150 ISSN 3083-6271 (Print), ISSN 3083-628X (Online) Geo-Technical Mechanics. 2026. 1ss.176

UDC 622.268.6 DOI: https://doi.org/10.15407/geotm2026.176.150

Viktoriia Krukovska®", orcid.org/0000-0002-7817-4022
Oleksandr Krukovskyi', orcid.org/0000-0002-2659-5095
Vasyl Snihur?, orcid.org/0009-0006-8176-5065

'M.S. Poliakov Institute of Geotechnical Mechanics of the National Academy of Sciences of Ukraine, Dnipro, Ukraine
2MM "Heroiv Kosmosu", PJSC "DTEK Pavlohradvuhillia”, Paviohrad, Ukraine
"Corresponding author e-mail: vikakrukk@gmail.com

NUMERICAL ANALYSIS OF INJECTION ROCKBOLTS PERFORMANCE IN
TECTONICALLY DISTURBED ROCK MASS CONDITIONS OF WESTERN DONBAS

Abstract. Maintaining the stability of underground roadways in tectonically disturbed zones is a challenging task
due to the reduced strength and highly fractured structure of the surrounding rock mass. Under such conditions, conven-
tional steel arch or combined arch-rockbolt support often fails to prevent the development of extensive inelastic defor-
mation zones. This study investigates the evolution of the stress state around a roadway driven through a tectonic dis-
turbance zone and evaluates the effectiveness of its reinforcement using injection rockbolts. The analysis is based on
numerical simulation of the interaction between a fractured rock mass and an injected polymer composition.

The modelling results show that within the tectonically disturbed zone, the use of steel frame support alone leads to
rapid deterioration of the stress state, accompanied by a significant expansion of inelastic deformation zones. In particu-
lar, the total area of these zones increases by more than seven times compared with undisturbed conditions, while the
inelastic deformation zone in the roof increases by more than an order of magnitude. The application of combined
frame—rockbolt support partially improves the stress state of the rock mass; however, it does not provide sufficient stabi-
lization of the fractured medium. Reinforcement with injection rockbolts results in the formation of a consolidated rock—
polymer arch characterized by increased strength and stiffness and reduced permeability. As a result, the area of triaxial-
ly compressed rock increases by 2.4 times, while the extent of inelastic deformation zones in the roof decreases by 4.7
times compared with the roadway without injection reinforcement.

The obtained results demonstrate that the use of injection rockbolts in combination with frame-rockbolt support en-
sures a transition from the gradual degradation of the stress state, typical of frame or frame-rockbolt systems, to a stabi-
lizing regime. In this regime, the formation of a reinforced rock—polymer zone causes the roof to act as a load-bearing
structural element of the surrounding rock mass. The proposed reinforcement scheme is therefore an effective approach
to improving the stability of development roadways in tectonically disturbed zones and can be recommended for mining
conditions of the Western Donbas coal mines.

Keywords: roadway stability, tectonic fault, injection rockbolts, rock mass reinforcement, stress state evolution,
numerical simulation, Western Donbas.

1. Introduction

The mining and geological conditions of Western Donbas are characterized by a
combination of specific geological features that significantly complicate the mainte-
nance of roadway stability at depths ranging from 100 to 500 m. The main factors
include the heterogeneity of the physical and mechanical properties of rocks, the
presence of numerous geological discontinuities, and the increased fracturing of the
rock mass [1, 2]. The roofs of underground roadways are composed of weak rocks
with low strength, whereas the coal seams themselves exhibit considerably higher
strength parameters [3]. This contrast in strength characteristics promotes stress con-
centration and the development of plastic zones around excavations, making the use
of conventional support schemes without additional reinforcement measures ineffec-
tive [4].

Tectonic disturbances in the form of faults, thrusts, and crushed zones are also
typical of the mine fields of Western Donbas [5, 6]. These structures significantly
reduce the strength of the rock mass within disturbed zones, increase fracturing, and
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decrease the load-bearing capacity of the rocks surrounding the excavation contour [7,
8]. Structural discontinuities occurring in many mining areas lead to pronounced non-
uniformity of the stress—strain state and may result in local deformations and roof
falls [7, 9]. The presence of fault zones combined with the anomalously low stability
of rocks significantly complicates the prediction of rock mass behavior and the selec-
tion of an optimal support scheme [10]. Under such conditions, support systems must
provide not only structural support of the rock strata but also reinforcement of the
fractured rock mass surrounding the excavation.

In weak rocks and under conditions of numerous tectonic disturbances typical of
Western Donbas, roadway stability is traditionally ensured using frame support,
rockbolt support, and combined support systems [11-17]. Steel frames provide rigid
confinement of the excavation contour; however, their efficiency in fractured and
crushed rocks is limited due to large rock mass displacements and high material con-
sumption [15, 18]. Rockbolt support reinforces the rock mass surrounding the exca-
vation and promotes the formation of a self-supporting reinforced zone, thereby re-
ducing the development of plastic deformation and improving overall roadway stabil-
ity [11-13, 19]. In complex geological conditions, combined support systems (frame—
rockbolt systems) are widely used, allowing load redistribution between rigid and
yielding support elements [14, 20]. However, in zones of intense rock fragmentation,
conventional support methods do not always ensure the formation of a stable rein-
forced zone of sufficient size, which necessitates the search for more effective tech-
nical solutions [21-23].

One promising approach to improving roadway stability in fault zones is the use
of injection rockbolts. These are fully grouted bolting systems that simultaneously
reinforce the rock mass and allow strengthening materials to be injected into frac-
tured rocks [24]. Injection reinforcement makes it possible to fill open fractures, in-
crease the shear stiffness of discontinuity surfaces, and form a reinforced zone around
the excavation, thereby limiting the development of plastic deformation and reducing
contour displacements [25]. Field results obtained during the injection of polymer
compositions through IRMA injection rockbolts while crossing the high-amplitude
Bohdanivskyi fault at the Samarska mine confirmed reliable stabilization of the rock
mass: convergence along the entire roadway did not exceed 0.03 m during the obser-
vation period [26]. The combination of rock reinforcement and injection strengthen-
ing is particularly effective in highly disturbed rock masses where conventional sup-
port systems fail to provide sufficient structural integrity [18, 26, 27]. At the same
time, the efficiency of injection rockbolts strongly depends on the degree of rock
fracturing, permeability, properties of the injected material, and injection parameters
[28]. The lack of quantitative criteria for evaluating their influence on the stress—
strain state of the rock mass under specific mining and geological conditions necessi-
tates dedicated studies, including those based on numerical modelling.

Despite the considerable experience in the application of rockbolt and combined
support systems, as well as technologies for injection strengthening of rock masses,
their effectiveness under conditions of local tectonic disturbances remains insuffi-
ciently studied. Most existing recommendations are empirical and do not fully ac-
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count for the spatial heterogeneity of the physical and mechanical properties of rocks
within crushed zones, the complex stress redistribution associated with roadway in-
tersection of tectonic faults, or the temporal evolution of permeability around excava-
tions. This issue is particularly relevant for the mines of Western Donbas, where the
combination of weak host rocks and intense tectonic disturbance leads to the for-
mation of extensive plastic zones and significant roadway convergence. In this regard,
the aim of the present study is to investigate the stress—strain state of the rock mass
surrounding a roadway crossing a tectonic fault and to evaluate the effectiveness of
injection rockbolts using the finite element method for the conditions of the Heroes of
Space mine, where roadway construction conditions are among the most challenging
in the region [29].

2. Methods

2.1 Coupled Fluid-Mechanical Formulation

The rock mass reinforcement process induced by injection rockbolts was de-
scribed within the framework of a coupled fluid—mechanical model that accounts for
the interaction between rock deformation and the flow of liquid polymer in the frac-
tured zone (the complete formulation is presented in [30, 31]).

The mechanical problem was formulated within an elastic—plastic framework us-
ing the Mohr—Coulomb failure criterion. The initial stresses corresponded to the in-
situ stress state, whereas the boundary conditions included fixed displacements at the
external model boundaries and atmospheric pressure applied at the excavation con-
tour. Polymer injection was simulated by prescribing injection pressure in the un-
sealed section of the borehole during the injection stage.

Polymer expansion during the chemical reaction was introduced through a source
term in the filtration equation. As the polymer hardened and filled fractures and voids,
the mechanical and hydraulic properties of the reinforced zone gradually changed:
compressive strength and elastic modulus increased linearly to values corresponding
to hardened polymer, whereas permeability decreased to zero within the filled frac-
ture—pore space. The steel injection tube was assumed to act as a reinforcing rockbolt
only after complete hardening of the polymer. The permeability field included both
the natural permeability of the rock mass and the excavation-induced technological
permeability, which was defined as a function of the stress state.

The stress state was evaluated using the normalized geomechanical parameters

*_0-1_63

Q =

and P =22

yH yH'

where o1, o3 are the maximum and minimum principal stresses, Pa; y is the average
unit weight of the overlying rock mass, N/m3; H is the mining depth, m.

The principal stress anisotropy parameter Q" characterizes the intensity of shear
deformation within the rock mass and can be considered a quantitative indicator of
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the rock susceptibility to shear failure. The use of the stress difference (o1 — o3) al-
lows direct evaluation of shear stresses that control brittle rock failure, whereas nor-
malization by yH ensures comparability of results obtained for different depths. The
parameter P~ represents the level of confining pressure [32] and physically reflects
the degree of loss of triaxial compression (stress relief) within the rock mass in the
zone influenced by the excavation.

To quantitatively assess roadway stability, a system of integral indicators was in-
troduced to characterize both the development of potentially hazardous zones and the
formation of a favourable stress state.

The first group includes:

« the total area of inelastic deformation zones (inelastic zone, AlZ),

« the area of inelastic zones in the roof (AlZof),
which are interpreted as probable failure regions.

The second group includes:

. the area of zones where Q< 0.4 (triaxial compression area, ATC),

. the area of zones where P*> 0.8 (high confinement area, AHC).

These zones correspond to a triaxially compressed, non-relieved stress state and
therefore indicate increased rock stability. The selected criteria make it possible to
evaluate not only the limit stability of the excavation but also the quality of stress-
state formation around the roadway.

To provide an integrated assessment of the ratio between stabilizing and destabi-
lizing zones in the roadway roof, the following indicator was introduced:

Ks = AHC/AIZroof.

Physically, the indicator Ks characterizes the relative proportion of confined, me-
chanically supported rock compared with the zones that have transitioned into an ine-
lastic state. The larger the value of K, the more pronounced the stabilizing effect as-
sociated with the formation of triaxial compression zones relative to the development
of potentially hazardous areas.

2.2 Finite element model

The finite element model is shown in Fig. 1a and consists of 23,781 nodes and
47,368 elements. Three-node triangular elements were used, whereas rockbolts were
simulated using bar finite elements. The arched roadway cross-section was located at
the centre of the analysis domain measuring 64 m x 64 m.

The basic computational time step was At = 2.7 h, which ensured sufficient nu-
merical efficiency during the stages of slow evolution of the stress—strain state of the
rock mass. Conventional rockbolts were installed at the second time iteration, in ac-
cordance with the technological requirements of rockbolt installation. Injection rock-
bolts were activated at the tenth iteration, approximately one day after excavation,
when a zone of increased fracturing and permeability had already formed around the
roadway.
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Figure 1 — Geometry of the problem

To accurately capture the rapid processes associated with polymer injection and
hardening, temporal mesh refinement was applied between iterations 10 and 14. Dur-
ing this stage, the time step was reduced to At = 20 min. This approach increased the
accuracy of transient filtration modelling, allowed volumetric expansion of the mate-
rial to be taken into account, captured rapid changes in the properties of disturbed
rocks, and prevented numerical instability typical of problems involving intensive
mass sources and rapidly changing boundary conditions. After completion of the in-
jection and polymer hardening stage, the time step returned to its base value.

2.3 Parameter setting

As a case study, the conditions of roadway development for the 1176 belt entry
and the 1176 return airway at the Heroes of Space mine were considered. These
roadways were driven through weak rocks intersected by numerous tectonic faults

(Fig. 2).

H=0.2-0.25m<50-55"

— tectonic fault
Figure 2 — Combined geological profile of the 1176 belt entry and 1176 return airway

The characteristic lithological composition of the rock mass in this area is pre-
sented in Table 1. The main difficulty in roadway development is associated with the
risk of roof collapse in tectonically disturbed zones, where the rocks are crushed and
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highly unstable. The mechanical properties of rocks in both undisturbed and dis-
turbed zones, as well as the properties of hardened polymer, are presented in Table 2.

Table 1 — Lithological composition of the rock mass

Rock Thickness, m
Unstable siltstone 22
Fractured, loose mudstone; prone to roof falls in tectonically disturbed zones 3
Fractured coal seam Ci11 1
Loose, unstable mudstone 1.6
Fractured, unstable siltstone 2.2
Sandstone 2
Unstable siltstone 10

Table 2 — Mechanical properties of rocks and hardened polymer

Compressive strength, Elastic modulus, Cohesion,
Material M MPa_ . £, GPa_ : G, MPa_
Undisturbed | Disturbed | Undisturbed | Disturbed | Undisturbed | Disturbed
zone zone zone zone zone zone
Siltstone 22 3.5 34 11 6 1
Mudstone, roof 15 1.0 16 6 4 0.3
Mudstone, floor 10 3.5 16 6 3 1
Coal 26 7.0 3.7 3 7.5 2
Sandstone 30 5.5 40 14 8.5 1.6
Hardened polymer 30 10 10.0

For the analysis, the stress state of the surrounding rocks was considered both
within the tectonic disturbance zone and outside it for the following support systems:

« frame support;

« frame-rockbolt support, Scheme 1 with three steel rockbolts (Fig. 1b);

« frame-rockbolt support reinforced with four injection rockbolts, Scheme 2 (Fig.

1c), used in disturbed zones.

The following parameters were adopted in the simulations: mining depth
H = 300 m; unit weight of overlying rocks y = 25,000 N/m3; lateral stress coefficient
A = 1; roadway width 4.2 m, height 3.3 m; rockbolt length 2.4 m; borehole sealing
length 0.7 m; injection pressure pi,; = 2 MPa; injection time ti,j = 40 min; polymer
hardening time thaq = 40 min; viscosity of liquid polymer p = 0.001 Pa-s. Initial rock
permeability was assumed to be: ko = 0.001 D outside the tectonic disturbance zone;
ko = 0.1 D within the disturbed zone; ko = 1 D in the immediate argillite roof of the
seam within the disturbed zone.

3. Results and discussion

The results are first analysed for a roadway excavated in undisturbed rock mass
and within a tectonic fault zone, and are then used to evaluate the influence of rein-
forcement by injection rockbolts on the stress state, the development of inelastic
zones, and the filtration properties of the surrounding rocks.
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3.1 Stress evolution and roadway stability outside the fault zone

Figure 3 shows the distributions of the stress anisotropy parameter Q" and the
confining pressure parameter P~ around the roadway supported by frame support and
frame—rockbolt support in undisturbed rocks at t = 10 days.

ZID ey
0=1.6 P'=12
Q=12 P'=0.8
0 =08 P'=04
)'=0.4

a)L

b) L]

a) frame support; b) frame—-rockbolt support

Figure 3 — Distribution of Q" and inelastic deformation zones (left) and P~ (right) in the undisturbed
section of the roadway, 10 days after the face advance

Analysis of the results indicates that under the adopted mining and geological
conditions the rock mass remains in a relatively stable state even when only frame
support is used. Inelastic deformation zones are mainly localized at the contact be-
tween weak mudstone and the stronger coal seam and remain limited in size. Elevat-
ed values of the parameter Q" are observed in the roof and in the lower corners of the
roadway (Fig. 3a, left), indicating the development of the deviatoric stress component
In these areas. The deformation of the steel frames remains within the elastic range of
the material.

The installation of three rockbolts has little influence on the size of the inelastic
zones (Fig. 3b, left) but significantly modifies the stress state in the roof. Areas with
reduced stress anisotropy (Q°< 0.4) appear (Fig. 3b, left), corresponding to a more
triaxially compressed stress state, while zones with elevated confining pressure
(P*> 0.8) are also formed (Fig. 3b, right). This indicates an improvement in the stress
conditions of the roof rocks and an increase in their local stability.

Thus, in undisturbed rocks the frame support provides sufficient ultimate stability
of the roadway, whereas the addition of rockbolts mainly produces a stabilizing effect
by promoting the formation of a more favourable spatial stress state.
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3.2 Stress evolution and roadway stability within the fault zone

A fundamentally different pattern is observed within the tectonic fault zone,
where the reduction in the strength and stiffness of the rocks leads to intensive devel-
opment of inelastic deformation and a significant deterioration of roadway stability
(Fig. 4). When only frame support is applied, the total area of inelastic deformation
zones increases 7.3 times compared with the undisturbed section, while in the roof
the increase reaches 12.7 times (Fig. 5). This indicates a loss of load-bearing capacity
of the weakened rocks and the propagation of the inelastic region deeper into the rock
mass.

At the same time, the area of zones with Q"< 0.4 increases approximately fourfold.
This effect is not associated with improved stability but rather with a deeper redistri-
bution of stresses in the weak medium: outside the developed inelastic zone an ex-
panded region of increased hydrostatic compression is formed. However, the area of
zones with P> 0.8 remains very small (Fig. 4a, right), indicating insufficient con-
finement of fractures in the immediate roof.

ZID

P=1.6
0'=1.6 P'=12
0'=12 P'=0.8
0=08 P'=0.4

0'=04

o
kA

a) frame support; b) frame-rockbolt support.

£ 3

Figure 4 — Distribution of Q” and inelastic deformation zones (left) and P~ (right) within the tectonic
fault zone, 10 days after the face advance

The application of frame—rockbolt support reduces the area of inelastic defor-
mation in the roof by 30%, whereas in the floor it remains almost unchanged (Fig. 4b,
left; Fig. 5). At the same time, the area of triaxially compressed roof rocks increases
3.2 times, and the area of zones with high confining pressure increases 48 times com-
pared with the case of frame support within the disturbed zone (Fig. 5). This result
indicates the formation of a local region of confined rocks around the rockbolts,
which limits the development of shear failure mechanisms and stabilizes the roof.
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Figure 5 — Variation of the integral indicators describing the development of potentially hazardous
zones and favourable stress conditions (t = 10 days)

Within the tectonic disturbance zone, when only frame support is used, Ks = 0.03,
indicating the dominance of stress relief and brittle failure processes. After the instal-
lation of rockbolts the indicator increases to Ks~ 1.74, i.e. by almost two orders of
magnitude. This confirms that roadway stabilization is achieved not only by reducing
the area of inelastic deformation but primarily by the formation of a significant region
of confined roof rocks.

The increase in AHC and the simultaneous decrease in AlZroof exhibit an inverse
correlation, reflecting the stabilization mechanism: an increase in confining pressure
restricts the development of shear failure mechanisms.

Thus, the integral indicators (Fig. 5) demonstrate that within the tectonic disturb-
ance zone frame support alone is insufficient to ensure roadway stability, whereas the
addition of only three rockbolts changes the character of the stress state from stress-
relieved to confined, which is accompanied by a reduction of potentially hazardous
zones and an expansion of areas of favourable triaxial compression.

3.3 Effect of injection rockbolts on the geomechanical and filtration behavior
of the rock mass

Within the tectonic disturbance zone the rocks exhibit increased initial permeabil-
ity, which further increases during roadway excavation due to the development of
fracturing and stratification of the rock mass. As a result, already one day after face
advance, before the start of polymer injection, favourable conditions for the propaga-
tion of the injected material in the fractured rock develop in the near-contour roof
zone (Fig. 6a).

During polymer injection, the pressure of the viscous fluid causes additional
opening of existing fractures, which temporarily increases the permeability of the
rock mass in the vicinity of the injection rockbolts (Fig. 6b). As a result, the polymer
solution actively propagates along the system of fractures and pores in the rock,
forming an impregnation zone around the rockbolts (Fig. 7a). After the completion of
injection and polymer hardening, this region transforms into a reinforced rock—
polymer monolith (Fig. 7b), whose mechanical properties significantly exceed those
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of the initial rocks. At the same time, permeability sharply decreases, and the formed
zone becomes practically impermeable to fluid flow (Fig. 6¢).
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a) t =10 h; b) t =10 h 20 min; c¢) t = 10 days
Figure 6 — Permeability distribution in the tectonic fault zone for support Scheme 2

Thus, the application of injection rockbolts leads to simultaneous modification of
two key characteristics of the near-contour rock mass:

1. anincrease in its strength and stiffness;

2. a decrease in permeability and isolation of the fractured medium.

a)t=10h20min; b)t=11h

Figure 7 — Polymer-reinforced zone in the roof rocks within the tectonic disturbance

Further analysis shows how these changes influence the stress state around the
roadway. Figures 8 and 9 present the distributions of the stress anisotropy parameter
Q" and the confining pressure parameter P* at different moments in time: before in-
jection, during injection, and after polymer hardening.

Before the start of injection, after installation of three conventional rockbolts, a
zone of increased stress anisotropy (Q“>0.4) begins to form in the near-contour re-
gion. At t = 9 h its depth reaches 1-1.5 m. In the weak roof and floor mudstone, an
inelastic deformation zone develops to a depth of about 0.3 m, which increases to
0.7 m at the contact with the stronger coal seam (Fig. 8a). At the same time, the pa-
rameter P” rapidly decreases, reflecting the loss of confining pressure in the near-
contour rocks: within a layer up to 2 m thick around the roadway the values P*< 0.8
are observed (Fig. 9a). Nevertheless, around the steel rockbolts local regions of triax-
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ially compressed rocks remain, where Q"< 0.4 and P*> 0.8, and deformation occurs
within the elastic regime.

ZID i j i j
0'-16 d
0=12 .
0=0.38 :
0=04 : :
a) b) c)

a) t =10 h; b) t =10 h 20 min; c¢) t = 10 days

Figure 8 — Distribution of Q" and inelastic deformation zones in the tectonic disturbance zone
(support Scheme 2)

During polymer injection a local increase in stress anisotropy is observed around
the injection rockbolts (Fig. 8b), which is associated with the pressure of the injected
fluid. However, after partial polymer hardening and consolidation of the rocks the
inelastic zone decreases, indicating strengthening of the rock mass. At the same time,
elevated confining pressure remains in the vicinity of the conventional rockbolts (Fig.
9b).

b)

a) t =10 h; b) t =10 h 20 min; c¢) t = 10 days
Figure 9 — Distribution of the parameter P in the tectonic disturbance zone (Scheme 2)

Further polymer hardening leads to gradual expansion of the reinforced roof re-
gion where the conditions Q“< 0.4 and P"> 0.8 are satisfied. Over time this zone co-
vers almost the entire roadway roof, forming a reinforced arch that redistributes loads
and ensures stable roadway conditions (Figs. 8c and 9c).

Figure 10 presents the time evolution of the integral indicators characterizing the
development of potentially hazardous zones (AlZ and AlZ:.f) and favourable stress
conditions (ATC, AHC) in the bolted part of the roof for the considered support sys-
tems within the disturbed zone.
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For the roadway supported only by frame support, a monotonic degradation of the
geomechanical state of the rock mass is observed (Fig. 10a). Over 10 days, the area
of triaxially compressed rocks ATC gradually decreases from 27.5 to 1.96 m?, while
the area of high confining pressure AHC practically disappears (Fig. 5). At the same
time, the area of inelastic deformation increases significantly: AlZ.s reaches 5 mz,
while the total AlZ reaches 11.65 m? (Fig. 5).

The installation of three conventional rockbolts (Scheme 1) partially stabilizes the
roof (Fig. 10a). However, within the tectonic disturbance zone this proves insufficient,
and the inelastic zones continue to expand with time (Fig. 10b).
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Figure 10 — Time evolution of stress-state indicators during support installation in the tectonic
disturbance zone

A fundamentally different behaviour is observed after the installation of injection
rockbolts (Scheme 2). Analysis of the temporal evolution of the integral indicators
shows that before injection the development of the stress—strain state follows the
same trend as in the case of frame—rockbolt support (Scheme 1): the area of inelastic
zones gradually increases, while regions of triaxial compression decrease.

After the start of polymer injection the evolution of the parameters changes ab-
ruptly. A short-term restructuring of the stress state occurs, manifested by a tempo-
rary decrease in favourable zones (Fig. 10a). However, after polymer hardening a
rapid increase in the areas of triaxial compression begins, and already within the first
tens of minutes a reduction in the area of roof inelastic zones and stabilization of the
stress parameters are observed (Fig. 10). At t = 100 h, the area AHC increases 2.6
times, while the roof inelastic zone AlZ.r decreases almost fourfold compared with
the roadway without injection reinforcement. This indicates the formation of a con-
solidated rock—polymer arch in the near-contour region that effectively redistributes
loads and limits the development of failure.

After reinforcement with injection rockbolts the indicator Ks increases from =11
for the roadway with frame—rockbolt support to ~19.5, indicating a fundamental im-
provement in the geomechanical state of the surrounding rock mass. Thus, injection
rockbolts provide not only local reinforcement of fractured rocks but also promote



162 ISSN 3083-6271 (Print), ISSN 3083-628X (Online) Geo-Technical Mechanics. 2026. 1ss.176

the formation of a stabilizing triaxial compression zone in the roadway roof, which
significantly improves its stability within tectonic disturbance zones.

Overall, the obtained results demonstrate that the effectiveness of injection rock-
bolts in tectonically disturbed zones is associated not only with the additional bolting
effect but primarily with the formation of a consolidated rock—polymer zone in the
roof. This zone increases the stiffness and strength of the fractured rock mass, reduc-
es its permeability, and promotes the development of a stable three-dimensionally
compressed region around the roadway. As a result, the extent of inelastic defor-
mation zones decreases while the area of favourable stress conditions increases sig-
nificantly. The proposed support scheme therefore enables a transition from the grad-
ual degradation of the stress state typical of frame or frame-rockbolt support to a sta-
bilizing regime in which the reinforced roof acts as a load-bearing structural element.

4. Conclusions

This study used numerical simulation to investigate the evolution of the stress
state and stability of a development roadway under conditions of a tectonic fault and
to evaluate the effectiveness of reinforcement using injection rockbolts.

1. It is shown that tectonically disturbed zones significantly deteriorate roadway
stability conditions. Within a tectonic fault zone, the reduction in strength and defor-
mation properties of the surrounding rocks leads to the intensive development of ine-
lastic deformation zones and a rapid decrease in the confining pressure in the near-
contour rock mass.

2. It has been established that within the fault zone, when only steel frame sup-
port is used, a sharp increase in the area of inelastic deformation zones occurs: the
total failure zone increases by more than seven times, while the roof failure zone in-
creases by more than twelve times compared with the conditions of an undisturbed
rock mass.

3. The use of combined frame-rockbolt support improves the stress state of the
roof rocks by increasing the area of triaxial compression and partially limiting the
development of failure zones. However, under tectonically disturbed conditions this
effect remains insufficient due to the weakened structure of the rock mass.

4. Reinforcement with injection rockbolts provides additional strengthening of
fractured roof rocks due to the penetration of the polymer composition into the frac-
ture network and the formation of a consolidated rock—polymer arch characterized by
increased strength and stiffness as well as reduced permeability. Numerical modeling
results show that the use of injection rockbolts within a tectonic fault zone signifi-
cantly improves the geomechanical state of the near-contour rock mass: the area of
triaxially compressed rock increases by 2.4 times, while the development of inelastic
deformation zones in the roof decreases by 4.7 times compared with the roadway
without injection reinforcement.

The obtained results indicate that the use of injection rockbolts in combination
with frame—rockbolt support enables a transition from the gradual degradation of the
stress state typical of frame or frame—rockbolt support systems to a stabilizing regime.
In this regime, the formation of a reinforced rock—polymer zone causes the roof to act
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as a load-bearing structural element of the surrounding rock mass. The proposed rein-
forcement scheme is therefore an effective method for improving the stability of de-
velopment roadways in tectonically disturbed zones and can be recommended for
mining conditions of the Western Donbas coal mines.
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YUCENbHUIA AHATI3 POBOTU IH’EKLIMHUX AHKEPIB B YMOBAX TEKTOHIYHO MOPYLLEHUX
NnoriQ 3AXIAHOIO AOHBACY
Kpykosceka B.B., Kpykoscekuti O.11., CHieyp B.T.

AHorauis. MigTpuMaHHs CTIRKOCTI ripHUYMX BUPOBOK y 30HAX TEKTOHIYHWX MOPYLIEHb € CKMAHOK 3adajvelo Yepes
3HKEHHS! MILHOCTI Ta iHTEHCMBHY MOPYLUEHICTb BMIiLLytOuMX mopig. 3a Takux YMOB TpaauuiiHe pamHe abo pamHo-
aHKepHe KpinneHHs 4acTo He 3abesnevye 3anobiraHHS PO3BUTKY 3HAYHWX 30H HenpyxHuX gechopmadin. Y pobori
BOCTIZKEHO eBOIOL|it0 HANPYXXEHOro CTaHy HaBKOMO BUPOOKX, LLO NPOBOAUTLCS Yepe3 30HY TEKTOHIYHOTO MOPYLUEHHS,
Ta OLHEHO e(PeKTUBHICT i MiACUNEHHS iH'eKLiMHAMN aHKkepamu. AHari3 BUKOHAHO HA OCHOBI YMCENbHOMO MOAENIOBAHHS
B3aEMOSii TPiLLMHYBATOrO MacuBy Mopig 3 iH'EKTOBAHUM NOMIMEPHUM CKIaLoM.

PesynbtaT MOAENtOBaHHA rMokasanu, WO B MeXax TEKTOHIMHOTO MOPYLWEHHS NpU  PaMHOMY  KpineHHi
CcnocTepiraeTbCs  LWBUAKE MOTPLIEHHS HAMPYXEHOrO CTaHy, Ske CYNpOBOMKYETbCS 3HAYHWUM PO3LIMPEHHSM  30H
HenpyxHux aedopmauin. 3okpema, 3ararnbHa nnowa Takux 30H 3pocTae GinbLL HiX y CiM pasiB MOPIBHSHO 3 YMOBaMK
HenopyLeHoro MacuBy, TOAI SIK 30Ha HENpYXHWX adedopMauiil y mokpiBni 36inblUyeTbea BinMbll HiX Ha NOPSZOK.
3acTocyBaHHSi paMHO-aHKEPHOTO KPIMMeHHs 4acTKOBO MOKPaLLye HampyXeHuin CTaH nopid, OogHak He 3abesnedyye
JOCTaTHBOI CTabinisauii TpiwwHyBaToro MacwBy. [ligcuneHHs BMPOOKM iH'EKLiMHAMK aHKepamn MPUBOOUTL A0
(hopMyBaHHS KOHCOMIAOBAHOrO MOPOLHO-MONIMEPHOTO NEPEKPUTTA 3 MiABULLEHUMU MILHICHUMK Ta AedopmalinHuMu
XapaKkTepUCTUKaMM i 3HUXKEHO NMPOHMKHICTIO. Y pesynbTaTi : NnoLia 30H TPUBICHO CTUCHYTUX Mopig 3pocTae B 2,4 paswm,
TOOI SK PO3BMTOK 30H HeMpyxHWX Aedopmauiit y NOoKpiBni 3MeHWYeTbes B 4,7 pasn MOpiBHSHO 3 BMpobkow 6e3
iH'EKLINHOrO NiaCUNEHHS.

OTpumaHi pesynbTaTi CBigYaTb, WO BUKOPUCTAHHA IH'EKUIAHNX aHKepiB Y MOEAHAHHI 3 PaMHO-aHKEPHUM
kpinneHHsIM 3abe3nevye nepexia Big NOCTYNOBOI Aerpadalii HanpYXEHOro CTaHy, XapakTepHOI ANst paMHoro abo pamHo-
aHKEPHOrO KpinneHHsl, Ao cTabinisytlouoro pexumy, B SKOMy BHACNgOK (OPMYBaHHS 3MILHEHOI NOPOAHO-MOMIMEPHOI
30HW TMOKPIBMS MOYMHAE BUKOHYBATU (DYHKLiO HECY4Oro KOHCTPYKTUBHOMO €rieMeHTa MPUKOHTYPHOrO MacuBy.
3acTocyBaHHS TaKOi CXeMW MiACUNEHHS € eEKTUBHUM CnocoBoM MIABMLLEHHS CTIMKOCTI MiAroTOBYMX BUPOBOK Y
reornoriYHo NOPYLLEHNX 30Hax i Moxe 6yTn pekomeHgoBaHe Ans ymoB waxt 3axigHoro lonbacy.

KnioyoBi cnoBa: CTiiKiCTb BUPOOKW, TEKTOHIYHE MOPYLUEHHS, iH'EKLiAHMIA aHKeP, 3MiLLHEHHS MOPOAHOMO MacwBy,
€BONIOLLS HANPYXXeHb, YNCENbHE MOAeNtoBaHHS, 3axigHui JoHbac.
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