements were used in the model.
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3.3. Material Parameters
3.3.1. CPB

The Holmquist-Johnson-Cook (HJC) mode was used to simulate the behavior of the
CPB under the blast loading in this study. The HJC model can describe the strain hardening
and strain softening behaviors of concrete-like materials [52,53]. As an elastic-viscoelastic
model, the HJC model was widely used in the simulation materials under the conditions
of a high strain rate, a large strain, and a high pressure; it has been used to model CPB
and rock materials in reported studies [44,54]. The HJC consists of the yield surface, state
equation, and damage evolution equation, as follows.

(1) The yield surface is defined by normalized equivalent stress and can be described
in Figure 5, as follows [52].

D = 0 (Undamaged)

—
B S,

\Q’ _
D = 1.0 (Fractured)

£ >1.0

Normalized equivalent stress

—T*(1<D)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Normalized Pressure

Figure 5. Yield surface curve in the characteristic stress space of the HJC material model.

As shown in Figure 5, the relation between the normalized equivalent stress (Yield
surface ¢*) and the normalized pressure (P*) of the HJC model can be expressed by
Equation (2), as follows.

o*(P* > 0) = [A(1—D)+BP*N] [1-cin(&")] o
o*(P* <0) = ( i Pt A

where 0* = 0/ f, is the normalized equivalent stress, ¢ is the actual equivalent stress, and f.
is the uniaxial compressive strength, and the relationship ¢* < Syay is adopted, where Smax
is the normalized maximum strength, P* = P/ f. is the normalized pressure, ¢ =¢é/¢is
the dimensionless strain rate, ¢ is the actual strain rate, and ¢y is the reference strain rate
(¢ = 1.0s71). A, B, N, and Spmay are the constants of the yield strength surface. The yield
surface parameters are usually obtained by testing without considering the strain rate.

(2) The damage of the HJC model is accumulated by the plastic strain, including the
equivalent plastic strain and volume strain, which can be described in Figure 6 [52].

=
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Figure 6. Damage evolution in the stress—strain space of the HJC material model.
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EFMIN is the minimum plastic strain in Figure 6. The damage variable (D) in the
HJC model is defined as follows.

Ae, + A
e 0
ep + Hyp
& + uf = Dy(P" + 1" @

where A¢, and Ay, are the equivalent plastic strain and the plastic volumetric strain in
one integration circle, and D; and D; are the material damage constants. In the original
literature, the recommended values were 0.04 and 1.0.

(3) The relationship between the volumetric strain and the pressure of materials is
described by the equation of state. The equation of state of the HJC model consists of three
parts: elastic compression, compaction deformation, and deformation after compaction,
respectively, as shown in Figure 7 [52].

A
p
P=Kj+Ki>+Kpi
Q —_
5 ,LI — U Hy \
% 1+
o
pl _________________________ 1
pC - »I.I :
: S K
My Hp Volume strain
T(1-D)

Figure 7. EOS curve of the HJC model in various stress stages.

In the deformation after compaction part, the pores of the material are fully compacted,
and plastic deformation occurs. The EOS can be written as follows.

{Pload = klﬁ + k2ﬁ2 + k3ﬁ3 (5)
Punload = klﬁ

where kq, kp, and k3 are material constants and can be obtained by the Hugoniot test data.
Perushr Plock, and ppoc are obtained as follows.

Perush = fc/3 (6)
Herush = Herush /K ()
Plock = Pg/PO -1 (8)

where K is the bulk modulus, p, is the compacted density, pg is the density, p; = po/ (1 —q),
and g is the Porosity. Unlike rock materials or high-strength concrete materials, which
can take an impact force up to hundreds of megapascals, the peak impact load of filling
materials is generally a few megapascals or tens of megapascals [15,55]. Therefore, the
literature value of CPB materials is referenced in the present work [56].

The sensitivity of HJC parameters was analyzed in the literature [57]. These include
Uniaxial compressive strength (f;), Bulk modulus (K), Normalized cohesive strength
(A), Normalized pressure hardening (B), Pressure hardening exponent (N), and Locking
volumetric strain (y;). B, N, G, and pj,« are highly sensitive to the results, while other
parameters are generally sensitive. Therefore, parameters with a strong sensitivity in the
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HJC model have been supplemented following the method proposed by [58,59]. These
parameters used in the present work are from the CTC test results, as shown in Figure 3c,
As a comparison, Table 2 shows the HJC model parameters used in this study and those of
the original concrete materials.

Table 2. Parameters of the HJC materials used in the present work.

Parameter Concrete [52] CPB ORE
Mass density, pg (kg-m ™) 2440 2000 3200
Shear modulus, G (GPa) 14.86 0.085 13.89
Quasi-static UCS, f. (MPa) 48 3.2 60
Normalized cohesive strength, A 0.79 0.391 0.55
Normalized pressure hardening, B 1.60 2.162 1.23
Pressure hardening exponent, N 0.61 1.458 0.76
Strain rate coefficient, C 0.007 0.007 0.0097
Normalized maximum strength, Smax 7 2 7
Maximum tensile hydrostatic pressure, T (MPa) 4 0.6 4.0
Damage constant g; 010(;1 010(;1 010(;1
Crushing pressure, P, (MPa) 16 1.0 20
Locking pressure, Pj,q (MPa) 800 80 800
Crushing volumetric strain, p.yys), 0.001 0.0075 0.00125
Locking volumetric strain, pjocx 0.1 0.10 0.174
Amount of plastic strain before fracture, EFy;, 0.01 0.01 0.01
K7 (GPa) 85 85 39
Pressure constant K, (GPa) —-171 —-171 —233
K3 (GPa) 208 208 550

3.3.2. Ore

The HJC materials model is also used in the simulation of ore material, the UCS of
ore mass is about 60 MPa, the density is 3.2 x 10° kg/m?3, the Young’s modulus and the
Poisson’s ratio are 13.89 GPa and 0.21, respectively, by test results in the lab [47], the HJC
parameters were from the literature [13,44], with similar strengths as a simplification, and
the parameters are shown in Table 2.

3.3.3. Explosive

The explosive material model can be expressed by the Jones-Wilkens-Lee (JWL)
equation of state (EOS) function; EOS gives the relationship between the pressure and
detonation volume, as follows:

w w wE
P=A(1-—)e RV ipg(1-_ 2 RV =0 9
( R1V>e " < RzV)e v ©

where P is the explosive pressure; V is the relative volume; Ej is the initial internal energy;
A, B, Ry, and R; are material constants; and w is the Griineisen constant. In this paper,
The values of these can be found in the literature [18]. Here, the high energy emulsion
explosive with a density of 1.63 x 10%/m?3 is used, the explosive pressure is 16 GPa, and
the detonation velocity is 6690 m/s, according to the product description [9].
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3.3.4. Other Materials

Drilling chips or sand are often used as hole-stemming materials for mining blasting
in the stope. Therefore, solid kind materials are used to model the stemming materials
referenced in the literature [9,60]. Here, the density of materials is 1.7 X 103 kg/ m?3, the
Shear modulus is 2.524 MPa, the Bulk modulus is 4673 MPa, and the material will fail when
the strain exceeds 10% in this work. Null material is used in the present work to simulate
air materials with a density of 1.29 kg/m3; this material model is expressed by a linear
polynomial equation of state and can be used to simulate ideal gas [9].

4. Result and Discussion
4.1. Effect of Blasting Scenarios in the CPB Stope

The explosive detonates in the ore stope, 2 m away from the CPB stope. The blasting
stress wave passes through the ore mass and penetrates the CPB mass, inducing the stress
changes in the CPB stope. The impact effect on the CPB stope is first formed on the
contact boundary interface (heterointerface of rock and cemented backfill: HRCB) of the
two materials and gradually propagates into the CPB stope. Figure 8 plots the distribution
of von Mises stress in the CPB stope induced by the lift blasting.

The first lift layer is 6 m in height, and the length of the charge is 4 m, as shown in
Figure 8a. The blasting is started at 0 MS, and 20 MS of evolution time is recorded, where
six time points (2 MS, 4 MS, 8 MS, 10 MS, 15 MS, 20 MS) are selected to better display the
evolution process of the blasting results. The maximum von Mises stress generated on the
CPB is about 0.5 MPa, which occurred on the HRCB about 2 ms after blasting, extending
about 8 MS to the total HRCB. The influence on the height direction of the CPB is greater
than that on the horizontal direction, and the influence effect on the range of the blast hole
height is greater than that beyond the blast hole height. In addition, in the direction of stress
wave propagation, the horizontal stress changes alternately in tension and compression.

Before the second lift blast, the elements of the first lift blast layer in the ore stope are
deleted, and the velocities of all the model elements are set to zero, as a simulation of the
actual mining process. The duration of the secondary lift blast record is also 20 MS, and the
blasting source distance and charge amount are consistent with the first lift blasting. As
shown in Figure 8b, stress waves appear on the HRCB at about 2 MS, with a maximum von
Mises stress of 1.0 MPa, and stress waves expand all of the HRCB at about 8 MS. The stress
in the height direction of the CPB is greater than that in the horizontal direction, and stress
in the range of the blast hole height is greater than that of the range in the non-blast hole
height; in particular, stress and deformation are not obvious between the non-contact part
below the charge height.

Before the third lift blast, elements in the ore stope of the secondary lift layer were
deleted; the height range is 6 m to 12 m, as shown in Figure 8c. Similarly, the nodes’
velocities of all the elements in the model were set to zero, as a simulation of the mining
process. The duration time of the third lift blast is set to 20 MS, and the blasting charge
structure and explosive charge amount are unchanged compared to the last blast. It can be
seen that the stress wave propagation features are roughly consistent with the last blast.
The stress wave is generated at the HRCB at about 2 MS, with a maximum equivalent stress
of 1.1 MPa, and then conducted to the interior of the CPB stope. The stress within the range
of the explosive charge height is higher than that in other areas and is not obvious for the
blasted areas.

Figure 8d shows the result of the fourth lift blast. The explosive detonated after the ore
elements of the third lift blast layer were deleted, that is, the ore elements within the range
of 12 m to 18 m were deleted, and the node velocities of all the elements were reset to zero
consistency with the previous initialization. The recording time was also 20 MS, and other
information remained unchanged. It should be pointed out that the top surface of the CPB
model was free, which will have little effect on the result of the fourth lift blasting. It can be
seen that stress is generated on the HRCB surface at 2 MS and with a maximum equivalent
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stress of 1.3 MPa. For the last blasting, the CPB stope located within the charging height
between 18 m and 24 m has obvious stress but little stress below 18 m.
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Figure 8. Stress evolution in the CPB stope induced by blasting in an adjacent ORE stope: (a) the first

lift blast; (b) the secondary lift blast; (c) the third lift blast; (d) the fourth lift blast.

The evolution characteristics of the stress nephogram in the fourth lift blast show
that the peak value appears in the range of the charge height at the initial stage for each
blasting, which occurred at about 2 MS after initiation. The maximum stress value of

blasting appears in the fourth lift blast, reaching 1.3 MPa.
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4.2. Incident Stress

The lateral horizontal impact stress produced by the blasting stress wave is an impor-
tant factor for the stability of the CPB stope. The collapse of the CPB stope often occurs near
HRCB, which is an important factor of dilution loss in the two-step filling mining method.
A 24 m-high path is selected along the HRCB interface in the model. The horizontal stress
values at 2 MS, 6 MS, 12 MS, and 18 MS along the path are picked from the computed result
file marked as S1, S2, S3, and S4 in Figure 9.

Figure 9a shows the first lift blast results. It can be seen that the horizontal stress has
experienced the vibration process of increasing and decreasing the compressive stress and
increasing and decreasing the tensile stress. The maximum compressive stress is about
0.8 MPa, which occurs at the bottom of the model, and the maximum tensile stress is about
0.1 MPa, which occurs almost in the full path range. It can also be seen that the range of
explosive charge height, i.e., 0—6 m, is dominated by compressive stress.

Figure 9b shows the characteristics of the horizontal stress of the second lift blast.
Similar to the previous blasting, the maximum compressive stress zone occurs within the
height range of the explosive charge, i.e., 6-12 m. In addition, the tensile stress distribution
occurred above the blast height, i.e., above 12 m, and the maximum tensile stress is about
0.2 MPa, which indicates that the layered blasting has formed an obvious tensile stress
zone in the area above the explosive charge height.

Figure 9c shows the third blast feature. Compared with the last blast, no obvious
horizontal stress growth is found. The maximum compressive stress occurs within the height
range of explosive charge, i.e., 12-18 m. which is close to 1.2 MPa, while the maximum tensile
stress occurred within the range above the explosive charge height up to 0.2 MPa. Like before,
there was no obvious horizontal stress effect below the explosive charge height. The results
show that the ore stope blasting produces an obvious compressive stress zone in the CPB
stope near the blasting source, an obvious tensile stress zone above the charge height, and no
obvious effect in the blasted area below the charge height in the CPB stope.

Figure 9d shows the fourth blast feature. The maximum compressive stress occurs within
the height range of the explosive charge height, i.e., 18-24 m; 1.25 MPa is the highest on record,
while the maximum tensile stress occurred within the range near the explosive charge height,
which is about 0.1 MPa. It can be seen that, within the height range of the first and second lift
blasting, it is far away from the blasting source, the ore and rock are not in contact with the
backfill body, and the horizontal stress of the CPB elements does not change significantly, which
fully shows that the lift blasting has no significant impact on the CPB stope in the mined section.

In general, the layered lift blasting in the ORE stope will have the following effects
on the adjacent CPB stope: (a) In the area within the height of the explosive charge in
the CPB stope which is closest to the blasting source, there appeared obvious horizontal
compressive stress; (b) The tensile stress zone is generated in the CPB stope at a certain
distance from the explosive charge; (c) There is no obvious blasting effect for the mined
section under the charge height in the CPB stope.

4.3. Stress Ratio

The blasting stress wave passes through the ore materials and propagates to the HRCB
in a very short time. Due to the huge properties difference between the two materials,
the stress wave reflects and transmits at the HRCB. The stress wave transmitted into the
CPB stope and induced the stress changes in a very short time; the changes may induce
damage in some area of the CPB stope. Induced stress in the CPB stope is closely related
to the blasting energy, and the amplitude of transmission energy can be characterized by
the relative change in stress on both sides of the interface. We choose the effective stress
contrast between the ore elements and the CPB element on both sides of the boundary for
preliminary analysis. The observation point is located on the path along the height direction
on the HRCB interface. The lift blast layer is 6 m in height, and 20 observation points are
equidistant and set on the path corresponding to each blasting. The result is shown in
Figure 10, where four time points (2 MS, 6 MS, 12 MS, 18 MS) are selected for comparison.
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Figure 9. Stress evolution in the CPB stope induced by blasting in an adjacent ore stope: (a) the first
lift blast; (b) the secondary lift blast; (c) the third lift blast; (d) the fourth lift blast.

The von Mises stresses of the ore and CPB elements at the observation points are
compared in Figure 10 for each lift blast. von Mises stress is equivalent to stress based on
shear strain energy, and its form is as follows [48]:

. \/ O S e -

where 0 is von Mises stress, and 0;(i = 1,2, 3) is the first, second, and third principal.
The stress ratio is defined as follows in Formula (11):

SR Ly (L5 R 11
vEE®). .
where SR is the stress ratio; it is the average for all observation points at different times
on the path. Ry, is the stress ratio of the CPB element to the ore element. Here, the stress
on the CPB side is considered as the incident stress (IS), and the subscript m represents
the number of the points taken. The upper limit of accumulation M represents the total
number of points; here, M = 20, that is, 20 stress points are taken along the path, with a
spacing of 0.3 m. The counting index n represents the time history number, and the upper
limit N represents the total number of time histories taken. Here, time histories are selected,
ie,n=1,2,3,and 4 represent 2 MS, 6 MS, 12 MS, and 18 MS, respectively.

In Figure 10a, 2 MS, 6 MS, 12 MS, and 18 MS of von Mises stress in the computed
results file for the first lift blasting are selected. By defining Formula (11), the average stress
ratios of 2 MS, 6 MS, 12 MS, and 18 MS are 4.7%, 4.0%, 3.2%, and 2.6%, respectively. It can
be seen that the stress of the ore element is much greater than that of the CPB element.

In Figure 10b, the stress of the ore elements and CPB elements in the second lift blast
is compared at 2 MS, 6 MS, 12 MS, and 20 MS. The results show that the stress of the ore
element is also much greater than that of the CPB element, and the stress ratios of 2 MS,
6 MS, 12 MS, and 18 MS are 6.4%, 3.3%, 2.6%, and 2.9% respectively. The overall average
stress ratio is 3.8% according to Formula (11). Similarly, the stress comparison of the third
and fourth lift blast of the CPB and ore elements is shown in Figure 10c,d. The stress results
of 2MS, 6 MS, 12 MS, and 18 MS are analyzed according to Formula (11), and the results
are summarized in Table 3. It can be seen that the stress ratios of the first-, second-, third-,
and fourth-layer lift blasts are 3.6%, 3.8%, 4.0%, and 4.8% respectively, and the stress ratios
increase slightly with the increase in the blast sequence.
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Figure 10. Equivalent stress ratio of ORE and CPB on HRCB: (a) the first lift blast; (b) the secondary
lift blast; (c) the third lift blast; (d) the fourth lift blast. Yellow is the von Mises stress of the ore
element, blue is the von Mises stress of the CPB element at the corresponding position, and the stress
bar of the CPB element is magnified by five times for observation.
Table 3. Statistical results of the layered lift blasting stress ratio.
Blasting . Stress Ratio at Different Times Average Stress
. Height ¢
Scenarios 2 MS 6 MS 12 MS 18 MS Ratio (SR)
First lift 0~6 m 4.7% 4.0% 3.2% 2.6% 3.6%
Secondary lift 6~12m 6.4% 3.3% 2.6% 2.9% 3.8%
Third lift 12~18 m 5.8% 2.8% 4.5% 2.8% 4.0%
Fourth lift 18~24 m 6.0% 3.6% 4.5% 5.1% 4.8%

Data on the observation path for the four-layered lift blast are selected, and the
relationship between the incident stress (IS) and the stress ratio (SR) is compared, as shown
in Figure 11a. At the same time, the stress ratio distribution under different incident
stresses is counted, and the results are summarized as shown in Figure 11b. It can be
seen from Figure 11a that the incident stress at the initial stage of blasting (about 2 MS)
is the maximum, about 0.6~1.2 MPa, and the corresponding stress ratio is in the range of
4~10%. The incident stress decreases after the peak impact stress (after 2 MS), and the
corresponding incident stress ratio also decreases to less than 6%. We divide the incident
stress level into the following categories: a low stress level, that is, the incident stress is
less than or equal to 0.4 MPa; a high stress level, that is, the incident stress is greater than
0.8 MPa; and a medium stress level, which is between 0.4 MPa and 0.8 MPa. The stress
ratio is also divided into the following categories: the low stress ratio is less than or equal
to 4%, and the high stress ratio is greater than 4%. Data points in Figure 11a are classified
and analyzed; a probability ratio of 77.2% occurred for low-incidence stress corresponding
to a low stress ratio, and a probability ratio of 95.4% occurred for high-incidence stress
corresponding to a high stress ratio.
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Figure 11. Distribution characteristics of the stress ratio: (a) stress ratio data points distribution

under different incident stresses; (b) statistical distribution of the stress ratio interval under different

incident stresses.

In Figure 11b, the first four groups with a high proportion of data points in the total

number are:

@
(b)
(©
(d)

The incident stress is less than 0.2 MPa, and the stress ratio is less than or equal to 2%,
accounting for 23.8%.

The incident stress is less than 0.3 MPa, and the stress ratio is less than 4%, accounting
for 16.7%.

The incident stress is less than 0.3 MPa, and the stress ratio is less than 4%, accounting
for 7.1%.

The incident stress is less than 0.2 MPa, and the stress ratio is less than 2%, accounting
for 6.5%.

The above four categories account for 54.2% of the total data points. The results above

show that the incident stress is positively correlated with the stress ratio, i.e., the greater
the incident stress, the greater the incident ratio.

4.4. Discussion

@

The CPB materials deformation before uniaxial strain failure can reach up to 2-5%
according to the literature [56,61,62], and the UCS of CPB materials usually does not
exceed 10 MPa, while the UCS ranges of CPB required for the mining method are
generally 2-5 MPa, and the ratio of the peak pressure strength of a higher strain rate to
static is about 2.0, according to [63]. Therefore, compared with rock or high-strength
concrete materials, the sensitivity fluctuation range of the HJC model parameters is
not obvious. The sensitive parameters such as A, B, and N can be obtained from UCS
and CTC tests in the lab. The HJC material model is used to simulate CPB material,
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the UCS and CTC were carried out, and the yield surface parameters of the HJC model
based on the test results are calculated in the present work.

(2) A path on the ore and CPB contact surface of the ore and CPB stope is set, which is the
collection of CPB elements closest to the explosion source. Theoretically, the stress of
the CPB element is the maximum value of the corresponding elevation on the path. By
comparing the stress relationship between the elements on both sides of the CPB and
the ore at the observation point, the blasting effect of four-layer blasting is studied.
It can be seen that the stress difference between layers is very small, and there is no
obvious cumulative effect, which may be related to the low explosive charge.

(8) Order-sequence blasting is adopted instead of time-sequence blasting for layered lift
blasts. This is because the initial element stress and node velocity of the next blasting
are the results of the previous sequential blasting for time-sequence blasting, so the
layered blasting is relatively continuous. However, the node velocity of the previous
blasting is reset to zero for each blast, and the elements stress and deformation of
the previous blasting are reserved for the next layered blasting for order-sequence
blasting; thus, the stress state between the stages is no longer continuous, which is
much closer to the actual situation of layered blasting.

(4) The maximum principal stress of the CPB on the interface side is more than 10 MPa
according to the literature [36], which is higher than 1.2 MPa, the highest record in
this paper. The main reason for this is that the charge density and charge mount differ.
For example, three rows of blast holes are set within 5 m, and the explosives in the
holes are detonated at the same time as they are in the literature. This model adopts
single-hole blasting, with a blast-layered height of 6 m, and the geometric parameters
set in this study are close to the actual mine, with an external row spacing of about
2 m. The charge density, explosive properties, and rock properties are also as close
to the typical mines as possible. It is not very accurate to predict the blasting effect
under actual working conditions. It is reasonable to believe that, with the increase
in blasting holes or the increase in the number of explosives in one blasting hole, the
incident stress is bound to increase.

(5) The horizontal stress induced by the adjacent blast is far greater than that under the
static pressure model in the CPB stope, and the obvious extensile area is also opposite
to the static analysis model, which provides a reference for the stability analysis of the
CPB stope under similar working conditions.

5. Conclusions

In conclusion, a layered lift blast in a primary stope is simulated in this study; the burden
size, explosive charge, and ore and CPB materials properties are also within the range of
typical mines. Single-hole layered blasting is selected to study the propagation law of stress
waves at the interface. However, due to the influence of the explosive charge weight, the
incident stress may be less than the actual values. It is reasonable to believe that, with the
increase in the number of blast holes or the charge weight, the incident stress will inevitably
increase, and the plastic damage zone in the CPB stope will also expand accordingly. A
1/4 numerical analysis model with dimensions of 8 m x 2 m x 24 m (L x Wx H) was
established in the present work, a two-step mining process including the primary CPB stope
and the secondary ore stope was simulated, the secondary ore stope was mined out by four
layered lift blasts, each layer was set to 6 m equally, an analysis of the numerical calculation
results of the layered lift blast was carried out, and the following conclusions were obtained:

(1) The CPB stope in the range within the height of the explosive charge was dominated
by horizontal compressive stress, and tensile stress was generated in the area above
the blasting charge height, while the mined section under the charge height has no
obvious blasting impact.

(2) The maximum incident compressive stress is close to 1.3 MPa and occurs in the area
closest to the explosion source. The maximum induced tensile stress occurs in the
range above the charge height, which is about 0.2 MPa.
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(8) The stress ratios of the four-layered lift blasts are 3.6%, 3.8%, 4.0%, and 4.8%, respec-
tively, and the stress ratios increase slightly with the increase in the blast sequence.

(4) The incident stress is positively correlated with the stress ratio, i.e., the greater the
incident stress, the greater the incident ratio.

(5) The incident stress at the initial stage of blasting (about 2 MS) is the maximum, which
is about 0.6~1.3 MPa, and the corresponding stress ratio is in the range of 4%~10%.
The stress decreases after the peak impact stress (after 2 MS), and the corresponding
incident stress ratio also decreases to less than 6%.
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