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Abstract: It is of great significance, for economic, environmental and security reasons, to investigate
the strength characteristic of underground cemented paste backfill (CPB). Consequently, an ultrasonic
test, uniaxial and triaxial compression experiment, and acoustic emission (AE) monitoring were
carried out on CPB, for which the particles satisfied Talbot gradation. The homogeneity of CPB
specimens was evaluated by ultrasonic pulse velocity (UPV). The stress–strain behavior and
AE characteristic of CPB specimens under different Talbot indices and confining pressures were
investigated. The effects of the particle size distribution and the confining pressure on the peak
strength of CPB were analyzed. The strength parameter model of CPB under the coupled influence of
the particle size distribution and the confining pressure was constructed based on the Mohr–Coulomb
strength criterion. The results show that the peak strength of CPB is positively linear with confining
pressure, however, the relationship between its strength parameters and the Talbot index can be
characterized by a quadratic polynomial function. This suggests that there is an optimal gradation of
particles reflected in the maximum strength of CPB.

Keywords: cemented paste backfill; gradation; strength; stress–strain

1. Introduction

Cemented paste backfill (CPB) is a relatively new green material, composed of waste rocks and
cementing materials with water, widely used in green mining [1–3]. Its main role is to control the
strata movement and surface subsidence, which additionally reduces the waste of land resources
and the pollution of water resources caused by the waste rock and tailing in stope [4–7]. Therefore,
CPB technology creates tremendous economic, environmental, and safety benefits.

CPB’s structure is usually under compression for its whole service life. The backfill must
maintain its mechanical stability, so investigating its strength characteristic under compression
is of significant interest [8–10]. For this purpose, lots of studies have focused on the strength
characteristic of CPB, mostly from the perspective of the differences in cementing materials such
as the type and content [11–13], additives such as nano-material, polymer, fiber, alkaline substances,
and water-absorbing substances [14–20], and environmental conditions such as temperature, corrosion
and conservation [21–27].

To our knowledge, CPB is a porous media that consists of waste rock particles (or tailings),
cementing materials, and pores [28]. The cementing material has a great influence on the strength of
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CPB, but its type, amount, and transportation are restricted by engineering conditions and economic
benefits [29,30]. Regarding the control of the pores of CPB, this mainly relies on the filling technology
and the contact difficulty between the CPB and goaf roof [31]. CPB with mass ratios of 1:2–1:12 of the
cementing materials and particles are generally used in engineering; that is, the proportion of particles
in the CPB is at least 66% [32]. Therefore, it is necessary to systematically study the influence of the
particles on the strength characteristic of CPB, especially the particle size distribution [33].

At present, in terms of the effect of the particles on the strength characteristic of CPB, the results
show a huge difference caused by multiformity in the particle size distribution, which greatly affects
the homogeneity of the CPB material [34–37]. However, it is generally believed that the appropriate
particle size distribution can not only strengthen the structure of CPB to achieve optimization of its
strength characteristic [38–46], but also enhances its frost resistance and corrosion resistance [47],
and even improves its flow property and water requirements [48]. The key issue is that the size
and distribution of the particles in CPB are extremely difficult to reasonably select and quantify,
which is also the main reason for the slow progress in the study on particles in CPB [49]. For the
spatial distribution of particles, for example, it is necessary to seek the optimal strength of CPB in
6-dimensional space [Y1:Y2:Y3:Y4:Y5:Y6] and in six particle size intervals of (0–d1), (d1–d2), (d2–d3),
(d3–d4), (d4–d5) and (d5–d6), thereby causing the curse of dimensionality [50–52].

Consequently, the ultrasonic test, uniaxial and triaxial compression experiment, and acoustic
emission (AE) monitoring were carried out on CPB, for which the particles satisfied Talbot gradation.
The homogeneity of CPB specimens was evaluated by ultrasonic pulse velocity (UPV). The stress–strain
behavior and AE characteristic of CPB specimens under different Talbot indices and confining pressures
were investigated. The effects of the particle size distribution and the confining pressure on the peak
strength of CPB were analyzed. The strength parameter model of CPB under the coupled influence of
the particle size distribution and the confining pressure was constructed based on the Mohr–Coulomb
strength criterion.

2. Materials and Methods

2.1. Experimental Materials

In order to study the influence of the particles on the strength characteristic of CPB, it is
necessary to first understand the component of the tailings used in this test [53]. Table 1 gives the
chemical properties of the tailings obtained using X-ray diffraction (XRD, D8 Advance diffractometer,
Bruker Corporation, Bremen, Germany). The cementing material is composite Portland cement
(P.C. 32.5R), and Table 2 shows its composition. The P.C. 32.5R is produced in China and is widely
used in filling mining with CPB in China as the basic cementing material, due to its good fit for the
actual situation in mine [54]. It contains abundant SiO2 (21.56%) and CaO (62.19%), which can provide
sufficient strength and stability.

Table 1. The chemical components of tailings.

Varieties (%) CaO Al2O3 SiO2 MgO K2O Fe

Tailings 3.91 13.21 67.75 2.87 0.02 3.69

Table 2. The chemical components of composite Portland cement 32.5R.

Varieties (%) CaO Al2O3 SiO2 Fe2O3 MgO SO3 Na2O K2O TiO2

P.C. 32.5R 62.19 4.67 21.56 3.69 2.87 1.91 0.21 0.68 0.16

2.2. Experimental Specimens

Differences in the sampling process of CPB specimens also seriously affect its strength
characteristic. Normally, methods such as the application of a release agent to the surface of the mold
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and gentle vibration are used to remove the specimen from the mold, which influences the test results
due to the uneven smearing of the release agent and the mixing of the release agent and cementing
material. The slight vibrating sampling method can easily damage the test specimen. In order to
overcome these difficulties, Yilmaz et al. first developed a method for the non-destructive sampling
of CPB using air pressure [55]. We also developed a device for CPB specimen production that can
perform non-destructive sampling. It is mainly composed of two halves of a cylinder, an upper base,
a lower base, bolts, and other components, as shown in Figure 1. The internal diameter of the cylinder
is 50 mm and the internal height is 100 mm to ensure the prepared specimen is a standard of φ50 × 100,
which satisfies the requirements of the American Society for Testing and Materials (ASTM) and the
International Society for Rock Mechanics and Rock Engineering (ISRM) [56,57]. In the preparation of
the specimen, clamping components are used to clamp the cylinder as shown in Figure 1a, and the
entire device can then be placed directly into the curing equipment. During sampling, the cylinder can
be disassembled into two parts, as shown in Figure 1b, which can achieve non-destructive sampling
of the CPB specimen without the need for a release agent, as the entire device is subjected to smooth
treatment and an anti-corrosion treatment.
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Figure 1. Device for cemented paste backfill (CPB) specimen production. Closed state (a); Open state (b).

For laboratory tests on CPB materials, the difficulties always lie in the determination of particle
size and the selection of appropriate specimen size [58]. The ASTM has proposed that the minimum
diameter of a cylindrical specimen must exceed three times the maximum size of coarse aggregate in
the sample [56], while a specimen diameter of at least five times the largest grain size of the particles
was recommended by Wu et al. [51]. Since the CPB specimen production device is designed for the
standard cylindrical sample, the maximum particle size of grains used in this test is 10 mm. The tailings
should be crushed and sieved to obtain particles that satisfy the test requirements, with seven size
intervals of 0–0.5 mm, 0.5–1.0 mm, 1.0–1.5 mm, 1.5–2.5 mm, 2.5–5.0 mm, 5.0–8.0 mm, and 8.0–10.0 mm.
In order to obtain the optimal strength of the CPB material, it is necessary to carry out a compression
test on CPB specimens with different mass ratios (Y1:Y2:Y3:Y4:Y5:Y6:Y7) of those particles in seven size
intervals. This allows the search for the optimal strength of CPB in the seven-dimensional space of
(Y1, Y2, Y3, Y4, Y5, Y6, Y7), which results in the curse of dimensionality. Therefore, the Talbot gradation
theory was used to determine the mass ratio of the particles at seven particle sizes for overcoming
this problem [59]. The Talbot gradation theory is relatively simple and convenient, and has been
widely used in the fields of geomechanics and concretes [60]. It is a continuous exponential gradation
function, which can quantify the effect of particle distribution on the performance of CPB materials.
The maximum size of the particles is dmax according to the Talbot gradation, and the ratio P of the
mass M of particles with sizes below or equal to d to the mass Mt of total particles is:

P =
M
Mt

=

(
d

dmax

)n
(1)

where n is the Talbot index.
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The mass of particles with sizes in the interval of [d1, d2] can be calculated according to Formula (1):

Md2
d1

=

[(
d2

dmax

)n
−
(

d1

dmax

)n]
Mt (2)

The total mass of tailings in a specimen was 300 g, and the maximum particle diameter was 10 mm.
The mass distribution of the particles at seven sizes with Talbot indices of 0.2, 0.4, 0.6, and 0.8 can be
obtained according to Formula (2), as shown in Table 3.

Table 3. Distribution of particles under different Talbot indices.

n
Mass (g) of Particles in Different Sizes (mm) Mass Percent (%) of Particles in Different Sizes (mm)

0–0.5 0.5–1 1–1.5 1.5–2.5 2.5–5 5.0–8.0 8.0–10.0 0–0.5 0.5–1 1–1.5 1.5–2.5 2.5–5 5.0–8.0 8.0–10.0

0.2 164.78 24.51 15.99 22.08 33.81 25.74 13.09 54.93 8.17 5.33 7.36 11.27 8.58 4.36
0.4 90.51 28.92 21.03 31.84 55.05 47.03 25.62 30.17 9.64 7.01 10.61 18.35 15.68 8.54
0.6 49.72 25.64 20.76 34.47 67.34 64.48 37.59 16.57 8.55 6.92 11.49 22.45 21.49 12.53
0.8 27.31 20.23 18.22 33.20 73.34 78.65 49.05 9.10 6.74 6.07 11.07 24.45 26.22 16.35

The preparations of tailings with different Talbot indices were mixed with cement and water to
form a homogeneous slurry, according to the experimental program in Table 4. The mixed slurry was
poured into the CPB specimen production device, and then the entire device was placed on a vibratory
table to ensure the homogeneity of the CPB specimen. After cement end setting, the CPB specimen
should be removed and put in the curing equipment for seven days, maintained at a humidity of 95%
and temperature of 25 ◦C.

Table 4. Experimental program for prepared specimens.

Talbot Index Type of Cementing Material Content of Cementing Material m/g Content of Distilled Water v/mL

0.2 Cement 30 22.5
0.4 Cement 30 22.5
0.6 Cement 30 22.5
0.8 Cement 30 22.5

2.3. Experimental Equipment and Testing Parameters

Ultrasonic tests on CPB specimens can obtain the UPV using an ultrasonic automatic cycle
tester (RSM-SY6, Institute of Rock and Soil Mechanics, Chinese Academy of Sciences, Beijing, China),
which measures the propagation of ultrasound pulses with a sound amplitude accuracy of 3% and
sound time accuracy of 0.5%, as shown in Figure 2. The transducers are 50 kHz, and the length of
the measuring base is determined within an accuracy of 0.1 mm. The scanning speed can exceed
20 cycles/s, and the sampling interval is (0.1, 200) µs.
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The uniaxial and triaxial compression tests on CPB specimens were carried out by an MTS815
rock mechanics test system. Its maximum axial pressure is 4600 kN, the loading rate range is
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1 × 10−5–1 mm/s, the fatigue frequency is 0.001–0.5 Hz, and the frame stiffness is 10.5 × 109 N/m,
as shown in Figure 3. The AE21C system was used for monitoring the AE signals of the CPB specimens
during the loading process. The AE detectors were the piezoelectric ceramic AE sensors, with a gain
and threshold of 35 db, an impact time of 50 µs, an impact interval of 300 µs, and an acquisition
rate of 100 ms/time. The AE signals are picked up by the detectors, which are pre-amplified,
mainly discharged and denoised by the AE instrument to form the AE parameters (AE count,
AE counting rate, energy count, energy counting rate, and so on) [61].
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Figure 3. MTS815 and AE21C experimental systems.

Before the test, it is necessary to check the non-parallelism and non-perpendicularity of the CPB
specimen within ±0.02 mm, although it may have rigid boundaries. If there are some specimens that
cannot meet the test requirements, they must be discarded. The ultrasonic test on the CPB specimen
was performed first. Vaseline was applied to the surfaces of the transducers (transmitter and receiver)
and the ends of the specimens to ensure full contact and the elimination of the cavitation between
the transducers and the test medium. This provides the best coupling between the surface of the
transducer and the end of specimen, in order to maximize the measurement accuracy. As the most
satisfactory and reliable method, the direct transmission technology was used for the test, whereby the
transmitter and receiver were located on the opposite ends of the CPB specimen. The UPV of the same
specimen was read five times, and the average value was used as the experimental result when the
deviation was sub-optimal. Then, the Vaseline was also applied to the two heads of the MTS to ensure
perfect coupling between the surfaces of the heads and the ends of the CPB specimen. In the uniaxial
compression test, the CPB specimen can be axially loaded at a rate of 0.002 mm/s; meanwhile, the
AE signals should be monitored [62]. In the triaxial compression test, the confining pressure must
be loaded to a specific confining pressure at a rate of 0.04 MPa/s, and then the CPB specimen can be
axially loaded at a rate of 0.002 mm/s under the constant specific confining pressure. The AE signals
should be monitored at the same time [63]. In this experiment, the initial pre-stress is 0.25 KN, and the
specific confining pressures are 0.5, 1, and 2 MPa.

It is necessary to understand the dispersion among the CPB specimens to ensure the validity of
the test results, which requires homogeneity of the CPB material under the same condition [64,65].
Börgesson proved that the homogeneity of CPB material can greatly affect its mechanical properties [36].
Therefore, we used the UPV of each CPB specimen to evaluate its homogeneity. Figure 4 shows the
UPV and its coefficient of variation for CPB specimens with different Talbot indices. The parameter of
n is the Talbot index in the figure. It can be seen that the coefficient of variation on UPV does not exceed
3% at the maximum. This indicates that the CPB material that was tested has good homogeneity,
and the dispersion among different CPB specimens under the same conditions is relatively small.
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3. Results and Discussion

3.1. Confining Pressure and the Particle Size Distribution Effect on Stress–Strain Behavior and the AE
Characteristic of CPB

Figure 5 presents the stress–strain-AE curves of CPB specimens with a Talbot index of 0.4,
under confining pressures of (a) 0 Mpa, (b) 0.5 MPa, (c) 1 MPa and (d) 2 MPa. In the figure, the green
curve is the axial stress-circumferential strain, the black curve is the axial stress-axial strain, the blue
curve is the volumetric strain-axial strain, and the histogram is the AE counts-time. Figure 6 gives the
relationship between the deformation modulus at the peak point and the confining pressure under
a Talbot index of 0.4. It can be seen from the figures that the peak strength and peak strain of the CPB
specimen increase with the confining pressure, which indicates a positive correlation between the
compressibility of CPB and the confining pressure. The deformation modulus of the CPB specimen
grows quickly in the confining pressure range of 0–0.5 MPa, which indicates the strength of CPB is
more sensitive to the confining pressure than to its deformation. However, the deformation modulus
basically remains constant when the confining pressure is greater than 0.5 MPa, which indicates
the confining pressure increase in the strength of CPB is basically the same as the deformation.
The confining pressure not only increases the peak strength and compressibility of CPB, but also
greatly increases its ductility. As shown in Figure 5a, when the confining pressure is 0 MPa (that is it is
in uniaxial compression), the specimen exhibits an obvious strain softening characteristic. However,
at confining pressures of 0.5, 1, and 2 MPa, after the specimen reaches the yield strength, a distinct yield
platform occurs and creates a plastic flow state which is characterized by strain hardening, as shown
in Figure 5b–d. It is worth noting that a specific point of maximum volumetric strain exists before the
peak strength in the deformation of the CPB specimen. Before this point, the volumetric strain varies in
the same direction as the principal stress, therefore the specimen is characterized as in a compression
state. After this point, the volumetric strain changes in the opposite direction to the principal stress,
thereby causing the specimen to enter a dilatancy state. The presence of confining pressure increases
these compression deformations and dilatancy deformations, as can be seen by comparing Figure 5a–d.
Incredibly, a specimen under confining pressure can still maintain the same carrying capacity in
the case of continuous volume dilatancy. To achieve this ductility characteristic, the material must
simultaneously show two characteristics. The first is that the new cracks continuously expand and
propagate. The second is that the already opened cracks require constant compression and occlusal
friction. This mechanism is well proven in the AE distributions of CPB specimens. The expansion
and propagation of new cracks cause large AE signals, and small AE signals are produced by the
constant compression and occlusal friction of the already opened cracks. Moreover, due to the existence
of confining pressure, the AE signals generated by the friction among the fracture grains are more
frequent. Therefore, under the condition of confining pressure, the AE characteristic of the CPB
specimen show that small AE signals distribute around large AE signals, as shown in Figure 5b–d.
It is obviously different from the AE characteristic under uniaxial compression shown in Figure 5a.
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It should be noted that the small amount of cement with a mass ratio 1:10 of cement to particles, and the
short curing time of 7 days, caused some fractures of the cohesive particles and AE activities in CPB
specimen during the initial loading period. In addition, the further increase in the volumetric strain
in the end stage of volume deformation, shown in Figure 5b,c, was caused by a large circumferential
deformation exceeding the range of the MTS circumferential extensometer.
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Figure 7 shows the stress–strain-AE curves of CPB specimens with Talbot indices of (a) 0.2,
(b) 0.4, (c) 0.6 and (d) 0.8, under a confining pressure of 1 MPa. Figure 8 gives the relationship
between the deformation modulus at the peak point and the Talbot index under a confining pressure
of 1 MPa. It can be seen from the figures that there is a Talbot index of particles that can allow both the
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strength and deformation of CPB to reach their extremes. The deformation modulus has a quadratic
polynomial relationship with the Talbot index. This shows that there is a reasonable Talbot index
that can optimize the compressibility of CPB. The gradation of particles not only affects the peak
strength and compressibility of CPB, but also greatly influences the dilatancy behavior. The dilatancy
deformation of CPB increases with the Talbot index. The volumetric strain of 0.0167 at cd point varies
to 0.0123 at c point in a CPB specimen with a Talbot index of 0.2, which causes a volume dilatancy on
volumetric strain of 0.0044, as shown in Figure 7a. Figure 7b shows the volumetric strain of 0.0149 at
cd point varies to 0.0020 at c point in a CPB specimen with a Talbot index of 0.4, which results in the
volume dilatancy on volumetric strain of 0.0129. Figure 7c presents the volumetric strain of 0.0202 at cd
point varies to 0.0067 at c point in a CPB specimen with a Talbot index of 0.6, which causes the volume
dilatancy on volumetric strain of 0.0135. Finally, the volumetric strain of 0.0197 at cd point varies to
−0.0046 at c point in a CPB specimen with a Talbot index of 0.8, which results in the volume dilatancy
on volumetric strain of 0.0243, as shown in Figure 7d. It is worth noting that the CPB specimen can
still maintain a stable carrying capacity under a large dilatancy deformation. Obviously, this ductility
characteristic of CPB material is also positively correlated with the Talbot index. In addition, the density
and intensity of the AE distribution in specimens with a Talbot index of 0.2 are significantly lower than
those of other specimens. This is due to the fact that the particles in the CPB under these conditions
are too fine, and the mass of the particles is below 1 mm in size, accounting for a total mass of particles
above 60%. The peak strength of this specimen is also the smallest of all CPB specimens.
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3.2. Effects of Particle Size Distribution on the Strength Parameters of CPB

Figure 9 gives the relationship between the peak strength and the Talbot index of particles in CPB
specimens under different confining pressures. It can be seen from the figure that all the peak strengths
of CPB under different confining pressures first increase and then decrease with the increase of the
Talbot index. This means that there is an optimal gradation of particles that maximizes the CPB’s peak
strength, for which the optimization is between 0.4 and 0.6 based on the Talbot gradation. Therefore,
a quadratic polynomial function is used to describe the relationship between the peak strength and
the Talbot index, and the extremum of the established function in the Talbot gradation range can be
used to characterize the optimal gradation of particles reflected by the maximum strength of the CPB
material, which has a definite physical meaning. Table 5 presents the relationships between the peak
strength and the Talbot index of CPB specimens under different confining pressures; all the fitting
correlation coefficients are generally higher than 0.9. This indicates that the function can be used to
characterize the relationship between the peak strength and the Talbot index.

σ1c = αn2 + βn + λ (3)

where σ1c is the peak strength of the CPB specimen, and α, β and λ are the test control parameters.
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Figure 7. Stress–strain-AE curves of CPB specimens with different Talbot indices of particles: n = 0.2 (a);
n = 0.4 (b); n = 0.6 (c); n = 0.8 (d).



Minerals 2018, 8, 322 12 of 21Minerals 2018, 8, x FOR PEER REVIEW    12 of 21 

 

 

Figure 8. Relationship between the deformation modulus and Talbot index under a confining pressure 

of 1 MPa. 

3.2. Effects of Particle Size Distribution on the Strength Parameters of CPB 

Figure 9 gives the relationship between the peak strength and the Talbot index of particles in 

CPB specimens under different confining pressures. It can be seen from the figure that all the peak 

strengths  of  CPB  under  different  confining  pressures  first  increase  and  then  decrease with  the 

increase of the Talbot index. This means that there is an optimal gradation of particles that maximizes 

the CPB’s peak  strength,  for which  the optimization  is between  0.4  and  0.6 based on  the Talbot 

gradation. Therefore, a quadratic polynomial function is used to describe the relationship between 

the peak strength and the Talbot index, and the extremum of the established function in the Talbot 

gradation  range  can  be  used  to  characterize  the  optimal  gradation  of  particles  reflected  by  the 

maximum strength of the CPB material, which has a definite physical meaning. Table 5 presents the 

relationships between  the peak  strength  and  the Talbot  index of CPB  specimens under different 

confining pressures; all the fitting correlation coefficients are generally higher than 0.9. This indicates 

that  the  function  can be used  to  characterize  the  relationship between  the peak  strength and  the 

Talbot index. 

2
1c n n        (3) 

where  1c   is the peak strength of the CPB specimen, and α, β and λ are the test control parameters. 

   
(a)  (b) 

Figure 8. Relationship between the deformation modulus and Talbot index under a confining pressure
of 1 MPa.

Minerals 2018, 8, x FOR PEER REVIEW    12 of 21 

 

 

Figure 8. Relationship between the deformation modulus and Talbot index under a confining pressure 

of 1 MPa. 

3.2. Effects of Particle Size Distribution on the Strength Parameters of CPB 

Figure 9 gives the relationship between the peak strength and the Talbot index of particles in 

CPB specimens under different confining pressures. It can be seen from the figure that all the peak 

strengths  of  CPB  under  different  confining  pressures  first  increase  and  then  decrease with  the 

increase of the Talbot index. This means that there is an optimal gradation of particles that maximizes 

the CPB’s peak  strength,  for which  the optimization  is between  0.4  and  0.6 based on  the Talbot 

gradation. Therefore, a quadratic polynomial function is used to describe the relationship between 

the peak strength and the Talbot index, and the extremum of the established function in the Talbot 

gradation  range  can  be  used  to  characterize  the  optimal  gradation  of  particles  reflected  by  the 

maximum strength of the CPB material, which has a definite physical meaning. Table 5 presents the 

relationships between  the peak  strength  and  the Talbot  index of CPB  specimens under different 

confining pressures; all the fitting correlation coefficients are generally higher than 0.9. This indicates 

that  the  function  can be used  to  characterize  the  relationship between  the peak  strength and  the 

Talbot index. 

2
1c n n        (3) 

where  1c   is the peak strength of the CPB specimen, and α, β and λ are the test control parameters. 

   
(a)  (b) 

Minerals 2018, 8, x FOR PEER REVIEW    13 of 21 

 

   
(c)  (d) 

Figure 9. Relationship between the peak strength and Talbot index of CPB specimens under different 

confining pressures. σ3 = 0 MPa (a); σ3 = 0.5 MPa (b); σ3 = 1 MPa (c); σ3 = 2 MPa (d). 

Table 5. Relationships between the peak strength and Talbot index of CPB specimens under different 

confining pressures. 

σ3 (MPa)  Relationship  Correlation Coefficient 

0  σ1c = −5.3837n2 + 6.3157n + 0.0917  0.9689 

0.5  σ1c = −4.5618n2 + 5.2160n + 2.4078  0.9577 

1  σ1c = −6.6370n2 + 7.2179n + 2.7966  0.9160 

2  σ1c = −10.5912n2 + 11.4653n + 3.1738  0.9719 

The Mohr–Coulomb strength criterion is usually used to describe the strength characteristic of 

geo‐materials. The maximum shear force  s   that the material can carry is composed of the cohesive 

force  c   and the internal friction caused by the normal stress  n   [66]: 

s n= +c    (4) 

where the internal friction coefficient is  =tan  , and the internal friction angle is   . This means 

that the maximum principal stress in the material is linearly related to the minimum principal stress: 

1c 3= +M N    (5) 

where M and N are the strength parameters of the Mohr–Coulomb strength criterion, which can be 

characterized as [67]: 

cos
=2

1 sin
M c



  (6) 

1 sin

1 sin
N








  (7) 

The criterion has a clear physical meaning, which considers that geo‐materials have cohesiveness 

and  internal  friction  properties. Moreover,  the  failure  characteristics  of  geotechnical  specimens 

mostly present as the shear failure mode. Therefore, the Mohr–Coulomb strength criterion is widely 

used in geotechnical engineering [68,69]. 

Figure  10  shows  the  relationship between  the peak  strength  and  confining pressure  in CPB 

specimens with different gradations of particles. It can be seen from the figure that the peak strength 

of  CPB  with  different  Talbot  indices  is  positively  correlated  with  the  confining  pressure.  The 

relationship can be described by the linearity, as given in Table 6. When the confining pressure is 0 

MPa, the parameter of M characterizes the theoretical peak strength of CPB, and the sensitivity of the 

Figure 9. Relationship between the peak strength and Talbot index of CPB specimens under different
confining pressures. σ3 = 0 MPa (a); σ3 = 0.5 MPa (b); σ3 = 1 MPa (c); σ3 = 2 MPa (d).

The Mohr–Coulomb strength criterion is usually used to describe the strength characteristic of
geo-materials. The maximum shear force τs that the material can carry is composed of the cohesive
force c and the internal friction caused by the normal stress σn [66]:

τs = µσn + c (4)
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where the internal friction coefficient is µ = tan ϕ, and the internal friction angle is ϕ. This means that
the maximum principal stress in the material is linearly related to the minimum principal stress:

σ1c = M + Nσ3 (5)

where M and N are the strength parameters of the Mohr–Coulomb strength criterion, which can be
characterized as [67]:

M = 2c
cos ϕ

1 − sin ϕ
(6)

N =
1 + sin ϕ

1 − sin ϕ
(7)

The criterion has a clear physical meaning, which considers that geo-materials have cohesiveness
and internal friction properties. Moreover, the failure characteristics of geotechnical specimens mostly
present as the shear failure mode. Therefore, the Mohr–Coulomb strength criterion is widely used in
geotechnical engineering [68,69].

Figure 10 shows the relationship between the peak strength and confining pressure in CPB
specimens with different gradations of particles. It can be seen from the figure that the peak strength of
CPB with different Talbot indices is positively correlated with the confining pressure. The relationship
can be described by the linearity, as given in Table 6. When the confining pressure is 0 MPa,
the parameter of M characterizes the theoretical peak strength of CPB, and the sensitivity of the
peak strength to the confining pressure is reflected in the parameter of N. Thus, the fitting strength
parameters also have a clear physical meaning.

Table 5. Relationships between the peak strength and Talbot index of CPB specimens under different
confining pressures.

σ3 (MPa) Relationship Correlation Coefficient

0 σ1c = −5.3837n2 + 6.3157n + 0.0917 0.9689
0.5 σ1c = −4.5618n2 + 5.2160n + 2.4078 0.9577
1 σ1c = −6.6370n2 + 7.2179n + 2.7966 0.9160
2 σ1c = −10.5912n2 + 11.4653n + 3.1738 0.9719

Figure 11 presents the relationship between the fitting strength parameters of M and N and the
Talbot index, Figure 12 gives the relationship between the strength parameters of c and ϕ and the
Talbot index, and the corresponding relationships are given in Table 7. To our knowledge, the cohesive
force among the particles in geo-material decreases with the yield and damage of the material, which
causes the cohesive particles to fracture. However, the material can still rely on the fissure friction
to continue to load; the maximum friction force can exceed the cohesive force of the geo-material,
and the friction force is correlated with the internal friction property of the material and the external
load [70]. Hence, the increase of the confining pressure to the peak strength of CPB only increases
the maximum friction force that can be carried within the material, and has no effect on the cohesive
property. However, the influence of the particle size distribution on CPB is reflected in both the
properties of cohesiveness and internal friction, as shown in Figures 11 and 12. All of the strength
parameters are in a quadratic polynomial relationship with the Talbot index. This indicates that there
is an optimal gradation of particles reflected in the maximum cohesive force and internal friction angle
of CPB. Moreover, in terms of the sensitivity to confining pressure, the CPB specimen with better
gradation is greater, which is reflected in the parameter of N. This means that as the confining pressure
increases, the strength parameters of the CPB with better gradation will further increase.
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Table 6. Relationships between the peak strength and Talbot index of CPB specimens under different
confining pressures.

n Relationship Correlation Coefficient
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Table 7. Relationship between the strength parameter and Talbot index.

Parameter Relationship Correlation Coefficient

M M = −3.4469n2 + 3.7197n + 1.0643 0.9795
N N = −4.5569n2 + 4.7295n + 1.2074 0.9918
c c = −0.7229n2 + 0.7507n + 0.4689 0.9999
ϕ ϕ = −53.1829n2 + 55.0045n + 10.5035 0.9934

3.3. The Coupled Effect of Confining Pressure and Particle Size Distribution on the Strength Parameters of CPB

At present, mass ratios of 1:2–1:12 between the cementing materials and particles are generally
used in CPB; that is, the particles account for at least 66% of the mass of the CPB, thereby causing
a crucial influence of the particles on the CPB material. For the CPB material, an excessive content of
large particles tends to deteriorate the pore structure, which results in the formation of voids inside
the structure which cannot be completely filled. In contrast, too many fine particles cause weaker
planes in the boundaries of the cement-rock, and an increase of interparticle voids. Consequently, it is
of great significance to seek the optimal gradation of particles to enhance the strength of CPB, in order
to save filling material and improve the filling effect, which greatly benefits safety and economics
during engineering. CPB is always in triaxial compression, therefore we have constructed a strength
parameter model of CPB under the coupled influence of the confining pressure and the particle size
distribution. The cohesiveness and internal friction properties of the CPB material are related to the
gradation of particles within it. The relationship between the cohesive force and the Talbot index
was used to characterize the effect of the gradation of particles on the cohesiveness property of CPB,
and the relationship between the internal friction angle and the Talbot index was used to characterize
the influence of the gradation of particles on the internal friction property of CPB. The relationships of
c = f1(n) and ϕ = f2(n) are therefore easy to obtain.

The strength parameter model of CPB under the coupled influence of the confining pressure and
the particle size distribution can be obtained based on Formulas (5)–(7):

σ1c =
1+sin ϕ
1−sin ϕ σ3 + 2c cos ϕ

1−sin ϕ

c = A1n2 + B1n + C1

ϕ = A2n2 + B2n + C2

 (8)

where A1, B1, C1, A2, B2 and C2 are the test control parameters.
Obviously, the strength parameter model is based on the Mohr–Coulomb strength criterion.

It is believed that the cohesiveness and internal friction properties of CPB are related to the particle
size distribution, that there is an optimal gradation of particles reflected in the maximum strength
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parameter, and that each parameter has a clear physical meaning. Figure 13 shows the strength
parameter model established based on the test results of this paper. The correlation coefficient match
with the experimental values reaches 0.8979, which simultaneously reflects the effect of the confining
pressure and the gradation of particles on the strength parameters of CPB. According to this model,
it is possible to intuitively select the CPB with the appropriate gradation of particles to fill in the goaf
under known conditions of depth and ground stress.
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This paper mainly discusses the effect of the particle size distribution on the strength parameters
of CPB, and tries to optimize the framework structure of CPB in engineering to enhance its strength
and improve the filling effect, which in turn can result in improved economics and safety [71–73].
However, Yilmaz et al. pointed out those fine particles can undergo significant consolidation settlement
in the early curing stage [74]. CPB curing under pressure involves the rearrangement of particles
caused by the settlement of fine particles, which can significantly affect its structural and mechanical
properties [75]. Therefore, the consolidation effect should be considered in this process. For CPB with
multiple particle size distributions under curing conditions with pressure especially, differences in the
particle size distribution inevitably cause differences in the settlement of different particles in the CPB.
This involves the coupled effect of particle size distribution and consolidation on the structural and
mechanical properties of CPB. In the future, we can use curing under an applied pressure system [76]
to improve the backfill’s geotechnical design, and the CPB specimen will still maintain a constant
carrying capacity under confining pressure even if there is a large dilatancy deformation in its structure,
as shown in Figures 5 and 7. This indicates that an increase in deformation can make more materials
yield, however, it will not cause the macroscopic slippage produced by crack propagation to occur
in the failure of the CPB specimen under confining pressure. In fact, the deformation of CPB in the
deep earth is used to dissipate the energy released from the rock mass. If the CPB material can have
both high strength and excellent ductility, it will undoubtedly greatly improve the filling effect and
increase the service life of CPB. Therefore, CPB’s ductility also deserves our attention. As seen in the
results of Figure 7, the optimization of the gradation of particles can also improve the ductility of the
CPB. However, there has not been any study that has focused on CPB’s ductility so far. There are some
difficulties in measuring ductility, and there are no clear and uniform standards. This work will be the
direction of the author’s future efforts.

4. Conclusions

The ultrasonic test, uniaxial and triaxial compression experiment, and acoustic emission (AE)
monitoring were carried out on CPB, for which the particles satisfied Talbot gradation. The homogeneity
of CPB specimens was evaluated by the ultrasonic pulse velocity (UPV). The stress–strain behavior
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and AE characteristic of CPB specimens under different Talbot indices and confining pressures were
investigated. The effects of the particle size distribution and the confining pressure on the peak strength
of CPB were analyzed. The strength parameter model of CPB under the coupled influence of the
particle size distribution and the confining pressure was constructed based on the Mohr–Coulomb
strength criterion.

(1) The confining pressure not only increases the peak strength and compressibility of CPB, but
also greatly increases its ductility. With the increase of confining pressure, CPB is transformed
from demonstrating the strain softening characteristic under uniaxial compression to the strain
hardening characteristic under triaxial compression. The material must have two points at the
same time to achieve this ductility characteristic under confining pressure. The first is that the new
cracks continuously expand and propagate. The second is that the already opened cracks require
constant compression and occlusal friction. Therefore, under the condition of confining pressure,
the AE characteristic of CPB specimens show that small AE signals distribute around the large
AE signals. This is obviously different from the AE characteristic under uniaxial compression.

(2) This ductility and the dilatancy deformation of CPB are positively correlated with the Talbot index
of particles. In addition, in the CPB specimens with a Talbot index of 0.2, since they contain too
many fine particles, the density and intensity of the AE distribution and the peak strength are the
lowest among all the specimens.

(3) The peak strength of the CPB specimen first increases and then decreases with the increase of the
Talbot index, and the relationship between the peak strength and the Talbot index can be described
by a quadratic polynomial function. The extremum of the function in the Talbot gradation range
can be used to characterize the optimal gradation of particles reflected by the maximum strength
of the CPB material, for which the optimal Talbot index is between 0.4 and 0.6.

(4) The established strength parameter model of CPB under the coupled influence of the confining
pressure and the particle size distribution is related to the cohesiveness and internal friction
properties of the material, and each parameter has a definite physical meaning. Under the
conditions of this paper, the model can effectively reflect the influence of the confining pressure
and the particle size distribution on the peak strength of CPB, and can also reflect the influence of
the particle size distribution on the cohesive force and internal friction angle of CPB.
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