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Abstract At present, non-pillar entry protection in longwall mining is mainly achieved through either the gob-side entry
retaining (GER) procedure or the gob-side entry driving (GED) procedure. The GER procedure leads to difficulties in
maintaining the roadway in mining both the previous and current panels. A narrow coal pillar about 5-7 m must be left in
the GED procedure; therefore, it causes permanent loss of some coal. The gob-side pre-backfill driving (GPD) procedure
effectively removes the wasting of coal resources that exists in the GED procedure and finds an alternative way to handle
the roadway maintenance problem that exists in the GER procedure. The FLAC?P software was used to numerically
investigate the stress and deformation distributions and failure of the rock mass surrounding the previous and current panel
roadways during each stage of the GPD procedure which requires “twice excavation and mining”. The results show that
the stress distribution is slightly asymmetric around the previous panel roadway after the “primary excavation”. The
stronger and stiffer backfill compared to the coal turned out to be the main bearing body of the previous panel roadway
during the “primary mining”. The highest vertical stresses of 32.6 and 23.1 MPa, compared to the in-situ stress of
10.5 MPa, appeared in the backfill wall and coal seam, respectively. After the “primary mining”, the peak vertical stress
under the coal seam at the floor level was slightly higher (18.1 MPa) than that under the backfill (17.8 MPa). After the
“secondary excavation”, the peak vertical stress under the coal seam at the floor level was slightly lower (18.7 MPa) than
that under the backfill (19.8 MPa); the maximum floor heave and maximum roof sag of the current panel roadway were
252.9 and 322.1 mm, respectively. During the “secondary mining”, the stress distribution in the rock mass surrounding the
current panel roadway was mainly affected by the superposition of the front abutment pressure from the current panel and
the side abutment pressure from the previous panel. The floor heave of the current panel roadway reached a maximum of
321.8 mm at 5 m ahead of the working face; the roof sag increased to 828.4 mm at the working face. The peak abutment
pressure appeared alternately in the backfill and the coal seam during the whole procedure of “twice excavation and
mining” of the GPD procedure. The backfill provided strong bearing capacity during all stages of the GPD procedure and
exhibited reliable support for the roadway. The results provide scientific insight for engineering practice of the GPD
procedure.

Keywords Gob-side pre-backfill driving procedure - Floor heave - Roadway stability - Stress distribution - Abutment
pressure
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only about 30%—-50% on the average (Yuan 2017, 2018). In
the traditional coal mining technology, 20-30 m wide coal
pillars are often left, which wastes resources greatly.
Therefore, improving recovery rate of coal and prolonging
service lives of coal mines have become major research
issues (Ju et al. 2019; Zhao and Li 2018; Wang et al. 2020;
Sajjad et al. 2019). To eliminate the issue of coal mining
with large pillars, the non-pillar coal mining technology
has been suggested. At present, mainly two methods of
non-pillar coal mining exist: the gob-side entry driving
(GED) procedure and the gob-side entry retaining (GER)
procedure.

As shown in Fig. la, in the GER procedure, a backfill
wall is constructed at the edge of the goaf behind the
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working face while the working face is advanced during
mining of the previous panel. Through this way the road-
way is maintained for the tailgate of the working face
associated with the next adjacent panel. The technology
results in non-pillar mining and reduces the number of
roadway excavations.

The basic procedure of the GED method is to leave a
narrow coal pillar at the edge of the abandoned entry and
the stable goaf, and drive a gob-side entry, as the roadway,
along the edge of the narrow coal pillar (5-7 m) as shown
in Fig. 1b. During the roadway excavation in the GED
procedure, the narrow coal pillar becomes a rib pillar with
the same function as the backfill wall in the GER proce-
dure. The side abutment pressure is transferred deeper to
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Fig. 1 Sketches to illustrate the main components of the gob-side entry retaining (GER) and gob-side entry driving (GED) procedures
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the coal measure rocks. It not only improves the recovery
rate of coal resources, but also reduces the high stress
concentration, which improves the working condition.

Since the procedures of the GER and GED can effec-
tively avoid leaving large coal pillars and improve the
recovery rate, those methods have been widely used since
they were suggested in the 1950s (Hua 2006). These
technologies proved to be successful and extended the
lifecycle of mines (Tan et al. 2016). Many scholars have
performed research on the GER and GED methods using
different perspectives. In the GER and GED procedures,
during the excavation and mining, the stability of the sur-
rounding rock is affected by several factors (Han et al.
2019; Jiang et al. 2016; Liu et al. 2009). Also, asymmetric
deformations appear under dynamic conditions (Fan et al.
2014). In the GER and GED procedures, the size of the
coal pillar (or the width of the backfill wall) and the angle
of the cantilevered roof block have a great influence on the
stress distribution in the surrounding rock (Wu et al. 2019;
Zha et al. 2017; Chang et al. 2018; Feng and Wang 2020).
Analysis, monitoring, and control of the stability of the
surrounding rock can not only ensure the safety of mining,
but also can greatly improve the recovery rate (Wang et al.
2012; Zhang et al. 2015). During the excavation, the roof
goes through various stages of deformation. A reasonable
breaking location of the main roof, stress and deformation
analyses and monitoring can ensure the stability of the
roadway (Wang and Gao 2019; Tan et al. 2015; Huang
et al. 2018; Yang et al. 2019).

Floor heave is also an inevitable problem in both the
GER and GED procedures. During the “primary mining”,
the mechanism of the roadway floor heave is mainly caused
by the bearing capacity failure and swelling instability (Mo
et al. 2019). With the increase of the swelling coefficient,
the floor heave of the roadway is significantly enhanced,
but its convergent deformation rate decreases (Tang and
Tang 2012). Floor heave restricts the popularization and
use of the GER and GED procedures (Xu et al. 2015).
Therefore, floor heave prevention is one of the important
topics that need to be addressed. At present, automated
roadway excavation and non-pillar mining are also used in
several mines (Zhang et al. 2015; Wang et al. 2018; Zhu
et al. 2019). However, typically a certain width of coal
pillar is retained in the GED procedure, which is not a
complete non-pillar mining technology.

Although the issue of leaving a large coal pillar can be
eliminated by using the GER or GED procedure, each of
the procedures still has some shortcomings. The roadway
in the GER procedure experiences mining influences twice;
therefore, the roadway maintenance is difficult, and the
cost of roadway support is high, especially in thick coal
seams. The current panel roadway in the GED procedure is
excavated on the side where the side abutment pressure of

the previous panel is less, and the roadway only undergoes
one mining influence. Compared to the GER procedure, the
roadway is easier to maintain in the GED procedure.
However, the GED procedure does not provide non-pillar
mining and it requires a narrow coal pillar of about 5-7 m
width; therefore, in the case of thick coal seams, more coal
resources are lost (loss of about 2%-3%) in the GED
procedure.
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Fig. 2 Steps of the gob-side pre-backfill driving (GPD) procedure
prior to “secondary mining”. Note: See Fig. 3b for the “secondary
mining”
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Fig. 3 Set up of the FLAC®™ model for the first (primary excavation) and last (secondary mining) stages. Notes: The mining shown on the left

side of b is the “secondary mining”

Therefore, some researchers have investigated the pos-
sibility of implementing the relatively new gob-side pre-
backfill driving (GPD) procedure, which means replacing
the coal pillar with a pre-backfill wall to realize real non-
pillar mining (Zhang et al. 2010; Wu et al. 2017, 2018).
The GPD procedure can save coal resources and realize
non-pillar mining. Procedures of the GPD are shown in
Figs. 2 and 3. The backfill wall width should be decided in
advance when driving the roadway of the previous panel
(Fig. 2a). The backfill wall of the same height as of that of
the roadway is built as shown in Fig. 2b. It is worth noting
that the excavation of the roadway of the previous panel

@ Springer

and the construction of the backfill are treated under the
“primary excavation” step of the GED procedure in the
paper. The backfill wall is constructed at the edge of the
coal seam behind the working face while the working face
is advanced during the excavation of the roadway for the
previous panel. When the previous panel is mined, which is
considered as the “primary mining” step of the GED
procedure in the paper, the main roof rotates and sinks
(Fig. 2c). After the primary mining, when the movement of
overlying strata has stopped and basically a stable stage has
been reached, the current panel roadway driving along the
backfill is performed (Fig. 2d). This step is considered as



Stress and deformation analysis of gob-side pre-backfill driving procedure of longwall mining: a case...

1355

the “secondary excavation” of the GED procedure in the
paper. This excavated roadway then can be used as a
ventilation or a transportation route for the current panel.
Finally, the current panel mining is done as shown in
Fig. 3b. This is considered as the “secondary mining” step
of the GED procedure in the paper.

At present, most of the research on the GPD procedure
is focused on the stability of the roof, the backfill wall and
on the coal side of the roadway, and some achievements
have been made (Wu et al. 2017, 2018). Both the backfill
side and the coal side of the roadway are always in the state
of high pressure after the roadway excavation; therefore,
investigations should be conducted to evaluate this high
pressure. In addition, research is lacking on the stress
evolution and deformation mechanism of the floor under
the high pressure of the two sides of the GPD method.

Based on the afore-mentioned facts, this paper investi-
gates the stress and deformation including the failure zones
of the rock mass surrounding the roadways, with emphasis
on the floor of a coal mine during the whole procedure of
“twice excavation and mining” of the GPD method. The
evolution mechanisms of the stress and deformations of the
floor under the backfill and coal seam, and around the

roadways are obtained. These findings are expected to
provide important information to control the stability of the
rock mass with emphasis on the floor of the GPD method.

2 Geological conditions

Changcun coal mine is located in Changzhi City, Shanxi
Province, and it is a modern large mine. The average
thickness of the main mining layer (No. 3 coal seam) is
around 6.1 m with a high mining pressure and the coal
seam is soft. The aquifer present in the upper part of No. 3
coal seam is a weak aquifer, and the water from the aquifer
has little influence on the roadway excavations and mining
of the panels. The depth of the coal seam is 423-470 m,
and its average depth is around 450 m. The inclination
angle of the coal seam is 0°-6°. Table 1 provides the
mechanical property values of the coal seam, the overlying
and underlying coal measure rocks, and the backfill
material. These values represent mass properties for dif-
ferent material and were obtained from the technical staff
of the mine through personal communication. For more

Table 1 Physical and mechanical parameter values of the coal, coal measure rocks and the backfill material

Rock and Lithology Thickness  Tensile Uniaxial Density  Young’s Poisson’s  Cohesion  Angle of
coal strata (m) strength compressive (kg/m3) modulus ratio (MPa) internal
(MPa) strength (MPa) (GPa) friction (°)
Overlying ~ Mudstone 4.80 2.20 9.4 2400 17 0.24 0.40 38
strata Fine 7.10 5.80 19.2 2600 15 0.25 3.20 40
sandstone
Mudstone 4.30 2.20 9.4 2400 17 0.24 0.40 38
Sandy- 11.00 3.50 10.5 2450 12 0.26 0.50 39
mudstone
Main roof  Siltstone 3.40 3.10 11.3 2500 26 0.23 5.00 38
Medium- 1.30 5.80 19.2 2600 15 0.25 3.20 40
sandstone
Siltstone 2.80 3.10 11.3 2500 26 0.23 5.00 38
Immediate = Mudstone 3.40 2.20 9.4 2400 17 0.24 0.40 38
roof
Coal seam  No. 3 Coal 6.10 1.40 3.14 1400 2 0.38 1.62 36
seam
Backfill Concrete 3.50 1.45 30 2370 30 0.20 3.18 55
wall Grade
C30
Immediate = Mudstone 0.90 2.20 9.4 2400 17 0.24 0.40 38
floor Fine 1.00 5.80 19.2 2600 15 0.25 3.20 40
sandstone
Mudstone 5.50 2.20 9.4 2400 17 0.24 0.40 38
Main floor  Siltstone 6.20 3.10 11.3 2500 26 0.23 5.00 38
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information on possible different backfill material the
reader is referred to Tan et al. (2015, 2016).

3 Setup of the numerical model

Figure 3 shows the FLAC® model of the GPD method for
the first (primary excavation) and the last (secondary
mining) stages, respectively. The dimensions of the model
are 200 m x 160 m x 70 m and the 3-D model is divided
into 520,000 elements and 556,308 nodes (see Fig. 3a).
The X—Y-Z rectangular coordinate system used is shown in
Fig. 3. The roadway shown in Fig. 3b is the one corre-
sponding to the current panel. The roadway floor along the
backfill is located at the height of Z = 30 m of the model,
and the elemental discretization applied in the model is
shown in Fig. 3. The stratigraphy and applied boundary
conditions are shown in Fig. 4. The elastic-perfect plastic
constitutive model is used for the coal, coal measure rock
masses and the backfill material shown in the numerical
model. The Mohr—Coulomb failure criterion with tension
cut-off is used as the shear strength criterion for the coal
and coal measure rock masses, and the backfill layer. The
physical and mechanical properties of the coal, different
coal measure rock masses shown on the stratigraphy and
the backfill material are given in Table 1. The mining depth
is about 450 m, and a 9.54 MPa compressive stress

boundary condition is applied to the top surface of the
numerical model to simulate the overburden stress (as-
suming the density of the overburden strata as 2400 kg/
m>). A lateral coefficient of 0.47 (Kang et al. 2010) is
applied in the X and Y directions to simulate the two hor-
izontal stresses. The size of the roadway of the current
panel is 4.5 m wide and 3.5 m height, and it is not sup-
ported. The width of the backfill is 1.6 m, and its material
is the industrial cement with the grade of C30 having a
compressive strength of 30 MPa.

4 Stress and failure zone analyses around
the previous panel roadway during “primary
excavation and mining”

4.1 Stress distribution in the rock mass surrounding
the previous panel roadway after the “primary
excavation”

It is noted that the primary excavation analysis includes the
previous panel roadway excavation shown in Fig. 2a and
the pre-built backfill shown in Fig. 2b. In the field, first, a
certain length of the roadway is excavated, and it is left
without any rock support for a certain time duration and
then it is supported. After that, the backfill wall is con-
structed for a part of the rock supported section. This

9.54 MPa
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Fig. 4 Stratigraphy and boundary conditions of the FLAC® numerical model
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procedure is repeated in several increments in the field until
the primary excavation is fully completed. It is important to
note that the rock deformation is a time dependent process,
and it is controlled by the rheological properties of the
rocks and the properties of the rock supports. It is very
difficult or almost impossible to monitor the stresses and
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-1.1000E+07
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deformations that take place in the roadway during these
operations. Thus, it is almost impossible to simulate all
these operations in a numerical model accurately. These
difficulties led to simulation of the worst-case scenario in
the numerical model. Primary excavation was conducted
after including the backfill wall without any rock support.
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Fig. 5 Stress distributions in the rock masses surrounding the previous panel roadway after the “primary excavation”

@ Springer



1358

R. Wu et al.

H» 1E+007

- 8E+006
— 6E+006
H» 4E 1006

—2E+006

k.

(a) Vertical stress distribution at the immediate floor level (the values are given in Pa)
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Fig. 6 Vertical stress distribution at the immediate floor level and failure zone distribution around the previous panel roadway after the “primary

excavation”

To represent the backfill wall, the coal that exists in the
area was replaced by the backfill material. In other words,
for the numerical simulation, the coal properties were
replaced by the backfill material properties for the included
backfill wall area. In the field, the stresses acting on the
backfill wall result from the stress relaxation that occurs
after installation of the backfill wall in the incremental
construction. Because the worst-case scenario is used in the
numerical model, the values obtained in the numerical
model may be expected to be higher than that in the field.
The difference depends on the time left between the
roadway excavation and backfill wall construction in the

@ Springer

incremental construction and on whether the rock support
was applied or not after the roadway excavation.

The stability of the previous panel roadway is mainly
affected by the stress acting on the coal side (right side
from the roadway in Fig. 5) and the backfill side (left side
from the roadway in Fig. 5) and on the deformation dis-
tribution. The backfill is the main bearing wall during the
stable period of the “primary excavation”. Figure 5 shows
the stress on the backfill and in the rock mass around the
previous panel roadway after the “primary excavation”
(Fig. 2b shows the primary excavation configuration). The
stresses clearly show an asymmetric distribution around the
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Fig. 7 Stress and failure zone distributions in the rock masses
surrounding the previous panel roadway after the “primary mining”

roadway due to the presence of the backfill wall. Figure 5a
shows that the vertical stress distribution is significantly
different between the coal side and the backfill side of the

roadway. The peak of the vertical stress acting close to the
top area of the backfill is 17.0 MPa, with a stress con-
centration coefficient of 1.61. The stress concentration
coefficient is defined as the acting stress value divided by
the applied in-situ stress value at the same location.
However, the peak vertical stress value of the coal side is
11.4 MPa with a stress concentration coefficient of 1.08 at
a location 2 m laterally away from the roadway wall sur-
face. This difference has occurred because the backfill
material appearing on the left side of the roadway is
stronger and stiffer than the coal seam appearing on both
sides of the roadway. Therefore, the backfill is bearing
more stress compared to that of the coal seam. Figure 5b
shows that the horizontal stress distribution is significantly
different between the coal side and the backfill side of the
roadway. Figure 5b shows a horizontal stress concentration
area 7 m below the roadway floor reaching a peak stress of
5.3 MPa. Another horizontal stress concentration appears
just above the backfill reaching a peak of 5.2 MPa
(Fig. 5b). Figure 5c shows a “butterfly shape” asymmetric
shear stress distribution around the roadway. On the
backfill side, there are very prominent shear stress con-
centrations at the top and bottom side corners. On the coal
side, the shear stress concentrations show more spatial
spread away from the excavation into the interior rock from
the corners.

4.2 Vertical stress distribution in the backfill
and in the coal seam at the floor level
of the previous panel roadway and the failure
zone after the “primary excavation”

Because of the existence of the strong and stiffer backfill,
the vertical stress distribution acting in the coal side (right
side of the roadway) and the backfill and coal side (left side
of the roadway) at the immediate floor level appears a little
asymmetric (Fig. 6a). The stress acting in the backfill and
coal side (left side of the roadway) at the floor level can be
divided into different regions. According to the technical
principle of the GPD method, the backfill was built close to
the current panel side of the roadway behind the working
face while the working face is advanced during the exca-
vation of the roadway for the previous panel. Moreover, the
strength and stiffness of the backfill were selected rela-
tively higher than that of the coal. This resulted in the
backfill wall bearing a higher stress than the coal. Thus, an
area with the highest stress formed at the floor level under
the backfill (see Fig. 6a) and reached the peak value.
Although the backfill carried the highest stress, the coal
could not resist that high stress. Therefore, a fracture zone
appeared in the coal and coal measure rocks (Fig. 6b). This
scenario resulted in a slightly downward trend of the ver-
tical stress under the coal at the immediate floor level
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Fig. 8 Vertical stress distribution at and below the floor level after the “primary mining”

(Fig. 6a). The excess stresses moved laterally to both sides 4.3 Stress distribution and the failure zone

from the roadway to the coal measure rocks (Fig. 5a). in the rock mass surrounding the previous panel

Finally, the stress decreased with the lateral distance from roadway after the “primary mining”

the excavation to both sides of the coal measure rocks.

After a certain distance away in the coal measure rocks, the =~ The modeling of the longwall face advance for the primary

stress finally decreased to the in-situ stress value. mining was done implementing 5 m incremental steps.
However, the results are presented only after completing all
the incremental steps to reduce the length of the paper.
Figure 7a shows the vertical stress distribution in the
backfill and around the backfill after the “primary mining”

@ Springer
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Fig. 9 Stress and failure zone distributions in the rock masses
surrounding the roadway of the current panel after the “secondary
excavation”

stage (see Fig. 2c for the “primary mining”). Either low
stresses or zero stress exists in the fallen rock masses
located in the previous panel area. Note that the white
triangles that appear in Fig. 7 are empty areas in the goaf in
the fallen rock mass. The peak vertical stress close to the
top area of the backfill is 32.6 MPa with a concentration
coefficient of 3.09. The vertical stress in the coal seam has
reached a peak of 23.1 MPa with a concentration coeffi-
cient of 2.19 at a distance 2.5 m laterally on the left side of
the backfill. From this location the vertical stress then
reduces with lateral distance towards the model boundary
until it reaches the in-situ stress. The horizontal stress
concentrations mainly have occurred above the backfill and
on the left side of the backfill in the roof rock masses
(Fig. 7b). The peak horizontal stress above the backfill is
12.6 MPa. As shown in Fig. 7c, shear stress concentrations
have occurred above and below areas of the backfill. At the
location 2.5 m below the backfill, the peak shear stress is
4.4 MPa. At the location 1.8 m above the backfill the peak
shear stress is 6.9 MPa. These results indicate that the
backfill wall increases the stability of the rock mass and the
most vulnerable areas for failure in the rock mass due to
primary mining are above and below the backfill wall.

Due to the disturbance by the “primary mining”, all the
stresses on the backfill as well as to the left of the backfill
have increased significantly from the primary excavation
stage due to the side abutment pressure resulting from the
failures that took place in the immediate roof to the right of
the backfill. The strength and stiffness of the coal is sig-
nificantly less than that of the backfill wall. Therefore, a
small fracture zone exists in the coal which is adjacent to
the backfill (Fig. 7d). This scenario has resulted in high
stresses propagating to a significant distance away from the
backfill to different rock layers.

4.4 Vertical stress distribution in the floor
after the “primary mining”

After the “primary mining”, the stresses in the rock sur-
rounding the previous panel roadway have changed
extensively. Different vertical stress concentrations occur-
red in the backfill and coal seam at the floor level of the
roadway (Fig. 8a). The stress under the backfill at the floor
level turned out to be slightly less than that under the coal
seam. The peak vertical stress under the backfill is
17.8 MPa. The peak vertical stress at the floor level under
the coal seam at a location of 4 m left of the backfill is
18.1 MPa with a concentration coefficient of 1.71. As
shown in Fig. 8b, as the depth below the backfill and coal
seam increases, the peak vertical stress in the floor under
the backfill and coal seam decreases to different levels. The
vertical stress under the backfill center decreases signifi-
cantly with depth (Fig. 8b). Especially when the depth
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Fig. 10 Vertical stress distribution at and below the floor level with the horizontal distance from the backfill center after the “secondary

excavation”

below the backfill center changes from 2 to 4 m, the peak
vertical stress decreases from 17.0 to 12.3 MPa.

The vertical stress in the backfill and coal seam below
the floor level of the roadway can be divided into different
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regions. After the “primary mining”, due to the high
strength and stiffness of the backfill and its strong bearing
capacity, an area with high stress formed immediately
under the backfill. Due to the “primary mining”, the side
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Fig. 11 Horizontal distance ahead of the working face to the unmined
area

abutment pressure from the goaf of the previous panel was
high. The strength and stiffness of the coal seam are less
than that of the backfill. Therefore, the coal seam adjacent
to the backfill was fractured in a small area due to high
stress and its low bearing capacity. This resulted in the
vertical stress decreasing significantly within 0-2 m depth
under the coal seam and then increasing as the distance
increases laterally away from the backfill until getting to
the second peak (see Fig. 8b). Therefore, a vertical stress
fluctuation occurred. Finally, the stress decreased to the in-
situ stress after a certain distance laterally away from the
backfill. The afore-mentioned stress distribution indicates
how the backfill wall takes a higher percentage of the stress
and helps in reducing the stresses in the rock mass close to
the mined previous panel and spreading it to locations
laterally away from the backfill wall. Through this way the
backfill wall increases the stability of the rock mass.

5 Stress, deformation, and failure zone analyses
around the current panel roadway
during the “secondary excavation and mining”

5.1 Stress and failure zone distributions in the rock
mass surrounding the current panel roadway
after the “secondary excavation”

It is noted that the caved goaf was not modelled. The gob
was handled using the assumption that the roof stayed
intact enough to lay down on the floor. The swell factor of
the goaf may fill a significant proportion of the mined void
and reduce the large deformations of the roof shown in the
model results. Due to lack of data, modeling of this swel-
ling may run in to high uncertainty. Therefore, the worst-
case scenario was simulated to obtain the maximum stress,
plastic zone, and deformation.

Figure 9a shows that there are different vertical stress
concentrations under the backfill side (right side from the
current panel roadway) and the coal side (left side from the
current panel roadway) after the “secondary excavation”
(Fig. 2d shows the secondary excavation). Note that the
white triangles that appear in Fig. 9 are empty areas in the
fallen rock mass. The vertical stress reached a peak of
22.1 MPa with a concentration coefficient of 2.09 at the top
level of the backfill. In the coal side, the vertical stress
reached a peak of 19.5 MPa with a concentration coeffi-
cient of 1.85 at 3 m from the wall surface of the current
panel roadway. After the secondary excavation, the peak
vertical stresses acting on the backfill and on the coal side
have reduced compared to the stage after the “primary
mining”. On the other hand, the higher stresses have
propagated among a larger area in the coal side compared
to the stage after the primary mining. As shown in Fig. 9b,
the horizontal stress concentrations up to about 9.5 MPa
mainly appear on the coal side above the roof level of the
roadway. The horizontal stress concentration also occurred
at 1.5 m below the floor level, and the peak stress was
4.9 MPa. As shown in Fig. 9c, after the “secondary exca-
vation” the shear stress concentrations have moved to the
corners of the coal side. The peak stress above the roof
level was 7.0 MPa and below the floor level was 4.5 MPa.
Figure 9d shows the failure zone after the secondary
excavation.

5.2 Vertical stress distribution
at and below the floor level after the secondary
excavation

The peak vertical stress acting under the backfill at the floor
level (19.8 MPa) was slightly higher than that under the
coal seam at the floor level (18.7 MPa) (see Fig. 10b). The
location of the peak vertical stress in the coal seam has
moved 3 m laterally compared to that after the “primary
mining”. The vertical stress at the roadway floor level after
the “secondary excavation” can be divided into different
areas. After the “secondary excavation”, a relatively high
vertical stress area appear under the backfill at the floor
level because the backfill has high bearing capacity. The
vertical stress increased as the location moved horizontally
away from the roadway towards the coal side to reach a
peak value first and then decreased with further increase of
the horizontal distance until it reached the in-situ stress
value.

As shown in Fig. 10b, the vertical stress decreases from
19.8 to 5.1 MPa as the depth right below the backfill
increases from O to 10 m. On the other hand, the vertical
stress right below the roadway floor increases from 0 to
7.1 MPa as the depth increases from 0 to 10 m due to stress
redistribution resulting from the “secondary excavation”.
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(d) 35 m ahead of the work face
Fig. 12 Vertical stress distribution in the rock mass surrounding the

current panel roadway during the “secondary mining” at several
locations ahead of the working face
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The peak vertical stress on the coal side decreases from
18.7 to 15.2 MPa as the depth increases from 0 to 10 m.
Note that the presence of the backfill wall is responsible for
all the stress redistribution taking place in the rock mass
due to the secondary excavation.

5.3 Deformation characteristics of the current panel
roadway after the secondary excavation

Upon reaching a stable status after the “secondary exca-
vation”, under the influence of pressure relief and stress
redistribution, the roof sag and floor heave of the roadway
were 322.1 and 252.9 mm, respectively; the horizontal
displacements of the roadway wall surface of the coal side
and the backfill side were 111.7 and 105.1 mm,
respectively.

5.4 Stress distribution in the rock mass surrounding
the current panel roadway
during the “secondary mining”

Figure 11 shows how the working face moves on the left
side of Fig. 3b during the secondary mining. The modeling
of the longwall face advance for the secondary mining was
done implementing 5 m incremental steps. As stated in the
“secondary excavation” section, the caved goaf was not
modelled. The gob was handled using the assumption that
the roof stayed intact enough to lay down on the floor. In
other words, as discussed in the “secondary excavation”
section, the worst-case scenario was simulated to obtain the
maximum stress, plastic zone, and deformation. As the
working face progresses during the “secondary mining”,
the stress distribution in the rock mass surrounding the
current panel roadway is mainly affected by the superpo-
sition of the front abutment pressure from the current panel
and the side abutment pressure from the previous panel.
Figure 12a shows the vertical stress distribution in the rock
mass surrounding the current panel roadway at the working
face (i.e. 0 m ahead of the working face). The vertical
stress acting at the top part of the backfill is obviously
greater than that on the coal seam. The peak vertical stress
acting at the top level of the backfill is 33.2 MPa with a
concentration coefficient of 3.14; the peak vertical stress
acting in the coal seam is 25.3 MPa with a concentration
coefficient of 2.40. Figure 12b shows the vertical stress
distribution in the rock mass surrounding the current panel
roadway 5 m ahead of the working face (see Fig. 11 for the
location under consideration). The peak vertical stress
above the backfill side is 31.5 MPa with a concentration
coefficient of 2.98; the peak vertical stress in the coal seam
is 28.6 MPa with a concentration coefficient of 2.71. With
the increasing horizontal distance ahead of the working
face, the peak vertical stress acting at the top level of the
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(d) 35 m ahead of the work face

Fig. 13 Vertical displacement distribution in the rock mass sur-
rounding the current panel roadway during the “secondary mining” at
several locations ahead of the working face

backfill and in the coal seam decreased. Figure 12c, d show
the distribution of the vertical stress in the rock mass sur-
rounding the current panel roadway when the horizontal
distance ahead of the working face changed to 20 and
35 m, respectively. When the horizontal distance ahead the
working face is 35 m, the peak vertical stress acting at the
top level of the backfill is 29.5 MPa with a concentration
coefficient of 2.79; the peak vertical stress acting in the
coal seam is 22.5 MPa with a concentration coefficient of
2.13.

5.5 Rock displacement distribution in the rock mass
surrounding the current panel roadway
during the “secondary mining”

As shown in Fig. 13 and Table 2, after being disturbed by
the “secondary mining”, the rock mass surrounding the
current panel roadway under stress redistribution showed
different displacements in different directions. The defor-
mations at the roof and floor are obviously greater than that
at the two wall sides. The roof sag at the working face was
the largest with 828.4 mm; the floor heave was 310.2 mm;
the horizontal displacements at the surface of the roadway
wall of the coal side and the backfill side were 222.8 and
130.8 mm, respectively. At the working face a fracture
zone appeared in the coal. Therefore, some stress redistri-
butions occurred between 0 and 5 m ahead of the working
face. Due to this reason all the peak deformations of the
four surfaces of the roadway occurred between 0 and 5 m
ahead of the working face. However, as the distance ahead
of the working face increased from 5 to 35 m, the defor-
mations of the four surfaces of the roadway decreased
gradually.

5.6 Vertical stress distribution at the floor level
during the “secondary mining”

Figure 14a, b shows the peak vertical stress under the
backfill wall and under the coal seam at the floor level as
the distance ahead of the working face changes. The peak
vertical stress under the coal seam at the floor level reached
the minimum value of 15.2 MPa at the working face. The
peak vertical stress under the coal seam at the floor level
increased to 27.2 MPa at 5 m ahead of the working face.
As the distance ahead of the working face changed from 5
to 35 m, the peak vertical stress under the coal seam at the
floor level decreased from 27.2 to 20.9 MPa. When the
distance ahead of the working face is 5-20 m, the peak
vertical stress under the backfill is lower than that under the
coal seam at the floor level; when the distance ahead of the
working face is 25-35 m, the peak vertical stress under the
backfill at the floor level is higher than that under the coal
seam. The above data showed that the backfill maintains a
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Table 2 Maximum deformations of the roadway of the current panel during the “secondary mining”

Distance ahead of the working face Deformation (mm)

(m)

Roof sag Floor heave Coal side wall Backfill side wall
828.4 310.2 222.8 130.8

5 615.7 321.8 229.3 141.5

10 541.6 314.3 200.6 132.1

15 474.0 301.8 176.3 116.8

20 4413 292.9 164.3 111.7

25 413.4 284.1 156.9 108.6

30 381.3 272.9 1539 107.1

35 358.8 264.8 139.7 106.1

good bearing capacity during the secondary mining and
provides a strong support for the stability of the roadway.

6 Comparison of vertical stress at the floor level
among different stages of the GPD Procedure

Stress redistributes during the “primary excavation”. The
backfill is pre-built behind the working face while the
working face is advanced during the excavation of the
roadway for the previous panel and serves as the main
bearing body for the previous panel roadway during the
stable period. Due to the high strength and stiffness of the
backfill, the vertical stress distribution at the floor level
appears a little asymmetric at this stage. The highest ver-
tical stress at the floor level of 17.0 MPa (see curve 1 of
Fig. 15), compared to the in-situ stress of 10.54 MPa,
appeared immediately below the backfill wall with a con-
centration coefficient of 1.61.

After the “primary mining”, the peak stress of the floor
moved away from the previous panel roadway into the coal
seam, and there are two peak stresses at the floor level. As
shown in curve 2 of Fig. 15, the peak under the coal seam
is slightly higher than that under the backfill wall at the
floor level, which are 18.1 and 17.8 MPa, respectively.

After the “secondary excavation”, the relieved stress
from current panel roadway transferred to the coal side and
the backfill side. As shown in curve 3 of Fig. 15, the peak
stress under the backfill is slightly higher than that under
the coal seam at the floor level, which are 19.8 MPa and
18.7 MPa, respectively.

During the “secondary mining”, the stress distribution
in the rock mass surrounding the current panel roadway is
mainly affected by the superposition of the front abutment
pressure from the current panel and the side abutment
pressure from the previous panel. The vertical stress
reached a peak of 27.2 MPa with a concentration

@ Springer

coefficient of 2.58 under the coal seam at the floor level
5 m ahead of the working face, while the peak vertical
stress under the backfill wall at the floor level 5 m ahead of
the working face is 24.2 MPa with a concentration coeffi-
cient of 2.30 (see curve 4 of Fig. 15).

7 Conclusions

(1) Gob-side pre-backfill driving procedure has the
potential to remove the shortcoming of wasting coal
resources caused by the narrow coal pillar left in the
roadway in gob-side entry driving along the goaf and
realize non-pillar mining.

(2) The vertical stress distribution under the backfill and
coal seam at the floor level turned out to be quite
consistent as shown in Fig. 15 during the 4 stages of
primary excavation, primary mining, secondary
excavation, and secondary mining.

(3) The peak abutment pressure appears alternately in
the backfill and the coal seam during the whole
procedure of “twice excavation and mining” of the
gob-side pre-backfill driving method. The rock mass
surrounding the roadway of the gob-side entry has
undergone repeated loading and unloading. The
backfill has always been in a state of high stress
throughout all the stages.

(4) After the “secondary excavation”, the maximum
values of the roof sag and floor heave were
322.1 and 252.9 mm, respectively. During the “sec-
ondary mining”, the roof sag of the roadway was
828.4 and 615.7 mm at the working face and 5 m
ahead of the working face, respectively. During the
secondary mining, the floor heave reached the
maximum of 321.8 mm at 5 m ahead of the working
face.
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Fig. 14 Vertical stress distribution at the floor level during the “secondary mining”

(5) The backfill maintained a good bearing capacity in
all stages of excavation and mining and provided a
strong support for the stability of the roadway.

(6) The scenario presented in the paper does not cover
all possible scenarios for the conducted case study.

For a particular mine, the results would vary with the
size of the roadways and the backfill wall as well as
on the backfill material properties, coal and coal
measure rock properties, in-situ stress system, and on
the operation of the longwall mining procedure.
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Therefore, it is important to perform sufficient stress,
deformation, and failure zone sensitivity analyses by
varying the afore-mentioned parameters before one
decides on implementing the gob-side pre-backfill
driving procedure to a mine.

(7)  The results of the conducted study provide scientific
insight for engineering practice of gob-side pre-
backfill driving procedure.
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