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Abstract: The fully mechanized caving roadway’s floor heave has a significant impact on the stability
of the narrow coal pillars, the filling body next to the roadway, as well as the entire roadway.
Significant floor heave necessitates extensive maintenance and rebuilding work, which has a negative
impact on the mine’s regular operations. The costs of sustaining and maintaining the roads are
significantly increased by production. In this study, a mechanical model of the floor heave of the
road along the goaf is established using the Winker elastic foundation theory model. The mechanical
model of the floor heave of the roadway is confirmed when combined with engineering cases. The
findings of the study indicate that there is almost no deformation of the side floor of the roadside
support and the solid coal. The floor deformation of the roadway area exhibits non-positive symmetry
and a “parabolic” characteristic. Roadway width, burial depth, and roadway floor heave all have
linearly positive correlations, but elastic modulus of the floor, burial depth, and highway floor heave
all have negatively exponential correlations. The maximum deformation of the floor heave, which
has a maximum value of 628 mm, is close to the side of the roadway support body; the theoretical
model’s maximum value for the floor heave after 100 days of actual deformation monitoring is
645 mm. Between the maximum value and the maximum value as measured, there is a 2.6% error.
The paper has important guiding significance for explaining the mechanism of floor heave in goaf
roadway and controlling the deformation of the roadway floor.
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1. Introduction

Gob-side entry retaining refers to the technique of roadside packing along the edge of
the goaf side of the mining roadway as the caving face progresses, retaining the original
caving face groove and using it as the next district sublevel caving face groove [1,2]. It
is commonly used in medium thick and thin coal seams. The thinner the coal seam, the
stronger the support capacity of the roadway filling body, and the better the overall effect.
It is meaningful for thin coal seam mining, and has the advantages of canceling coal pillars,
achieving non pillar mining, and improving coal resources recovery [3,4]. However, it
differs from the mining of medium thick or thick coal seam gob-side entry retaining. As
the mining height increases, the mining stress and influence range increase, and the filling
body is affected by roof subsidence, rotation, etc., resulting in increased deformation and
poor stability of the filling body [5]. For thin coal seams with gob-side entry retaining, the
effectiveness mainly depends on the stability of the filling body, the properties of the roof
and floor surrounding rocks, and for weak floor slabs, floor heave is prone to occur. The
floor heave of the gob-side entry retaining is a phenomenon brought on by changes in the
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surrounding rock’s stress state as a result of mining, excavation, retaining roadways, and
other factors, as well as changes in the rock’s properties during maintenance. As a result,
the rock mass’s roof, floor, and two sides are deformed and move towards the roadway,
with the floor rising upwards [6-8]. The phenomenon of floor heave in the gob-side entry
of fully mechanized top coal caving is currently becoming more prevalent. However, it
not only harms the roadway but also significantly affects the stability of small coal pillars,
filling bodies close to the roadway, and even the entire roadway. Strong floor heaves require
considerable maintenance and renovation work, which has a negative impact on the mine’s
normal output and significantly raises the cost of maintaining and repairing the road [9].
The application requirements for gob-side entrance retention have gradually increased
from straightforward to intricate with the advancement of the technology. According
to research, the primary factors influencing the floor heave of gob-side entrance include
burial depth, the characteristics of the surrounding rocks, coal seam mining height, support
form, and strength [10-13]. In Luan Mining Area, Shanxi Province, Li et al. studied the
auxiliary transportation roadway along the goaf in the N2301 fully mechanized caving
face of Gucheng Coal Mine. They discovered that the cantilever structure on the roof of
the gob-side entry retaining behind the working face and the uneven superposition of
high advanced support pressure and horizontal stress in front of the working face are to
blame for the asymmetric floor heave of soft rock [14]. In order to develop a mechanical
model for the coal-rock roadway’s floor rock mass failure, Zhou examined the floor heave’s
deformation characteristics [15]. The thick coal seam roadway floor with soft roof, soft
coal, and soft floor is susceptible to significant deformation, according to Ma Zimin et al.’s
analysis [16]. By analyzing the rock mass’s motion characteristics at various depths in the
roadway’s subgrade, Bai was able to determine that shallow uplift and deep subsidence
are the mechanisms responsible for floor heave [17]. Jian Shi et al. [18] took Huafeng
Coal Mine as the research object, proposed anti-slide piles control technology for the floor
heave problem in the —1100 level, and provided a method for determining the support
parameters of anti-slide piles. Haramy [19] investigated floor heave analysis in a deep
coal mine. Perry [20] studied the floor heave in a western Kentucky mine with localized
increase in the thickness of the fireclay mine floor. Sungsoon [21] researched the floor
heave management at the Glencore Bulga underground operations and investigated the
contributing factors to the behavior of the floor. Shreedharan [22] analyzed the stability of
tunnels in a deep coal mine using the distinct element method. Park [23] also studied the
stability of entries in a deep coal mine using the finite element method.

The mechanisms and methods of roadway floor heave differ due to the various
geological circumstances, surrounding rock qualities, and stress states of the roadway.
It can generally be broken down into four categories: water swelling floor heave, shear
dislocation floor heave, compression folding floor heave, and compressive flow floor
heave [24]. Academician Kang noted that one of the main causes of roadway floor heave is
the bending and expansion of rock layers [25]. According to Bai’s theory [17], the floor’s
lithology and horizontal load have a significant influence on floor heave. The fractured
floor needs to be strengthened, its peak and residual strength need to be increased, the
floor’s lithology needs to be improved, and the effect of horizontal load on the floor heave
needs to be managed. Jiang investigated the fundamental traits of roadway floor heave,
examined the causes and mechanisms of four different forms of floor heave, and suggested
control methods [2]. Hua created a force model for the floor of the deep well’s huge
cross-section gob-side entry retaining roadway, and then used the principle of minimum
potential energy to compute and analyze the floor’s deformation [26]. According to Xu, the
floor of the roadway ruptures after a single mining operation, and the fractured rock mass
of the floor subsequently experiences post peak creep under the action of dynamic stress
in both the first and second mining operations [27]. This is the cause of the floor heave of
the gob-side entry retaining roadway. Sakhno et al. [28] pointed out that the occurrence of
floor heave phenomenon is related to most temporary roadways, and proposed a method
to control the floor heave in mine roadways by consolidating the rock of the mine roadway
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floor for reinforcement, forming locally strengthened zones. Ilinets et al. [29] used finite
element analysis to analyze the Taldinskaya Zapadnaya-2 mine and studied the causes
and mechanisms of the floor heave. It was found that using pressure relief slots in two
areas can reduce the amount of the floor heave. Piotr [30] proposed a new modeling
method of the roadway floor heave under the conditions of dry floor and waterlogged
floor, and used two roadways under corresponding conditions to verify the accuracy of
the simulation. When estimating the magnitude of support stress during tunnel closure
support construction or predicting the maximum acceptable roadway floor uplift based
on approved mining techniques, the displacement of the submerged floor calculated by
this modeling method is more accurate. Iurii et al. [31] used a simple method including
Kirsch equation to analyze the stress distribution around the roadway, analyzed the field
observation results of the displacement of the roof and floor of the “deep well” roadway,
established the linear correlation between the roof subsidence and the floor heave, and
emphasized that the roof subsidence must be prevented in order to effectively offset the
extrusion of the floor strata. Ivan [32] studied the mechanism of the floor heave formation
by combining the influence of water content on rock properties, and proposed a method for
controlling the floor heave through grouting reinforcement. The reliability of this method
was verified through numerical simulation. Sungsoon et al. [33] proposed a coal mine
floor rating to help evaluate the potential for significant floor heave in underground coal
mine roadway development in new mining projects or future work. Hideki et al. [34]
studied the performance of grouting as a reinforcement material for the floor, controlling
the deformation of the tunnel floor heave.

Roadway floor heave is a common phenomenon in coal mines. If the floor heave is
less than 200 mm, no special measures need to be taken [2]. However, when the amount of
floor heave is large, measures need to be taken, which not only consume manpower and
financial resources, but also affect production. The issue of floor heave in gob-side entry
retaining roads has been the subject of preliminary talks so far, but further research is still
needed to fully understand the mechanism and variation law of floor heave in shallow
coal seams. In order to reveal the mechanism of the floor heave of the gob-side entry
retaining roadway and determine its variation law, this article uses the 1701 working face
of a specific coal mine as the research background. It then adopts the Winkle theory to
establish a mechanical model of the floor of the gob-side entry retaining roadway. The
paper has important guiding significance for explaining the mechanism of floor heave in
goaf roadway and controlling the deformation of the roadway floor.

2. Project Overview
2.1. Overview of Working Face

The F17 fault protection coal pillar, the industrial square protection coal pillar, and
the 1701 east upper working face are all accessible from the 1701 working face, which is
situated at level —415 to the east of the initial mining area. Figure 1 depicts its location.
The mining coal seam is the 7th coal seam, and the working face is vertically 360.18 to
388.50 m above the earth. The ground elevation of the working face is 29.7 to 30.9 m. With
a coal seam strike of 50 to 75 degrees and a dip to the north, this face has a wide and mild
monoclinic structural character. The coal seam has a comparatively low dip angle of three
to five degrees. The coal seam has a thickness that varies from 1.05 to 1.20 m, with an
average coal thickness of 1.15 m and a generally consistent thickness variation.
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Figure 1. Diagram showing (a) working face layout and (b) level —415.
2.2. Rock Character Analysis of Coal Seam Roof and Floor

Working Face 1701’s immediate floor of roadway is made of a dark grey siltstone that
is 1.0-1.2 m thick and contains fossilized plant roots. Its lower portion is sandwiched by
narrow bands of fine sandstone that are rich in fossilized plant detritus and pyrite films.
Light grey fine sandstone with a thickness of about 5.0 m forms the fundamental bottom. It
is dense and hard, primarily made of quartz and feldspar, and is followed by dark minerals
with horizontal bedding that contains fossilized carbonized plant waste. Figure 2 depicts

the rock characteristics of the coal seam roof and floor.
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Name of stratum Thickness of stratum | Synthesis histogram Lithological description

i The layer is gray or gray-white fine sandstone, locally medium-grained
sandstone, and contains dark gray siltstone bands. Bedding is more
developed.

Fine sandstone 4.0m

The layer is gray-black silty mudstone, which is easy to

3.5
Mudstone m collapse. The fracture is shell-like

The mudstone of this layer has high carbon content,

Carbonaceous mudstone 0.3m soit has high calorific value

The coal in this layer is mainly bright coal and dark ceal,

7 coal 1.2m with a small amount of vitrain and fusain bands.

The siltstone of this layer is gray, containing plant root fossils
and sandwiched with a thin layer of fine sandstone.

Silty sandstone 2.7Tm

The layer is light gray or gray fine sandstone, dense and hard.
The main compenents are quartz and feldspar, followed by dark
minerals. It has horizontal bedding and contains carbonized
plant debris fossils.

Fine sandstone 5.0m

Figure 2. Coal seam roof and floor layer histogram.

Plant debris fossils are present in the rock stratum beneath the road, and they expand
when they come into contact with water. However, because of the straightforward hydro-
geological circumstances, the floor aquifer’s water quantity is weak and its influence on
floor heave is minimal.

2.3. Supporting Scheme for Gob-Side Entry Retaining

The “anchor net-steel belt” support type is used in the 1701 upper roadway support
design. The width of the roadway is 4 m and the height is 2.5 m. The roof bolt parameters
are @ 18 x 2000 mm equivalent strength full thread steel with a spacing of 800 x 800 mm
on the roof. The roadside bolt parameters are ® 18 x 1800 mm equivalent strength full
thread steel with a spacing of 800 x 900 mm on the coal wall. Anchor mesh is laid across
the whole tunnel portion. The highway for insitu retaining is used for the gob-side entry
retaining. The paste-based filler body has dimensions of 1.5 m in width and 1.15 m in
height, and it is attached to the coal seam roof. A single pillar supports the roof on the
side of the paste-based filler body. On the goaf side, a 2.0mwide gangue wall is manually
constructed. Figure 3 depicts the precise layout diagram.

/anchm bar®18x%2000

~ ¥

anchor bar®18x1 86()
\

.\

single pillar

entity coal side

Figure 3. Scheme of gob-side entry retaining.
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2.4. Characteristics of Floor Heave

Observations made on the ground revealed that while the upper roadway roof support
is dense and sturdy, the floor is unsupported. The road exhibited floor heave after gob-side
entry had been retained for some time. The roadside support bodies have tilted and shear
failure has occurred close to the roof and floor of the roadway. The deformation of the
coal side roadway is relatively small, and there is no damage phenomenon. The roof has
minimal damage and is relatively complete. The height of local floor heave is about 1 m,
seriously affecting the normal use of the roadway. Figure 4 depicts the deformation and
failure of the tunnel floor heave.

Floor heave

(3

Support sink into floor

Figure 4. Damage diagram of the floor heave of the gob-side entry retaining roadway.

3. Mechanical Model of Floor Heave in Gob-Side Entry Retaining
3.1. Analysis on the Mechanism of Floor Heave in Gob-Side Entry Retaining

It can be deduced from the theory of key layers and the law of overlying rock move-
ment along gob-side entry retaining roadway that after the working face is pushed, the
key roof breaks near goaf to form a masonry beam structure, the lateral concentrated stress
shifts towards the solid coal side, causing a secondary distribution of surrounding rock
stress and the occurrence of concentrated stress (Figure 5 [35,36]).

________
_____________

\entity coal

\r:oadsid:e

filling body

Figure 5. Schematic illustration of floor heave damage to the gob-side entry retaining roadway [35,36].

The load carried by the filling body and coal increases quickly as the key blocks
rotate and sink, causing a large stress concentration at the base corner of the road and the
likelihood of both ends of the floor rock layer being damaged. The base angle practically
loses its ability to support vertical loads when it is damaged. Because of this, as the two
sides of the roadway move relatively close together, the weaker floor layer experiences
compression deformation due to the compression of the filling body and solid coal next to
the roadway as well as the floor’s stress, which finally causes the floor to raise and form a
floor heave.
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3.2. Stress Analysis of Gob-Side Entry Retaining

A stress study of the floor of the gob-side entry retaining roadway can be established
based on the analysis mentioned above, as shown in Figure 6. The working face’s advanced
support pressure is shown as kj, the high support pressure zone’s stress concentration
coefficient is shown as kj, the filling body next to the roadway’s stress concentration
coefficient is shown as ks, the stress concentration coefficient after compaction of goaf is
shown as kg4, 7y reflects the average rock layer’s weight in units (N/ m3), and h reflects the
depth of the mine.

Figure 6. Diagram of the floor of the gob-side entry retaining highway after stress analysis.

The theoretical method of elastic foundation beams is adopted in this paper. The
elastic foundation beam model is widely used to solve the deformation problems of the
roof and floor of working faces. The mechanical model has the following assumptions:
(1) The foundation is simplified as an elastic body. (2) The settlement at any point on the
foundation is directly proportional to the pressure on that unit. (3) The floor is assumed to
be a beam, and the deformation conforms to the solution assumption of the beam. (4) The
deformation of the floor is continuous.

The high support pressure area formed by the superposition of lateral support pressure
and advanced support pressure on the left side of the roadway and the stress concentration
area of the filling body next to the roadway on the right side are simplified as uniformly
distributed loads in order to simplify the study of the mechanical behavior of the floor
heave of the goaf retaining roadway without losing its essence. As an elastic foundation,
the fundamental floor’s force on the nearby floor is distilled. In Figure 7, the model
is displayed.

k’)'YH

Roadway

lgyH
.

X

Yy

Figure 7. Mechanical model of elastic foundation floor and gob-side entry retaining highway.
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The Winkle assumption of an elastic foundation states that any point’s settlement
on its surface is directly proportionate to the pressure applied to that location per unit
area [37-39], i.e.,

g = keo(x) M

The pressure per unit area is denoted by g in the formula.; w(x) represents the founda-
tion’s bending; k shows the foundation coefficient, which is described as,

E
k=5 @)
E and H in the formula stand for the rock layer’s elastic modulus and thickness, respectively.
The basic differential equation of the foundation beam deflection curve should be
satisfied by the relationship between the deflection of the roof and the load on the roof rock
beam, according to the theory of elastic foundation rock beams:

d*w(x)

El————=
dx4

=q0o—¢q 3)

The differential equation for the roof rock beam’s deflection curve is as follows:

4
S EALICI (x) = kpyH,x < 0 @)
dx*
d*wy(x)
EI =—-7vH0<x<x (5)
dx*
d*w; (x)
EI +kCU3(X) =k3vH,x1 < x 6)
dx*
Create Equation (4):
d*wi(x)  k koyH
et 3 ST — 7
i TR = T @)

The homogeneous equation of Equation (7) is:

d* k
) 4 Ean®) =0 ®

The general solution of homogeneous Equation (8) is:
wi(x) = e " (Ajcosax + Apsinax) + e**(Azcosax + Aysinax) ©)

In the equation, & = {/ ;&

Since a specific answer to the nonhomogeneous Equation (7) is: w(x)] = kZZH, the
nonhomogeneous Equation (7) has the following generic solution:

koyH
wi(x) =e (A cosax + Apsinax) + e (Az cosax + Agsinax) + 2;: (10)
For the analysis of Equation (10), when x — —oo, the roof subsidence is a certain
value w(x); = klZH ,only if Ay = Ay = 0. Therefore, the answer to problem (10) can be

written as follows:

kz’yH

T (11)

w(x) = e (A cosax + Apsinax) +
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Similarly, when x; < x, the differential equation describing the roof deflection curve
in the roadway roof control region has the following general solution:

ksvH
w3(x) = e " (Cq cos yx + Cpsinyx) + 3Z

In the equation, 7 = {/ 15
When 0 < x < x1, in the roadway roof control area, the differential equation describing

the roof deflection curve has the following general solution:

(12)

H
Wy (x) = —ﬁx‘l + B X? + By X%+ Bax + By (13)

In conclusion, the differential equation for the roof beam’s deflection curve is:

w1 (x) = e** (A1 cosax + A sinax) + "2+H,
x <0

0<x<x

wa(x) = e_“YX(Cl cos yx + Cp sin 'yx) + ’%%H’
X1 <X

The rotation angle, bending moment, and sheer force of any section can be calculated
using the following equations once the beam’s deflection curve has been determined:

0(x) = %’ X
M(x) = —EI% = —3E1‘j17‘g (15)
Q(x) = 4 = ~EI%g

Taking into account the boundary deflection value and the deflection curve equation’s
continuity condition:

wy(x1) = wa(x1),01(x1) = 02(x1)
Qi (x1) = Qa(x1), Fi(x1) = Fa(x1) (16)
wa(x2) = ws(x2),02(x2) = O3(x2)
Qy(x2) = Q3(x2),F2(x2) = F3(x2)

The parameters Ay, Ay, By, By, B3, B4, C1 and C; can be solved. The parameter form
is not supplied here since it is too complicated. By adding the solved parameters to
Formula (14), it is possible to construct the deflection curve equation for the roof rock beam.

4. Engineering Calculation Example
4.1. Determination of Calculation Parameters

The following parameters are chosen based on the field geological characteristics of the
1701 upper roadway employing roadside paste filling gob-side entry retaining technology:

The working face’s immediate floor thickness is 1.2 m, fundamental floor thickness
Hj = 3.7 m, the coal seam is situated at a depth of 400 m, and gy = 10 MPa. According to the
outcomes of the laboratory tests, the immediate floor’s and the fundamental floor rock’s
elastic modulus are E; = 0.5 GPa, E; = 15 GPa; the solid coal side’s stress concentration
factor, ky, is 2~2.5, take ky = 2.5, and the paste filling body’s k3 stress concentration factor is
0.25~0.45. The goaf compaction region is chosen as the calculation range due to the short
length of the paste filling body 10 m, take k3 = 0.8.
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4.2. Analysis of Calculation Results

The pertinent parameters are introduced into the mechanical model illustrated in
Figure 7, and using the solution condition (16), the floor deflection curve equation for
gob-side entry retention may be produced. The primary parameters are provided in Table 1
due to the equation’s complexity, and they are then added to Equation (14) to produce the
floor deflection curve equation wi(x), wa(x) and w3 (x).

Table 1. Main parameters of floor deflection curve equation of gob-side entry retaining.

Parameter Value Parameter Value
Aq —0.06196162873 As —0.03605066621
By 0.1562933176 B, —0.2484841588
B3 —0.2573198351 By —0.05764496206
Cy 2219.093006 C, 1360.807641

Deflection curve equations w1 (x), wy(x) and w3 (x) using software Origin 8.0, dis-
plays Figure 8 as the displacement curve of the floor of the gob-side entry retaining with
paste filling.

700 T y T " T T T T v T ’
- = entry coal side == 1 - roadway - +—#==roadside filling body side==—-
600} P ]
E .. / \ )
g 9500F / \ -

b - / \

S 400F /oy O\ ]
o L / \ ]
g 300F / The peak valueis '\ -
Q9 I / close to the side of the') 1
= 200F / roadsidé filling body. .
o - / _ -
£ 100f / \ -
0________3_// \77_,______

_ 100 | " | L 1 L | ! 1 " 1 "
-4 -2 0 2 ! 6 8

Calculation range/m

Figure 8. Floor displacement curve for keeping the gob-side entry.

Figure 8 shows that the floor deformation on the side of solid coal and the body
supporting the roadside is almost nil, whereas the floor deformation of the roadway area
is characterized by a “parabola,” with a nonsymmetrical phenomenon. The deformations
of the fill body side and the entity coal side near the roadway are 137 mm and 9.7 mm,
respectively. Analysis of the reasons shows that the solid coal side has not been excavated,
and the floor is compacted by the solid coal and the overlying rock layer, resulting in
relatively small deformation of the floor heave. On the side of the filling body, due to the
excavation of the coal seam, the paste-based filler body and gangue wall are filled, and the
roof is still affected by mining stress, with a certain amount of floor heave deformation.
With a maximum value of 628 mm, the floor heave distortion is greatest next to the side of
the roadside support body. Analyzing the causes reveals that the working face mining has
a greater impact on the deformation of the roadway floor heave close to the goaf side.

4.3. Model Validation

The deformation monitoring points are arranged by the cross-point placement
method [40]. The center line and waist line are respectively set in the middle of the
roadway roof and the middle of the roadway height on both sides to measure the deforma-
tion. The floor of the gob-side entry retaining’s 100 days deformation curve is depicted in
Figure 9 as a result of the observation of the floor deformation of the 1701 upper highway.
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Figure 9. The measured gob-side entry retaining floor deformation curve.

Figure 9 shows that the floor deformation of 1701 upper roadway gets worse over
time. After 50 days, the roadway floor heave deformation rate slows to 0.9 mm/d; after
100 days, the maximum deformation is 645 mm, and the difference between the theoretical
model maximum and the measured maximum is 2.6%. In the first 50 days, the roadway
floor heave deformation rate is fast, reaching 13.3 mm/d.

5. Discussion
5.1. The Influence of Seam Depth on Floor Heave

The maximum error between the theoretical model and the measured maximum value
is 2.6%, which confirms the theoretical reliability of the floor heave mechanical model of
the gob-side entry retaining based on a comparative analysis of the measured data of the
floor deformation of the 1701 upper roadway and the theoretical calculation results of
the floor heave mechanical model of the gob-side entry retaining. The floor heave law of
gob-side entry retaining is theoretically examined using the floor heave mechanical model
of gob-side entry retaining at various buried depths. There will be four different burial
depths: 300, 400, 500, and 600 m. Figure 10 depicts the displacement curve of the floor of
the paste-filled gob-side entry retaining at the equivalent buried depth. The relationship
between maximum of gob-side entry retaining floor deformation and buried depth is
shown in Figure 11.

,,
1.2 T T T T T

S The widih of roadway is 4m

* H=400m
1O 4 H=500m
v H=600m

Floor deformation/m
a
T
1

Calculation range/m

Figure 10. Deformation curve of gob-side entry retaining floor under different buried depths.
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Figure 11. Relationship between maximum of gob-side entry retaining floor deformation and
buried depth.

As demonstrated in Figure 10, the maximum deformation of the roadway floor in-
creases as the buried depth increases, as does ground stress. The maximum deformation
of the floor is 0.49 mm, 0.65 mm, 0.8 mm, and 0.96 mm when H is 300, 400, 500, and
600 m, respectively; the maximum deformation of the floor grows linearly with the increase
in buried depth. The maximum floor heave of the roadway floor rises by around 0.15 mm
for every 100 m increase in buried depth. The formula of deformation of the roadway floor
and buried depth is y = 0.0159x — 6 x 107, and there is a linear relationship between
the two.

5.2. The Influence of Roadway Width on Floor Heave

The degree of floor deformation and collapse is significantly influenced by the width
of the gob-side entry retaining highway. Four types of widths are specified to be 3 m, 4 m,
5m, and 6 m, respectively, with other parameters remaining the same, using the 400 m
buried depth as an example. In Figure 12, it is possible to derive the displacement curve of
the floor of the gob-side entry holding with paste filling beneath the equivalent roadway
width. The relationship between maximum of gob-side entry retaining floor deformation
and the roadway width is shown in Figure 13.
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Figure 12. Deformation curve of gob-side entry retaining floor under different roadway widths.
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Figure 13. Relationship between maximum of gob-side entry retaining floor deformation and road-
way width.

7

The deformation of the floor of the roadway area is characterized by a “parabola,”
which has a nonsymmetrical phenomenon, as can be seen in Figure 11. The deformation
of the floor on the side of solid coal and roadside filling body is close to zero. The side of
the roadside filling body is where the floor heave’s maximum deformation is found. As
the width of the road rises, the asymmetric failure of the highway floor becomes more
apparent, and the maximum deformation increases nonlinearly. When the width of the
road is 3 m, 4 m, 5 m, and 6 m, the greatest highway floor displacement occurs at 0.25 m,
0.63 m, 1.35 m, and 2.55 m. Therefore, it can appropriately reduce the width of the roadway
to reduce the amount of floor heave. It is also possible to reduce the floor heave by moving
the paste-based filler body to inside of the roadway and reducing the width of it. The
formula of deformation of the roadway floor and the roadway width is y = 0.7646x — 2.242,
and the correlation coefficient is 0.9179, indicating a strong correlation between the two.

5.3. The Influence of Elastic Modulus of Immediate Floor on Floor Heave

Four different types of floor elastic modulus are built with values of 0.25, 0.5, 0.75, and
1, respectively, using the 400 m buried depth as an example. In Figure 14, the displacement
curve of the floor of the gob-side entry holding with paste filling is depicted under the
assumption that the floor elastic modulus is the same. The relationship between maximum
of gob-side entry retaining floor deformation and the immediate floor elastic modulus is
shown in Figure 15.
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Figure 14. Deformation curve of gob-side entry retaining floor under different immediate floor
elastic modulus.
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Figure 15. Relationship between maximum of gob-side entry retaining floor deformation and the
immediate floor elastic modulus.

Elastic modulus is a metric used to gauge how difficult it is to deform elastic ma-
terial. Figure 12 illustrates how the deformation of floor heave reduces as the elastic
modulus of the roadway floor rises. The maximum deformation falls nonlinearly as the
roadway’s elastic modulus rises. When the roadway floor’s elastic modulus is 0.25, 0.5,
0.75, and 1, the greatest highway floor displacement occurs at 1.14 m, 0.63 m, 0.45 m, and
0.36 m. Therefore, by hardening the roof of the roadway, thereby increasing the strength
and deformation resistance of the roadway floor, the roadway floor heave can be reduced.
The formula of deformation of the roadway floor and the immediate floor elastic modulus is
y=—1.0084x + 1.2774.

5.4. Guidance for On Site Application

The above study of the mechanism of floor heave in goaf roadways changes the design
of tunnels, controls the floor heave of the roadway, and meets the requirements of mine
production. Without changing other parameters, only changing the method of roadside
support can also reduce the floor heave of the roadway. By increasing the volume of the
paste filling body beside the roadway and moving the filling body to the middle of the
roadway, the width of the roadway can be reduced, thereby reducing the floor heave of the
roadway. The specific arrangement is shown in Figure 16.

entity coal side /

single pillar

Figure 16. New scheme of gob-side entry retaining.

The optimization scheme has been applied in practice. The optimized deformation
curve of the floor heave of the gob-side entry retaining is shown in Figure 17.



Appl. Sci. 2023,13, 9102

15 of 17

250 =
- " -t -
o Relative error 4.8%

g 200 | e
E e
S 150 g
g a *— Measured data in field
= . - . .
3 T'heoretical maximum
5 100 ,
2 -
=

50 | o

- ‘."
0 - - 1 " 1 M 1 " 1 " 1 " 1
0 20 40 60 80 100 120

Time/d

Figure 17. The measured gob-side entry retaining floor deformation curve after improvement.

Figure 17 shows that the measured maximum deformation of the floor heave is
238 mm, with an error of 4.8% from the theoretical maximum value. This indicates that the
improvement of roadway support has a significant effect on reducing the deformation of
the floor heave, and also proves the correctness of the theory.

6. Conclusions

Winker elastic foundation is used to create the mechanical model of floor heave
in gob-side entry retention, and the analytical solution to the floor heave deformation
deflection equation is provided. The mechanism of the floor heave deformation of the
goaf retaining roadway in a thin coal seam is explained. The influence of different factors
on the deformation of the floor heave of the goaf retaining roadway was analyzed. An
innovative proposal to move the paste-based filler body into the interior of the roadway to
reduce floor deformation was provided. The paper has important guiding significance for
explaining the mechanism of floor heave in goaf roadway and controlling the deformation
of the roadway floor. The conclusions are as follows.

(1) The results of the theoretical calculations reveal that the deformation of the floor on
the side of the solid coal and roadside support body is almost nil, and that the deformation
of the floor in the roadway area is characterized by a “parabola” and nonsymmetrical
phenomenon. The floor heave deformation reaches a maximum value of 628 mm close to
the side of the roadside support body.

(2) With passing time, the floor of 1701 Upper Roadway becomes more deformed. The
rate of roadway floor heave deformation is faster in the first 50 days, reaching 13.3 mm/d;
after 50 days, the rate is relatively mild, reaching 0.9 mm/d; the maximum deformation is
645 mm after 100 days, and the difference between the maximum value predicted by the
theoretical model and the maximum value actually measured is 2.6%.

(3) Roadside filling bodies and the bottom of solid coal-sided walls deform very little.
“Parabola”, with non-positive symmetry, characterizes the deformation of the floor in the
roadway area. The side of the roadside filling body is where the floor heave deforms the
most. The buried depth, highway width, and the floor’s elastic modulus are all linearly
and positively connected with the floor heave value and asymmetry, respectively.
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