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Recent studies have shown that the damage characteristics of cemented tailings backfill (CTB) are influenced significantly by the
variation of cement-tailings ratio, while the effects of other influencing factors remain unanswered. +e CTB damage constitutive
model, which takes the corrected coefficient of damage variable into consideration, and peak toughness are introduced to
investigate the effects of fine tailings contents, curing ages, curing temperatures, and water-to-cement ratios (w/c) on the damage
evolution laws, damage (DP), and specific energy (GP) at peak stress point of CTB. +e results show that appropriate content of
fine tailings could improve the compressive strength of CTB and reduce its damage evolution speed and DP. +e damage growth
rate of CTB decreases with curing age in early curing period and increases with higher curing temperature and w/c. DP of CTB
takes on a descending trend with higher w/c and fine tailings content but shows an increase with curing age. +ere exists no
significant relationship between DP and curing temperature. GP of CTB increases with curing age and higher curing temperature
with a quadratic function but is on a decline with increases of fine tailings content and w/c with logarithmic and exponential
function, respectively. +e results obtained from our study have important application to the successful design of backfill
structures in underground mines.

1. Introduction

+e backfill mining method has been increasingly used in
underground goaf treatment in mines worldwide, as it can
effectively reduce the accumulation of surface waste and
alleviate the pressure of mining operations on the sur-
rounding environment [1–4]. From the perspective of en-
gineering application, this mining method can effectively
control the mining site pressure, reduce ore loss and dilu-
tion, and ensure the safety of underground personnel and
equipment [5–10]. Cemented tailings backfill (CTB) is an
essential part of the backfilling method, mainly made of
tailings, cementitious materials (such as cement, fly ash, and
blast furnace slag), and water in a particular proportion
[11, 12]. Its mechanical properties are influenced by internal
factors, e.g., the physical and chemical properties of tailings,
water-cement (w/c) ratio, content and type of cementitious
materials, and external factors such as curing environment

(e.g., temperature and temperature humidity) and curing
age [13, 14]. As a multiphase composite medium, CTB
contains initial defects such as pores, microcracks, and
bubbles, resulting in the initial damage characteristics [15].
Overall, the CTB has unique failure characteristics. +e
stress-strain curve is unique in reflecting the failure char-
acteristics of materials, which is commonly used to describe
the damage and failure process of CTB [16].

In recent years, many scholars have conducted in-depth
studies on the damage constitutive model and damage
characteristics of CTB. For example, Shulin and Yufa [17]
analysed the CTB’s failure mechanism with a cement-tail-
ings (c/t) ratio of 1 : 6 from the mesoscale level using solid
mechanics. +e damage constitutive equation of CTB under
uniaxial compression was given based on the test results.
Deng et al. [18] conducted uniaxial compression and split
tensile tests on CTB sampled from underground backfill
stopes and established the damage constitutive models using
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elastic damage theory. Liu et al. [19–21], Guicheng et al. [15],
and Qiu et al. [22] established the prepeak and postpeak
damage constitutive equations of CTB under uniaxial
compression tests based on the strain equivalence principle,
and their results had been used to guide the design in
practice. Xie et al. [23] defined a damage variable based on
the cumulative energy of acoustic emission and established a
damage constitutive model for the CTB with a c/t ratio of 1 :
8. Gong et al. [24] noticed that under the uniaxial cyclic
loading and unloading conditions, the b value of acoustic
emission of CTB with a c/t ratio of 1 : 4 showed different
characteristics, indicating the dynamic evolution of the
microfracture inside CTB. Zhang et al. [25] derived the
damage constitutive model of cemented waste rock backfill
and studied the effect of waste rock content on their damage
characteristics. Yu et al. [26] proposed that the CTB stress
would transfer when the damage occurs. Accordingly, they
established the damage constitutive models of CTB with
different c/t ratios containing damage correction factors.
Wang et al. [16] established the temperature-time coupled
damage constitutive model of CTB based on the stress-strain
curves under different initial temperatures and curing ages.
Ke et al. [27] noted that the cubic polynomial function
matched well with stress-strain curves of CTBwith various c/
t ratios.

To sum up, those studies have shed light on the damage
evolution and characteristics of CTB. However, they mainly
concentrated on the influence of the c/t ratio, and the effects
of other factors, e.g., w/c ratio, curing age, and fine tailings
content, on the damage characteristics of CTB are rarely
reported. +us, this study introduces a modified damage
constitutive model to characterize the uniaxial compression
stress-strain curves of CTB with various curing ages, curing
temperatures, fine tailings contents, and c/t ratios based on
reported data and then analyse these factors’ effects on the
damage evolution behaviour. +e peak toughness concept
was also introduced to compare the damage value and
specific energy at peak stress point. Our thorough study
benefits to the enhanced understanding on the CTB’s
damage mechanism and the successful design of backfilling
technique in practice.

2. Damage Constitutive Models for Cemented
Tailings Backfill

It has been well recognized that the CTB contains random
distribution of microcracks before failure and belongs to a
kind of heterogeneous continuous medium. When the CTB
is subjected to an external load, these defects will further
expand and formmacrocracks after reaching failure through
a complex damage mechanism. +e damage mechanic
principle is suitable for describing this kind of damage
mechanism, and thus it is widely used in concrete [28, 29],
rock [30, 31], and cemented backfill materials [21], such as
the Weibull and Mazars damage models. In the Weibull
damage model, both CTB strength and damage variable
follow the Weibull distribution function, and the damage
constitutive model under uniaxial compression is given as

σ � Eε exp −
1
m

ε
εp
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  ,

D � 1 − exp −
1
m

ε
εp

 

m
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m �
1

ln Eεp/σP 
,

(1)

where σ is the stress; E is Young’s modulus; ε is the strain; εp

is the strain at peak stress point; m is the shape parameter of
the Weibull function; D is the damage variable; and σP is the
peak stress. +e Mazars model assumes that the CTB be-
haves almost linearly at prepeak stage and performs like the
evolution behaviour of concrete at postpeak stage [20].
Before peak stress, the Mazars model for CTB is written as

σ � Eε − EAεβ+1
,

D � Aεβ,
(2)

where A and β are two constants, in which β � σp/(Eεp −

σp) and A � 1/(εβp + βεβp). At postpeak stage, the stress and
damage evolution model of CTB in the Mazars model is
given as

σ � −EDpε + Eε exp −B ε − εp  ,

D � Dp + 1 − exp −B ε − εp  .
(3)

Note that the Weibull and Mazars models do not
consider the influence of residual strength, which may not
efficient enough to reflect the postpeak behaviour of CTB.
+erefore, a correction factor α was incorporated into the
Weibull model (referred to as modified Weibull model for
short). α mainly influences the postpeak stage of CTB’s
stress-strain curve and has minor effect on the prepeak stage.
In the modified Weibull model, the stress and damage
evolutions of CTB are expressed as
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(4)

where F is the microcosmic element strength of CTB and m

and F0 are the shape parameters of the Weibull function,
which can be deduced by
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��������
9 + 3 sin2


φ

+
1
�
3

√⎛⎝ ⎞⎠Eεp,

m �
σp/EεP σp/EεP  + α − 1  

ln α − ln σp/EεP  + α − 1 
,

F0 �
F

exp ln ln α − ln σp/EεP  + α − 1  /m  
,

(5)
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where ϕ is the internal friction angle of CTB.
+e stress-strain curves of CTB with a c/t ratio of 1 : 4

given in [20] are selected to compare the performance of
these three damage constitutive models in characterizing the
stress and damage evolutions of CTB, as shown in Figure 1.
It can be seen from Figure 1(a) that the stress-strain curves
obtained by the three damage models before the peak stress
are almost the same, and the stress-strain curves of the initial
deformation and elastic stage of the CTB are regarded as
straight lines. As the CTB enters the yield stage, the slope of
the curve gradually decreases to 0. In the failure stage of
CTB, the stress prediction value of the Mazars damage
model is closer to the test result because of the consideration
of residual strain, but the failure rate is higher than the test
curve. Although the stress values obtained by equations (1)
and (5) are slightly larger, they are consistent with the actual
values, and the damage failure rate is more consistent with
the test curve. +e residual strength of cemented backfill is
susceptible to the damage correction coefficient α, while the
curve changes slightly in the prepeak stage. It can be seen
from Figure 1(b) that the changing trend of damage value D
obtained according to the three different damage evolution
equations is the same. Before the peak stress, the damage of
CTB increases slowly with the increase of stress value. When
the stress value reaches the peak stress, the damage increases
rapidly, indicating the formation of macrocracks and the
rapid instability of the CTB. When the c/t ratio is 1 : 4, the
larger the correction coefficient α is, the slower the damage
growth before the peak of the CTB is and the more sig-
nificant the damage growth after the peak is. For the
modified Weibull damage model, when the damage variable
correction coefficient α � 1, it is equivalent to the Weibull
damage model before correction.

In summary, the three damage constitutive models can
reflect the stress-strain behaviour and damage failure pro-
cess of the filling body under uniaxial compression rea-
sonably, but an effective damage correction coefficient
should be selected for the modified Weibull damage model.
Although the model proposed in [20] is more consistent
with the experimental results, the postpeak damage rate is
significantly higher than the experimental curve. +e re-
sidual strain value of the filling body under uniaxial com-
pression is not easy to determine.+erefore, in the third part
of the paper, the modified Weibull damage model is selected
to study the influence of different factors on the damage
characteristics of the filling body.+e determination method
of the correction coefficient of the reasonable damage
variable is shown in [26].

3. Damage Characteristics of Cemented
Tailings Backfill

3.1. Effect of Fine Tailings Content. Fall et al. [13] conducted
uniaxial compression tests on CTB with various fine tailings
contents (30%, 50%, 70%, and 80%). +e axial displacement
loading rate was 1mm/min. +e measured results and the
fitting results obtained from the modified Weibull damage
model are shown in Figure 2(a). As shown in the figure, the
higher the fine tailings content, the smaller the filling body’s

peak strength and elastic modulus. When the fine tailings
content is greater than 50%, the peak strength of the filling
body decreases by 46.0% and 57.6%, respectively. When the
fine tailings content is between 30% and 50%, the peak
strength increases slowly by only 4.2%. +e reason for this is
that the porosity of the CTB decreases with the decrease of
the fine tailings content, which promotes the increase of
bonding strength between the tailings and the cement base
[13, 32]. It can be seen from Figure 2(a) that the results
obtained by fitting with the modified damage model are
consistent with the experimental data, and the fine tailings
content in the cemented filling body has a significant impact
on its mechanical behaviour.

Figure 2(b) shows the result of damage evolution versus
strain of CTB with different fine tailings contents. As shown
in the figure, the damage development trend is like an S-type
growth. When the fine tailings content is greater than 50%,
the damage growth rate increases with fine tailings content.
When the fine tailings content is 30%–50%, the higher the
fine tailings content, the slower the damage growth.
Figure 2(c) presents the damage values of CTB at peak stress
points corresponding to different fine tailings contents.
When the fine tailings content increases from 30% to 80%,
the corresponding Dp is 0.61, 0.13, 0.57, and 0.51, respec-
tively. +ese calculation results show that the higher the fine
tailings content is, the smaller the damage value at the peak
point is. It is noteworthy that the CTB with 50% fine tailings
content has the advantages of high peak strength and slow
damage growth, indicating that appropriate fine tailings can
improve the mechanical properties of the CTB.

+e deformation and damage processes of cemented
backfill relate to the energy dissipation and release [7].
Under the action of external load, CTB absorbs most of
the energy and uses it in the initial deformation stage.
When the input energy is greater than the specific energy
of the CTB (the energy absorption value at the peak stress
point), the excess energy will lead to the evolution, ac-
cumulation, and coalescence of microcracks in the CTB
until macrocracks occur. +e concept of peak toughness
in high-performance reinforced fibre reinforced concrete
(HPFRC) is introduced herein, and the area under the
stress-strain curve before the peak stress point is defined
as the specific energy at the peak stress point of the CTB
[33]. Figure 2(d) shows that specific energy of CTB with
different fine tailings contents is 4.76 ×10−3 J/m3 (30%),
2.86 ×10−3 J/m3 (50%), 2.09 ×10−3 J/m3 (70%), and
1.34 ×10−3 J/m3 (80%), respectively, indicating that the
specific energy decreases with the increase of fine tailings
content. By fitting the data in Figure 2(d), the relationship
between specific energy and fine tailings content is a
logarithmic function, and the fitting correlation coeffi-
cient R2 is about 0.99. +e relationship between the two is
expressed as Y � a ln X + b, where Y is the specific en-
ergy, X is the fine tailings content, and a and b are the
fitting correlation coefficients.

3.2. Effect of Curing Ages. Ghirian and Fall [12] studied the
deformation characteristics of CTB with different curing
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Figure 1: Damage failure process of CTB with a c/t ratio of 1 : 4: (a) stress-strain curves and (b) D vs. strain curves.
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ages (7, 28, 90, and 150 days) under uniaxial compression
with an axial displacement loading rate of 1.14mm/min, as
shown in Figure 3(a). It can be seen from Figure 3(a) that the
stress-strain behaviour of the backfill is significantly affected
by curing ages, and the curves obtained from the modified
Weibull damage model are in good agreement with the
experimental results. Compared with the curing age of 7
days and 28 days, the long-term cured CTB can obtain
higher peak strength and elastic modulus, but the peak strain
decreases. +e longer the curing age is, the more complete
the hydration reaction inside the filling body is and the more
the hydration products such as calcium silicate, C-S-H gel,
and ettringite are produced, and the strength characteristics
and durability of the material are further improved [34].
When the curing age is short, the CTB shows plastic de-
formation. With the increase of curing age, the filling body
gradually shows brittle behaviour. It is because the CTB with
a higher strength absorbs more energy before reaching the
peak stress point and thus benefits the propagation of in-
ternal microcracks. As a result, the deformation of CTB after
reaching peak stress point is more severe, together with the
abrupt reduction in strength.

Figure 3(b) shows the change curve of the damage
evolution of CTB with strain at different curing ages. As
shown in the figure, the damage value increases with the
increase of strain in an S-shaped curve. When the curing
age is short (less than 28 days), the damage growth rate of
CTB is inversely proportional to the curing age. Com-
pared with the CTB with shorter curing ages, the damage
evolution of CTB with longer curing ages is divided into
two stages. Before the peak stress point, the damage
growth is slow and the shorter the curing age is, the slower
the damage growth rate is. After peak stress, the damage of
CTB increases rapidly. +e shorter the curing age is, the
faster the damage growth rate is. Figure 3(c) shows the
damage value corresponding to the peak point of the CTB

at different curing ages. +e 7-day cured CTB’s damage
value at peak stress point is about 0.35. When the curing
age increases to 28, 90, and 150 days, the corresponding
Dp is 0.50, 0.42, and 0.51, respectively. Overall, the
damage value of CTB at peak stress point increases with
the increase of curing age.

Figure 3(d) shows the curve of the peak stress ratio energy
of the filling body changing with the curing age. +e specific
energy corresponding to different curing ages (7, 28, 90, and
150 days) is 3.98×10−3 J/m3, 5.06×10−3 J/m3, 5.11× 10−3 J/m3,
and 9.31× 10−3 J/m3, respectively. It indicates that the longer
the curing age is, the more the energy absorbed by the CTB
when it reaches the peak stress point is and the greater the peak
stress ratio energy is. +e statistical regression analysis of the
curve shows that the specific energy has a quadratic function
relationship with the curing age, and the fitting correlation
coefficient is about 0.94. +e relationship between the two is
expressed as Y � aX2 + bX + c where Y is the specific energy
at the peak stress point, X is the curing age, and a, b, and c are
the test correlation coefficients.

3.3. Effect of Curing Temperatures. +e influence of curing
temperature on the uniaxial deformation characteristic of
CTB was studied in [35]. +e experimental results, to-
gether with theoretical curves obtained from the modified
Weibull damage model, are shown in Figure 4(a). As
shown in the figure, a good agreement is obtained between
the experimental and predicted results. +e higher the
curing temperature, the greater the elastic modulus of the
CTB, the higher the peak strength, and the smaller the
strain at the peak stress point. When the curing tem-
perature increased from 20°C to 50°C, the peak strength
increased by 81.6% (20°C), 133.9% (35°C), and 374.1%
(50°C), respectively, and the peak strain decreased by
24.8%, 39.7%, and 69.9%, respectively. +e reasons why an

30 50 70 80
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
D
p

Fine tailings content (%)

(c)

30 50 70 80
1

2

3

4

5

Y = –0.003ln (X) + 0.0007
R2 = 0.9883

Fine tailings content (%)

Sp
ec

ifi
c e

ne
rg

y 
(1

0–3
 J.

m
–3

)

(d)

Figure 2: +e effect of fine tailings content on damage characteristics of CTB. (a) Measured and theoretical stress-strain curves. (b) D vs.
strain curves. (c) DP vs. fine tailings content curve. (d) GP vs. fine tailings content curve.
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appropriate high temperature can promote the strength
growth of the CTB are mainly the following two aspects.
Firstly, it promotes the cement hydration reaction in the
CTB and generates more hydration products such as C-S-
H gel [35, 36] to improve its peak strength and stiffness
and shorten its postpeak deformation period [35]. Sec-
ondly, the increase of temperature accelerates the capil-
lary water consumption rate and promotes the
development of pore water pressure in the filling body,
resulting in higher strength [37].

Figure 4(b) shows the curve of damage value changing with
strain under different curing temperatures. When the curing
temperature is 20°C and 50°C, the damage shows an S-shaped
curve. +e damage increases slowly before the peak point and
rapidly after the peak point. When the curing temperature was

20°C and 35°C, the damage evolution rate of the CTB gradually
decreases with the increase of strain. Also, the damage increases
rapidly before the peak stress point, while the damage increases
slowly after the peak point, showing the characteristics of strain
softening. Figure 4(c) shows that when the curing temperature
is less than 20°C, the damage value at the peak stress point
increases with the increase of curing temperature. When the
temperature is more significant than 20°C, the peak damage
value decreases with the increase of curing temperature. For the
CTB with a curing temperature of 50°C, the damage value
increases rapidly to 1 after the peak stress point, indicating that
the CTB gradually exhibits brittle characteristics with the in-
crease of curing temperature.

Figure 4(d) shows the peak specific energy curves of
backfill at different curing temperatures. When the initial
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Figure 3: +e effect of curing ages on damage characteristics of CTB. (a) Measured and theoretical stress-strain curves. (b) D vs. strain
curves. (c) DP vs. curing age curve. (d) GP vs. curing age curve.
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curing temperature is 2°C, the peak strain ratio of the
backfill is 1.04 ×10−3 J/m3. When the curing temperature
increases to 20°C, 35°C, and 50°C, the specific energy of the
backfill is 1.47, 1.66, and 1.46 times that of 20°C. It denotes
that when the curing temperature is less than 35°C, the
specific energy increases with the increase of temperature.
When the curing temperature exceeds 35°C, the peak
strain ratio energy decreases gradually. +e regression
analysis shows that the specific energy has a quadratic
relationship with the curing temperature, and the fitting
correlation coefficient R2 is about 0.99. +e relationship
between the two is expressed asY � aX2 + bX + c where Y

is the specific energy at the peak stress point, X is the
curing temperature, and a, b, and c are the correlation
coefficients.

3.4. Effect of Water-Cement Ratios. +e stress-strain be-
haviour of fillings with different w/c ratios (7, 10, and 13)
under uniaxial compression was studied in [13]. +e ex-
perimental results are compared with the predicted curves
obtained from the modified Weibull damage model in
Figure 5(a). +e theoretical curves show a good agreement
with the experimental results. +e stress-strain curve of the
CTB is significantly affected by the water-cement ratio. +e
peak strength, residual strength, and elastic model of the
CTB increase with the decrease of the water-cement ratio.
+e decrease of the water-cement ratio will increase the
content of columnar ettringite in the filling body and reduce
the porosity in the CTB, and the porosity is inversely
proportional to the material strength [38]. When the water-
cement ratio is 7, the corresponding peak strength is
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Figure 4: +e effect of curing temperatures on damage characteristics of CTB. (a) Measured and theoretical stress-strain curves. (b) D vs.
strain curves. (c) DP vs. curing temperature curve. (d) GP vs. curing temperature curve.
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1.23MPa. When the water-cement ratio increases to 10 and
13, the peak strength of the CTB decreases to 0.63MPa and
0.37MPa, respectively.

Figure 5(b) shows the curve of the damage value of the
CTB with different water-cement ratios. +e damage value
of the CTB increases with the increase of strain, and the
smaller the water-cement ratio, the faster the damage
growth of the CTB. As shown in Figure 5(c), the damage
values corresponding to the peak stress point are 0.54,
0.52, and 0.45 when the water-cement ratio of the CTB is
7, 10, and 13, respectively. +e regression analysis of the
data shows that the damage value of the peak stress point
is linearly related to the water-cement ratio and decreases
linearly with the increase of the water-cement ratio. +e
fitting correlation coefficient is about 0.93, indicating that
there is a high regularity between the two.+e relationship
between the two is expressed as Y � aX + b, where Y is the

damage value corresponding to the peak stress point, X is
the water-cement ratio, and a and b are the correlation
coefficients.

Figure 5(d) shows the variation curve of specific energy
with the water-cement ratio. +e figure shows that when the
initial water-cement ratio is 7, the specific energy is deter-
mined as 2.83×10−3 J/m3. When the water-cement ratio
increases to 10 and 13, respectively, the specific energy of
CTB decreases by 34.63% and 49.83%. +is shows that the
smaller the water-cement ratio, the more the energy
absorbed by the CTB when reaching the peak point, and the
greater the strength. +e data fitting between specific energy
and water-cement ratio has an obvious exponential function,
and the correlation coefficient is as high as 0.98. +e rela-
tionship between them is Y � AeBX, where Y is the specific
energy of the CTB, X is the water-cement ratio, and A and B

are the test correlation coefficients.
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Figure 5:+e effect of water-to-cement ratios on damage characteristics of CTB. (a) Measured and theoretical stress-strain curves. (b) D vs.
strain curves. (c) DP vs. water-to-cement curve. (d) GP vs. water-cement ratio curve.
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It is well known that the leaching risk from CPB to
groundwater proposed by Chen et. al. has been an important
issue in mining engineering, which will be further studied in
our future research.

4. Conclusions

In this study, a modified Weibull damage model is intro-
duced to characterize the damage mechanism of cemented
tailings backfill with various curing ages, curing tempera-
tures, water-cement ratios, and fine tailings contents. Based
on the results, the following conclusions can be drawn:

(1) As a kind of multiphase composite material containing
initial defects such as microcracks and pores, CTB’s
mechanical properties and damage characteristics are
significantly affected by the fine tailings content, curing
age, curing temperature, and water-cement ratio.

(2) +e damage growth rate of CTB increases with fine
tailings content when the fine tailings content is
more than 50% but decreases when the content of
fine tailings is less than 50%. It indicates that ap-
propriate content of fine tailings can effectively
improve the mechanical properties of the CTB. +e
damage growth rate is inversely proportional to the
curing age for the CTBwith low curing age. For long-
term curing CTB, the more significant the curing
age, the faster the damage growth before the peak
stress point and the slower the damage growth after
the peak stress point. With the increase of curing
temperature, the CTB gradually shows brittle be-
haviour. +e higher the curing temperature, the
faster the damage growth rate of the CTB and the
more sudden the failure process. +e greater the
water-cement ratio, the faster the damage develop-
ment inside CTB.

(3) +e damage value at the peak stress point of the CTB
decreases with the increase of fine tailings content
(except 50%), decreases with the increase of water-
cement ratio, and increases gradually with the in-
crease of curing age but does not show apparent
regularity with the curing temperature.

(4) +e specific energy is the energy absorbed at the peak
stress point, proportional to the uniaxial compres-
sive strength of CTB. +e specific energy grows in a
quadratic polynomial manner with the increase of
curing age and curing temperature, decreases loga-
rithmically with fine tailings content, and follows the
exponential reduction law with increasing water-
cement ratio.
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