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ABSTRACT

The study examines the redistribution of rock pressure and associated deformation processes in
the Karaganda Coal Basin. It focuses on the geometry and parameters of the abutment, unloading,
and disintegration zones around underground workings, and on their influence on gas-dynamic
phenomena. The methodological basis combines a critical review of current geomechanical
models, calculation—graphic nomograms for estimating zone width as a function of mining depth
and seam thickness, and schematic construction of high-stress regions from the boundaries of the
goaf at limiting angles of 75—90°. It is shown that, with increasing depth up to about 500 m, the
zone configuration becomes wedge-shaped with a tendency to narrow downward, while
increasing seam thickness expands the affected areas. Lithology controls the localization of
hazardous zones: weakly bedded argillites and siltstones accelerate loosening and loss of stiffness,
whereas stronger sandstones form dome-like stress concentrations with elevated likelihood of
sudden outbursts and rockbursts. As a verification case, an episode of a sudden coal-and-gas
outburst was analyzed. The observed failure boundaries are consistent with the calculated wedge-
shaped high-stress zone, supporting the validity of the chosen approach within the stated
assumptions. The practical significance lies in refining threshold conditions that trigger mandatory
comprehensive forecasting at depths exceeding ~400 m, justifying regular instrumental
monitoring to validate calculations, and adjusting barrier-pillar parameters about seam thickness
and depth. The findings can be applied to the planning and safe execution of longwall and
development operations under outburst-prone conditions.
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Introduction

content. In the Karaganda Coal Basin, this
constitutes a primary risk factor: production

Redistribution of rock pressure within the host
rock mass is a core subject of mining geomechanics
and directly governs the safety and operational
stability of underground workings. Disturbance of
the natural stress field during excavation generates
local stress concentrators and zones of intense
deformation and failure. These responses are
systematic and manifest as a spectrum of
complications ranging from loss of support capacity
and instability of the excavation perimeter to
sudden coal-and-gas outbursts and rockbursts [[1],
[2], [3]]. The issue is particularly acute in coal basins
that combine large depth ranges with high gas

commonly proceeds at depths of ~400-600 m and
greater, where the in-situ stress level approaches
critical thresholds for several lithotypes and
structural settings [4]. Coupled with the elevated
methane potential of the seams, this increases the
likelihood of dynamic phenomena—such as
outbursts, roof/floor collapses, and rockbursts.
Operational records and research indicate that 40—
60 % of complications during longwall and
development operations are directly associated with
stress redistribution [[5], [6]]. The hazardous
processes are hierarchical: local plastic deformation
at the excavation boundary rapidly propagates to
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the scale of the rock mass, modifying the stress—
strain state and permeability. Adjacent to the face,
the abutment-pressure zone develops with elevated
principal stresses; in the destressed zone, fracturing
and disintegration progress, degrading stability,
altering filtration regimes, and enhancing gas
release. At the surface, these changes drive
secondary  deformations—subsidence, tensile
cracking, and plan-position disturbance of
infrastructure [[7], [8], [9]]. Lithological control is
pivotal: weakly bedded argillites and siltstones
accelerate yielding and loosening, whereas thick
sandstone packages may form dome-like stress
concentrations with heightened risk of dynamic
events.

The practical framework requires a verifiable
forecast of the configuration and parameters of
influence zones, accounting for mining depth (H),
seam thickness (m), structural disturbance, and the
initial lateral stress coefficient Ko. Computational
assessments should employ calibrated numerical
models constrained by in-situ data: excavation
convergence, ground-penetrating radar/ultrasonic
surveys, acoustic-emission indicators, borehole
logging, and stress measurements. On both longwall
and development panels, continuous operational
monitoring is warranted, including load cells and
instrumented rock bolts, vibrating-wire gauges and
fixed-point convergence meters, acoustic-emission
and microseismic stations, and routine gas
monitoring. Comparing deformation rates with
trends in acoustic activity and gas emission enables
timely identification of transitions to unstable
regimes.

Engineering decisions must be explicitly tied to
the mapped zones of influence: adjustment of
support schemes, dimensions, and placement of
barrier/chain pillars, extraction sequencing, face
advance rate, and degasification regimes. For depths
>400-500 m, it is advisable to adopt threshold
criteria for switching to reinforced support and
enhanced monitoring, and to apply refined
nomograms of abutment-zone width that
incorporate H, m, and rock properties. Without
regular instrumental validation of models and
adaptive updates to support designs, achieving the
required levels of safety and reliability is not
feasible; the integrated cycle “model -
measurement -» correction” is what sustains
excavation stability and reduces the probability of
sudden dynamic manifestations under the
conditions characteristic of the Karaganda Coal
Basin. Long-term accident statistics from Karaganda
Coal Basin mines underscore the need for continual

improvement in occupational safety practices and
roadway stability management. At depths exceeding
500 m, conventional schemes for predicting rock-
pressure zones lack sufficient sensitivity to
heterogeneity and anisotropy of the rock mass,
increasing the likelihood of suboptimal design
decisions; refined, verifiable modeling and analysis
methods are therefore required [[10], [11]]. A key
applied task is the correct delineation of high-stress
zones emanating from the edges of the goaf, since
their geometry governs the serviceability of pillars
and the longevity of workings left in place.
Geomechanical models enable advanced estimation
of the width and depth of influence zones, their
linkage to longwall and development parameters,
and timely adjustments to support designs. Field and
desk studies indicate that deformation and failure
foci are predominantly localized in coal seams
overlain by weakly bedded argillites and siltstones,
reinforcing the need to account comprehensively for
lithological structure. Conversely, strong sandstones
in the roof or floor promote dome-shaped stress
concentrations and elevate the risk of sudden
dynamic events. In practice, this manifests as
perimeter deformation with spalling and crushing of
supports and consequential ventilation
disturbances, episodes of sudden coal-and-gas
outbursts once critical stress thresholds are reached,
rockbursts in tectonically disturbed zones at depths
greater than 500 m, and roof collapses with floor
heave that complicate longwall operations.
Collectively, these factors reduce productivity and
pose significant hazards to personnel; industry data
indicate that outbursts and roof falls remain among
the leading causes of accidents in Kazakhstan’s coal
mines.

Article Objective. Systematizing data on rock-
pressure influence zones and their structural
features is a necessary step toward developing
effective methods for forecasting and preventing
accident scenarios. Theory, experimental studies,
and operational observations consistently show that
characteristic zones form around the goaf: an
abutment-pressure zone, a destressed (unloading)
zone, a zone of complete disintegration, and a zone
of secondary movements. Understanding their
spatial configuration and parameters improves
forecast accuracy and the defensibility of design
choices. Accordingly, the objective of this article is to
analyze and synthesize data on stress redistribution
around underground workings, to demonstrate
mechanisms of rock-mass failure wusing a
documented coal-and-gas outburst, and to assess
the applicability of these findings to the geological
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and operational conditions of the Karaganda Coal
Basin.
Experimental part

Table 1 translates the qualitative stratigraphy
into a compact input set for FEM/FDM initialization
by listing density, stiffness, and strength contrasts
for the principal layers together with reduced-shear
behavior at bedding contacts; this allows the models
to reproduce dome-like stress concentrations in stiff
sandstone roofs and the weakening influence of
laminated siltstone and argillite.

Table 1 - Condensed material and interface set for model
initialization.

Seri H m Roof Reference L
Ko .
es (m) | (m) lithology (m)
siltstone/
S1 400 1.0 0.7 argillite Lo (nomogram)
laminated
S2 600 2.0 0.8 (weakened) = 20 (per text)
sandstone
s3 800 | 3.0 L0 | i) = 55 (per text)
sa 1000 40 11 fault.ed Lo; indicators
section check
Table 2 - Compact scenario grid for model-field
comparison.
Layer / 3 ucs,
interface p, t/m E, GPa MPa Purpose / note
ROOf-1 Stiff roof
2.45-2.60 | 12-25 40-80 shaping dome-
(sandstone) R "
like stress fields
Weaker
Roof-2 2.40-255 | 6-12 | 15-40 | laminated roof
(siltstone)
packages
Controls
Coal seam 1.30-1.45 | 1-3 4-12 yielding (m =
1-4 m)
Soft base
Floor influencing
(argillite) 2.40-2.55 | 3-8 10-25 abutment
width
K shear Reduced shear;
Roof/seam - 1 0.4-0.6;
— 50-150 —
contact MN/m T_max 1.0-2.5
MPa
K shear Reduced shear;
Seam/floor = u0.4-0.6;
— 50-120 —
contact MN/m T_max 0.8-2.0
MPa

These ranges operationalize the stratigraphic
context into numerical inputs so simulations start
from defensible stiffness/strength contrasts and
reduced-shear contacts.

Table 2 organizes the model-field comparison
into a concise scenario grid spanning depth (H),
seam thickness (m) and lateral confinement (Ko)
with lithology and contacts specified; Lo from the

nomogram is treated as the baseline, while the
values already cited in the manuscript (=20 m at H =
600 m and =55 m at H = 800 m) serve as anchors
during interpretation.

The scenario grid defines which H-m-Kq
combinations are tested; the nomogram-based Lo is
the baseline, while the =20 m and =55 m figures
already mentioned in the manuscript act as anchors
for interpretation.

Redistribution of rock pressure within the host
rock mass is a first-order subject of engineering
analysis because it directly governs excavation
stability and operational safety, especially under the
conditions of the Karaganda Coal Basin. Disturbance
of the natural stress field during drivage establishes
a hierarchy of zones: at the excavation boundary,
disintegration and intensive fracturing develop;
outward from the contour, an abutment-pressure
zone forms with principal stresses exceeding the in-
situ level; farther out lies a destressed (unloading)
zone characterized by reduced strength and
increased jointing. Field observations show a rapid
escalation from local plastic deformation at the
boundary to rock-mass scale responses,
accompanied by changes in the stress—strain state
and in hydraulic and gas-dynamic regimes. Lithology
is the controlling factor: weakly bedded argillites and
siltstones accelerate loosening; thick, monolithic
sandstones  generate dome-shaped stress
concentrations with elevated likelihood of dynamic
manifestations; coal seams, combining low strength
with high gas content, remain the most vulnerable
element of the system. A schematic of the zoning
and typical deformation forms is presented in Figure
1, which shows the initial and time-evolved
excavation contours, weak and strong layers, the
zone of complete failure, and tension-type
termination cracks.

‘ A layer of solid monolithic sandstone

3 | Layer of weak rocks

Figure 1 — Rock-mass failure deformation around an
excavation with open support.
1-excavation contour immediately after drivage; 2-same
after some time; 3-layers of weak rocks; 4-zone of
completely crushed rock; 5-tension (termination) cracks;
6-layers of strong monolithic sandstone.
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Figure 2 — Nomogram for determining the width of the
abutment-pressure zone.
H — mining depth; m — seam thickness.

Quantitative evaluation is carried out using
empirical-analytical relationships that link the width
of the abutment-pressure zone (L) to mining depth
(H), seam thickness (m), and the lateral stress
coefficient (Ko). The nominal value Lo is taken from
the nomogram in Figure 2 for the pair (H, m), after
which a correction model is applied:

L= LO(H,m)'klitho'kstr’kKO‘kt (1)

where kiiwmo reflects lithology (sandstone 1.15-
1.35; argillite/siltstone 0.85-0.95; heterogeneous
section 1.00-1.10), k& accounts for tectonic
disturbance (fault zones 1.10-1.25; undisturbed
strata 0.95-1.00), kko = 0.9 + 0.4 (Ko - 0.7) for 0.6 <
Ko £ 1.1 describes the influence of lateral stress, and
ki = 1.00-1.10 is a time factor.

Lo(H, m) = am®®In(1+H/H,) (2)

For rapid checks consistent with the nomogram
in Figure 2, an approximation is used (with a = 26—
28,Ho=90-110m): atH=1000mand m=4.0m, Lo
is on the order of 55-60 m; atH=400m and m=1.0
m, Lo is about 12-14 m. These estimates are
consistent with the family of calculated curves L(H)
for m = 1-4 min Figure 3.

Engineering application proceeds as follows.
Specify H, m, and Ko, and describe lithology and
structural disturbance; read Lo from Figure 2, then
apply the modifiers Kiitho, Kstr, ko, and ki to obtain L.
Next, verify by monitoring: excavation-contour
convergence with acceleration exceeding 2-3

mm/day within 0.5-L; a twofold increase in
acoustic/microseismic  activity under steady
ventilation; ground-penetrating radar and ultrasonic
indications of local stiff inclusions; and a 30-50%
increase in CH; flow rate and concentration at
constant depression.

For a weakly bedded roof at H =600 m, m = 2.0
m, Ko = 0.8, and moderate disturbance, Figure 2
gives Lo = 22 m; applying the modifiers kiitho = 0.9, Kstr
= 1.05, keo = 0.96, k¢ = 1.05 vyields L = 20 m.
Recommended actions: reinforce support at the
face, reduce the advance step, and drill lateral
degasification holes 10-15 m long at a depression of
10-15 kPa.

For a strong sandstone roof at H =800 m, m =
3.0 m, Ko = 1.0, and local tectonics, Figure 2 gives Lo
= 36 m; with Kkiitno = 1.25, ksr = 1.15, ko = 1.06, ki =
1.05, the result is L = 55 m. Recommended actions:
increase the length of rock bolts and cable bolts, use
yielding elements, reduce the face advance rate, and
deploy an acoustic-emission station for early
detection of transitions to unstable behavior.

Direct comparison of the nomogram in Figure 2
with the calculated families of curves in Figure 3
turns abutment-pressure assessment into a
numerically guided decision process. Tying zone
width to specific H, m, and Ko, while accounting for
lithological-structural heterogeneity, provides a
practical tool for adaptive adjustment of support
designs and degasification schemes, maintaining
roadway stability and reducing the likelihood of
sudden dynamic events within the 200-1000 m
depth range typical of the Karaganda Coal Basin.
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Figure 3 — Dependence of abutment-pressure zone
width on depth for different seam thicknesses.

Analysis of the stress—strain state in the
Karaganda Coal Basin shows that the boundaries of
zones of elevated rock pressure dip at angles of 75—
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90°, with formation depths of 250-500 m. Under
these parameters, a characteristic wedge-shaped
geometry develops, confining areas of maximum
stress concentration. The construction is shown in
Figure 4: cross-section (A) and along-strike section

(B).

Figure 4 — Scheme for constructing zones of
elevated rock pressure
A — cross-section across strike, B — along-strike section.

The limiting boundaries are traced by projecting
rays from the edges of the worked-out space and
barrier pillars at angles of 75-90° to the horizontal.
This angular range corresponds to the observed
inclination of the stress-concentration front and is
corroborated by mine observations and physical
modeling. At depths of about 250 m, steeper fronts
(80-90°) prevail; with increasing depth to 500 m, the
zone acquires a pronounced wedge shape that
narrows downward, and operating angles decrease
to 75-80°. Thus, mining depth directly controls the
spatial configuration of high rock-pressure fields.

Seam thickness exerts a decisive influence on
the scale of the zones. For m < 1.0 m, they remain
compact and localized near the workings; for m >
3.0-3.5 m, the zones become extensive, extend
beyond nearby pillars, and may span several
production blocks. This necessitates revising the
width and geometry of barrier pillars, refining the
extraction sequence, and repositioning
development entries.

Mapping wedge-shaped zones of elevated rock
pressure provides a targeted forecast of hazardous
areas—zones prone to sudden outbursts, local
collapses, and degradation of support capacity.
Practical application of the scheme under Karaganda
Basin conditions has confirmed its effectiveness for
siting development workings and specifying barrier-
pillar parameters tied to actual depth and seam
thickness.

Continuing the discussion of elevated-pressure
zones: in the immediate vicinity of the excavation,

the stress gradients are maximal, and the
subsequent evolution of the perimeter is
determined there. The scheme in Figure 1 illustrates
this dynamics: the initial contour (1) shortly after
drivage passes through a brief period of relative
stabilization and, under rock pressure and rock
creep, transforms into the later contour (2).
Between these states, a zone of complete failure (4)
develops with a blocky mosaic and pronounced
loosening. Along the tensile front, termination
(tension) cracks (5) appear; their spacing and depth
are governed by contrasts in deformation modulus
and strength across bed contacts, the presence of
weak interbeds, and the degree of natural
disturbance.

Materials of differing strength behave
fundamentally differently. In bedded argillites and
siltstones, structural degradation proceeds rapidly:
effective stiffness drops, roadway convergence
accelerates, and support capacity is exhausted over
short time frames. Under such conditions, an early
switch to a reinforced support scheme is justified:
increasing rock-bolt and cable-bolt length, reducing
spacing, using vyielding elements, installing
protective pillars, and implementing advanced
degasification. In monolithic sandstones, excavation
geometry persists longer due to higher strength;
however, dome-shaped stress concentrations
develop in the roof and at contacts with weaker
rocks. As critical levels are approached, short-lived
bursts of acoustic activity are recorded, local high-
stiffness zones are detected by ultrasonic and GPR
surveys, and the stability margin collapses even
under minor external perturbations. For such areas,
combined support with pretension and controlled
yielding is advisable, along with a reduced face-
advance rate and continuous instrumented
monitoring.

Time dependence is a key factor. Even where
initial behavior is stable, within weeks a persistent
trend of roof and floor displacement often emerges:
the convergence rate increases within roughly 0.5-L
of the abutment-pressure zone width, the share of
low-frequency events in acoustic records grows, and
gas emission rises steadily at constant ventilation
depression. Joint interpretation of three
independent monitoring channels—convergence
measurements, acoustic/microseismic
observations, and gas-dynamic parameters—allows
early recognition of the sequence shown in Figure
1: the transition from the initial to the later contour
via expansion of the complete-failure zone and
development of tension cracks.

—— 40 ——
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Design decisions under these conditions must be
tightly linked to the map of lithological and
structural heterogeneity. For weak strata, rational
measures include densifying the support grid,
increasing element length, extended degasification,
and installing local protective pillars. For strong
sandstone domains—Ilengthening bolts and cable
bolts, using stiff-yielding inserts, and reducing the
longwall advance rate. At contacts between rocks
with contrasting properties, local reinforcements
and limits on operational pauses are required to
prevent self-propagation of the hazardous
disintegration zones depicted in Figure 1.

Table 3 condenses the monitoring framework to
three operational signals—convergence
acceleration, growth of low-frequency acoustic
activity, and CH; flow increase at constant
depression—so that model outputs can be read
against clear instability indicators; auxiliary channels
such as support loads and GPR/ultrasonic scans
remain within the narrative.

Table 3 - Core monitoring triad and thresholds used for
operational interpretation.

Channel Derived Operational
metric threshold
. >2-3
acceleration
Convergence 2u/de? mm/day
within ~0.5:L
share of low- .
. . . sustained
Acoustic/microseismic | frequency .
increase
events
trend at
Gas flow (CHa) fixed 30-50% rise
depression

Note (Table 3). Each metric—threshold pair
provides a bridge between stress/strain fields and
observable  underground behavior, guiding
escalation to reinforced measures.

Relative stress (o/og)

o 10 20 30 40 50

Distance from the excavation contour, m

Figure 5 — Distribution of stresses around
the excavation

Results and Discussion

Advancing the longwall face radically
restructures the stress—strain state in the zone of
development roadways and can lead to loss of their
load-bearing capacity well before completion of
seam extraction. The scheme in Figure 5 reflects a
robust sequence: a roof caving dome forms, with its
dimensions controlled by seam thickness, stiffness
of the overlying strata, and the presence of weakly
bedded interlayers; in the sidewalls, a squeezing
zone develops, characterized by outward extrusion
of the rock mass toward the goaf and opening of
bedding/structure contacts; in the floor, a heave
zone arises where vertical and horizontal stresses
produce uplift and loosening of the rock. In the
Karaganda Basin—where depths reach several
hundreds of meters and gas content is high—these
effects intensify: production observations indicate
that the longwall front begins to measurably affect
development entries already at an approach
distance of 30-50 m, while the actual height of the
caving dome and the widths of the squeezing and
floor-heave zones may each reach tens of meters.

Engineering practice shows that the rate and
amplitude of deformation are controlled by a
combination of three factors: seam geometry
(thickness, dip), lithologic contrast between roof and
floor (monolithic sandstones versus argillites and
siltstones), and operating regimes of the longwall
(face advance rate, duration of technological pauses,
ventilation depression, and degasification
parameters). In weakly bedded strata, loosening
accelerates, sidewall convergence increases, and
support serviceability is lost early; with monolithic
sandstones, excavation geometry persists longer,
but dome-shaped stress concentrations accumulate
in the roof and can trigger sudden collapses. As the
face approaches, reliable indicators of transition to
an unstable regime include acceleration of sidewall
convergence to several millimeters per day within
roughly one-half of the abutment-pressure zone
width, a sustained increase in the count of low-
frequency acoustic events, and growth of methane
flow and concentration at constant ventilation
depression. Joint interpretation of these three
monitoring channels—geodetic and strain-gauge
measurements, acoustic and microseismic records,
and  gas-dynamic  control—enables  timely
refinement of the actual height of the caving dome
and the boundaries of the squeezing and floor-heave
zones shown in Figure 6.

— 4] ——
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Figure 6 — Zone of potential rock-mass deformations
around a development roadway under the influence of
longwall operations

Design decisions should be directly grounded in

such forecasts. For weak roofs and floors,
appropriate  measures include densifying the
support pattern, increasing the length and

pretension of rock bolts and cable bolts, using stiff-
yielding elements, installing local protective pillars,
and implementing advance degasification (lateral
and inclined boreholes at a specified depression).
For domains with monolithic sandstones, increase
support capacity in combination with controlled
yielding and a reduced face-advance step, and limit
prolonged technological pauses to prevent self-
amplification of the caving dome. Within the
influence zone of longwall operations, development
roadways should be treated as part of the overall
stability system of the rock mass: their profile,
support type, stand-off from the goaf, and
degasification parameters must be revised as the
face advances based on actual measurements rather
than design assumptions alone. This “model —
observe — adjust” regime provides the required
stability margin and reduces the likelihood of
sudden dynamic events at the depths and
lithological conditions characteristic of the basin.
Redistribution of rock pressure. Advancing the
longwall face radically restructures the stress—strain
state in the zone of development entries and often
leads to loss of load-bearing capacity long before
seam extraction is completed. The scheme in Figure
6 illustrates a typical pattern. A roof caving dome
forms; its height and span are governed by seam
thickness, stiffness of the overlying strata, and the
presence of weakly bedded interlayers. On the
sidewalls, a squeezing zone develops, with the rock
mass being extruded toward the goaf and
bedding/structure contacts opening. In the floor, a
heave zone forms where vertical and horizontal
stresses cause uplift and loosening of the rock. This

accelerates convergence growth and reduces the
stability margin of the support.

Under Karaganda Basin conditions, the influence
of the longwall front is amplified by mining depth
and high gas content. Operational observations
show that noticeable impacts on development
roadways begin when the face approaches to 30-50
m. The roof caving zone and the squeezing and floor-
heave zones can each extend for tens of meters. As
the face advances, sidewall convergence rate
increases, fracturing intensifies in argillites and
siltstones, and gas emission rises at constant
ventilation depression. Reliable indicators of
transition to an unstable regime include acceleration
of convergence to several millimeters per day within
roughly half the abutment-pressure zone width, a
sustained increase in low-frequency acoustic events,
and growth of methane flow rate.

The rate and amplitude of deformations are
controlled by three factor groups. The first is seam
geometry, including thickness and dip. The second is
contrast between roof and floor properties, where
monolithic sandstones resist deformation longer
while weakly bedded strata loosen more rapidly. The
third is operating regime—face advance rate,
duration of technological pauses, and degasification
and ventilation parameters. Joint interpretation of
three monitoring channels—convergence
measurements, acoustic and microseismic records,
and gas-dynamic control—allows refinement of the
actual dome dimensions and the boundaries of the
zones shown in Figure 7, and supports timely
adjustment of decisions.

Design must be directly grounded in such
monitoring. For weak roofs and floors, justified
measures include densifying the support pattern;
increasing the length and pretension of rock bolts
and cable bolts; using stiff-yielding elements;
installing local protective pillars; and implementing
advance and side degasification at a specified
depression. For domains with  monolithic
sandstones, it is advisable to combine higher
support capacity with controlled yielding, reduce the
face advance step, and limit prolonged technological
pauses to prevent dome growth. Within the
influence zone of longwall operations, development
roadways should be treated as part of the overall
stability system of the rock mass. Their profile,
support type, stand-off from the goaf, and
degasification parameters must be revised as the
face advances, using actual measurements and
threshold criteria. This model-observe—adjust
algorithm provides the necessary stability margin
and reduces the likelihood of sudden dynamic

— ) ——
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events at the depths and in the lithological
conditions typical of the basin.
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Figure 7 — Scheme of rock-pressure redistribution near a
longwall working.
1 —area influenced by the working; 2 — abutment-
pressure zone; 3 — boundary of the destressed zone;

4 — boundary of the protected zone; 5 — boundary of the
zone of complete subsidence; 6 — zone of rock and
ground-surface displacements arising from deformation
of the rock mass within the abutment-pressure zone.

These zones do not act in isolation but as a single
load-transfer framework: a stress change at the
contour of a development or longwall working
restructures the field above and below in the
section, propagates upward to the roof, and can
manifest at the ground surface as subsidence, crack
opening, and terrain deformation. For the
Karaganda Basin, the linkage between underground
operations and surface deformation is confirmed by
observations in areas of intensive mining:
settlement peaks are recorded as the longwall face
approaches, and their planform and amplitude are
consistent with the configuration of the goaf and
pillar parameters [[12], [13], [14], [15], [16], [17]].

From an engineering standpoint, pressure-
redistribution zones constitute the skeleton of the
rock mass geomechanical state and must be
embedded in the design at all levels—from roadway
alignment to the scheduling of block extraction. At
the mine-field design stage it is advisable to
construct a map of expected propagation angles and
depths according to the scheme in Figure 4, specify
calculated widths of the abutment-pressure and
destressed zones, determine the minimum
permissible distances between the goaf and

development entries, and design protective pillars
about their actual load-bearing capacity. In the
technological part, this means choosing support
type and spacing, face-advance rate, degasification
regime, and limits on operational pauses in zones
where a transition to unstable behavior is possible.
In the operational part, it entails organizing
continuous monitoring, including convergence
measurements, acoustic—seismic observations, gas-
dynamic measurements, and repeat surface
geodetic surveys. Upon reaching threshold values,
response  measures are triggered—support
reinforcement, denser bolt patterns, adjustment of
the advance rate, local protective pillars, and
modified degasification schemes.

This approach enables control of the entire
system of zones from the face to the surface: local
load redistribution at the working is promptly
accounted for in roof and floor stability calculations,
in assessing impacts on adjacent horizons, and in
forecasting surface subsidence. Tying decisions to
the scheme in Figure 4 and to in-situ measurements
reduces the likelihood of sudden dynamic events
and ensures the required safety level for seam
extraction under the conditions of the Karaganda
Coal Basin.

Field case. As an illustration, consider the
sudden coal-and-gas outburst that occurred on 28
December 1976 in the manway at level +0 m of the
Lenin Mine in the Karaganda Coal Basin. The incident
took place in Seam D-6 at a depth of 411 m, with a
roadway width of 6.0 m and a height of 3.25 m (see
Figure 5).

According to the analysis, a zone of intense
crushing and deformation formed in the coal seam
adjacent to a tectonic disturbance near the outburst
location. The character of the damaged zone (up to
5.0 m wide from the excavation contour) was
accompanied by significant methane release. The
gas-dynamic event was sharp and short-lived,
consistent with the criteria of a sudden outburst,
and with ground-control practice in longwall
environments [[18], [19], [20]].

Comparison of the documented case with the
calculated schemes of elevated rock-pressure zones
(see Figure 6) showed agreement: the outburst area
was localized within a wedge-shaped stress zone
bounded by angles of 75-80° and situated
immediately adjacent to the edge of the worked-out
space. The accident thus confirmed the practical
applicability of the pressure-zone construction
methodology for forecasting the most hazardous
areas, consistent with stress concentration concepts
in rock mechanics and roadway support design.
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Figure 8 — Sketch of the sudden outburst site with
elevated gas emission that occurred on 28 December
1976 in the manway at level +0 m of the Lenin Mine.

Comparison of the calculated schemes with in-
situ observations confirms that the adopted zoning
model for stress redistribution adequately

represents rock-mass behavior in the Karaganda
Coal Basin, aligning with established frameworks in
rock mechanics and rock-mass classification. The
system shows the highest sensitivity to three groups
of risk factors. First, mining depth: once depths
exceed roughly 400 m, rock-mass stress increases
nonlinearly, consistent with the classic concepts of
underground-excavation geomechanics by V. S.
Kuznetsov and with the principles of rock-pressure
control by V. P. Sakhno et al. In practice, this
manifests as a rapid loss of stability margin in
development and longwall roadways as they
approach high-stress zones, a pattern well
recoghized in longwall and ground-control
literature. Second, lithological structure: the
association of coal seams with weak layers—
argillites and siltstones—consistently produces
zones of disintegration and accelerates loosening;
this conclusion is supported by regional data on gas
content and the structure of coal-bearing strata in
the Karaganda Basin reported by M. A. Ermekov and
by recent engineering studies on drivage and
maintenance of cross-cuts by G. D. Tanekeyeva, E. A.
Abeuov, D. R. Makhmudov, R. A. Mussin, and A. Yu.
Balabas, and is consistent with rock-mass rating and
Q-system perspectives on weak strata. Third,
tectonic disturbance: faulted and crushed zones
function as stress concentrators and are statistically
correlated with sudden dynamic manifestations; this
is emphasized in the work of V. S. Zaburdyaev on
degasification parameters for high-productivity
panels and is corroborated by calculation-
instrumental solutions for stabilizing the mine floor
by D. Akhmatnurov, N. Zamaliyev, R. Mussin, and co-
authors, and by guidance on rockburst-prone
conditions.

From a practical standpoint, the calculated
boundaries of influence zones must be testable
against measurable indicators. As stability limits are
approached, the following are recorded: accelerated
roadway convergence, a rise in low-frequency
acoustic activity under constant ventilation
depression, and a sustained increase in gas
emission. Combined analysis of these time series
refines the position of the abutment-pressure front,
the boundaries of unloading, and the domain of
complete disintegration. This approach aligns with
current technological solutions for gas management
and rock-mass deformation, including hydraulic
flushing and hydraulic splitting for low-permeability
coals (R. Zhang, C. Hao), consideration of swelling
mechanisms and secondary deformations in
complex geological settings (S. Y. Mu, Z. Ma), and
synthesized observations of rock-mass behavior
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around roadways in deep mines (K. Skrzypkowski,
W. Korzeniowski, J. Stasica). At the project stage this
means specifying initial contours of influence zones
and minimum offsets from the goaf as starting
values subject to systematic refinement via
monitoring; the switch to reinforced support and
intensified degasification should be triggered by
threshold values of observed parameters rather
than by calendar schedules, in line with the logic of
rock-pressure control set out by Kuznetsov and
Sakhno, and by longwall/ground-control best
practice.

The detailing of engineering measures is
governed by lithological-structural conditions. In
weakly bedded sequences with argillites and
siltstones, justified actions include longer and
pretensioned rock bolts and cable bolts, reduced
spacing, use of stiff-yielding inserts, installation of
local pillars, and advance degasification via lateral
and inclined boreholes; the combined effect of these
measures is reflected in modern publications on the
geomechanical conditions of roadway drivage and
maintenance, in technological solutions for
intensifying gas drainage, and in standard references
on ground control and roadway support. In domains
dominated by monolithic sandstones—where
roadway geometry persists longer but dome-shaped
stress concentrations develop—it is advisable to
combine higher support capacity with limits on the
face advance rate and regulated technological
pauses to prevent dome growth and brittle
collapses; this strategy accords with the
foundational principles of rock-pressure
management in the classic sources and with
synthesized evidence on rock-mass behavior in deep
mines. Within zones influenced by tectonic
structures, increasing ventilation depression to
boost gas flow must be accompanied by continuous
acoustic and deformation monitoring, since
excessive unloading can hasten the transition to
instability; this interrelation is discussed in detail in
studies of degasification parameters for high-
productivity panels and in work on stabilizing the
working floor. Where applicable, proprietary
support and damping solutions and protected
technical designs can be referenced for
implementation [[21, [22]].

Finally, the limits of applicability must be
recognized. Linear construction of zone boundaries
cannot capture the full heterogeneity of the section
and the variability of contacts; the temporal
component—creep, stress relaxation, and changes
in filtration and gas-dynamic regime—can recon
Figure conditions weeks to months after drivage or

extraction. Consequently, calculated decisions must
be accompanied by instrumental verification: GPR
and ultrasonic surveys to detect local stiff inclusions,
acoustic and microseismic measurements to capture
transitions to instability, and repeat surface geodetic
surveys in areas of expected subsidence. This
“model—observe—adjust” regimen rests on the
proven methodological foundations of Kuznetsov
and Sakhno, is supported by regional gas-content
and structural data from Ermekov, and is reinforced
by contemporary engineering studies in
geomechanics and degasification, ensuring the
required stability margin and reducing the
probability of sudden dynamic events at the depths
and lithological-structural conditions characteristic
of the Karaganda Coal Basin [[23], [24], [25], [26]].

Conclusions

To substantiate safe extraction of seams in the
Karaganda Coal Basin, the rock mass must be treated
not as a set of local boundary effects but as a
coherent system of processes with a clear space—
time structure. Calculations and in-situ observations
show that an interlinked hierarchy of zones forms
around underground workings: at the boundary lies
the abutment-pressure zone with elevated principal
stresses; farther out is an unloading zone with
reduced strength and increased jointing; beyond it,
a disintegration zone with loss of structural integrity;
and farther still, a domain of secondary movements
through which deformations propagate away from
the working and upward through the section to the
ground surface. The system is nonlinear: any change
in one zone reorganizes adjacent zones and sets the
dynamics of the entire stress field.

Combined analysis of calculated schemes and
field data indicates that maximum risks localize near
the edges of the worked-out space and protective
pillars, where wedge-shaped stress-concentration
fronts form at angles of about 75-90° to the
horizontal. At depths around 250 m, steeper fronts
(80-90°) prevail; by 500 m, the wedge narrows
downward at 75-80°, defining areas of highest
likelihood for brittle collapses and dynamic events.
The geometry is validated in practice: the sudden
outburst at the Lenin Mine (Seam D-6, 1976, depth
411 m) reproduced the calculated scenario—the
observed failure boundaries coincided with the
predicted wedge-shaped high-stress zone.

For design wunder basin conditions, the
controlling factors remain lithological contrast, gas
content, and tectonic disturbance. Bedded argillites
and siltstones accelerate loosening and enlarge the
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disintegration domain; monolithic sandstones
preserve roadway geometry longer but accumulate
dome-shaped stress fields. High gas content lowers
resistance to perturbations, while faulted and
crushed zones act as stress concentrators and

deformation conduits, sharply increasing the
sensitivity of the rock mass as the longwall front
approaches.

This leads to concrete  engineering

requirements. At depths above an indicative
threshold of 400 m, a comprehensive
geomechanical forecast is needed, with construction
of wedge boundaries and estimation of influence-
zone width for given depth and seam thickness.
Operations should be accompanied by continuous
instrumentation:  convergence  measurements,
acoustic—microseismic monitoring, GPR/ultrasonic
surveys of roof and floor, and real-time gas
dynamics. Reliable indicators of an approach to
instability include acceleration of convergence to
several millimetres per day within roughly half the
abutment-zone width, a sustained rise in low-
frequency acoustic events, and increased methane
flow/concentration at constant  ventilation
depression. Protective-pillar parameters should be
adjusted for seam thickness, depth, and proximity to
wedge zones; minimum sizes should be abandoned
near faults. Support schemes must be adapted to
actual influence-zone boundaries: increase bolt and
cable-bolt length and pretension, tighten spacing,
and employ stiff-yielding elements; in monolithic
sandstones, combine higher load-bearing capacity
with limits on face-advance rate and regulated

pauses to prevent self-growth of a stress dome. To
reduce outburst hazard, advance and lateral
degasification at specified depressions, local relief
workings, and controlled ventilation regimes are
justified.

Organizationally, this is implemented as a strict
“model — observe—adjust” cycle. Initial contours of
influence zones set starting design values; as the
face advances and monitoring data accrue, support
type and spacing, pillar width and geometry,
advance rate, and degasification parameters are
refined. This regime provides the necessary stability
margin for development and longwall roadways and
lowers the probability of sudden dynamic events at
the depths and under the lithological-structural
conditions typical of the Karaganda Coal Basin.
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KapafaHabl Kemip 6acceliHiHAeri Tay XKbIHbICTapbl KbICbIMbIHbIH, }KdHe Tay
YKbIHbICTAPbIHbIH, CileMiHiH, AePopMaLUACbIHbIH KalATa Tapanybl

*MycuH P.A., AxmatHypos [.P., 3amanues H.M.

KEAK 3b6inKac CarbiHo8 ambiHOaFrbl KaparaHObl mexHUKanelk yHueepcumemi, KaparaHdel, KasakcmaH

TYRIHAEME

COfaH

Makana kengj: 25 Koipkyliek 2025
CapanTtamagaH eTTi: 2 KkazaH 2025
KabbingaHapl: 18 Kapawa 2025

Byn 3epTTey KapafaHabl Kemip anabbiHAA ¥KbIHbIC CiNEMIHAET Tay KbICbIMbIHbIH, KaiiTa 6eniHyi meH
inecne pedopmaumanbiK yaepictepai
aliHanacblHAafbl TiPEK KbICbIMbl, TYCipy XaHe biAblpay aliMaKTapblHbIH, reoMeTpuacbl MeH
napameTpaepi, CoHAail-aK oNapAblH, ras-guHamuKanblk KybblibiCTapablH KepiHicTepiHe acepi
KapacTblpblnagpl. O4iCTEMENIK Heri3re KoNAaHblNFaH reomexaHUKasblk MOAENbAEPre CblHU Lo,
aliMaKTapApblH, EHiH KabaTTblH, TEPEHAIrT MEH KanblHAbIFbIHA 6alnaHbicTbl 6afanayFa apHanfaH
ecenTey XaHe rpaduKanblk HOMOrpammanap, coHgai-ak 75-90° wekKTi bypbllwTapaa eHaipinreH
KEHICTIK LeKapanapblHaH KepHeyi »Kofapbl aiMaKTapAblH, CXemasblk Kypblibicbl Kipeai. Urepy
TepeHairi WwamameH 500 m-re aeniH apTKaH Kesae aiMaKTapablH, KOHPUIypaumacbl TOMeH Kapawn
TapblnyFa 6eim cbiHa Tapi3aj cunaTka ne 6onaTbiHbl aHbIKTaNAbl; KA6AT KanblHAbIFbIHbBIH, Y/IFatobI

KapacTblpagpbl. ep actbl Ka3banapbiHbIH,
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acep eTy aliMaKTapbliHbIH, KeHeloiHe aKenedi. Jlutonoruanblik 6enim KayinTi almaKkTapabiH,
opHanacyblH Hakpliakapl: anci3 KabatTbl 6aslbIK TacTap MeH aneBpoNTTEP AEKOMMNPECCUAHbI
Kepenaeteni, an KyWTipeK KyMmTacTap KEHETTEH aTKblaaynap MeH Tay ¥KbIHbICTapPbIHbIH, }Kapblay
bIKTUMANAbIFbl KOFAPbINANTbIH KEPHeY LUOFbIpAaHFaH Kymbes Topisai alimakTapabl Kypanabl.
TeKkcepy Mbicanbl peTiHAe KOMip MeH rasgplH KeHeTTeH LblFapblHAbIIAPbIHBIH, 6ip anu3oap!
TandaHapl. HakTbl Kupay LieKapanapblH ecenTenreH CbiHA TapisAi KepHey alMarbiMeH
canbicTbipyFa 6onagpl, 6yn manimgenreH 6omwkamaap weHbepiHAe TaHAanfaH TICINAH,
OYPbICTbIFbIH - pacTaiabl. HaTwKenepaiH, NpPakTUKanblK MaHbI3abiblfbl ~400 M-geH actam
TepeHAiKTe MiHAETTI KeweHaji 60/1Kay YLWiH WeKTi WapTTapapbl HaKTblayaa, ecenteynepai Tekcepy
YWiH yHeMi acnanTbik 6aKblnayabl Herisgeyae »koHe KabatrapablH, KaiblHAbIFbl MeH TepeHAiriH
ecKepe OTbIpbIN, KOPFaHbIC TiPEKTEPIHIH, NapameTpaepiH Ty3eTyAe *aTblp. 3epTTey HaTUKenepi
KayinTi WblfapblHAbINAP XafAalblHAA Ta3anay *KoHe AalbIHAbIK *KYMbICTAPbIH ¥OCNapaay *KaHe
Kayinci3 »yprisy KesiHge nanganaHblinybl MyMKiH.

TyiiiH ce3dep: TipeK KbICbiMbl, TyCipy aliMaKkTapbl, Ae3uHTerpauua, Kasy TepeHairi, KabaT
Ka/bIHAbIFbI, IUTONOTUSA.
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MepepacnpeaeneHue ropHoro aasneHna u gepopmaumm maccusa nopog,
B ycnosuax KaparaHanHCKOro yroibHoro 6acceiiHa

*MycuH P.A., AxmatHypos [.P., 3amanues H.M.

HAO KapazaHouHckuli mexHu4eckuli yHusepcumem umeHu Abblakaca CazuHosa, KapazaHda, KazaxcmaH

Moctynuna: 25 ceHmabpsa 2025
PeueHsnpoBaHue: 2 okmabps 2025
MpuHATa B neyaTtb: 18 Hosbpa 2025

AHHOTALUMUA

PaboTta nocesleHa aHanu3y nepepacnpefeneHns rOpHOro AaBfeHUA W CBA3AHHbIX C HUM
£edOPMaLMOHHbBIX  NpoueccoB B ycnoBuax — KaparaHOMHCKOro — yronbHoro — 6acceitHa.
PaccmaTtpuBaloTca  reomeTpua M MapameTpbl  30H OMOPHOTO  AABNEHWUA, Pasrpysku W
AE3VHTerpauMn BOKPYr MNOA3eMHbIX BblpabOTOK, a TaKkKe WX BAMAHME Ha NPOABAEHUA
rasogMHaMuyeckux ABAeHWA. MeToamMyeckaa OCHOBa BK/IOYAeT KpUTUYeckuit  ob3op
NPUMEHAEMbIX FTEOMEXAHUYECKUX MOAENEN, PACYETHO-TpadUYecKMe HOMOrpPaMmbl 1A OLEHKU
LUMPUHbI 30H KaK GYHKLMI ryBUHBI 3a71eraHna M MOLLHOCTM NIACcTa, a TAaKXKE CXEMHOE NOoCTpoeHue
obnacteil NOBbLIWEHHbIX HAMPAXeHW OT rpaHuL, BbIPabOTAaHHOTO MNPOCTPAHCTBA NOA,
npeaenbHbiMK yrnamu 75-90°. YcTaHOBNAEHO, YTO NMpW yBeandYeHWu rnybuHbl pa3paboTku ao
nopsgka 500 m KoHoUrypaums 30H NpuMoOBpeTaeT KAMHOBUAHLIA XapaKTep C TeHAeHuuen K
CY)KEHMIO KHM3Y; POCT MOLLHOCTM niacTa MNPUMBOAMUT K paclmpeHuto obnacter BAMAHUA.
JINTONOrMYECKU pa3pes KOHTPOIMPYET JIOKANN3aLLMIO ONACHbIX 30H: €1aboCnoUCTbIe apruaanTbI
M aneBponUTbl YCKOPAIOT PasynioTHEHWE, TOraa Kak 6osee NpoyHble necyaHuku GopmupytoT
KynonoobpasHble 06/1aCTV  KOHLEHTPALUMWM  HaMPSKEHUA C  MNOBBIWEHHON BEPOATHOCTHIO
BHE3anHbIX BbIGPOCOB M TOPHbIX yAapoB. B kavecTBe BepudUKALMOHHOTO npumepa
NpoaHann3MpoBaH aMNM304 BHE3anHoro Bbibpoca yrns 1 rasa. PakTnyeckue rpaHuLbl paspyLleHus
COMOCTaBUMbI C PAacYeTHOM KAMHOBUAHOM 30HOWM MOBbLILWEHHbIX HAMPAXEHWU, YTO NOATBEPIKAAET
KOPPEKTHOCTb BblGpaHHOro nogxofa B npefenax 3asas/jeHHbIX AonyweHui. MpaKkTuyeckas
3HAYMMOCTb PEe3yNbTaTOB COCTOMT B YTOYHEHUWM MOPOrOBbIX YCAOBMIA Ansa 06s3aTesbHOro
KOMM/IIEKCHOTO MNpOrHo3a Ha rnybuHax cebiwe ~400 m, B 06OCHOBaHUM PETYNAPHOTO
MHCTPYMEHTa/NIbHOTO KOHTPOAA 4/1A BepudUKaLuMM pacieToB U B KOPPEKTUPOBKE NapameTpoB
OXPaHHbIX LENMKOB C Y4eTOM MOLLHOCTU NAACTOB U rNybuHbI. MoNyyeHHble BbIBOAbI MOTYT BbiTb
MCNONb30BaHbl NPU NAAHUPOBAHUM M HE30MACHOM BEAEHWMM OYUCTHbIX U MOAFOTOBUTE/NbHbIX
paboT B BbIGPOCOONACHBIX YCOBUSAX.

Knrouyesbie cn108a: onopHoe AaB/EHNE; 30HbI PA3rpy3KK; Ae3uHTerpauus; rnybuHa paspaboTku;
MOLLHOCTb NAACTa; IMTONOTUA.
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