Available online at www.sciencedirect.com
N

“e.° ScienceDirect

Trans. Nonferrous Met. Soc. China 24(2014) 3302—-3308

Transactions of
Nonferrous Metals
Society of China

v, Science
ELSEVIER Press

N

- St

www.tnmsc.cn

Subsidence prediction method based on
equivalent mining height theory for solid backfilling mining

Guang-li GUO'?, Xiao-jun ZHU'?, Jian-feng ZHA'?, Qiang WANG'*

1. Key Laboratory for Land Environment and Disaster Monitoring of the State Bureau of Surveying and Mapping,
China University of Mining and Technology, Xuzhou 221116, China;
2. Jiangsu Key Laboratory of Resources and Environmental Information Engineering,
China University of Mining and Technology, Xuzhou 221116, China

Received 10 July 2013; accepted 6 January 2014

Abstract: Based on the characteristics of strata movement of solid backfilling mining technology, the surface subsidence prediction
method based on the equivalent mining height theory was proposed, and the parameters selection guideline of this method was also
described. While comparing the parameters of caving mining with equivalent height, the subsidence efficient can be calculated
according to the mining height and bulk factor of sagging zone and fracture zone, the tangent of main influence angle of solid
backfilling mining is reduced by 0.2—0.5 (while it cannot be less than 1.0). For sake of safety, offset of the inflection point is set to
zero, and other parameters, such as horizontal movement coefficient and main propagation angle are equal to the corresponding
parameters of caving mining with equivalent height. In the last part, a case study of solid backfilling mining subsidence prediction
was described. The results show the applicability of this method and the difference of the maximum subsidence point between the

prediction and the observation is less than 5%.
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1 Introduction

Subsidence is the most common disaster in mining
areas and results in lots of environmental problems,
which attracts many researchers to work on this topic.
Subsidence control by filling has been explored for
hundreds of years, and many methods have been
developed [1-6]. However, their performance on filling
and subsidence control varies significantly [7-9]. To
control the subsidence, an accurate subsidence prediction
is crucial for designing the workface, protecting the
buildings and selecting optimized mining method. At
present, numerical simulation, similar material physics
simulation and influence function method are the main
ways to predict surface subsidence [10—12]. Among
these methods, influence function method is the most
widely used one in China with the parameters obtained
by plenty of observations [13]. Therefore, the surface

subsidence of solid backfilling mining is also predicted
based on this method as caving mining except that the
subsidence coefficient was decreased to reflect the effect
of subsidence relief. Hereby, the subsidence control can
be compared intuitively among different filling methods,
such as the subsidence coefficient of sand filling and
pneumatic filling is 0.05—0.55 [14]. To be specific, the
subsidence coefficient depends on geological and mining
conditions, filling material, filling rate and other
factors [15], which causes the difficulty for determining
subsidence coefficient. Hence, it is difficult to fix
reasonable parameters for subsidence prediction,
especially for the newly developed mining methods, such
as solid backfilling mining and cement backfilling
mining.

To solve this problem, the concept of equivalent
mining height in solid backfilling mining was proposed.
In this theory, an assumption that the subsidence
basin induced by solid backfilling mining is the same as
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deformation caused by caving mining with equivalent
height. Therefore, the subsidence prediction induced by
solid backfilling mining can be switched to predict the
deformation induced by caving mining. Then the
probability integral method, which is based on influence
function theory and widely used for subsidence
prediction induced by caving mining in China can be
applied. Besides, the equivalent mining height theory is
also used for coal pressure and strata deformation
analysis in solid backfilling mining technology. In this
work, the parameter selection for this method was given
as well. Hereby, mining subsidence of solid backfilling
mining can be predicted and it will provide a reliable
evidence for mining design under buildings, water bodies
and railways.

2 Strata movement characteristics of solid
backfilling mining

Coal exploitation breaks the stress balance of
overlying strata and leads to strata movement and surface
subsidence. In the process of strata and surface
movement, strata in caving zones and fracture zones
break, which reduces the subsidence space effectively,
and stops the strata moving [15]. Compared with the
caving mining method, the solid filling material occupies
most of the space after mining and constrains roof
subsidence when the solid backfilling mining is used.
This also explains why overlying strata movement and
surface subsidence can be controlled effectively by solid
backfilling mining.

Based on a large number of experimental
results [16], characteristics of overlying strata damage
and surface movement in solid backfilling mining can be
summarized as follows.

1) No obvious caving zones develop in overlying
strata and only small fracture zones form in immediate
roof, overlying strata bends as a whole and a tardy basin
is formed. The difference of structure and morphology in
the overlying strata of caving mining and solid
backfilling mining is shown in Fig. 1.

2) Solid filling material is compacted slowly with
bending and subsiding of overlying strata. Bearing
capability of overlying strata is improved while
compaction deformation decreases gradually until it
stays in a stable level. There is a great difference in the
process of overlying strata subsiding between solid
backfilling mining and caving mining. For solid
backfilling mining, overlying strata subsides slowly, but
for caving mining, the overlying strata subside
dramatically.

3) Characteristics of subsidence basin are similar
between solid backfilling mining and
mining method. However, the surface subsidence and
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Fig. 1 Overlying rock movement and deformation of caving
mining and solid backfilling mining method: (a) Solid
backfilling mining; (b) Caving mining

deformation of solid backfilling mining is much smaller
than caving mining. An apparent deformation and
subsidence reduction can be seen for overlying strata.
Moreover, uniform and unified subsidence is the most
common behaviors for overlying strata of solid
backfilling mining while it cannot be seen in caving
mining.

3 Connotation of equivalent mining height

Mining height is the dominant factor which affects
strata movement and surface deformation. For solid
backfilling mining, filling material occupies the goaf and
reduces the subsidence space of overlying strata. It also
can be explained in this way that the subsidence is
caused by mining coal with an equivalent height. To be
specific, equivalent mining height is the mining height of
filling working face minus the height of filling material
after compaction. As shown in Fig. 2, we denote the
height of solid backfilling mining as M, and the
subsidence of overlying strata roof as M.. Based on the
assumption that the mining subsidence basin is same
between solid backfilling mining with its mining height
M and caving method with its mining height M..
Together with the equivalent mining height model, the
equation for calculating the equivalent mining height is
shown in formula (1).

M.=h,+(k—k"\M'h, (1)

where M, is the equivalent mining height; 4, is the
unfilled height in goaf, M is the mining height; k is the
initial porosity of the filling material; &' is the residual
porosity after compaction.
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Fig. 2 Equivalent mining height model of backfilling mining:
(a) H as mining height of backfilling mining; (b) H, as
subsidence of roof; (c) H, as equivalent mining height

Based on the equivalent mining height theory, all
methods used for caving method subsidence prediction
can be applied to solid backfilling mining after
substituting the mining height to equivalent height.
Though many subsidence prediction methods were
developed in China [13], the probability integral method
is the most widely used subsidence prediction method.
Subsidence prediction parameters were also given based
on the surface observations. Therefore, the probability
integral method was selected for solid backfilling mining
subsidence prediction.

4 Determination of parameters of subsidence
prediction model

The strata movement mechanism and characteristics
of solid backfilling mining are different from those of
caving mining. This leads to different values and
meanings of probability integral parameters of surface
subsidence prediction between solid backfilling mining
and caving mining.

Subsidence prediction parameters in probability
integral method consist of subsidence -coefficient,
horizontal movement coefficient, tangent of the main

influence angle, offset of the inflection point and main
propagation angle. Four methods are available for
determining the model parameters: 1) parameters
inversion from the measured data; 2) theoretical analysis;
3) analog method; 4) empirical formula method. For
solid backfilling mining, the measured data of surface
subsidence are quite scarce and the empirical formula is
not available. Therefore, it is not feasible for inversing
parameters from measured data, analog or empirical
formula, and more focus should put on the theoretical
analysis on solid backfilling mining.

However, researchers have established a plenty of
field observations in China for caving mining and this
provides many available parameters of probability
integral model. Meanwhile, the subsidence basin is
similar between caving mining method and solid
backfilling mining method, which makes probability
integral model applicable to predict the subsidence of
solid backfilling mining method. Therefore, it is
necessary to establish the parameter relationship between
these two mining technologies. Available results derived
from many years’ field observations should be used as
well.

The relationship of parameters between solid
backfilling mining and caving mining are as follows.

4.1 Subsidence coefficient

Subsidence coefficient (g) is the ratio of the
maximum subsidence with mining height under fully
extraction and it can be defined as

q=Wo/(Mcos a) )
For solid backfilling mining, the subsidence

coefficient can be defined as

q~=Wy/(Mcos a) 3)

where ¢ is the subsidence coefficient; W, is the
maximum subsidence of fully extraction; M is mining
height of caving mining; ¢, is the subsidence coefficient
of solid backfilling mining; M. is the equivalent mining
height of solid backfilling mining, and « is the incidence
angle of coal seam.

While considering the definition of subsidence
coefficient, the value of it depends on the maximum
subsidence. For caving mining, the maximum subsidence
is mainly determined by mining height, residual bulking
factor of collapse, fracture and sagging zones, which is
expressed as

We=M—H\(ky—1)~Ha(ky—1)~H3(ks—1) )
where W, is the maximum subsidence of caving mining
method with the mining height of M,; H,, H, and H; are
heights of collapse, fracture and sagging zones,
respectively; kq, k, and k&; are bulking factors of collapse,
fracture and sagging zones correspondingly.
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Thus, the mining depth can be approximately
expressed by H=H|+H,+H;.

The overlying strata subsides slowly under the
support of filling in solid backfilling mining, fracture and
sagging zones develop and the corresponding maximum
subsidence can be expressed as

W =M—~H"(k'y=1)—H"5(k's—1) Q)

The mining depth of solid backfilling mining can be
described as H=H'y+H';, where W, is the maximum
subsidence by solid backfilling mining; H", H'; are the
heights of fracture zone and sagging zone, respectively;
k", k's are the bulking factors of fracture and sagging
zone correspondingly.

Figure 3 shows the comparison of vertical residual
bulking factor in strata of caving mining with equivalent
mining height and solid backfilling mining which is
obtained by analyzing the similar material simulation
results. Results show that the bulking factors in sagging
and fracture zones of solid backfilling mining and caving
mining with equivalent mining height are small, and the
difference between these two mining methods is not
apparent. Hereby, we can assume that the residual
bulking factors in fracture and sagging zones are similar
for caving mining with equivalent mining height and
solid backfilling mining.
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Fig. 3 Vertical residual bulking factor between caving mining
and solid backfilling mining

To sum up the analysis above, it can approximately
assume that the residual bulking factors of fracture and
sagging zones of overlying strata in solid backfilling
mining are equal to the corresponding coefficients in
caving mining. Hereby, formula (5) can be changed to

W =M.—~H'">(ky~1)—H"3(k;—1) (6)

By comparing Egs. (5) and (6), it can be seen that
the difference of the maximum subsidence between
caving mining (with the height M.) and solid backfilling
mining (with the mining height M) is

W=We=H(ki=1)~Hy(k;~1)~H3(ks—1)~
(ko= 1)~ H's(ks—1) (7

Correspondingly, the difference of subsidence
coefficient between different mining methods is

q:—q=H (k= D) HHy=H) (k= D HH=H'3)(ks— 1) )/M. (8)

According to Eq. (8), the subsidence coefficient of
solid backfilling mining can be expressed as

q,=9+Aq= gt [H (k=) +(H=H') (k= 1)+
(H3—=H'3)(ks—1)]/M. )

In practical application, heights of collapse zone (H,)
and fracture zone (H,) of caving mining can be
calculated according to the empirical formula, and the
bulking factors of collapse (k;) and fracture (k) zones
can be measured by cylinder compression test [16].
Then, based on the subsidence coefficient of caving
mining and Eq. (5), k3 can be calculated. By substituting
k; into Eq. (9), the subsidence coefficient of solid waste
filing g, can be fixed.

According to the previous illustration, several
conclusions related to subsidence coefficient g are
obtained.

1) Subsidence coefficient of caving mining and
solid backfilling mining decreases slightly when the
mining height increases, and the difference between them
increases gradually with increment of mining height.

2) While the mining height is small (less than 0.5
m), subsidence coefficients under these two conditions
are almost the same.

3) With the increase of mining depth, the proportion
of bedrock thickness also increases. This implies that the
overlying strata becomes harder and the subsidence
coefficient for caving mining and solid backfilling
mining decreases, and the magnitude of decrease of solid
backfilling mining is smaller than that of caving mining.

4) While the mining depth increases, the difference
for subsidence coefficient of caving mining and solid
backfilling mining increases;, it decreases when
subsidence coefficient for caving mining increases(when
the comprehensive lithology for overlying strata is soft)
and vice versa.

4.2 Tangent of main influence angle (tan g)

Tangent of the main influence angle (tan p) is a
parameter which reflects the range of inside and outside
border of surface movement basin, it mainly shows the
concentration of surface movement after it reaches a
stable state. According to the surface movement
observations in China, tangent of the main influence
angle under caving mining is related to the lithology of
overlying strata, mining depth and incidence angle of
coal seam. When strata become harder or incidence angle
of coal seam increases, tan £ becomes smaller; while the
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mining depth increases, tanf increases as well. In
general, the value of tan f ranges from 1.2 to 1.6.

Compared with caving mining, characteristics of
overlying strata movement of solid backfilling mining is
quite different. For this technique, collapse and fracture
zones are not been developed and the failure height of
overlying strata is much smaller. So the tangent of main
influence angle is small since its lithology is harder than
that of caving mining.

Similar material simulation results [16,17] show
that tangent of main influence angle of solid backfilling
mining is smaller than that of caving mining with the
magnitude of 0.2—0.5. Thus, it is highly recommended
that for determining the tangent of main influence angle
of probability integral method in solid backfilling mining
based on equivalent mining height, we should subtract
0.2 to 0.5 from the tangent of main influence angle of
caving mining. However, it should be noticed that the
tangent value of main influence angle cannot be less than
1.0.

4.3 Offset of inflection points

For caving mining, cantilevers and cavities are
formed at the boundary of goaf and the space reduced for
collapsed strata moves, which decrease the size of goaf.
In order to predict surface movement accurately, the
offset of the inflection point is introduced. In general, the
offset of the inflection point increases while the lithology
becomes harder.

For solid backfilling mining, equivalent mining
height is the virtual height and inflection points do not
have the physical meaning as caving mining. The
inflection points should be treated with the
non-compressed length of the filling material at
boundary of goaf. Overlying strata subsides slowly under
the protection of filling material, then, the underground
pressure of working face becomes smaller and the
overlying strata becomes more difficult to be broken.
The offset of the inflection point should increase
compared with caving mining. But in the view of safety,
the offset of the inflection point can be determined as the
same as caving mining or be set to 0 in the process of
subsidence prediction of solid backfilling mining.

4.4 Horizontal movement coefficient

The horizontal movement coefficient (b) is the ratio
between the maximum horizontal and vertical movement,
and it depends on the thickness of alluvium layer and
incidence angle of coal seam. For solid backfilling
mining and caving mining, their horizontal movement
coefficients are at the same level approximately.

4.5 Main propagation angle
Main propagation angle (6,) is the parameter which

reflects surface movement and deformation prediction in
dip direction while mining with tilt coal seams. The main
propagation angle relates to the incidence angle of coal
seam mostly. For the values of main propagation angle in
solid backfilling mining and caving mining, they are at
the same level and it can be described as follows:

0p=90°—ka (10)
where k£ is a constant (less than 1.0), and & ranges from
0.7 t0 0.8, from 0.6 to 0.7 or 0.5 to 0.6 under different

conditions of hard, medium-hard, and soft overlying
strata, respectively.

5 Case study

Huayuan coal mine is located in Jinxiang county,
Ji’ning city, Shandong province. The research area is the
2# panel of Huayuan coal mine. Many villages and
different lands are above the panel as shown in Fig. 4.

Fig. 4 Villages and lands above 2# panel

In order to protect the houses and important
buildings on the surface, solid backfilling mining was
selected for mining coal in the 2# panel(1312 and 1316
working faces are included). The overview of 1312 and
1316 is listed in Table 1.

Table 1 Overview of 1312 and 1316 work faces
Depth/ Thickness/

Working Length on Inclined  Dip

face strike/m  width/m angle/(°) m m
1312 34 272 8 550 2.5
1316 102 232 8 550 2.5

Subsidence prediction based on the proposed
method was performed to evaluate the subsidence
damage after 1312 and 1316 working faces’ exploitation.
Parameters of probability integral method for thin coal
seam in Huayuan coal mine are listed as follows:
subsidence coefficient, 0.94; tangent of main influence
angle, 1.6; offset of the inflection point, 0.05H; main
propagation angle of extraction, 90—0.4a.

According to the method for parameters selection
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referred above and considered with plenty of numerical
simulation results, the parameters for solid backfilling
mining method in Huayuan coal mine are refined as
follows: subsidence coefficient, 0.97; tangent of main
influence angle, 1.3; offset of the inflection point, 0;
main propagation angle of extraction, 90—0.4a.

By cylinder compression method [89], the
compression characteristics of solid waste in Huayuan
coal mine is tested, and the equivalent height, which
equals 572 mm, was given through formula (1). Later on,
the surface subsidence after 1312 and 1316 working
faces’ exploitation was calculated through the self-made
software program.

Meanwhile, monitoring station of surface
movement was also set during the 1312 and 1316 mining
process, and the surface subsidence was surveyed from
2011-04—12 to 2012—10—17 with one month interval. In
total, five survey lines were set on the surface, and the
difference of survey line B between the measured data
and predicted data is shown in Fig. 5.
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Fig. 5 Subsidence comparison between measured and predicted
data of survey line B

It can be seen in Fig. 5 that the prediction
subsidence distribution is similar with measured data.
The error of the maximum subsidence point is smaller
than 5%. Similar conclusions can be obtained through
other four survey lines. Thus, it can be concluded that the
probability integral method based on the equivalent
height theory can be used for the subsidence prediction
of solid waste mining method.

6 Conclusions

1) For solid backfilling mining, the overlying strata
move tardily and slowly. Fracture and sagging zones are
developed. The subsidence basin of this technology is
similar with the basin of caving mining with equivalent
height.

2) The equivalent height theory was proposed. It

assumes that the subsidence basin of solid backfilling
mining is the same as the deformation induced by caving
mining with equivalent height. Hereby, it is reasonable
for switching solid backfilling mining subsidence
prediction to calculate the deformation of caving mining
with equivalent height, and the widely used probability
integral method in China can be applied to solid
backfilling mining subsidence prediction.

3) The parameter selection method for solid
backfilling mining subsidence prediction was also
brought forward. Subsidence coefficient can be
calculated according to the height and bulk factor of
sagging and fracture zones. The tangent of main
influence angle is reduced by 0.2-0.5 from caving
method with the equivalent mining height (but it cannot
be less than 1.0). Offset of the inflection point is set to
zero for safety; other parameters, such as horizontal
movement coefficient and main propagation angle of
solid backfilling mining, are equal to the corresponding
parameters of caving method with equivalent mining
height.

4) Case study results show that the subsidence
induced by solid backfilling mining can be predicted by
probability integral method with equivalent mining
height, and the error of the maximum subsidence point is
less than 5%.
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