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A floor heave is usually a serious failure phenomenon in mine roadways, especially in the conditions of a wet soft rock. There are
bright prospects for using a method of reinforcing for controlling a floor heave in mine roadways under a dramatic heave. In the
current research, a floor heave mechanism in the wet soft rock of mine roadways was investigated while the moisture content of
the rocks was increasing. That was done by performing numerical simulations in a finite element analysis software system Ansys
and by reinforcing the floor in the shape of inverted arch. It was found that a decrease in the modulus of elasticity of rocks caused
by saturation leads to a nonlinear increase in a floor heave. This can be explained by the fact that rocks of the floor become plastic
strains. A stable correlation was established between water content and a floor heave of a wet rock. It was found that when the
floor is reinforced, the proportion of plastic strains in the soil is significantly reduced. The growth of the modulus of elasticity
of rocks in the reinforced zone, caused by reinforcing of the floor in the form of inverted arch, leads to a nonlinear decrease of
a floor heave. The effective range of floor reinforcing was established. A reliable relation was established between the ratio of
the modulus of elasticity of rocks of the reinforced zone to the modulus of elasticity of the surrounding rock and heaving of
reinforced rocks. The obtained results can be used to predict the magnitude of heaving of rocks at their saturation, as well as

after they are reinforced.

1. Introduction

The modern tendencies of changing the priorities of the
world energy in favor of renewable energy sources have
influenced the energy policy in many countries. The course
towards decarbonization and “green energy” led to the
adjustment of the strategy for the development of the coal
industry. However, despite the decline in coal production
these days, more than a quarter of the world’s energy is pro-
vided using coal [1, 2]. The coking coals required by metal-
lurgy are still in high demand on the market. Therefore,
improving the efficiency of coal mining is an urgent scien-
tific and applied problem.

The large deformations of the surrounding rock have
far-reaching negative effects on stability of the mine roadway
and therefore are a serious problem. A particularly unfavor-
able situation with the stability of roadways is observed at
great depths and in soft rocks. For roadway roof and side-
walls, the problem of stability can be solved by additional

bolting, shotcreting, and mobile roof supports, whereas a
floor heave tends to be a serious failure phenomenon in
mine roadways [3, 4].

A floor heave in the mine roadway while extracting coal
can exceed 1 meter, especially in conditions of increased
water inflows [5-7]. This causes problems with the transport
of loads and minerals and the supply of air through the mine
roadways and also leads to the risk of injuring miners while
they are moving along the mine roadways. Controlling a
floor heave is important for the stability of mine roadways
and solution to the abovementioned problems [8].

Various hypotheses argue that the floor heave mecha-
nism is a consequence of the following: an increase in
volume of rocks during destruction and water saturation,
squeezing out of rocks like from under a stamp, transition
of rocks into a plastic state, creep, squeezing out of destroyed
rocks, and a consequence of the mutual influence of these
factors. However, all the hypotheses agree that wetting of
the rocks leads to the activation of the floor heave.
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Matkowski et al. [9] studied the multiplicity of the fac-
tors causing floor heave. To quantify the effect of the differ-
ent factors on floor upheaval, an analysis of results of in situ
measurements carried out in three coal mine roadways at 15
measuring stations was presented. The analyses of the study
results show that the floor upheaval always depends on time,
on floor rocks’” compressive strength, and Young’s modulus.
In the case of rock mass condition affected by water, it
depends on the rock compressive strength reduction after
submerging rock in water.

Controlling the floor heave is done by the following:

(i) using the inverted arch support and circular support
(ii) stress relief slot which is cut in the floor of roadway
(iii) technology of reinforcing surrounding rock

In practice, the combinations of the listed methods are
often used.

The effectiveness of the inverted arch support and circu-
lar support, which is the simplest technical solution, is
greatly reduced in wet soft rock conditions. In such condi-
tions, the elements of the roadway support are deformed
and squeezed into the roadway. These days, the inverted
arch support and circular one are used mainly in main road-
ways with a minor floor heave [10, 11].

The stress relief slot is cut in the floor of a roadway to
reduce stress concentration [12]. The types of slots can be
a groove or a hole. In order to make a slot, a blasting method
can be used, as well as a drilling and cutting method. A pres-
sure relief groove is cut in the floor in longitudinal axis of the
roadway or in two corners on the floor [13]. As a rule, a dril-
ling and blasting method is used for the depressurization
hole. The hole is usually located along the longitudinal axis,
while its depth is much bigger than that one of the groove
and can be several meters deep [13]. This method is techni-
cally difficult for implementation; moreover, it is expensive.
Therefore, it is not widely used these days.

One of the most perspective methods is the one of
reinforcing the floor of a roadway. The reinforced zone in
the floor can be in the form of a concrete beam [14] or a vault
[3]. A reinforced zone can be formed by pouring resin mixture
instead of excavating the floor rock at the excavation stage or
injecting it into the rock through boreholes at any stage of
the excavation. This method is often combined with reinforc-
ing the floor using rock bolts, both steel and flexible cable ones
[15, 16]. Such combined structures are the most effective ones
in combating heaving; however, their main disadvantage is
their high cost and the need for special equipment.

The prospect of heaving control by rock reinforcing is a
very attractive one beyond doubt, but the high efficiency of
this method is not always achieved. In wet soft rock condi-
tions, some additional measures and update of reinforcing
methods are required. For example, in the works [17, 18],
it is shown that the quality of reinforcing increases with
dehydration of water-saturated rocks. The studies of the
effect of water on the change in heaving were undertaken
in the work [19]. Sun et al. and Zhong et al. put forward
the technology of reinforcing surrounding rock to realize
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the floor stability in inclined strata and soft rock [20, 21].
Zhang and Shimada [22] proposed to control floor heave in
retained goaf-side gateroad by using grouting reinforcement.

Shimada et al. [17] studied the reinforcement effect of
cement grouting materials on the floor by laboratory tests
and analytical method. Malkowski et al. [23] on the base of
laboratory tests described the changes of geomechanical
properties of Carbonifeorus claystones that related to their
mineral composition and the time of soaking in water. Geo-
mechanical properties, including the bulk density, Young
modulus, Poisson ratio, unconfined compressive strength,
durability index, and swelling index, were examined in dry
rock samples and in water-soaked samples.

But 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 [24].
Zhang et al. and Shimada [22] explored the evolution of
stress at the floor of roadways by FLAC3D. Sakhno et al.
[7] performed numerical modeling of controlling a floor
heave of roadways in wet soft rock by Ansys. Matkowski
et al. [24] proposed the new modeling methodology for
roadway floor heave on the base of numerical simulation
by Phase 2. The modeling covers a dry floor condition in
which the parameters of the Hoek-Brown failure criterion
are gradually lowered over time, and a waterlogged floor
condition, in which the strength and strain parameters of
the rocks are gradually reduced in line with their progressive
saturation. The consistency between the numerical simula-
tions and the underground measurements reached 90-99%.

The carried out analysis indicates that a dramatic floor
heave can occur, as a rule, in wet soft rock conditions. In this
case, the most promising way of controlling a floor heave in
roadways with a dramatic heave is reinforcing. Improving
the quality of floor reinforcing in wet soft rock conditions
is a topical scientific task. The best ways to model the floor
heave process is numerical simulation.

2. Methods

A mechanistic approach was used in the study. The floor
heave mechanism appeared to be a consequence of rock dis-
placements and deformations as a result of changes in the
stress-strain state of the rock mass in the vicinity of a mine
roadway without physical and chemical transformations in
the rock structure. At the same time, a hypothesis was
accepted about the formation of a nonelastic zone around
the roadway, which was described in detail in the work
[25, 26]. The concept of the traditional “three-zone (fracture
zone, plastic zone, and elastic zone)” failure model (Figure 1)
of the surrounding rock formed by a stress redistribution
which was caused by roadway excavation [27] was accepted.
During the simulation experiment, the model was simplified
to the “two-zone” (plastic failure zone and elastic zone)
failure model. From the point of view of the numerical
experiment, it is expedient to call the plastic failure zone
the pseudoplastic zone, since the simulation of the behavior
of rocks in the fracture zone and plastic zone was carried out
using the mathematical apparatus of a plastic flow. The
correctness and admissibility of such a simplification are



Geofluids

NN\

N
N
\
7 N \
Roadway
N .
\\ \ | ] T \
\\-Fracture zone
Plastic zone
By

Elastic zone

Elastic zone

[] Elastic zone

Plastic zone
] Fracture zone

(a) “Three-zone” failure model

[] Elastic zone
[ Plastic failure zone

(b) “Two-zone” failure model

FiGURE 1: The failure zoning model of the roadway after stress redistribution (from [27] Huang et al., 2020).

substantiated by the general formulation of the problem, the
chosen ways for its solution, and the considerations given in
the work [27].

The fractional analysis of rocks, carried out by the
authors at different coal mines in places of excavation of
rock by a dramatic floor heave, enabled us to draw a conclu-
sion that rocks in the fracture zone are mainly represented
by a block discrete environment [7]. Under such conditions,
a floor heave mechanism is most likely to occur due to the
squeezing out of fractured rocks located within the fracture
zone into the opening cavity, caused by the growth of a non-
elastic zone around the roadway.

The studies were carried out by the authors in the mine
Surgaya (Ukraine) at the depth 800 m. They showed that the
fracture zone develops alongside with the formation of folds
and secondary destruction of rocks, which can be seen in the
places where excavation of rock is carried out with a dra-
matic floor heave (Figure 2).

While conducting a numerical experiment, the above-
mentioned facts and considerations enable us to conclude
that it is correct to take into account the presence of nonelas-
tic zones in the floor by modeling the pseudo plastic zone.

The studies were carried out using numerical modeling
in the Ansys finite element analysis software. The simulated
rock mass were represented by structurally heterogeneous
mudstones. The average uniaxial compressive strength of
mudstones was 35-40 MPa. The strata histogram are illus-
trated in Figure 3.

The surrounding rocks in the pseudoplastic zone were
fractured. Therefore, to model rock masses, the mechanical
parameters of intact rock were corrected. First of all, this
was expressed in a decrease in the modulus of elasticity,
the angle of internal friction, and the coefficient of adhesion
of the rock masses in the pseudoplastic zone relative to the
intact rock. The Hoek-Brown parameters, the geological

strength index (GSI), values of the constant mi, and the dis-
turbance factor (D) [28], were used. The geological strength
index for surrounding rocks was calculated as GSI=RM
Ry — 5 [24, 28].

The results of analysis of the floor excavation by dra-
matic uplift and investigation in the mines geological docu-
mentation were used for the determination of the RMRg,.
Geomechanical parameters of intact rock are as follows:
compressive strength of mudstones was 35MPa, elastic
modulus was 4800 MPa, and Poisson’s ratio was 0.2. Based
on the measurements of joint, the surrounding rocks in situ
were determined by Hoek-Brown parameters:GSI =49,
mi=16, and D=0.3. Geomechanical parameters of rock
mass were calculated: compressive strength of mudstones
was 1.45 MPa, elastic modulus (E) was 900 MPa, and Poisson’s
ratio was 0.25.

The modeling was carried out in a volumetric setting on
a natural scale. The geometric and physical nonlinearities
were taken into account. A standard method was applied
to simulate the stress-strain state of the surrounding rocks
using the principle of superposition of forces. The analysis
of the simulation results was carried out on the basis of pro-
cessing the stresses, displacements, and strains obtained in
the process of numerical modeling. The maximum principal
stress theory was adopted as the yield criterion.

The roadway of an arched shape with inclined sidewalls
was simulated, around which a nonelastic zone had already
been formed. An isolated volume of rock mass was simu-
lated within the pseudoplastic zone. The problem is axisym-
metric, so a half of the cross-section of the mine was
modeled. A schematic of the model with geometric dimen-
sions is shown in Figure 4(a); the finite element model is
shown in Figure 4(b).

The load-bearing capacity of the U-shaped steel support
was assumed to be 600 kN. The simulation of the growth in
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(a) Cross-section of the roadway during the restoration of the cross-section

(b) Floor rock structure

FIGURE 2: Excavation of rock by dramatic floor heave in the mine Surgaya (Ukraine) (authors’ photo).
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FIGURE 3: The strata histogram.

the size of the pseudoplastic zone due to the transition of
rocks to irreversible deformations and dilatancy in the
model was carried out by applying external pressure to its
contour. It was assumed that the growth of the pseudoplastic
zone occurs due to the disturbance of the equilibrium state
around the rocks in the process of mining, for example,
when a mine gets into the zone of influence of a longwall.
The pressure was conventionally assumed to be uniformly
distributed and equal to the ultimate strength of the rocks,
35MPa. The movement of rocks in the direction of the exca-
vation contour resulted in a floor heave. Horizontal displace-

ments at the front and back model boundaries (along the
axis of roadway) and at the right boundary were fixed.

In order to simulate the behavior of rocks, the Drucker-
Prager deformation model was used. The model enables
simulating plastic deformation of rock and its other
pressure-dependent material, which corresponds to the prop-
erties of rocks in a fracture (pseudoplastic) zone.

The size of the finite element mesh depends on the
required accuracy. Near the mine roadway, the size of the
finite element is minimal, since high accuracy is important
there. On the contour of the model, the stress field is
uniform, so the finite elements have the maximum size. This
is in line with common practice in numerical simulation in
mining. The maximum size of the finite element is 5m.
The minimum size of the finite element is 0.1 m—near the
bottom corner of the mine roadway. The minimum size is
chosen in an iterative way, thus, to ensure maximum accu-
racy while avoiding the occurrence of an error in the calcu-
lation due to the zero length of the element after deforming.

The model enables simulating plastic deformation of
rock and its other pressure-dependent material, which corre-
sponds to the properties of rocks in a fracture zone. The ade-
quacy of the deformation model was established in the
course of simulation experiments; the procedure of which
is described in detail in the work [29]. The properties of
rocks within the pseudoplastic zone are given in Table 1.

In order to assess the effectiveness of reinforcing floor of
roadway, a comparison was made between deformations and
stresses in models without reinforcing and with reinforcing.
The method of reinforcing was fundamentally irrelevant for
the solution of the problem. It was assumed that the rein-
forced zone had the shape of an inverted arch in the roadway
floor, and its physical and mechanical properties differed
from those of the surrounding rocks.

The geometrical dimensions of the reinforced zone are
shown in Figure 3(a), and its physical and mechanical
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FIGURE 4: General view of model geometry (a) and finite element model in Ansys (b).

TaBLE 1: Input data for numerical modeling.

No. Density (kg/m3) Elastic modulus (MPa) Poisson’s ratio Angle of internal friction (deg) Dilatancy angle (deg) Cohesion (MPa)

Surrounding rock mass (pseudoplastic zone)

1 2500 900 0.25 34 34 3

Wet rock mass (pseudoplastic zone)

2 2500 330-900 0.35-0.25 21-34 21-34 1-3

Reinforced floor rock

3 2500 1000-9000 0.2 34 34 3-8

properties are shown in Table 1. The value of the elastic (1) “Base” model: the analysis of the stress-strain state

modulus in the reinforced zone (E,) is taken in the range (SSS) of the rock massive in a dry state without floor

of 1000-9000 MPa (Table 1). It corresponds to the properties reinforcing was done. In this case, the properties of

of rocks reinforced with resin mixture (while forming a rein- the surrounding rock and reinforced floor were the

forced zone by injection) and the properties of concrete mix- same, and they were equal to those indicated in

tures (while forming a reinforced zone by pouring) [30-33]. Table 1 for the surrounding rock mass

Since the physical and mechanical properties of the rein-

forced zone and the surrounding rocks were different, they (2) Model “wet rock™: the influence of water saturation

were modeled by separate elements of the system. of rocks on heaving without floor reinforcing was
An increase in humidity in the problem under consider- investigated. This was achieved by reducing the

ation was taken into account by a decrease in the elastic modulus of elasticity of the rocks. The surrounding

modulus of wet rock mass (E,) from 900MPa to rock and reinforced floor properties were the same,

330 MPa. The range of changes in the modulus of elasticity and they were equal to those shown in Table 1 for

of rocks, when they are moistened, depends on the well- wet rock mass

known results of laboratory experiments to study the effect

of water on the physical and mechanical properties of rocks. (3) Model “reinforced floor”: the analysis of the stress-

For example, in works [34-36], a proportional decrease in strain state of the massive was carried out during

the modulus of elasticity with moisture saturation of rocks floor reinforcing in the form of inverted arch. A

up to 2.2-3.0 times was proved. In addition, the angle of study of the effect of floor reinforcing on heaving

internal friction (from 34 to 21 deg), dilatancy angle (from was carried out. The properties of the reinforcing

34 to 21, deg), and cohesion (from 3 to 1 MPa) were chan- floor varied within the range shown in Table 1

ged, as can be seen from Table 1. ) )
During all stages of modeling, the geometry of the

model, the dimensions and shape of the finite elements
3. Results remained unchanged, which made it possible to avoid

errors in the interpretation of the results caused by the
The simulation modeling was carried out in three stages: indicated factors.
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FIGURE 5: Maximum (0,) (a) and minimum (o;) (b) principal stresses around the roadway with the solution “base” model.

(a)

(®)

FIGURE 6: Vertical elastic (a) and plastic (b) strains around the roadway with the solution “base” model.

The distribution patterns of the max and min principal
stresses around the roadway “base” model are shown in
Figure 5.

The analysis of the maximum principal stresses o,
(Figure 5(a)) enables us to conclude that a zone of reduced
stresses is formed in the floor of the roadway at a depth that
exceeds half of the roadway width. In the zone, the stress 0,
is 2-3 times less than outside the area of the roadway influ-
ence. Since the rocks within the pseudoplastic zone are not
elastically deformed, the presence of a zone of reduced
stresses indicates the involvement of the indicated part of
the rocks in the process of moving into the roadway cavity.
The vertical rise of the floor along the longitudinal axis of
the roadway is 0.162 m. The analysis of the distribution pat-
terns of the minimum principal stresses o5 (Figure 5(b))
shows that a compression area of more than 50 MPa is
formed around the U-shaped steel support, repeating the
shape of the support at a distance of up to 1/4 of the roadway
width, which can be explained by the resistance of steel sup-
port. And also, there is a zone of compression with stresses
of 40-50 MPa that is more than the ultimate strength of
rocks for uniaxial compression, with a thickness that is equal
to 1/2 of the roadway width. In this case, the maxima of the
compressive stresses are in the area of the support leg, which
is explained by the presence of a natural stress concentrator

in the corners on the roadway floor. In the floor of the road-
way, a decrease in stresses is observed.

According to the results of testing soft rocks specimen in
a volumetric field [34-36] and under uniaxial compression
[37-41], it was found that for mudstone, siltstone, argillite,
shale, and sandstone with a strength of 25-40 MPa, the
failure criteria for strain is about 0.03. The surfaces of elastic
and plastic strains are shown in Figure 6. The analysis shows
that failure strain in the model is a negative one; they are
caused by compression of rocks in the side of the roadway
(Figure 6(a)). These strains are elastic. The plastic strains
do not reach the failure limit, being in the range of
“-0.03”-“+0.03” (Figure 6(b)). Thus, the probability of
repeated destruction of rocks in the floor of the roadway is
nearly zero.

An increase in humidity significantly changes the picture
of the stress-strain state of rocks, which is seen in the “wet
rock” solution model. For this model, the patterns of distri-
bution of principal stresses around the roadway at the lowest
elastic modulus (330 MPa) from the studied range (Table 1)
are shown in Figure 7. In this case, the maximum floor heave
of the modeled ones is observed. The vertical rise of the floor
along the longitudinal axis of the roadway is 0.663 m. The
strain analysis shows that a significant proportion of them
are plastic ones (Figure 8).
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(a)
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FIGURE 7: Maximum (0, ) (a) and minimum (o) (b) principal stresses around a roadway with a “wet rock” solution model (elastic modulus

E,, = 330 MPa).

(a)

(b)

FIGURE 8: Vertical elastic (a) and plastic (b) strains around the roadway with a “wet rock” model (elastic modulus 330 MPa).

The evolution of stresses and strains while wetting the
rocks can be analyzed by comparing principal stresses
(Figures 5 and 7). The analysis of the maximum principal
stresses o, shows that the size of the zone of reduced stresses
in the floor and the sides of the roadway increases signifi-
cantly. Such significant deformations occur not only in the
floor but also in the sides of the roadway with significant dis-
placement in the area of the support leg. The analysis of the
distribution patterns of the minimum principal stresses o,
(Figure 8(b)) shows that the compression area of more than
50 MPa around the U-shaped steel support decreased in size
to 1/6 of the roadway width, which is explained by the dis-
placement of the roadway contour in the direction of its axis.
At the same time, the dimensions of the compression zone
with stresses of 40-50 MPa almost did not change. The zone
of reduced stress increased both in width and depth.

The analysis shows that failure strains in the model are
both positive and negative ones. In the sides of the roadway,
they are caused by the compression of rocks and have a
minus sign (Figure 8(a)). These strains are elastic ones. In
the floor and roof, the failures strain of the roadway are pos-
itive. They are mainly plastic strains. They exceed the failure
limit by 3-5 times (Figure 8(b)). Thus, the probability of
repeated destruction of rocks in the roadway floor is high,
which can cause a further increase in heaving of rocks
because rocks increase in volume during destruction.

The influence of water saturation of rocks on the amount
of heaving can be traced according to the graphs shown in
Figures 9 and 10. Along the horizontal axis in Figure 9 shows
the half-width of the roadway, where point “0” corresponds to
the lower left corner of the roadway and point “2.55” corre-
sponds to the longitudinal axis of the roadway. The control
points are shown in Figure 9(a). The nonlinear nature of heav-
ing growth with a decrease in the elastic modulus of the sur-
rounding rocks is clearly seen in the graph (Figure 10)
obtained from the results of numerical simulation.

The analysis of graphs (Figure 9) shows that a decrease in
the elastic modulus of rocks caused by water saturation results
in a nonlinear increase in floor weight. The shape of the road-
way contour during the heaving remains unchanged. The
maximum floor heave is observed along the roadway axis.
The maximum (o) principal stresses in the center of the road-
way decrease with decreasing elastic modulus, which is logical.
The increase in heaving is a consequence of the transition of
rocks to the stage of plastic deformation.

Based on the results of the mathematical modeling, the
curve of heaving dependence (Hy;) on elastic modulus (E,,)
was plotted, which is fairly well approximated by the power
dependence Hy = 1858.3E,, ¥ with an approximation reli-
ability R =0.99 (Figure 10). The analysis of the presented
graph enables us to conclude that in the studied range, a
decrease in the elastic modulus of the surrounding rocks as a
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FIGURE 9: Graphs of the influence of elastic modulus of wet rock (E,,) on the maximum (o,) principal stresses (a) and roadway floor

heaving (b) according to the results of numerical modeling.
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FIGURE 10: Graph of the dependence of floor heave (Hy) over the
axis of the roadway from elastic modulus of wet rock mass (E,,,)
according to the results of numerical modeling.

result of their threefold water saturation leads to an increase in
floor heave by 4.57 times. At the same time, the model does
not take into account physical and chemical changes
(swelling) in rocks occurring in situ, which will result in an
additional increase in heaving.

The reinforcement of the floor rocks leads to a decrease
in heaving. Using the solution model “reinforced floor,”
one can trace how stresses and deformations change around
the roadway. Figure 11 shows the distribution patterns of
principal stresses around the roadway with an elastic modu-

lus value in the surrounding rocks of 330 MPa. The elastic
modulus value in the reinforced zone is assumed to be
4000 MPa. Simultaneously, with the reinforced floor, a side-
wall was reinforced in the area of the side arch U-shaped
steel support. The vertical rise of the floor along the longitu-
dinal axis of the roadway in this model is 0.339 m, which is
51% less than without floor reinforcement.

The analysis of the maximum principal stresses g, shows
that the size and configuration of the low stress zones in the
surrounding rocks changed. In the floor of the roadway, the
zone of reduced stresses decreased three times compared
with the case without reinforcing. Its dimensions tend to
be the case presented in the “base model” Figure 5(a). Below
the reinforced area in the surrounding rocks, a zone of
reduced stress is also formed. At the same time, increased
stresses are formed inside the reinforced zone on the side
of the surrounding rocks. This area is clearly visible in
Figure 11(b), which shows the distribution pattern of the
minimum principal stresses 0;. A compression area of more
than 50 MPa is now formed not only around the U-shaped steel
support but also on the side of the roadway soil. The dimen-
sions of the compression zone with stresses of 40-50 MPa
now repeat the contour of the U-shaped steel support. The
effect of reinforcing is clearly seen in the change in the distribu-
tion of principal stresses.

The analysis of the distribution of vertical strain shows
that the proportion of plastic strain is significantly reduced
compared to the situation without reinforcing (Figure 12).

In the sides of the roadway, the failure strains remained
practically unchanged, with the exception of the lower
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(a)

(b)

FIGURE 11: Maximum (0,) (a) and minimum (o) (b) principal stresses around the roadway with a solution model “reinforced floor” (elastic
modulus of surrounding rocks E,, = 330 MPa, elastic modulus of reinforcing floor E, = 4000 MPa).

(a)

(b)

FIGURE 12: Vertical elastic (a) and plastic (b) strains around the roadway with a solution model “reinforced floor” (elastic modulus of
surrounding rocks E,, = 330 MPa, elastic modulus of reinforcing floor E, = 4000 MPa).

corner of the roadway. They are predominantly elastic
(Figure 12(a)). In the roof of the roadway, the failure strains
did not change. They are mostly plastic strains. In the road-
way floor, reinforcing led to a significant change in strains.
In the boundary part of the reinforced zone with a depth
of up to 0.5m, a slight excess of tensile limit strain is
observed, up to 1.5 times. In the lower part of the reinforced
zone, at the point of contact with the surrounding rocks, a
failure strain is formed, exceeding the tensile limit by up to
3 times (Figure 12(b)). Thus, the probability of destruction
of rocks in the near-contour part of the mine is low. The effi-
ciency of reinforcement is obvious.

The effect of reinforcing on the amount of heaving can
be traced from the graphs shown in Figure 13.

As an example, the simulation results are presented for
the following conditions: elastic modulus of surrounding
rocks of 400 MPa and elastic modulus of reinforced floor
of 2000-9000 MPa.

Analysis of graphs Figure 13 shows that an increase in
the modulus of elasticity of rocks in the reinforced zone
caused by reinforcing in the form of an inverted arch leads
to a nonlinear decrease in floor weight. The shape of the
roadway contour at heaving remains unchanged. The
nonlinear nature of the heaving decrease at reinforcing, with

different modulus of elasticity of the wet surrounding rock
mass, can be seen in the graph Figure 14. The graphs show
the effective range of reinforcing.

Figure 14 demonstrates that the high efficiency of
reinforcing is observed in the range of elastic modulus of
reinforced zone by 3000 MPa. Here, an increase in elastic
modulus of reinforced zone by 18% gives a decrease in the
roadway floor heave by 58-67%.

4. Discussion

The conducted studies confirm the well-known phenomenon
observed onsite, that in the zones of water inflows, the swelling
of the floor becomes more active and can exceed 1/3 of the
height of the roadway [5-7, 42]. At the same time, the values
of the floor heave in such conditions exceed those ones in dry
rocks by 3-4 times. Obviously, this is due to a decrease in the
deformation modulus of rocks when they are moistened.

To assess the effect of humidity on the floor heave (Hj)
value, we introduce a relative indicator—a water increase
coefficient (k,,):

k, = (1)
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where Hy,, is the floor heave with “wet rock” (m) and Hy
is the floor heave with “dry rock” (m).

Variation k,, versus E of the surrounding rocks is shown
in Figure 15. When k,, = 1, the rocks are dry.

The curve of dependence of water increase coefficient
(k,) on the elastic modulus (E) of rocks is well approxi-
mated by the power function k,=11226E % with an
approximation confidence of R? = 0.986.

Thus, when one knows the heaving in dry formations,
the wet rock heaving (Hy,,) can be calculated:

Hflw = kw X Hfl = 11226Ew_1’365 X Hfl (m), (2)

where E,, is the elastic modulus with wet rock (MPa).

When one knows the dependence of the decrease in the
modulus of elasticity of rocks at water saturation E,, = f (w),
it is possible to calculate the floor heave of roadway at
different humidity. The dependence for specific surrounding
rocks can be established in laboratory experiments. Simi-
lar dependences were established many times, for example,
in [23, 34-36, 43].

In general, the modulus of elasticity for wet rock (E,)
can be expressed as

E, = kg x E (GPa), (3)

where ky is the elastic modulus reduction coefhicient and
E is the elastic modulus with dry rock (MPa).

As an example to establish the indicated dependence, let
us consider some published results of similar experiments.
Romana and Vasérhelyi [44] provide an extensive review
and discussion of the effect of moisture on compressive
strength. Generalizations of the data presented in this article
on the dependence of strength on water content, experimen-
tal data [45] for shales Linton Lane coal mine and Rye Hill
coal mine enabled us to obtain graphs of the dependence
of the elastic modulus on water content (Figure 16). In this
case, for the transition from strength to elastic modulus,
the dependence of uniaxial compressive strength on defor-
mation modulus for rock was used, given in the work [46]:

E=1.6x0"" (GPa), (4)

where o is the rock mass compressive strength (MPa).

Also, Figure 16 shows the results of experiments given in
[43]. The analysis of the graphs (Figure 16) shows a clear
decrease in the elastic modulus with increasing rock mois-
ture. The effect of water content on elastic modulus is differ-
ent for different rocks. It is known that the degree of
influence of moisture on the mechanical properties of rocks
is not the same and primarily depends on the presence of
defects and the content of clay particles.

The analysis shows that rocks with a high content of clay
particles are most susceptible to water uplift. Such an influ-
ence is quite pronounced in mudstones on clay cement.

In order to obtain kg, we approximate the experimental
results for the shale at coal mine Rye Hill [45], shown in
Figure 16.
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For the coefficient of reliability of approximation R* =
0.997, the dependence of elastic modulus reduction coeffi-
cient (k;) on water content is described by an exponential
function:

kg = 1,0076¢ %294%, (5)

where Aw is the water increase (%).
Thus, wet rock heaving (Hy,,) for the conditions of shale
coal mine Rye Hill [45] can be calculated as

Hy,, = Hy x 11226(1,0076¢ %4 x )~

(m).  (6)

The obtained dependence can be used to predict the
floor heave value with an increase in the moisture content
of the rocks. This will enables to timely develop the neces-
sary methods for controlling a floor heave of roadways.

It is a well-known fact that the reinforced floor zone has
a positive effect on the stability of the roadways. It is also
confirmed by the results of numerical modeling. The
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decrease of the floor heave at reinforcing is more than
55%. The effectiveness of reinforcing in this case depends
on the mechanical properties of the surrounding rocks and
the reinforcing zone (Figures 13 and 14).

As a criterion for the quality of the reinforcing mixture,
we take the modulus of elasticity of the reinforced zone. The
higher elastic modulus of mixtures tend to be stronger and
of better quality. It is known that the higher the reinforce-
ment is, the higher the modulus of elasticity of rocks and
reinforcing mixtures is [32, 46]. Let us introduce the relative
index of reinforcing—coefficient of the floor reinforcement:

Erz
krﬂ - F > (7)

where E,, is the modulus of elasticity of rocks in the rein-
forced zone (MPa) and E is the modulus of elasticity of the
surrounding rocks (MPa).

In order to assess the effect of the modulus of elasticity of
rocks in the reinforced zone (E,,) on the amount of heaving
of the floor (Hy)), let us introduce an indicator—coeflicient
of reinforcement (k,):

- (8)

where Hy, is the heaving after reinforcing (m) and Hy is
the heaving without reinforcing (m).

Variation k, versus k. is shown in Figure 17. When
k, =1, there is no reinforcing.

There is a good correlation between the indicators
k, =0.9893k ;"***° with the coefficient of accuracy of the
approximation R? =0.893. The analysis of Figure 17 shows
that reinforcing of the floor has a similar effect on reducing
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displacement at different values of the modulus of elasticity
of the surrounding rocks. The effectiveness of reinforcing is
very weakly dependent on this indicator. In the investigated
range, with a high degree of reliability, it is possible to predict
the amount of heaving after the rock reinforcing using the
dependence:

Hy, =k, x Hy = 0.9893k,q ** x Hy (m). (9)

The obtained results can be used to predict the state of
development after applying the method of reinforcing for
controlling a floor heave of roadways, to select reinforcing
mixtures and to substantiate their parameters. At the same
time, it is important to underline that the analysis is theoret-
ical and the coeflicients in equations (5), (6), and (9) need the
calibration in specific mining/geological conditions.

5. Conclusions

In this article, using numerical modeling in the Ansys finite
element analysis software, the floor heave mechanism in a
roadway under wet soft rock conditions with an increase in
rock moisture and reinforcing of the floor in the form of
an inverted arch was studied. For this purpose, the distribu-
tion patterns of principal stresses and elastic and plastic
strains around the roadway were examined. The analysis of
the curves of the dependence of the amount of heaving on
the moisture content of the rocks, the mechanical properties
of the surrounding rocks, and the reinforced zone was
carried out. The most important results of this study can
be summarized as follows.

According to the studies, it was found that the decrease
in the modulus of elasticity of rocks caused by the water sat-
uration leads to a nonlinear increase in floor weight. The
nonlinear growth of heaving is a consequence of the transi-
tion of rocks to the stage of plastic deformation. In this case,
a zone of reduced stresses is formed in the roadway floor and
a strain is positive and exceeds the failure limit in tension.

A reliable correlation was established between the water
content and the floor heave with wet rock. The obtained
dependence can be used to predict the floor heave value with
an increase in the moisture content of the rocks. This will
enable to timely develop the necessary methods of control-
ling a floor heave of roadways.

It was found that, as the floor is reinforced, the size and
configuration of the zones of reduced stress change. Below
the reinforced zone in the surrounding rocks, a zone of
reduced stress is also formed. At the same time, increased
stresses occur inside the reinforced zone on the side of the
surrounding rocks. The proportion of plastic strains is
significantly reduced. The growth of the modulus of
elasticity of rocks in the reinforced zone, caused by
reinforcing the floor in the form of inverted arch, leads to
a nonlinear decrease in the floor heave. According to the
obtained results, an increase in the deformation modulus
of floor rocks as a result of reinforcing leads to a significant
decrease of the floor heave. So, for example, reinforcing,
which leads to an increase in the modulus of deformation
of destroyed floor rocks by 10 times, causes a decrease in
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heaving by 47-64%. The effective range of the floor rein-
forcement was established.

In addition to this, a reliable correlation was established
between the ratio of the modulus of elasticity of rocks of the
reinforced zone to the modulus of elasticity of the rock of the
surrounding rock and heaving of the reinforced rocks. This
relation with a high correlation coefficient is described by a
power function. The obtained results can be used to predict
heaving after the implementation of the method of reinforc-
ing to control a floor heave of roadways, the choice of rein-
forcing mixtures, and the substantiation of their parameters.

Data Availability

The results of numerical simulation data used to support the
findings of this study are available from the corresponding
author upon request.
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