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STRENGTH AND CRACK PROPAGATION ANALYSIS OF LAYERED BACKFILL BASED

ON ENERGY THEORY

The strength of backfill is greatly influenced by its inclination angle and interlayer concentration.
In order to study the influence of inclination angle and interlayer mass concentration on the strength of
backfill, a group of layered cemented backfill with cement-sand ratio of 1:4, interlayer mass concentration
of 66%, 67% and 68% and inclination angles of 0°, 10°, 20° and 30° were prepared by using tailings as
aggregate. The uniaxial compression test was carried out to analyse the effect of interlayer mass con-
centration and inclination angle on layered cemented backfill. The crack propagation and energy change
law of the specimen during compression were analysed by J-integral and energy conservation law. The
relationship between the crack initiation and propagation and strain energy of two representative three-
layer backfill specimens was analysed by numerical modelling. The results show that the increase in the
layer number and the inclination angle of the backfill can weaken the strength of the backfill. In a certain
range of inclination angles, the weakening coefficient of the backfill caused by the inclination angle is
very consistent with the cosine value of the corresponding angle. Due to the release of crack energy and
the existence of interface J integral, the uniaxial compressive strength of different mass concentration
backfill is different at various positions. When the displacement reaches a certain value, the crack and
strain energy no longer increase.

Keywords: cemented tailings backfill; conservation of energy; J-integral; uniaxial compressive strength;
contact angle
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1. Introduction

The rapid development and utilisation of mineral resources have provided a basic guarantee
for the rapid development of China’s economy. At the same time, due to the restriction of develop-
ment level and economic conditions, China has paid a considerable price in terms of environment
and safety [1-2]. At present, the tailing stock formed by mining and dressing in China reaches
14.6 billion tons, covering an area of 8700 km?, equivalent to the area four times the size of Shen-
zhen. The construction of a tailings pond to accumulate tailings not only occupies a large amount
of land resources but also needs to invest significant costs to ensure the safety of the tailings
pond [3]. With the proposal and practice of the concept of “green water and green mountains,”
the construction of green mines has become the trend of future mine development [4]. With the
continuous mining of metal ore resources, shallow mineral resources are gradually exhausted, and
metal ore mining is transferred to deep mining. The following ground pressure management is
the key technical problem faced by deep mining. The filling mining method can not only improve
the stress state of surrounding rock and maintain the stability of the mined-out area, but also ef-
fectively solve the surface ecological environment problems caused by mining [5], which is the
key to solving the problems of deep mining. According to the incomplete statistics of literature,
China has more than 300 iron ore mines mined by the fill-and-fill mining method [6]. As the
most crucial mining method in the world, the key technology of filling mining is the preparation
and transportation of filling slurry and the strength of backfill [7]. Influenced by many factors,
horizontal and inclined stratification surfaces will appear in the backfill, weakening the overall
strength of the backfill, as shown in Fig. 1.

Fig. 1. Layered surface of the backfill

Many scholars have also done many studies on the layering and tilt of the filler. Li et al. [8]
study the mechanical and microstructural characteristics of cementitious backfill (CB) with fly
ash-FA, desulfurisation gypsum-DG, and steel slag-SS studied by both uniaxial compressive
strength (UCS) and scanning electron microscope test; Gao et al. [9] analysis of Micro-crack
Evolution and Failure Mode of Cut-tailed Sand-layered Backfill by PFC 3D Simulation; Wang
etal. [10] study the effects of interface roughness and interface angle on the mechanical properties
and damage evolution of LCGB were using uniaxial compression test, acoustic emission (AE) and
digital image correlation (DIC). A numerical model of LCGB was built using simulation software
(PFC2D) to demonstrate the dynamic crack evolution of LCGB during loading.; Jiao et al. [11]
and Wang et al. [12] proved the reduction effect of the number and Angle of the structural weak
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surface formed by layering and filling on strength revealed; Wang et al. [13] established the
damage evolution and constitutive model of backfill body by using damage mechanics theory
considering delamination effect, and established the strength criterion of backfill body consider-
ing delamination effect; Liu et al. [14] use a new damage constitutive model based on energy
dissipation was developed to describe the behaviour of rocks under cyclic loading, a study of the
damage variable based on energy dissipation was introduced, and the damage evolution equations
of two typical rock types were calculated from the results of uniaxial cyclic loading tests; Tan et
al. [15] study the uniaxial compression tests of mortar specimens with different sand ratios and
loading rates were carried out. The energy stored and dissipated was calculated, and the damage
constitutive model based on energy was established and verified. In this paper, the relationship
between the strength of layered backfill and the mass concentration and inclination angle between
layers is studied experimentally. The energy variation law of crack initiation and propagation
process of layered backfill samples is analysed by combining the J integral, and the macroscopic
performance of cracks is analysed from the microscopic point of view.

2. Experimental materials and scheme

2.1. Experimental materials and equipment

The size fraction composition curve of unclassified tailings is shown in Fig. 2. Fig. 2 shows
that the content of —200 mesh (—74 p m) particles in the unclassified tailings is 78.527%. The
cement used in the experiment is ordinary portland cement with a grade of P.O42.5 of Shilin
brand, and the density of unclassified tailings is 3.08 t/m>. The chemical composition content of
the tailings is shown in TABLE 1.

|—=— Cumulative percentage of less than a certain particle siz
100 Percentage of different particle sizes
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Cumulative percentage of less than a certain particle size ( %)

Fig. 2. Composition curve of whole tail sand grain level

It can be seen from TABLE 1 that the main chemical components of the unclassified tailings
contain relatively high contents of Si0, and Fe, O3, and these oxides are generally not conducive
to improving the strength of cemented backfill [16].
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TABLE 1
Chemical composition of tail sand
C‘;‘;‘lft‘;‘;?‘t Cu |Pb| Zn | Co | S |SiO, |ALO;|K,0|Na,O|CaO |Fe,0;| MgO | TiO, | Others

(%) 0.058 | 0.14 | 0.048 | 0.005 |5.07 |37.87| 5.85 | 1.88 ] 0.20 | 6.56 | 28.58 | 2.38 | 1.34 | 10.019

A 300 kN micro-servo press was used as the experimental equipment, and the loading direc-
tion was from bottom to top (i.e. loading from the bottom layer), and the displacement-load data
could be recorded in real-time. The experimental mould is a cylindrical mould with a standard
electric flux of 50 mmx 100 mm.

2.2. Experiments and methods

During the actual filling of mine, due to the limitation of the filling process and filling
parameters, different proportions are usually used for multiple filling, and the concentration
of filling slurry changes accordingly [17]. In order to more significantly observe the influence
of inclination angle and mass concentration on layered cemented backfill, the cement-sand ratio
is set to 1:4. A group of 40 specimens with different interlaminar mass concentrations and inclined
angles of 0°, 10°, 20° and 30° were tested under uniaxial compression. The height of each layer
is 50 mm for the two-layer specimen; The height of each layer is 33.3 mm, and the sequence of

Tailing Tail sand diameter

Experimental mould SEM

/

Curing

(b) stratified stratified samples

Fig. 3. Experimental flow and specimen diagram



www.czasopisma.pan.pl P@N www.journals.pan.pl
<D

179

mass concentration is 68%/67%/66%, representing the mass concentration of the top layer/mid-
dle layer/bottom layer. The filling interval is 24 h, and the constant temperature and humidity
curing box is used for curing. The curing temperature is 20+1°C, the humidity is 95+5%, and
the curing period is 28 days. The experimental procedures and test pieces are shown in Fig. 3.

The uniaxial compression results are shown in TABLE 2, by the data in TABLE 2 and Fig. 4
shows: that with the increase of contact Angle, the uniaxial compressive strength of the filling
body specimen decreases; At a constant Angle, the strength of the filling body basic depends
on the minimum mass concentration, three layered specimen strength is low, the strength of the
minimum mass concentration at the bottom of the filling body is lower than in the strength of
the filling body top.

3. Results and analysis

Analysing the data extraction in TABLE 2, the result is shown in Fig. 4.

TABLE 2
Uniaxial compressive strength of specimens with different inclination angles
and interlaminar mass concentrations

Mass Uniaxial compressive strength (MPa)
concentration /% 0° 10° 20° 30°
68/67/66 3.39 3.27 3.09 2.79
68/66 343 3.35 3.21 3.07
68/66/68 3.62 3.54 3.41 3.15
66/67/68 3.72 3.59 3.46 3.18
67/66 4.00 3.85 3.69 3.41
66/67 4.19 4.07 3.88 3.58
68/67 4.35 4.20 4.03 3.78
68/67/68 4.71 4.55 4.45 4.19
66/68 5.07 4.85 4.61 4.33
67/68 5.25 5.13 4.89 4.53

3.1. Strength reduction coefficient of layered backfill

TABLE 2 illustrates that the uniaxial compressive strength of backfill is significantly weak-
ened by the inclination angle [18]. The strength reduction factor is introduced here and defined
as the formula (1):

K=2¢ (1)

In formula (1), K is the strength weakening coefficient of layered cemented backfill; ¢ is the
compressive strength of backfill (MPa); ¢ is the compressive strength (MPa) of the backfill with
the inclination angle of 0°. The reduction factor of layered cemented fill is calculated based on
the uniaxial compressive strength of the specimen with an inclination angle of 0° in TABLE 2,
and the results are shown in TABLE 3.
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Fig. 4. Relationship between backfill strength under different factors
TABLE 3
Weakening coefficient of layered cemented filling strength
Mass 1:4
concentration /% 0° 10° 20° 30°
68/67/66 1 0.96 0.91 0.82
68/66 1 0.98 0.94 0.90
68/66/68 1 0.98 0.94 0.87
66/67/68 1 0.97 0.93 0.85
67/66 1 0.96 0.92 0.85
66/67 1 0.97 0.93 0.85
68/67 1 0.97 0.93 0.87
68/67/68 1 0.97 0.94 0.89
66/68 1 0.96 0.91 0.85
67/68 1 0.98 0.93 0.86
mean value 1 0.97 0.93 0.86
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It can be seen from TABLE 3 that the cosine values corresponding to the inclination angles of
10°, 20° and 30° of the backfill are cos10° =0.98, cos20° = 0.94 and cos30° = 0.86, respectively,
and the reduction coefficients of the uniaxial compressive strength of the corresponding angles in
TABLE 3 are 0.97, 0.93 and 0.86, respectively, with good fitting effect, i.e., the uniaxial compres-
sive strength of the backfill is positively correlated with the cosine value of the inclination angle
of the backfill [19]. It can be seen from Fig. 5 that when the mass concentration between filling
layers is constant, the strength reduction coefficient k decreases with the increase of the contact

surface inclination angle, the greater the inclination angle, the clearer the weakening effect of
compressive strength of backfill [20].
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Fig. 5. Weak coefficient change curve with tilt angle

3.2. Analysis of influence of inclination angle on strength

Fig. 6 is cemented tailings backfill under a different mass concentration layer between the uni-
axial compressive strength and the mass concentration and the relationship between the dip Angle.
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Fig. 6. The relationship between different conditions and the strength of the backfill
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It can be seen from Fig. 6 that the inclination angle, the number of fillings and the mass
concentration of the interlayer all affect the strength of the backfill. The strength of the bottom
layer of the filler with minimum mass concentration is lower than that of the top layer of the
ﬁller, such as: O67/66 < 066/67> 068/67 < 067/6%> 068/67/66 < T66/67/63+ With the increase of the number
of layers, the strength of backfill decreases [21].

4. Analysis of specimen failure and energy characteristics

The failure condition (crack, contact surface dislocation, etc.) of the specimen can often
directly reflect the strength of filling materials with different mass concentrations in the process
of uniaxial compression, and the specimen with low strength is more likely to generate cracks to
release energy [22]. Therefore, the phenomenon of low strength of low concentration material in
the bottom of the backfill can be well explained by the study of the energy release rate of crack
and energy transfer process of layered backfill.

4.1. Specimen energy characteristic

The deformation of the backfill unit under the action of uniaxial compression external force,
assuming that there is no heat exchange with the outside world in this physical process, according
to the law of conservation of energy, there is the following relationship [23]:

U=U'+U° )

U= .[051 oydg +I§2 o,de, +Lj3 oyde, 3)
1 . 1

Ue:EO']S :EO'IZUQ (4)

In formulae (2)-(4): U is the total work done by the external force; U¢ is the unit dissipation
energy; ¢ is the deformation of the specimen under triaxial compression; U¢ is the releasable
elastic strain energy of the element, as shown in Fig. 7.

7

S

Fig. 7. Disdissipative and elastic strain energy in stress-strain curve [24]
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In uniaxial compression o, = g3 = 0, Equation (3) can then be expressed as:
&
U=|ods (5)
Substituting E, for £, then equation (4) can be expressed as:
1
U’~—of (6)
2E,

In the formulae (5)-(6), £* is the unloading elastic modulus, ¢ and o are the stress and strain
of the backfill specimen, respectively.

By substituting equations (5) and (6) into equation (2), the magnitude of the unit dissipation
energy U? at the time of loading can be calculated. The element dissipation energy is the reason
for the formation of internal damage (such as cracks) and plastic deformation [25].

4.2. Analysis of J-integral variation based
on homogeneous medium

In a homogeneous medium, any crack begins at any point on the lower surface, moves
counterclockwise (positive of arc length s) around the crack tip, and terminates on the upper
surface (when analysing the failure of an un-delaminated specimen). The J-integral of Rice is
defined as [26]:

ou
J = jr(Wdy -T -ads) (7)

In formula (7), W is the strain energy density of the backfill; 7 is the external force vector
acting on the I' arc element ds of the integral loop; U is the displacement vector on the I" loop
where the x-axis is along the crack direction and the y-axis is perpendicular to the crack direction.
When the uniform backfill specimen is subjected to a fixed external force, the energy release
rate is [27]:

J=28al, 8)

In Equation (8), a is the crack length and W}, is the strain energy density without a crack.
From the perspective of the total quantity theory, the J-integral is the rate of energy release of
crack growth, i.e., the rate of change of the total potential energy with the change of the crack
surface area, which is independent of the crack path.

4.3. Based on the analysis of J-integral change
in layered media

Taking two layered specimens as an example for analysis, if the split tip advances in the
x direction in a uniform material coordinate system, the strain energy of the material will decrease
accordingly [28].

When the materials A and B are different homogeneous materials A and B on both sides
of the filler interface, then the interface can be seen as a defect, and the interface J-integral can
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Fig. 8. J-integral path schematic

be seen as the force that drives the interface to move in the x direction, as shown in Fig. 8. The
energy densities on both sides of the interface are respectively [29]:

Lo (-T2)

A ©)

A

_op(-73)

T (10)

B

In the formulas (9)-(10), £ is the elastic modulus of the material; V'is the Poisson’s ratio of
the material; y is the residual stress of each layer. If the diameter (i.e. thickness) of each layer
of the backfill test piece is equal and the elastic modulus of layer A and layer B is the same,
then the absolute value of residual stress of layer A and layer B is equal, and the strain energy
density W on both sides of each interface is equal, resulting in the J integral of each interface
being equal to 0 [30]. In this case, the layered backfill can be regarded as a uniform material,
and the energy release rate of the crack can be directly calculated from Equation (8), which is
independent of the crack path.

In the actual filling, the layered backfill will have different thicknesses. When the elastic
modulus of layer A and layer B is different and the thickness is different, the difference of J inte-
gral between when the crack passes through the AB interface and when it does not pass through
the interface is [31]:

JA,Bi = 2_[0Hyi I:(WO(xia’y)_VVO(xib7y))_(VVa(xia’y) —Wa(xib,y)):|dy (11)

In the formula (11), W, represents the strain energy density when a crack is present, H,, repre-
sents a physical quantity related to the thickness of the test piece, and i represents the i " interface.
X;, and x;, represent the lower side and upper side of the ith interface respectively, x;, = x;, = x;,
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x; represents the x value of the i interface, and Japi is the release amount of energy transfer by
the layered interface, which may cause interface separation dislocation, as shown in Fig. 10.
Jr0) and Jy,) represent the J integrals along the same far-field path without and with a crack,
respectively, and the same is true for J...

7 Separate the
staggered filling
| A interface Bi

e

Fig. 9. Specimen destruction diagram

The relationship between the J integral of the crack tip and the far field J integral J and the
interface J integral J., is [32-35]:

Ji=Jpa) = Jeta (12)
in that absence of crack,
J10) = Je() (13)
2 2
s P
JCJ.(O) =2Hyi yBE(l Vg) yzlil V) (i=1,2,3..) (14)
N
Jei0y =iy~ api (15)
#m‘#@=44%—%ﬂv (16)

In formula (14), H,, represents half of the thickness of the material at the i M interface, and:

Jy =(Jf(a) _JC(O))_JA/i’i (17)
Jc,i(O) = 2Hyi |(WB - WA)| (18)
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In formula (16)-(17), L, represents the circumference of the i™ layered circle with the crack
length as the radius, J; is the crack energy release rate, Jy,) — J. (o) €qual to the integral of the
strain energy density release along the boundary x = 0. Therefore, the energy release rate of an
edge crack in a layered material is equal to the integral of the strain energy density release along
the boundary minus the change in the J-integral of the interface [36].

From the above analysis, it can be seen:

(1) Substitution (2) from equations (5) and (6) can calculate the unit dissipation energy that

forms internal damage and plastic deformation of the backfill during loading U*.

(2) The J integral is the energy required to generate a crack per unit area, and the energy
required to fill the body before and after the crack reaches the interface f5; and the en-
ergy consumed at the interface f; can be calculated by formulas (9), (10), (11), (14),
(16), (17). From this, it follows that the energy absorbed by the material away from the
loading direction decreases layer by layer with the number of layers.

(3) It can be seen from equations (9), (10) and (14) that the J integral of the filler can be
expressed by the uniaxial compressive strength that the specimen can bear, so when the
filler is inclined, its strain energy density changes correspondingly, that is, the crack
energy release rate is related to its strength after being weakened by inclination.

4.4. Microcrack growth analysis

The compression failure of the backfill specimen with an interlaminar mass concentration
0f 68%/66%/68% and the crack propagation process of the specimen under numerical simulation
are shown in the four stages A, B, C, and D, as shown in Fig. 10.

As can be seen from Fig. 10, A phase of the displacement is zero, basic didn’t produce shear
cracks contact area; Phase B layer contact surface to produce a small amount of shear crack,
mutual penetration, development of micro-cracks between particles gradually form the macro-
scopic crack; Phase C shear crack propagation speed slows down, pull stress concentration at
the shear crack, and with the increase of load, appear a lot of pressure, a tensile crack between
particles, and gradually formed through the macro tensile crack; Phase D stress drops rapidly,
displacement and crack increased rapidly. The whole damage process of cracks from the middle
layer and the bottom of the interface, gradually to the middle layer at the top of the extension
and extension, and even damage. Tensile crack from the numerical simulation of two layers of
contact surfaces of the specimens produced at the same time, and as the pressure loading gradu-
ally extends to the middle [37].

5. Conclusion

Through the uniaxial compression test of the specimens with different mass concentrations
and different inclined angle filling interfaces, the weakening effect of the inclined angle on the
filling interface is analysed. Based on the J integral, the energy release of the crack and the
separation and dislocation of the filling interface are studied:

(1) In a certain range of dip angle, the uniaxial compressive strength of the backfill de-
creases with the increase of dip angle, and the weakening effect of the specimen is more
pronounced with the increase of dip angle, and the weakening coefficient is in good
agreement with the cosine value of the corresponding dip angle.
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Indoor physical experiment

Crack evolution inside the filler

PFC.3D numerical simulation process
A, 30% load B,50%load  C,80%load D, 100% load

Fig. 10. Crack evolution process in indoor experiment and numerical simulation experiment

(2) When the dip angle is constant, the strength of the backfill decreases with the increase
of layers. Its uniaxial compressive strength basically depends on the minimum interlayer
mass concentration of the filler.

(3) The filling position of the minimum concentration has a significant influence on the
strength of the backfill, and the energy transfer of the layered backfill has a decreasing
trend during uniaxial compression. Generally, the farther the minimum mass concentra-
tion is from the loading direction, the greater the uniaxial compressive strength of the
backfill, such as oeg/6s/T6s/66 = 1.48, Tee/67/68/ Fosse7/66 = 1.10.

(4) Inthe case of uniaxial compression, cracks generally begin to appear in the loading direc-
tion, and the interface separation dislocation occurs at the delamination interface. The
crack usually starts from the interface of delamination and propagates. The energy con-
sumed by crack propagation and interface dislocation makes the delamination far away
from the loading direction not crack or only a few cracks. Therefore, in the actual filling,
we can optimise the different interlayer mass concentrations to improve the stability of the
backfill, and calculate the number of cracks and strain energy consumption in the backfill
by monitoring the displacement of the backfill so as to maintain the safety of the stope.
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