
 
Volume 20 (2026), Issue 2, 75-88 

 

________________________________ 

Received: 6 January 2026. Accepted: 30 May 2026. Available online: 30 June 2026 

© 2026. Y. Serdaliyev, Y. Iskakov, K. Shukirbayev, Z. Kenessov, S. Amangeldi 

Mining of Mineral Deposits. ISSN 2415-3443 (Online) | ISSN 2415-3435 (Print) 

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), 

which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited. 

75 

https://doi.org/10.33271/mining20.02.075 

Geomechanical justification of combined support for temporary 

workings during rib pillar extraction under dynamic loading 

Yerdulla Serdaliyev 1  , Yerkin Iskakov 1*  , Koptileu Shukirbayev 2  , 

Zhandos Kenessov 1  , Serik Amangeldi 1   

1 Satbayev University, Almaty, Kazakhstan 
2 JSC TNK Kazchrome, Aktobe, Kazakhstan 

*Corresponding author: e-mail y.iskakov@satbayev.university 

Abstract 

Purpose. To justify the parameters of a combined support system for temporary mine workings providing access to rib pil-

lars during their re-mining under conditions of a technogenically disturbed rock mass at the Zhezkazgan deposit, taking into 

account the dynamic impact of drilling and blasting operations. 

Methods. The study was carried out using an integrated approach that included analytical assessment of blast wave propa-

gation in a rock mass containing mined-out spaces, numerical modeling of the stress-strain state of the rock mass in 

Rocscience RS2 under different support options, and pilot-scale industrial tests with instrumental seismometric measurements 

using a Sigma 4+ station under the conditions of the East Zhezkazgan mine. 

Findings. It was established that the rock mass in re-mining areas is characterized by a limit stress-strain state, with a factor 

of safety of 0.60-0.90 in the absence of support. A combined support system was substantiated, consisting of 1.8 m long GFRP 

rock bolts installed at a spacing of 1.0-1.2 m and a 0.05 m thick fiber-reinforced shotcrete lining, which provides a factor of 

safety greater than 1.0 while utilizing up to 85-88% of the bolt load-bearing capacity. Pilot-scale industrial tests established 

that the safe distance required to preserve support functionality during blasting of fan-pattern blastholes with a charge of up to 

320 kg is at least 8-10 m from the blast source, at (PPV ≤ 15 mm/s. A power-law dependence was also established for the  

attenuation of peak particle velocity with distance from the blast source and explosive charge mass. 

Originality. For the conditions of rib pillar re-mining at the Zhezkazgan deposit, the parameters of combined support for 

temporary workings were established for the first time with consideration of dynamic loading caused by blasting operations. A 

power-law dependence of seismic wave attenuation was substantiated, three characteristic zones of blast impact on the bond 

between the support and the rock mass were identified, and the safe distance required to preserve the load-bearing capacity of 

the support system was determined. 

Practical implications. The practical value of the study lies in improving mining safety during rib pillar re-mining through 

the application of an economically feasible combined support system that ensures the stability of temporary workings under 

intensive dynamic impact from drilling and blasting operations and preserves the bond between the fiber-reinforced shotcrete 

lining and the rock mass. 

Keywords: rib pillars; temporary workings; combined support; fiber-reinforced shotcrete; GFRP rock bolts; numerical 

modeling; seismic monitoring 

 

1. Introduction 

Long-term exploitation of large underground ore deposits 

is inevitably accompanied by the gradual depletion of the most 

accessible and high-grade mineral reserves concentrated in the 

central parts of ore fields [1], [2]. As mining operations ad-

vance to deeper horizons and peripheral areas of deposits, the 

proportion of difficult-to-recover and previously abandoned 

reserves increases substantially [3]. Under these conditions, 

one of the promising approaches to improving the efficiency 

of mineral resource utilization is the re-mining of reserves 

concentrated in technological and protective pillars formed 

during the primary extraction of ore bodies [4]-[7]. When 

selecting such technological solutions, particular importance 

should be attached to justifying the efficiency of underground 

mining, ensuring the rational use of mineral resources, and 

maintaining the environmental safety of mining operations [8], 

[9]. In addition, modern mining systems increasingly require 

the use of algorithmic optimization approaches to improve the 

energy efficiency and operational reliability of auxiliary 

equipment and technological processes [10]. 

Over a prolonged period of operation, the use of room-

and-pillar mining systems has resulted in a considerable 

amount of ore reserves being left underground, primarily 

within rib pillars and barrier pillars [11]. This issue is of 
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particular relevance for large underground copper ore depos-

its in Kazakhstan, especially the Zhezkazgan ore district, 

where underground mining has been carried out for several 

decades. According to expert estimates, the total volume of 

ore written off as losses over the entire period of operation of 

the Zhezkazgan deposit exceeds 100 million tonnes, with 

approximately 40% of these reserves concentrated specifical-

ly in numerous columnar rib pillars distributed across previ-

ously mined-out areas of the deposit [12], [13]. 

The presence of substantial volumes of residual reserves 

makes their involvement in re-mining necessary [14]. In this 

context, the extraction of rib pillars is considered not only as 

a reserve for increasing the mineral recovery ratio, but also 

as one of the means of normalizing the stress-strain state of 

the rock mass in areas of long-operated mines. The long-term 

preservation of pillars under conditions of high rock pressure 

and extensive mined-out voids leads to the gradual accumu-

lation of damage within the rock mass. Under the influence 

of static loads, repeated blasting impacts, and long-term 

deformation processes, zones of failure and intense fracturing 

are formed in the surrounding rocks [15]-[17]. 

As a result of these processes, the strength characteristics 

of pillars decrease over time, which may lead to their partial 

or complete failure. This, in turn, is accompanied by sponta-

neous collapse of the roof and overlying strata into the 

mined-out space. Such phenomena pose a serious threat both 

to the safety of mining operations and to the stability of the 

ground surface above previously mined areas of deposits. 

Therefore, controlled extraction of rib pillars followed by 

managed roof caving is considered one of the effective 

methods for relieving the rock mass from accumulated elastic 

energy and stabilizing the geomechanical conditions. 

The geomechanical conditions for mining ore bodies in 

areas with extensive mined-out spaces are characterized by a 

complex and non-uniform distribution of stresses within the 

rock mass. In the vicinity of previously mined stopes, stress 

redistribution zones are formed, accompanied by the concen-

tration of abutment pressure on the remaining pillars and 

marginal parts of the ore bodies. Numerous studies indicate 

that the stability of such pillars is governed by the combined 

influence of the mechanical properties of ores and host rocks, 

the geometric parameters of the pillars, and the spatial con-

figuration of previously formed mined-out spaces [18], [19]. 

A significant influence is also exerted by the ratio of pillar 

height to width, which determines its load-bearing capacity 

and stability under long-term exposure to rock pressure. 

Over time, the rock mass in the areas of mined-out stopes 

is subjected to additional technogenic impacts associated 

with drilling and blasting operations carried out during pri-

mary ore extraction [20]. Repeated dynamic loading caused 

by these impacts on the rock mass promotes the development 

of microfracturing and a reduction in rock mass stiff-

ness [21]. As a result, zones of weakened rock mass are 

formed around mined-out spaces, characterized by reduced 

strength and increased deformability of the rocks [22]. The 

presence of such zones substantially complicates the geome-

chanical conditions for the re-mining of rib pillars [23]. 

The technology for extracting rib pillars generally  

involves the development of special mine development 

workings that provide access to the pillar mass and enable 

drilling and blasting operations [24], [25]. The most common 

approach is the driving of field development drifts that con-

nect active mine workings with the areas where the pillars 

are located [26], [27]. From these workings, drilling-and-

loading drifts are formed, which are intended for the place-

ment of drilling equipment, as well as for organizing the 

drawing and transportation of broken ore. The general con-

ceptual scheme for rib pillar extraction through a system of 

field workings is shown in Figure 1. 

 

 

Figure 1. Conceptual scheme of rib pillar extraction 

 

As follows from the presented scheme, the rib pillar is lo-

cated within a rock mass surrounded by previously mined 

stopes. On several sides, the pillar is bounded by mined-out 

spaces formed as a result of primary ore extraction. Access to 

the pillar is provided through a system of field development 

workings, including drilling-and-loading drifts and ventilation 

drifts. The drilling-and-loading drifts are used for placing 

drilling equipment and carrying out drilling and blasting op-

erations, while the ventilation workings provide the required 

air exchange and removal of blasting fumes from the face area. 

Direct fragmentation of the pillar mass is generally car-

ried out using a fan-pattern blasthole drilling scheme. The 

efficiency and safety of drilling operations are largely deter-

mined by the technical solutions adopted and the selected 

drilling parameters [28]-[32]. Drilling and blasting parame-

ters have a significant effect on the efficiency of rock mass 

fragmentation and the level of dynamic impact on the sur-

rounding mine workings [33], [34]. 

According to the technology, fan-shaped blastholes are 

drilled from the drilling-and-loading drift into the pillar mass, 

after which explosive charges are placed in them. Sequential 

blasting results in the fragmentation and breakage of the pillar 

mass, followed by the drawing of broken ore through the 

drilling-and-loading workings. The schematic arrangement of 

fan-pattern blastholes during rib pillar extraction is shown in 

Figure 2. The use of fan-pattern drilling schemes makes it 

possible to ensure efficient fragmentation of the pillar mass 

and improve the technological efficiency of stoping opera-

tions [35]. However, the presence of extensive mined-out 

spaces around the pillar has a considerable influence on the 

propagation of stresses and dynamic effects generated during 

blasting. During detonation of explosive charges, elastic 

waves propagate through the rock mass and interact with the 

boundaries of voids formed by previously mined stopes [36]. 
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Figure 2. Fan-pattern blasthole drilling scheme for rib pillar 

extraction 

 

As a result, reflection and interference of stress waves 

occur, which may lead to the formation of local zones of 

increased dynamic loading. 

Particularly complex conditions are observed when pillar 

extraction is carried out beneath caving zones or within sub-

sidence troughs formed as a result of long-term deposit ex-

ploitation. In such areas, the rock mass has already under-

gone significant deformation, manifested in the development 

of fracturing, the formation of local caving arches, and stress 

redistribution. Stable natural arches are often formed in the 

roof of mined-out spaces, bounded by relatively strong sand-

stone layers that act as specific “bridges” between sections of 

the rock mass [37]. At the same time, the adjacent rocks may 

be in a state of limit equilibrium and may exhibit increased 

sensitivity to additional dynamic impacts. 

An additional challenge in rib pillar extraction is the need 

to drive temporary mine workings designed to provide access 

to the pillar mass and accommodate drilling equipment. Un-

like permanent mine workings, the service life of such open-

ings is generally limited and may amount to only several 

months. Despite their temporary use, these workings must 

remain stable throughout the entire period of drilling and 

blasting operations and ore drawing. At the same time, they 

are located in close proximity to the blasting zone and are 

subjected to dynamic loads intensified by the influence of the 

surrounding mined-out spaces. The interaction of blast waves 

with void boundaries may lead to the formation of tensile 

stress zones in the roof and sidewalls of the workings, the 

development of fracturing, weakening of the rock mass, and 

increased deformation in the near-contour zone [38], [39]. 

Ensuring the stability of temporary mine workings under 

these conditions is a complex engineering and geomechani-

cal task. The use of massive and material-intensive support 

systems applied in permanent mine workings is often eco-

nomically unjustified in this case due to the short service life 

of such workings. At the same time, an insufficient degree of 

support may lead to intense deformation of the roof and 

sidewalls, creating a threat to mining safety and potentially 

causing forced equipment downtime [40], [41]. 

The issue of mine working stability during the re-mining 

of rib pillars has been repeatedly addressed in studies devoted 

to the geomechanics of underground mining and rock mass 

condition control. A number of studies focus on the load-

bearing capacity of rib pillars, the patterns of stress redistribu-

tion in the rock mass, and the conditions for caving initiation 

in mined-out spaces [42], [43]. Other studies examine the 

optimization of drilling and blasting parameters during the 

extraction of residual ore reserves and the control of rock 

mass failure processes during stoping operations [44], [45]. 

However, analysis of the existing scientific literature shows 

that researchers have focused primarily on the stability of the 

rib pillars themselves and on the technological parameters of 

their extraction. Considerably less attention has been paid to 

the stability of temporary mine workings driven to provide 

access to the pillar mass. Meanwhile, it is precisely these 

workings that are located under the most unfavorable geome-

chanical conditions, since they are situated in close proximity 

to blasting zones and, at the same time, within a rock mass 

weakened by the presence of extensive mined-out spaces. 

An additional complication is that the rock mass in re-

mining areas is characterized by technogenic disturbance 

formed as a result of the long-term impact of mining opera-

tions [46]. The presence of mined-out stopes, caving zones, 

and subsidence troughs leads to the formation of complex 

stress and deformation fields that differ significantly from the 

conditions of primary ore body extraction. Under such condi-

tions, the propagation of dynamic waves generated by blast-

ing operations is accompanied by their reflection from void 

boundaries, interference, and stress concentration in individ-

ual zones of the rock mass [47]. 

Previous studies indicate that, under re-mining condi-

tions, the depth of failure and loosening zones in the roof and 

sidewalls of mine workings may reach 1.0-1.5 m or more 

[48]. This results in spalling and rock falls along the excava-

tion contour, which significantly complicates stoping opera-

tions and increases the risk of emergency situations. Particu-

larly unfavorable conditions are observed in areas where 

temporary workings are located in close proximity to mined-

out spaces and are simultaneously exposed to repeated dy-

namic loading caused by drilling and blasting operations. 

Under such conditions, traditional approaches to ensuring 

the stability of mine workings, based on the use of massive 

and material-intensive support systems, are not always ra-

tional. This is due to the fact that temporary workings used to 

access rib pillars have a limited service life and are often 

operated for a relatively short period of time. Therefore, 

when selecting support parameters, it is necessary to consider 

not only safety requirements, but also the technological and 

economic feasibility of the adopted solutions. 

Thus, ensuring the stability of temporary mine workings 

during the re-mining of rib pillars under conditions of a 

technogenically disturbed rock mass and intensive blasting-

induced dynamic impact represents a relevant scientific and 

technical challenge. Solving this problem requires a com-

prehensive investigation of the geomechanical processes 

occurring within the rock mass, as well as the development 

of rational engineering solutions for maintaining the stabi-

lity of mine workings. 

In this regard, the aim of the present study is to provide a 

geomechanical justification for the parameters of combined 

support systems for temporary mine workings that ensure safe 

access to rib pillars during their extraction under conditions of 

a technogenically disturbed rock mass and dynamic impact 

from drilling and blasting operations. The study examines the 

specific features of the stress-strain state of the technogenical-

ly altered rock mass, analyzes the influence of drilling and 

blasting operations on the stability of temporary workings, 

and substantiates rational parameters for their support. 
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2. Methods 

The research methodology was developed with consi-

deration of the need for a comprehensive assessment of the 

stability of temporary mine workings driven to provide  

access to rib pillars in a technogenically disturbed rock mass. 

The main factors determining the stress-strain state of the 

rock mass included the geometry of previously formed 

mined-out spaces, the parameters of rib pillars, the depth of 

mining operations, the physical and mechanical properties of 

ores and host rocks, and the dynamic impact of drilling and 

blasting operations. 

The study comprised three consecutive stages. At the first 

stage, an analytical assessment was performed of the propa-

gation of dynamic stresses from blasthole charges, taking 

into account wave attenuation and their reflection from the 

boundaries of mined-out stopes. At the second stage, numer-

ical modeling of the stress-strain state of the rock mass was 

carried out in the Rocscience RS2 software package for  

various computational schemes and support options for the 

temporary working. At the third stage, the calculation results 

were compared with the conditions of pilot-scale industrial 

tests at the East Zhezkazgan mine, which made it possible to 

assess the applicability of the proposed combined support 

system under real mining and geological conditions. 

To analyze the mechanism of stress propagation in a rib 

pillar during detonation of blasthole charges, a computational 

scheme was considered that describes the interaction of blast 

waves with the rock mass and the boundaries of mined-out 

stopes. In this scheme, the source of dynamic impact is rep-

resented by an explosive charge located in the central part of 

the rib pillar. Characteristic rock mass failure zones are 

formed around the charge: a crushing zone, a fracture for-

mation zone, and an elastic deformation zone [49]. As the 

distance from the blast source increases, stresses in the rock 

mass decrease due to geometric energy dispersion and inter-

nal wave attenuation in the rock medium. A schematic repre-

sentation of stress propagation and the formation of failure 

zones in a rib pillar during detonation of a blasthole charge  

is shown in Figure 3. 

 

 

Figure 3. Schematic representation of stress propagation and 

failure zone formation in a rib pillar during detonation 

of a blasthole charge 

 

Based on the presented scheme of stress propagation in 

the rock mass, the relationship describing the variation in 

radial stresses with distance from the source of dynamic 

impact can be expressed as follows: 

0
0

n

r

r

r
 

 
=  

 
,               (1) 

where: 

σr – stress in the rock mass at a distance r from the source 

of impact, MPa; 

σ0 – stress near the loading source, MPa; 

r0 – radius of the initial impact zone, that is, the crushing 

zone radius, m; 

r – distance from the charge center to the considered 

point of the rock mass, m; 

n – dimensionless stress attenuation coefficient. 

It follows from this expression that the stress intensity in 

the rock mass decreases rapidly with increasing distance 

from the loading source. However, in the presence of mined-

out spaces, the pattern of stress propagation becomes consid-

erably more complex due to the reflection and interference of 

elastic waves at void boundaries. In the case of rib pillars, 

mined-out stopes are located on both sides of the pillar mass 

and act as free surfaces. When the wave front reaches such 

surfaces, stress reflection occurs together with a change in 

stress sign, which may lead to the formation of an interfer-

ence pattern of stresses. 

Taking into account the dynamic nature of wave propaga-

tion, a more general expression for radial stress can be  

written as: 

( ) ( )0
0, cos

n

ar
r

r
r t e t kr

r
  − 

= = − 
 

,        (2) 

where: 

σr (r, t) – radial stress in the rock mass at a distance r from 

the charge center at time t, MPa; 

α – attenuation coefficient of elastic waves in the rock 

mass, m-1; 

ω – angular frequency of oscillations, s-1; 

k – wave number, m-1; 

t – ime after charge detonation, s. 

For the mining and geological conditions of the  

East Zhezkazgan mine, the following parameter values were 

adopted: attenuation coefficient α = 0.05 m-1, angular  

frequency ω = 400 rad/s, and wave number k = 0.11 m-1, 

which corresponds to a longitudinal wave propagation  

velocity of Cp ≈ 3500 m/s. 

For a qualitative assessment of the stress wave interfe-

rence pattern at the boundaries of mined-out spaces, the 

reflection condition for a free surface was considered. For 

typical mining and geological conditions of the Zhezkazgan 

deposit, the reflection coefficient R was assumed to range 

from 0.6 to 0.8, which is characteristic of a rock-air boundary 

in the presence of mined-out stopes. As waves propagate 

from a blasthole charge toward the boundaries of mined-out 

stopes, wave reflection occurs. For a free surface, the reflec-

tion condition can be expressed as: 

ref inc
r rR = − ,               (3) 

where: 
ref
r  – reflected stress, MPa; 

inc
r  – incident stress, MPa; 

R – dimensionless wave reflection coefficient from the 

free surface. 
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Taking into account reflections from two opposite mined-

out stopes, the total stress in the rib pillar can be represented 

as the superposition of incident and reflected waves: 

( ) ( ) ( )1, , ,tot inc incN
ir r i r i ir t r t R r t t  == + − ,      (4) 

where: 
tot
r  – total stress in the rock mass, MPa; 

Ri – reflection coefficient at the i-th boundary of the 

mined-out space; 

ri – distance to the reflecting surface, m; 

Δti – travel time of the reflected wave, s. 

To describe the stress state of the rock mass near an  

underground opening, the equilibrium condition in a cylin-

drical coordinate system was used, which for an elastic  

medium can be expressed as: 

( )2 cos 2h v h v     = + − − ,          (5) 

where: 

σθ – tangential stress at the excavation contour, MPa; 

σh – horizontal stress in the rock mass, MPa; 

σv – vertical stress in the rock mass, MPa; 

θ – angle relative to the direction of the principal stresses, rad. 

In the presence of mined-out spaces, the values of the 

principal stresses may differ substantially from the initial 

geostatic values, resulting in significant shear stresses along 

the excavation contour. 

The Mohr-Coulomb strength criterion was used as the 

rock failure criterion under the considered conditions: 

tannc  = + ,               (6) 

where: 

τ – shear stress, MPa; 

c – rock cohesion, MPa; 

σn – normal stress, MPa; 

φ – internal friction angle of the rocks, °. 

When shear stresses exceed the rock strength limit, zones 

of plastic deformation develop, accompanied by fracturing 

and possible roof and sidewall falls in the working. Under 

conditions of rib pillar re-mining, these processes may be 

intensified by the dynamic impact of blasting operations. 

The stability coefficient of the rock mass was used to  

assess the stability of the working: 

max

c
sK




= ,                (7) 

where: 

Ks – rock mass stability coefficient; 

σc – uniaxial compressive strength of the rock mass, MPa; 

σmax – maximum acting stress, MPa. 

If Ks > 1, the rock mass is considered stable. At Ks < 1 

there is a probability of rock failure. 

Under conditions of rib pillar extraction, the dynamic im-

pact of drilling and blasting operations exerts an additional 

influence [50]. During detonation of explosive charges, a shock 

wave is generated in the rock mass. The detonation pressure 

can be estimated using the Chapman-Jouguet equation [51]: 

2
0

1
CJ

D
P




=

+
,               (8) 

where: 

PCJ – detonation pressure, Pa; 

ρ0 – explosive density, kg/m3; 

D – detonation velocity, m/s; 

γ – adiabatic exponent of the detonation products; for the 

ammonium nitrate-based explosives used in this study, γ = 3.0. 

The pressure on the blasthole wall is determined by: 

0 CJP P= ,                (9) 

where: 

P0 – pressure at the blasthole boundary, Pa; 

η – coefficient of energy transfer from the blast into the 

rock mass. 

The radii of failure zones around the blasthole can be es-

timated using the following relationships: 

1 2

0
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;             (10) 

1 3

0
f b
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P
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
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 

,             (11) 

where: 

rc – radius of the crushing zone, m; 

rf – radius of the fracture formation zone, m; 

rb – blasthole radius, m; 

σt – tensile strength of the rocks, MPa. 

For the conditions of the East Zhezkazgan mine, with a 

blasthole diameter of 76 mm and a pressure on the blasthole 

wall of P0 = 1,8 GPa, the radius of the crushing zone is 

rс ≈ 0,19 m, while the radius of the fracture formation zone 

is rf ≈ 0,25 m. In the presence of mined-out spaces, the 

interaction of shock waves with void boundaries is accom-

panied by wave reflection and local amplification in speci-

fic zones of the rock mass. This may lead to increased 

stresses in the roof and sidewalls of temporary workings 

and to an enlargement of the fracture formation zone in the 

near-contour area up to 1.0-1.5 m.  

To assess the influence of mined-out spaces on rock mass 

stability, a computational scheme was developed that inclu-

ded a rib pillar, the surrounding mined-out stopes, and a 

temporary mine working. Numerical modeling was per-

formed using the Rocscience RS2 software package. 

Within the numerical modeling, two representative variants 

of mined-out space geometry were considered. In the first 

variant, a system of two stopes separated by a rib pillar was 

modeled. In the second variant, a computational scheme with 

an increased span of the mined-out space was considered, 

simulating the merging of adjacent stopes and the formation of 

a more extensive zone influenced by stoping operations. 

Vertical stresses were determined as follows: 

v tH p = + ,             (12) 

where: 

γ – unit weight of the rocks, kN/m3; 

H – mining depth, m; 

pt – additional technogenic pressure, MPa. 

Horizontal stresses were determined as: 

h k H  = + ,             (13) 

where: 

k – lateral pressure coefficient of the rock mass; 

Δσ – additional stress concentration caused by the pres-

ence of mined-out stopes, MPa. 



Y. Serdaliyev, Y. Iskakov, K. Shukirbayev, Z. Kenessov, S. Amangeldi. (2026). Mining of Mineral Deposits, 20(2), 75-88 

 

80 

For the conditions of the East Zhezkazgan mine, the fol-

lowing values were adopted: γ = 27 kN/m3, H = 320 m, and 

k = 0.35. The additional technogenic pressure pt = 2.5 MPa 

was determined from the results of numerical modeling, 

taking into account the presence of mined-out spaces. Stress 

concentration near the marginal parts of the stopes amounts 

to Δσ = 8-12 MPa, which corresponds to typical values for 

the mining systems used at the Zhezkazgan deposit. 

To assess the stability of the development working,  

several computational variants were considered: an unsup-

ported working; a working with a 0.05 m thick fiber-

reinforced shotcrete lining; a working with a 0.10 m thick 

fiber-reinforced shotcrete lining; and a working with a 

combined support system consisting of rock bolts and a 

fiber-reinforced shotcrete lining. 

In the computational model, the combined support system 

included 1.8 m long GFRP rock bolts and a 0.05 m thick 

fiber-reinforced shotcrete lining. The bolts were installed at a 

spacing of 1.0-1.2 m along the excavation perimeter, with a 

total of nine bolts in the cross-section. The fiber-reinforced 

shotcrete lining was modeled as a surface reinforcement 

layer providing stabilization of the near-surface rock mass 

layers and stress redistribution in the near-contour zone. The 

adopted support parameters correspond to typical solutions 

used for driving workings in fractured rocks of the 

Zhezkazgan region. The supported variants were modeled 

using the same geometric schemes of mined-out spaces as 

the unsupported variant: a scheme with two stopes separated 

by a rib pillar and a scheme with an increased span of the 

mined-out space. This ensured a correct comparison of the 

stress-strain state of the rock mass under different support 

options for the temporary working. 

The selection of materials for the combined support sys-

tem was determined by the specific conditions of rib pillar 

re-mining. GFRP rock bolts have several advantages over 

steel and friction-type bolts: during blast extraction of the 

pillar, they fail together with the rock mass without forming 

metallic fragments in the broken ore; they are chemically 

inert in the aggressive sulfate environment of the Zhezkazgan 

copper ores; and they provide a more uniform load distribu-

tion along the bolt length in a fractured rock mass due to 

their elastic modulus of 40-50 GPa. The use of fiber-

reinforced shotcrete instead of conventional shotcrete is 

justified by the fact that shotcrete without dispersed rein-

forcement fails in a brittle manner under dynamic loading, 

with major cracks developing in the lining and causing its 

detachment from the rock surface. The combination of poly-

mer and polypropylene fibers forms a spatial reinforcing 

framework that changes the failure mode from brittle to duc-

tile, localizes crack formation, and preserves the integrity of 

the lining under repeated blasting impacts. The limited service 

life of temporary workings, which is typically 2-4 months, 

makes the use of massive support structures economically 

unjustified, whereas the proposed combined support system 

can provide the required level of stability with lower material 

consumption compared with massive support structures. 

The mechanical interaction between the support system 

and the rock mass was taken into account in the model by 

introducing additional elements that simulated the perfor-

mance of rock bolts and surface reinforcement. The bolt 

elements resisted tensile forces arising during rock mass 

deformation, while the fiber-reinforced shotcrete layer pro-

vided stress redistribution along the excavation contour and 

limited the development of fracturing. 

The effectiveness of different support variants was as-

sessed using the following parameters: 

– stress distribution in the rock mass; 

– displacement of the excavation contour; 

– extent of plastic deformation zones; 

– rock mass stability coefficient. 

To verify the applicability of the proposed research 

methodology, the computational approaches were compared 

with the conditions of development working excavation at 

the operating East Zhezkazgan mine, mine No. 57, 320 m 

level, “Kresty 6-I” ore body, where access to rib pillars is 

provided through a system of development workings. Typi-

cal geometric parameters of the stopes are 10-15 m in width 

and 6-10 m in height, while the width of the rib pillars is  

4-6 m. The computational model accounted for the actual 

geometric parameters of the stopes and temporary workings, 

the physical and mechanical properties of the host rocks, and 

the technological features of mining operations under condi-

tions of already formed mined-out spaces. 

Further verification of the applicability of the proposed 

combined support system was carried out under pilot-scale 

industrial testing conditions. The purpose of the tests was to 

evaluate the performance of the support system under real 

mining and geological conditions, as well as to verify the 

preservation of its load-bearing capacity and adhesion to the 

rock mass under dynamic loads generated by blasting fan-

pattern blastholes during rib pillar extraction. 

The tests were conducted in a drilling-and-loading drift at 

the 320 m level of the Annensk mine, located within the 

influence zone of previously mined-out spaces. The working, 

with a cross-section of 4.5 × 3.8 m, was driven through rocks 

with a Protodyakonov strength coefficient of f = 8-10. The 

geomechanical conditions of the test site were characterized 

by a disturbed rock mass, developed fracturing, and the  

presence of extensive mined-out stopes on both sides of the 

drilling-and-loading drift. 

The working was supported according to the following 

technological sequence (Fig. 4). At the first stage, 20 mm 

diameter and 1.8 m long GFRP rock bolts were installed using 

resin capsule anchorage. Blast holes for bolt installation were 

drilled with an Epiroc drilling rig at an angle of 90° to the roof 

and sidewall surfaces. A total of nine bolts were installed in 

the cross-section of the working: five bolts in the roof at a 

spacing of 1.0-1.2 m and two bolts in each sidewall at a spac-

ing of 1.2 m. After the bolts had been installed and a curing 

period of at least 2 h had elapsed to allow the anchoring com-

pound to gain strength, the fiber-reinforced shotcrete layer was 

applied by spraying using a Normet Spraymec 1050 WPC 

unit. Spraying was carried out at a pressure of 5-6 atm, with a 

nozzle-to-surface distance of 1.0-1.2 m. The applied layer 

thickness was 0.05 m and was controlled using marker pins. 

The fiber-reinforced concrete mixture consisted of M400 

Portland cement, 5-10 mm aggregate, and water at a ce-

ment:aggregate:water ratio of 1:3:0.5. Glenium T803 plasti-

cizer and MEYCO SA 162 hardening accelerator were used 

to improve the technological properties of the mixture. A 

combination of polymer fibers with dimensions 

d × l = 1.5 × 30 mm and a wavy profile, together with poly-

propylene fibers with dimensions d × l = 0.1 × 12 mm, was 

used as dispersed reinforcement. 
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(a) 

 

(b) 

 

(c) 

 

Figure 4. Installation of the combined support system in the working: 

(a) installation of GFRP rock bolts; (b) preparation of 

the fiber-reinforced concrete mixture; (c) application of 

the fiber-reinforced shotcrete layer by spraying 

 

To assess the stability of the support system under dy-

namic loading during blasting operations, seismometric 

measurements were performed directly in the mine working. 

Seismic impact parameters were recorded using a Sigma 4+ 

seismic monitoring station. Geophones were placed at sever-

al points in the working at different distances from the blast 

source (Fig. 5). The blasting parameters corresponded to 

production conditions, with the total explosive charge mass 

reaching up to 320 kg. 

 

 

Figure 5. Seismometric measurements 

Thus, the applied research methodology is based on a 

combination of analytical analysis of the stress-strain state of 

the rock mass, numerical modeling of different support  

options for mine workings, and pilot-scale industrial tests 

with instrumental seismometric measurements. This  

approach makes it possible to perform a comparative assess-

ment of the effectiveness of the considered support systems 

and to verify the applicability of the proposed combined 

support system under the real mining and geological condi-

tions of the East Zhezkazgan mine. 

3. Results and discussion 

Numerical modeling of the stress-strain state of the rock 

mass at the first stage was performed for the case of an  

unsupported working. This calculation was carried out to 

determine the initial geomechanical pattern of stress and 

deformation redistribution within the rock mass, as well as to 

identify potential zones of stability loss along the excavation 

contour. The model accounted for the combined influence of 

natural rock pressure and the additional dynamic load gene-

rated by blasting fan-pattern blastholes. 

Within the numerical modeling, two representative variants 

of mined-out space geometry were considered. In the first 

variant, a system of two stopes separated by a rib pillar was 

modeled. In the second variant, a computational scheme with 

an increased span of the mined-out space was considered, 

simulating the merging of adjacent stopes and the formation of 

a more extensive zone affected by stoping operations. 

The modeling results for the distribution of major principal 

stresses σ1 showed that pronounced stress concentration zones 

are formed in the corner areas of the stopes and at the junc-

tions between the mined-out space and the rib pillar mass 

(Fig. 6). In the first computational scheme, the maximum 

values of major principal stress reach 104.33 MPa, which is 

observed in the side corners of the stopes. These zones are the 

most heavily loaded elements of the system and are character-

ized by an increased probabi-lity of local failure development. 

At the same time, a pronounced unloading zone is formed 

in the roof and sidewalls of the lower working, caused by 

stress redistribution resulting from the creation of the mined-

out space. Such redistribution leads to the formation of a 

vertically oriented weakening zone extending from the stopes 

toward the lower working. 

In the second computational scheme, the maximum stress 

values decrease to 85.10 MPa; however, the area affected by 

stress redistribution increases substantially. As a result, the 

unloaded zones extend over a larger portion of the rock mass, 

including the area above the lower working. This indicates 

the formation of a more extensive zone of geomechanical 

influence caused by the mined-out space. 

Analysis of the distribution of the rock mass stability  

coefficient also confirms the unfavorable nature of the stress-

strain state in the absence of support (Fig. 7). In the first 

computational scheme, zones where the stability coefficient 

decreases to 0.60 are observed near the contour of the lower 

working and in the corner areas of the stopes, which corre-

sponds to a state close to the limit equilibrium condition. 

This indicates a high probability of sidewall and roof failure 

under further technological impacts. 

In the second scheme, the stability coefficient values in 

the zone of the lower working range from 0.80 to 0.90; how-

ever, a significant part of the rock mass around the central 

pillar also remains in a state of reduced stability. 
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(a) 

 

(b) 

 

Figure 6. Distribution of major principal stresses σ1 in the unsup-

ported rock mass: (a) computational scheme of two 

stopes separated by a rib pillar; (b) computational 

scheme with an increased span of the mined-out space 

 

(a) 

 

(b) 

 

Figure 7. Distribution of the rock mass stability coefficient in the 

unsupported case: (a) computational scheme with two 

stopes; (b) scheme with a central pillar 

This indicates stress redistribution onto the central pillar 

and the surrounding rock mass, which increases the likeli-

hood of progressive deformation development. 

A generalized assessment of the modeling results shows 

that the overall factor of safety of the rock mass is about 

0.80, while the residual strength reserve does not exceed 

10% of the total rock mass strength. Under such conditions, 

the rock mass operates in a near-limit state, which creates a 

high risk of roof and sidewall failure in the working. 

Thus, the numerical modeling results clearly indicate that 

driving the working without support under the considered 

mining and geological conditions cannot be regarded as a 

safe technological solution. The absence of support leads to 

the formation of zones with a limit stress-strain state and 

significantly increases the probability of excavation contour 

instability as shown in [52] and [53]. 

In view of these findings, which demonstrate unsatisfacto-

ry rock mass stability in the absence of support, the results of 

modeling for the working supported by the combined support 

system described in the Methods section were then analyzed. 

The purpose of this stage was to quantitatively assess the 

effect of support on stress redistribution, deformation reduc-

tion, and the increase in the rock mass stability coefficient 

under the combined action of natural rock pressure and dy-

namic loading generated by blasting fan-pattern blastholes. 

The numerical modeling results showed that the applica-

tion of support has a significant effect on the stress-strain 

state of the rock mass and makes it possible to improve ex-

cavation stability. Analysis of the distribution of major prin-

cipal stresses σ1 (Fig. 8) indicates a reduction in stress con-

centration levels in the near-contour zone and the formation 

of a more uniform stress field compared with the unsupport-

ed case. In the area of the lower working, a reduction in 

stresses is observed, indicating contour stabilization. 

 

(a) 

 

(b) 

 

Figure 8. Distribution of major principal stresses σ1 in the rock 

mass with the combined support system applied: 

(a) scheme with two stopes and a rib pillar; (b) scheme 

with an increased span of the mined-out space 
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Assessment of the rock mass stability coefficient (Fig. 9) 

confirms the positive effect of support, manifested in the 

reduction of limit-state zones and the increased stability of 

the roof and sidewalls of the working. 

 

(a) 

 

(b) 

 

Figure 9. Distribution of the rock mass stability coefficient with 

the combined support system applied: (a) scheme with a 

rib pillar; (b) scheme with an increased span of the 

mined-out space 

 

Analysis of the considered support options showed that 

the use of only a 0.05 m thick fiber-reinforced shotcrete 

lining does not provide the required load-bearing capacity 

and is associated with its overloading. Increasing the lining 

thickness to 0.10 m reduces the stress level and partially 

improves the operating conditions; however, it does not 

completely eliminate the zones in which the strength criteria 

are not satisfied. 

A more detailed analysis of support element performance 

(Fig. 10) showed that the inclusion of rock bolts substantially 

changes the interaction pattern within the “support – rock 

mass” system. The calculations showed that axial forces in 

the most heavily loaded bolts reach 0.145-0.149 MN, with a 

bolt load-bearing capacity of 0.17 MN, which corresponds to 

the utilization of 85-88% of their strength capacity. At the 

same time, the factor of safety is 1.14-1.17, indicating that 

the bolting system remains serviceable despite the limited 

strength reserve of individual elements. 

It was established that the combined application of rock 

bolting and a 0.05 m thick fiber-reinforced shotcrete lining 

provides load redistribution between the support elements, 

which ensures stabilization of the near-contour zone  

and satisfaction of the strength criteria in the rock mass, 

including under the action of dynamic loads generated  

by mass blasting of fan-pattern blastholes during rib  

pillar extraction. 

Thus, the modeling results show that the required level of 

excavation stability is achieved not by increasing the thick-

ness of the fiber-reinforced shotcrete lining, but by a rational 

combination of rock bolting and the fiber-reinforced shot-

crete layer. The most effective option is the use of rock bolts 

together with a 0.05 m thick fiber-reinforced shotcrete lining, 

which ensures a stable state of the rock mass with minimal 

support design parameters, taking into account the combined 

action of static and dynamic loads. 

For the purpose of quantitatively comparing the efficien-

cy of the considered support options, a comparative analysis 

of the stress-strain parameters of the rock mass was carried 

out, the results of which are presented in Table 1. 

It was established that the combined application of  

rock bolting and a 0.05 m thick fiber-reinforced shotcrete 

lining provides load redistribution between the support 

elements, which ensures stabilization of the near-contour 

zone and satisfaction of the strength criteria in the  

rock mass, including under the action of dynamic loads 

generated by mass blasting of fan-pattern blastholes during 

rib pillar extraction. 

Thus, the modeling results show that the required level of 

excavation stability is achieved not by increasing the thick-

ness of the fiber-reinforced shotcrete lining, but by a rational 

combination of rock bolting and the fiber-reinforced shot-

crete layer. The most effective option is the use of rock bolts 

together with a 0.05 m thick fiber-reinforced shotcrete lining, 

which ensures a stable state of the rock mass with minimal 

support design parameters, taking into account the combined 

action of static and dynamic loads. 

For the purpose of quantitatively comparing the efficien-

cy of the considered support options, a comparative analysis 

of the stress-strain parameters of the rock mass was carried 

out, the results of which are presented in Table 1. 

Comparison of the numerical modeling results (Table 1) 

shows that driving the working without support is accompa-

nied by the formation of a limit stress-strain state in the rock 

mass. The use of only a fiber-reinforced shotcrete lining does 

not provide the required level of stability, even when its 

thickness is increased. At the same time, the combined sup-

port system, consisting of rock bolts and a 0.05 m thick fiber-

reinforced shotcrete lining, ensures the transition of the rock 

mass to a stable state through load redistribution and re-

striction of deformations in the near-contour zone. 

Based on the numerical modeling results, pilot-scale in-

dustrial tests of the proposed support system were carried 

out. The test conditions and seismometric measurement 

methodology are described in the Methods section. The re-

sults of instrumental measurements and the calculated atten-

uation curve are presented in Figure 11, while the measure-

ment data are summarized in Table 2. 

Analysis of the obtained results makes it possible to  

distinguish three characteristic zones of dynamic impact on 

the support system. In the zone of direct failure (r ≤ 3 m), 

peak particle velocity ranged from 870 to 1780 mm/s, 

which corresponds to energy classes K = 5.1-5.8 according 

to the Zhezkazgan monitoring scale. Failure of support 

elements in this zone is technologically induced and is 

determined by the very nature of the pillar blasting process; 

therefore, it is not considered as a criterion for evaluating 

the proposed support system. 
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(a) 

 

(b) 

 

Figure 10. Performance assessment of the combined support system: (a) interaction diagram of stresses in the fiber-reinforced shotcrete 

lining; (b) distribution of axial forces in the rock bolts 

 
Table 1. Comparative assessment of the stress-strain state of the rock mass under different support options 

Calculation variant 
Maximum major prin-

cipal stress σ1, MPa 

Factor  

of safety 

Residual strength 

reserve, % 
Rock mass condition 

Unsupported, scheme (a) – 

two stopes with a rib pillar 
104.33 ~0.80 ~10 Limit state, unstable 

Unsupported, scheme (b) – 

increased span 
85.10 0.80-0.90 ~10 Unstable 

Fiber-reinforced shotcrete 

lining, 0.05 m 
– < 1.0 – 

Overloaded, strength  

criteria not satisfied 

Fiber-reinforced shotcrete 

lining, 0.10 m 
– ~1.0 – 

Partial improvement, local 

instability zones remain 

Rock bolts + 0.05 m fiber-

reinforced shotcrete lining 
– > 1.0 – 

Stable condition, strength 

criteria satisfied 

 

In the transition zone (r = 5-7 m) at PPV = 158-340 mm/s 

(K = 3.8-4.4; M = 1.0-1.3) isolated hairline cracks were  

observed in the fiber-reinforced shotcrete lining; however, 

the bond between the lining and the rock mass was fully 

preserved, and the load-bearing capacity of the support was 

not impaired. The use of a combined system of polymer and 

polypropylene fibers ensured localization of crack formation 

without loss of lining integrity (Fig. 12). This range of  

impact intensity is in good agreement with the levels of 

seismic activity recorded by the ISSI system at the Annensk 

mine during periods of active panel caving, with magnitudes 

of M = 1.0-1.5. In the safe zone (r ≥ 10 m), where PPV  

decreases to 72 mm/s or less (K ≤ 3.1; M ≤ 0,6), the support 

system exhibited no visible damage, and the bond between 

the fiber-reinforced shotcrete lining and the rock surface 

remained intact. 
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Figure 11. Attenuation of peak particle velocity (PPV) and dy-

namic pressure during blasting of fan-pattern 

blastholes (320 m level, Annensk mine, Q = 320 kg) 

 

It should be noted that K = 2-3, corresponding to dis-

tances of r = 10-15 m, lies near the lower threshold of rep-

resentative recording by the monitoring system at the 

Zhezkazgan mines (K ≥ 2.1-2.8), which further confirms 

the validity of using the obtained data in the context of 

instrumental observations at this site. 

 

 

Figure 12. Condition of the fiber-reinforced shotcrete lining in the 

transition zone (r = 5-7 m) after blasting of fan-pattern 

blastholes: localization of crack formation without loss 

of bond to the rock mass 
 

The calculated attenuation curve ( )
1.6

1 3700PPV Q r=  , 

calibrated against seismological monitoring data from the 

Zhezkazgan deposit, provides a good fit to the experimental 

points over the entire measurement range. 

Table 2. Results of seismometric measurements during blasting of fan-pattern blastholes 

No. r, m PPV, mm/s f, Hz Energy class, K Magnitude, M Support condition 

1 2 1820 80-120 5.8 2.1 
Blasting zone; failure is technologically induced 

2 3 890 70-100 5.1 1.7 

3 5 340 55-80 4.4 1.3 Isolated hairline cracks; bond preserved 

4 7 165 45-65 3.8 1.0 
Cracks in the fiber-reinforced shotcrete lining; 

load-bearing capacity not impaired 

5 10 72 35-55 3.1 0.6 Support without visible damage; full bond maintained 

6 12 48 30-48 2.8 0.4 

Support without damage; full bond maintained 
7 15 27 25-40 2.4 0.1 

8 20 12 20-32 1.9 -0.2 

9 25 6.5 15-25 1.5 -0.4 

 

The safe distance required to preserve the functionality of 

the combined support system during blasting of fan-pattern 

blastholes with a charge of up to 320 kg is at least 8-10 m 

from the blast source, where PPV does not exceed 15 mm/s. 

Beyond r = 18-20 m, the effect of blasting on the support 

system is practically negligible. 

A detailed analysis of the performance of the rock bolts 

(Fig. 13) showed that the roof-row bolts were the most heavi-

ly loaded, with axial forces reaching 0.145-0.149 MN at a 

load-bearing capacity of 0.17 MN, which corresponds to  

85-88% utilization of their strength capacity. The sidewall 

bolts operated within a range of 0.098-0.118 MN, or 58-69% 

of their load-bearing capacity. The factor of safety for the 

most heavily loaded roof bolts was 1.14-1.17, indicating that 

they remained serviceable despite a limited strength reserve. 

None of the support elements reached a limit state, either 

under static conditions or under the dynamic loading induced 

by blasting of fan-pattern blastholes. 

The combined results of the pilot-scale industrial tests 

confirmed the numerical modeling data and established that 

the use of a combined support system consisting of 1.8 m 

long GFRP rock bolts and a 0.05 m thick fiber-reinforced 

shotcrete lining ensures the stable condition of temporary 

mine workings under conditions of rib pillar re-mining and 

dynamic loading. 

 

Figure 13. Axial forces in rock bolts and load-bearing capacity 

utilization factor 

 

Blasting for pillar extraction have a significant effect on 

the bond between the support and the rock only in the immedi-

ate vicinity of the blast source (r < 8 m), at PPV > 50 mm/s. 

Beyond this zone, the combined support system effectively 

withstands both static and repeated dynamic loads without 

loss of load-bearing capacity or bond with the rock mass. 
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4. Conclusions 

It was established that the rock mass in areas of rib pillar 

re-mining is characterized by a limit stress-strain state. In the 

absence of support, the factor of safety ranges from 0.60 to 

0.90, while the residual strength reserve does not exceed 

10% of the total rock mass strength. The main factors  

contributing to stability loss are the concentration of abut-

ment pressure in the marginal parts of mined-out stopes, 

where the maximum major principal stresses reach 104 MPa, 

and the dynamic impact of blasting operations, which pro-

motes the formation of tensile stress zones in the roof and 

sidewalls of temporary workings. 

It was shown that the use of only a 0.05-0.10 m thick fi-

ber-reinforced shotcrete lining does not provide the re-

quired level of stability for the temporary working. The 

most rational solution is a combined support system  

consisting of 1.8 m long GFRP rock bolts installed at a 

spacing of 1.0-1.2 m and a 0.05 m thick fiber-reinforced 

shotcrete lining. With this support system, the rock mass 

factor of safety exceeds 1.0, while axial forces in the most 

heavily loaded roof-row bolts amount to 0.145-0.149 MN at 

a load-bearing capacity of 0.17 MN, corresponding to a 

factor of safety of 1.14-1.17. 

Pilot-scale industrial tests established that the zone of 

significant blast influence on the bond between the support 

and the rock mass is limited to a distance of less than 8 m 

from the blast source. In the transition zone, at r = 5-7 m and 

PPV = 158-340 mm/s, isolated hairline cracks were observed 

in the fiber-reinforced shotcrete lining; however, the bond 

between the lining and the rock mass, as well as the load-

bearing capacity of the support system, was preserved. In the 

zone r ≥ 10 m, at PPV ≤ 72 mm/s, the support system exhi-

bited no visible damage. This makes it possible to adopt a 

safe distance of at least 8–10 m from the blast source to pre-

serve the functionality of the combined support system under 

the considered drilling and blasting parameters. 

It was established that attenuation of peak particle veloci-

ty during blasting of fan-pattern blastholes with a charge of 

up to 320 kg is described by the obtained relationship 

( )
1.6

1 3700PPV Q r=  . This relationship agrees well with 

the experimental data over the distance range of r = 2-25 m 

and can be used to predict the intensity of dynamic impact 

when designing support systems for temporary workings 

under similar mining and geological conditions. 

The research results confirm the applicability of the pro-

posed approach to the geomechanical justification of com-

bined support parameters for temporary workings during rib 

pillar extraction. Further studies should be directed toward 

refining the physical and mechanical properties of the fiber-

reinforced shotcrete lining and its bond with the rock surface 

under repeated cycles of dynamic loading. 
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Геомеханічне обґрунтування комбінованого кріплення тимчасових виробок під час відпрацювання 

міжкамерних ціликів в умовах динамічного навантаження 

Є. Сердалієв, Є. Іскаков, К. Шукірбаєв, Ж. Кенесов, С. Амангелді 

Мета. Обґрунтування параметрів комбінованого кріплення тимчасових гірничих виробок, що забезпечують доступ до міжкаме-

рних ціликів під час їх повторного відпрацювання в умовах техногенно порушеного масиву Жезказганського родовища з урахуван-

ням динамічного впливу буропідривних робіт. 

Методика. Дослідження виконано із застосуванням комплексного підходу, який передбачав аналітичну оцінку поширення ви-

бухових хвиль у масиві з виробленими просторами, чисельне моделювання напружено-деформованого стану масиву в програмно-

му комплексі Rocscience RS2 при різних варіантах кріплення, а також дослідно-промислові випробування з інструментальними 

сейсмометричними вимірюваннями за допомогою станції Sigma 4+ в умовах Східно-Жезказганського рудника. 

Результати. Встановлено, що масив гірських порід у районах повторного відпрацювання характеризується граничним напруже-

но-деформованим станом, а коефіцієнт запасу стійкості без кріплення становить 0.60-0.90. Обґрунтовано комбіновану систему кріп-

лення, що включає склопластикові анкери GFRP довжиною 1.8 м із кроком 1.0-1.2 м та фібробетонне покриття товщиною 0.05 м. 

Така система забезпечує коефіцієнт запасу стійкості понад 1.0 за використання несучої здатності анкерів до 85-88%. Дослідно-

промисловими випробуваннями встановлено, що безпечна відстань для збереження функціональності кріплення під час підривання 

віялових свердловин із зарядом до 320 кг становить не менше 8-10 м від джерела вибуху при PPV ≤ 15 мм/с. Також встановлено 

степеневу залежність затухання пікової швидкості коливань від відстані до джерела вибуху та маси заряду вибухової речовини. 

Наукова новизна. Для умов повторного відпрацювання міжкамерних ціликів Жезказганського родовища вперше встановлено 

параметри комбінованого кріплення тимчасових виробок з урахуванням динамічного навантаження від буропідривних робіт. Об-

ґрунтовано степеневу залежність затухання сейсмічних хвиль, виявлено три характерні зони впливу вибуху на зчеплення кріплення 

з масивом та визначено безпечну відстань для збереження несучої здатності кріплення. 

Практична значимість. Полягає у підвищенні безпеки ведення гірничих робіт під час повторного відпрацювання міжкамерних 

ціликів завдяки застосуванню економічно доцільної комбінованої системи кріплення, яка забезпечує стійкість тимчасових виробок в 

умовах інтенсивного динамічного впливу буропідривних робіт і збереження зчеплення фібробетонного покриття з породним масивом. 

Ключові слова: міжкамерні цілики; тимчасові виробки; комбіноване кріплення; фібробетон; склопластикові анкери GFRP;  

чисельне моделювання; сейсмомоніторинг 
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