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Te foor heave is one of the key factors that can restrict high-efciency and safety mining, especially in the deep roadways with
soft rock. Considering the infuences of rock fracturing over time on rockmass properties, a case study of the foor heave evolution
and rock bolts reinforcement technology was performed in this paper. A numerical simulation was used to study the stress-strain
state and displacement of surrounding rocks. It was found that signifcant foor heave caused by nonlinear deformation of
laminated immediate foor under an increase in rock fracturing. Te post-peak strain regions appear in the bottom corners of the
roadway, after which strata in the immediate foor are destroyed one by one.Te joint spacing of 0.45m on the immediate foor is
critical. At this step, post-peak strain regions merge in the central part of the roadway foor, which is the cause of uncontrolled
foor heave. Rock bolts reinforcement was proposed to control the foor heave. Tree foor support schemes with two types of
support elements, diferent bolt orientations, and lengths of reinforcement were studied. Te numerical simulation demonstrated
that after reinforcement, post-peak plastic strain in the foor strata was reduced efectively. Te optimal foor support scheme and
depth of reinforcement were determined by the allowable foor heave. Ideally, the foor heaves could be reduced by rock bolts with
a steel belt installed according to the support scheme III and reinforcement length of 2.0m for outer bolts and 3.0m for
central bolts.

1. Introduction

With the increase in mining depth, the instability of
roadways in soft rock has become a major challenge for deep
coal mines [1, 2]. According to statistics, the actual repair
rate of roadways in Ukraine is as high as 80%. A similar
repairing rate is noted by researchers from other countries
[3, 4]. Te instability problems that are exacerbated due to
deep mining are roadway surrounding rock large defor-
mation, foor heave, support failure, and roof fall. In the case
of the rock mass composed of soft fssured rock, the
roadways stability issue is further relevant.

Current roadway support systems, including rock
bolting, steel arch, hydraulic supports, and combined sup-
ports, are commonly successfully used to control the de-
formation of the roof and side walls of roadways. However,

often a foor heave is still a serious failure phenomenon in
mine roadways [5–7].

Many scholars have used theoretical analysis, physical
experiments, and numerical simulations to study the foor
heave in deep roadways with soft rock and have proposed
various solutions. Existing technologies of foor heave
controlling are quite advanced; these include the steel closed
supports and concrete inverted arches, stress relief slots in
the foor or wall of roadway, and reinforcement of sur-
rounding rock.

Zhao et al. [8] researched and proposed a U-shaped steel
closed support with an inverted steel arch in the foor as a
method for improving the support efect of the surrounding
rock during the process of foor heaving. Li et al. proposed
the double-yield shell coupling support technology for high-
stress soft rock roadways [9]. Wang et al. [10] managed to
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control foor heave by using the high resistance yieldable
multiple support for roadways excavated in extremely soft
rocks.

Zheng et al. [11] designed a composite structure, in-
cluding concrete antiarches and bolts, to control the foor
heave. By means of feld investigation, theoretical analysis,
numerical calculation, and engineering practice. Wang et al.
[12] established the instability reasons for the inverted arch
structure and proposed a 36U-shaped steel round frame with
bolt-mesh-shotcrete-combined support to control the foor
heave.

Chen et al. [13] proposed an innovative “relief-retaining”
control scheme of foor heave, which is the comprehensive
measure of “cutting groove in foor + drilling for pressure
relief at roadway side + setting retaining piles at the junction
of roadway side and foor.” Yang and Zhang [14] put forward
the pressure-relief slot to prevent foor heave, established the
mechanical model of the pressure-relief slot, and gave a
method to determine the width of the pressure-relief slot.

Te most worldwide foor heave control technology is
reinforcement. Chang et al. [15] proposed hydraulic ex-
pansion bolts to prevent the development and fow of the
plastic zone in the foor rock to control foor heave. He et al.
[16] proposed a newmethod to control foor heave with bolt-
net-anchor coupling support technology, with the anchor
wire at a key location, with the rigid bolt, and corner
grouting. Yang et al. [17] studied the foor heave control
method of high-stress soft rock roadway and proposed new
coupling support technology of a bolt-mesh-anchor-base
angle bolt-fexible layer truss for controlling roadway foor
heave. Wang et al. [18], using numerical simulations and
theoretical analysis determined that an efective method for
controlling foor heave is “self-drilling anchor bolt” + “high-
strength reinforcement anchor bolt” + “W type steel
belt” + “steel mesh” + anchor cable with birdcage.

Some scholars have focused on the bottom corners of the
roadway where the critical stress concentration causes
failure. Chen et al. [19] controlled the foor heave of gob-side
entry retaining by reinforcing sides and corners of the solid
coal body, and obtained an infuence on the foor heave of
gob-side entry retaining of sides supporting strength and the
bottom bolt orientation in coal side. Cao et al. [20], based on
the modelling by FLAC3D, proposed the foor support
method, which includes optimal bolt parameters and ar-
rangement, foor beam layout by grooving, and full-length
grouting. Guo et al. [21] showed that intensive bolts with
steel belt, wire mesh, and cable, can signifcantly reduce the
foor heave in the roadway, the roof, and the side walls,
compared with lower supporting intensity.

Zhang and Shimada [22] managed to control foor heave
in retained goaf-side gate road by using grouting rein-
forcement. Shimada et al. [23] studied the reinforcement
efect of cement grouting materials with diferent water-
cement ratios on the foor. Sun et al. put forward the
technology of reinforcing surrounding rocks to realize foor
stability in inclined strata and soft rock [24].

To solve the problem of roadway foor heave, Zhou et al.
[25] put forward three rock bolt support optimization
schemes. Te support efect of each scheme was simulated

and fnally was determined that scheme 3 (the base plate
anchor bolt adopts a pair of bottom angle anchor bolts in
each row plus three vertical anchor bolts) is the best support
optimization scheme.

Most studies are based on the results of numerical
simulations because there are the best ways to model the
magnitudes and spatial distribution of deformations [26].
Zhao et al. [8], Chen et al. [13], Guo et al. [21], Zhang and
Shimada [22], and Zhou et al. [27] used a FLAC3D simu-
lation. Kulatilake et al. used 3DEC software to simulate high-
stress roadways and proposed the use of 3m bolts and
inverted arch roadways to control the surrounding rock [25].
Qi et al. [3], and Zhang et al. [28] simulated the failure
mechanism of soft rock roadway by UDEC. Sakhno et al.
[29] performed numerical modelling of controlling a foor
heave of roadways in the soft rock by ANSYS. Małkowski
et al. [26] used a phase 2 program.

In this paper, the mine roadway foor heave evolution
during an increase in rock fracturing over time and rock
bolts reinforcement technology were studied to efectively
control the large nonlinear deformation of soft laminated
foor rock. Te mechanical properties of the surrounding
rocks were studied using laboratory tests. Te foor heave
evolution and characteristics of the stress-strain state of
surrounding rocks were analyzed by using the ANSYS. At
the same time, physical and mechanical properties of the
rocks were changed during the simulation. Te degree of
rock mass discontinuity was carried out by changing the
Hoek–Brown parameters. Tis paper proposed coupling
foor support technology of rock bolts with steel belt, which
includes optimal bolt parameters and arrangement. Te
specifc parameters suitable for controlling the foor heave of
the roadway were determined using the numerical simu-
lation method.

2. Engineering Background

2.1. Project Overview. Surgaya coal mine is located in
Vugledar city, Donbas region of Ukraine. At present, the
main producing coal seam is the C11 coal seam. Te average
thickness of the C11 coal seam is 1.6m, while the dip angle
ranges from 7° to 10°. Te studied roadway is presented in
Figure 1(a). It was an air-return roadway of the 14th eastern
panel of level 824m.Te dip angle of the roadway was 8°.Te
width and length of the 13th eastern panel were 182m and
1600m, respectively. Tis panel was extracted. At present,
the 14th eastern transport roadway is being developed to
create a new 14th eastern longwall panel. Tere are 45m and
56m coal pillars between the air-return roadway of the 14th
eastern panel and the stop mining line. Te surrounding
rock of the roadway is mainly composed of mudstone and
sandy mudstone. Te detailed strata histogram and position
of the roadway are illustrated in Figure 1(b).

2.2. Supporting System and Deformation Characteristics.
Te section shape of the studied roadway was a semi-circular
arch, 5.5m in width and 4.2m in height. Te height of the
straight wall was 1.8m and the radius of the arch was 2.64m.
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Te support used in the roadway was U-shape steel arches
(U33) with wooden boards as flling material.

Field observations revealed a serious overall deformation
of the roadway that has signifcantly reduced the roadway
section. Te characteristic points of failure of the roadway
were the roof, foor, and roadway side walls.

Te average roof subsidence and side walls convergences
were 370mm and 280mm, respectively. In some sections of
the roadway, the rate of deformation was as large as 1.5
times. Tis was the reason for the failure of the legs and the
shed top of U-shaped steel arches (Figures 2(a) and 2(b)). As
a rule, these locations were associated with diferent degrees
of water infow. Despite this, the deformations of the roof
and side walls overall were not critical. Te main problem
was a foor heave up to 0.5-0.6m (Figure 2(c)). Te foor
heave was aggravated in zones of the increased water content
of the rocks. Te deformation and failure of the roadways
and supports are shown in Figure 2(d). Te track laid in the
roadway was seriously deformed. Te roadway had to be
repaired to ensure transport and supply the necessary
amount of air to ventilate the 13 longwall panels. Tis
process wasted a lot of manpower andmaterial resources. So,
it is necessary to optimize the support scheme to control the
foor heave of the roadway and ensure the normal pro-
duction of the 14th longwall panel and the next ones after it.

Te results of observation are in good agreement with
measurements in situ. Te foor heave on stations, which
were built in roadways D-2 and F-33b, was monitored over
two years [30]. In roadway D-2, the maximum value of
upheaval after almost 800 days of monitoring was 0.54m,
and in roadway F-33b 0.6m.Te average value of foor heave
on monitoring stations in the conveyor roadway of 5
longwalls of 3m seam was 0.7m [31]. Te zone of rock
cracking in the foor of the roadway was more than 7m. Te
foor heave of the roadway of the Qitaihe Longhu coal mine
[27] was very serious; the maximum foor heave was 0.9m,

which seriously restricted the efcient production of the coal
mine.

2.3. Laboratory Tests. Te specimens of intact rocks were
selected during excavated of the foor and reconstruction of
the roadway for the uniaxial compressive strength tests.
Rectangular prism-shaped specimens with a rib size of about
55mm were made. Te tests were completed using a uni-
versal testing machine (Figure 3(a)). Test results for a
specimen of mudstone and coal are shown in (Figure 3(b)) as
an example.

Ten, the average deformation modulus (Edef ) was
calculated in the pre-peak region of the stress-strain curve.
Te deformation modulus fuctuations for the last stage of
loading of specimens are shown in Figure 3(b). Te average
value of Edef of mudstone was 1955MPa, and Edef of coal was
1145MPa. Te uniaxial compressive strength (σc) of
mudstone was 19.3MPa, and (σc) of coal was 9.1MPa.

Due to the previous long exploitation time of the
roadway (more than 4 years), and water infow the sur-
rounding soft rocks were fractured.Terefore, to model rock
masses, it is necessary to correct the parameters of intact
rock.

Te Hoek–Brown Failure Criterion [32] was used, which
is widely accepted and applied in many projects and ap-
plications around the world. Based on the physical and
mechanical measurements and analysis of the joint, the
surrounding rocks were determined Hoek–Brown Param-
eters: the Geological Strength Index (GSI), values of the
constantmi and the disturbance factor (D). For example, the
Hoek–Brown parameters used the modelling for the foor
rocks not exposed to the water and for the waterlogged foor
rocks in the project [26].

Since the main problem with the stability of the roadway
was foor heaving, foor rocks were studied more carefully.
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Figure 1: Te studied area and geological conditions: (a) the locations of the studied roadway; (b) strata histogram.
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Figure 2: Te characteristics of rupture of the roadway: (a) the failure of the shed top of the U-shaped steel arch; (b) the failure of the leg of
the U-shaped steel arch; (c) the foor heave; (d) the characteristic failures of the studied roadway.

sp
ec

im
en

(a)

25

20

15

10

5

0

2500

2000

1500

1000

500

0
0.005 0.01 0.015 0.02 0.025 0.030

Axial strain

U
ni

ax
ia

l s
tre

ss
 (M

Pa
)

D
ef

or
m

at
io

n 
m

od
ul

us
 (M

Pa
)

mudstone

mudstone
coal

coal

(b)

Figure 3: Laboratory equipment and test results: (a) the universal testing machine; (b) stress-strain curve and deformation modulus
fuctuations for coal and mudstone specimens.
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Te study of the degree of disturbance of foor rock mass
showed that the average joint spacing was about 30 cm, so
the minimum GSI value was taken to be 63 (Figure 4) [33].
Te disturbance factor for the foor was D� 0.7.

Te Geological Strength Index for surrounding rocks
was calculated as GSI�RMR89−5 [26, 32], and it has been in
the range of 74–63 since mining, as shown in Figure 4.

For estimating rockmass, deformationmodulus used the
empirical method [34]. Te following equation was used:

Erm � Ei 0.02 +
1 − D/2

1 + e
(60+15D−GSI/11)

􏼠 􏼡, (1)

where Erm and Ei represent the deformation modulus of the
rock mass and the intact rock, respectively.

Te following equations were used for the angle of
friction (φ) and the cohesive strength (c):

φ � sin−1 6amb s + mbσ
1
3n􏼐 􏼑

a−1

2(1 + a)(2 + a) + 6amb s + mbσ
1
3n􏼐 􏼑

a−1
⎡⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎦,

c �
σci (1 + a)s +(1 − a)mbσ

1
3n􏽨 􏽩 s + mbσ

1
3n􏼐 􏼑

a−1

(1 + a)(2 + a)

���������������������������������

1 + 6amb s + mbσ
1
3n􏼐 􏼑

a−1
/((1 + a)(2 + a))

􏽱 ,

(2)

where mb, s, and a represent peak strength parameters of
Hoek–Brown [32]; σci-uniaxial compressive strength of the
intact rock; σ13n � σ13max/σci-the upper limit of confning
stress over which the relationship between the Hoek–Brown
and the Mohr–Coulomb criteria is considered [32].

Te uniaxial compressive strength of the rock mass was
calculated as follows:

σcrm � σci s
a
. (3)

Te tensile strength of the rock mass was calculated as
follows:

σtrm � −
σci s

mb

. (4)

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

According to the classifcation of the International So-
ciety for Rock Mechanics (ISRM), the surrounding rocks
were “weak” because their average uniaxial compressive
strength (UCS) was in the range of 5–25MPa [35]. In ad-
dition, the surrounding rocks were fssured and wet, and the
immediate foor of the roadway was laminated.Tis explains
the large deformations in the roadway. Te reliability of
ventilation of the 14th eastern panel depends on the de-
formations degree of the air-return roadway, especially on
the rate of foor heave. Terefore, it is imminent to research
the control technology of the foor heave.

3. Study of the Floor Heave in Soft Rock

3.1. Numerical Model. Te numerical simulation by means
of ANSYSwas performed to analyze the characteristics of the
stress and strain distributions of surrounding rock before
and after reinforcing of foor. To simulate the behavior of
rock mass, the Drucker–Prager model was used. Te model
enables simulating plastic deformation of rock and its other
pressure-dependent material, which corresponds to the
properties of rocks in a fracture zone.

Te model simulates a cross-section of roadway with the
unit thickness (1m). Te distance between the rows of bolts
is 1.0m. Tus, the support is set in the middle along the
thickness of the model (with the coordinate z� 0.5). Tus,
the condition of symmetry and uniformity is satisfed. When
the distance between the rows of anchors is less or more than
1.0m, then the result obtained should be multiplied by the
support density factor Fd � 1/a, where a is the actual distance
between the rows of anchors.

Te numerical model was established according to the
actual geological engineering conditions. Te model was 1m
long, 60mwide, and 60mhigh. Horizontal displacements were
fxed at the lateral boundaries. Vertical displacements were
fxed at the bottom boundary.Te top boundary was set free. A
vertical pressure of 20MPa, that equivalent to the weight of
rocks at a depth of development (800m), was applied on the
top of the model. A 5.5× 4.2m arch shape roadway was
adopted, and the beam unit was used to simulate the U-shaped
steel support. Te flling material (wooden boards) was
modeled between rock mass and frames (Figure 5).

For investigation of the evolution on the foor heavf of
soft rock mass in the deep roadway, the physical and me-
chanical properties of the rocks were changed during the
simulation. Tis simulated an increase in rock fracturing
over time. Numerical accounting of the degree of rock mass
discontinuity was carried out by changing the Hoek–Brown
parameters: GSI (from 74 to 63) and D (from 0 to 0.7). Te
initial value of the Hoek–Brown parameters corresponded to
the stage of development, and the fnal state of the pa-
rameters corresponded to the roadway reconstruction stage
(critical foor heave).Te numerical modelling process had 9
steps: 1 step for intact rock and 8 steps for the rock mass.Te
most detailed was the simulation of the immediate foor, the
joint spacing of which was 1.8–0.25m for steps 2–9, re-
spectively. Properties of the main roof and main foor did
not change because these strata were out of the infuence of
the roadway. Table 2 presents the mechanical parameters of
rock mass for each step. Te dilatancy angle was taken equal
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Figure 4: Quantifcation of GSI chart [33] with indicating region for the studied roadway.
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to the angle of internal friction, which corresponded to the
unfavorable option. Mechanical parameters of U-shaped
steel support are shown in Table 3.

3.2. Simulation Results. Te stress distributions of the
surrounding rocks are shown in Figure 6. It is seen that
the zone of reduced maximum principal stresses σ1 is
formed on the foor of the roadway (Figure 6(a)). In the

distance from the foor surface to deep equal to the
roadway width, the stress σ1 is 2-3 times less than out of
the roadway infuence. Te level of tensile stresses near
the contour of the foor in the central part of a cross-
section of the roadway is greater than the tensile strength
of mudstone.

It is the potential zone of rock fracture. Tis region is
highlighted in gray color. On the side of the roadway, the size

beam crosssection1 m60 m

60
 m

U-shaped steel support

wooden boards

5.5 m

4.
2 

m

Figure 5: Numerical simulation model and supporting units.

Table 1: Intact rock properties and calculated rock mass properties.

Rock strata
Intact rock

GSI/D/
mi

Rock mass

Density (kg/m3) Young’s modulus
(MPa)

Compressive
strength (MPa)

Young’s
modulus (MPa)

Compressive
strength (MPa)

Tensile strength
(MPa)

During reconstruction of roadway
Sandy
mudstone 2400 3600 40.0 71/0.3/7 2040 6.7 0.55

Sandy
mudstone 2400 2245 35.0 67/0.6/7 760 3.5 0.28

Coal C11 1300 1145 9.1 66/0.5/
15 420 1.9 0.07

Mudstone 2300 1955 19.3 63/0.7/7 460 1.3 0.10
Sandstone 2400 6120 55.0 72/0.3/7 3573 9.7 0.80

During development of roadway
Sandy
mudstone 2400 3600 40.0 74/0/7 2881 9.4 0.80

Sandy
mudstone 2400 2245 35.0 74/0/7 1797 8.3 0.70

Coal C11 1300 1145 9.1 70/0/15 838 3.4 0.12
Mudstone 2300 1955 19.3 73/0/7 1536 4.3 0.36
Sandstone 2400 6120 55.0 74/0/7 4889 13.0 1.20
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Table 2: Rock mass parameters for numerical simulation.

Steps GSI/
D

Compressive
strength (MPa)

Tensile
strength
(MPa)

Deformation
modulus (GPa)

Poisson’s
ratio

Cohesion value
(MPa)

Angle of internal
friction (deg)

Dilatancy
angle (deg)

Main roof (sandy mudstone)
1 — 40.0 3.50 3.60 0.3 5.35 30 30

2–9 71/
0.3 6.7 0.55 2.04 0.3 4.20 28 28

Immediate roof (sandy mudstone)
1 — 35.0 3.05 2.24 0.3 6.40 32 32
2 74/0 8.2 0.7 1.79 0.3 5.20 30 30

3 72/
0.2 6.6 0.54 1.40 0.3 3.30 27 27

4 71/
0.3 5.8 0.47 1.29 0.3 2.95 26 26

5 70/
0.4 5.1 0.41 1.09 0.3 2.63 25 25

6 68/
0.5 4.1 0.35 0.93 0.3 2.37 24 24

7 67/
0.7 3.5 0.27 0.76 0.3 2.11 23 23

8 67/
0.7 3.5 0.27 0.76 0.3 2.11 23 23

9 67/
0.7 3.5 0.27 0.76 0.3 2.11 23 23

Coal C11
1 — 9.1 0.10 1.14 0.3 2.60 26 26
2 70/0 3.4 0.12 0.84 0.3 2.30 24 24

3 70/
0.2 3.0 0.11 0.68 0.3 2.11 23 23

4 69/
0.3 2.7 0.09 0.60 0.3 1.82 23 23

5 68/
0.4 2.3 0.08 0.51 0.3 1.64 22 22

6 67/
0.5 2.0 0.07 0.44 0.3 1.47 21 21

7 66/
0.5 1.9 0.08 0.42 0.3 1.43 21 21

8 66/
0.5 1.9 0.08 0.42 0.3 1.43 21 21

9 66/
0.5 1.9 0.08 0.42 0.3 1.43 21 21

Immediate foor (mudstone)
1 — 19.3 1.60 1.80 0.3 4.30 28 28
2 73/0 4.3 0.36 1.53 0.3 3.42 27 27

3 72/
0.2 3.6 0.30 1.25 0.3 2.89 26 26

4 71/
0.3 3.2 0.26 1.10 0.3 2.63 25 25

5 70/
0.4 2.8 0.23 0.96 0.3 2.37 24 24

6 68/
0.5 2.3 0.18 0.79 0.3 2.11 23 23

7 65/
0.6 1.7 0.13 0.59 0.3 1.82 23 23

8 64/
0.7 1.4 0.11 0.50 0.3 1.64 22 22

9 63/
0.7 1.3 0.10 0.46 0.3 1.47 21 21

Main foor (sandstone)
1 — 55.0 3.50 6.12 0.3 19.10 35 35

2–9 72/
0.3 9.7 0.80 3.50 0.3 5.00 32 32
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of the zone of reduced σ1 reaches half the roadway width. An
insignifcant decrease in stresses also occurs in the roof of the
roadway.

Te analysis of the distribution patterns of the minimum
principal stresses σ3 (Figure 6(b)) shows that an area of
increased σ3 is formed on the sides of the roadway in the
distance from the side wall surface to the deep equal to the
roadway width. Te largest σ3 are formed at the bottom
corners of the roadway.

After the development of the roadway, deformations of
the roof, side wall, and foor are not large.Te distribution of
vertical displacement of the roof and foor after development
is shown in Figure 6(c). Te foor heave of the roadway is
0.072m. Te roof subsidence is 0.03m. Maximum principal
strains of surrounding rocks are within the limits of elas-
ticity, except for the bottom corners of the roadway
(Figure 6(d)).

Te results of laboratory tests show that the failure strain
of mudstone is 0.018–0.02, and of the coal is 0.012–0.016
(Figure 3). Tis corresponds with the results of testing soft
rock specimens in a volumetric feld [36–38] and under
uniaxial compression [39, 40]. According to the results of
tests, it was found that for mudstone, siltstone, argillite, and
sandstone with uniaxial strength of 25–40MPa, the failure
criteria for strain is about 0.02-0.03. Tus, for this study, the
failure limit is in the range of “−0.02”–“+0.02”.

Figure 7 shows the distributions of minimum principle
stress (σ3) around the roadway in the simulation increasing
in rock fracturing.Te evolution of σ3 shows that on the roof
and on the foor of the roadway the reduced stress areas
increase step by step. At the same time, roof subsidence
occurs, and foor heavf grows. Te σ3 in the bottom corners
of the roadway signifcantly exceed the compressive strength
of the mudstone. Under the foot of the arch support, there is
a high probability of rock destruction.

Te size of the increased σ3 zone on the side wall in-
creases. So the width of the increased stress zone, in which σ3
is 5–30% greater than σ3 before excavation, exceeded the
width of the roadway (W) at the last step of the simulation by
1.5 times. Near the contour of the roadway, the nature of the
stress changes signifcantly. Te monitoring line A-A1 was
arranged along the horizontal axis, and the stress on this line
changed with the number of calculation steps (Figure 8(a)).
Figure 8(a) shows that at 2, 3, and 4 steps in the near-contour
area with a depth of 0.7m, a decrease in stresses is observed;
however, at subsequent steps, stresses increase in this area.
Tis can be explained by the compression of rocks near the
contour of the roadway, caused by the resistance of the frame
support, which increases with the increasing displacement of
rocks.

Te stress concentration factor is defned as the stress
value at that point divided by the stress before excavation.
For simulation steps, 2 and 9 the stress concentration factor
on the right side of the roadway is presented in (Figure 8(b)).
It is observed that σ3 concentrates on the roadway sides at a
depth of 1.2m, with a stress concentration factor of 1.16.
With an increase in the number of calculation steps, the σ3
concentration factor continuously increases, and the con-
centration of stress shifts to the deep part. At the last
simulation step, σ3 concentrates at the depth of 1.8m, with a
stress concentration factor of 1.19.

Figures 9 and 10 show the distributions of maximum
principle stress and maximum principle strain, respectively,
for the surrounding rocks with calculation steps. Figure 9
shows that the size of the reduced stress zone in the foor and
the roof of the roadway with an increase in the number of
calculation steps increases gradually. Tus, the size of the
reduced stress zone, in which σ1 is 2.8 times less than before
excavation, increases from 0.68W to 1.0W. At the same
time, as the reduced stress zone in the foor increases, on the
wall sides of the roadway, the stresses become less intense.
Te size of the reduced stress zone with an increase in the
number of calculation steps increases.

Te σ1 in the central part of the roadway foor signif-
cantly exceed the mudstone tensile strength, which indicates
a high probability of rock failure. Obviously, the evolution of
σ1 correlates with the growth of the foor heave.

Te maximum principle strain of surrounding rocks of
the roadway is increased nonlinearly with an increase in the
number of calculation steps, as shown in Figure 10.

Te maximum principle strains in the immediate foor
exceed the failure limit (+0.02). Tis indicates the formation
of cracks in the foor. Initially, post-peak strain regions
appear in the bottom corners of the roadway, after which
they develop into the depths. In this way, strata on the
immediate foor are destroyed one by one, starting from the
corners of the roadway. At the 6th simulation step, these
regions merge in the roadway foor at a depth of about 2.0m,
forming a closed contour. Te gray color in Figure 10
highlights the regions of rocks in which the maximum
principle strain is 2.5 times greater than the post-peak ones.
It can be seen that at the 9th step, the strata on the immediate
foor to a depth of more than 2.0m are included in this
region. Tus, a high degree of foor destruction is evident
there. Dilatancy and plastic fow of rocks are observed in this
region, which causes signifcant foor heave.

Figure 11 shows the foor heave on monitoring line B-B1
and vertical plastic strain distribution at 1, 6, 8, and 9 steps.
Post-peak plastic strains appear at the 6th simulation step.
Te nonlinear nature of foor heave is clearly seen in the

Table 3: Properties of support elements used in the model.

Primary support Type of
elements

Material behaviour
option

Elastic modulus
(GPa)

Poisson’s
ratio

Yield strength
(MPa)

Tangent modulus
(GPa)

U-shaped steel support Beam Bilinear isotropic
hardening 200 0.3 342 52.2

Filling material (wooden
boards) Solid Isotropic 750 0.3 — —

Advances in Civil Engineering 9



graphs in Figure 11. Tus, the nonlinear increase in heaving
is a consequence of the transition of rocks to the stage of
plastic deformation.

3.3. Simulation Discussions. Several conclusions can be
drawn according to the above analyses:

(1) Te roof and side walls were controlled adequately by
the original steel arch support. In this, the simulation
results correspond with observations of the roadway
in situ.

(2) Te stress analysis shows that with an increase in
rock mass fracturing (number of calculation steps),
the σ3 concentration factor on the side wall of the
roadway continuously increases, and the concen-
tration of stress shifts to the deep rock mass part.Te
σ3 in the bottom corners of the roadway signifcantly
exceed the compressive strength of the immediate
foor, which indicates a high probability of rock
cracking under the foot of the arch support. At the
same time, the size of the reduced σ1 stress zone in
the foor and the roof of the roadway increases

gradually. Te σ1 in the central part of the roadway
foor signifcantly exceed the tensile strength of the
immediate foor, which indicates a high probability
of rock crushing.

(3) Te strain analysis shows that the size of the post-
peak maximum principle strain zone in the foor and
side wall of the roadway increases nonlinearly with
an increase in rock mass fracturing (number of
calculation steps). Te analysis shows that a signif-
icant proportion of maximum principle strains are
plastic strains. Tey exceed the failure limit more
than 2.5 times and cause the foor heave. Initially,
post-peak strain regions appear in the bottom cor-
ners of the roadway, after which strata in the im-
mediate foor are destroyed one by one, into the
depth. After that post-peak strain regions merge in
the central part of the roadway foor at a depth of
about 2.0m. Finally, the strata in the immediate foor
to a depth near 2.0m are included in the post-peak
strain region, which indicates a high probability of
rock crushing. Tis region of the surrounding rocks
is mainly involved in the development of foor heave.

(a) (b)
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-0.003
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0.015
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0.072

(c) (d)

Figure 6: Te results of numerical calculation in the case of roadway development: (a) distribution of maximum (σ1) principal stresses; (b)
distribution of minimum (σ3) principal stresses; (c) distribution of vertical displacement; (d) distribution of maximum principal strains.
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Dilatancy and plastic fow of rocks are observed in
this region, which causes signifcant foor heave.

(4) Te key to foor heaving control is to control the
development of the crushing zone on the immediate
foor. It is necessary to limit the development of post-
peak strains from the bottom corners of the roadway
deep into the massif and prevent their merging on
the immediate foor. Tis will limit plastic defor-
mations and dilatancy in the immediate foor, which
will have a positive efect on the foor heave intensity.
Te critical is the 6th simulation step, which cor-
responds to an average joint spacing of 0.45m in the
immediate foor, as shown in Figure 12. After the
merging of the post-peak strain regions and the
formation of a closed contour in the immediate foor
by them (simulation step 7), the heaving growth
acquires an obvious nonlinear character. At this step,
signifcant plastic deformation begins, which is the
cause of uncontrolled foor heave.

4. Floor Heave Control Technology

Based on the above analysis results, the rock bolts rein-
forcement was proposed for the foor heave control. Tis
technology has been widely applied in mining. Taking into
account the evolution of stresses and strain in the foor of the
roadway, the proposed support method should include
optimal bolt parameters and arrangement.

4.1. Design of Floor Heave Control Scheme. Te region of
critical stress and post-peak strain in the immediate foor is
limited to a depth of 2.25m.Tree rock bolt arrangements were
proposed in which the orientation of the bolts was varied. Fully
grouted resin bolts were used. In modelling, the length of the
bolts was diferent for diferent schemes. At the same time, the
bolts lengths were assumed tomultiple ones to the length of the
reinforcement zone: 5m; 4m; 3m; 2m; and 1m. When the
anchoring depth was signifcant, the bolts consisted of sections.

(a) (b) (c) (d)

(e) (f ) (g) (h)

Figure 7: Minimum principle stress (σ3) distribution around the roadway with a step-by-step increase in rock fracturing: (a) step 2; (b) step
3; (c) step 4; (d) step 5; (e) step 6; (f ) step 7; (g) step 8; (h) step 9.
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Temaximum length of the bolts was limited by the strata level
Lmax� 5.0m. Te bolts with traditional bearing plates were
used frstl, and then bolts with steel belts were used. Te
original U-shaped steel support was still unchanged. Table 4
shows the setting of mechanical parameters of the rock bolts
and other supporting components in the numerical model.

Figure 13 shows the support schemes of the roadway
with the rock bolts reinforcement. Te optimal foor
heave control scheme provides an acceptable foor heave
with a minimum rock bolt length. Te foor support el-
ements that were used in the model are shown in
Figure 14.
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Figure 8: (a) Characteristics of minimum principle stress (σ3) on monitoring line A-A1 with calculation steps; (b) characteristics of stress
concentration factor (σ3/cH) on monitoring line A-A1 for steps 2 and 9.
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4.2. Efectiveness of Rock Bolts Reinforcement. Firstly rock
bolts with bearing plates were modeled. Although the
minimum principal stress in rock bolts and in the frame is
less than the tensile strength of steel, the loading results in
signifcant deformation of the frame and bolts, as shown in
Figure 15(a). Most of all, the rock bolts located at the edges
are bent. Te analysis of vertical strains shows that the
installation of bolts without additional elements generally
has a positive efect on the heaving intensity. However, with
this variant of foor support, post-peak strains are observed
near the corners of the roadway in the near-contour of the
immediate foor, as shown in Figure 15(b). Tis reduces the
efectiveness of the reinforcement and can lead to further
development of rock crushing on the immediate foor. As an

element of coupling steel belt was proposed across the entire
width of the roadway’s foor. A comparison of the efec-
tiveness of foor support by bolts with steel belts and without
it was made for the last simulation step, which corresponds
to an average joint spacing of 0.10m in the immediate foor.

Figure 16 shows the distributions of maximum principle
stress for the surrounding rocks at the last simulation step
after reinforcement for diferent foor support schemes. Te
zone of reduced stress σ1 in the roadway foor as a result of
rock bolts reinforcement is reduced in size compared to the
case without reinforcement (Figure 9(h)). However, near the
contour of the roadway in the immediate foor, σ1 are
formed that exceed the tensile strength of rock. Te regions
of critical σ1 are located between the rock bolts. In the case of

(a) (b) (c) (d)

(e) (f ) (g) (h)

Figure 9: Maximum principle stress (σ1) distribution around the roadway with a step-by-step increase in rock fracturing: (a) step 2; (b) step
3; (c) step 4; (d) step 5; (e) step 6; (f ) step 7; (g) step 8; (h) step 9.
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Figure 10: Total maximum principle strain distribution around the roadway with a step-by-step increase in rock fracturing: (a) step 2;
(b) step 3; (c) step 4; (d) step 5; (e) step 6; (f ) step 7; (g) step 8; (h) step 9.
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Figure 11: Floor heave on monitoring line B-B1 and vertical plastic strain distribution around the roadway.
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using rock bolts with steel belts, such regions do not occur,
the zone of reduced stress is smaller, and the contour of the
roadway foor is smoother. Tere is also a tendency to
change the size of the zone of reduced stress σ1 with a change
in the installation angle of rock bolts. Te maximum vertical
sizes of this zone are formed at support scheme I and the
minimum ones are formed at support scheme III.Tis is true
both for the case of bolts without steel belts and for the case
with steel belt. Te analysis of Figure 16 gives grounds to
believe that the presence of a steel belt in the foor support
system leads to a change in the distribution of stress on the
immediate foor.

Figure 17 shows the distribution of maximum principle
strain for the surrounding rocks before and after rein-
forcement with diferent support elements for support
scheme II. Te analysis of the fgure helps to trace the in-
fuence of each foor support element on the distribution of
strain on the immediate foor. Te installation of a steel belt
without rock bolts makes it possible to reduce the size of the
post-peak strain region in the roadway foor, as shown in
Figure 17(b). At the same time, the contour of the foor in the
bottom corners of the roadway is smoothed out. However, a
zone of immediate foor to a depth of about 2.0m is still in
the region where the strains exceed the post-peak ones by
more than 2.5 times. Tus, the destruction of the immediate
foor is very probable, and the efectiveness of such rein-
forcement is low.

Te installation of rock bolts without a steel belt sig-
nifcantly changes the size and shape of the post-peak strain
regions, as shown in Figure 17(c). Tese regions are located
under the bottom corners of the roadway along the rock

bolts and no longer form a closed contour. Te total value of
foor heave is reduced. Te coupled use of rock bolts with a
steel belt reduces the size of the region with a post-peak
strain by 1.5 times compared to the case without the steel
belt. Te optimal efect of such reinforcement is obvious, as
shown in Figure 17(d).

Figure 18 shows the foor heave on monitoring line
B-B1 and vertical plastic strain distribution around the
roadway before and after reinforcement with diferent
supporting elements for foor support scheme III. Te
roadway support is symmetrical about the axis of its cross-
section, so the graphs in Figure 18 are shown only half of
the roadway span. Analysis of the fgure makes it possible
to track the proportion of the contribution of each sup-
porting element to the decrease of foor heave. Te in-
stallation of a steel belt without rock bolts reduces foor
heave by 17% while smoothing it out in the bottom
corners of the roadway. At the same time, the region of
post-peak vertical plastic strain is formed on the imme-
diate foor. Reinforcement by rock bolts without a steel
belt reduces foor heave by 44%. However, in the bottom
corners of the roadway, vertical plastic strain forms re-
gions with a depth of 0.5 m in which the strain is more
than 2.5 times than the post-peak one. Te destruction of
rocks in these regions is highly probable, which reduces
the efectiveness of reinforcement in the future. In the case
of coupled use of rock bolts with steel belt, the total value
of foor heave is reduced by 48%, and post-peak vertical
strain is not formed in the near-contour area. Still, there
are insignifcant regions of post-peak vertical strains
under the legs of the frame. However, the sizes of these

Table 4: Properties of foor support elements used in the model.

Floor support
element Cross-sectional area (m2) Material behaviour

option
Elastic modulus

(GPa)
Poisson’s
ratio

Yield s/
trength
(MPa)

Tangent modulus
(GPa)

Bolt 8.04×10−4 Bilinear isotropic
hardening 200 0.3 342 52.2

Steel belt 7.5×10−4 Isotropic 200 0.3 — —
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roadway for steps 5 and 7.
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regions and, accordingly, the cracking foor rocks are
noticeably lower than in other cases. Tus, it is obvious
that the best foor supporting efect is in the case of
coupled installation of rock bolts with a steel belt. Te
absence of a steel belt reduces the efectiveness of foor
stabilization.

Te most efective foor heave support scheme should
provide the maximum bearing capacity of the rocks. Rock
bolt arrangement highly infuences the maximum principle
strain distribution around the roadway, as shown in Fig-
ure 19. Reducing the angles of the bolts leads to a decrease in
the size of the post-peak strain region in the roadway foor.
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Figure 15: (a) Minimum principle stress (σ3) distribution in support elements; (b) vertical total strain distribution around the roadway.
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Figure 14: Support elements in the numerical model.
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Figure 13: Te foor support schemes with diferent bolt orientations: (a) scheme I; (b) scheme II; (c) scheme III.
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Te best foor support scheme is scheme III, in which the
region of post-peak maximum principle strain, which is
highlighted in Figure 19 with gray color, is much smaller
than in other cases.

Tis conclusion is also confrmed by the maximum
decrease of foor heave in scheme III, as shown in Figure 20.
Although the diference in the value of foor heave between
diferent schemes is insignifcant, the distribution of

vertical plastic deformation confrms that scheme III is
more efcient. Tus, in the case of using scheme I in the
near-contour area in the corners of the roadway, both post-
peak plastic strains of compression and tension appear,
which can serve as an indicator of crack and crash rocks.
With scheme II, post-peak plastic compressive strains are
formed under the legs of the frame. In the case of using
scheme III, only very small regions of post-peak
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Figure 17: Total maximum principle strain distribution around the roadway: (a) without foor support; (b) with steel belt; (c) with rock
bolts; (d) with rock bolts and steel belt.
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Figure 16: Maximum principle stress distribution around the roadway after foor bolting: (a) rock bolts without additional supporting
elements; (b) rock bolts with steel belt.
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compressive strains are formed. Obviously, scheme III is
the most efective for foor support.

During the simulation, the immediate foor was rein-
forced to a depth of 1.0 to 5.0m. Tis made it possible to
determine the optimal length of the rock bolts. Te corre-
sponding simulation results for foor support scheme III are
shown in Figures 21 and 22.

As shown in Figure 21, the reduction of the reinforced
zone size (Lr) from 5.0 to 2.0m does not signifcantly afect
the distribution of the total maximum principle strain. Te
sizes and confguration of the regions of post-peak strain in
the roadway foor are almost unchanged.When Lr is reduced
to 1.0m, the pattern of strain distribution noticeably
changes. Te regions of post-peak strain increase signif-
cantly in size. At the same time, post-peak strains exceed the
limits by more than 2.5 times. Tese regions merge in the
central part of the roadway foor. Tus, the zone of the
probable crash of rocks has a closed contour. Dilatancy and
plastic fow of rocks are observed below the reinforcement

length. Tese processes lead to intense foor heave. Teir
development will reduce the efectiveness of reinforcement
in the future. A signifcant increase in foor heave with a
decrease in Lr from 2.0 to 1.0m is also noted on the foor
heave curve, as shown in Figure 22. In the case when Lr has a
size from 5.0 to 2.0m the foor heave does not change
signifcantly, the results are within the accuracy of the
calculations. Taking into account the margin of safety, it was
proposed to limit the length of the outer bolts with a
reinforcing depth of 2.0m and the length of the central bolts
with a depth of 3.0m. Te total maximum principle strain
distribution around the roadway is shown in Figure 22.

4.3. Support Scheme of the Surrounding Rock. Trough feld
observations and numerical calculations, it became clear that
the current support system cannot maintain the stability of
the surrounding rocks, especially of the immediate foor.Te
original support method must be improved and optimized.
Based on the analysis of the literature review and results of
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Figure 19: Total maximum principle strain distribution around the roadway after reinforcement: (a) foor support scheme I; (b) foor
support scheme II; (c) foor support scheme III.
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numerical simulation, the rock bolts reinforcement was
proposed for the foor heave control. Based on the results of
the numerical simulation, the most efective foor support
scheme was proposed, and the optimal bolt length is jus-
tifed. Figure 23 shows the proposed design of the support
scheme.

5. Conclusions

In this study, deep mining roadway in soft rock was con-
sidered as the research subject. We focused on the foor
heave evolution and the efectiveness of rock bolts rein-
forcement of the roadway. A numerical simulation was used
to study the stress-strain state and displacement of sur-
rounding rocks in the underground coal mine 800m in the
depth of Ukraine. Te results demonstrated that signifcant
foor heavecaused nonlinear deformation of the laminated
immediate foor under an increase in rock fracturing. Tis
was followed by investigating the efectiveness of rock bolts
reinforcement. Based on the results of this investigation, the
following conclusions can be drawn:

(1) Te numerical analysis shows that with an increase
in rock mass fracturing, the σ3 in the bottom corners
of the roadway signifcantly exceed the compressive
strength of the immediate foor, which indicates a
high probability of rock cracking under the foot of
the arch support. Te σ1 in the central part of the
roadway foor signifcantly exceed the tensile
strength of the immediate foor, which indicates a
high probability of rock crushing. At the same time,
the size of the reduced σ1 stress zone in the foor of
the roadway increases gradually. Te size of post-
peak maximum principle strain regions in the foor
of the roadway is increased nonlinearly with an
increase in rock mass fracturing. Te analysis shows
that a signifcant proportion of maximum principle
strains are plastic ones. Tey exceed the failure limit
more than 2.5 times and cause the foor heave.

(2) Initially, post-peak strain regions appear in the
bottom corners of the roadway, after which strata in
the immediate foor are destroyed one by one into
the depth. After that, post-peak strain regions merge
in the central part of the roadway foor at a depth of
about 2.0m. Finally, the strata in the immediate foor
to a depth near 2.0m are included in the post-peak
strain region, which indicates a high probability of
rock crushing. Tis region of the surrounding rocks
is mainly involved in the development of foor heave.
Te joint spacing of 0.45m on the immediate foor is
critical. At this step, signifcant plastic deformation
begins, which is the cause of uncontrolled foor
heave.

(3) Considering the foor heave mechanism of the soft
rock, rock bolts reinforcement was proposed to
control the foor heave. Tree foor support schemes

with two types of support elements, diferent bolt
orientations, and lengths of reinforcement were
studied during many numerical simulations. After
reinforcement, post-peak plastic strain in the foor
strata was reduced efectively. Te optimal foor
support scheme and depth of reinforcement were
determined by the allowable foor heave. Ideally, the
foor heaves could be reduced by rock bolts with steel
belts installed according to the support scheme III
and reinforcement length of 2.0m for outer bolts and
3.0m for central bolts. Tis can provide suggestions
for the specifc parameters suitable for controlling
the foor heave of the roadway through rock bolts
reinforcement technology.
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