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Abstract

The uncontrolled floor heave in gob-side entry retaining is the serious problem of underground coal mining. This phe-
nomenon has gravely restricted the application of pillarless mining that has been increasingly used in coal mines in recent
years. This study proposes rock bolts-steel piles coupling support method to control severe floor heaves in gob-side entry
retaining. This study employs finite element method to analyze stress-strain state in surrounding rocks around gob-side
entry retaining. It was found that essential floor heave was caused by high horizontal stresses, which were transmitted from
the sides of the entry, and vertical delamination of floor strata in the post-peak strains zone under the entry span. These
processes complement each other and aggravate the floor heave. This paper proposes four floor reinforcement schemes.
As a result of the study, the most effective floor reinforcement scheme was determined, which consists of 3 elements:
steel piles installed in the corners of the entry, rock bolts installed between the piles and a steel belt that coupled the bolts
in entry floor. The combination of the advantages of floor reinforcement with bolts and steel piles was the basis for the
design of rock bolts-steel piles coupling technology. As a result, the post-peak strain and stress areas are the smallest,
and floor heave reduces by 80%. Compared with other reinforcement methods, the advantages of rock bolts-steel piles
coupling technology were successfully defined in controlling effect.

Highlights

e The main problem of gob-side entry retaining stability is an uncontrolled floor heave, which is a consequence of dilat-
ancy and plastic flow of rocks.

e FEssential floor heave is caused by vertical delamination of rocks in the post-peak strains zone under the roadway and
extrusion of rocks from under the filling wall.

e Rock bolts-steel piles coupling support technology with parameters based on analysis of the maximum principle strain
is crucial for floor heave control.

Keywords Gob-side entry retaining - Floor heave - Rock bolt - Steel pile - Numerical simulation

1 Introduction

The coal mines of US, China, Australia, EU, Turkey and
Ukraine use the longwall method as main underground coal
mining technique. In this method, the roof strata have caved
behind the longwall face, creating a gob. In order to reduce
the loss of coal in traditional wide pillars, small coal pillars
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along the entry were started to use in the 80s. In recent years,
the pillarless mining technology has been increasingly used
in coal mines (Gao et al. 2019; Zhang et al. (2020); Tian et
al. 2020). This technology makes it possible to improve coal
recovery ratio, reduce excavation work, reduce panel com-
missioning time and implement effective Y-shaped ventila-
tion system of the panel.

The pillarless method involves the supporting of entry in
different geotechnical circumstances during its life period:

— at the entry development stage in the rock mass in sym-
metrical stress field;
at the abutment pressure stage;
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— at the gob-side stage with filling wall along the entry in
asymmetrical stress field.

Usually at the last stage a significant asymmetry of the entry
deformation is observed. However, the problem of tailgate
stability is not completely solved even in the case of fill-
ing walls with high bearing capacity. Nowadays a lot of
research on gob-side entry roof stability have been carried
out and different support schemes have been used. How-
ever, the tailgate floor is often not supported and this results
to severe floor heave. Dramatic floor heaves have gravely
restricted the application of pillarless coal mining.

In controlling of floor heaves in gob-side entry retain-
ing, dinting loaders, such as Hasemag EL160 LS, are widely
implemented in actual practice. However, they eliminate the
consequences of heaving, and do not influence on the floor
heave process; therefore, this method must be repeated peri-
odically, since heaving often occurs again.

Many scholars have studied the floor heave mechanism in
gob-side entry retaining (Gong et al. 2017; Li et al. 2023; Yu
et al. 2021). Three main floor heave mechanisms in under-
ground coal mine roadways have been indicated: bearing
capacity failure, swelling and buckling (Faria Santos and
Bieniawski 1989; Mo et al. 2018, 2020). Considering the
problem of heaving in gob-side entry retaining, most schol-
ars agree that the key reasons for this phenomenon are high
horizontal stresses in immediate floor and the displacement
of rocks from under the filling wall. The swelling further
complicates the situation in soft rock.

Gong et al. (2017) found that the horizontal stress of the
roadway floor is the main factor that directly causing floor
heave. Other external factors affect the failure of roadway
floor by changing the horizontal stress in the floor. Lin et
al. believed (as Gong et al. (2017) reported) that the floor
heave in gob-side entry retaining of deep soft rock is a result
of the transfer of the “compression effect” in the backfill-
ing body and coal seam, lateral pressure (generated by main
roof rotation), compaction of gangue in the gob area, deep
high stress, and soft rock swelling pressure. Li et al. 2023
held that the floor heave of entry retaining is caused by con-
centrated vertical stress in the coal seam and filling wall.
The floor is squeezed by the two sides to form an asymmet-
ric sliding force towards the free face of the floor. Moreover,
sliding force increases with the increasing of vertical stress.
Research results of Yong et al. (2012) presented that bend-
ing and folding of floor heave are the main factors in the
stage of the first panel mining; floor squeezing plays a great
role in the stable stage of gob-side entry retaining; the com-
bination of the two former factors affects mainly the stage of
the second mining ahead; abutment pressure is a fundamen-
tal contribution to the serious floor heave of gob-side entry
retaining, and side corners of solid coal body are key part in
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the case of floor heave controlling of gob-side entry retain-
ing. Rock bolt orientation in solid coal side was proposed to
control the floor heave. Zhang and Shimada (2018) found
that the variation of the ratio between the horizontal stresses
and the vertical stress in the floor strata is the root cause of
the large floor heave. In particular, the influencing of this
stress ratio on the floor heave could be divided into three
stages: (1) slight influencing stage from 50 m to 16 m before
the coal face; (2) intense influencing stage from 16 m before
the coal face to 176 m behind the coal face; and (3) slight
influencing stage from 176 m to 240 m behind the coal face.
Technologies of floor heave control in gob-side entry:

— closed support system (for example with inverted arch
elements);

— stress relief slots (groove or hole);

— floor reinforcement (with grouting or rock bolt).

Closed support system and stress-relief methods are seldom
employed in gob-side entry in actual practice. Significant
stresses in gob-side entry retaining critically deform the
closed support elements, cause heaving and bend the bot-
tom arch element. The reverse arch complicates subsequent
repairs of the entry. Stress-relief methods are promising,
however, at great depths these methods do not give a good
effect. Over time, the floor heave becomes more active, and
the fractured rocks in the immediate floor no longer have
sufficient bearing capacity. Thus, reinforcement technolo-
gies are the most perspective ones. Therefore, the aim of
the study is the development of effective floor reinforcement
scheme in gob-side entry retaining.

Chang et al. (2014), He et al. (2009), Yang et al. (2019),
Wang et al. (2022), Chen et al. (2012), Cao et al. (2016) pro-
posed to control floor heave with hydraulic expansion bolts,
rigid rock bolts, flexible anchor supports and coupling sup-
port technologies. Rock bolt reinforcement of floor prevents
the development of the plastic zone in the floor rock, and
controls the delamination of rocks. Shimada et al. (2014),
Zhang and Shimada (2018) and Gong et al. (2017) studied
the effectiveness of grouting reinforcement on the large
floor heave. Usually some additional measures and update
of grouting are required. Zheng et al. (2018) designed
a composite structure to control the floor heave, which
includes concrete inverted arch and rock bolts. Zhai et al.
(2017) proposed the combined supporting technology with
bolt-grouting and floor pressure-relief that effectively con-
trols the surrounding rock stability of the deep head cham-
ber at Xinzhuang coal mine. Wang et al. (2020) designed
a combined support with floor bolt-mesh-shotcrete and
36U-shaped steel round frame to control the floor heave. Xu
et al. (2016) proposed to install steel piles in roadway floor
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corners with a certain interval before the influence of the
abutment pressure zone.

Professor Xu is the first who proposed the steel piles in
gob-side entry retaining; his contribution is important for
the further development of floor heave control methods.
Howewer, corner piles create first of all the anti-slide effect.
Therefore they do not solve the floor heave problem in the
case of gob-side entry retaining at great depth. At the same
time traditional rock bolts only reinforce the layered rock in
immediate floor, so they also do not solve the floor heave
problem in mentioned conditions. Each of these elements
counteract to one of at least two main reasons of floor heave
problem in gob-side entry retaining. Thus a research gap in
this research topic is formed. To overcome this disadvan-
tage in this study rock bolts-steel piles coupling support
technology was proposed.

In this paper, floor heave evolution in gob-side entry
retaining in the case of pillarless mining was studied. The
floor heave fluctuation, stress-strain characteristics of sur-
rounding rocks and support system elements were analyzed
with ANSYS code. The numerical modelling process had
6 steps: 1st step is for roadway in non-mining influenced
stage, and 2nd-6th steps are for the gob-side entry retaining.
The properties of rock masses with step-by-step simulation
were calculated in accordance to the Hoek-Brown failure
criterion. This paper proposed four schemes of floor heave
control. As a result the most effective floor reinforcement
scheme was determined. It had 3 main elements: steel piles,
rock bolts and a steel belt. This scheme makes it possible
to significantly reduce post-peak strain in floor strata and
to control its delamination. Rational parameters of the floor
reinforcement scheme were established. As a result, floor
heave in gob-side entry retaining decreases by 80%. Flow-
chart of research is presented in Fig. 1.

2 Engineering background
2.1 Engineering geological conditions

Surgaya coal mine is located in Donbas region of Ukraine.
The ¢, coal seam is typical for South Donbass. The average
thickness of the c;; coal seam is 1.4 m; the average inclina-
tion is 8°.

The 14th eastern panel is arranged in an east direction,
with an advancing length of 1600 m. Nowadays, the 14th
eastern transport roadway is being developed. The 13th
eastern panel was extracted. The current location of min-
ing roadways of 13-14th panels is presented in Fig. 2a. The
studied roadway is 14th eastern transport roadway.

Planned position of longwall face and roadways layout
during coal mining in 14th eastern panel is presented in

Fig. 2b. According to the project, the 14th eastern trans-
port roadway will be mainly used for air intake and main
transportation of the longwall face. 13th eastern transport
roadway will be reused for air intake and auxiliary transpor-
tation of the longwall face. It will be renamed as 14th east-
ern auxiliary roadway. Y-shaped ventilation will be planned.
The retained gob-side 14th eastern transport roadway will
be used for air return.

The strata histogram and position of the entry are illus-
trated in Fig. 2c.

The rock specimens were selected during excavation of
the 14th eastern transport roadway. The uniaxial strength
tests were completed using a universal testing machine.
Then, the deformation modulus (E,.) for each specimen
was calculated. These results characterize the parameters
of intact rock. Methods of laboratory testing and process-
ing of results are given in the previous paper (Sakhno and
Sakhno 2023). Test results are shown in Fig. 2¢ and in
Table 1.

Since the surrounding rocks were fissured and discon-
tinuous, the parameters of intact rock were corrected to cor-
respond to rock mass parameters. The Hoek-Brown Failure
Criterion (Hoek et al. 2002) was used to calculate the prop-
erties of rock masses. Hoek-Brown Parameters: the Geo-
logical Strength Index (GSI), values of the constant m; and
the Disturbance factor (D) were determined.

The GSI was calculated from the RMR index
(GSI=RMR89-5) (Hoek and Diederichs 2006) based on
results of the uniaxial strength tests, the examination of the
drill cores, and the observation of rock in the roadway. The
six RMR parameters were determined (Bieniawski 1989):
strength of intact rock, RQD, spacing of discontinuities,
condition of discontinuities, groundwater conditions, effect
of discontinuity strike and dip orientation on drivage. Dur-
ing determination of the RMR index the geological docu-
mentation was additionally taken into account.

The constant m; was assumed to be 8 for mudstones,
17 for coal, and 12 for sandstone. The D parameter was
assumed to be 0.5 for mudstones and 0 for coal and sand-
stone, which corresponds to Hoek’s classification category
(Hoek et al. 2002): “squeezing problems result in significant
floor heave, disturbance can be severe unless a temporary
invert is placed” and “mechanical excavation in poor qual-
ity rock masses (no blasting) resulting in minimal distur-
bance to the surrounding rock mass” respectively.

Hoek and Diederichs (2006) empirical method was used
for calculation of rock mass deformation modulus. The fol-
lowing equation was used:

1—D/2 ))

(60+15D7GSI
e 11

Eonm = E; (0.02 + (1

1+
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Fig. 2 The studied area and geological conditions: a The current locations of mining roadways; b The project locations of mining roadways; ¢

Strata histogram

Table 1 Intact rock properties and calculated rock mass properties

Rock Strata Intact rock GSI/D/m; Rock mass
Density (kg/  Deforma- Compressive Deformation Compressive  Tensile
m®) tion modulus  strength (MPa) modulus (MPa) strength (MPa) strength (MPa)
(MPa)
Around gob-side entry
Sandy mudstone 2400 7100 44.0 52/0.5/8 1191 1.76 0.09
Sandy mudstone 2400 5800 37.0 52/0.5/8 973 1.47 0.08
Coal C; 1300 1970 13.0 35/0/17 224 0.32 0.007
Mudstone 2300 4100 31.0 47/0.5/8 496 0.87 0.04
Sandstone 2400 8900 59.0 55/0.5/12 1804 2.89 0.11
Around head entry
Sandy mudstone 2400 7100 44.0 57/0.5/8 1625 2.47 0.14
Sandy mudstone 2400 5800 37.0 57/0.5/8 1328 2.07 0.12
Coal Cy; 1300 1970 13.0 45/0/17 442 0.59 0.012
Mudstone 2300 4100 31.0 57/0.5/8 938 1.74 0.10
Sandstone 2400 8900 59.0 65/0.5/12 3139 5.70 0.25
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where E,,, and E; represent the deformation modulus of the
rock mass and the intact rock, respectively.

The following equations were used for estimation of the
friction angle (¢) and cohesive strength (¢) Hoek and Die-
derichs (2006):

6amy, (s + myo 3 )kl
¢ =sin”! " = )
2(1+ a)(2 + a) + 6amp (s + mpo 3,)
a—1
. oa[(1+a)s+(1—a)ymyo5,] (s+mbos,) 3)

(1+a)(2+ a)\/l + 6amy (s + mpo %,,L)a_l/ (1+a)(2+a))

where my, s, and a represent peak strength parameters of
Hoek-Brown (Hoek et al. 2002);
0 i —uniaxial compressive strength of the intact rock;
ol =0l . /o .—theupper limit of confining stress
over which the relationship between the Hoek-Brown and
the Mohr-Coulomb criteria is considered (Hoek et al. 2002).
The uniaxial compressive strength of the rock mass was

calculated as (Hoek et al. 2002):

Fig. 3 a The characteristics of rup-
ture of gob-side entry retaining; b
Method of gob-side entry retaining
by setting filling material

“4)

_ a
Ocrm =0 ci S

The tensile strength of the rock mass was calculated as
(Hoek et al. 2002):

¢S

©)

0 trm — — m
b

The properties of the rock mass were calculated for studied
strata. They are listed in Table 1.

2.2 Supporting system and deformation
characteristics

The section shape of the studied roadway was a semi-circu-
lar arch. Its width and height were 5.5 m and 4.2 m respec-
tively. The U-shaped steel arches (SVP-33) with wooden
boards as filling material were used in roadway.

Since the 14th eastern transport roadway is still being
excavated, the 13th eastern transport roadway was used to
analyze the possible deformation characteristics of stud-
ied roadway (Fig. 3a). This roadway is located in similar
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geological conditions and has an identical support system.
The total vertical convergence was about 36% of the ini-
tial roadway height; the average floor uplift was 1.18 m;
the average roof lowering was 0.29 m. The deformation
had a distinct asymmetry in cross section of the roadway.
The steel arches were bent and irreversibly deformed. The
asymmetric deformation of the steel arches was apparently
caused by the impact of the 13th eastern longwall. Most
often, the failure of the support was observed in the yielding
nodes area of the steel arch from the side of the solid coal
seam. A scheme explaining the process of deformation and
loading of the gob-side entry retaining is shown in Fig. 3b.

The floor excavation was carried out several times in
central part of the retained gob-side roadway to ensure the
operation of the auxiliary transport. A lot of effort and mate-
rial resources were spent on this process. So, the main prob-
lem was a floor heave. Therefore in 14th eastern transport
roadway it is necessary to optimize the support scheme to
control the floor heave of the roadway and ensure the rhyth-
mic and safe operation of the 14th longwall panel.

3 Study of the floor heave of gob-side entry
retaining

3.1 Assumptions of the model

The geomechanical situation, in which the studied road-
way will be located during exploitation, varies. At the same
time, surrounding rock mass fracturing will be increased.
For investigation of the floor heave evolution the proper-
ties of rock strata were changed in model step-by-step. The
numerical modelling process had 6 steps: 1st step is for
roadway in non-mining influenced stage, and 2nd-6th steps
are for the gob-side entry retaining (Fig. 4). At the same
time the degree of rock mass discontinuity was simulated
by changing the Hoek-Brown GSI parameters. For example,
the GSI parameter for immediate floor in 1st and 6th steps
was GSI=57 and GSI=47 respectively. Each next step after
the first one GSI was decreased on GSI=—2. Table 2 pres-
ents the mechanical parameters of rock mass for each step.

14 castern auxiliary roadway

14 eastern longwall panel

— ——— = y
gob-sid slep [' 14 castern transport /
entry filling wall roadway

(@)

Deformation modulus, cohesion value, and angle of internal
friction were calculated by Egs. (1)—(3). The dilatancy angle
was taken equal to the angle of internal friction. This corre-
sponded to the unfavorable option. Mechanical parameters
of U-shaped steel support are shown in Table 3.

The filling wall is also not a solid body, just like rocks.
It has cracks, the number of which also increases with time.
Therefore, for the filling wall the same principle of disconti-
nuity accounting (GSI lowering) was applied (as for the rock
mass). Such an assumption was made to more adequately
simulate the real deformation of the gob-side entry retain-
ing. The properties of filling wall (high-support cemented
filling) are shown in Table 4.

3.2 Numerical model

Finite element method is widely used for numerical simula-
tion of mine roadways stability under dynamic and static
loads. Software such as ABAQUS (Abdulla et al. 2021) and
ANSYS (Sakhno and Sakhno 2023) is used for static analy-
sis, and LS Dyna—for the analysis of dynamic (Deng et al.
2024a) and coupling loads (Deng et al. 2024b).

ANSYS software was used to simulate stress-strain state
in surrounding rock. Rock mass, filling wall body, and
gangue in goaf are pressure-dependent materials. To simu-
late their behavior the Drucker-Prager model was used. In
previous studies (Sakhno and Sakhno 2023; Liu et al. 2022;
Sakhno et al. 2018) was shown that ANSYS Drucker-Prager
model is capable to simulate the behavior of the heteroge-
neous rock mass. The bilinear isotropic hardening model
was used to simulate the behavior of U-shaped steel-arch.

The geometric parameters of the model corresponded to
the strata histogram (Fig. 2¢). The numerical model size was
60 m x 60 m x20 m (Fig. 4) to minimize boundary effects.
The bottom boundary of the model was fixed in vertical, dis-
placement of lateral boundaries were constrained in normal
direction. The top boundary was not fixed. The gravity was
modeled in vertical direction. Additionally vertical pres-
sure, which was equivalent to the strata weight at the depth
0of 900 m (22.5 MPa), was applied on the top of the model.

goaf
) >
Ty SIEp6 14 eastern transpo
ge?ft’r;‘de " filling wall  roadway
(b)

Fig.4 a The location of studied area on 1 st simulation step b 6th simulation step
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Table 2 Rock mass parameters for numerical simulation

Steps GSI/D Compressive Tensile strength Deformation Poisson’s Cohesion Angle of internal Dilat-
strength (MPa)  (MPa) modulus (GPa) ratio value (MPa) friction (deg) ancy
angle
(deg)
Main roof (sandy mudstone)
1 57/0.5 2.47 0.14 1.63 0.3 3.59 28 28
2 56/0.5 2.31 0.13 1.53 0.3 3.43 27 27
3 55/0.5 2.16 0.12 1.44 0.3 3.27 26 26
4 54/0.5 2.01 0.11 1.35 0.3 3.11 24 24
5 53/0.5 1.87 0.10 1.27 0.3 297 24 24
6 52/0.5 1.75 0.09 1.19 0.3 2.83 24 24
Immediate roof (sandy mudstone)
1 57/0.5 2.08 0.12 1.33 0.3 3.07 29 29
2 5/0.56 1.95 0.11 1.25 0.3 2.93 29 29
3 55/0.5 1.85 0.10 1.18 0.3 2.80 28 28
4 54/0.5 1.70 0.09 1.10 0.3 2.68 28 28
5 53/0.5 1.58 0.08 1.04 0.3 2.56 27 27
6 52/0.5 1.48 0.08 0.97 0.3 2.45 27 27
Coal seam ¢,
1 45/0 0.59 0.012 0.44 0.3 1.51 21 21
2 43/0 0.52 0.010 0.39 0.3 1.42 21 21
3 41/0 0.46 0.009 0.34 0.3 1.33 21 21
4 39/0 0.41 0.008 0.29 0.3 1.26 21 21
5 37/0 0.36 0.007 0.26 0.3 1.19 20 20
6 35/0 0.32 0.006 0.22 0.3 1.13 20 20
Immediate floor (mudstone)
1 57/0.5 1.74 0.10 0.94 0.3 2.39 24 24
2 55/0.5 1.52 0.08 0.83 0.3 2.20 23 23
3 53/0.5 1.32 0.07 0.73 0.3 2.03 23 23
4 51/0.5 1.15 0.06 0.65 0.3 1.87 23 23
5 49/0.5 1.00 0.05 0.57 0.3 1.73 23 23
6 47/0.5 0.87 0.04 0.50 0.3 1.61 22 22
Main floor (sandstone)
1 65/0.5 5.70 0.25 3.14 0.3 6.25 35 35
2 63/0.5 4.99 0.21 2.84 0.3 5.73 34 34
3 61/0.5 435 0.17 2.56 0.3 5.23 34 34
4 59/0.5 3.80 0.15 2.29 0.3 4.76 34 34
5 57/0.5 3.32 0.12 2.04 0.3 432 34 34
6 55/0.5 2.90 0.11 1.80 0.3 3.90 34 34
Table 3 Properties of support elements used in the model
Primary support Type of elements ~ Material behavior Elastic modulus ~ Poisson’s Yield strength ~ Tangent
option (GPa) ratio (MPa) modu-
lus (GPa)
U-shaped steel support Beam Bilinear isotropic 200 0.27 295 522
hardening
Filling material (wooden boards) Solid Isotropic 750 0.3 — —

The size of the finite element mesh was chosen on the
considerations of required accuracy. At the same time anal-
ysis results should be in an acceptable time frame. Model
areas that were close to entry had the minimal size of the
mesh, since high accuracy was important there. Moving
away from the entry contour, the mesh size increased. On

@ Springer

the contour of the model, the stress field is uniform, so the
mesh had the maximum size.

The mesh reducing limit (when further reduce of the mesh
size increased the required time to run the analysis without
an appreciable increase in accuracy) was established as a
result of testing the sensitivity of the model. The maximum
size of the finite element was 0.75 m. The minimum size of
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Table 4 Filling wall parameters for numerical simulation

Steps GSI Compressive Tensile strength Deformation Poisson’s Cohesion Angle of internal Dilat-
strength (MPa) (MPa) modulus (GPa) ratio value, (MPa) friction (deg) ancy
angle
(deg)
Filling wall
1 _ _ _ _ _ _ _ _
2 79 8.65 0.72 2.29 0.3 4.77 33 -
3 76 7.08 0.50 2.13 0.3 4.48 33 -
4 73 5.79 0.35 1.95 0.3 4.16 32 -
5 70 4.74 0.25 1.75 0.3 3.81 30 -
6 66 3.62 0.16 1.48 0.3 3.33 29 —
sandy}
mud-
stong]
lsand g
mud- : i
stone| & | yoo
= o
mud-|~
btUllV '
" o
. S
kand{ | 5|
stongl  |<r
i o

—_ 60m

Fig. 5 Numerical model and supporting elements

the finite element was 0.1 m—near the bottom corner of the
entry.

A 5.5 x 4.2 m arch-shaped roadway was simulated. The
beam element with hat cross section was used to simulate
the U-shaped steel support. Between the steel arch and the
rock mass the contact surface with friction coefficient 0.45
(dry material) was created. The filling material (wooden
boards) was modeled as a plate between rock mass and steel
arch. The width of filling wall was 2.0 m, and horizontal dis-
tance between wall body and steel arch was 0.5 m (Fig. 5).
To simulate the broken gangue in goaf behavior, the follow-
ing parameters were applied: deformation modulus 30 MPa,
and Poisson’s ratio 0.45 (Li et al. 2020).

3.3 Simulation results

The simulation of the step-by-step evolution of stress in the
surrounding rocks is shown in Figs. 6 and 7. At the first
step, the stress distribution is symmetrical to the axis of the
roadway (Figs. 6a and 7a), since the roadway is not mining

influenced. The analysis of the minimum principal stresses
o, (Fig. 6a) shows that an area of increased o is formed in
surrounding rock on the sides of roadway; this is so-called
“butterfly zone”. The highest o; are formed at the bottom
corners of the roadway. The o5 in the sidewall and bottom
corners of the roadway exceed the compressive strength of
the coal and mudstone respectively. There is a high risk of
rock failure in these areas. However, floor heave at this step
is insignificant — up to 0.2 m.

At the 2nd-6th simulation steps the asymmetry of strains
and stresses appears (Figs. 6b, f). This is explained by the
load asymmetry for the gob-side entry retaining. The size of
the o3 increased zone, the value of g5 in the sidewalls and
floor of roadway increase greatly. Below the filling wall,
high compressive stresses occur. These stresses exceed
the ultimate strength of the rocks. As the longwall face
approaches, the stress concentration in the sides of the road-
way decreases, which is explained by the surrounding rock
deformations. Steel arch is also deformed asymmetrically.
Its maximum curvature is observed in the leg of frame. The
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Fig. 6 Minimum principle stress (g3) distributions around the roadway with a step-by-step simulation: a Step 1; b Step 2; ¢ Step 3; d Step 4; e
Step 5; f Step 6

@ Springer



Control of floor heave with rock bolts-steel piles coupling support technology

Page 110f26 44

~0.800x10"
-0.260x10"
-0.210x10°
~0.160x10"
-0.110x10°
-0.070x10"
-0.030x10"
0.00

0.020x10°

~0.800x10°
~0.260x10"
-0.210x10°
-0.160x10"
-0.110x10"
~0.070x10°
-0.030x10"
0.00
0.020x10°

~0.800x10"
~0.260x10°
-0.210x10"
-0.160x10°"
~0.110x10"
-0.070x10"
-0.030x10"
0.00

0.020x10°

Fig. 7 Maximum principle stress (o;) distributions around the roadway with a step-by-step simulation: a Step 1; b Step 2; ¢ Step 3; d Step 4; e

Step 5; f Step 6

@ Springer



44 Page 12 of 26

I. Sakhno, S. Sakhno

curved roadway contour becomes similar to the in-situ con-
tour (Fig. 3). Floor heave at 6th step exceeds 1.0 m.

The zone of reduced maximum principal stresses o, is
formed in the floor of the roadway at 1st step (Fig. 7a).
At 2nd-6th simulation steps, the stresses o, increase in the
mentioned area (Fig. 7b, f). At the 2nd step of the simula-
tion, tensile stresses in immediate floor exceed the tensile
strength of mudstone. This potential zone of rock fracture
is highlighted in gray color. Insignificant decrease of stress
also occurs in the roof. Another zone of critical stresses is
formed in the rock strata of the main floor below the fill-
ing wall body (Fig. 6b). In this area, the risk of main floor
failure is high.

The maximum principle strain distribution is shown in
Fig. 8. The results of rock specimen tests show (Sakhno et
al. 2018; Sakhno et al. 2023) that failure strain of mudstone
and coal are 0.018 — 0.02 and 0.012 — 0.016 respectively.
The results of triaxial compression tests (Sakhno et al. 2018;
Zhou et al. 2014; Josh et al. 2019) and uniaxial compres-
sion (Almisned and Algahtani 2021; Liu et al. 2021) of sedi-
mentary rocks confirm mentioned strain limits. It was found
(Zhou et al. 2014; Josh et al. 2019; Almisned and Alqa-
htani 2021; Liu etal. 2021) that for mudstone, siltstone, argil-
lite, and sandstone with uniaxial strength of 25 — 40 MPa,
the failure criteria for strain is about 0.02 — 0.03. Therefore,
in numerical simulation the failure limit was accepted in the
range of “—0.02” to “+0.02”.

At the first simulation step, strains in the floor and side
walls of the roadway exceed the failure limit. This indi-
cates the formation of cracks in the floor. Failure strain
areas appear in the bottom corners of the roadway and form
closed contour at a depth of about 2.0 m. The surrounding
areas with the maximum principle strain, that in 2.5 times
higher than the failure limits, in Fig. 8 highlighted in gray
color. At this step, the failure strain area is symmetrical with
respect to the roadway axis. At the 2nd and subsequent sim-
ulation steps, the size of the failure strain area increases sig-
nificantly. At the same time a clear asymmetry is noticeable.
Step by step, the depth of the failure area increases from
2.5 t0 4.0 m, and floor heave increases from 0.49 to 1.08 m.
Dilatancy and plastic flow evolve in this area, what causes
significant floor heave. The potential cracking area covers
the rock strata not only in the floor of the roadway, but also
below the filling wall body. Thus, the filling wall is verti-
cally pressed into the floor strata. This creates additional
horizontal stresses in them. As a result, the heaving becomes
more intense. The coal seam in the side of the roadway is
also cracked to a depth of more than 1.5 m. The coal failure
provokes the bending of the steel arch leg from the side of
the solid coal.

The step-by-step evolution of the roadway floor heave
is shown in Fig. 9. The non-linear nature of floor heave is
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clearly seen in the graphs (Fig. 9). According to the floor
heave evolution, it can be seen that the value of floor lift-
ing increases non-linearly between 1st and 2nd steps and
between 4th and 5th ones. The floor heave increment
between 1st and 2nd simulation steps is explained by the
transition of the experimental roadway part to the gob side.
Between 4th and 5Sth steps the increment is associated with
the dilatancy of the near-contour strata (0.5 m thick), which
previously displaced without noticeable vertical strains
(Fig. 8).

Figure 9 also contains the results of floor heave mea-
suring in 13th eastern transport roadway in non-mining
influenced stage and in gob-side retained stage, which cor-
responds to 1st and 6th steps of the numerical simulation.
Figure 9 shows that the difference between the numerical
analysis and field measurements of maximal floor heave are
4.7% and 9.2%, respectively, which allows to conclude that
the model is sufficiently reliable.

Figure 10 shows the variation of the strain in the road-
way floor at the different simulation steps. As can be seen,
horizontal total strains have a minus sign, which means that
they are caused by compression. While vertical total strains
have a plus sign, which indicates expansion and lamina-
tion of rock mass. At the 2nd simulation step, vertical and
horizontal strains are higher than the critical ones (+0.02).
Significant vertical expansion of rocks confirms dilatancy
in the floor.

The highest vertical strains are observed in the depth
range of “—3.0 m” — “—0.5 m”. Strains significantly exceed
the elasticity limit. This indicates plastic flow in the floor. At
the 3rd and 6th simulation steps the vertical strains exceed
the elastic limit by 10 and 19 times respectively. Horizontal
strains exceed the mentioned limit by 3.5 and 6.5 times on
the 3rd and 6th steps, respectively.

In-situ monitoring and the results of numerical analysis
allow to get the following conclusions. It is unlikely that
floor heave in the 13th eastern transport roadway corre-
sponds to swelling mechanism, since the floor generally
was almost dry in the floor areas. The results of the analy-
sis show the key role of horizontal stresses in this process,
which allows to conclude that the bearing capacity mecha-
nism can hardly be associated with floor heave. Most likely,
floor heave associated with the retreat of the longwall face
and roof falls, which induces higher asymmetric stresses
compared to the excavation period. The floor failures cor-
respond to buckling. Such findings are consistent with the
reported by Mo et al. (Mo et al. 2020) cases of floor heave
in Australian mines. Since the main cause of heaving is hori-
zontal stress, it can be concluded that a high degree of defor-
mation is caused by rock mass buckling due to the failure
of the floor materials in accordance with Mo et al. (2020)
hypothesis.
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Fig. 9 The roadway floor heave evolution

Fig. 10 The variation in horizontal
and vertical total strains with depth
at different simulation steps and
delamination of floor strata in-situ

3.4 Simulation discussions

Several conclusions can be drawn according to the above
analyses:

(1) The gob-side entry deforms asymmetrically. At the
same time, the steel arch bents with irreversible plas-
tic deformation. The axis of the roadway cross section
tilted towards the coal body. This is caused by the orien-
tation of the maximum stress vector (Fig. 11). Asymme-
try is also observed in the roadway floor. The simulation
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results correspond with in-situ observations in gob-side
entry.

The analysis of the minimum principal stresses o;
shows that areas of increased oy are formed on sides
of roadway, both on the coal body side and on the fill-
ing wall side. Underneath the filling wall, compres-
sive stresses exceed the ultimate strength of the rocks.
The filling wall is pressed into the immediate floor. At
the same time, the size of the reduced o, stress zone
in the floor of the roadway increases significantly. In
the non-mining influenced zone (Ist simulation step)
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Fig. 11 The simulation of surrounding rock deformation in gob-side entry retaining: a The initial state of the model; b Displacement vectors on

6th simulation step. Note: v is inclination of the roadway axis, °.

tensile stresses in the immediate floor exceed the tensile
strength of mudstone directly under the roadway span.
In retained gob-side roadway (2nd-6th simulation steps)
the zone of ultimate stresses is also formed in main floor
underneath the filling wall body. The ¢, in the central
part of the roadway floor significantly exceed the ten-
sile strength of floor. This indicates a high risk of rock
failure.

(3) The strain analysis shows characteristics of post-peak
floor deformations. Failure strain areas appear in the bot-
tom corners of the roadway and form a closed contour
at a depth of about 2.0 m. For gob-side entry retaining,
the size of the failure strain area increases significantly
and covers rocks not only in the floor of the roadway,
but also under the filling wall. At the same time a clear
asymmetry is noticeable. First of all, a vertical expan-
sion zone with post-peak strains forms in the immedi-
ate floor that confirms dilatancy. The plastic flow in the
immediate floor also evolves.

(4) The following floor heave mechanism in gob-side entry
retaining was proposed. The concentration of vertical
stresses leads to the failure of the coal body on one side
of the roadway. On the opposite side of the roadway
vertically pressured filling wall body leads to the fail-
ure of immediate floor underneath it. As a result, hori-
zontal stress increases in the floor strata that causes the
extrusion of rocks from under the filling wall into the
roadway cavern (Figs. 10 and 11). In addition, vertical
delamination of rocks occurs which provokes a criti-
cal floor heave. The key to floor heave control is the
counteraction to the expansion of rocks in the post-peak
strains zone.

(5) Numerical simulation results are valid only for mechan-
ical parameters of rock mass, filling wall, support ele-
ments that were applied, and overburden stress at depth
900 m. However, it is clear that the mechanism of floor
heave phenomenon will not change significantly in sim-
ilar geological conditions.

4 Floor heave control technology
4.1 Design of floor heave control schemes

The reinforcement method was proposed for the floor heave
control. Fully grouted resin bolts and steel piles were used.
Four floor heave control schemes were studied. Firstly, the
floor reinforcing design with 5 rock bolts was simulated.
The bolts were numbered in the direction from the coal body
to the filling wall. The central rock bolt in the row (bolt #3)
was located vertically and coincided with the roadway cross
section axis. The edge rock bolt (bolt #5) inclination was
chosen in such a way as to counteract the vector of maxi-
mum strains from the side of the filling wall. At the same
time bolt’s length was calculated so that its bottom part
was located in the pre-peak strains zone (Fig. 12a). Rock
bolt #5 was inclined at 48 degrees and bolt #4 was inclined
at 69 degrees from the horizontal. The rock bolts orienta-
tion was symmetrical about the roadway cross section axis
(Fig. 12a). Steel belt was used to couple bolts. The original
U-shaped steel arch was not changed. Table 5 shows the
mechanical parameters of floor support components in the
numerical model.

@ Springer



44 Page 16 of 26

I. Sakhno, S. Sakhno

—0.06
-0.04

-0.02
0.00
0.01

0.02

0.03
0.04

0.05

Fig. 12 Total maximum principle strain distributions at 6th simulation step and designed rock bolt floor support schemes: a Scheme I; b Scheme 1T

Table 5 Properties of floor support elements used in the model

Floor support element Elastic  Pois- Yield Tangent
modulus son’s strength modu-
(GPa)  ratio (MPa) lus (GPa)

Rock bolt (diameter 32 mm) 200 0.27 295 52.2

Steel pile (diameter 200 0.27 295 52.2

200 mm)

Steel belt (width/ 200 027 - -

thickness=150/5 mm)

Analysis of the numerical simulation results that were
mentioned above (Fig. 8) showed that the area with critical
horizontal and vertical strains is limited to a depth of 2.0 m
under the steel arch leg from the coal body side, 2.9 m in
the central part of the roadway span, and 4.0 m below the
steel arch leg from the side of the filling wall (Fig. 12a).
Compared to the clear asymmetry of the strain, the stress o,
asymmetry was not significant (Fig. 7f).

Two rock bolt support schemes were modeled. Scheme
I was a symmetrical one with constant depth of reinforce-
ment. The maximum vertical depth of the reinforcement
area was 5.0 m (Fig. 12a). Scheme II was provided for the
use of bolts with different lengths, in accordance with the
shape of the post-peak strain area. Taking into account nec-
essary safety factor, the vertical depth of reinforcement was:
bolt #1-2.0 m, bolt #2-3.0 m, bolt #3—4.0 m, bolt #4-5.0 m,
bolt #5-5.0 m (Fig. 12b).

According to scheme III two steel piles were installed in
the floor corners. Study of Xu et al. (2016) showed the high
efficiency of the floor heave control method with steel pile
in gob-side entry retaining. This paper served as inspiration
for the current study. The diameter of the piles was 200 mm
and the length was 2.0 m in this study. The piles were num-
bered in the direction from the coal body to the filling wall
(as well as bolts). The axes of the piles coincided with the
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axes of the bolts, so pile #1 coincided with bolt #1, and
pile #2 coincided with bolt #5 from the previous schemes
(Fig. 12). The central part of the roadway span remained
unreinforced. The mechanical parameters of steel pile are
shown in Table 5.

The integration of rock bolts and piles technologies was
the basis for Scheme I'V. Combining the effects of counterac-
tion to horizontal stresses, which were transmitted from the
sides of the roadway, and delamination of floor strata was
the main idea of rock bolts-steel pile coupling support tech-
nology. This idea is realized in floor heave support scheme
IV. In this case, scheme IV was modeled in three variants:

IVa—2.0 m long steel piles coupled with three rock bolts
(#2, #3, #4) of different lengths (as in scheme II);

IVb—1.0 m long steel piles coupled with three rock bolts
(#2, #3, #4) of different lengths (as in scheme II);

IVc—1.0 m long steel pile #1 and 2.0 m long steel pile
#2 coupled with three short bolts (bolting depth of 2.0 m).

Figure 13 shows the support schemes that were studied

4.2 Effectiveness of reinforcement

Firstly, rock bolts reinforcement according to scheme I was
modeled. The distribution of minimum principal stresses
(03) around the roadway at the 6th simulation step before
and after bolt reinforcement is shown in Figs. 14a, b,
respectively. It can be seen that bolting does not solve the
problem of stress asymmetry. The size of increased mini-
mum principle stresses (o3) zones in the sides and floor of
the roadway is varied insignificantly. However, the stress
in the steel arch increases after floor reinforcement. Thus,
the maximum stress (o;) increases from 2.78 GPa to 4.25
GPa. The steel arch legs are critically bent and plastically
deformed. Steel arch deformations after floor reinforcement
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Fig. 13 Finite element models for different floor heave control schemes: a Scheme I; b sScheme II; ¢ Scheme I1I; d Scheme IVa; e Scheme IVb;

f Scheme IVc

are more significant than before reinforcement. While
before floor bolting dramatic curvatures of the steel arch
legs are observed mainly from the side of the coal body,
after reinforcement the steel arch leg from the side of the
filling wall is also bent significantly. Since the floor heave
after reinforcement decreases substantially, and the stresses
(03) in the surrounding rocks do not varied significantly, it
can be concluded that during the floor bolting, the stresses
(03) do not have a considerable impact on the heaving.

A far greater influence of floor bolting is observed in
the distribution of maximum principle stress (g,), as can be
seen in Figs. 14c, d. After the reinforcement, the size of the
relieved stress (o)) area in the floor strata is significantly
reduced. The critical stress o, area decreases and transits

towards the filling wall. This indicates a high responsive-
ness of tensile stresses in the floor strata (which are largely
the cause of heaving) to reinforcement. The positive rein-
forcement effect can be traced most clearly by analyzing
the variation of the maximum plastic principle strain around
the roadway. It can be seen that floor bolting significantly
changes the geometry of the plastic deformation zone, sub-
stantially reducing its size. This is reflected in the reduction
of floor heave.

The post-peak plastic strains below the central part of the
roadway span practically disappear after reinforcing. How-
ever, they still remain in the floor strata underneath the fill-
ing wall and on the sides of it. Prevention of dilatancy and
plastic flow in this zone by reinforcement is not achieved.
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Fig. 14 Minimum principle stress (a, b), maximum principle stress (¢, d) and maximum principle plastic strain distributions (e, f) around the
roadway at 6th simulation step before and after bolt reinforcement (scheme I)

The graphs of roadway floor heave evolution with a step-
by-step simulation are shown in Fig. 15. The figure also
shows total maximum principle strain distribution around
the roadway. Comparison of floor heave value before
(Fig. 9) and after (Fig. 15) bolting shows that reinforcement
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significantly reduces floor heave. However, the reinforce-
ment efficiency is different at each simulation step. So, at
the 1 st simulation step, floor heave on average decreases by
16%, at the 2nd - by 63%, at the 3rd - by 67.8%, at the 4th -
by 68.8%, at the 5th, 6th - by 73%.
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Fig. 15 a The roadway floor heave evolution and b Total maximum principle strain distributions around the roadway with a step-by-step simulation

after bolt reinforcement (scheme I)

The floor bolting have caused substantial reduction of the
post-peak strains area. After that this area does not cover the
rocks under the roadway span. Significant excesses of the
strain limit are observed under the filling wall body nearby
bolt #4 and bolt #5 (Fig. 15). In this area plastic flow and
dilatancy of rock strata occur. Variations of the horizontal
and vertical strains below the central part of the roadway
span before and after floor bolting are shown in Fig. 16a.
The vertical strains, which directly determine the heaving,
decrease from 0.38 to 0.02, as can be seen from Fig. 16a.
After reinforcement the area of post-peak vertical strains
under the roadway span does not appear. Local areas of
insignificant post-peak vertical strains occur between the
bolts (Fig. 16b). Horizontal strains also reduce from 0.13 to
0.03. This means that a slight excess of post-peak stresses
still appears even near the rock bolts. However, it is clear
that reinforcement reduces the vertical and horizontal
strains, controls the delamination of the rock strata.

After that, asymmetrical bolt reinforcement scheme
(scheme II) with different bolts lengths was modeled. The
result of simulation is shown in Fig. 17. Comparison of
stress distributions around the roadway after reinforcing
in accordance with scheme I (Fig. 17a) and with scheme II
(Fig. 17b) shows that there are no significant differences. A
similar conclusion can be drawn by analyzing the distribu-
tion of principle strains (Figs. 17c, d). Thus, the asymmetric

bolting scheme does not worsen the stress-strain state
around the gob-side entry retaining. At same time in scheme
IT bolt #1, bolt #2, bolt #3 are shorter than in scheme I.
Less material consumption makes scheme Il more prefer-
able. Floor heave after bolt reinforcement in scheme I and
scheme II differs insignificantly (Fig. 18). There is every
reason to assume that scheme II is more rational. However,
it should be noted that the parameters of the scheme, such
as the length and number of bolts, must be set in each case
separately, depending on the properties of the rocks, param-
eters of U-shaped steel support, filling wall material and
mining depth.

An analysis of the simulation results shows that under
the filling wall near bolt #5, an area of post-peak strains
still appears (as in scheme I). In addition, bolt #5 and bolt
#1 critically bend in under horizontal stresses. To counter-
act these stresses, according to floor heave control scheme
111, two steel piles were installed in the roadway corners
(Fig. 13c¢).

Figure 18 shows the distribution of maximum principle
stress (Fig. 18a) and maximum principle strain (Fig. 18b)
around the roadway at the 6th simulation step after steel pile
installation. Maximum principle stress in the floor strata
after steel piles installation is slightly less than after bolt
reinforcement. However, in this case, floor heave has a clear
asymmetrical character along the roadway span and larger
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Fig. 16 a The variation in horizontal and vertical total strains with depth in central part of the roadway span and b Vertical strain distributions
around the roadway at 6th simulation steps before and after bolt reinforcement (scheme I)

absolute value then after bolt reinforcement (Fig. 18a).
The result of this is a decrease of maximum stresses in the
immediate floor. On the other hand, steel piles installation
increases the compressive stresses in immediate floor under
the filling wall and underneath the steel arch leg on the side
of the coal body, which indicates their sufficient counterac-
tion to displacement of rock. The pile on the coal body side
does not bend like a bolt, but on the filling wall side it is still
slightly bent.

Analysis of maximum principle strain (Fig. 18b) dis-
tributions shows that the post-peak strain area after piles
installation is larger than in the case of bolt reinforcement.
Between the piles, the post-peak strains significantly exceed
the critical ones. In the result, vertical delamination of rocks
and their displacement into the roadway cavern occurs. Area
of significant post-peak strains between the piles located at
a depth of 1.0-2.2 m (Fig. 18c). Horizontal strains reduce
to 0.08, which is 38% less than before the piles installation,
but three times higher than after the bolts reinforcement.
It is clear that steel piles restrain horizontal stresses in the
floor, which were transmitted from the sides of the roadway,
much better than bolts. But they do not counteract to vertical
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delamination of immediate floor in the central part of the
roadway span. A comparison of vertical strain distribu-
tions around the roadway after bolting and piles installation
(Fig. 18d) shows that after piles installation in the central
part of the roadway span (at a depth of 1.0-2.2 m) vertical
strains form the rock expansion core which was not there
after bolt installation.

The combination of the advantages of floor reinforce-
ment with bolts and steel piles was the basis for the design
of rock bolts-steel pile coupling technology. This technol-
ogy was modeled in three variants of scheme IV (Figs. 13d,
e, ).

The distribution of maximum principle stress and maxi-
mum principle strain around the roadway at the 6th simula-
tion step after reinforcement with scheme IV is shown in
Fig. 19.

Floor heave has symmetrical form along the roadway
span after reinforcement with scheme IV. Maximum prin-
ciple stress in the floor strata in all three variants of rein-
forcement scheme IV varied slightly (Figs. 19a, c, e). In this
case, the stress distribution is more favorable in compari-
son with previous floor reinforcement schemes. Analysis
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Fig. 17 a, b Maximum principle stress and ¢, d Maximum principle strain distributions around the roadway at 6th simulation step after bolt rein-

forcement with scheme I and scheme I1

of maximum principle strain distributions (Figs. 19b, d, f)
leads to similar conclusion. The post-peak strain area under
the steel arch leg on the coal body side does not occur, as in
the case of steel piles installation. The size of the post-peak
strain area on the side of the filling wall and in the cen-
ter of the roadway span is significantly reduced compared
to all previous schemes. The worst variant of scheme IV is
scheme I'Vb, in which both piles have a length of 1.0 m. In
this case, the dimension of the post-peak strain area near the
pile #2 is the largest of all scheme IV variants (Fig. 19d). At
the same time, a comparison of schemes IVa and [Vc shows
that there is no significant difference in the stress and strain
distributions between them. However, in scheme IVc bolts
#2, #3, #4 are shorter than in other schemes and steel pile #1
is 1.0 m long. This means that consumption of support ele-
ments is less than in other variants of scheme IV that makes
this variant more favorable.

Graphs of floor heave in gob-side entry retaining for dif-
ferent reinforcement schemes are shown in Fig. 20. Floor
heave is minimal after reinforcement with scheme IV.

However, there is no significant difference between [Va, IVb,
IVc variants. In summary, scheme IV is the most effective
because it provides a reduction in floor by 80%. The simula-
tion result shows that scheme IVc is the most effective for
floor heave counteraction in gob-side entry retaining.

4.3 Rock bolts-steel piles coupling support scheme

The main problem of gob-side entry retaining stability in
Surgaya coal mine is a dramatic floor heave. The current
support system of the entry should be improved. The effec-
tive mining of 14th longwall panel requires modification of
floor heave support technology. Based on results of numeri-
cal simulation, the most effective scheme (scheme IVc,
Fig. 12f) of floor reinforcement was proposed addition-
ally to original support system. Diameter of rock bolts was
32 mm, of steel piles — 200 mm. Steel belt 150 x5 mm was
used during rock bolts reinforcement. Numerical simulation
shows that steel arch legs bent more after reinforcement
than before it. Therefore double steel arch legs with length
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Fig. 18 a Maximum principle stress and b Maximum principle strain
distributions around the roadway at 6th simulation step after reinforce-
ment with scheme III; ¢ The variation in horizontal and vertical total

1.5 m were proposed. Figure 21 shows the proposed design
of support scheme.

5 Conclusions

This study was focused on the mechanism of floor heave
evolution and its control by the different reinforcement tech-
nologies. The gob-side entry retaining of deep coal mine
was considered as the research subject. A finite element

@ Springer
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strains with depth in central part of the roadway span; d Vertical strain
distributions around the roadway after bolting and pile installation

method was used to study the stress-strain state of surround-
ing rock strata. Based on the results of this investigation, the
following conclusions can be drawn:

(1) The floor heave in gob-side entry retaining is caused by
two main reasons, which complement each other:

— high horizontal stresses, which were transmitted
from the sides of the entry to floor strata. At the same
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Fig. 19 a, ¢, e Maximum principle stress and b, d, f Maximum principle strain distributions around the roadway at 6th simulation step after rein-

forcement with scheme IV

time, extrusion of rocks from under the filling wall
body had significant impact;

— vertical delamination of floor strata in the post-peak
strains zone under the roadway span and filling wall
body.

(2) The floor heave mechanism in gob-side entry retain-
ing is the following one. The concentration of vertical

stresses leads to the failure of the coal body on one side
of the roadway. On the opposite side of the roadway
vertically pressured filling wall body leads to the fail-
ure of immediate floor underneath it. As a result, hori-
zontal stress increases in the floor strata that causes the
extrusion of rocks from under the filling wall into the
entry cavern. In addition, vertical delamination of rocks
occurs that provokes a critical floor heave.
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Fig. 20 The roadway floor heave at 6th simulation step after reinforcement with different scheme
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Fig. 21 Design of support scheme
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(3) The key to floor heave control in gob-side entry retain-
ing is the resistance to the expansion of rocks in the
post-peak strains zone under the roadway span and fill-
ing wall, as well as counteraction to horizontal stresses,
which were transmitted from the sides of the roadway.
Rock bolts-steel piles coupling support technology is
the most effective because positive effects of bolts and
piles complement each other. As a result, the post-peak
strain and stress areas are the smallest, and floor heave
reduces by 80%. Among the coupled schemes, the most
rational is scheme IVc. In this scheme bolts and one of
the steel piles are shorter than in other schemes.

(4) The parameters of the reinforcement scheme must be
set in each case separately, depending on the proper-
ties of the rocks, parameters of U-shaped steel support,
filling wall material and mining depth. For this, it is
necessary to analyze the stress and strain distributions
around the entry. In this case, the maximum principle
strains analysis plays a key role. It can provide guidance
for setting optimal parameters for controlling the floor
heave.

This research will aid in comprehending the floor heave
characteristics in gob-side entry retaining at great depth,
paving the way for theoretical groundwork for new bolts-
steel piles coupling support methods and their application.
The calculation of the parameters of rock bolts-steel piles
coupling floor support technology in different geologi-
cal conditions can be performed by obtaining findings and
implementing the proposed suggestions. This will allow to
adapt the proposed method to different coal mines.
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