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Abstract This paper presents an investigation on the
effects of intermittent cut-and-fill mining on the overbur-
den failure under sand aquifers. In the intermittent cut-and-
filling method, the panel is divided into long pillars, and
then entries in every long pillar into a narrow strip; every
narrow strip is then cut and backfilled. Field measurements,
scale model tests and numerical simulations are used to
compare overburden failure and subsidence due to three
mining methods: intermittent cut-and-fill mining, longwall
excavation and continuous filling. These methods were
applied in a case study of the Taiping Coal Mine, in
Shandong, China. The results of the numerical simulation
and scale model testing reveal that the height of the max-
imum caving and water-conducting fractured zones, and
the maximum subsidence due to intermittent cut-and-fill
mining are much smaller than those with the use of long-
wall excavation and continuous filling and well verified by
the field measurements. Additionally, the numerical simu-
lation results of the stress distribution and variation during
intermittent cut-and-fill mining are in close agreement with
those of the field measurements. It has been proved that the
intermittent cut-and-fill mining can successfully mitigate
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the overburden failure and subsidence, which contribute to
preventing water and sand inrush into coal mines under
sand aquifers. This provides a less costly and more effec-
tive approach to address surface subsidence and mine
caving problems.

Keywords Sand aquifers - Intermittent cut-and-fill
mining - Overburden failure - Fractured zone - Caving
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Introduction

Water and sand inrush may occur when the fractured zone
induced by coal mining penetrates the sand aquifers that
overlie the coal seams and contain sand and gravel layers.
There has been many researches on the mechanism of
overburden failure and strata deformation induced by coal
mining under sand aquifers (Sui et al. 2015a, b). The
mining methods that mitigate overburden failure and sub-
sidence and prevent water inrush due to coal mining have
been widely studied, such as slice, room-and-pillar, backfill
and strip mining (Iwanec et al. 2016; Ghasemi et al. 2012;
An et al. 2016; Gao and Ge 2016). Among these mining
options, strip and backfill mining are considered to be the
most effective methods to mitigate overburden failure and
prevent coal mine from groundwater disasters.

When mining activities are conducted under buildings,
railways and water bodies, different types of problems are
need to be addressed: the problems of surface subsidence
which would cause deformation and destruction of build-
ings and railways and the problems of overburden failure
which would lead to water and/or sand inrush as the frac-
tured zone penetrates the aquifers (Djamaluddin et al.
2011). As a partial mining method, strip mining is mainly
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used when mining is carried out under buildings, railways
and water bodies with less cost and often used due to its
practicality. Since coal seams are divided into several
strips, the remaining coal pillars should provide temporary
or permanent support to maintain and support the over-
burden strata. However, a low recovery ratio has a negative
effect on the production of coal mines, as well as the room-
and-pillar mining which is a method of working preferable
for flat, tabular and thin seams, where the pillars formed by
rooms or entries produced in the solid coal in the devel-
opment panels (Ghasemi and Shahriar 2012; Ghasemi et al.
2014). Additionally, the conventional coal pillar can be
replaced by a backfilled room-and-pillar in underground
coal mining in order to confine and support the rock mass,
thereby limiting the amount of convergence (Tesarik et al.
2009). In recent years, backfill mining has become a pop-
ular and widely used mining method with a high recovery
ratio and can effectively control roof and overlying strata
movement (Zhang et al. 2016). Furthermore, the backfill
mining can greatly decrease the abutment stress compared
to the longwall excavation mining (Deng et al. 2016).
Backfill mining approach originated in Australia, where
dry, water and cement filling were carried out. Paste
backfill mining, which uses cement fill, was first applied in
the Bad Grund mine in the 1970s to mine lead, zinc and
ore, and the technology has then become widely used in
coal mines since the 1990s (Rankine and Sivakugan 2007).
Filling mining in China has been implemented for over
40 years. The first coal mine that used paste backfill mining
was the Taiping Coal Mine in 2006, in which the coal
seams under thick unconsolidated aquifers and thin bed-
rocks were successfully exploited, and there was
improvement in reducing surface subsidence damage from
roof control. Moreover, there have been significant eco-
nomic, environmental and safety benefits to the Taiping
Coal Mine since then, and backfill mining is shown to be a
good solution to the major problem of coal mining under
buildings without relocating the villages. The paste backfill
material used in backfill mining is often composed of fly
ash, sand and cement material, etc. (Fall et al. 2008). Paste
backfill material is a core component of paste backfill
technology, and many researches have been carried out on
the properties, such as early and long-term strengths,
resistance to compression, flow and creep (Fall et al. 2007).
The results have shown that paste backfill material has a
high early strength and strain hardening takes place at low
confining pressures with 0.5-1 MPa (Yilmaz et al. 2014).
Many researchers have demonstrated that backfill can
ensure stability of the surrounding rocks and coal pillars
during mining, even improving long-term underground
safety by supporting the coal roof and maintaining the
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strength of the support pillars (Tesarik et al. 2009). The
backfill becomes part of surrounding rocks and integrates
with them, and the coal pillar strength is increased due to
the lateral restraint of the backfill, so then the post-failure
stress is greater for the constrained pillars than the post-
failure stress in the unconstrained pillars (Tesarik et al.
2003; Kostecki and Spearing 2015). Previous research has
shown that paste backfilling has a much higher recovery
rate and can effectively control the movement and defor-
mation induced by overburden pressure and surface sub-
sidence compared to other mining methods, such as strip
mining and longwall excavation (Belem and Benzaazoua
2008; Fall et al. 2009; Xu et al. 2011; Yao et al. 2012;
Zhang et al. 2012). However, in order to maximize the coal
pillar recovery rate with stripping, some new mining
methods have surfaced that combine strip and backfill
mining, such as backfill strip mining underground, backfill
grouting in zones of caving rock and bed separation with
strip mining and continuous filling.

Coal mining under sand aquifers can be complex. The
thin bedrock cannot support a stable structure such as
masonry beams during strip mining, and the deformation
due to the wavy stratum extends to the upper layers.
Moreover, overburden failure after mining cannot be con-
trolled in a timely manner with continuous filling, which
may lead to a negative effect on controlling surface sub-
sidence. Thus, an intermittent cut-and-fill mining method
has been adopted in different coal mines. The intermittent
filling time is a unique factor that provides time for the
backfill to consolidate in maintaining stability. First, the
panel is divided into long pillars, and then entries in every
long pillar into a narrow strip. Cyclical mining is advanced
around narrow coal pillars with a certain distance, and then
filling is carried out during the excavation of the narrow
coal pillars in the next wide strip. Mining and filling are
carried out at the same time, but separated with a certain
distance, and thus the new backfill will have enough time
to consolidate in maintaining stability. The continuous
filling method here means a simultaneous mining and fill-
ing with no interval until the end of the production in a
panel. This paper will investigate the stress distribution,
subsidence and overburden failure due to intermittent cut-
and-fill mining to explain its environmental sustainability.
The numerical simulations and scale model testing mainly
focus on the evolution of the stress toward the coal pillars
and backfill, and the prediction of the height of the over-
burden failure and subsidence due to longwall mining,
continuous filling and intermittent cut-and-fill mining
activities, based on a case study of Seam No. 3 of the
Permian Shanxi Formation in the Taiping Coal Mine,
located in Shandong, China.
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Geological setting and hydrogeological engineering
conditions

The Taiping Coal Mine

The Taiping Coal Mine is located in the county of Zou-
cheng, 188 km southwest of Jinan, which is the capital of
the Shandong province in China (Fig. 1). The Taiping Coal
Mine encompasses an area of approximately 22 km?, with
a length of 7.1 km in the north-to-south direction and a
width of 3.1 km in the east-to-west direction. The No. 3
coal seam in the Permian Shanxi Formation is a productive
coal seam with an average thickness of 8.85 m under sand
aquifers and surrounded by thin bedrock formations. Fur-
thermore, more than 2 million tons of coal has been mined
out by using paste backfilling from 9 other panels since
2006.

Geology and hydrogeology

Geologically, the Taiping Coal Mine is located in the
southwestern part of the Yanzhou coalfield which is loca-
ted on the eastern rim of the depression zone in the Western
Shandong Block of the North China Platform. A schematic
of the planar graph of the Taiping Coal Mine which depicts
the distribution of the panels is shown in Fig. 2. Figure 3 is
an illustration of the geological cross section of Panel SO1,
which is examined for overburden failure. The No. 3 coal
seam has a thickness that varies from 2.10 to 9.97 m and a
dip angle of 5°-15°. The lithology of the overburden strata
mainly consists of mudstone, fine sandstone and siltstone.
The geological structure of the mine is consistent with the
regional structural features. The gentle secondary fold is
the main structure with an axial direction of northeast with
a small number of faults in this area. The strike directions
of the normal faults are nearly north—south, while the

reverse faults are oriented east—west, and the throw of these
faults varies from 0.5 to 9 m.

The hydrogeological structure, which affects the mining
of the No. 3 coal seam, consists of sandstone aquifers in the
bedrock of the Permian age, clay aquitard and sand aquifer
in the unconsolidated Neogene layers. The bedrock aqui-
fers are dewatered during the mining process, so they have
little impact on mining safety. However, the bottom aquifer
of the Neogene system has a specific capacity of
0.023-0.11 L/(s m), which is classified as weak to medium
in water abundance in accordance with the regulations of
preventing water hazards for coal mines (China State
Administrator of Coal Mine Safety 2009), and safety pillars
should be established to prevent water hazards. Fortu-
nately, the Neogene bottom clay layer that has a thickness
from O to 14.2 m can be considered as the protective layer
which would prevent water inrush.

Engineering geology

The overburden bedrock with a thickness that ranges from
0 to 32.6 m is thin compared to the unconsolidated Neo-
gene layers with an average thickness of 158.95 m. The
geotechnical properties of the geological sections in the
Permian Shanxi Formation are listed in Table 1. The
overburden bedrock is mainly mudstone and fine sand-
stone, and the mudstone can be easily damaged due to
mining by longwall excavation. The overburden strength
ranges from low to medium, which is beneficial for mining
safety because the height of the water-conducting fractured
zone is reduced. However, the unconsolidated Neogene
layers deposited on the overburden bedrock consist of
clayey, coarse and alternating sands, as well as gravel. The
height of the water-conducting fractured zone should be
carefully controlled during coal mining to avoid water and
sand inrush from the unconsolidated layers.
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Fig. 1 Location of the Taiping Coal Mine
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Methodology

Mining method and the properties of paste backfill
materials

In the intermittent cut-and-fill mining method, the panel is
firstly divided into long pillars with a width of 27.2 m,
while every entry has a width of 3.4 m. Then, 3.4-m entries
are cut and filled with paste fill. The second step, 3.4-m-
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wide entry slices adjacent to the previously paste-filled
entries in every long pillar are cut and filled. And this
process continues until all the panel is excavated and filled.
Figure 4 shows the mining process in which intermittent
cut-and-fill mining is used: (1) First, a small coal pillar is
extracted in each group with panel advance; the mined out
area is backfilled while extracting a narrow coal pillar in
the next group; and finally, all the small mined areas are
replaced with paste backfill material in each group. There
is a certain distance between every two backfills; (2) when
the first cycle is completed, the same mining sequence is
carried out and the same specification applies for the
backfill next to the backfill in the last cycle in the
advancing direction; and (3) the remaining strips in the
panel are all mined out and backfilled.

The paste backfill materials used in the Taiping Coal
Mine consist of fly ash, sand from the Sihe River, water
and shrinkage-limited (SL) cement. The materials have an
affinity for mud, strong consolidation capability, high early
strength and continuous growth in strength in the late ages
so that the stability of the backfill can be ensured. More-
over, the materials are low in cost and readily available.

Table 2 shows the paste backfill material mixture ratio,
and Table 3 shows the uniaxial compressive strength
(UCS) and cohesion of the paste backfill material. The
UCS of the paste backfill material increases with curing
age (Fig. 5). The paste material was pumped into the filling
bag in the panel through the pumping system, and then, the
paste backfill material was placed into a narrow confined
opening. The surrounding rock mass and backfill interact in
a complex manner (Li and Aubertin 2008; Li et al. 2011).



Environ Earth Sci (2017) 76:562

Page 5 of 20 562

Table 1 Geological and mechanical properties of coal measures

Stratigraphy Lithology Thickness  Unit Compressive  Tensile  Elastic Poisson’s  Cohesion  Angle of
(m) weight strength strength  modulus ratio (MPa) internal
(kN/m®)  (MPa) (MPa) (GPa) friction (°)
Neogene Clay with sand 36.2 22.0 - - - - 0.01 13
Alternate sand and clay 28.0 21.0 - - - - 0.03 15
Sandy clay with sand 17.0 21.0 - - - - 0.02 19
Clayey sand 28.5 20.0 - - - - 0.04 18
Clay and sandy clay 8.3 19.5 4.8 - 0.056 0.29 0.05 20
Sand, clayey sand 36.5 21.0 3.2 0.006 0.22 0.32 0.12 32
and clay

Permian Shanxi  Sandstone 26.0 26.0 24.0 1.50 2.20 0.24 6.9 37
formation Mudstone 3.0 25.0 5.7 0.45 035 035 43 33
Coal 8.5 22.0 8.45 0.51 1.15 0.29 2.6 32
Sandstone 15.5 27.0 21.0 1.55 1.55 0.3 7.5 38

— Not applicable
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Fig. 4 Flowchart of intermittent cut-and-fill mining. L wide strip; / narrow strip

Table 2 Mixture ratio of paste backfill material

Raw material Dry Fly Cementing Water
sand ash material
Mass proportion (%) 64.31 4.82 7.10 23.77

The surrounding rock mass then holds the backfill by shear
forces along the interfaces, forming a three-dimensional
stress state in the backfill, and a strain hardening process
takes place at a low confined pressure. Thus, the paste
backfill can support the overburden so that the formation
movement induced by mining would not reach the ground
surface and the water-conducting fractured zone will not
penetrate the upper aquifers, which would address the
mining safety requirements for sand aquifers in the Taiping
Coal Mine.

Field measurements

Field measurements have been one of the most effective
and direct methods to investigate the stress distribution in
the rock, the height of overburden failure zones and sub-
sidence after mining. Figure 6 shows the layout of field
measurement points for the Panels 8311 and SO1. The field
measurement for the height of overburden failure was
conducted in the Panel 8311, while for the stress distribu-
tion and the subsidence in the Panel SO1. Both panels
adopted the paste backfill mining.

Generally, the stress distribution in the roof can be
characterized by the load on the single hydraulic support
during the mining process. The YHY-60 hydraulic
dynamometer was used to measure the cyclical support
pressure before shifting the support in the Panel SOI.
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Table 3 Mechanical

parameters of paste backfill Curing age (d) ! 3 ! 14 28
material Average value of UCS (MPa) 0.14 0.29 0.57 0.75 1.12
Poisson’s ratio - 0.47 0.41 0.37 0.34
Cohesion (kPa) 74.8 213.7 379.2 544.8 649.7
Angle of internal friction (°) 17.5 15.8 15.2 14.5 14.3
— Not applicable
1.2 = gravitational pressure of the soil layers, which was calcu-
E lated by the formula as follows:
=" _H ) "
~§) m Cy C[ )
o 0.8+
E where ¢, is the applied distribution load; H is the buried
© 06+ depth of the coal seam; H,, is the height of the overlying
g_ strata in the scale model; 7 is the average unit weight of the
E 044 overlying strata; / is the length of the model; b is the width
‘_‘; of the scale model; Cy and C; are the similarity ratios for
& 021 unit weight and geometry of the model.
5 The height of overburden failure may not exceed 25 m
0.0 T T T T T according to the previous mining experience in the Taiping
0 5 10 15 20 25 30

Curing age (d)

Fig. 5 UCS of paste backfill materials with curing age

Furthermore, the subsidence observation station was set up
in the Panel SO1 to measure subsidence.

The boreholes were carried out before and after mining
in the Panel 8311, and then the water loss was measured by
the two-terminal plugging tool in different locations to
determine the height of the overburden failure zones.

Scale model testing

Scale model testing was used to examine overburden fail-
ure in the Taiping Coal Mine which is used as a case study
in this research work. Two engineering geological models
were used for the strike and dip directions of the Panel SO1.
The coal seam was divided into two slices by longwall
excavation with a mining thickness of 1.8 m in the first
slice, and continuous filling and intermittent cut-and-fill
mining with a mining thickness of 2.2 m in the second
slice, respectively. Figure 7 shows the scale model of the
studied area and parameters for the scale model. The ele-
vation of the coal seam with a thickness of 8.4 m varies
from -150 m to -140 m, and the size of the model is
300 cm x 30 cm x 68 cm  (length x width x height).
Table 4 lists the parameter scales of the model in accor-
dance with the similarity theory (Franz 2008). Materials
used for modeling include sand, mica, gypsum, calcium
carbonate, water, etc. A distribution load of 14.58 kN was
applied on the top of the scale model to simulate the
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Coal Mine. The both boundaries of the model are 40 and
60 m away from the mined out area, respectively. There-
fore, the boundary effects can be mitigated effectively.
Moreover, the scale model was free in the vertical direction
on both side boundaries and fixed in the bottom and hori-
zontal directions, which provide a lateral restraint. Fur-
thermore, the monitoring points were arranged on the front
surface of the model for image acquisition of the overlying
strata displacements, while the dial indicators were set on
the back surface to collect displacements for calibration.

Numerical simulation

Fast Lagrangian Analysis of Continua (FLAC 3D code)
(Itasca 2009) was used to analyze the evolution of the
stress of the coal pillars, backfill and the overburden failure
by using the mining sequence in accordance with scale
model testing, which showed longwall excavation with a
mining thickness of 1.8 m in the first slice, and continuous
filling and intermittent cut-and-fill with a mining thickness
of 2.2 m in the second slice, respectively. The simulated
model size was set at 340m x 340 m x 129 m
(length x width x height), in accordance with the engi-
neering geological and mining conditions of the area for
intermittent cut-and-fill mining. Figure 8 shows the sche-
matic diagram of the 3D model. There is a boundary with a
width of 100 m in the length and width directions to reduce
the boundary effect. Moreover, the both side boundaries
and top face are free in vertical displacement and fixed at
the bottom and horizontal directions. A vertical pressure of
1.8 MPa was loaded on the top to simulate the vertical
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Fig. 6 Schematic of layout of field measurement points and parameters for Panels SOI and 8311 in the Taiping Coal Mine. a Height of
overburden failure measurements for Panel 8311; b subsidence and stress measurements for Panel SOI

geostress. The mechanical parameters of overburden are
listed in Table 5 and were carefully determined through
laboratory testing and geological observations. The prop-
erties of rock mass were analyzed with the Mohr—Coulomb
criterion, and the coal extraction process was conducted
with the null model function.

In this numerical model, when the ratio of the maximum
unbalanced force against internal force is less than 10_5,
the maximum unbalanced force may achieve the minimum
and imply that the model is convergent. The size of each
mesh  varied from 34 mx34mx1.8m to
34m x 34m x 6 m (length x width x height); thus,
the size of the mesh was small, and the ratios of the side

lengths were sufficiently small that there is no deformity in
the mesh. However, the calculation efficiency may be
lower if the mesh size shrank any further. Therefore, the
mesh size in this numerical model may guarantee the
precision of the calculation process, which verified the
validity of the numerical method.

However, the roof strata collapse with the longwall
excavation process, then three zones of disturbance may be
identified as a caving zone, fractured zone and continuous
deformation zone. The caving rocks will be gradually com-
pacted with the panel advance, and the caving zone and paste
backfill materials were analyzed based on double-yield cri-
terion used to simulate the strain hardening process. The
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Fig. 7 Scale model along the
strike direction of Panel SO1
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Fig. 8 FLAC 3D schematic model and the layout of monitoring
points

simulation parameters for paste backfill and caving zone are
calibrated against the results derived from laboratory tests
and Salamon model which is widely used in describing the
strain hardening behavior, respectively (Ju et al. 2015).

EOSV
=—7
=8 en

(2)

[

where ¢ is the applied compressive stress to the caving rock;
Ey is the initial tangential modulus of the caving rock; &, is the
volumetric strain; and &£} is the maximum volumetric strain.
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Figure 9 illustrates the fitted results of the input
parameters for double-yield material model and the theo-
retical results derived from Salamon model or laboratory
tests. The double-yield material model is a cap pressure
table which relates cap pressure to plastic volumetric
strain. The figure indicates that the stress—strain relation-
ship chosen in the simulation is also verified. Table 6
shows the simulation parameters for paste backfill and
cave-in material. The monitoring lines of stress were
placed below the coal seam floor at 1 m, and those of
displacement over the coal seam roof at 5 m to monitor the
stress of the coal pillars and the backfill and roof defor-
mation (Fig. 8). There were a total of 101 monitoring
points in each monitoring line with a distance of 3 m.

In addition, only the gravity stress was considered in the
initial equilibrium process and a distribution load was
applied on the top of the model to compensate the vertical
gravity of the soil layers.

Results and analysis

Stress evolution and verification by the field
measurements

Figure 4 shows the flowchart of the mining process by
using intermittent cut-and-fill mining in the Taiping Coal
Mine, which is the case study used in this research work.
There are 6 wide strips, each with a width of 27.2 m, and
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Table 5 Geological strata and mechanical properties of coal measures

Geological strata Thickness ~ Unit ucCsS Elastic Poisson’s  Angle of Cohesion ~ Bulk Shear
(m) weight (MPa) modulus ratio internal strength modulus modulus

(kKN/m>) (GPa) friction (°)  (MPa) (GPa) (GPa)

Soil 150.0 21.0 4.8 0.056 0.29 20 0.05 0.04 0.02

Bottom clay 6.0 21.0 32 0.218 0.32 32 0.12 0.20 0.08

Fine sandstone 25.0 26.0 24.0 2.20 0.24 37 6.90 1.41 0.89

Mudstone 3.0 25.0 5.7 0.354 0.35 33 4.30 0.40 0.13

Coal 8.4 22.0 8.45 1.32 0.29 32 2.60 1.05 0.51

Sandstone 30.6 27.0 21.0 1.15 0.30 38 7.45 1.00 0.44

Paste backfill material 22 18.5 0.29-1.12  0.40-2.76 0.34 14.3-17.5 0.21-0.65  0.40-3.00 0.20-1.00

the wide strips are each divided into 8 narrow strips with a
width of 3.4 m. Therefore, there are a total of 8 mining
cycles, and a coal pillar with a width of 3.4 m was exca-
vated and backfilled for each step. A narrow strip was
exploited at a distance of 27.2 m from the previous narrow
strip, which was backfilled at the same time. Then, the
newly mined out narrow strip would not disturb the pre-
vious backfill so that there is time for intermittent filling in
order for the backfill to maintain self-stability. The
stable coal pillars beside the backfill along the panel in the
advancing direction provide significant lateral restraint to
the backfill, and the coal pillars and backfill support the
overburden pressure together during the mining process.

Stress evolution during intermittent cut-and-fill mining
from numerical simulation

During intermittent cut-and-fill mining, the overburden
stress is jointly supported by the coal pillars and the
backfill. The size of the coal pillars and backfill varies
during the process of intermittent cut-and-fill mining.
Therefore, there will be interactions between the coal pil-
lars and backfill during the mining process, which are as
follows: (1) The backfill becomes part of the geological
formation and integrates with the formation; vertical
compression and horizontal expansion are produced due to
the overlying strata pressure. Then, the backfill induces
lateral restraint to the coal pillars; (2) the vertically com-
pressed coal pillars resultant of the pressure from the
overlying strata can restrain the lateral deformation of the
backfill; and (3) interactions between the coal pillars and
backfill will reduce the stress concentration on the coal
pillars and walls due to the stress transformation of the coal
pillars to the backfill.

The intermittent cut-and-fill mining with a mining
thickness of 2.2 m was carried out in the second slice after
longwall excavation mining disturbance of the first slice
with a mining thickness of 1.8 m. Figure 10 shows the
evolution of stress in the coal pillars and the backfill from
the numerical simulation during the intermittent cut-and-

fill mining process of the second slice. The stress concen-
trated on the two sides of the panel after the first slice
mining disturbance with a factor of 4.5. However, this
phenomenon does not aggravate during the mining process
of second slice. The stress in the first strip is minimal so
that the backfill in the goaf bears a low load of the over-
burden strata and the stress concentration in the coal pillars
with a factor of 1.36. The load on the backfill increases
slowly, and a maximum stress concentration factor of 1.48
is found in the center of the panel during the seventh
mining cycle. However, the coal pillars still maintain sta-
bility due to the lateral restraint of the backfill.

The intermittent filling time will maintain the self-sta-
bility of the backfill, and then the first-filled body will carry
a larger load than the last-filled body, that is, the first-filled
body supports the pressure from the subsequently filled
body. Only the backfill is left in the goaf to support the
overburden strata after the mining is finished, and the stress
in the goaf is approximate to that of the surrounding rocks.
Mining disturbance has little effect on the overburden
strata when the goaf is stable. Moreover, when the filling is
carried out more rapidly, there will be a greater load on the
backfill, thus resulting in less stress on the pillars and wall.
This indicates that intermittent cut-and-fill ensures the
stability of the coal pillars during the mining process,
which is significant for mining safety under thin bedrocks
and sand aquifers.

Comparison of stress by different mining methods

from numerical simulation

After a longwall mining disturbance in the first slice, the
stress due to longwall mining, continuous filling mining
and intermittent cut-and-fill mining in the second slice
were all simulated in the numerical simulation process in
order to depict the stress distribution in the panel. Fig-
ure 11 shows the stress in the panel by using three mining
methods. There is more stress concentration in the coal
walls with longwall excavation followed closely by con-
tinuous filling, which would lead to the failure of the coal
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pillars, and as a result, the mining process is unsafe.
Moreover, the stress concentration factor with intermittent
cut-and-fill mining is 3.9 which is reduced by 23.5 and
7.1%, respectively, compared to 5.1 for longwall excava-
tion and 4.2 for continuous filling.

During the longwall excavation process, there is the
release of stress in the mined out area where the stress is
much smaller than that in the surrounding rock. The stress
concentration with a factor of 5.1 in the coal walls on both
sides of the panel is so serious that a large area of the roof
might possibly collapse due to mining disturbance and
even lead to water and sand inrush.

When the continuous filling is carried out in the panel,
the load on the backfill is gradually increased as the mining
is carried out, while there is a smaller factor in the stress
concentration of 4.2 in the coal walls on both sides of the
panel. Moreover, the stress in the center of the panel is
larger than that on both sides of the panel due to longwall
excavation.

During the intermittent cut-and-fill mining, there is time
for the consolidation of the backfill and the subsidence
induced by the deformation of the coal seam roof due to the
intermittent filling time. Therefore, the deformation of the
coal seam roof is constant and slow with a progressive and
small disturbance. The stress concentration in the backfill is
weak, and the rate of subsidence due to the deformation of
the roof is slow. However, there is already disturbance before
the previous round of backfilling is carried out due to con-
tinuous filling, so that the bearing capacity of the backfill is
weaker than that with intermittent cut-and-fill mining.

Figure 12 shows the stress distribution on a section
along the direction of ¥ = 170 m from the 3D modeling
after the mining process is carried out. It shows the stress
on a cross section which is distributed in peaks and valleys,
of which the peaks are characterized by larger stresses,
while the valleys by smaller stresses. Longwall mining has
aggravated the strata deformation that a most serious stress
concentration occurred on the coal walls in the two sides of
the panel. Continuous filling mining has controlled the
deformation of the strata and reduced the stress concen-
tration. Furthermore, intermittent cut-and-fill mining has
the best effect of controlling the strata deformation that can
mitigate overburden failure and subsidence.

Figure 13a—c shows the maximum principal stress con-
tours of the surrounding rock after longwall excavation,
continuous filling and intermittent cut-and-fill mining. In
line with the mining process, the stress concentration
expands upward and is developed at both sides. Finally, the
shape of the maximum principal stress contour is like an
“arch” induced by longwall excavation, and the different
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Table 6 Simulation parameters for paste backfill material and caving zone

Paste backfill Strain 0.005 0.015 0.025 0035 0.045 0.055 0.065 0075 0.085 0.095
Stress (MPa) ~ 2.57 3.57 4.55 5.56 6.55 7.49 8.37 9.13 9.79 10.53
Strain 0.105 0.115
Stress (MPa)  10.76  11.07
Density (kg/m®) Bulk (GPa) Shear (GPa) Friction (°) Dilation (°)
1800 0.4 0.2 17 5
Caving zone  First slice Strain 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Stress (MPa) ~ 0.01 0.02 0.03 0.05 0.07 0.1 0.13 0.17 0.24 0.33
Strain 0.11 0.12 0.13 0.14 0.15 0.16 0.17
Stress (MPa) 0.4 0.54 0.73 1.0 1.43 2.1 3.24
Second slice  Strain 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Stress (MPa)  0.007  0.01 0.017 0.021  0.032 0.043 0.05 0.057  0.069  0.082
Strain 0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19 0.20
Stress (MPa)  0.085  0.11 0.12 014 0.15 0.17 0.20 0.23 0.26 0.31
Strain 0.21 0.22 0.23 0.24 0.25 0.26 0.27 0.28 0.29 0.3
Stress (MPa)  0.35 0.41 0.48 0.57 0.68 0.81 0.98 1.22 1.55 2.02
Density Bulk Shear Friction Dilation
(kg/m’) (GPa) (GPa) ) ©)
1000 0.01 0.005 20 5

bands represent the intermittent filling, but the value of the
stress in the coal walls on the two sides of the panel is
larger than that in the center of the panel with continuous
filling. Furthermore, the stress value induced by intermit-
tent cut-and-fill mining is reduced by 28.6 and 9.1%
compared to that with longwall excavation and continuous
filling.

Figure 13d—f shows the minimum principal stress dis-
tribution. The stress redistribution expands to the boundary
of the panel, and the stress value in the coal walls on both
sides of the panel is larger than that in the center of the
panel. Moreover, intermittent cut-and-fill mining induces
the lowest minimum principal stress which is reduced by
22.7 and 3.7% compared to longwall excavation and con-
tinuous filling. All of the results indicate that there is the
least disturbance from intermittent cut-and-fill mining
which is favorable for mining safety.

Comparison of stress by different mining methods verified
by field measurements

Panel SO1 is the first panel in the sixth district in the
Taiping Coal Mine. Longwall excavation with a mining
thickness of 1.8 m in the first slice and paste backfill
mining with a mining thickness of 2.2 m in the second slice
were carried out. The hydraulic supports’ pressures have
been measured in the first and second slices which could
characterize the stress distribution in the panel. Twenty
observation points were designed in the panel and gate
roads with a distance of 4 hydraulic supports.

Figure 14 shows that the front and behind support
pressures vary with the mining process by using longwall
excavation and filling mining. The front and behind support
pressure variations are basically identical during the min-
ing process. Paste backfill in the second slice has not
caused a large increase in the support pressure; conversely,
a decreasing trend occurred in the second slice. However,
the support pressure distribution is more stable and uniform
by using paste backfill mining than that by using longwall
excavation. Furthermore, the paste backfill produces a
smaller maximum support pressure of 29.3 MPa than that
produced by longwall excavation at a value of 32.2 MPa,
which has a smaller mining disturbance and is more con-
ducive to mining safety.

The results show that the characteristics of stress vari-
ation based on numerical simulation are consistent with
that from the field measurements in the same area, and both
results imply that filling mining can reduce mining dis-
turbance and stress concentration. As stated, the stress
concentration coefficient is the smallest by using the
intermittent cut-and-fill mining compared to longwall
excavation and continuous filling.

Overburden failure and verification by the field
measurements

Scale model testing of overburden failure

The caving zone was induced by rupturing, cracking and
caving of the roof strata during the excavation of the first
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Fig. 11 Vertical stress distribution in the panel with three mining
methods

slice by longwall excavation. As the mining progressed, the
fractures underwent a cycle of “development—expansion—
compaction—closing.” The immediate roof fell due to the
removal of the support and then collapsed since the layer
did not have the capacity to sustain the stress redistribution.

@ Springer

of 40 m after the first slice was drawn and conditions
stabilized. Moreover, intermittent cut-and-fill mining and
continuous filling were both used with two scale models
in mining the second slice. In line with the mining pro-
cess, the overburden failure in the expanded region is
slightly deformed and the compacted fractures do not
extend any further, and only a few microfractures are
produced and some developed along the previous frac-
tures induced by longwall excavation. Due to the support
provided by the backfill which has self-stability resultant
of adequate time for consolidation during intermittent cut-
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Fig. 13 Maximum and minimum principal stress contours of sur-
rounding rock. a Maximum principal stress with intermittent cut-and-
fill; b maximum principal stress with continuous filling; ¢ maximum
principal stress with longwall excavation; d minimum principal stress

and-fill mining, the settlement of this backfill is less than
that by continuous filling. Moreover, overburden failure is
mitigated by backfill mining. The height of the water-
conducting fractured zone is 19.5 and 21.2 m, respec-
tively, by intermittent cut-and-fill mining and continuous
filling, which means that the disturbance produced by the
former is smaller than that by the latter. Figure 15b, c
shows that the water-conducting fractured zone has
increased somewhat and also takes the shape of a saddle.
The heights are minimally increased compared to those
induced by the longwall excavation. Moreover, there is no
caving zone in the expanded zone and the caving zone
induced by longwall excavation of the first slice does not
extend upward. Figure 16 shows that the water-conduct-
ing fractured zone has slightly increased, but the caving
zone hardly grew during intermittent cut-and-fill and
continuous filling.

Numerical simulation of overburden failure
Figure 17 shows the plastic zone distribution induced by
longwall excavation, continuous filling and intermittent

cut-and-fill mining. The plastic zone extends upward along
the sides of the panel with the shape of a saddle induced by
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longwall excavation. After longwall excavation mining
disturbance of the first slice, the size of the plastic zone
induced by continuous filling and intermittent cut-and-fill
mining of the second slice has little expansion, and the
integrity of the surrounding rock by using the intermittent
cut-and-fill remains better than that induced by continuous
filling. However, the surrounding rock has almost entirely
deformed and failed due to longwall excavation in the
second slice. Furthermore, the plastic zone has disconti-
nuities, mainly from tensile failure. The height of the
water-conducting fractured zone induced by filling mining
of the second slice does not increase seriously, and the
intermittent cut-and-fill mining disturbance is smaller than
that induced by continuous filling. There is a caving zone
with a height of 7.2 m due to longwall excavation, but no
caving zone is formed by the other two backfill mining
methods. However, the safety mining has already been
achieved in the first slice of the Panel SO1 in March 2011,
and the water-conducting fractured zone has not propa-
gated into the aquifer of the unconsolidated Neogene lay-
ers. All of the results indicate that the use of intermittent
cut-and-fill mining to mitigate overburden failure is the
most effective, which is best for coal mining under sand
aquifers.
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Fig. 14 Support pressure variation with mining process. a Longwall
excavation in the first slice; b paste backfill mining in the second slice

Overburden failure verified by the field measurements

Panel 8311 adjacent to the Panel SO1 was selected for
overburden failure measurements induced by paste backfill
mining. The bottom slice with the height of 2.2 m by using
the paste backfill mining in the Panel 8311 has achieved a
safe mining in 2008. The engineering geological and
hydrogeological conditions are similar to that in Panel SO1.

The above-mentioned water loss method was used to
measure overburden failure with four underground bore-
holes, one of which was designed and carried out before
mining and other three after mining in order to measure the
water loss. Results showed that the maximum height of
water-conducting fractured zone is 6.93 m above the coal
seam roof and the height ratio of the height of water-con-
ducting fractured zone against the mining thickness of
2.2 mis 3.15. However, there is no caving zone formed by
using the paste backfill mining. According to the former

mining experiences in the Taiping Coal Mine, the heights
of caving zone and water-conducting fractured zone by
using longwall excavation in the first slice were no more
than 6.0 and 17.0 m, respectively. The height ratios of the
caving and water-conducting fractured zones against the
mining thickness of 1.8 m were no more than 3.33 and
9.44, respectively.

Table 7 shows the heights of overburden failure due to
three mining methods. Furthermore, the paste backfill
mining in the second slice with a thickness of 2.2 m just
led to a slight increase in the water-conducting fractured
zone with the maximum value of 21.2 m and no expansion
in the caving zone. The scale model and numerical simu-
lation provide a reasonable explanation of the field obser-
vations and imply that filling mining could mitigate
overburden failure and the use of intermittent cut-and-fill
mining is the most effective.

Subsidence and verification by the field
measurements

The immediate roof caved into the goaf as longwall
excavation progressed in that the subsidence value of the
roof consistently increased due to the collapse resultant of
the mining cycle. However, there is high compressibility in
the backfilling that has just been completed so that a certain
amount of compression will be produced due to the over-
burden pressure. Furthermore, the convergence of the roof
and floor before backfilling and the area that has not been
backfilled will provide room for roof subsidence which
reduces the effects of subsidence compared to that induced
by longwall excavation. Moreover, the intermittent filling
time provides a buffer for the consolidation of the paste
material and roof subsidence of the coal seam during
intermittent cut-and-fill mining which causes continuous
and constant minimal disturbance of the coal seam roof
with slow rates of deformation compared to the use of
continuous filling.

Figure 18a shows the roof subsidence with the use of
longwall excavation, continuous filling and intermittent
cut-and-fill mining based on scale model testing. The
subsidence curves show the shape of a bilateral symmetric
parabola with the smallest value of the maximum subsi-
dence, 0.49 m, with intermittent cut-and-fill in the second
slice as opposed to longwall excavation with a maximum
subsidence value of 1.37 m in the first slice and continuous
filling with a maximum subsidence value of 0.58 m in the
second slice, based on the results from the scale model
testing. Moreover, the subsidence curves of the second
slicing phase with backfill mining are flat with a slow rate
of subsidence. This is because the space for roof subsi-
dence induced by backfill mining is smaller than that by
longwall excavation and the backfill provides a support
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immediately, and also the interval provided by intermittent
cut-and-fill mining can reduce the roof subsidence. These
results indicate that intermittent cut-and-fill mining can
effectively control roof subsidence compared to the other
mining methods.

Figure 18b shows the total subsidence curves of two
slices by using the above-mentioned three mining methods.
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The 2nd slice by other two mining methods
Advancing distance of mining (m)

After the mining of the first slice with longwall excavation,
the maximum subsidence value was 1.6 m with a coeffi-
cient of 0.89. When the second slice was mined out, the
total maximum vertical displacement value of 2.17 m with
intermittent cut-and-fill mining is the lowest, as opposed to
longwall excavation with a maximum vertical displace-
ment value of 3.51 m and continuous filling with a
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Fig. 17 Plastic zone distribution in the surrounding rock. a Longwall excavation of the first slice; b longwall excavation of the second slice;
¢ continuous filling of the second slice; d intermittent cut-and-fill of the second slice

Table 7 Heights of overburden failure resulted from different techniques

Mining methods Slice Mining thickness H (m) Scale model Numerical simulation Field measurements

HC (m) Hf (m) Hf/H HC (m) Hf (m) Hf/H Hc (m) Hf (m) Hf/H

Longwall First 1.8 6.0 17.5 972 172 18.0 10 6.0 17.0 9.44
Second 2.2 - - - >19.0 >270 - - - -

Continuous filling Second 2.2 6.0 21.2 528 7.2 22.0 5.5 - 6.93 3.15
Intermittent cut-and-fill Second 2.2 6.0 19.5 486 7.2 19.2 4.8 - - -

H. height of caving zone; H; height of water-flowing fractured zone; — not applicable

maximum vertical displacement value of 2.37 m. Further-
more, only the subsidence of second slice is considered and
a maximum subsidence of 0.53 m with intermittent cut-
and-fill is also the smallest, as opposed to continuous filling
and longwall excavation with a maximum subsidence of
0.66 and 1.92 m, respectively. Results showed a good
agreement with the scale model testing. Figure 19 shows
the vertical displacement inside the rock mass induced by
longwall excavation, continuous filling and intermittent
cut-and-fill mining based on the numerical simulation. The
subsidence of the overlying strata shows that the maximum
vertical displacement is near the middle of the panel and
lower vertical displacement at the two ends of the panel,;
close proximity to the ground results in lower vertical
displacement.

Measurements for the subsidence of longwall excava-
tion and paste backfill in the Panel SO1 were completed in
November 2011 and April 2013, respectively. Results
showed that the maximum subsidence of longwall exca-
vation and paste backfill was 1.6 and 0.31 m, respectively,
and the subsidence coefficients were 0.89 and 0.14,
respectively. However, the subsidence coefficients of
continuous filling and intermittent cut-and-fill are 0.22 and
0.26, respectively, based on the scale model testing, and
024 and 0.3 based on the numerical simulation,

respectively. Additionally, the subsidence coefficient was
not more than 0.34 according to the backfill mining
experience of the Taiping Coal Mine, which well verified
the results of scale model testing and numerical simulation.

Table 8 shows the subsidences by using three mining
methods in Panel SO1. All of the results indicate that filling
mining could better control the roof subsidence and miti-
gate overburden failure and the intermittent cut-and-fill is
the most effective method.

Discussion

The backfill material used in the Taiping Coal Mine has a
strong consolidation capability and high early strength
compared to other cementing materials, and a strain hard-
ening process was generated at low confining pressures that
can satisfy the requirements of the strength of the backfill
during coal mining under sand aquifers. Moreover, the
major construction aggregate of the paste material, which
is sand, is abundantly found by the Sihe River in this
region. Coal pillars and backfill maintain stability during
the mining process, and the stress concentration is reduced
with the stress transformation of the coal pillars to the
backfill as compared to longwall excavation and
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Fig. 18 Subsidence curves of scale model testing and numerical
simulation. a Scale model tests; b numerical simulation
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continuous filling. Moreover, the interval provided by
intermittent cut-and-fill mining improves the self-stability
of the backfill and reduces the rate of roof subsidence, so
that the height of the water-conducting fractured zone and
roof subsidence induced by intermittent cut-and-fill mining
are the lowest compared to longwall excavation and con-
tinuous filling, which indicates the mitigating overburden
failure and reducing roof subsidence by intermittent cut-
and-fill mining is the most effective. Therefore, control
over subsidence-induced overburden failure during coal
mining under sand aquifers has been achieved with
success.

Several coal mines in China have used backfill mining
methods similar to that proposed in this paper and shown
optimal results in mitigating overburden failure and sub-
sidence and improving the coal recovery rate (Guo et al.
2007; Yu and Wang 2011). The method of three-step
mining for ground subsidence control (strip mining, goaf
grouting and filling-strip pillar mining) proposed by Guo
showed that the final ground subsidence factor can be
controlled at 0.25 and the coal recovery will be 80-90%.
Moreover, the use of gangue backfill in a flat coal seam
with a thickness of 5 m in the Baoyuan Coal Mine indi-
cates that the bearing body can resist against high stress
and the overlying strata maintain a quadratically
stable condition. The safety factor F; = 1.36 of the bearing
body which contains “bearing rock strata 4+ gangue fill
support body” proves that the stope is placed in a
stable condition.

Furthermore, the method proposed in this paper
demonstrates that intermittent cut-and-fill mining not only
mitigates overburden failure and surface subsidence, but
also improves the coal recovery rate. The extraction of the
slice using this method under the panels after using

Contour of Z-Displaczment
Plane: on
Magfac

(d)

Fig. 19 Vertical displacement inside the rock mass. a Longwall excavation of the first slice; b longwall excavation of the second slice;
¢ continuous filling of the second slice; d intermittent cut-and-fill of the second slice
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Table 8 Subsidences resulted from different techniques in Panel SO1

Mining methods Slice Mining thickness H (m) Scale model Numerical simulation Field measurements
Subsidence S (m) S/H  Subsidence S (m) S/H  Subsidence S (m) S/H
Longwall First 1.8 1.37 0.76 1.6 0.89 1.6 0.89
Second 2.2 - - 1.92 0.87 - -
Continuous filling Second 2.2 0.58 0.26 0.66 0.30 0.31 0.14
Intermittent cut-and-fill Second 2.2 0.49 0.22 0.53 024 - -

S subsidence; H mining thickness; — not applicable

longwall excavation can prevent the water-conducting
fractured zone from penetrating the sand aquifers.

The results of this paper will provide a helpful reference
in the recovery of coal under sand aquifers with intermit-
tent cut-and-fill mining. However, further studies on the
field investigation of the stress transformation of the coal
pillars to the backfill and the long-term bearing capacity of
backfill are needed. Moreover, the creep property of the
paste materials and environmental and safety implications
of intermittent cut-and-fill mining should also be consid-
ered in further studies.

Conclusions

In this paper, the intermittent cut-and-fill mining method
has been investigated. In comparison with longwall and
continuous filling mining methods, the intermittent cut-
and-fill mining has been verified as an effective method to
mitigate overburden failure, control surface subsidence and
prevent coal mines from groundwater disasters. The case
study, which involves the Taiping Coal Mine in the
Shandong province of China, demonstrates these benefits
of intermittent cut-and-fill mining.

Results of the scale modeling show that mining-induced
fractures underwent a cycle of “development—expansion—
compaction—closing” along with mining process. And the
water-conducting fractured zone takes the shape of a sad-
dle. The space for roof subsidence in backfill mining is
smaller than that in longwall excavation, and the backfill
provides a support immediately. The interval provided by
intermittent cut-and-fill mining can effectively control roof
subsidence compared to other mining methods.

The numerical simulation indicates that coal pillars of
different sizes during intermittent cut-and-fill mining can
maintain stability due to the stress transformation of the
coal pillars to the backfill in that the backfill can support
the overburden strata. Moreover, the stress distribution in
the backfill shows the characteristic of a cycle where the
backfilling carried out first bears a larger load than the
backfilling carried out later. Moreover, the loads on the
coal pillars and backfill gradually increase in tandem with

the development of intermittent cut-and-fill, while the
stress concentration is the weakest with the smallest factor
compared to that induced by longwall excavation and
continuous filling.

The results from the numerical simulation and scale
model testing show a good agreement and provide a rea-
sonable explanation of the field measurements.

The height of the water-conducting fractured zone and
the maximum subsidence due to intermittent cut-and-fill
mining show a significant reduction compared to those
resultant of longwall excavation and continuous filling as
noted from the numerical simulation and scale model
testing and verified by field measurements, which indicates
that intermittent cut-and-fill mining is an effective way to
reduce any further overburden failure and subsidence with
coal mining under sand aquifers. Moreover, similar suc-
cessful cases in China provide practical examples for coal
mining under sand aquifers with intermittent cut-and-fill
mining. Therefore, overburden failure during coal mining
under sand aquifers can be successfully controlled.
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