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Damage failure of cemented backfill and its reasonable match with rock mass
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Abstract: In order to study the failure mechanism of backfill and the reasonable matches between backfill and rock mass, and to
achieve the object of safe and efficient mining in metal mine, four types of backfills were tested under uniaxial compression loading,
with cement—tailing ratios of 0.250:1, 0.125:1, 0.100:1 and 0.083:1, respectively. With the help of the stress—strain curves, the
deformation and failure characteristics of different backfills with differing cement—tailing ratios were analyzed. Based on the
experimental results, the damage constitutive equations of cemented backfills with four cement—tailing ratios were proposed on the
basis of damage mechanics. Moreover, comparative analysis of constitutive model and experimental results were made to verify the
reliability of the damage model. In addition, an energy model using catastrophe theory to obtain the instability criteria of system was
established to study the interaction between backfill and rock mass, and then the system instability criterion was deduced. The results
show that there are different damage characteristics for different backfills, backfills with lower cement—tailing ratio tend to have a
lower damage value when stress reaches peak value, and damage more rapidly and more obviously in failure process after peak value
of stress; the stiffness and elastic modulus of rock mass with lower strength are more likely to lead to system instability. The results

of this work provide a scientific basis for the rational strength design of backfill mine.
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1 Introduction

The application of tailings to be filled in mining
stope has a vast number of advantages, such as
controlling environment pollution, enhancing resource
recovery and realizing sustainable development of
mining industry [1-3]. The proliferation of backfill
mining method has made backfill mechanics grow into a
sub-discipline under rock mechanics.

Cemented tailings backfill is a composite material
with multiphase consisting of tailings, cement and a wide
variety of micro cracks, micro pore, air bubble, etc [4].
Thus, it has distinctive mechanical properties different
from those of rock mass and concrete. By contrast with
rock mass, cemented backfill is a solid mass with lower
strength; while compared with concrete, cemented
backfill possesses the feature of soft deformation, but
concrete is a brittle material which is characterized by
brittle deformation [5]. The slurry concentration of
backfill mass transported in fluid condition is normally

between 60% and 74%. However, the slurry
concentration is at a low level in its initial phase, and
hence concentrating or dewatering must be done before it
could be used as the main material of backfill. Overall,
cemented tailings backfill is a nonlinear mechanical
medium [6].

In order to study the strength characteristics of
cemented tailings backfill, a host of explorations on
breakage mechanism and mechanical properties have
been made by mining engineers [7—12]. For instance,
RYDER [7] analyzed the mechanical actions of backfill
in deep mining. Then, CURTUNCA and ADAMS (8]
studied the strength of filling body in situ. Afterwards,
BLOSS and REVELL [9] studied the mechanical
characters of paste backfill. More recently researches
conducted by BENZAAZOUA et al [10], DEVECI et
al [11] and ERCIKDI et al [12] investigated the effects of
sulfidle on strength of backfill. However, these
research methods were mostly restricted to the range of
elastic mechanics, such as obtaining compressive
strength, shearing strength and elastic modulus, and few
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researches on nonlinear mechanics of backfill could be
found.

The deformation features and fracture mechanism
of cemented tailings backfill are the premises of filling
design. For this, four kinds of backfills with
cement—tailing ratios of 0.250:1, 0.125:1, 0.100:1 and
0.083:1 respectively were tested and their stress—strain
curves were obtained. On the basis of these experimental
results, their damage constitutive equations were
tentatively put forward on the basis of damage
mechanics. Besides, the instability mechanism of backfill
during the process of mining was analyzed through
catastrophe theory, and the reasonable matches between
backfill and rock mass were discussed.

2 Mechanical experiment and breakage
features of backfill

2.1 Mechanical experiment of cemented tailings

backfill

Mixing classified tailings and grade 325 Portland
cement, a host of specimens (mass fraction of 72%) were
made, with cement—tailing ratios of 0.250:1, 0.125:1,
0.100:1 and 0.083:1, respectively. Then, the specimens
were cured in a standard maintenance room with
constant temperature of 20 °C for 28 d. The uniaxial
compression tests were conducted with MTS rigid
apparatus. Compressive stress—strain curves are plotted
in Fig. 1(real lines).
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Fig. 1 Compressive stress—strain curves of backfill (Real lines
1, 2, 3 and 4 stand for cement—tailing ratios of 0.250:1, 0.125:1,
0.100:1 and 0.083:1, respectively)

2.2 Fracture characteristics of cemented tailings

backfill

According to the stress—strain curves above
achieved by experiment, four stages of deformation and
breakage process under uniaxial compression loading
can be defined as follows.

Stage 1: The initial deformation (curve OA section

in Fig. 1). The curve slopes upward in this earlier stage,
which is attributed to the compression of micro cracks
and pores in backfill.

Stage 2: The elastic deformation (curve 4B section
in Fig. 1). The curve is approximately a straight line. In
other words, the elastic modulus varies directly with the
cement—tailing ratio and so does the slope of curve.

Stage 3: The yield deformation (curve BC section in
Fig. 1). With the increase of stress, the slope of
stress—strain curve is gradually reduced to zero, and the
higher the cement—tailing ratio is, the more distinct the
yielding processes of deformation and the higher the
yielding stress will be.

Stage 4: The failure stage (curve CD section in
Fig. 1). The slope of curve CD turns negative, which
suggests that the bearing capacity of system declines as
the deformation rises.

To summarize, from the deformation laws of
different backfills, it is evident that before peak stress,
the deformation varies inversely with the cement—tailing
ratio, which illustrates that the backfill with a higher
cement—tailing ratio owns a greater strength; while after
peak stress, the lower the cement—tailing ratio is, the
smaller the deformation and the more abrupt the
occurrence of failure are.

3 Damage of cement—tailing backfill

3.1 Damage constitutive equations of different
backfills
Assuming cement—tailing backfill is isotropic,
according to the Lemaitre theory of strain equivalent, we
have

o =Eg(1-D) (1)

where o is the effective stress; E is the elastic modulus; ¢
is the strain; D is the damage value.

When D=0, the backfill is in no damage state; when
D=1, the backfill is in the course of absolute damage or
failure.

According to the stress—strain curves above, before
peak stress, where &g, (g, is the corresponding peak
strain when the stress reaches the highest point at o, in
Fig. 1), we can see the crack initiation and propagation at
a small scale clearly in backfill. The damage value (D) is
expressed as

D=A¢c’ )

where A and £ are constants.
Combining Egs. (1) with (2), before peak stress,
Eq. (1) can be rewritten as

o =Ee—EAeP! (3)
After peak stress, where g,<e<g, (g, is the ultimate



956 Zhi-xiang LIU, et al/Trans. Nonferrous Met. Soc. China 25(2015) 954-959

strain shown in Curve 2 of Fig. 1), the stress—strain
relationship  coincides with Mazars model of
concrete [13], in which stress drops exponentially with
the increase of strain. This means that macro-cracks in
backfill and failure came forth. Therefore, in this stage,
we can describe the damage value (D) as

D =D, +1-exp[-B(s~¢,)] 4)

where D, is the damage value when stress reaches its
peak value (Dy=Ag,).

Inserting Eq. (4) into Eq. (1), after peak stress,
Eq. (1) can be written in the following form:

o =—ED ¢+ Ecexp[-B(¢—¢,)] &)

On the basis of stress—strain curves (Fig. 1) and
considering boundary conditions, we can obtain

O|s=s,= Tp
dode|,_, =0 (6)
D, =1

There are three unknown variables in Eq. (6). By
solving Eq. (6), we have

B=o0,/(Ee,—0,)
A=1/el +pel) (7)
B=-InD,/(e,-¢,)

According to experimental data and by solving

Eq. (7), we can obtain the values of f, 4 and B of
different backfills (Table 1).

Table 1 Damage parameters of different backfills

By substituting damage parameters (shown in
Table 1) into Egs. (3) and (5), we can obtain damage
constitutive equations of different backfills (Table 2).
And by calculating with these equations, we can obtain
the stress—strain curves of different backfills (dashed
lines of Fig. 1). Compared with experimental curves, the
calculated results agree well with experimental data.

3.2 Damage laws of different backfills

It is manifest in Table 1 that damage values (D,) of
different backfills range from 0.156 to 0.207 as the stress
reaches its peak, and the damage value increases with the
increase of cement—tailing ratio.

Inserting damage parameters (Table 1) into Egs. (2)
and (4), we can obtain damage evolution equations of
different backfills; moreover, the relationship between
damage value and strain is shown in Fig. 2.

In Fig. 2 we can see that before peak stress the
damage values grow gently with the increase of strain.
To be more precise, the lower the cement—tailing ratio is,
the more slightly the damage value increases. While after
peak stress, the damage values go up steeply with the
increase of strain, and the damage values get increasingly
large with decreasing the ratio.

4 Match between backfill and rock mass

4.1 Mechanical models

The backfill in mining can mechanically support the
wall rock, and control the earth-pressure of stope. Owing
to the deformation in rock mass during the process of
mining, backfills are compressed by the surrounding

Cement—tailing Elastic modulus,

Peak stress,

Strain at peak Damage parameter

ratio E/MPa o,/MPa stress, &, B A B D,
0.250:1 573.0 3.92 0.00863 3.824 1.62x10’ 188.0  0.207
0.125:1 231.1 1.71 0.00901 4594  4.45x<10° 3454  0.179
0.100:1 140.8 1.13 0.00965 4.941 1.53x10° 5304  0.168
0.083:1 96.5 0.81 0.00995 5394  9.85x10° 7543  0.156

Table 2 Damage constitutive equations of different backfills

Cement—tailing

Damage constitutive equation

ratio Before peak stress After peak stress
0.250:1 £<0.00863, £0.00863,

T 0=573.06-9.28x10%*%%* 0=573.0¢{—0.2073+exp[—188.0(¢—0.00863)]}
01951 £<0.00901, £>0.00901,

T 0=231.1e-1.03x10"1¢>% 0=231.1{—0.1787+exp[—345.4(¢—0.00901)]}
0.100-1 £<0.00965, £>0.00965,

T 0=140.8¢-2.15x10" ¢! 0=140.8¢{—0.1683+exp[—530.4(¢—0.00965)]}
0.083:1 £<0.00995, £0.00995,

06=96.56-9.50%10'1¢>3%

0=96.5¢{~0.1564+exp[~754.3(-0.00995)]}
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Fig. 2 Relationship between damage value (D) and strain

rock, which releases energy, generates counteractive
force and restricts the deformation. And this leads to
an interaction system between rock mass and
backfill [14,15].

When we analyzed the mechanical functions of
backfill and rock mass, taking the subsequent filling
stope for example, backfill was surrounded by
surrounding rock and in the three-dimensional stress
state after the stope was cement-filled. In order to
simplify the mechanical model, lateral restraint and
lateral deformation of backfill were neglected, and a (1D)
model was used (Fig. 3). As the stiffness and elastic
modulus of rock mass were higher than those of backfill
(assuming that the elastic modulus of rock is E;), we
adopted linear elastic model for rock mass and employed
damage constitutive models above proposed for backfill.

&y
1
i
Rock mass E,

Rock
s mass

!

i

Backfill - E

Backfill

Fig. 3 Mechanical analysis model between rock mass and
backfill

4.2 Catastrophe analysis of failure of backfill

From the mechanical analysis of backfill above, we
can see that before peak stress the damage value of
backfill is relatively low and the breakage of backfill
mainly occurs after peak stress. Therefore, it is
well-advised to seek the failure laws of backfill by

utilizing the model after peak stress. With respect to the
mechanical model in Fig. 3, we assume that the
deformation in backfill is &, and total deformation of
system is &y, so the deformation in rock mass is (g—¢).
The total energy (V) of system is the sum of deformation
energy in backfill and in rock mass, and it can be written
as

& & Enp—¢€
V:jo"oldmjgpazdﬁjo‘) Eyeds (8)

where o7 is the stress of backfill before peak stress; o, is
the stress of backfill after peak stress. Substituting
Egs. (3) and (5) into Eq. (8), we can obtain

1 ., FEA o2 1

V=—Es’- —ED &% -
2P py2? 2 °

%(5+%)exp[—3(5—5p)]+
E 25 2y, 1 2
?(1+B5p +B ngp)+5E0(g0 -£) 9

Through strain derivation to Eq. (9), we can obtain
the following equilibrium surface of the system energy:

V'=-ED,&+Ecexp[-B(e—¢&,)]-Ey(gy—&)=0 (10)

At the cuspidal points of the equilibrium surface, we
have

V" =EB(-2+Be)exp[-B(e—¢&,)]=0 (11)

By solving Eq. (11), we obtain ¢=¢ =2/8B,
which is the cuspidal point.

For the purpose of gaining a standard equation of
equilibrium surface, Eq. (10) is expanded to power series
at the point ¢ =&, =2/B and extracted the front three
terms, as a result, we have

2ED
(C20- "2 4 By e+ (EQ-ED, + E)e-a)+
EB?
(F Qe =) =0 (12)
Q=exp(Be, -2) (13)

For V"|,_,3=0 , there is no (s—&)> in
Eq. (12). Making z=(e—¢&)/¢; and inserting it into
Eq. (12), we can obtain

P4 pzqg=0 (14)
3(~EQ-ED_ +E,)
p= . (15)
2EQ
AEQ-ED, +E,(1- B, /2)]
q= L (16)
2EQ

According to the catastrophe theory [16—18] and the
prerequisite of instable system (p<0), Eq. (17) can be
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derived from Eq. (15):
Ey

k=—20 <1 (17)
E(Q+D,)

where £ is the matching coefficient between backfill and
rock mass.

Equation (17) indicates that the system will be
unstable according to the energy criterion when A<1.

4.3 Matching analysis between backfill and rock mass

Equation (17) shows that the stability of energy
system is related to elastic modulus of rock mass, elastic
modulus of backfill and damage parameters of backfill as
well. In order to probe the mechanical laws of Eq. (17),
substituting mechanical parameters of backfill with
different cement—tailing ratios (Table 1) at the same
group of elastic modulus, we calculated the different
values of k (Table 3).

Table 3 Calculated results of £ with different mechanical
parameters (Symbol “+” denotes stable backfill in energy,
while symbol “—” denotes instable backfill in energy without
matching with rock mass)

Elastic k for different backfills with
modulus different cement—tailing ratios
m(:;g;’él;a 0.250:1  0.125:1  0.100:1  0.083:1
3 5889 (+) 4.033(+) 0.936(+) 0.126 (-)
5 9816 (+) 6.721(+) 1.559(+) 0211 (-)
10 19.547 (+) 13.442(+) 3.118(+) 0.421(-)
30 58.89 (+) 4033 (+) 9.355(+) 1263 (¥)

As can be seen from Table 3 that when elastic
modulus of rock mass is at the same level, the matching
coefficient £ between backfill and rock mass decreases
with the decrease of the cement—tailing ratio of backfill,
and the backfill with a lower cement—tailing ratio is more
likely to be unstable; while when the cement—tailing
ratio of backfill is at the same level, the matching
coefficient k£ between backfill and rock mass increases
with the rising of elastic modulus of rock mass, and the
rock mass with a larger elastic modulus has a higher
stiffness, which indicates that the stability of the system
is stronger. The parameter £ controls the deformation
and breakage in backfill which plays a pivotal role in the
stability of the energy system.

The calculated results show that Eq. (17) can be
regarded as the guidance to design the strength of
backfill in real project. Once the relevant parameters of
rock mass and backfill have been given, choosing
backfill with a certain cement—tailing ratio and
substituting its parameters into k, we can distinguish the
stability of the system. When <1, the system of backfill
and rock mass will become instable and backfill with

higher cement—tailing ratio should be chosen until £>1,
which indicates that the backfill meets the requirement
during the process of mining. Hence, the system
instability criterion can be treated as a new way to design
the strength of backfill reasonably, and instruct the
production of mine.

5 Conclusions

1) There are different mechanical characteristics and
damage laws in different backfills. Exactly, the lower the
cement—tailing ratio is, the smaller the damage value is
before stress stands at its peak. By contrast, the
deformation gets increasingly small after peak stress,
while the damage grows faster and breakage appears
more suddenly.

2) During mining process, rock mass and backfill
form a system that holds equilibrium in force and energy.
The rock mass with higher elastic modulus and stiffness
can ensure that the system is more stable, thus, we can
use backfill with lower strength to save mining cost. On
the other hand, the elastic modulus of rock mass is
probably constant. In this case, the stability declines with
the decrease of the cement—tailing ratio.

3) It should be noted that the catastrophe model in
this work has examined its feasibility only in one
dimension. As the stress state of backfill during mining
process is complicated, further researches are expected to
create an appropriate catastrophe model suitable for
complex mechanical condition in the future.
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