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ABSTRACT

The highwall mining technique is widely used to extend the life of open-pit mines without
disturbing the surface dwellings, while maintaining economy and productivity. In this paper, the
theoretical analysis, numerical simulation and material testing methods were used to study the dam-
age form of the false roof in Juhugeng No. 7 mine with highwall cemented paste backfill (CPB)
mining of Qinghai Yanhu Group. The CPB strength effect on the false roof stability and its control
are investigated in detail. The results show that the main failure mode of the false roof is break-
ing failure, which is mainly affected by the strength of the CPB. The simulation study found that
when the strength of CPB is increased from 0.5 to 1.5 MPa, the stress of the false roof is reduced
to about 1/3, and the vertical displacement is decreased from 6.8 to 4.4 mm. When the strength
is changed to 3.0 MPa, the vertical displacement is further reduced to around 50%, and the ver-
tical stress and the surrounding plastic zone are greatly dropped correspondently. It can be seen
that the strength of the CPB is essential to ensure the stability of the false roof. Furthermore, the
preliminary tests of the filling material show that the cement dosage, rock fineness and mass con-
centration have significant effect on improving the quality of CPB and guarantee the stability
of false roof, it is conducive to the safe and efficient exploitation of the slicing mining with CPB.
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1. Introduction and environmental benefits, has been widely used in both
the underground and open-pit mines in China. It limits
the likelihood of caving and prevents roof subsidence.
Highwall mining technique is generally used in the end
slope remnant coal mining of open-pit mine [12-16]. Under
the thick coal seam condition, the downward slicing mining
method is usually adopted. When the backfill with CPB is
used in the method, the strength of the false roof formed
by CPB in upper slice is the key determinant of mine safety
production. Many related researches pointed out that the
factors, including filling material characteristics, artificial
false roof construction technique and mining operation

The stability control of roof strata is one of the most dif-
ficult problems in coal mine operations [1-3]. Recently, the
analytical solutions [4-6], numerical simulations [7-9] and
experimental analyses [10,11] have extensively been con-
ducted to investigate the mechanism of rock failure under
various conditions. Lots of techniques have been developed
to maintain the safety of the surrounding rock mass. Among
them the backfilling technique, which offers both economic
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design, affected the stability of the artificial false roof.
Among these quantitative and qualitative influencing fac-
tors, the first two variables control the strength of the bear-
ing layer while the mining operation design mainly affects
the stress state of the bearing layer [17-19].

Furthermore, the studies on the false roof thickness and
its limited span effect on the overall stability of the chain
pillars in thick coal seam operation indicated that the thick-
ness of backfilling roof should not exceed a limit value
[20-25]. There exists an extreme point in the relationship
of the false roof limited span and its thickness. Although
the paste filling mining technology has experienced rapid
development, the research on the stability of false roof with
highwall paste filling mining is limited.

Juhugeng No. 7 mine false roof stability was analysed
as a case study, which is located in Tianjun County of Haixi
state, Qinghai province, about 5 km east-west and 1 km
south-north. The recoverable reserve is 36.99 Mt with an
area of 5.08 km?. Over the years, the massive pits and waste
hills have been caused by the long-term traditional open-
pit mining and resulted in serious destruction to the fragile
environment and regional landscape. The main coal seams
of No. 7 mine are 1F and 2F coal seams with the average
thickness of 9.20 and 11.46 m, respectively. The coal seam
interval is about 54.32 m with average dip angle of 62°-88°.
The mining process is to downward excavate an access
roadway across the two main coal seams in the mining
area. In the meantime, excavate the roadway by the method
of unmanned downward mining with end slope shearer
along the coal seam strike and fill the goaf without delay.

The CPB in upper slice can not only control the overly-
ing strata deformation effectively but also serve as the roof
when mining the lower slice. Therefore, it is necessary for
safety and highly efficient coal mining to study the influ-
ence factors and control methods of the stability of backfill.
Based on the highwall downward slicing mining with paste
filling in Juhugeng No. 7 mine of Qinghai Yanhu Group, a
mechanical model of false roof formed by CPB was set up.
In order to provide technical support for the safety produc-
tion of mine with paste filling slicing, the research focuses
on the effect of strength on the stability of false roof and the
control methods, and it is of great realistic significance to
apply the paste filling in the thick coal seam slicing mining
and green mining.

2. Mechanical analysis of stability of false roof

According to the mining scheme of descending slicing,
the upper and lower layers of the roadway are designed to
be offset by a certain distance in the horizontal direction.
The main reason is that the immediate roof and floor of 1F
and 2F are soft mudstone, and it is easy to produce vertical
shear stress in the weak plane of the false roof. The weak
plane is shown in Fig. 1. Compared with CPB, there exists
more joint fissure in the coal body. In addition, the CPB has
strong compactness and integrity. Therefore, the reliabil-
ity of research results can be guaranteed by the design of
setting coal pillars on both sides of roadway (Fig. 1).

Some scholars have applied the basic theory of elastic
mechanics to study the stress state of the artificial false
roof and the mechanism of the instability was obtained.

R R
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Fig. 1. Mechanical analysis model of false roof stability.

The false roof stability mechanical analysis models of
thin plate model and simply supported beam model
based on the “plate structure based on both sides of elas-
tic foundation” are proposed, but there are some dif-
ferences in terms of the application situations. The thin
plate model is suitable for parallel layout of the upper
and lower layers, while the latter applies to the case
where the upper and lower stratified approaches are ver-
tical or inclined. According to the mining design scheme
of No. 7 mine, the analytical model is established based
on the thin plate mechanical model as shown in Fig. 1.

2.1. Breaking failure

The false roof formed can be supported effectively by
collar pillars when the plastic zone of the pillars is very
small. The false roof is mainly affected by the strength of the
CPB, which has the risk of cutting off or breaking while it is
not prone to overall slippage or rotation instability.

2.1.1. Cutting failure

The shear force of the false roof can be written as follows:

R=q(I-2) 1)

where g is the uniform load on the false roof; I represents
the width of mining roadway; A is the distance of the inner
edge in the plastic zone of the coal pillar to the weak plane
of the false roof.

False roof remains stable when the shear stress of CPB
is less than the allowable shear stress [t]. The maximum
shear stress of the false roof can be expressed as follows:

I-A)k
. - ) @

where k is the safety factor, & is the height of the false roof.
In order to ensure the reliability of false roof and con-

sider the most unfavorable state, T _ is then calculated

to be the cohesion strength (C) by letting normal stress
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equals to zero (o,= 0). Based on the laboratory compres-
sion test results of the paste filling material, the relationship
between cohesion and strength is obtained as: C = 0.1730,
-0.1. Therefore, the strength of backfill material follows the
following equation:

1-2)k
o MK o e @)
= 0173h

According to the composite beam theory, the overly-
ing strata and the CPB have no force on the false roof, so
the uniform load (g = yh) can be estimated only when the
weight is considered. g was calculated to be 0.0594 MPa by
letting v = 0.018 N/m? 1 = 3.3 m.

Considering the most unfavorable circumstances,
the plastic zone of coal pillar reaches its maximum value
(A,,=0) and k = 1.2. The designed compression strength
of the CPB should be larger than 0.95 MPa (o, > 0.95 MPa)
to avoid the occurrence of the cutting failure.

2.1.2. Tensile failure

There exists weak structural plane between the adjacent
false roof above the roadway under the condition that the
false roof is filled for several steps, so the stability of false
roof can be analyzed based on the cantilever beam theory.

The bending moment of the false roof is expressed as
follows:

_q(-2)
M= (4)

The tensile stress at a point in the cross section is
calculated as follows:

o, ==Y (5)

where I and y represent the moment of inertia of the cross
section and the distance between stress point and neutral
axis z, respectively. Therefore, the maximum tensile stress
of the false roof appears when y = h/2, and the moment of
inertia is written as: I = bh*/12. Substituting the parame-
ters, the maximum tensile stress in this case is calculated
as 0.146 MPa.

To ensure that no false roof tensile failure occurred, the
required compressive strength of CPB was calculated to be
atleast 1.17 MPa assuming that the compression strength
is eight times of the tensile strength.

2.2. Rotational failure

Rotational failure refers to the state that the local posi-
tion turns to plastic state and/or even further large rotation
deformation due to the concentration of local compres-
sion stress. The whole structure then fails to withstand
the upper strata. The mechanic model is shown in Fig. 2.

For this static state, the bending moment at point O
is zero (LM, = 0), we have:

(0]

by

Fig. 2. Mechanical analysis of roof structure rotational failure.

T(h—a—A):% (6)

Assuming the occlusal point is in the plastic state into
consideration, the action point of T takes a/2 place and A can
be approximately taken as Isina (A = Isina). According to the
geometrical relationship we have:

(h—lsinoc) )
g=—>7
2
2
ro_a ®)
h—Isina

The extrusion stress 0, can be calculated as follows:

S Y )
" @ (h-Isina) (1-isina)

where i = [/h. We use k to represent the ratio of the extrusion
strength (o) to the allowable compressive strength ([c ]),
the allowable load is derived as follows:

k(lfisinot)z[csc]

2i* (10)

q:

The final displacement of the false roof then can be
calculated as follows:

A_[h_JEIJ

Finally, based on the above calculation analysis, rotary
distortion instability will happen when the subsidence (A) of
the false roof reaches 2.3 m. But according to the practical
experience of the CPB false roof, the maximum subsidence
of the roof is about 300 mm. Obviously, the possibility of
the occurrence of rotary distortion instability is very small.

(11)

3. Numerical simulation of false roof stability

The software adopted in the numerical simulation is
FLAC3D (Fast Lagrangian Analysis of Continua). According
to the general conditions of No. 7 mine geologic condition,
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due to the large interval between coal seams, the interac-
tion of backfill mining the two steep coal seams (1F and 2F)
are relatively small. In order to avoid the repeated calcula-
tion, the numerical model only reflects the process of fill-
ing mining in the 2F coal seam. The range of the coal seam
dip angle is 62°-88°. Mechanical factors such as the cumu-
lative deformation and the vertical stress in the process of
downward mining are unfavorable to the stability of the
false roof, especially under the large dip angle condition.
The mechanical properties of the rock mass are listed in
Table 1. This simulation analyses the most unfavorable sit-
uation with a dip angle of 90°. Both the height and width
of the model are set to 94 m. The distance from the upper
boundary to the surface is 70 m. The model is restricted to
horizontal movement and the lower boundary is fixed. The
uniform hydrostatic pressure is applied on the top bound-
ary of the model, which is calculated as 1.7 MPa. The model
geometry and its boundary conditions are shown in Fig. 3.
The stability of false roof above the mining roadway
was analyzed with the influence of different strength
grades (0.5/1.5/3.0 MPa) of CPB. The plastic zone, displace-
ment field and stress contour are the main characters for
the stability of the false roof. As shown in Fig. 3, the coal
seam was excavated with filling roadway mining method
and four roadways 6-3-7-4 represent the design sequence
of CPB mining. To keep the consistency with the mining
site, the false roofs are divided into five strength grades.
The stratum strength directly upon the roadway, No. 1, is
set as 3 d age strength (the formation of the CPB has 3 d).
The strength of the second stratum No. 2 is set as 10 d age
strength. The strength of the No. 3, 4 and 5 strata is 17, 24
and 28 d age strength of filling material, respectively. The
upmost strength of the curing time is 28 d age strength.
The mechanical behavior of CPB is summarized in Table 2.

4. Experiment of the influence factors on
material strength

According to the above analysis, the strength of
CPB plays an important role in the stability of false roof.
The preliminary test of CPB material was carried out in
this section. The experimental materials include waste
rock, Zhonglian P.O42.5 ordinary Portland cement, water
and additive (PA Beifu agentia). The effect of cement dos-
age, rock fineness (the content of 0.08 mm fine particles

Table 1
Rock mechanical parameters for the simulation

in processing waste) and mass concentration on strength
of false roof were mainly studied to reflect the adjust-
ment and control the various factors on the stability of
false roof.

5. Results and discussion
5.1. Filling material effect on the strength of the CPB

The 3-d CPB strength is the minimum age strength of
the false roof based on the mining scheme. Therefore, to
maintain the false roof stability, the strength of CPB after
3-d solidification must reach the required strength as pre-
viously described as 1.17 MPa. From Fig. 4, after the filling
material has been fully reacted, the age strength of 3 d was
significantly increased compared with that of 1 d. Fig. 4a
indicates that the cement content should not be less than
150 kg/m®. It can be seen that when the mass concentra-
tion changes 1% of the compression strength of the CPB
changes in the range of 10%—25%. The effect of concentration
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Fig. 3. Geometric model for simulating the stability of false roof.

Strata Name Lithology Bulk Shear Internal Cohesion Tensile Density
No. modulus modulus friction C/MPa strength kg/m?
K/GPa G/GPa angle ¢/° ot/MPa

1 Immediate roof Coarse sandstone 19 23,917 32.08 11.89 0.16 2,567

2 False roof Mudstone 6.7 4,167 38.00 2.44 0.01 2,493

3 Coking coal 2F 0.6 288 28.00 5.40 0.07 1,500

4 False bottom Mudstone 6.7 4,167 38.00 2.44 0.01 2,493

5 Immediate floor Fine-sandstone 22 14,007 32.83 8.40 0.07 2,599

6 Immediate roof1 Medium sandstone 52 4,850 42.00 1.80 0.11 2,650
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Table 2
Mechanical parameters of CPB in simulation
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Strength grade/ Bulk modulus/ Shear modulus/ Internal Cohesion/ Tensile strength/
age 28 d GPa GPa friction angle/° MPa MPa
Grade 0.5 MPa 0.049 0.021 35.678 0.203 0.074
Grade 1.5 MPa 0.087 0.038 35.678 0.360 0.188
Grade 3.0 MPa 0.155 0.068 35.678 0.640 0.390
(a) = : (b) (© N
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Fig. 4. Relationship between the strength of false roof and filling material (a) cement content, (b) rock fineness, and (c) mass concentration.

on the strength of false roof is obvious. In prerequisite of
meeting flow properties of filling slurry, the concentration
would better be improved to reduce the amount of cement
and avoid excessive waste processing. Finally, low-cost
paste filling mining can be achieved under the condition of
satisfying the requirement of false roof stability.

5.2. Effect of CPB strength on the stress
and displacement of false roof

The simulation results were mainly aimed at road-
way No. 7. As shown in Fig. 5, when the strengths of the
CPB were 0.5 and 1.5 MPa, the vertical stress at the top of
the roadway No. 1 was 0.021 and 0.008 MPa, respectively.
When the strength increased to 3 MPa, the false roof was
almost free of vertical stress, which is also in agreement
with the theoretical calculation process of the uniform load
that ignores the vertical stress of overlying strata. It can be
seen in Fig. 6 that the average vertical displacement of CPB
was 6.8, 4.4 and 2.6 mm and the corresponding strength
of CPB was 0.5, 1.5 and 3 MPa, respectively. It shows that

the displacement decreases with the increase of the CPB
strength.

5.3. Effect of CPB strength on the plastic zone of false roof

As shown in Fig. 7, when the strength of the CPB was
0.5 MPa, the plastic zone around the false roof widely dis-
tributed and the stability was greatly affected; when the
strength reached 1.5 MPa, the plastic zone appeared par-
tially in the upper and lower boundary region of the false
roof and the stability was good. When the strength of the
CPB was increased to 3 MPa, there is almost no plastic
zone and the stability of roof reached its optimal.

6. Conclusions

The safety production of highwall mining is highly
affected by the upper strata stability. The stability of false
roof, formed by CPB in downward slicing method, and
its control in Juhugeng No. 7 mine are investigated with
various methods. The main findings are as follows:

Fig. 5. Vertical stress contour of false roof with different strength levels (a) 0.5 MPa, (b) 1.5 MPa, and (c) 3 MPa.
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Fig. 7. Plastic zone distribution of false roof with different strength levels (a) 0.5 MPa, (b) 1.5 MPa, and (c) 3 MPa.

The breaking failure is the main failure mode of the false
roof in highwall mining method. The strength of CPB plays
an indispensable role in the process of ensuring stability of
false roof. Controlling the CPB strength higher than 1.17 MPa
is the key to prevent the broken roof from breaking and
instability.

According to the numerical simulation analysis, the ver-
tical stress on the false roof decreased to 1/3 of the original
and stress concentration reduced greatly, it is conducive to
maintaining the integrity of the CPB. Meanwhile, the roof
subsidence reduces by about 1/3 and it provides a safer guar-
antee for the maintenance of roadway filling mining. When
the strength is increased to 3 MPa, the range of the stress and
the plastic zone of the roof are greatly reduced, and the CPB
strength influence on the stability of the false roof is negligible.

It will be the most reasonable for the strength control
of CPB to adjust 0.08 mm gangue content to be 25% instead
of the bigger the better. Compared with the effect of mass
concentration and cement content, it is more favorable for
cost reduction of mining to control the cement content and
increase the mass concentration.
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