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In order to consider the influence of mesoscopic characteristics of materials on the constitutive model of cemented paste backfill
(CPB), the uniaxial compression variables and the damage constitutive model, considering the influence of porosity and pore size
of filling materials, were derived based on the strain equivalence principle and Weibull probability distribution function. 2e
nuclear magnetic resonance (NMR) tests and unconfined compression strength (UCS) tests were carried out on 8 groups of CPB
specimens with different slurry concentrations and cement-tailings ratios. 2en, the expression of damage strengthening co-
efficient is determined, and the stress-strain curves measured by the theoretical model were compared with the experimental ones.
2e results show that the uniaxial compression constitutive model proposed is in good agreement with UCS test results and can
effectively describe the damage evolution law and the development process of stress-strain curve of CPB under uniaxial
compression. 2e 28-day compressive strength of CPB can reach 8MPa, the residual strength is about 1∼2MPa, the elastic
modulus is about 200∼2000MPa, and the porosity is about 3∼5%. 2e CPB with slurry concentration of 74% and 76% and
cement-tailings ratio of 1 : 4 and 1 : 6 is more reasonable, and the relevant mechanical parameters are more stable.

1. Introduction

In recent years, the global industrialization process is ac-
celerating, the demand for mineral resources is increasing,
the mining rate is increasing, and the tailings accumulation
is increasing [1]. 2e storage of tailings wastes not only
wastes land resources but also causes increasingly serious
environmental problems (water pollution, air pollution,
surface collapse, vegetation destruction, etc.) [2, 3]. Backfill
mining technique is widely used in underground mine
engineering because of its advantages of saving tailings waste
storage place, reducing environmental pollution, effectively
controlling ground pressure in goaf, ensuring safe operation,
and so on [4–6]. Cemented paste backfill (CPB) is a kind of
multiphase material formed by mixing a certain proportion
of tailings and water with cement as the main cementation
material and through mixing, vibrating, curing, and other

processes. It has the advantages of no pollution, low energy
consumption, and good roof connection performance when
used in underground mine filling [7, 8]. Whether the
strength of CPB meets the requirements is an important
basis for the effective implementation of backfill mining
technology [9, 10].

At present, scholars have systematically studied the
mechanical properties of CPB and achieved remarkable
results. Hou et al. [11] studied the damage characteristics
and energy dissipation analysis of CPB with different curing
ages under uniaxial compression. Zhao et al. [12] explored
the destruction process and mechanical properties of CPB
with different slurry concentrations through uniaxial
compression acoustic emission test. Yi et al. [13] discussed
the damage and destruction evolution process of CPB with
different waste rock contents through uniaxial compression
real-time CTscanningmechanical test. In order to obtain the
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constitutive model of filling material, Liu et al. [14] and Zhao
et al. [15] established the damage constitutive model of CPB
by introducing the effective damage rate parameter on the
basis of Weibull distribution law. Wang et al. [16] set up the
damage evolution and constitutive model of CPB by using
the damage mechanics theory and considering the delam-
ination effect and studied the mechanical properties of
different layered CPB. Cui and Fall [17] built an elastic-
plastic evolution model to research the important role of
hydration of gelling agent on the mechanical behavior and
property evolution of CPB. Wang et al. [18] established the
paste damage constitutive model at different initial tem-
peratures and proposed the paste temperature-time coupling
damage constitutive model through parameter regression of
the constitutive model. Cui and Fall [19] set up a thermo-
hydro-mechanical chemical coupling model for CPB and
studied the mechanical characteristics under multiphysical
environment. Liu et al. [20] built the constitutive equation
based on damage mechanics through the mechanical test of
CPB with different cement-tailings ratios and discussed the
reasonable matching between CPB and rock.

Wittmann et al. [21] believed that due to the differences
in representational scales and research methods, according
to the internal structure characteristics of the cemented
tailings backfill, the mechanical properties of the backfill can
be generally described in three different scales (macroscale,
mesoscale, and microscale). In macroscale, the cemented
tailings backfill is a single homogeneous body formed by
mixing cement, tailings, and water cementing. Studies at this
scale cannot reveal the relationship between the internal
structure, composition, and mechanical properties of the
backfill [22]. In mesoscale, the cemented tailings backfill can
be regarded as a multiphase composite material composed of
tailings, gel matrix, and initial defects (pores and cavities).
Existing researches on the constitutive model of CPB mostly
consider the influence of external factors such as material
composition and ratio, external environment, and loading
mode. In other words, the mechanical properties of backfill
were studied from the macroscopic scale, while the influence
of microscopic properties such as pore defects in the ma-
terial on the mechanical effects of backfill was ignored.
During the process of hydration and hardening, the inter-
calated pores of hydrated calcium silicate (C-S-H) gel,
capillary pores formed by evaporation and loss of water not
involved in hydration reaction, and bubble pores formed by
residual air during slurry mixing formed in CPB [23, 24].
2is makes the CTB have the properties of porous material,
the pore distribution is complex, and the pore size spans the
microcosmic and microscale. 2e formation, destruction,
and expansion of initial pores will have a significant impact
on the strength, stiffness, damage failure, and other basic
mechanical parameters [25–28].

Considering the influence of mesoscopic pore charac-
teristics of CPB, a damage constitutive model based on
damage strengthening coefficient is derived. 2en, the ef-
fectiveness of the model is verified by combining nuclear
magnetic resonance (NMR) test and unconfined compres-
sion strength (UCS) test, and the damage evolution law of
CPB under uniaxial compression is analyzed, which

provides a basis for understanding the basic mechanical
properties of CPB.

2. Damage Strengthening Coefficient

Porosity and pore size are important parameters affecting
the mechanical properties of CPB [29–31]. In this paper, the
porosity and pore size of the CPB specimen are taken as the
initial defect measurement index of the material, and the
damage strengthening coefficient of the CPB is defined as

α � f(P, d), (1)

where α is the damage strengthening coefficient; P is the
porosity; and d is the pore size.

Referring to the functional relationship between pore
size and strength of concrete material [31], the relationship
between damage strengthening coefficient of CPB and po-
rosity and pore size is defined as

α � Gd
H

(1 + P)
k

+ c, (2)

whereG,H, and c are the test parameter, which are related to
the slurry concentration, cement-tailings ratio, tailings type,
cement type, etc.

3. Damage Constitutive Model

3.1. Model Establishment. According to the principle of
strain equivalence proposed by Professor Lemaitre [32], a
famous French scholar, any stress-strain constitutive rela-
tion of damaged materials under uniaxial loading can be
derived from the constitutive equation of nondestructive
materials, as long as the nominal stress in the constitutive
relation of nondestructive materials is replaced by the ef-
fective stress after damage. Assuming that the effective
bearing area of the CPB specimen is A in the nondestructive
state and A1 after loading damage, the nominal stress of the
section under loading is as follows:

σ �
F

A
. (3)

2e effective stress σ∗ on the effective section is

σ∗ �
F

A1
. (4)

2e damage variable D is defined as

D �
A − A1

A
. (5)

In combination with equations (3)–(5), it is obtained that

σ∗ �
σ

(1 − D)
. (6)

2en,

σ � (1 − D)σ∗. (7)

From σ∗ � Eε, the damage constitutive equation of CPB
can be obtained as follows:
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σ � E(1 − D)ε, (8)

where E is the elastic modulus of CPB.
Previous studies [14, 15] have shown that the mechanical

properties of mesoscopic heterogeneity of quasibrittle ma-
terials obey a certain statistical law. According to the shape
characteristics of stress-strain curve of CPB, the nominal
damage variable D0 is selected to obey the two-parameter
Weibull distribution equation:

D0 � 1 − exp −
ε
a

  
m

, (9)

where ε is the strain;m and a are the coefficient related to the
physical and mechanical properties of CPB, and it is not
negative.

At the initial stage of compression, the pores in the CPB
are compacted. 2e existence of pore structure weakens the
material properties of CPB and accelerates the damage rate.
In this paper, the influence of pore structure on the damage
degree of CPB specimen is characterized by the damage
strengthening coefficient as shown in equation (2), and the
damage variable D is defined as

D � αD0. (10)

By introducing equation (9) into equation (11), we
obtain

D � α 1 − exp −
ε
a

  
m

 . (11)

By introducing equation (11) into equation (8), it is
obtained that

σ � Eε 1 − α 1 − exp −
ε
a

 
m

   (12)

2e results are as follows:

σ � (1 − α)Eε + αEε exp −
ε
a

 
m

 . (13)

Under the action of stress, the CPB specimens are
gradually damaged, and the internal structure is destroyed.
When the strain exceeds a certain limit and the external stress
is at a low stress level again, the internal structural damage
tends to be stable, but the specimen still has a certain residual
strength. Based on this, the damage threshold c is introduced.
When the strain is c, the damage variable in the CPB reaches
the maximum damage Dc, and the corresponding stress is
residual strength. 2en, the two-stage damage variable and
damage constitutive equation are defined:

D �

α 1 − exp −
ε
a

  
m

 , (ε< c)

Dc, (ε≥ c)

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

,

σ �

(1 − α)Eε + αEε exp −
ε
a

 
m

 , (ε< c)

σc, (ε≥ c)

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

.

(14)

3.2. Model Establishment. According to the damage con-
stitutive equation of CPB, the stress-strain curve of the whole
process is obtained as shown in Figure 1. It can be seen from
Figure 1 that the constitutive curve satisfies the following
four boundary conditions:

(1) ε� 0, σ � 0; (2)ε� 0, dσ/dε� E; (3)σ � σpk, ε� εpk;
(4)σ � σpk, dσ/dε� 0, where σpk, εpk, and E are the peak stress,
peak load strain, and elastic modulus.

According to (1), (2), (3), and (4) of the stress-strain
curve, the sum of two undetermined parameters in equation
(14) can be determined. Among them, conditions (1) and (2)
are naturally satisfied.

By introducing condition ③ into equation (13), it is
obtained that

σpk � (1 − α)Eεpk + αEεpk exp −
εpk

a
 

m

 . (15)

2en,
σpk

Eεpk

� (1 − α) + α exp −
εpk

a
 

m

 . (16)

2e derivation of (13) is obtained:

dσ
dε

� (1 − α)E + αE exp −
ε
a

 
m

  1 − m
ε
a

 
m

 . (17)

By substituting condition (4) into equation (17), it is
obtained that

dσpk

dεpk

� (1 − α)E + αE exp −
εpk

a
 

m

  1 − m
εpk

a
 

m

 .

(18)

Because of the elastic modulus E≠ 0, then,

(1 − α) + α exp −
εpk

a
 

m

  1 − m
εpk

a
 

m

  � 0. (19)

2e result is obtained from simultaneous solution
equations (16) and (17):

εpk

a
 

m

�
σpk/Eεpk 

m σpk/Eεpk  − (1 − α) 
. (20)

Make the equation t � (σpk/Eεpk) − (1 − a) true; we can
get that

m �
− σpk

Etεpk(ln t − ln α)
,

a � ε((m+1) /m)

pk

mtE

σpk

 

m

.

(21)

4. Laboratory Test

4.1. Material Characteristics. CPB is mainly composed of
cementitious agent, aggregate, and water. 2e test water is
ordinary urban tap-water. 2e test cement is PO425 [33, 34]
ordinary Portland cement produced by Jidong Heidelberg
(Jingyang) Cement Co., Ltd. 2e test aggregate is tailings
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from a copper mine. 2e density of cement clinker is 2.87 g/
cm3, grain size d50 is 11 µm, the initial setting time is
162min, the final setting time is 203min, and the 28-day
compressive strength is 41.5MPa. 2e main chemical
composition of cement is CaO (accounting for 64.1%), SiO2
(accounting for 19.2%), Al2O3 (accounting for 4.50%), Fe2O3
(accounting for 3.33%), MgO (accounting for 1.82%), and S
(accounting for 1.06%).

Figure 2(a) shows the particle size distribution of
tailings measured by laser particle size distribution ana-
lyzer. 2e figure shows that d10 � 8.54 µm, d20 � 66.9 µm,
d50 �129 µm, d60 �163 µm, the nonuniformity coefficient
Cu � 19.08, and the curvature coefficient Cc � 3.22. 2e
grading curve of tailings is smooth and continuous, the
slope is gentle, the grading is good, the compactness is
easy to obtain, the compressibility is low, the strength is
high, and the engineering property is excellent.
Figure 2(b) shows the chemical composition of tailings
measured by X-ray fluorescence spectrometer (XRF).
Among them, CaO content is less than 10%, which is low
calcium tailings.

4.2. Specimen Making. According to GB/T 50266-2013
“standard for test methods of engineering rock mass” [35],
eight groups of cylinder specimens with cement-tailings
ratios of 1 : 4, 1 : 6, 1 : 8, and 1 :10, slurry concentration of
70%, 72%, 74%, 76%, and 78%, and curing age of 28 days
under standard environment were made. 2e number of
specimens in each group is 4, including 3 UCS tests and 1
NMR test. 2e slurry composition of CPB is shown in
Table 1, and the specific test idea and process are shown in
Figure 3.

4.3. Analysis on the Influence of Slurry Concentration and
Cement-Tailings ratio

4.3.1. Analysis of NMR Test Results. Figure 4 shows the
influence of slurry concentration and cement-tailings ratio
on porosity and pore size of CPB. It can be seen from
Figure 4(a) that with the increase of the slurry concen-
tration, the porosity of the CPB gradually decreases. When
the slurry concentration increases from 72% to 74%, the

porosity obviously decreases with a larger gradient, while
with the continuous increase of the slurry concentration,
the porosity remains about 3%. It can be seen from
Figure 4(b) that with the decrease of the cement-tailings
ratio, the porosity of the CPB gradually increases. When the
cement-tailings ratio decreases from 1 : 8 to 1 : 10, the
porosity increases obviously with a larger gradient, while
when the cement-tailings ratio increases from 1 : 8 to 1 : 4,
the porosity remains about 3%.

It can be seen from Figures 4(a) and 4(b) that the
proportion of large pore (>50 nm) gradually increases and
that of small pore (<50 nm) gradually decreases with the
increase of slurry concentration or cement-tailings ratio of
CPB. 2e porosity of CPB body is about 3∼5%. From the
point of view of microscopic characteristics, the slurry
concentration with 74% and 76% and cement-tailings ratio
with 1 : 4 and 1 : 6 are reasonable.

4.3.2. Analysis of USC Test Results. Figure 5 shows the in-
fluence of slurry concentration and cement-tailings ratio of
CPB on elastic modulus, peak strength, and residual
strength. It can be seen from Figure 5 that the elastic
modulus, peak strength, and residual strength of the CPB
increase with the increase of the slurry concentration or the
cement-tailings ratio. 2e 28-day compressive strength can
reach 8MPa, residual strength can reach 1∼2MPa, and
elastic modulus is approximately 200∼2000MPa, respec-
tively. When the slurry concentration is 74% and 76%, the
mechanical properties are similar.

5. Model Validation and Analysis

5.1. 9eoretical Model Validation. 2e basic mechanical
parameters such as elastic modulus, peak stress, and peak
load strain can be obtained from the UCS test of CPB.
Combined with the model parameter equation (equations
(14), (20), and (21)), the damage strengthening coefficient a
and damage threshold c of 8 groups of CPB specimens under
different slurry concentrations and cement-tailings ratios
can be fitted, and the corresponding Weibull statistical
distribution parametersm and a can be calculated, as shown
in Table 2. 2e elastic modulus of CPB is calculated by E50
method [18, 36]. E50 refers to 50% of the maximum stress of
concrete materials in the whole process from loading to
destruction divided by its corresponding strain value. 2e
residual strength is taken as themaximum curvature point in
the descending section of the stress-strain curve and the
average stress after the point. 2e damage threshold is the
strain value at the same stress value as the residual strength
in the theoretical curve.

In order to validate the correctness of the damage
constitutive model of CPB based on the damage strength-
ening coefficient established in this paper, the constitutive
model calculated by the theoretical model is compared with
the UCS test results, and the evolution of damage variables in
the whole stress-strain process is analyzed, as shown in
Figure 6.

0

σ

σpk

εpk ε

σγ

γ

Figure 1: Stress-strain curves.
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Table 1: Composition of filling slurry.

Number Cement-tailings ratio Slurry concentration (%) Tailings (kg) Cement (kg) Water (kg)
1 1 : 4 70 1.08 0.27 0.58
2 1 : 4 72 1.11 0.28 0.54
3 1 : 4 74 1.14 0.28 0.50
4 1 : 4 76 1.17 0.29 0.46
5 1 : 4 78 1.20 0.30 0.42
6 1 : 6 76 1.25 0.21 0.46
7 1 : 8 76 1.30 0.16 0.46
8 1 :10 76 1.33 0.13 0.46
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Figure 3: Experimental flow picture.
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Figure 2: Material characteristics of tailings. (a) Particle size distribution of tailings; (b) X-ray fluorescence pattern of tailings.
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It can be seen from Figure 6 that the theoretical curve
obtained from the damage constitutive calculation based on
the damage strengthening coefficient proposed in this paper
is in good agreement with the UCS test curve, which can
effectively reflect the basic mechanical characteristics of the
CPB under uniaxial compression. It can be seen from the
distribution of damage variables in Figure 6 that the damage
development trend of CPB with different cement-tailings
ratios is similar, and they all approximate to the growth
trend of the shape of the word “factory.”With the increase of

axial strain, the damage variable increases gradually. When
the axial strain reaches the peak load strain, the damage
increases exponentially. When the axial strain reaches the
damage threshold, the damage variable tends to 90%. When
the damage variable is about 0.25, the stress reaches the peak.
2e ratio of peak load strain to damage variable corre-
sponding to damage threshold is about 0.25 under different
cement-tailings ratios. 2e results show that when the
damage variable reaches 1/4 of the threshold damage var-
iable, the stress-strain curve shows a downward trend, the
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Figure 4: Porosity and pore size distribution of CPB. (a) Slurry concentration effect; (b) cement-tailings ratio effect.
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Figure 5: Basic mechanical parameters of CPB. (a) Slurry concentration effect; (b) cement-tailings ratio effect.
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Table 2: Parameters of damage constitutive model.

Number Elastic modulus (MPa) Peak stress (MPa) Peak load strain (%) Residual strength (MPa) α m a (%) c (%)
1 557.83 4.20 0.97 0.75 1.20 3.83 1.47 1.61
2 1066.64 5.96 0.73 0.82 1.16 3.70 1.09 1.25
3 1234.73 7.67 0.71 2.45 1.12 7.78 0.93 0.96
4 1437.79 7.68 0.69 1.94 1.06 3.75 1.01 1.18
5 1890.97 8.40 0.56 2.50 1.02 4.23 0.79 0.92
6 710.14 3.92 0.71 1.51 1.18 4.59 1.04 1.06
7 391.09 2.27 0.80 0.40 1.22 2.95 1.28 1.43
8 170.31 1.52 0.85 0.22 1.24 3.17 1.48 1.65
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Figure 6: Continued.
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damage growth rate is accelerated, and the CPB is easy to be
destroyed.

5.2.AnalysisofDamageStrengtheningCoefficient. According to
the analysis of the NMR test results, the main pore type of
CPB is capillary pore, and the pore size range is 2.5∼104 nm.
When analyzing the influence of pore size on material
strength, the pore size should be classified and the influence
coefficient should be calculated in different pore size areas.
In this paper, the pore size is taken as the average value, and
then the expression of damage strengthening coefficient and

the relevant parameters in equation (2) are taken with
reference to [31], and then equation (2) is expressed as

α � 1.365d
0.156.

(1 + P)
k

+ c. (22)

MATLAB is used to fit equation (22) with two param-
eters, and the fitting equation of damage strengthening
coefficient is obtained in equation (23); the results are shown
in Figure 7.

α � 1.365d
0.156.

(1 + P)
0.1558

− 0.7583. (23)
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Figure 6: Damage variable and comparison of damage constitutive models. (a) Cement-tailings ratio is 1 : 4 and slurry concentration is 70%;
(b) cement-tailings ratio is 1 : 4 and slurry concentration is 72%; (c) cement-tailings ratio is 1 : 4 and slurry concentration is 74%; (d) cement-
tailings ratio is 1 : 4 and slurry concentration is 76%; (e) cement-tailings ratio is 1 : 4 and slurry concentration is 78%; (f ) cement-tailings ratio
is 1 : 6 and slurry concentration is 76%; (g) cement-tailings ratio is 1 : 8 and slurry concentration is 76%; (h) cement-tailings ratio is 1 :10 and
slurry concentration is 78%.
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6. Conclusion

In this paper, a damage constitutivemodel based on the damage
strengthening coefficient is proposed, considering the influence
of microcosmic pore characteristics of CPB. 2e validity of the
theoretical model is verified by UCS test and NMR test. 2e
exponential expression of damage strengthening coefficient is
given, which can effectively describe the stress-strain relation-
ship and damage evolution process of CPB under uniaxial
compression. 2e main conclusions are as follows:

(1) Under uniaxial compression, when the damage vari-
able is about 0.25, the stress reaches the peak value.2e
ratio of peak load strain to damage variable corre-
sponding to damage threshold is about 0.25.

(2) 2e 28-day compressive strength of CPB can reach
8MPa, the residual strength is about 1∼2MPa, the
elastic modulus is about 200∼2000MPa, the porosity
is about 3∼5%, the damage strengthening coefficient
is about 1∼1.2, and the damage threshold is about
1∼1.5%.

(3) From the perspective of microscopic characteristics,
the CPB with slurry concentration of 74% and 76%
and cement-tailings ratio of 1 : 4 and 1 : 6 is more
reasonable, and the relevant mechanical parameters
are more stable.
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