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Abstract: Controlling floor heave plays an important role in the stability of mining roadways that is
pivotal to the sustainable, safe, and efficient development of coal resources in underground coal mines.
In order to propose highly efficient and economical methods of controlling floor heave, numerical
simulation, laboratory physical simulation, and engineering practice were carried out to reveal
the mechanism of reinforcing roof and sidewalls to control the floor heave of the mining roadway,
return airway 15208, in the Xinjing Coal Mine in the Yanquan mining area of China. The numerical
simulation demonstrated that the surrounding rock of the roadway underwent expansion and
deformation, accompanied by redistribution of the surrounding rock stress due to the reinforcement
of the roof and two sidewalls. The laboratory physical simulation revealed that the reinforcing roof
and sidewalls decreased the bed separation of the floor and reduced the quantity of the displacement
of the floor in Coal Seam 15. Engineering practice showed that the floor heave in the roadway,
the roof, and the sidewalls, which was reinforced by intensive bolts combined with steel belt, wire
mesh, and cable, was significantly reduced compared with that with lower supporting intensity of
roof and sidewalls. The floor heave could be successfully controlled.

Keywords: underground coal mine; mining; roadway; roof and sidewalls; floor heave; deformation;
support control; stability

1. Introduction

According to incomplete statistics, the length of mining roadways exceeds 8000 km, which
accounts for 80% of the total length of newly drifting roadway in China, in recent years. At present,
bolts are widely applied for roadway support because of their low cost, active reinforcement, and
efficient installation for rapid excavation, which are essential to keeping the balance of excavation
speed and production in underground coal mines. However, floor heave is usually a serious failure
phenomenon in mining roadways [1–6]. Specially, it is much more severe in the front of the coal
working face due to the mining abutment pressure. The large deformations, e.g., the serious heave,
have far-reaching negative effects on the surrounding rock stability of the mining roadway. Engineering
practices [7–9] have observed frequent and dramatic floor heave in the mining roadway during
extracting coal seams with loose and fractured roof. Controlling floor heave plays a crucial role in
the stability of mining roadways that is pivotal to transportation, ventilation, and other essential
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services for sustainable, safe, and highly efficient development of coal resources in underground coal
mines [10–12].

In order to solve the problem of serious floor heave in mining roadway, the inverted arch support
and stress relief slot has been developed to deal with the fractured floor and stress concentrations,
respectively [13–17]. Inverted arch support for the enhancing floor was achieved by using bolts, cables,
U-shaped steel, and grouting [13]. The stress relief slot was accomplished by cutting a slot in floor of
roadway to reduce concentration stress [16]. Floor beam layout using grooving, full-length grouting,
and suitable reinforced support countermeasures for the key zone (for instance, two corners on the
floor) are proposed to reduce the deformation of the floor heave [18–20]. Through such methods,
the severe floor heave can be effectively reduced.

However, these methods are difficult to carry out. Moreover, the cost is relatively expensive.
Therefore, it is urgently necessary to investigate other effective techniques to bring severe floor heave
under control. The surrounding rock of roadways is constituted of roof, sidewalls, floor, and the rock
mass around them. The stress state and deformation failure characteristics of various parts of the
surrounding rock are significantly different.

The stability of rock mass in the roof is one of the most important factors that decides stress
distribution and plastic zone scope of surrounding rock, thus affecting floor stability. Hence, some
scholars have studied reinforcing roof and sidewalls for controlling floor heave. For instance, Wang et al.
studied the technology of reinforcing roof to reduce floor heave in mining roadway [21]. Yu and Gu
studied a novel technology for supporting surrounding rock against deformations. The results showed
that the reinforced sidewalls caused significant decreases of floor heave [22]. Sun et al. and Zhong et al.
put forward the technology of reinforcing surrounding rock to realize the floor stability in inclined
strata and soft rock [23,24]. However, aiming at the stability of floor and control of floor heave, many
scholars also focused on the water effect [25].

From the above, it is understood that roof strength has an impact on floor heave but that the
mechanism of reinforcing roof and sidewalls to the control floor heave of the mining roadway is not
clear yet. Consequently, further investigation is required to understand the failure patterns of the
surrounding rock and the stress state of the rock bolt support reinforcing the roof and sidewalls.

This study was conducted in return airway 15208 in the first district of the Xinjing Coal Mine in
the Yanquan mining area in Shanxi, China. The return airway lies in Coal Seam 15. Numerical and
physical simulations were conducted to analyze the stress state and the laws of fractures development
of surrounding rock resulting from reinforcing the roof and sidewalls. Subsequently, the simulation
results were confirmed through field trial.

2. Geological Profiles

Coal Seam 15 was extracted using the long-wall mining, which was one of main workable coal
seams in the Yangquan mining area. The strike length and the dip width of working face 15208 in
Coal Seam 15 in the Xinjing Coal Mine were 1458 m and 217 m, respectively, as shown in Figure 1.
The buried depth of the return airway in working face 15208 was 490 m. The cross-section of the
roadway was 4.5 m wide and 3.0 m high. The roof strata of Coal Seam 15 were mainly composed
mudstone and limestone, whilst the floor lithology mainly consisted of mudstone and fine sandstone
as shown in Table 1.

Table 1. Mechanical parameters of coal and rock strata.

Lithology Thickness (m) Density
(g/cm−3)

Cohesion
(MPa)

Friction Angle
(◦)

Uniaxial Comprehensive
Strength (MPa)

Limestone 7.15 3.2 3.5 34.8 106.2
Mudstone 3.0 2.33 1.12 27.6 40.2

Coal Seam 15 6.08 1.34 0.78 27.4 33.4
Mudstone 4.6 2.33 1.12 27.6 40.2

Fine sandstone 3.2 2.52 1.62 27.2 64.2
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Figure 1. Location and cross-section of return airway 15208.

The support scheme used bolting with wire mesh in return airway 15208. Five cables per row in the
roof, of which diameter, length, and inter-row spacing were 21.6 mm, 8300 mm, and 1025 mm × 800 mm,
respectively. In the roof, pre-tightening force of each cable was not lower than 250 kN, and each row of
cables cooperated with a corrugated steel strip (Length × Width × Thickness: 4400 mm × 280 mm
× 4 mm). There were three cables per line in each sidewall. Additionally, the diameter, length,
and inter-row spacing of cables were 21.6 mm, 4500 mm, and 1025 mm × 800 mm, respectively. In both
sidewalls, pre-tightening force of each cable was not lower than 120 kN.

3. Numerical Simulations

3.1. Numerical Model

The numerical simulation by means of FLAC3D from Itasca of USA [26] was performed to analyze
the characteristics of the stress distribution of surrounding rock before and after reinforcing the roof
and sidewalls, which set a foundation for the mechanism. Two models were designed and established
on the geological conditions of the return airway in working face 15208 (the length, width, and height
were 40 m, 5 m, and 30 m, respectively). The whole model was divided into 48,000 units. A standard
hexahedral format was used with free boundaries for the upper part or upper side [27], as shown in
Figure 2.

The simulation calculation was executed according to the Mohr-Coulomb’s yield criterion.
The main mechanical parameters obtained from field practice and laboratory experiments were
illustrated in Table 1. Horizontal displacements were fixed at the lateral boundaries. Horizontal and
vertical displacements were fixed at the bottom boundary. The top boundary was set free. A vertical
stress of 11.09 MPa and a horizontal stress of 13.22 MPa were applied at the top and lateral boundaries.
The stress values of surrounding rock were acquired from field measurement.

Two schemes were used to analyze stability of the floor in the condition of with or without
reinforcing roof and sidewalls, respectively, as shown in Table 2.

The units of cable and shell were adopted for simulating bolts and steel belts, respectively.
The equilibration of each step was evaluated using the maximal unbalanced force. To analyze the
effect of controlling floor heave through reinforcing roof and sidewalls, both stress and plastic zones
were extracted in the calculation process [28].
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Figure 2. Numerical simulation models and supporting units.

Table 2. Scheme design and mechanical parameter.

Parameters
Bolting Steel Belts

Length (m) Diameter
(mm)

Y-Tension
(KN)

Thickness
(m)

Young’s Modulus
(N/mm2)

Poisson’s
Ratio

Scheme 1 / / / / / /
Scheme 2 8.3/4.5 21.6 350 0.004 200,000 0.25

3.2. Results and Discussion

3.2.1. Horizontal Stress

According to above calculation, the stress distribution of the surrounding rock was obtained
before and after reinforcing the roof and sidewalls, distance from surface to the depth of roadway
surrounding rock as shown in Figure 3.

According to Figure 3, the increasing of stresses in the shallow reinforced surrounding rock
indicated that the residual strength of reinforced area was obviously improved. The horizontal stress
in the reinforced area quickly increased from the roadway surface to 1-m-deep surrounding rock,
whereas the horizontal stress of reinforced area in 1–2-m-deep surrounding rock gradually increased.
The horizontal stress in the roof, left sidewall, and right sidewall were found to be approximately
8 MPa, 5 MPa, and 5 MPa, respectively. The stress increased gradually to a new peak with further
calculating. The high stress was transferred to far field areas from the surface of surrounding rock,
because the roof and two sidewalls were reinforced.

The stress in the shallow region in the floor in Scheme 2 gradually increased but remained
higher than the stress of Scheme 1, which could demonstrate that the residual strength of floor was
improved simultaneously.
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3.2.2. Vertical Stress

The vertical stress distribution of the surrounding rock was obtained from simulation calculation
results, as shown in Figure 4.
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Figure 4 shows that the vertical stress of roof and floor is in agreement with the horizontal-stress.
However, the figure also showed that there was obvious otherness in stress distribution characteristics
of vertical and horizontal stresses of two sidewalls.

With the reinforcement of two sidewalls, its carrying capacity was improved, and the deformations
of surrounding rock were reduced. Therefore, the vertical stress of Scheme 2 was apparently higher
than Scheme 1 within 2.5 m of two sidewalls.

However, the vertical stress between 0-m-deep and 2.5-m-deep surrounding rock of sidewalls in
Scheme 2 was reduced compared with Scheme 1. There were two reasons to illustrate the situation.
Firstly, high vertical stress decreased due to deformation of surrounding rock. Secondly, high vertical
stress main concentrated within 2.5 m-deep anchorage rock mass. The decrease of vertical stress in
two sidewalls contributed to the floor protection.

3.2.3. Plastic Zones

As shown in Figure 5, the form and scope of the plastic zone distribution of Scheme 1 was
significantly different from Scheme 2. Plastic zone form of the former was approximate to oval, whilst
the latter was a cross. The boundary maximum value of Scheme 1 was 2.5 m bigger than Scheme 1.
The most obvious effect of reinforcing roof and sidewalls was that plastic zone was eliminated in all
four corners of the roadway.
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4. Physical Simulations

4.1. Physical Models

Two simulations were performed, corresponding to whether the roof and sidewalls were
reinforced. The surface deformation of surrounding rock and the stress state of the bolting were
subsequently recorded by canon digital camera, minute displacement sensor, and micro bolt
dynamometers, respectively. A physical model with a geometrical scale of 25:1 was used for the
test, which was designed with the dimensions of the two dimensionally similar models, which were
1.0 m × 1.0 m × 0.3 m (length × width × height). The zinc-lead alloy wire, aluminum sheet, and
glue 405 were employed for the simulation of bolting, steel belt, and anchorage agent, respectively.
The different rock properties were simulated with the various proportions of sand, calcium carbonate,
and gypsum. In addition, mica powder was used to model the bedding layers between two strata.

The average unit weight of the materials used to establish the model was 15,000 N/m3.
The volume-weight similarity ratio of the model was determined to be 0.6:1. After calculations
based on the above numerical value, it was found that the time similarity ratio and stress similarity
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ratio was 0.2:1 and 0.024:1, respectively. The measurement value in situ (in the front of working
face) of maximum horizontal stress, minimum horizontal stress, and vertical stress and is 13.22 MPa,
6.90 MPa, and 11.09 MPa, respectively. The corresponding model boundaries stress of 0.32 MPa,
0.17 MPa, and 0.27 MPa were gained based on the stress similarity, which multistage applied by
hydraulic cylinder.

Regarding whether to reinforce the roof and sidewalls, the experiment was divided into
two schemes. The roof and sidewalls were not reinforced in Scheme 1, and the contrary was the
case in Scheme 2. In Scheme 2, the roof and sidewalls were reinforced by 75 sets of bolting models,
which included the component and five steel belts. Ten micro bolt dynamometers were employed to
record stress variation of bolting models. A camera system was used to collect information of alteration
of surrounding rocks surface. Figure 6 shows Scheme 2.

In the mining process of working face 15208, the abutment pressure had increased gradually
with coal working face advancing. To simulate the field site, the boundaries stress model was applied
using multi-stage loading. There were 8 h of non-working time in each 24-h period, and the distance
of mining was about 5 m each day; the distance of 12 m required 2.4 days of mining. According to
the similarity ratio, the boundary stresses were loaded in three sessions (12 m/5 m = 2.4) over 9.3 h
(2.4 days × 16 h/5); the time interval was 1.6 min (8 h/5).
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Figure 6. Experiment model scheme; (a) physical size; (b) supporting units and equipment;
and (c) loading regime.

4.2. Results and Discussion

4.2.1. Fracture Characteristics of Surrounding Rock in Scheme 1

In the mining process of working face 15208, the abutment pressure increased gradually with coal
face advancement. To simulate this fact, the boundaries’ stress model was applied using the multistage
loading. There were 8 h of non-working time in each 24-h period, and the distance of mining was
about 5 m each day; the distance of 12 m required 2.4 days of mining. According to the similarity ratio,
the boundaries stress were loaded in three sessions (12 m/5 m = 2.4) over 9.3 h (2.4 × 16 h/5); the time
interval was 1.6 min (8 h/5).

When the stress reached about one third of the design load value, fractures first appeared in
the corner of floor and right sidewall. Fractures continued extending and passed through the floor
along left-right direction, which is thin layer, resulting from the increase of stress in surrounding rock,
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as illustrated in Figure 7a–c. The loading value reached two thirds of design load value, fractures
developed in both the corners of roof and two sidewalls, and the value of floor heave was about 300 mm;
Figure 7d shows the position of fractures and floor heaves. Note that these fractures developed in
roof, floor, and related sites only, meaning that high horizontal stress can affect the stability of roof
and floor severely. A 1.7-m-long fracture was formed in the right sidewall (Figure 7e). It was quite
clear that the stress progress in surrounding rock had the destructive effect of breaking the stability of
surrounding rock.

An increasing number of fractures formed in surrounding rock as the stress developed. Overall,
there was a very serious deformation and damages in surrounding rock; the maximum heave
floor, reduction of cross section, and the roof convergence were about 1700 mm, 45%, and 400 mm,
respectively. Figures 7f and 8 shows the fractures characteristics of the surrounding rock.
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When the stress reached about one third of design load value, the first fracture appeared in the
corner of floor and right sidewall. Fractures continued extending and passed through the floor along
left-right direction, which is thin layer, resulting from the increase of stresses in surrounding rock,
as illustrated in Figure 7a–c. The loading value reached two thirds of design value of load, and the
fractures were developed in both the corners of roof and two sidewalls; the value of floor heave was
about 0.3 m; Figure 7c shows the position of fractures and floor heaves. Note that these fractures were
developed in roof, floor, and related sites only, meaning that high horizontal stress can severely affect
the stability of roof and floor. A 1.7 m long fracture was formed in the right sidewall in Figure 7e.
It was quite clear that the stress progress in surrounding rock has the destructive effect of breaking the
stability of surrounding rock.

4.2.2. Fracture Characteristics of Surrounding Rock in Scheme 2

According to the design of the Scheme 2, the roof and sidewalls of the surrounding rock were
reinforced. Figure 9 shows the deformation and fractures evolution of surrounding rock during
loading procedure.
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When the stress reached about one third of designed load value, the fracture occurred in the corner
of lower left and upper right, as shown in Figure 9b. The fracture increased further as the loading
progressed. When the loading reached one second of designed load value, the fracture (3 m‘long)
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crossed the left sidewall along up-down direction first. This was far different from Scheme 1, in which
the fracture developed in floor first. The Figure 9c shows the fracture state at that moment.

The fracture developed at the corner of lower left and upper right during the stress reached by
two thirds of the designed value. It is obvious that floor deformation of lower left and upper right
increased much both, but nonetheless, the quantity of floor heave was much smaller than Scheme 1 on
an equal footing, as shown in Figure 9d.

With the stress in its final stage, minute displacement sensor of lower left was buried by
deformation of surrounding rock. The phenomenon of bed separation of floor was not observed
in the visual field at that same time. Figure 9e shows the final status of roadway section. Figure 10
shows the fracture final status of surrounding rock.
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By contrasting Figures 8 and 10, it is clear that the displacement and bed separation of floor was
significantly reduced. Bedding separation of roof was not observed at that same time. Two distinct
outlines of fracture occurred in two sidewalls. The maximum floor heave, reduction of cross section,
and the roof convergence was about 0.45 m, 25%, and 0.4 cm, respectively.

In the same way, with the help of analyzing the video data, the process of surrounding rock failure
of Scheme 2 in following steps: lower left corner→ upper right corner→ roof→ upper right corner
→ lower left corner→ upper right corner→ upper left corner→ roof→ two sidewalls→ floor→
roof→ two sidewalls→ floor.

Therefore, it can be concluded that the reinforce of roof and sidewalls affected the process of stress
distribution, forcing the high stress to shift from floor to roof and two sidewalls, which could influence
the failure process of surrounding rock. The floor heave was efficiently controlled with the reduction
of displacements and bed separation, which constitutes an external phenomenon.

4.2.3. Displacements and Axial Load of Bolts

According to the time similarity ratio and stress similarity ratio, the curve of displacement and
bolting axial force were developed below, to show deformation rule and bolt axial force condition in
the experiment.

As shown in Figure 11a, the displacement of surrounding rock began to increase on the first day.
There was a stage of increasing rapidly 1–1.5 days after first day. Moreover, the displacement velocities
in the right sidewall and floor were significantly faster than the left sidewall and roof. The curve of
displacement appeared in state of fluctuation in the period of stopping loading (1.6–2.0 day). A new
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increase in right sidewall and floor occurred on the second day while the loading continued working,
with unmarked, corresponding increases in the roof and left sidewall. The displacement of floor, right
sidewall, roof, and left sidewall were maintained at the approximate value of 1.6 m, 1.0 m, 0.6 m,
and 0.3 m in the end, respectively.Sustainability 2018, 10, x FOR PEER REVIEW    12 of 15 
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Through displacement curve comparison in Figure 11, there was a remarkable change of curve
shape before and after the reinforced of roof and two sidewalls; the displacement curve of Scheme 2
became relatively flatter, and with the increasing displacement, the fluctuation of curve became smaller
after 1.8 day. The maximum displacement of floor was about 1.0 m, which decreased displacement
by 38% compared to the Scheme 1. The displacement of right sidewall, roof, and left sidewall were
maintained at the approximate values of 0.2 m, 0.4 m, and 0.3 m in the end, respectively.

Figure 12a showed that the change of bolt axial force of two sidewalls in the process of experiment.
Firstly, the axial force increased at about 0.9 day, and subsequently, it decreased. At last, the axial force
tended to stabilize. The figure also shows that the force value of lower left and lower right sidewalls
was bigger than that of the center, which illustrates that the lower parts of two sidewalls were high
stress concentration districts. The obvious fluctuation of axial loads indicates that the failure occurred
in surrounding rock of two sidewalls, for example, the curve of left center had a fluctuation on the
second day; this illustrates the force could not pass it to the sensor immediately, and the surrounding
rock appeared loose or broken along bolt axis.
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As shown in Figure 12b, the curve slope was obviously higher than Figure 12a, and the majority
of displacements mainly focused on third day. The increasing point of the roof was prolonged 0.4 days
than two sidewalls, which verified the two sidewalls were firstly in failure state. The figure also showed
that the axial loads of bolts in the right and left center in the roof were greater than those of the central,
left, and right parts in the roof, indicating that the force condition of roof is approximate symmetric.

5. Engineer Measurements

The roof and sidewalls of return airway 12580 in the Xinjing Coal Mine (a tunnel adjoining return
airway 15208) were reinforced by bolt, steel strip, and wire mesh, support strength of which was higher
than return airway 15208, as shown in Table 3. The deformations of the surrounding rock of return
airways 12580 and 15208 were analyzed based on in-site measurement.

Table 3. Support parameter of low strength and high strength.

Strength
Cable Steel Belts

Length
(m)

Diameter
(mm)

Yield Strength
(KN)

Preload
(KN)

Thickness
(mm)

Young’s Modulus
(N/mm2) Type

High strength 6.3/2.7 21.8/17.8 582/355 280 6 250,000 w-type
Low strength 8.3/4.5 21.6 350 120 4 200,000 panel

The deformations of surrounding rocks of the roadway were monitored using explosion-proof
camera. Figure 13 shows the situations in the field sites.
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strength for return airway 12580.

According to the pictures, when the roof and sidewalls were reinforced by low support strength,
the deformation of surrounding rock was serious, especially floor heave, and seriously threatened
the safety in production. On the contrary, the strength of roof and sidewalls were improved by high
strength structure. The rocks surrounding return airway 12580 was relatively stable; thus, both safety
and high-efficiency during mining were ensured.

6. Discussion

The above research demonstrates that the reinforcement of roof and sidewalls improves the
stability of floor effectively. The floor heave is controlled, and the maintenance cost of roadway is
greatly reduced. On the other hand, ensuring the safety of rocks surrounding roadways would increase
the recovery rate of coal resources. In conclusion, the research results are of great significance for the
safe and highly efficiency development of underground resources.



Sustainability 2018, 10, 1413 14 of 15

7. Conclusions

Controlling floor heave plays an important role in the stability of mining roadways that is pivotal
to the sustainable, safe, and efficient development of coal resources in underground coal mines.
The results were based on the analysis of the numerical simulation, laboratory physical simulation,
and engineering practice in return airway 15208 in the Xinji Coal Mine that provide valuable guidance
for the controlling floor heave in mining roadways. Some conclusions are summarized below.

(1) The numerical analysis shows that while reinforcing the roof and sidewalls, the stress in the
reinforced area was higher than the unsupported area. The stress increased in a region that was
located about 1 m away from the surface surrounding rock of roadway. Moreover, the pressure
increased gradually to a new peak within 3–4 m. With the reinforcement of roof and sidewalls,
the stress in the shallow region in the floor increased, this demonstrates that the residual strength
of the floor was correspondingly improved at the same time.

(2) The physical simulation revealed that reinforced roof and sidewalls improve the bed separation
of the floor and reduce the quantity of displacement of the floor in Coal Seam 15. The bed
separation of the roof was not observed at the same time. Therefore, it could be concluded
that the reinforced roof and sidewalls affected the process of stress distribution, improving the
strength of the reinforcement area and forcing the high stress to shift from the shallow to the
deep, which could influence the failure process of the surrounding rock.

(3) In comparison to the other parts in return airway 15208, in which supporting intensity of roof
and sidewalls was higher, the floor heave was remarkably reduced. When the roof and sidewalls
were reinforced with cables and intensive bolts, the floor heave of the return airway 15208 could
be easily controlled. Thus, the reinforcement of the roof and sidewalls effectively controls the
floor heave.
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